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ORIGINAL RESEARCHARTICLE

Pkm2 Regulates Cardiomyocyte Cell Cycle
and Promotes Cardiac Regeneration

BACKGROUND: The adult mammalian heart has limited regenerative
capacity, mostly attributable to postnatal cardiomyocyte cell cycle arrest.
In the last 2 decades, numerous studies have explored cardiomyocyte cell
cycle regulatory mechanisms to enhance myocardial regeneration after
myocardial infarction. Pkm2 (Pyruvate kinase muscle isoenzyme 2) is an
isoenzyme of the glycolytic enzyme pyruvate kinase. The role of Pkm2 in
cardiomyocyte proliferation, heart development, and cardiac regeneration
is unknown.

METHODS: We investigated the effect of Pkm2 in cardiomyocytes
through models of loss (cardiomyocyte-specific Pkm2 deletion during
cardiac development) or gain using cardiomyocyte-specific Pkm2 modified
mRNA to evaluate Pkm2 function and regenerative affects after acute or
chronic myocardial infarction in mice.

RESULTS: Here, we identify Pkm2 as an important regulator of

the cardiomyocyte cell cycle. We show that Pkm2 is expressed in
cardiomyocytes during development and immediately after birth but not
during adulthood. Loss of function studies show that cardiomyocyte-
specific Pkm2 deletion during cardiac development resulted in significantly
reduced cardiomyocyte cell cycle, cardiomyocyte numbers, and myocardial
size. In addition, using cardiomyocyte-specific Pkm2 modified RNA, our
novel cardiomyocyte-targeted strategy, after acute or chronic myocardial
infarction, resulted in increased cardiomyocyte cell division, enhanced
cardiac function, and improved long-term survival. We mechanistically
show that Pkm2 regulates the cardiomyocyte cell cycle and reduces
oxidative stress damage through anabolic pathways and (3-catenin.

CONCLUSIONS: We demonstrate that Pkm2 is an important intrinsic
regulator of the cardiomyocyte cell cycle and oxidative stress, and
highlight its therapeutic potential using cardiomyocyte-specific Pkm2
modified RNA as a gene delivery platform.
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Clinical Perspective
What Is New?

We developed novel therapeutic cardiomyo-
cyte-specific modified RNA that allows transient
expression of any gene of interest exclusively in
cardiomyocytes.

¢ \We established that Pkm2 (pyruvate kinase muscle
isoenzyme 2) expression is downregulated during
mammalian heart development, which coincides
with the mammalian heart regeneration window.

e We identified Pkm2 as a previously unknown
inducer of cardiomyocyte proliferation in vitro and
in vivo.

e \We demonstrated that Pkm2 interacts with
[B-catenin and activates both G6pd and the pen-
tose phosphate pathway to provide nucleotides
for DNA synthesis and reduce oxidative stress after
myocardial infarction.

e We showed that cardiomyocyte-specific Pkm2

modified RNA expression induces cardiac regenera-

tion after myocardial infarction.

What Are the Clinical Implications?

e The cardiomyocyte-specific modified RNA expres-
sion platform can be used for gene delivery in clini-
cal applications to treat heart diseases.

¢ The identification of Pkm2, a previously unrecog-
nized inducer of cardiomyocyte proliferation and
inhibitor of oxidative stress in the heart after myo-
cardial infarction, shows the gene regulates multi-
ple processes and has a pleiotropic beneficial effect
on the heart after myocardial infarction.

¢ QOur cardiomyocyte-specific modified RNA expression
platform will enable the development of a new class
of therapeutics for different diseases beyond cardi-
ology. The gene can be delivered therapeutically to
specific cells or organs undergoing disease states.

generative capacity immediately after birth via

cardiomyocyte cell division;' however, this capac-
ity is lost 1 week after birth." Recent studies showed
that Hippo?® or NRG1-ERBB2-ERBB4%’ pathways acti-
vate B-catenin, which induces cardiomyocyte cell divi-
sion. In parallel, other recent work demonstrated that
increased oxidative stress in the early postnatal window
is associated with a shift from glycolytic to oxidative
metabolism and plays pivotal roles in cardiomyocyte cell
cycle arrest. Importantly, inhibition of oxidative stress
in postnatal cardiomyocytes leads to reduced oxida-
tive DNA damage and curtailed cell cycle arrest.®'° To
date, however, it is unclear whether these seemingly
unrelated nodal cardiomyocyte cell division pathways
are interlinked. Therefore, we set out to identify an up-
stream regulator of both B-catenin and oxidative stress

The mammalian heart has a short window of re-
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pathways in cardiomyocytes. We hypothesized that gly-
colytic enzymes involved in regulating oxidative stress
and pB-catenin may act as nodal regulators of the cardio-
myocyte cell cycle. Of these 18 glycolytic enzymes, only
1 is known to interact with p-catenin. The dimer form
of the glycolytic enzyme Pkm2 (pyruvate kinase muscle
isoenzyme 2) has been extensively studied in cancer
cells.”'> We know dimer Pkm2 directly interacts with
[-catenin in prostate cancer cells'® and promotes meta-
bolic flux into the pentose phosphate pathway (PPP),
activation of which results in less oxidative DNA damage
in a cervical cancer cell line."> Accordingly, we hypoth-
esized that Pkm2 may play a central role in cardiomyo-
cyte cell division during development and immediately
after birth and could also be a therapeutically effective
target to enhance myocardial regeneration. Pkm2 and
its alternatively splicing mRNA Pkm1 are both produced
by the PKM gene.'"'® Pkm2 and Pkm1 modulate the
conversion of PEP (phosphoenolpyruvate) and ADP (ad-
enosine diphosphate) to pyruvate and ATP (adenosine
triphosphate).””-2° Pkm1 is active and expressed in adult
tissues, like muscle and brain, that consistently need
high levels of energy,??> whereas Pkm2 is expressed in
most cell types at varying levels.’®23 Pkm2, which is en-
zymatically slower than Pkm1, reduces pyruvate kinase
activity and promotes the alternate anabolic glycolytic
pathway, the PPP, which prevents oxidative stress.'424-26
To date, Pkm2 studies in cardiac development during
adulthood and after injury are limited, but suggest that
Pkm2 may be induced in adult cardiomyocytes under
stress conditions.?’-° The role of Pkm2 in cardiomyo-
cyte cell cycle regulation remains unknown.

In this article, we examine the role of Pkm2 in cardio-
myocytes during normal embryonic and postnatal de-
velopment as well as after injury. Using gain and loss of
function models, we demonstrate that Pkm2 activates
2 separate and synergistic enzymatic and nonenzymatic
pathways in cardiomyocytes to induce the cardiomyo-
cyte cell cycle and cardiac regeneration post injury.

METHODS

The data, analytic methods, and study materials will be been
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure that has been
presented in this article.

