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Abstract

Human heart failure, a leading cause of death worldwide, is a prominent example of a 

chronic disease that may result from poor cell renewal. The Hippo signaling pathway is an 

inhibitory kinase cascade that represses adult heart muscle cell (cardiomyocyte) proliferation and 

renewal after myocardial infarction in genetically modified mice. Here, we investigated an adeno-

associated virus 9 (AAV9)–based gene therapy to locally knock down the Hippo pathway gene 

Salvador (Sav) in border zone cardiomyocytes in a pig model of ischemia/reperfusion-induced 

myocardial infarction. Two weeks after myocardial infarction, when pigs had left ventricular 

systolic dysfunction, we administered AAV9-Sav–short hairpin RNA (shRNA) or a control AAV9 

viral vector carrying green fluorescent protein (GFP) directly into border zone cardiomyocytes 

via catheter-mediated subendocardial injection. Three months after injection, pig hearts treated 

Permissions https://www.science.org/help/reprints-and-permissions
*Corresponding author. jfmartin@bcm.edu.
†Present Address: Yap Therapeutics Inc., 2450 Holcombe Blvd., Suite BCM A, Houston, TX, USA.
‡Deceased.
Author contributions: S.L., J.T.W., S.Z., and J.F.M. designed the study. K.L., L.W.F., L.T., and E.C.P. conducted surgery and 
echocardiography. S.L., T.R.H., and Y.W. conducted the immunofluorescence staining and image analysis. L.T. and F G. performed 
machine learning analysis. S.L. and J.P.L. conducted statistical analysis. S.L., S.Z., and J.F.M wrote the manuscript. J.F.M., S.L., S.Z., 
T.R.H., E.C.P., and J.T.W. reviewed and edited the manuscript.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/600/eabd6892/DC1 
Tables S1 to S6
Data file S1 
Movies S1 to S6
View/request a protocol for this paper from Bio-protocol.

Competing interests: J.F.M. is a cofounder of and owns shares in Yap Therapeutics. J.F.M., T.R.H., and J.P.L. are coinventors on the 
following patents associated with this study: patent no. US20200206327A1 entitled “Hippo pathway deficiency reverses systolic heart 
failure post-infarction”, patent no. 15/642200.PCT/US2014/069349 101191411 entitled “Hippo and dystrophin complex signaling in 
cardiomyocyte renewal”, and patent no. 15/102593.PCT/US2014/069349 9732345 entitled “Hippo and dystrophin complex signaling 
in cardiomyocyte renewal.”

HHS Public Access
Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2022 September 15.

Published in final edited form as:
Sci Transl Med. 2021 June 30; 13(600): . doi:10.1126/scitranslmed.abd6892.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.science.org/help/reprints-and-permissions
http://stm.sciencemag.org/cgi/content/full/13/600/eabd6892/DCl
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/scitranslmed.abd6892


with a high dose of AAV9-Sav-shRNA exhibited a 14.3% improvement in ejection fraction (a 

measure of left ventricular systolic function), evidence of cardiomyocyte division, and reduced 

scar sizes compared to pigs receiving AAV9-GFP. AAV9-Sav-shRNA–treated pig hearts also 

displayed increased capillary density and reduced cardiomyocyte ploidy. AAV9-Sav-shRNA gene 

therapy was well tolerated and did not induce mortality. In addition, liver and lung pathology 

revealed no tumor formation. Local delivery of AAV9-Sav-shRNA gene therapy to border zone 

cardiomyocytes in pig hearts after myocardial infarction resulted in tissue renewal and improved 

function and may have utility in treating heart failure.

INTRODUCTION

After myocardial infarction in humans and other large animals, millions of cardiomyocytes 

fail to regenerate and die (1). After myocardial infarction–induced tissue damage, scar 

formation together with the loss of cardiomyocytes impairs contractile function and leads to 

pathological remodeling and heart failure (2). The long-lived and vanishingly small renewal 

capacity of adult cardiomyocytes contributes to the clinical intractability of heart failure (3). 

Human cardiomyocytes renew at a rate of about only 1% per year in young humans, as 

found in carbon isotope studies in postmortem cardiomyocyte nuclei (4). Mice also have 

extremely low rates of cardiomyocyte renewal (5, 6).

Neonatal mouse and pig hearts have the capacity to regenerate during a brief window of 

time after birth (7–9). There is also anecdotal evidence that the human heart can regenerate 

postnatally (10). Studies of mouse neonatal hearts revealed that new cardiomyocytes are 

derived from preexisting cardiomyocytes, suggesting that adult cardiomyocytes have the 

potential to be manipulated directly to regenerate the heart (11). Experiments in genetically 

modified mouse models support the hypothesis that heart disease can be treated by the direct 

manipulation of endogenous cardiomyocyte genes to induce a renewable cell state (12–14).

Although studies in mice have advanced our knowledge of cardiomyocyte and tissue 

renewal more broadly, how these insights will lead to therapies for chronic, untreatable 

human diseases such as heart failure remains unclear. Recent work with untargeted gain-

of-function approaches that modulate large groups of cardiomyocytes has suggested that 

acutely inducing too much cardiomyocyte proliferation in mouse and pig cardiomyocytes 

can lead to their demise (15–17). An alternative approach, which we describe here, is to use 

catheter delivery technologies to specifically inject border zone cardiomyocytes with a gene 

therapy viral vector in a localized fashion (18). In addition to more accurately delivering the 

viral vector to cells of interest, catheter-based gene therapy allows for a reduction in viral 

dose on a per-kilogram basis.

The Hippo signaling pathway is activated in the heart in response to physiological 

inputs such as changes in extracellular matrix composition or mechanical signaling and 

is maladaptively up-regulated in human heart failure (12, 19). Core Hippo signaling 

pathway components, including the Mst kinases and the adaptor Sav, phosphorylate 

Lats kinases, which subsequently phosphorylate and inhibit the downstream transcription 

cofactors Yap and Taz. When Hippo pathway activity is low, Yap and Taz enter the 

nucleus, where they cooperate with Tead family transcription factors to activate target 
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genes. In adult cardiomyocytes, high Yap expression produced via transgene expression 

induces the transition of cells to a more fetal-like, renewable state by changing genome-

wide chromatin accessibility (17). Yap-Tead target genes in cardiomyocytes include many 

genes that promote cell cycle progression, including multiple cyclin genes and genes that 

promote cytoskeletal remodeling and protrusion formation in border zone cardiomyocytes 

(20). Because Sav encodes an adaptor rather than a kinase, Sav loss of function moderately 

inhibits Hippo signaling, which is desirable for human cardiomyocyte renewal therapy (21). 

Moreover, because there is a single Sav gene in mammalian genomes, it is an attractive 

target for therapy. Mild Hippo pathway inhibition via Sav knockdown is a viable strategy 

to safely treat human heart failure, as has been suggested by studies in mice (12). Although 

mouse studies are valuable, they have limitations for translational studies because of the 

distinctly different cardiovascular anatomy and physiology between rodents and humans. In 

addition to obvious differences in size, heart rates are much faster in rodents (300 to 840 

beats/min in mice and 330 to 480 beats/min in rats) than in humans (80 to 100 beats/min) 

(22, 23). In contrast, pig hearts share many similarities with human hearts, both in the 

steady state and after myocardial infarction (22, 23). For example, pig and human hearts 

have similar contractile indices, as determined by cardiac catheterization measurements (24, 

25). Furthermore, pig and human cardiomyocytes share many characteristics in excitation-

contraction coupling. Similar to human cardiomyocytes, pig cardiomyocytes predominantly 

express β-myosin heavy chain, and, similar to the human heart, both stiff N2B and 

compliant N2BA titin isoforms are expressed in pig myocardium (24). Pigs also share 

similar regional cardiac hemodynamic features with humans (26). In diseased pig and 

human hearts, altered myofilament function is seen after myocardial infarction (23), and 

both pig and human hearts show reduced contractility after myocardial infarction, which 

is caused by alterations in Ca2+ handling (23). Reduced SERCA2a expression has been 

reported in both species (23). Increased Ca2+ sensitivity is also a common feature in pig 

and human hearts after myocardial infarction (25), and the two species share hemodynamic 

similarities in heart failure secondary to increased afterload (27). In this study, we used a 

pig model of ischemic heart disease to investigate adeno-associated virus 9 (AAV9) gene 

therapy, delivered via a catheter-based NOGA electromechanical mapping system directly 

to border zone cardiomyocytes, to knock down Sav and induce endogenous cardiomyocyte 

renewal after myocardial infarction (28).