Mice

Al animal procedures were performed under proto-
cols approved by the Institutional Animal Care and Use
Committee at the Icahn School of Medicine at Mount Sinai.
CFW or Rosa26™™S mice strains, male and female, were used.
Different modified RNAs (modRNAs; 100 or 150 pg/heart)
were injected directly into the myocardium during open
chest surgery. Three to 8 animals were used for each experi-
ment. For long-term survival, 8- to 10-week-old CFW mice,
treated with cardiomyocyte-specific modRNAs (n=10) after
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myocardial infarction (M) induction, were allowed to recover
for 6 months in the animal facility. Deaths were monitored and
documented. Tamoxifen-inducible cardiomyocyte-restricted
deletion of Pkm2 (., KO-Pkm2) was generated by crossing
Pkm2flovflox (purchased from Jackson Laboratories [B6;129S-
Pkmtm1.1Mgvh/J]) to Tnnt2MerCreMers mice (made by Dr Chen-
Leng Cai, a coauthor on this article). Tamoxifen (Sigma-Aldrich)
was dissolved in sesame oil at 10 mg/ml as stock solution. To
induce Cre nuclear translocation, tamoxifen was administered
to mice by intraperitoneal injection for 2 consecutive days (E9-
E10; 24-hour interval between administrations) at 0.05 mg/g
body weight/day for embryonic stages. The tissues were har-
vested on E18 for analysis. Mouse husbandry was carried out
according to the protocol approved by the Institutional Animal
Care and Use Committee at Icahn School of Medicine at
Mount Sinai. Oligonucleotide sequences for genotyping these
mouse lines: Tnnt2-F-AGGAACATGAAATCCAGGGTGGCT,
Tnnt2-R- GTTCAGCATCCAACAAGGCACTGA,; and Pkm2-
F-CCTTCAGGAAGAC- AGCCAAG, Pkm2-R - AGTGCTGCC
TGGAATCCTCT.

modRNA Synthesis

modRNAs were transcribed in vitro from plasmid templates
(see complete list of open reading frame sequences used to
make modRNA in Table | in the Data Supplement). Using a
customized ribonucleotide blend of antireverse cap analog, 3

“-O-Me-m7G(5)ppp(5')G (6 mmol/L, TriLink Biotechnologies),

GTP (guanosine triphosphate; 1.5 mmol/L, Life Technology),
ATP (7.5 mmol/L, Life Technology), CTP (cytidine triphosphate;
7.5 mmol/L, Life Technology), and N1-Methylpseudouridine-
5'-Triphosphate (7.5 mmol/L, TriLink Biotechnologies), as
described previously in our recent protocol paper,®' mRNA
was purified using the Megaclear kit (Life Technology) and
treated with antarctic phosphatase (New England Biolabs),
followed by repurification using the Megaclear kit. mRNA was
guantitated by Nanodrop (Thermo Scientific), precipitated
with ethanol and ammonium acetate, and resuspended in 10
mmol/L TrisHCI, T mmol/L EDTA.

modRNA Transfection

In vivo modRNA transfection was done, as described previ-
ously in our recent method paper,3 using sucrose citrate buf-
fer containing 20 pl of sucrose in nuclease-free water (0.3
g/ml) and 20 pl of citrate (0.1 mol/L pH=7; Sigma) mixed
with 20 pl of different modRNA concentrations in saline to
a total volume of 60 pl. The transfection mixture was directly
injected (3 individual injections, 20 ul each) into the myocar-
dium. For in vitro transfection, we used RNAIMAX transfec-
tion reagent (Life Technologies) according to manufacturer’s
recommendations.

Statistical Analysis

Statistical significance was determined by unpaired 2-tailed
t test, 1-way ANOVA, Tukey multiple comparison test, and
Bonferroni post hoc test or log-rank (Mantel-Cox) test for sur-
vival curves, as detailed in respective figure legends. P value
<0.05 was considered significant. All graphs represent aver-
age values, and values were reported as mean+SEM. Unpaired
2-tailed t test was based on assumed normal distributions.
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To quantify the number of CD31 luminal structures, we used
wheat agglutinin, OHG, CD45, CD3, positive TUNEL, BrdU,
ki67, pH3, or Aurora B cardiomyocytes, with results acquired
from at least 3 heart sections/heart, in numbers of mice as
mentioned in respective figure legends.

Detailed methods are available in the Data Supplement.

RESULTS

First, we evaluated Pkm splice variants (Pkm2 and
Pkm1) for their expression during cardiac development,
adulthood and after injury (Figure 1, Figures | and Il in
the Data Supplement). Figure | in the Data Supplement
shows that embryonic hearts uniquely express both
Pkm2 and Pkm1 in high amounts, as compared with
embryonic kidneys or lungs, organs known to express
high levels of Pkm2.2°27 Both cardiomyocytes and non-
cardiomyocytes express Pkm2 (Figure 1C, please see
complete list of antibodies used in this study in Table
Il 'in the Data Supplement), though its expression lev-
els significantly decline in P7 (Figure 1A through 1F).
In adulthood, however, Pkm2 expression in adult car-
diomyocytes is very low (Figure 1). We demonstrate,
in agreement with previous studies,?®3° that after isch-
emic injury (eg, MI), Pkm2 expression rises moderately
in cardiomyocytes (1.8-fold increase, P<0.05) and sig-
nificantly in noncardiomyocytes, including leucocytes
(7-fold, P<0.001; Figure 1G and 1H and Figure lic in
the Data Supplement; please see complete list of primer
sequences for quantitative polymerase chain reaction
used in this study in Table Il in the Data Supplement).
Next, we wanted to determine if restoring Pkm2
levels in postnatal cardiomyocytes can induce their cell
cycle in vitro and after MI. For Pkm2 upregulation in
cardiomyocytes, we used our previously described mo-
dRNA technology that enables highly efficient, tran-
sient, local, nonimmunogenic gene delivery to cardiac
cells, including cardiomyocytes, in vitro and in vivo.3™34
We used luciferase modRNA as a control gene for Pkm2
modRNA because they are similarly sized (~1.6Kb) and
luciferase has no biological function in mice. Pkm2 de-
livery with modRNA technology might also boost Pkm2
expression in noncardiomyocytes, thereby increasing
their cellular division and possibly promoting undesired
effects, such as elevation in fibrosis and immune re-
sponse, or preventing cardiomyocyte cell division after
MI.3> To avoid these effects, and to test Pkm2's ability to
boost cardiomyocytes’ cell cycle and cardiac regenera-
tive capacity, we developed a unique circuit modRNA,
which leads to cardiomyocyte-specific modRNA (_ mo-
dRNA) delivery. This system is based on 2 distinct mo-
dRNA constructs (Figure 2A and 2B; Figures lll and IV in
the Data Supplement). The first contains L7Ae, an ar-
chaeal ribosomal protein that regulates the translation
of genes containing a kink-turn motif, a specific binding
site for L7Ae.3%37 L7Ae protein suppresses translation of
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Figure 1. Pkm2 expression in cardiomyocytes during different stages of
heart development and after myocardial infarction.

A, Experimental timeline for Pkm2 quantitative real-time polymerase chain re-
action (qRT-PCR) and immunostaining with Pkm2 and a-Actinin (cardiomyocyte
marker) at different stages of mouse heart development. B, Relative expression
of Pkm2 measured by gRT- PCR in mice hearts (E16.5, P1, P7, P10 or P60),
n=3. C, Representative images of Pkm2 expression at different stages of mouse
heart development. D, Experimental plan for Pkm2 Western blot analysis at
different stages of mouse heart development. E, Western blot Pkm2. F, Quan-
titative analysis of E, n=2. G, Experimental plan for immunostaining Pkm2 and
a-Actinin or CD45 (leukocyte marker) at different time points after myocardial
infarction (MI). H, Representative images of Pkm2 expression at different time
points after MI. White arrowheads point to cardiomyocytes. Yellow arrowheads
point to noncardiomyocytes. One-way ANOVA, Tukey’s multiple comparison
test for B.and F. ***P<0.001, **P<0.01, *P<0.05, N.S, not significant. Scale
bar, 25 ym. DAPI indicates 4’,6-diamidino-2-phenylindole; LAD, left anterior
descending coronary artery; and Pkm2, pyruvate kinase muscle isoenzyme 2.
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the designed modRNA gene of interest by binding to
the kink-turn motif upstream of the modRNA sequence
when the 2 constructs are cotransfected into the cell.
We achieved cardiomyocyte specificity by adding a car-
diomyocyte-specific microRNA recognition element to
the 3'UTR of the L7Ae gene. We prevented L7Ae trans-
lation in cardiomyocytes that abundantly and mostly
exclusively express those miRs, thereby allowing the
gene of interest modRNA to translate strictly in cardio-
myocytes (Figure 2A and 2B; Figures Ill and IV in the
Data Supplement).