RESULTS

Viral vector delivery of Sav-shRNA induces Hippo pathway deficiency in adult pig 
cardiomyocytes

Our first objective was to determine whether an AAV9 viral vector encoding short hairpin 

RNAs (shRNAs) against Sav (AAV9-Sav-shRNA) could improve cardiomyocyte renewal 

rates in uninjured pig hearts. Using a Myostar catheter and NOGA electromechanical 

mapping, we delivered AAV9-Sav-shRNA (fig. S1A) directly into the myocardial wall of 

3-month-old pigs via subendocardial injection (Table 1). NOGA electromechanical mapping 

provides an accurate three-dimensional visualization of infarcted border zone cardiomyocyte 

regions (18). The AAV9-Sav-shRNA viral vector encoded a green fluorescent protein (GFP) 
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reporter to visualize infected cardiomyocytes and three shRNAs against Sav (12), whereas 

the control viral vector carried the GFP cassette alone (AAV9-GFP).

We injected a total of 1 × 1013 viral genome copies of AAV9-Sav-shRNA, referred to as 

low dose, into the cardiac apex of pigs (n = 6 per group) using the NOGA system, which is 

equivalent to about 3.4 × 1011 viral genome copies per kilogram (fig. S1B). One month after 

viral injection (pig age at euthanasia, 120 ± 12 days), pig hearts were harvested and cardiac 

sections containing viral injection sites (determined by NOGA mapping) were analyzed 

(fig. S1, C and D). Immunofluorescence staining for GFP to determine the efficiency of 

viral infection revealed a patchy distribution of GFP-expressing cardiomyocytes surrounding 

the injection sites (Fig. 1A and fig. S2, A and B). Tiled imaging of large areas of 

myocardium revealed that the surface area of GFP-positive myocardium was about 20 mm2 

per section and that cardiomyocyte-restricted viral infection was localized in close proximity 

to injection sites (Fig. 1A and fig. S2B).

To validate Hippo pathway knockdown by AAV9-Sav-shRNA injection, we examined the 

subcellular localization of Yap, which translocates into the nucleus when Hippo signaling 

is reduced (19). Immunofluorescence staining revealed that Yap nuclear localization was 

increased in cardiomyocytes from AAV9-Sav-shRNA–injected hearts compared with those 

from AAV9-GFP–injected hearts (P < 0.0001, GFP-positive area; Fig. 1, B and C). A portion 

of GFP-negative cardiomyocytes in AAV9-Sav-shRNA–injected hearts also had increased 

nuclear Yap, suggesting that signaling between cardiomyocytes may promote Yap nuclear 

localization or that GFP expression was diluted after cardiomyocyte division (P = 0.0051, 

GFP-negative area; Fig. 1, B and C). Our findings indicate that low-dose, local injection of 

AAV9-Sav-shRNA into pig myocardium reduced Hippo pathway activity in uninjured adult 

pig cardiomyocytes.

Targeted AAV9-Sav-shRNA gene therapy induces cardiomyocyte proliferation in uninjured 
pig hearts

Pig cardiomyocytes are multinucleated as a result of extensive endoreplication that ceases 

at about 6 months of age (8, 29). Because the pigs in our study were about 3 months of 

age at the time of injection (Table 1), we expected to observe background cell cycle activity 

without cardiomyocyte cell division in control pig hearts. 5-Ethynyl-2′-deoxyuridine (EdU), 

which stably incorporates into DNA during S phase, acts as a lineage tracer and is retained 

by cardiomyocyte daughter cells after cardiomyocytes divide. Therefore, we used EdU 

incorporation assays to identify EdU-positive cardiomyocytes located side by side with 

adjoining plasma membranes, as a method for identifying cardiomyocytes that had divided.

To visualize and trace pig cardiomyocytes that had entered S phase, we injected three 

doses of EdU intravenously at 9- to 10-day intervals after viral vector injections and 

harvested pig hearts 1 month after viral injection (pig age at euthanasia, 120 ± 12 days) 

(Fig. 2A). Counting of a large number (>70,000) of cardiomyocytes using tiled image 

analysis combined with machine learning revealed that a trace amount of cardiomyocytes 

in AAV9-GFP–injected pig hearts entered S phase due to endoreplication (Fig. 2, B 

and C, and fig. S3) (29–31). The number of EdU-positive cardiomyocytes was about 

threefold higher in AAV9-Sav-shRNA–injected pig hearts than in control hearts (P = 
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0.0095, GFP-positive areas; Fig. 2, B and C). Furthermore, GFP-negative cardiomyocytes 

exhibited S phase entry in AAV9-Sav-shRNA–injected hearts, suggesting that cell cycle 

entry was also induced in cardiomyocytes located distally from the injection site, perhaps 

due to a paracrine mechanism or dilution of GFP after cardiomyocyte division (P = 

0.004, GFP-negative area; Fig. 2C). In control AAV9-GFP–injected hearts, no paired EdU-

positive cardiomyocytes were located side by side to indicate cardiomyocyte division. In 

contrast, AAV9-Sav-shRNA–injected hearts displayed paired EdU-positive cardiomyocytes, 

supporting the hypothesis that cardiomyocytes of AAV9-Sav-shRNA–injected hearts divided 

into two daughter cardiomyocytes (P = 0.0334 and P = 0.0496 for GFP-positive and GFP-

negative areas, respectively; Fig. 2, B and D).

We used machine learning counting of tiled images to globally quantify all EdU-positive 

cardiomyocytes, both GFP positive and GFP negative, in proximity to the injection 

sites. In AAV9-GFP–injected control pig hearts, about 0.20 ± 0.05% (mean ± SEM) of 

the cardiomyocytes were EdU positive [median, 0.13 (interquartile range, 0.16); 73,008 

cardiomyocytes], whereas in AAV9-Sav-shRNA–injected pig hearts, 0.80 ± 0.14% of 

cardiomyocytes were EdU positive [median, 0.63 (interquartile range, 0.91); 113,029 

cardiomyocytes] (P = 0.0247; Fig. 2E). Moreover, immunofluorescence staining for 

phosphorylated histone H3 (pHH3), a marker of M phase, revealed pHH3-positive 

cardiomyocytes in pig hearts injected with AAV9-GFP or AAV9-Sav-shRNA (Fig. 2F). 

We observed about twice as many pHH3-positive cardiomyocytes in AAV9-Sav-shRNA–

injected hearts than in AAV9-GFP–injected control hearts (P = 0.0159; Fig. 2, F and 

G). In addition, in AAV9-Sav-shRNA–injected hearts, we observed clusters of EdU-

positive cardiomyocytes in proximity to pHH3-positive cardiomyocytes, suggesting that 

cardiomyocytes in low-dose AAV9-Sav-shRNA–injected hearts divided (P = 0.0079; Fig. 

2, F and H). Within the clusters, some pHH3-positive cardiomyocytes were EdU negative. 

Given that EdU is a lineage tracer, pHH3-positive/EdU-negative cardiomyocytes are unlikely 

to share a simple mother-daughter lineage relationship. Although more studies are required 

to understand this observation, the pHH3-positive/EdU-negative cardiomyocytes, which 

missed the short window of EdU pulse labeling, may represent an effect of AAV9-Sav-

shRNA–infected cardiomyocytes promoting cell cycle entry of surrounding cardiomyocytes 

in a nonautonomous fashion, as has been observed in a Yap5SA gain-of-function mouse 

model (17).