Because a number of groups have shown that miR1-
138 and miR-208a* are expressed exclusively in car-
diomyocytes, we designed an L7Ae modRNA called
miR-1-208 that contains both miR1-1 and miR-208a
recognition elements and used Pkm2 (Pkm2-K), nuclear
green fluorescent protein (GFP), and Cre recombinase
modRNAs that contain a kink-turn motif. In neonatal
cardiomyocytes in vitro, and our mouse MI model in
vivo, transfecting Pkm2-K or nuclear GFP modRNA re-
sulted in translating the gene of interest in both car-
diomyocytes and noncardiomyocytes. However, during
cotransfection with miR-1-208, the gene of interest
was exclusively translated in cardiomyocytes, in other
words, not in noncardiomyocytes (eg, endothelial or
smooth muscle cells; Figure 2B; Figure V in the Data
Supplement). In vivo, intramyocardial delivery of Cre K
modRNA in our MI model, using Rosa26 reporter mice
(Rosa26™mS), resulted in GFP expression in cardiomyo-
cytes and noncardiomyocytes covering =50% of the
left ventricle (LV). However, cotransfecting Cre recom-
binase modRNA with miR-1-208 (_,,.Cre) labeled only
cardiomyocytes covering =20% of the LV (Figure 2B
through 2D; Figure IVa and IVb in the Data Supple-
ment). In addition, no Cre-Lox recombination could
be seen in the spleen, lung or liver after intramyocar-
dial delivery of cwsCre modRNA (Figure IVc in the Data
Supplement). As L7Ae is a foreign protein in mice,
we thought it might induce an immune response. We
therefore evaluated CD45, CD3, or TUNEL expression
7 days after Ml in hearts injected with modRNA with
or without L7Ae. Our data indicate that L7Ae did not
elevate immune cell infiltration or cell death after Ml
(Figure VI in the Data Supplement). We hypothesize
that because the heart already contains high levels of
inflammation and cell death after Ml, adding L7Ae did
not change these processes.

We initially tested Pkm2 modRNA kinetics and its ca-
pacity to increase cell cycle markers in cardiomyocytes
in vitro. We show that Pkm2 modRNA increased protein
expression for at least 8 days, and elevated cardiomyo-
cyte cell cycle marker expression and overall numbers
in Pkm2-transfected neonatal rats, in comparison with
luciferase modRNA controls, 3 or 7 days after trans-
fection, respectively (Figure VII in the Data Supple-
ment). In vivo, directly injecting Pkm2 modRNA into

Circulation. 2020;141:1249-1265. DOI: 10.1161/CIRCULATIONAHA.119.043067
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Figure 2. Transient and exclusive Pkm2 in cardiomyocytes, delivered using cardiomyocyte-specific Pkm2 modified RNA, increases cell cycle markers
in postnatal cardiomyocytes.

A, Experimental design to evaluate the cardiomyocyte-specific (CMS) modified RNA (modRNA) expression tool using Rosa26mTmG mice, which were transfected
with either Cre modRNA alone or CMSCre modRNA immediately after myocardial infarction (MI). Seven days later, hearts were collected and stained for green
fluorescent protein (GFP), a-Actinin and DAPI. B, Representative images of Rosa26mTmG adult mouse heart 7 days after myocardial infarction (M) and delivery of
either Cre modRNA alone or CMSCre modRNA. C, Experimental timeline for evaluating cmsPkm2 modRNA expression (day 1) and effect (day 7) on cell cycle markers
(Brdu, Ki67 and pH3) in cardiomyocytes and noncardiomyocytes. D, Representative images of Pkm2 expression in cardiomyocytes and noncardiomyocytes 1 day after
Ml and delivery of luciferase (Luc) K, Pkm2 K, or CMSPkm2 modRNA. E, Representative images of cycle markers (BrdU, Ki67, pH3, and Aurora B) expression in car-
diomyocytes 7 days after Ml and delivery of CMSPkm2 modRNA. F and G, Quantification of cell cycle markers in cardiomyocytes (F) or noncardiomyocytes (G) 7 days
after MI (n=3). One-way ANOVA, Tukey’s Multiple Comparison Test for F and G. ***P<0.001, **P<0.01. N.S, not significant. Scale bar, 50 ym (D) and 25 pym (E).
CM indicates cardiomyocyte; DAPI, 4’,6-diamidino-2-phenylindole; LAD, left anterior descending coronary artery; and Pkm2, pyruvate kinase muscle isoenzyme 2.
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the myocardium raised Pkm2 levels in cardiomyocytes
and other cardiac cells (Figure VIII in the Data Supple-
ment). Pkm2 pharmacokinetics in vivo lasted 8 to 12
days (Figure IX in the Data Supplement) with markedly
more Pkm2 protein in the LV 2 days after Pkm2 mo-
dRNA delivery (Figure VIiid in the Data Supplement).
To test Pkm2 modRNA's effects on the cell cycle in the
context of MI, we intramyocardially delivered Luc-K,
miR1-208, or Luc-K+miR1-208 ( ,,Luc), and Pkm2-K,
Pkm2+miR1-208, or Pkm2-K+miR1-208 (,.Pkm2).
Seven days after transfection we measured cell cycle
markers in cardiomyocytes and noncardiomyocytes in
the LV (Figure 2C). Pkm2-K or Pkm2+miR1-208 mo-
dRNA increased cell cycle markers in both cardiomyo-
cytes and noncardiomyocytes more than luciferase mo-
dRNA (P<0.001, Figure 2E and 2F). However, , Pkm2
modRNA only induced ki67- or pH3-positive cardiomy-
ocytes (P<0.001), with no significant effect on noncar-
diomyocyte cell cycle markers. Live imaging of neonatal
cardiomyocytes showed cardiomyocyte cell division af-
ter cotransfection with _ , Pkm2 modRNA and _,,.nGFP

CMS CMS
modRNA but not _ _Luc modRNA or nuclear GFP mo-

dRNA (Movie | in tﬁgsData Supplement). Further, Pkm2's
effect on cell cycle markers was very prominent in the
injected area after Ml but subtler in both the injected
areas of noninfarcted hearts and remote, uninjured ar-
eas (Figure IX in the Data Supplement).

To evaluate whether Pkm2's enhancing effects on cell
cycle marker expression can lead to successful cardio-
myocyte cell division after MI, we used a lineage-tracing
model that combines ., . modRNAs and a Rosa26m™®
mouse model, mixing , Pkm2 or _ Luc with  Cre
modRNA to generate permanently GFP-labeled cardio-
myocytes (Figure 3A through 3J). We traced the fate
and properties of transfected cardiomyocytes and their
progeny over time (including after either _, Pkm2 or
awskuc modRNAs were no longer expressed). The num-
ber of labeled cardiomyocytes with  , Pkm2 +  Cre
modRNAs was significantly higher than control  Luc
+ ,sCre modRNAs 3 and 28 days after Ml (Figure 3D).
This suggests that _ Pkm2 modRNA induces cell di-
vision in preexisting cardiomyocytes and mimics the
intrinsic regeneration process observed in mice 1 day
after birth." Twenty-eight days after _ Pkm2 +  Cre
modRNAs treatment, GFP* cardiomyocytes showed el-
evated expression of cell cycle markers such as pH3 and
Ki67 (Figure 3E through 3G), long after Pkm2 was no
longer expressed. Heart weight to body weight ratio
was significantly increased (Figure 3H), whereas both
GFP+ cardiomyocytes size (Figure 3l) and nuclei num-
bers/cell (Figure 3J) were smaller in mice treated with
asPkm2 +  Cre modRNAs compared with control.