Viral vector delivery of Sav-shRNA improves systolic function in a pig model of myocardial 
infarction

To determine whether AAV9-Sav-shRNA promotes heart regeneration after myocardial 

infarction, we used an angioplasty balloon to induce myocardial infarction via ischemia/

reperfusion (I/R) injury in ~3-month-old pig hearts (pig age, 89 ± 11 days) by transiently 

occluding the left anterior descending artery for 90 min, followed by reperfusion (Fig. 3A). 

For the experiments in the myocardial infarction model, we used two different doses of 

AAV9-Sav-shRNA viral vector. Two weeks after myocardial infarction, echocardiography 

revealed a reduction in left ventricular ejection fraction to below 40% in all groups 

[AAV9-GFP control, ejection fraction: 36.2 ± 2.0%; low-dose AAV9-Sav-shRNA, ejection 

fraction: 36.5 ± 1.7%; high-dose AAV9-Sav-shRNA, ejection fraction: 33.7 ± 2.9% (mean 
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± SEM)] (Fig. 3B and fig. S4A), indicating efficient reduction in heart function. Moreover, 

transmural scars in the anterior wall were prominent, indicating that myocardial infarction 

was successfully induced by the I/R procedure (fig. S4, B and C). We injected AAV9-GFP 

or AAV9-Sav-shRNA into border zone myocardium using NOGA mapping to localize the 

injection sites (fig. S4D), and echocardiography was performed at 20, 40, 60, and 90 days 

after virus injections to longitudinally monitor heart function in each pig (Fig. 3A).

The longitudinal analyses of AAV9-GFP–injected pig hearts revealed that left ventricular 

function steadily worsened, consistent with progressive pathologic remodeling. In contrast, 

in AAV9-Sav-shRNA–injected hearts, left ventricular function progressively improved over 

time (Fig. 3, B to F, fig. S5A, and movies S1 to S6). In AAV9-GFP–injected hearts, ejection 

fraction dropped an additional 6.3 ± 1.9% during the 3-month follow-up period (pig age 

at euthanasia, 190 ± 12 days) (P values, Fig. 3, C to F and data file S1), whereas in 

the low-dose AAV9-Sav-shRNA–injected hearts, the ejection fraction increased by 4.1 ± 

2% (1 × 1013 viral genome copies per experimental group) (Fig. 3, C to F). Three pigs, 

administered a high dose of AAV9-Sav-shRNA (4 × 1013 viral genome copies), exhibited a 

robust improvement in ejection fraction (8.0 ± 0.5%) at day 104 after myocardial infarction 

compared with day 14 (Fig. 3, C to F). The difference in ejection fraction between high 

and low viral vector doses failed to show a statistical difference, most likely because of 

the limited number of pigs in the high-dose group (Fig. 3, E and F). AAV9-GFP control-

treated pigs exhibited an increase in absolute heart weight and heart weight–to–body weight 

(HW/BW) ratio compared with AAV9-Sav-shRNA–treated pigs, suggesting that control pigs 

underwent cardiac hypertrophy. Increased HW/BW ratio may also represent immune cell 

infiltration and increased extracellular matrix deposition with more fibrosis (P = 0.0041; fig. 

S5B).

AAV9-Sav-shRNA treatment improved left ventricular systolic function over time with 

only a marginal effect on diastolic function, indicating that improved ejection fraction was 

primarily due to restored left ventricular systolic function (P = 0.0283 for Fig. 3G; P = 

0.0036 for Fig. 3H; figs. S5, C and D). Consistent with this, compared with AAV9-GFP–

injected hearts, AAV9-Sav-shRNA–injected hearts showed improved stroke volume (P = 

0.0041 for Fig. 3I; P = 0.0096 for fig. S5E). Three months after virus injections, all pigs 

were euthanized (pig age, 190 ± 12 days), and hearts were carefully analyzed. Transmural 

scars were observed in all hearts and were smaller in AAV9-Sav-shRNA–injected hearts 

than in control hearts (Fig. 3, J to L, and Table 2). After sectioning ventricles into 

seven slices, we measured the infarct area in each slice and observed reduced scarring 

in AAV9-Sav-shRNA–injected hearts compared with control hearts (P = 0.0346; Fig. 3, K 

and L, and figs. S6 and S7). Together, these data indicate that AAV9-Sav-shRNA treatment 

improved left ventricular systolic heart function and reduced scar formation in a pig model 

of myocardial infarction.

Blood test results revealed normal white and red blood cell counts, as well as normal liver 

and kidney function 45 days after viral injection (pig age, 145 ± 12 days) (Table 3). When 

we closely examined liver and lung tissues 3 months after viral vector injection, no tumors 

were observed, indicating that localized injection of AAV9-Sav-shRNA was safely tolerated 

(see Materials and Methods and pathology report in tables S1 to S3).
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Viral vector delivery of Sav-shRNA increases cardiomyocyte cell cycle entry and division 
in pig hearts after myocardial infarction

We examined cardiomyocyte cell cycle activity in pig hearts 3 months after myocardial 

infarction. Immunofluorescence staining for GFP in cardiomyocytes indicated that AAV9-

Sav-shRNA expression persisted for 3 months after viral injection (pig age at euthanasia, 

190 ± 12 days) (fig. S8). Immunofluorescence staining further revealed that the nuclear 

Yap index in cardiomyocytes of AAV9-Sav-shRNA–injected hearts was higher than that 

of control hearts (P = 0.0075 and P < 0.0001 for GFP-negative and GFP-positive areas, 

respectively; fig. S9, A and B). The nuclear Yap index in cardiomyocytes residing in 

GFP-negative areas was also higher in AAV9-Sav-shRNA–injected hearts than in control 

hearts, suggesting a paracrine mechanism or dilution of GFP after cardiomyocyte division.

After seven injections of EdU performed at 10- to 20-day intervals beginning 10 days 

after viral injection (Fig. 3A), image analysis and machine learning counting revealed 

that the number of EdU-labeled cardiomyocytes had more than doubled in hearts injected 

with low-dose AAV9-Sav-shRNA and tripled in hearts injected with high-dose AAV9-Sav-

shRNA compared with controls (P = 0.0124 and P < 0.0001 for GFP control versus 

low-dose or high-dose Sav-shRNA, respectively; Fig. 4, A and B). Tiled image analysis 

revealed clusters of EdU-positive cardiomyocytes distributed over multiple areas of AAV9-

Sav-shRNA–injected hearts, including paired EdU-positive cardiomyocytes, suggesting that 

cardiomyocytes had divided (Fig. 4, C and D). Paired EdU-positive cardiomyocytes were 

infrequently observed in control AAV9-GFP–injected hearts, most likely as a result of 

a systematic error in imaging EdU-positive cardiomyocytes on sections after myocardial 

infarction (P = 0.0448 and P = 0.0044 between GFP control compared to low-dose or 

high-dose Sav-shRNA, respectively; Fig. 4D) (32). We also observed a higher number of 

pHH3-positive cardiomyocytes in AAV9-Sav-shRNA–injected hearts than in control hearts, 

indicating that cardiomyocytes were still cycling through M phase 3 months after viral 

injections (P = 0.05 and P = 0.0123 for GFP control compared to low-dose or high-dose Sav-

shRNA, respectively; Fig. 4, E and F). For all of these proliferative indices, although there 

was a difference when AAV9-Sav-shRNA–injected groups were compared to controls, direct 

comparison of high- and low-dose AAV9-Sav-shRNA groups failed to show a difference.