Because higher cardiomyocyte numbers can be
a result of improved cardiomyocyte survival, and
to rigorously assess cardiomyocyte division in vivo,

we used a second lineage-tracing model based on
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Cre-recombinase-dependent mosaic analysis with dou-
ble markers (MADM) mice. As previously shown,441 this
system validates successful cardiomyocyte cell division
by evaluating single-color cardiomyocytes among total
labeled cardiomyocytes. Similar to our strategy in the
Rosa26m™™¢ lineage-tracing model, either , Pkm2 or
aysLuc modRNAs were intramyocardially delivered into
heterozygous MADM-ML-116"6 mice. Fourteen days
after Ml and modRNA delivery, we collected hearts and
determined the single-color percentage of total labeled
cardiomyocytes. ., Pkm2 + _ Cre modRNAs signifi-
cantly increased (P<0.0001) the single-color percentage
of total labeled cardiomyocytes, mostly in the border
zone and infarct, 14 days after Ml in comparison with
control ., Luc + ,,.Cre modRNAs (Figure 3K through
3R). In addition, 14 days after Ml and _,,.Pkm2 +  Cre
modRNA delivery, isolated adult cardiomyocytes show
notably higher (P<0.001) single-color percentage of
total labeled cardiomyocytes, mostly mononuclear, in
comparison with control (Figure 3M and 3P). We also
used our cardiac MADM model in chronic MI, inject-
ing modRNA 15 days after MI. Our results (Figure X in
the Data Supplement) indicate, similar to the acute Ml
data, that . Pkm2 +  Cre modRNA markedly raises
(P<0.001) the single-color percentage of total labeled
cardiomyocytes in the heart, in comparison with con-
trol. Thus, using 2 independent cardiomyocyte cell divi-
sion lineage-tracing models, we conclusively show that
Pkm2 activates cardiomyocyte cell division in vivo. Note
that our ., ,modRNA platform allowed us to employ
2 separate cardiomyocyte cell division lineage-tracing
models without needing to cross with cardiomyocyte-
specific Cre-expressing mice, so that our approach fa-
cilitates faster and less expansive analysis of cardiomyo-
cyte cell division in vivo.

Based on its expression during development but not
after birth, ability to induce postnatal cardiomyocyte cell
division after MI, and known role controlling both p-
catenin and anabolic pathways in cancer cells, we want-
ed to investigate Pkm2's ability to increase [(-catenin
and anabolic pathway activity in postnatal cardiomyo-
cytes after MI. More specifically, we evaluated the gene
expression of Pkm2 transfected postnatal cardiomyo-
cytes after MI. Because adult cardiomyocytes are chal-
lenging to sort using fluorescence activated cell sorting,
owing to cardiomyocyte size and rapid cell death after
isolation, we used magnetic beads to sort transfected
adult cardiomyocytes. For this process, we designed a
cardiomyocyte-specific inactive human CD25 modRNA
based on truncated human CD25 (the only extracellu-
lar domain of the human IL2 receptor) that can be ex-
pressed on the surface of transfected adult cardiomyo-
cytes without compromising their cell activity (owing
to lack of intracellular domain), thereby allowing us to
distinguish them from nontransfected cardiomyocytes.
In this way, we were able to use anti-hCD25 magnetic
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Figure 3. Lineage tracing models show that transient Pkm2 expression increase cardiomyocyte cell division and suppress postnatal cardiomyocyte

cell cycle arrest.
A, Experimental timeline used for cardiac lineage tracing in R26mTmG mice. B,
fluorescent protein positive [GFP+], a-Actinin+) 28 days after MI. C, Quantificat

Representative images of transfected cardiomyocytes and their progeny (green
ion of GFP+ cardiomyocytes 3 or 28 days after MI, n=3. D, Transfection efficiency

(% GFP+) of cardiomyocytes or noncardiomyocytes 28 days after myocardial infarction (MI), n=3. E, Representative images of GFP+ cardiomyocytes, pH3+, or

Ki67+ 28 days after MI. F and G, Quantification of GFP+ pH3+, n=3 (F), or GFP.
specific Luciferase (CMSLuc) or CMSPkm2 with CMSCre modified RNA (modRN

+ Ki67+ cardiomyocytes, n=3 (G), 28 days after transfection with cardiomyocyte-
A) in Ml model. H through J, Ratio of heart (HW) to body weight (BW), n=3 (H);

relative cross-sectional area of GFP+ cardiomyocytes, n=3 (l); and number of nuclei in GFP+ cardiomyocytes, n=3 (J); in hearts 28 days after Ml and delivery of
CMSPkm?2 in cardiac lineage tracing model using R26mTmG mice. K, Experimental timeline to trace proliferating cardiomyocytes using mosaic analysis with double
markers (MADM) mice L, Representative images of single-color-labeled (Green (eGFP+/DsRed-), Red (eGFP-/DsRed+)) or double-color-labeled (Yellow (eGFP+/
DsRed+) cardiomyocytes 14 days after MI and injection of CMSLuc or cmsPkm2 with CMSCre modRNA in a MADM MI mouse model. M, Quantification of

single-color cardiomyocytes (Red or Green) amongst total labeled cardiomyocyt

es 14 days after MI, n=5. N, Distribution of single-color cardiomyocytes in the heart

14 days after MI, n=3 (infarct, border, or remote area). O, Representative images of isolated cardiomyocytes from MADM mice 14 days after Ml and modRNA
injection. P, Quantification of isolated single-color cardiomyocytes 14 days after MI, n=3. Q and R, Representative (Q) image and (R) quantification (mono, bi, or
multi) of single-color cardiomyocyte nucleation 14 days after MI, n=3. Unpaired 2-tailed t test or 2-way ANOVA to analyze the data in C and D. ****P<0.0001,

***P<(0.001, **P<0.01, *P<0.05, N.S, not significant. Scale bar, 50 um (B) and

(L), or 5 um (E) and O). DAPI indicates 4’,6-diamidino-2-phenylindole; LAD, left

anterior descending coronary artery; and Pkm2, pyruvate kinase muscle isoenzyme 2.

beads, which are not cross-reactive with mouse CD25,
to sort transfected adult cardiomyocytes (Figure Xl in the
Data Supplement) and evaluate their gene expression
using quantitative real time—polymerase chain reaction.
Two days after Ml and intramyocardial delivery of either
ausPkm2 or . Luc together with cardiomyocyte-specific
inactive human CD25 modRNAs, we measured changes
in gene expression. Our results showed that isolated
cells were enriched for cardiomyocyte markers with sig-
nificantly lower Troponin T expression but showed little

Circulation. 2020;141:1249-1265. DOI: 10.1161/CIRCULATIONAHA.119.043067

to no change in Myh6 expression, cardiac gap junction
channels (Cx43 and Cx40), or genes associated with car-
diomyocyte contractility (Serca2a and PLN; Figure 4A).
Adult cardiomyocytes expressing Pkm2 had elevated {3-
catenin downstream targets Cyclin D1 and c-Myc (Fig-
ure 4B) and cell cycle-promoting genes (Cdc20, Cdk2
and Ccnd2, CcnbT) but fewer cell cycle inhibitors (p21
and p27) compared with control (Figure 4B).

Having shown that Pkm2 overexpression increases
cell cycle markers and B-catenin downstream signaling,
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Figure 4. Pkm2 directly interacts with p-catenin, upregulates its downstream targets (Cyclin D1 and C-Myc), and increases expression of cell cycle-
promoting genes and cell cycle markers in postnatal cardiomyocytes.

A and B, Two days after myocardial infarction (MI) and administration of cardiomyocyte-specific (cms) luciferase (Luc; cmsLuc) or cmsPkm2 modified RNAs (mo-
dRNAs) with cmsihCD25, adult cardiomyocytes were isolated using magnetic beads (please see method in Figure Xl in the Data Supplement). A, Quantitative real-
time polymerase chain reaction analysis to validate purity of isolated cardiomyocytes, cardiomyocyte-specific markers, and functional cardiac genes (n=3). B, Gene
expression comparisons of f3-catenin downstream target genes and expression of cell-cycle-promoting genes or cell-cycle inhibitors after cmsLuc or cmsPkm2 mo-
dRNA delivery into adult cardiomyocytes (n=3). C, Coimmunoprecipitation (Co-IP) and input control to evaluate Pkm2's direct interaction with 3-catenin in P3 rat
neonatal cardiomyocytes after luciferase or Pkm2 modRNA transfection (n=2). D, Immunostaining of rat neonatal cardiomyocyte after luciferase or Pkm2 modRNA
delivery shows co-localized B-catenin and Pkmz2 in the cardiomyocyte nucleus. E, Stabilizing f-catenin induced its interaction with TCF/LEF transcription factors in
the nucleus, which in turn induced the expression of target genes (eg, cyclin D1, c-Myc) that can be measured by TOPflash (Luciferase reporter with TCF binding
DNA sequence). Fopflash has mutant TCF binding DNA sequence (Fopflash), used as control. Quantitative TOPflash or Fopflash after delivery of nGFP (control) or
Pkm2 modRNA (n=3). F, Experimental plan for evaluating overexpression of -catenin alone or with Pkm2 modRNA and studying its effect on the expression of cell
cycle genes in P3 neonatal rat cardiomyocytes. G, Representative images of -catenin expression 1 day after luciferase or 3-catenin modRNA transfection in vitro
(costained a-Actinin and DAPI). H and I, Quantification of cell cycle markers (Ki67, pH3) in neonatal rat cardiomyocytes 3 days after transfection of Luc, Pkm2, or
B-catenin modRNA alone or combined Pkm2 and f-catenin modRNAs (n=3). J, Experimental timeline used to evaluate the role of B-catenin in cardiomyocytes after
Pkm2 modRNA delivery. K, Representative images of f3-catenin inhibition by siRNA in cardiomyocytes after Pkm2 modRNA delivery. L and M, Quantification of

cell cycle markers (Ki67, pH3) in neonatal rat cardiomyocytes 3 days after transfection with luciferase or Pkm2 modRNA with scrambled siRNA or Pkm2 modRNA
with siRNA for -catenin (n=3). One-way ANOVA, Tukey's Multiple Comparison Test for A and B, H and I, L and M. Unpaired 2-tailed t test for E. ***P<0.001,
**P<0.01, *P<0.05, N.S., not significant, N.D., no data. Scale bar, 10 pm (D) and 25 pm (G) and (K). CM indicates cardiomyocyte; DAPI, 4',6-diamidino-2-phenyl-
indole; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; LAD, left anterior descending coronary artery; and Pkm2, pyruvate kinase muscle isoenzyme 2.
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and because Pkm2 has been shown to interact directly
with B-catenin in prostate cancer cells, we performed
a coimmunoprecipitation assay (Figure 4C), which re-
vealed that Pkm2 directly interacts with B-catenin in
cardiomyocytes. We also showed p-catenin and Pkm2
colocalization in the cardiomyocyte nuclei (Figure 4D).
In addition, we performed a TOPFlash luciferase assay
to track B-catenin/TCF activity and demonstrated that
Pkm2 modRNA increased p-catenin activation in neo-
natal rat cardiomyocytes in vitro (Figure 4E).

To better understand the B-catenin pathway’s role in
the Pkm2-induced cardiomyocyte cell cycle, we made
B-catenin modRNA and transfected it, alone or with
Pkm2, into neonatal rat cardiomyocytes in vitro. Our
results reveal significantly elevated cell cycle markers
in cardiomyocytes 3 days after delivery of each gene
alone, in comparison with luciferase modRNA. How-
ever, Pkm2 modRNA generated significantly (P<0.001)
higher cell marker expression in cardiomyocytes than 8-
catenin (Figure 4F through 4l), thereby suggesting that
the B-catenin pathway is not the only pathway Pkm2
uses to promote cardiomyocyte cell division. Also, we
show that adding Pkm2 modRNA to p-catenin in-
creased cell cycle marker expression in cardiomyocytes,
indicating a synergistic effect between the 2 genes
(Figure 4H and 4l). To further decipher the role of p-
catenin in the Pkm2-induced cardiomyocyte cell cycle,
we transfected rat neonatal cardiomyocytes with Pkm2
modRNA concomitantly with p-catenin knockdown
(Figure 4J through 4M). Our results show the B-catenin
pathway is important for inducing cell cycle marker
expression in cardiomyocytes (Figure 4L and 4M). Yet
even without pB-catenin, Pkm2 raises cell cycle marker
expression in cardiomyocytes, in comparison with con-
trol, again suggesting a parallel pathway that increases
cardiomyocyte cell division and is independent from the
[B-catenin pathway (Figure 4L and 4M).

As Pkm2 plays a role in activating the anabolic path-
way PPP by elevating G6pd, the rate-limiting enzyme of
PPP, in a human lung cancer cell line,*> we wanted to
discover if Pkm2 overexpression in cardiomyocytes up-
regulates G6pd and thus alters anabolic metabolism. To
investigate this, we transfected neonatal rat cardiomyo-
cytes with luciferase or Pkm2 modRNA and collected the
cells 2 days later (Figure Xlla in the Data Supplement).
Western blot analysis showed increased Gépd after
Pkm2 modRNA in comparison with control (Figure Xllb
and Xllc in the Data Supplement). In addition, we used
isotopic tracers to investigate metabolic flux by adding
glucose to the media of neonatal rat cardiomyocytes 6
hours after Pkm2 or luciferase modRNA delivery and
collecting samples to test glycolysis (after 10 minutes),
TCA cycle (after 2 hours), or PPP (after 18 hours). Our
results show elevated PPP and increased ribonucleotide
synthesis. The latter has previously been shown to be
important for inducing cell division, as ribonucleotides
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are the building blocks of nucleic acid needed for DNA
synthesis (Figure Xlld in the Data Supplement). 43

Because the oxidative branch of the PPP is a major
source of NADPH, we investigated whether Pkm2 over-
expression to cardiomyocytes increases NADPH pro-
duction. Indeed, our results show that Pkm2 modRNA
raises NADPH production and reduces the NADP*/
NADPH ratio (Figure Xlle in the Data Supplement). As
PPP activation is associated with reduced oxidative
stress, reactive oxygen species (ROS) production, and
oxidative DNA damage, we explored how intramyocar-
dial delivery of ., Luc or ., Pkm2 modRNA influenced
these processes and elevated G6pd after Ml (Figure 5).
Two days after MI, we transfected cardiomyocytes
with either Pkm2 or luciferase and showed that Pkm2-
transfected cardiomyocytes have higher G6pd expres-
sion (Figure 5A; isolation method described in Figure
Xl in the Data Supplement). High performance liquid
chromatography measurements of oxidative stress (re-
duced/oxidized glutathione ratio, Figure 5B and 5C; su-
peroxide and other ROS , Figure 5D and 5E; as well as
immunostaining of 8-hydroxyguanosine, Figure 5F and
5G; or pATM, Figure 5H and 5I) all show less oxida-
tive stress, less ROS production, and less oxidative DNA
damage 2 days after Ml and intramyocardial delivery of
asPkm2, in comparison with control.