To obtain further evidence that cardiomyocytes progressed through cytokinesis and divided, 

we performed immunofluorescence staining to monitor Aurora kinase B in the midbody 

remnant between divided cardiomyocytes. We often detected midbody Aurora kinase B 

staining between two divided cardiomyocytes in low-dose AAV9-Sav-shRNA–injected 

hearts but not in control hearts (Fig. 4, G and H). The number of Aurora kinase B–positive 

cardiomyocytes was higher at 45 days after myocardial infarction (pig age at euthanasia, 

159 ± 12 days) than at 104 days after myocardial infarction (pig age at euthanasia, 190 ± 

12 days), indicating that cardiomyocyte cell division was less frequent as cardiomyocytes 

repaired the tissue defect (P < 0.0001 and P = 0.0041 at 45 and 104 days after myocardial 

infarction, respectively; Fig. 4H). This finding is consistent with our previous observations 

in Sav loss-of-function mice, revealing that cell cycle entry was diminished at later stages of 

the heart repair process (12).
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Because cardiomyocyte division should result in an increased number of mononucleated 

cells, we measured cardiomyocyte ploidy in pig cardiomyocytes (17, 33). The number 

of mononucleated cardiomyocytes in GFP-positive areas was higher in AAV9-Sav-shRNA–

injected hearts than in control hearts (P < 0.0001; Fig. 5, A and B), providing further 

support that cardiomyocytes were dividing in AAV9-Sav-shRNA–injected hearts (pig age at 

euthanasia, 190 ± 12 days). Moreover, we counted cardiomyocyte numbers in GFP-positive 

areas and observed a higher cardiomyocyte density in AAV9-Sav-shRNA–injected hearts 

than in control hearts (P = 0.0488; Fig. 5C). These findings suggest that AAV9-Sav-shRNA 

induces cardiomyocyte division, ultimately improving left ventricular systolic function in 

this pig model of myocardial infarction.

Viral vector delivery of Sav-shRNA promotes transient cardiomyocyte sarcomere 
breakdown in pig hearts

Before entering the cell cycle and dividing, cardiomyocytes are believed to dedifferentiate 

and break down their sarcomere structure to overcome the structural block to cell division 

(3, 17, 34). We performed immunofluorescence staining for pHH3 and the sarcomere marker 

α-actinin to examine sarcomere structure in cardiomyocytes that were undergoing cell 

division in control and AAV9-Sav-shRNA–injected pig hearts (pig age at euthanasia, 190 

± 12 days). We observed a strong up-regulation of pHH3-positive cardiomyocytes with 

evidence of sarcomere breakdown in AAV9-Sav-shRNA–injected pig hearts but not in 

control hearts, supporting the notion that cardiomyocytes of AAV9-Sav-shRNA–injected 

hearts underwent dedifferentiation (P = 0.0013 and P = 0.0059 for GFP control compared to 

low-dose or high-dose Sav-shRNA, respectively; Fig. 5, D and E, and figs. S10, A and B).

To determine whether sarcomere breakdown was evident in cardiomyocytes that had 

divided and were no longer undergoing cell division, we examined sarcomere structure 

in EdU-positive and pHH3-negative cardiomyocytes. These cardiomyocytes exhibited a 

fully mature sarcomere structure, supporting the notion that cardiomyocyte dedifferentiation 

was transient in AAV9-Sav-shRNA–injected hearts. Paired EdU-positive cardiomyocytes 

that were identified in hearts injected with AAV9-Sav-shRNA also had a fully mature 

sarcomere structure (Fig. 5F). Connexin 43 (CX43), a gap junction component expressed 

in the intercalated discs of cardiomyocytes, has an essential function in synchronized 

cardiomyocyte excitation-contraction coupling (35). In AAV9-Sav-shRNA–injected hearts, 

immunofluorescence staining revealed the presence of CX43 in junctions between 

paired EdU-positive cardiomyocytes and surrounding cardiomyocytes, suggesting electrical 

coupling between cardiomyocytes that had divided (Fig. 5G). Together, these results suggest 

that newly divided cardiomyocytes became coupled and integrated into the myocardium of 

AAV9-Sav-shRNA–injected hearts.

Viral vector delivery of Sav-shRNA promotes vascularity in pig hearts after myocardial 
infarction

To determine whether AAV9-Sav-shRNA injection promotes vascularity in pig hearts 

after myocardial infarction, we performed immunofluorescence staining for the endothelial 

marker isolectin B4. Tiled image analysis revealed more capillary formation in low-dose 

AAV9-Sav-shRNA–injected hearts than in control hearts (P = 0.0159; figs. S11, A and 
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B) (pig age at euthanasia, 190 ± 12 days). We also investigated inflammatory responses 

using immunofluorescence staining to determine the number of CD45-positive leukocytes 

in the border zone of hearts after myocardial infarction. Immunofluorescence staining for 

CD45 revealed no differences in the number of leukocytes in the border zone of AAV9-Sav-

shRNA–injected hearts versus control hearts, most likely because of waning of immune 

response 3 months after myocardial infarction (figs. S11, C and D, and tables S4 and S5). 

Thus, our findings indicate that AAV9-Sav-shRNA injection promoted persistent capillary 

formation in pig hearts after myocardial infarction.

DISCUSSION

Chronic human diseases such as heart failure are difficult to treat, commonly lethal, and 

associated with an aging population. A characteristic of nonregenerative organs such as the 

heart is that the functional cell type, such as the heart cardiomyocyte, is highly specialized 

with a limited capacity for self-renewal. Similar cellular characteristics are found in the 

neurons of the central nervous system and sensory organs. In addition to studies in the heart, 

recent studies have revealed that Hippo pathway loss of function or Yap gain of function 

can induce differentiated cells of the retina and cochlea to acquire a more fetal-like cell state 

in mice, which promotes regeneration of the retina and hair cells of the cochlea (36–38). 

Our study reveals that tissue renewal therapy—the approach of inducing tissue renewal by 

inhibiting an endogenous pathway in poorly regenerative organs—is effective and safe in the 

translational context of a large-animal model.

The cardiovascular system of pigs has important similarities to humans; thus, our study 

is an important step toward translation. Here, we show that using gene therapy to knock 

down the Hippo pathway in pig cardiomyocytes has cardiovascular benefits in a pig model 

of myocardial infarction. Pig hearts injected with AAV9-Sav-shRNA showed evidence of 

newly generated cardiomyocytes, reduced fibrosis, and increased small blood vessels. Our 

study provides evidence that AAV9-mediated gene therapy is cardiomyocyte specific, as we 

did not detect the deleterious effects of Hippo pathway loss of function in noncardiomyocyte 

cells in the heart such as cardiac fibroblasts (39). Tumor formation was not detected in other 

organs during the 3-month follow-up period.

Our findings differ from those of a recent study in pigs in which overexpression of miR199a 

initially improved heart function after myocardial infarction, but an eventual demise of 

the pigs occurred 2 months after viral vector delivery, most likely due to arrhythmia 

(15). Studies in mice have also shown that overexpression of constitutively active Yap or 

microRNAs broadly in the heart can be deleterious (16, 17). We monitored the pigs for 3 

months after viral vector delivery, which is 1 month longer than the miR199a study, and 

did not observe lethality. Important differences in study design most likely account for the 

differences observed between these studies. For example, we used NOGA electromechanical 

mapping to specifically target the border zone cardiomyocytes. Localized injection of the 

cell type of interest may be an important advantage over the methods used to deliver 

miR199a, which involved an open thoracotomy with viral injection to the border zone 

(determined by visual inspection) at the time of myocardial infarction.
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MicroRNAs are also known to have hundreds of conserved target genes, and this number 

may increase when a microRNA is overexpressed, leading to excessive suppression of target 

genes and off-target effects (40). Thus, whereas miR199a targets some Hippo pathway 

genes, it also regulates many other genes (41). Moreover, studies in mice suggest that 

miR199a gain of function may have harmful effects on heart function (42). We used a 

cardiac troponin T promoter element that was predicted to provide more cardiomyocyte 

specificity than the CMV promoter used previously (15). In addition, the capsid subtype 

we used, AAV9, may be less infectious than AAV6, which was used to express miR199a, 

resulting in a more muted expression of Sav-shRNAs (15). Our AAV9-GFP data indicated 

patchy expression of the viral vector localized to needle tracks, suggesting low efficiency of 

AAV9 infection in some cardiomyocytes.

It has been unclear whether the Hippo pathway’s inhibitory regulation of cardiomyocyte 

proliferation is conserved in large mammals. Our functional data indicate that the Hippo 

pathway inhibits cardiomyocyte proliferation in pigs, suggesting that a similar effect would 

occur in the human heart. Consistent with observations in mice, we found in pigs that 

AAV9-Sav-shRNA treatment after myocardial infarction resulted in reduced cardiac fibrosis 

and increased small blood vessel formation, providing evidence that after myocardial 

infarction, Hippo pathway functions are conserved from mice to pigs. These findings 

demonstrate that AAV9-Sav-shRNA treatment induced a steady improvement in heart 

function in a manner that was safe and effective for treatment of heart disease.

Our study has some limitations. We were unable to determine whether the viral vector dose 

had a consistent impact on functional outcomes, and more work is required to address this 

question. In addition, it is known that humans are commonly exposed to AAVs and may 

have neutralizing antibodies (43, 44). Our study did not address the impact of neutralizing 

antibodies upon AAV9-Sav-shRNA treatment, and further study is required to address this 

important consideration. In addition, human cardiomyocytes are mostly mononucleated 

(45), whereas pig cardiomyocytes can have up to 16 nuclei (29). Given that polyploid 

cardiomyocytes have reduced proliferative and regenerative potential (46), determining how 

human cardiomyocytes respond to Sav knockdown with shRNA gene therapy will be an 

essential focus of future work.

MATERIALS AND METHODS

Study design

The objective of this study was to evaluate the therapeutic potential of Hippo pathway 

suppression in cardiomyocytes of a pig model of ischemic cardiomyopathy. AAV9-Sav-

shRNA gene therapy was first tested in 3-month-old uninjured pig hearts and AAV9-GFP 

was used as the control. In a second experiment, myocardial infarction was induced 

by balloon angioplasty in 3-month-old domestic farm pigs. Two weeks after myocardial 

infarction, we used the NOGA mapping system to precisely deliver AAV9-Sav-shRNA 

(n = 11) or AAV9-GFP (n = 7) to the border zone of infarcted pig hearts. We followed 

the pigs for 3 months after AAV9 injection. Longitudinal heart functions were measured 

by echocardiography in 20- or 30-day intervals after viral injection (a total of six 

measurements). Cardiomyocyte proliferation was determined by EdU, pHH3, and Aurora 
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kinase B immunofluorescence staining. Pigs were grouped in a blinded and randomized 

fashion, and all investigators were blinded to the data. Statistical assumptions concerning the 

data, including normal distribution and similar variation between experimental groups, were 

examined for appropriateness before statistical tests were performed.

AAV9 viral packaging

Viral vectors were used as previously described (12). The construct containing triple 

shRNAs against Sav with flanking miR30 sequences was cloned into the pENN.AAV.cTNT, 

p1967-Q vector downstream of GFP (AAV9-Sav-shRNA). Empty vector–encoding GFP 

was used as the control (AAV9-GFP). Both vectors were packaged into the muscle-

trophic serotype AAV9 by the Intellectual and Developmental Disabilities Research Center 

Neuroconnectivity Core at the Baylor College of Medicine. After titering, viruses were 

aliquoted (1 × 1013 viral genome particles per tube) and immediately frozen and placed at 

−80°C for long-term storage. Before each injection, each aliquot was diluted in saline to 

make a 3-ml injection solution.

Farm pigs

Farm pigs were handled and maintained in accordance with the requirements of the 

Laboratory Animal Welfare Act [Public Law (P.L.) 89-544] and its 1970 (P.L. 91-579), 1976 

(P.L. 94-279), and 1985 (P.L. 99-198) amendments. Pigs were fed with a commercial diet 

and fresh clean water in a quantity sufficient to maintain body weight and permit reasonable 

weight gain in growing animals (table S6). Species-appropriate treats were given at the 

discretion of the attending veterinarian or designee.

When animals underwent surgery, they were given appropriate analgesic and antibiotic 

medications. Buprenorphine (0.05 to 0.1 mg/kg), administered intramuscularly or by mouth, 

was administered every 6 to 12 hours or as deemed necessary by the attending veterinarian. 

Flunixin meglumine (1.1 to 2.2 mg/kg) was administered intravenously, intramuscularly, 

or by mouth every 6 to 8 hours as needed. Naxcel (3 to 5 mg/kg) or the equivalent was 

administered intramuscularly once per day for 24 hours starting the day after the procedure. 

After Naxcel was discontinued, Baytril (enrofloxacin; 2.5 to 5.0 mg/kg) was administered 

by mouth twice per day for up to 7 days. Baytril [enrofloxacin; injectable solution, 7.5 

mg/kg of body weight (3.4 ml/100 lbs)] was administered intramuscularly or subcutaneously 

(behind the ear). Continued use of antibiotics and analgesics was based on postprocedural 

monitoring unless otherwise specified. Nitroglycerin paste was applied topically after the 

myocardial infarction procedure, followed by aspirin [162.5 mg (one-half of a standard 

325-mg tablet)] once per day by mouth and ranitidine (Zantac; 150 mg) 1 to 3 times per 

day by mouth. Last, pantoprazole (40 mg) was administered once per day by mouth for 

gastroprotection.

Electromechanical mapping and transendocardial injections

Electromechanical mapping was performed as previously described (47). Briefly, pigs were 

maintained on general anesthesia and were appropriately prepped and draped in a manner 

to allow sterile surgical access to the inguinal area. Femoral access was achieved by 

percutaneous penetration. An introducer sheath was positioned in the artery, and a MyoStar 
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injection catheter (Biosense Webster, Diamond Bar, CA, USA) was used to deliver AAV-

Sav-shRNA or AAV-GFP. The catheter was advanced into the left ventricle to first create 

an electromechanical endocardial map. After the completion of point acquisition, the map 

was processed by using a moderate filter and a manual filter to exclude internal points, 

points taken outside the left ventricle cavity (e.g., atrial or aortic points), points acquired 

during premature ventricular contractions, or points that did not fulfill the standard quality 

criteria (e.g., loop stability > 6 mm, location stability > 4 mm, cycle length variation > 10%). 

After electromechanical mapping was completed, the MyoStar injection catheter was primed 

with 0.1 ml of AAV-Sav-shRNA or AAV-GFP to fill the dead space before the start of the 

injection procedure. The perpendicular positioning of the catheter into the left ventricle wall 

and the presence of a premature ventricular contraction upon extending the needle into the 

myocardium ensured proper delivery into the myocardium. For the pig model of myocardial 

infarction, the area of infarction was characterized with the NOGA system according to 

the presence of a low unipolar voltage (i.e., less than 4 mV). Border zones identified by 

electromechanical mapping are typically 5- to 10-mm regions adjacent to scar tissue (48). 

We performed 10 to 15 transendocardial injections to the border zone of the infarct (unipolar 

voltage value between 4 and 7 mV, 0.2 ml per injection). We then removed the catheter and 

closed the artery with Angio-Seal (Terumo). Pigs were then transferred to the intensive care 

unit for monitoring.

Acute myocardial infarction induced by I/R injury

We inserted a 6F sheet percutaneously in the common femoral artery. We advanced a 

5F coronary guiding catheter through the aorta, and it was selectively engaged into the 

left main coronary ostium. Subsequently, an angioplasty balloon (chosen to match the left 

anterior ascending artery diameter) was positioned into the left anterior ascending artery 

between the first and second diagonal branch over a floppy 0.014-inch guidewire. The 

balloon was inflated at nominal pressure, and complete coronary occlusion was documented 

by the absence of the distal flow of contrast. After 90 min, the balloon was deflated, and 

passive reperfusion to the distal coronary bed was allowed. Patency of the distal circulation 

was documented by injecting contrast. Ventricular arrhythmias were prevented and treated 

with lidocaine (1.5-mg/kg boluses followed by continuous infusion), amiodarone (5-mg/kg 

boluses followed by continuous infusion), and electrical cardioversion, if necessary. During 

the coronary occlusion period, we periodically measured activated clotting time (ACT), and 

heparin boluses were repeated as needed to keep the ACT range between 250 and 350 

s. After the procedure was completed, pigs were transferred to the intensive care unit for 

monitoring.