To evaluate G6pd and the role of anabolic pathway
activation in the cardiomyocyte cell cycle, we made
G6pd modRNA and transfected it, alone or with Pkm2,
into neonatal rat cardiomyocytes in vitro. Our results
reveal significantly more cell cycle markers in cardio-
myocytes 3 days after delivery of each gene alone, in
comparison with luciferase modRNA. However, Pkm2
modRNA generated significantly (P<0.01) higher ex-
pression of cell cycle markers in cardiomyocytes than
did G6pd (Figure 5J through 5M), thereby suggesting,
similar to our B-catenin results (Figure 5H and 5I), that
the G6pd pathway is not the only pathway that Pkm2
enhances to promote the cardiomyocyte cell cycle.
Also, we show that adding Pkm2 modRNA to G6pd
increased expression of the cell cycle marker Ki67 in
cardiomyocytes, indicating a possible synergistic effect
between the 2 genes (Figure 5M). To further decipher
the role of G6pd in Pkm2-induced cell division in cardio-
myocytes, we transfected rat neonatal cardiomyocytes
with Pkm2 modRNA concomitantly with G6pd knock-
down (Figure 50 through 5R). Our results indicate that
G6pd and the anabolic pathway PPP are important for
inducing cell cycle marker expression in cardiomyocytes
(Figure 5Q and 5R). Yet even with less G6pd, Pkm2 in-
creased cell cycle marker expression in cardiomyocytes
as compared with control, suggesting again another
pathway, parallel to, but independent from, -catenin,
that increases cardiomyocyte cell division (Figure 5Q
and 5R). In sum, and as Figure 5 illustrates, we were
able to show that Pkm2's anabolic enzymatic activity
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Figure 5. Pkm2 upregulates the anabolic enzyme G6pd, which reduces oxidative stress, reactive oxygen species production, and oxidative damage
and leads to increased expression of cell cycle markers in postnatal cardiomyocytes.

A, Quantitative polymerase chain reaction comparisons of G6pd (glucose-6-phosphate dehydrogenase) expression 2 days after myocardial infarction (MI) and
administration of cardiomyocyte-specific (cms) luciferase (Luc; cmsLuc) or cmsPkm2 modified RNAs (modRNAs) with cardiomyocyte-specific inactive human CD25
(cmsihCD25), when adult cardiomyocytes were isolated using magnetic beads (please see method in Figure XIIl in the Data Supplement). B, Experimental timeline
used to evaluate reduced oxidative stress or reactive oxygen species (ROS) production after Ml and delivery of cmsLuc or cmsPkm2 modRNA. C, High performance
liquid chromatography (HPLC) quantification of GSH/GSSG ratio (reduced/oxidized glutathione), n=6. D and E, HPLC quantification of superoxide probe dihydro-
ethidium (DHE) in (D) 2-hydroxyethidium (EOH), n=5, or (E) ethidium (E), n=4, 2 days after Ml and cmsLuc or cmsPkm2 modRNA injection or sham operation.

F, Representative images of 8-OHG (8-hyrdroxyguanosine) foci frequency in cardiomyocytes 2 days after Ml and transfection with either CMSLuc or CMSPkm2
modRNA (costained a-Actinin and DAPI). G, Quantitative analysis of F, n=3. H, Representative images of pATM (phosphorylation of ataxia telangiectasia mutated)
foci frequency in cardiomyocytes 2 days after MI and transfection with CMSLuc or CMSPkm2 modRNA. I, Quantitative analysis of H, n=3. J, Experimental plan for
evaluating overexpression of G6pd alone or with Pkm2 modRNA and studying its effect on the expression of cell cycle genes in P3 neonatal rat cardiomyocytes.
K, Representative images of G6pd expression 1 day after luciferase or G6pd modRNAs transfection in vitro (costained a-Actinin and DAPI). L and M, Quantifica-
tion of cell cycle markers (Ki67, pH3) in neonatal rat cardiomyocytes 3 days after transfection of Luc, Pkm2 or G6pd modRNA alone or combined Pkm2 and Gépd
modRNAs, n=3. O, Experimental timeline used to evaluate the role of G6pd in cardiomyocytes after Pkm2 modRNA delivery. P, Representative images of G6pd
inhibition by siRNA in cardiomyocytes after Pkm2 modRNA delivery. Q and R, Quantification of cell cycle markers (Ki67, pH3) in neonatal rat cardiomyocytes 3
days after transfection with luciferase or Pkm2 modRNA with scrambled siRNA or Pkm2 modRNA with siRNA for G6pd, n=3. One-way ANOVA, Tukey's multiple
comparison test for L, M, Q, and R. Unpaired 2-tailed t test for A, C through E, G, and I. ***P<0.001, **P<0.01, *P<0.05, N.S, not significant. Scale bar, 5 pm
(D) and 25 pm (G and K). CM indicates cardiomyocyte; DAPI, 4’,6-diamidino-2-phenylindole; LAD, left anterior descending coronary artery; and Pkm2, pyruvate
kinase muscle isoenzyme 2.
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in cardiomyocytes changes glucose flux and raises ana-
bolic PPP. Upregulating the PPP reduces oxidative stress,
ROS production, and oxidative DNA damage, which in
turn increases cardiomyocyte cell division.

Our data suggest that Pkm2 has at least 2 indepen-
dent mechanisms of action that may influence cardio-
myocyte cell division. One is the enzymatic anabolic
pathway (G6pd and PPP) and the other is the nonenzy-
matic 3-catenin pathway. As both pathways are impor-
tant for cardiomyocyte cell division and because Pkm2
is highly expressed during development but not in
adulthood, we wanted to evaluate its role in embryonic
cardiomyocyte cell division and cardiac development.
We generated inducible cardiomyocyte-specific Pkm2
knockout mice (., KO-Pkm2, Figure 6A). We crossed
either Pkm2™ or Pkm2++ with Tnnt2MerCreMer mjce to
generate either _,, [KO-Pkm2 or ., WT mice, respective-
ly. Both ,,.KO-Pkm2 and . WT mice received tamoxi-
fen injections at E9 and E10 to flox out Pkm2 during
cardiac development in ,,.KO-Pkm2 mice (Figure 6B).
Because most , KO-Pkm2 mice (>95%) died immedi-
ately after birth, we collected and evaluated hearts at
E18. The E18 ,,,KO-Pkm2 and ., WT mice were simi-
lar in size (Figure 6C and 6D). As expected, no Pkm2
expression was seen in cardiomyocytes from KO-
Pkm2 hearts (Figure 6E). We also observed significantly
smaller hearts with thinner ventricular walls compared
with control _,, \WT hearts (Figure 6F and 6G). The heart
weight/body weight ratio was =17% lower in KO-
Pkm2 mice than in _, WT mice (Figure 6H). Wheat
agglutinin staining showed that cardiomyocytes from
asKO-Pkm2 hearts were =36% larger (Figure 6l and
6J), were =25% fewer in number (Figure 6K and 6L)
and showed =~54% less expression of cell cycle markers
(Figure 6M through 60) in comparison with cardiomyo-
cytes from _ WT hearts. Moreover, in vitro cardiomy-
ocytes isolated from E18 _, KO-Pkm2 hearts showed
~59% lower expression of cell cycle markers than car-
diomyocytes isolated from E18 _ , WT hearts (Figure 6P
through 6R). Gene expression comparison between .
KO-Pkm2 hearts and _, WT hearts shows that lack of
Pkm2 in cardiomyocytes during development results in
significantly lower Pkm2 downstream targets f-catenin,
G6pd, c-Myc, and Ccnd1 (Figure 6S). Yet, cell cycle in-
hibitor (P27), cardiac hypertrophy markers ANP and
BNP, and Pkm1 mRNA and protein are all upregulated
(Figure 6S and 6T). We also tested if Pkm2 modRNA can
rescue and restore cell cycle marker expression in car-
diomyocytes. Accordingly, we isolated cardiomyocytes
from ,,.KO-Pkm2 and transfected them with luciferase
or Pkm2 modRNA. Three days after transfection with
Pkm2 modRNA, , KO-Pkm2 cardiomyocytes showed
significantly (P<0.001) elevated cell cycle markers in
comparison to luciferase modRNA (Figure XIII in the
Data Supplement). Taken together, our data suggest
that Pkm2 expression in cardiomyocytes is required for
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cardiomyocyte cell division and proper heart develop-
ment.