Two-dimensional echocardiography

Under general anesthesia, pigs were placed in the left lateral recumbent position. Oxygen 

saturation and 12-lead electrocardiograms were monitored. A 3.5-MHz phased-array 

transducer with a Vivid 7 ultrasound machine (GE Medical Systems, Milwaukee, WI, USA) 

was used to obtain images, including the parasternal long-axis view, parasternal short-axis 

view, and apex view. The left ventricle ejection fraction, left ventricle end-systolic volume, 

and left ventricle end-diastolic volume were calculated by using the biplane Simpson 
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method according to the guidelines of the American Society of Echocardiography (49). 

A blinded independent operator performed all analyses.

Pathologic report summary

Hearts and other organs (e.g., lungs, liver, and kidneys) were collected from 18 domestic 

pigs that underwent myocardial infarction and reperfusion 2 weeks before receiving 

transendocardial injections of AAV9-Sav-shRNA or AAV9-GFP virus. A total of 27 animals 

were included: 7 animals were euthanized at 45 days after myocardial infarction, 2 animals 

were euthanized at 74 days after myocardial infarction, and 18 animals were euthanized 

at 104 days after myocardial infarction (Table 1). Pigs with at least 30% ejection fraction 

reduction (relative to baseline) at 2 weeks after myocardial infarction were used for further 

experiments (50). We excluded two animals, P-1912 and P-1965, because of insufficient 

myocardial infarction induction. For P-1912, ejection fraction was 61% before myocardial 

infarction and 44% after myocardial infarction (a 28% reduction relative to baseline). For 

P-1965, ejection fraction was 54% before myocardial infarction and 38% after myocardial 

infarction (a 29% reduction relative to baseline).

One animal, P-1946, died shortly after receiving transendocardial injections. Examination 

of the heart revealed a large healing myocardial infarction in the anterior/anteroseptal left 

ventricle walls, from the apical to mid ventricular level. In addition, NOGA-injected sections 

showed two to three small foci of myocardial hemorrhage near the infarct border (fig. S4C). 

These foci were suggestive of acute injection sites and correlated with sites in the respective 

two-dimensional NOGA map.

Hearts from all other pigs showed gross and microscopic findings of focal replacement 

fibrosis that were compatible with a healed myocardial infarction of the left anterior 

ascending territory. All infarcted hearts showed typical left ventricle remodeling, with 

marked wall thinning in the involved territory (infarct size estimates are provided in Table 

2). In a few of the pigs, smaller linear or patchy areas of fibrosis away from ischemic scar 

were considered procedure-related and were suggestive of healed injection sites or partial 

needle tracks.

In addition, small foci of interstitial or perivascular chronic inflammatory infiltrates were 

observed in 14 of the 18 pigs that were euthanized at 74 or 104 days after myocardial 

infarction (table S5). In most of these cases (11 of 14 affected), this finding was either 

mild or minimal and was occasionally associated with a single or small group of necrotic 

or vacuolated cardiomyocytes. However, in three animals, these areas were somewhat more 

extensive and diffuse (P-1895 and P-1918) or showed greater inflammation and myocyte 

loss with associated interstitial replacement fibrosis (P-1917). The infiltrated areas were 

present mostly in NOGA-injected sections. Inflammation score results are summarized in 

tables S4 and S5.

Gross findings in other organs were few and considered incidental or secondary to 

procedural manipulation. Lungs, liver, and kidneys collected at the time of euthanasia 

appeared mostly normal upon gross inspection. The lungs had various amounts of dark 

red discoloration, typically in the dorsal caudal aspect, which were generally attributed 
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to atelectasis due to dorsal recumbency, general anesthesia, and euthanasia. The kidneys 

had few incidental congenital findings consisting of severe renal hypoplasia (P-1864) and 

renal cysts (P-1903 and P-1947). The livers appeared unremarkable, with only one animal 

(P-1937) having thinning of the gallbladder wall (table S1).

A subset of pigs was selected for a limited microscopic examination of lung and liver 

tissues. The subset included nine animals: seven study pigs (P-1937, P-1947, P-1949, 

P-1950, P-1953, P-1956, and P-1960) mixed from both study arms and an untreated control 

pig (P-1989). Histologic sections from the middle regions of the respective organ were 

randomly selected and stained with hematoxylin and eosin (H&E). In all pigs except for one, 

the lungs showed no clinical findings other than some areas of atelectasis that are commonly 

attributed to the various procedures performed before euthanasia (general anesthesia and 

dorsal recumbency). One pig, P-1950, had focal interstitial pneumonia in its middle lobes, 

most likely related to the aspiration of foreign material. No clinical findings were observed 

in the liver, except for minimal focal inflammatory cell aggregates in one animal, P-1960. 

These findings are considered incidental (tables S1 to S3).

Heart sample processing

At the time of euthanization, hearts were excised, weighed, and photographed. After gross 

evaluation of the exterior, a fresh small sample was taken for cryosectioning and subsequent 

molecular analysis. Hearts were then perfusion fixed with 10% neutral-buffered formalin 

retrograde from the ascending aorta at about 100 mmHg pressure for 20 min. After 

perfusion-fixation, hearts were sliced according to a segmentation protocol designed for 

the sampling of hearts that underwent transendocardial injection with biologic agents (28). 

Heart slices and base were then immersed in 10% neutral-buffered formalin for 24 to 48 

hours. Sections that had received the highest number of injections [as per the respective 

two-dimensional electromechanical mapping (NOGA) maps] were selected for analysis. 

Those sections were additionally sliced into four to five 2-mm-thick sections and embedded 

in different paraffin blocks (usually 40 to 50 blocks per heart). One to three additional 

samples from remote noninjected sections were also collected. All samples were processed 

for paraffin embedding, cut at 5-μm thickness, and stained with H&E.

Infarct size calculation

Ventricles were sectioned from apex to base into seven to eight transverse slices. Each slice 

was photographed on its apical and basal face. ImagePro software was used to analyze the 

digital images. Left ventricle and infarct areas were manually traced with ImagePro software 

from the digital photographs of the apical and basal faces of each slice. For each slice face, 

the infarct was calculated as a percentage of the left ventricle. The results of both faces were 

then averaged and multiplied by the slice weight to calculate the size of the infarct. The sum 

of the infarct sizes from all slices was then divided by the sum of the left ventricle weight 

from all slices and expressed as a percentage (51).

Immunofluorescence staining

Processed frozen and paraffin sections were used for downstream analyses. For frozen 

sections, after fixation, hearts were dehydrated in 15 and 30% sucrose gradients and 
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then embedded into optimal cutting temperature compound (catalog no. 25608-930, VWR 

International, Radnor, PA, USA) for sectioning. Slides were sectioned at 10-μm intervals 

for immunofluorescence staining. For paraffin sections, samples were deparaffinized and 

rehydrated, treated with 3% H2O2 in EtOH, treated with antigen retrieval solution (Vector 

Laboratories Inc., Burlingame, CA, USA), blocked with 10% donkey serum in phosphate-

buffered saline, and then incubated with primary antibodies. Antibodies were as follows: 

goat anti-GFP (ab6673, Abcam, Cambridge, UK), rabbit anti-Yap (NB110-58358, Novus 

Biologicals, Littleton, CO, USA), rat anti-pHH3 (ab10543, Abcam), rabbit antisarcomeric 

actinin (ab9465, Abcam), mouse anti-CX43 (sc-13558, Santa Cruz Biotechnology Inc., 

Dallas, TX, USA), rabbit anti-CD45 (Abcam ab10559), rabbit anti-Aurora kinase B (Abcam 

ab2254), and isolectin B4 (FL-1201, Vector Laboratories).

EdU incorporation assay

EdU incorporation was detected by using the Click-it EdU Imaging Kit (Life Technologies, 

Carlsbad, CA, USA). Imaging of tissue slides was performed with a Leica TCS SP5 

confocal microscope, and images were processed by using Leica LAS AF software (Leica 

Microsystems, Wetzlar, Germany).

Tile imaging analysis and machine learning

After immunofluorescence staining, tile images were captured by using a Zeiss LSM 880 

with an Airyscan FAST Confocal Microscope at the Optical Imaging and Vital Microscopy 

Core of the Baylor College of Medicine. Each tile image includes at least 8 × 8 = 64 

scan field at 10× objective-scanned images with 20% overlap for stitching (20 to 30 mm2 

per image). Images were then analyzed by Fiji (31) for machine learning. Pixel-based 

segmentation of images was produced with the plugin of Trainable Weka Segmentation (30), 

and the binary classifications whose area was larger than 300 pixels were added to regions 

of interest (ROIs) in Fiji. 4′,6-Diamidino-2-phenylindole staining in an area larger than 100 

pixels was counted as nuclei, and the overlap between nuclei and ROIs was detected by 

Speckle Inspector and counted as one cell (52). We then filtered out cells in which nuclei 

were attached to the cell boundary (noncardiomyocytes; see fig. S3) by using intensity 

analysis on the updated ROI. Last, cardiomyocytes that overlapped with EdU staining were 

counted as EdU-positive cardiomyocytes.

Statistics

Throughout the study, all analyses were performed in a double-blinded manner. Data are 

presented as the means ± SEM. Quantitative data for two groups were statistically evaluated 

using the Mann-Whitney U test or the two-tailed paired t test. Normality was tested by 

quantile-quantile plot and Shapiro-Wilk test. For comparisons among multiple groups, we 

used two-way analysis of variance (ANOVA) with Bonferroni’s pairwise post hoc test. A 

P value of less than 0.05 was considered significant for all analyses (P < 0.05). Significant 

differences between experimental groups were denoted as *P < 0.05, **P < 0.01, or ***P < 

0.001.

In these experiments, we were interested in how treatment altered a cardiomyocyte’s ability 

to enter the cell cycle. Each animal received treatment as multiple discrete injections into 
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the left ventricle of the heart. We mapped/tracked where the injections were done using 

a physical (NOGA) map and a GFP reporter to show cells infected by the virus. Each 

injection site served as an island of infected cells surrounded by uninfected cells in between. 

We collected histology sections from injection locations for analysis (not an equal number 

from each animal due to limitations of sample availability and histology preparations). 

Each section had a measurement value. Because we could define each injection site and 

track cells that were infected with the viral vector, we categorized each tile image/section, 

rather than each pig, as the replicate. We displayed data in a nested graph format while 

keeping individual tile image/section as replicates in the nested figure and used ANOVA 

with posttesting to assess the effect of AAV9-Sav-shRNA treatment on the cardiomyocytes’ 

ability to enter the cell cycle. We performed these analyses using GraphPad Prism software. 

For the ANOVA analysis, the assumption of independence was tested using the χ2 test, 

normality was tested using a normal quantile-quantile plot, and equality of variance was 

tested using the Brown-Forsythe test or Bartlett’s test. If the tests indicated that the 

homogeneity of variances assumption was invalid, we used the nonparametric Kruskall-

Wallis ANOVA test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increased Yap nuclear localization in cardiomyocytes after AAV9-Sav-shRNA gene 
therapy.
(A) Shown is a representative tiled image of GFP staining of a section from an AAV9-Sav-

shRNA–injected pig heart (pig P-1902; euthanized at 104 days and myocardial infarction, 

33 days after viral vector injection). Inset images on the right show the magnification of 

the boxed areas in the tile image on the left. Scale bars, 1000 μm (left image) and 50 

μm (right inset images). DAPI, 4′,6-diamidino-2-phenylindole. (B) Immunofluorescence 

staining for endogenous GFP and Yap shows the subcellular localization of Yap in GFP-
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positive cardiomyocytes that received AAV9-Sav-shRNA gene therapy. White arrowheads 

indicate nuclear Yap. Scale bars, 10 μm. (C) Quantification of the percentage of nuclear 

Yap in GFP-positive and GFP-negative cardiomyocytes of pig hearts injected with AAV9-

Sav-shRNA (Sav) or AAV9-GFP (GFP) as control (n = 4 per group). Data were compared 

using one-way ANOVA with Tukey’s post hoc test. Data are presented as the mean ± SEM. 

**P < 0.01 and ***P < 0.001; NS, not significant.
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Fig. 2. Increased cardiomyocyte proliferation in uninjured pig hearts injected with AAV9-Sav-
shRNA.
(A) Schematic shows the timing of viral vector and EdU injections. (B) Shown are 

representative images of immunofluorescence staining for GFP and EdU in the hearts of 

uninjured pigs (P-1890, AAV9-GFP control; P-1891, AAV9-Sav-shRNA). Both pigs were 

euthanized at the age of 120 days, 31 days after viral vector injection. White arrowheads 

indicate EdU-positive cardiomyocytes. Scale bars, 25 μm. (C and D) Shown is quantification 

of EdU-positive cardiomyocytes (C) and paired EdU-positive cardiomyocytes (D). Each 
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dot represents one tiled image (n = 3 per group). One-way ANOVA with Tukey’s post 

hoc test was used for comparisons shown in (C); a nested t test was used for (D). (E) 

Machine learning quantification of EdU-positive cardiomyocytes is shown (n = 3). Four to 

five tiled images were analyzed per pig heart. A nested t test was used for the comparison. 

(F) Representative images show immunofluorescence staining for pHH3 and EdU in pig 

hearts (P-1900, AAV9-GFP control; P1902, AAV9-Sav-shRNA). White arrowheads indicate 

EdU-positive cardiomyocytes near pHH3-positive cardiomyocytes. Scale bars, 10 μm. (G) 

Shown is quantification of the number of pHH3-positive cardiomyocytes: GFP control, 4.84 

± 0.524 cardiomyocytes per cm2; AAV9-Sav-shRNA (Sav) 11.10 ± 0.460 cardiomyocytes 

per cm2 (GFP, n = 5; Sav, n = 4). (H) Shown is quantification of the number of paired 

pHH3-positive and EdU-positive cardiomyocytes, that is, the number of pHH3-positive 

cardiomyocytes with adjacent EdU-positive cardiomyocytes (GFP control, n = 5; Sav, n = 4). 

The Mann-Whitney test was used for comparisons for (G) and (H). Data are presented as the 

means ± SEM. For all comparisons, *P < 0.05, **P < 0.01.
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Fig. 3. Improved heart function in pigs with myocardial infarction after AAV9-Sav-shRNA gene 
therapy.
(A) Schematic shows the timing of viral vector injection, EdU injections, and 

echocardiography (echo) studies in a pig model of I/R-induced myocardial infarction 

(MI). (B to D) Echocardiography results show the ejection fraction (EF) after myocardial 

infarction (B), the ejection fraction at day 14 to 104 after myocardial infarction (C), and the 

change in ejection fraction from days 14 to 104 after myocardial infarction (D); Two-tailed 

paired t test was used in (C), and two-way ANOVA with Bonferroni post hoc test was 
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used in (D). *, #, and & indicate comparison between days 14 and 104 after myocardial 

infarction for AAV9-GFP control (GFP) pig heart and low- (Sav) and high-dose (Sav high) 

pig hearts injected with AAV9-Sav-shRNA respectively. * and &P < 0.05, **, ##, and &&P 
< 0.01; # = 0.07 in C, # = 0.0339 in D. arrow indicates virus injection in B; + indicates 

one pig treated with AAV9-GFP and one pig treated with low dose AAV9-Sav-shRNA 

that were both euthanized at day 74 post myocardial infarction. (E and F) Longitudinal 

plot of changes in EF associated with day 14 after myocardial infarction for AAV9-GFP 

control and low-dose (Sav) and high-dose (Sav high) AAV9-Sav-shRNA (E). Bar graph with 

individual data points shows changes in ejection fraction on day 104 relative to day 14 after 

myocardial infarction (F). (G to I) Shown are left ventricular end-diastolic volume (LVEDV) 