As Pkm2 may promote cardiomyocyte survival af-
ter transplantation,?® and based on the totality of our
data, we propose that . Pkm2 modRNA may prevent
cardiac remodeling and improve heart function post
MI. We used our double-blind, long-term mouse M
model and tested the effect of _,Pkm2 modRNA 28
days after Ml (Figure 7A). Magnetic resonance imaging
and echo studies revealed that _,,.Pkm2 significantly in-
creased the ejection fraction percentage (Figure 7B and
7C; Movies Il and lll in the Data Supplement), and the
percentage fractioning delta shortened between day
2 (baseline, Figure XIVa and XIVb in the Data Supple-
ment) and day 28 after Ml (Figure 7D). Although LV
internal diameter end systole showed little change, the
LV internal diameter end diastole was much larger in
ausPkm2 mice than in controls 28 days after Ml (Fig-
ure XIVc and XIVd in the Data Supplement). Further,
28 days after MI, Pkm2 or _, Pkm2 expression signifi-
cantly increased LV end diastolic or systolic posterior
wall thickness (Figure XIVe and XIVf in the Data Supple-
ment) and reduced cardiac scar formation (Figure 7E
and 7F, for baseline sham please see Figure XIVg in the
Data Supplement). . Pkm2 intramyocardial delivery
did not cause any abnormality (eg, angioma, edema)
in cardiac tissue (Figure 7E and 7F). Note that _,Pkm2
produced smaller scars than Pkm2 modRNA, indicating
that delivering Pkm2 exclusively to cardiomyocytes has
superior beneficial effects. _,.Pkm2 also produced no-
tably higher heart weight to body weight ratios with
smaller cardiomyocytes and increased capillary density
compared with control (Figure 7G and 7H and Figure
XIVh through XIVj in the Data Supplement). Further,
ausPkm2 significantly raised cardiomyocyte numbers in
the heart without elevating the number of nuclei per
cardiomyocyte and increased the mononuclear fraction
compared with control (Figure 7J through 7M). Of note,
mice treated with _, Pkm2 modRNAs immediately af-
ter MI had significantly better long-term survival than
those treated with _ Luc control (Figure 7N). We next
used our chronic MI mouse model to evaluate ,,.Pkm2
modRNA's ability to reverse cardiac remodeling. In this
model, we delivered modRNA intramyocardially 15 days
after Ml and then tracked ongoing cardiac remodeling
(Figure 70). Our results show significantly improved
cardiac function (Figure 7P), increased expression of
the cardiomyocyte cell cycle marker pH3 (Figure 7Q),
and higher heart weight to body weight ratios (Fig-
ure 7R), with no significant change in cardiomyocyte
size (Figure 7S). Taken together, our data reveal that
asPkm2 modRNA has clear therapeutic effects on car-
diomyocytes: it induces the cardiomyocyte cell cycle
during cardiac development and after chronic or acute
MI, increases angiogenesis, extends cardiomyocyte sur-
vival, and reduces both cardiomyocyte apoptosis and
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Figure 6. Loss of function study of Pkm2 expression in cardiomyocytes during heart development reduces heart size, increases cardiomyocyte size,
lowers total cardiomyocyte number, and limits cardiomyocyte cell division capacity.

A, Experimental plan for generating inducible cardiomyocyte-specific wild type (.,,,\WT, Pkm2+/+, B6129SF2/)) littermates expressing Cre exclusively in cardiomyo-
cytes, or cardiomyocyte-specific Pkm2 knockout mice (,,,KO-Pkm2). B, Experimental timeline for evaluating the effect of ., (KO-Pkm2 on cardiomyocyte cell division
and heart development. C, Representative images of E18 ., WT or , [KO-Pkm2 mice and (D) evaluation of body weight, n=7. E, Representative images of Pkm2 and
a-Actinin immunostaining as well as whole heart hematoxylin and eosin staining F. Evaluation of heart size (G. n=4) and heart weight to body weight ratio (H. n=7)
of E18 _ WT or ., .KO-Pkm2. Representative images (I) of wheat germ agglutinin (WGA) and (J) quantification thereof, n=7. Quantification of cardiomyocyte num-
bers isolated from heart (K), n=4, or counted per section (L), n=7, in E18 s WT or . KO-Pkm2 mice. M, Representative images of pH3+ or Ki67+ cardiomyocytes in
E18 ,WT or ., KO-Pkm2 hearts. Quantification of pH3+ (N), n=7, or ki67+ (0), n=7, cardiomyocytes in E18 ., WT or ., KO-Pkm2 hearts. (Continued)
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Figure 6 Continued. P, Representative images of pH3- or Ki67-positive cardiomyocytes in isolated cardiomyocytes from E18 ., WT or ., .KO-Pkm2 hearts. Quan-
tification of pH3+ (Q), n=5, or ki67+ (R), n=5, cardiomyocytes isolated from E18 , WT or . KO-Pkm2 hearts. S, Relative gene expression measured by qRT-PCR
comparing E18 . WT or ., .KO-Pkm2 hearts, n=3. T, Representative images of Pkm1 expression in E18  WT or . KO-Pkm2 hearts. White arrowheads point to
cardiomyocytes. Yellow arrowheads point to noncardiomyocytes. Unpaired 2-tailed t test for D, G, H, J through L, N, O, Q, R, and S. ****P<0.0001, ***P<0.001,
**P<0.01, *P<0.05, N.S, not significant. Scale bar, 25 ym (E and T), 5 ym (1), 50 pm (M and P). CM indicates cardiomyocyte; DAPI, 4’,6-diamidino-2-phenylindole;
LV, left ventricle; RV, right ventricle; and Pkm2, pyruvate kinase muscle isoenzyme 2.

oxidative stress to prevent or reverse cardiac remodel-  zebrafish have high levels of cardiac regeneration via ac-
ing after Ml (Figure XV in the Data Supplement). tivation of endogenous cardiomyocyte cell division.*4
Also, in fetal mice and pigs, induction of cardiomyocyte
cell division leads to cardiac regeneration.*®>° Studies
DISCUSSION ’

in vitro and in vivo have shown that after injury, adult
Reactivating cardiomyocyte proliferation is crucial ~ mammalian cardiomyocytes can divide, an ability that
to successful cardiac regeneration. Both newts and  can be stimulated by upregulating proproliferative ge
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Figure 7. Gain of function study of Pkm2 expression in cardiomyocytes improves cardiac function and outcome after acute or chronic myocardial infarction.
A, Experimental timeline to evaluate cardiac function and outcome in an acute myocardial infarction (MI) mouse model. B, Magnetic resonance imaging assessments
of left ventricular systolic function 1 month after MI. Images depict left ventricular chamber (outlined in red) in diastole and systole. C, Percentage of ejection fraction
for the experiments in (B); a, n=3; b, n=4; e, n=4; f, n=7. D, Echo evaluation of delta in percentage of fractioning shorting differences between day 2 (baseline)

and day 28 after M, n=7. E, Representative Masson trichrome staining to evaluate scar size 28 days after MI. F through I, Quantification of scar size (F), n=7; heart
weight to body weight ratio (G), n=7; cardiomyocyte size (H), n=7; and cardiomyocyte numbers per section (I), n=8; measured 28 days after MI. Representative
images (J) of cardiomyocyte numbers isolated from heart after treatments with cardiomyocyte-specific (CMS) luciferase (Luc; CMSLuc) or CMSPkm2 modified RNAs
(modRNAs) 28 days after MI, and quantification (K) of the experiment in (J), n=3. L, Representative images of nuclei of isolated cardiomyocytes (mono, bi, or multi).
M, Quantification of the experiment in (L), n=3. N, Long-term survival curve, after MI, for mice injected with cmsLuc or cmsPkm2 modRNAs, n=10. O, Experimen-
tal timeline to evaluate cardiac function and outcome in a chronic Ml mouse model. P, Echo evaluation of delta in percentage of fractioning shorting differences
between day 17 (baseline) and day 45 after MI, n=7. Q through S, Quantification of pH3+ cardiomyocytes in the heart (Q), n=5; heart weight (HW) to body weight
(BW) ratio (R), n=7; or cardiomyocyte size (S), n=7; in the heart with different treatments 45 days after MI. White arrowheads point to cardiomyocytes. Yellow
arrowheads point to noncardiomyocytes. One-way ANOVA, Bonferroni post hoc test for C, D, F through I, and P through S; unpaired 2-tailed t test for J, K, and