(G), left ventricular end-systolic volume (LVESV) (H), and stroke volume (SV) (I) for 

pigs treated with AAV9-GFP as control (n = 7), low-dose AAV9-Sav-shRNA (Sav; n = 8), 

or high-dose AAV9-Sav-shRNA (Sav high; n = 3) gene therapy. Two-way ANOVA with 

Bonferroni’s post hoc test was used for comparisons in (B), (E), (G), (H), and (I); one-way 

ANOVA with Tukey’s post hoc test was used for panel (F); Asterisk indicates comparison 

between AAV9-GFP (GFP) control and AAV9-Sav-shRNA low dose (Sav); # indicates the 

comparison between AAV9-GFP control and AAV9-Sav-shRNA high dose (Sav high). * 

or #P < 0.05, ** or ##P < 0.01, and *** or ###P < 0.001. B, E, G, H, and I include 

one pig treated with AAV9-GFP and one pig treated with low dose AAV9-Sav-shRNA that 

were both euthanized at day 74 post myocardial infarction. (J) Representative images show 

pig hearts that were harvested 90 days after viral vector injection (P-1918, AAV9-GFP 

control; P-1917, AAV9-Sav-shRNA). Each pig underwent myocardial infarction at the age 

of 92 days, received viral vector at the age of 106 days, and was euthanized at the age of 

196 days. Scale bar, 2 cm. (K) Shown are four representative heart slices from a total of 

7 slices (slice numbers 3, 4, 5, and 6) for pigs P-1918 (AAV9-GFP control) and P-1917 

(AAV9-Sav-shRNA). Scale bar, 2 cm. (L) Shown is quantification of scar size (AAV9-GFP, 

n = 7; combined low- and high-dose AAV9-Sav-shRNA, n = 11). The Mann-Whitney test 

was used for the comparison. Data are presented as the means ± SEM. *P < 0.05.
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Fig. 4. Increased cardiomyocyte proliferation in pigs injected with AAV9-Sav-shRNA after 
myocardial infarction.
(A) Representative immunofluorescence images show EdU-positive cardiomyocytes 

(yellow) in the GFP-positive area (green) of heart sections from two pigs after myocardial 

infarction, one treated with AAV9-GFP (control) and the other treated with low-dose (Sav) 

AAV9-Sav-shRNA gene therapy. White arrowheads indicate EdU-positive cardiomyocytes. 

Scale bars, 25 μm. (B) Quantification of EdU-positive cardiomyocytes was determined via 

machine learning. For each pig, four tiled images were analyzed (n = 3 pigs per group). 
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(C) Representative tile image shows clustered EdU-positive cardiomyocytes in the heart of 

pig P-1960 (injected with low-dose AAV9-Sav-shRNA). White arrowheads indicate paired 

EdU-positive cardiomyocytes. (D) Quantification of paired EdU-positive cardiomyocytes 

(CMs) in the hearts of pigs receiving AAV9-GFP (control) or AAV9-Sav-shRNA gene 

therapy. For each pig, three to four tiled images were captured (n = 3 pigs per group). 

(E) Shown is immunofluorescence costaining for pHH3 and EdU in sections from pig 

hearts at 3 months after injection with AAV9-GFP (control) or low-dose AAV9-Sav-shRNA. 

Scale bars, 10 μm. (F) Quantification of pHH3-positive cardiomyocytes is presented. For 

each pig heart, three to five different sections were evaluated from each pig (n = 3). (G) 
Aurora kinase B staining in low-dose AAV9-Sav-shRNA–injected pig hearts 45 days after 

myocardial infarction. Quantification is shown in (H). Three to four heart sections were 

evaluated from each pig (n = 4 for GFP group at day 45 after myocardial infarction, n 
= 3 for other groups). White arrowhead indicates Aurora kinase B staining. In (B), (D), 

(F), and (H), GFP, Sav, and Sav-high groups indicate pig hearts injected with AAV9-GFP 

(control) or low- or high-dose AAV9-Sav-shRNA, respectively. ANOVA Kruskall-Wallis test 

with Dunn’s multiple comparisons test were used in (B) and (H); nested t test was used to 

compare the difference between GFP and Sav 104 days after myocardial infarction in (H). 

Nested one-way ANOVA with Dunnett’s post hoc test was used for comparisons shown in 

(D) and (F). Data are presented as the means ± SEM. *P < 0.05, **P < 0.01, and ***P < 

0.001.
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Fig. 5. Sarcomere breakdown and cardiomyocyte division in pigs injected with AAV9-Sav-shRNA 
after myocardial infarction.
(A) Shown is a representative image of a pig heart showing the number of nuclei in 

cardiomyocytes. White arrowheads indicate cardiomyocytes with one nucleus. (B) Shown 

is the percentage of cardiomyocytes with a different number of nuclei. For each pig, 

at least four tiled images were analyzed (n = 4). A total of 1327 cells were counted 

in the AAV9-GFP (GFP, control) group, and 1298 cells were counted in the high-dose 

AAV9-Sav-shRNA (Sav) group. ANOVA with Bonferroni’s post hoc test was used for 
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comparisons. (C) Cardiomyocyte numbers in the GFP-positive area of a representative 

pig heart from each group are shown: AAV9-GFP control (GFP); AAV9-Sav-shRNA, low 

and high dose combined (Sav). Each dot represents counted cardiomyocytes in a GFP-

positive area (normalized to mm2) (n = 3). (D) Immunofluorescence stainings for pHH3 

and sarcomere actinin are shown for representative sections from hearts in each group: 

AAV9-GFP control (GFP); low-dose AAV9-Sav-shRNA (Sav). Red arrowheads indicate 

dividing cardiomyocytes with sarcomere breakdown positioned side by side. Scale bars, 

10 μm. (E) Shown is quantification of data in (D) (n = 5 for AAV9-GFP–injected hearts; 

n = 4 for low-dose AAV9-Sav-shRNA–injected hearts, and n = 3 for high-dose AAV9-Sav-

shRNA–injected hearts). We quantified three different sections for each pig heart. Two-way 

ANOVA with Bonferroni’s post hoc test was used for comparisons in (B); nested t tests 

were used for comparisons in (C); nested one-way ANOVA with Tukey’s post hoc test 

were used for comparisons in (E). Data are presented as the means ± SEM. *P < 0.05, 

**P < 0.01, and ***P < 0.001. (F) Shown is immunofluorescence staining for EdU and 

sarcomere actinin in cardiomyocytes from pig hearts injected with AAV9-GFP control or 

low-dose AAV9-Sav-shRNA. Coupled EdU-positive parent and daughter cardiomyocytes 

retain normal sarcomere structure after cell division in AAV9-Sav-shRNA–injected pig 

hearts. Scale bars, 10 μm. (G) Shown is immunofluorescence staining for EdU and connexin 

43 (CX43) in cardiomyocytes from pig hearts injected with AAV9-GFP control or AAV9-

Sav-shRNA. Coupled EdU-positive cardiomyocytes connect with each other via CX43 after 

cell division in AAV9-Sav-shRNA–injected pig hearts. Yellow arrowheads indicate CX43 

staining. Scale bars, 25 μm.
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Table 2.

Evaluation of infarct size.

Animal ID
Age at myocardial infarction Infarct size

(days) % (Infarct/left ventricle)

P-1894 75 12.5

P-1895 75 10.9

P-1896 104 8.1

P-1897 104 7.1

P-1903 104 6.3

P-1917 104 9.8

P-1918 104 18.1

P-1964 15 24.1

P-1937 104 9.7

P-1947 104 11

P-1949 104 15.6

P-1950 104 12.9

P-1953 104 7.3

P-1956 104 7.9

P-1960 104 7.2

P-2019 104 10

P-2020 104 6.1

P-2022 104 5.9
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