M; Mantel-Cox log-rank test (N). ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, N.S, not significant. Scale bar, 1 mm (E), 50 pm (K), 10 um (L). CM indicates
cardiomyocyte; DAPI, 4’,6-diamidino-2-phenylindole; LAD, left anterior descending coronary artery; and Pkm2, pyruvate kinase muscle isoenzyme 2.
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nes.%367:484951-57 Other studies have shown that reacti-
vating adult cardiomyocytes cell cycle reentry is possible
via proteins®®%58 or viruses**-*' and in transgenic mouse
models of proproliferative genes.?>7°153:5462 sing pro-
teins to induce the cell cycle is challenging because of
their very short half-life, the difficulty of local adminis-
tration, the lack of cardiomyocyte specificity, and their
inability to deliver intranuclear genes, such as transcrip-
tion factors. The cardiac-specific adeno-associated virus
vector, though not immunogenic and relatively safe,

Pkm2 Induce Cardiomyocytes Cell Cycle Post Injury

has a long, sustained expression time that may lead to
uncontrolled increases in cardiomyocyte size as well as
cardiac hypertrophy and arrhythmia.>® Although trans-
genic mice can be used as a model to study genes in
cardiomyocytes, in transient or permanent conditions,
this method is not clinically relevant for gene delivery.>*
The challenges posed by these current approaches em-
phasize the need for a safe, local, transient, efficient,
and controlled method to deliver genes exclusively to
cardiomyocytes.

Pkm2 directly interaction
with
B-catenin

v

Upregulating
B-catenin targets
Cyclin D1 and c-Myc

A proposed model for Pkm2 activation of
CM cell division and cardiac repair
post ischmic injury

Increase
Pkm2 PkD-‘
via PTB =
. o o
Non-enzymatic
- nin
pathway

=== =—__=

In cardiac
ischemic injury

E E_f F——|
CMs Enzymatic
anabolic
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redirect glucose carbon flow
into the anabolic PPP

v

Reduction of oxidative stress,
ROS production and
oxidative DNA damage

oS (e,
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Increase cardiac regeneration
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A
i

Figure 8. A proposed model for Pkm2 enzymatic (via G6pd) and nonenzymatic (via B-catenin) mechanisms of action that promote cardiomyocyte
cell division, suppress postnatal cardiomyocyte cell-cycle arrest and increase cardiac regeneration post ischemic injury.
CM indicates cardiomyocyte; ROS, reactive oxygen species; and Pkm2, pyruvate kinase muscle isoenzyme 2.
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In the current report, we demonstrate that Pkm2,
which functions upstream of 2 nodal cardiomyocyte cell
cycle regulatory pathways, is necessary and sufficient
for inducing the cardiomyocyte cell cycle. On one hand,
Pkm2 has a nonenzymatic function that directly inter-
acts with pB-catenin in cardiomyocyte nuclei, inducing
[-catenin and upregulating its downstream targets Cy-
clin D1 and C-Myc (Figure 4). On the other hand, Pkm2
has an enzymatic function that elevates Gépd and re-
directs glucose carbon flow into the PPP anabolic path-
way (Figure XIl in the Data Supplement). PPP elevation
results in decreased ROS production and oxidative DNA
damage that suppresses postnatal cardiomyocyte cell
cycle arrest (Figure 5). Identifying a single gene (Pkm2)
that governs both pivotal pathways in cardiomyocytes
may uncover a potential therapeutic approach for in-
ducing cardiomyocyte cell division and regenerating the
injured myocardium.

Overall, and as may be inferred from other cardiac
studies,?®3° our data suggest that endogenous Pkm2
upregulation in cardiomyocytes in response to ischemic
injury is very limited in the adult heart and is insufficient
to induce meaningful cardiomyocyte proliferation. Here
we show that ectopic Pkm2 gene expression, specifi-
cally in cardiomyocytes, promotes both their cell divi-
sion and cardiac regeneration. We show that previously
identified cardiomyocyte proliferation pathways, includ-
ing B-catenin, caERBB2, and Yap, may induce Pkm2 ex-
pression in neonatal cardiomyocytes (Figure XVI in the
Data Supplement). Moreover, we show that Pkm2 is
positively regulated by the p-catenin c-Myc, but not Cy-
clin D1. More specifically, we show that polypyrimidine
tract binding protein-1, which is a target of c-Myc,%
induces Pkm2 expression. These results suggest there is
a positive feedback loop between Pkm2 and c-Myc that
contributes to the cardiomyocyte cell cycle and cardiac
regeneration. Moreover, our findings link the known
cardiomyocyte cell cycle pathways (NRG1-ERBB signal-
ing, Hippo-YAP signaling, hypoxia, and reduced ROS
production) as NRG1-ERBB and Hippo-YAP signaling
upregulate Pkm2 and thereby reduce ROS production
in cardiomyocyte and increase their cell cycle (Figure 8;
Figure XVI in the Data Supplement).

Our newly designed cardiomyocyte-specific delivery
platform (Figure 2) overcomes cell-targeting challenges
and opens new therapeutic opportunities for cardiac
disease and regeneration. Cardiomyocyte-specific de-
livery using adeno-associated virus is limited because
of its long-term gene expression (up to 11 months),
which can have detrimental effects on cardiac regener-
ation.>*®* Recently, Gabisonia et al showed that cardiac
adeno-associated virus miR-199a in infarcted pigs stim-
ulated cardiomyocyte cell division, but uncontrolled,
long-term expression of this proproliferative gene even-
tually resulted in cardiac arrhythmia that led to sudden
cardiac death.®* By contrast, modRNA is a transient

Circulation. 2020;141:1249-1265. DOI: 10.1161/CIRCULATIONAHA.119.043067

Pkm2 Induce Cardiomyocytes Cell Cycle Post Injury

(expression lasts for 8 to 12 days), controlled, dose-de-
pendent, gene delivery method. To date, however, mo-
dRNA delivery has only been used for upregulating in
vivo paracrine factors such as VEGF-A,* IGF 1,5 and mu-
tated human FSTL1® to propagate cardiac vasculariza-
tion, protection, or regeneration, respectively. Because
these factors act by binding to their cognate receptors
on the cell surface, they are good candidates to study in
a non—cell-specific system. Our newly designed system
facilitates cardiomyocyte-specific modRNA gene deliv-
ery for both intracellular and intranuclear genes of inter-
est. By developing cardiomyocyte-specific modRNA, we
enable multiple platforms for the cardiovascular field.
We were also able to introduce new lineage-tracing
models using MADM mice (MADM-ML-11¢/76) and our
cardiomyocyte-specific delivery of Cre (Figure 3), which
is much faster and more cost-effective than a previously
proposed MADM model,* and may be used by others
to evaluate the roles of different genes of interest in
inducing cardiomyocyte cell division in vivo. In this way,
our current project is a proof of principle study showing
that a short burst of cardiomyocyte proliferation either
immediately or 2 weeks after Ml may induce cardiac
regeneration in a mouse model (Figure 7; Figure XIV in
the Data Supplement). Future work should seek further
development of cardiomyocyte-targeted modRNA de-
livery for clinical applications to induce cardiomyocyte
cell cycle and cardiac regeneration.
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