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Introduction

Insstructural heart diseases, increased ventricular load is a key trig-
ger mechanism for altered gene expression and cardiac remodel-
ing (1). Increased ventricular load translates into increased wall
stress for the individual cardiomyocyte, which is a major deter-
minant of myocardial energy consumption. The heart may adapt
to elevated load by increasing wall thickness, which, according to
the law of Laplace, reduces wall stress, or by improving its energy
efficiency. The latter may occur at 3 distinct levels. First, at the
level of the acto-myosin crossbridge, economy may change due to
switches in isoforms of the myosin heavy chain gene, or thin fila-
ment regulatory proteins, or due to altered phosphorylation of reg-
ulatory proteins (2). Secondly, energy efficiency may change at the
level of the excitation-contraction-coupling system due to altera-
tions in calcium sensitivity (3). Thirdly, energy efficiency may
change at the level of metabolism due to a switch from fatty acids
to glucose consumption (4). Furthermore, a number of genetically
modified mouse models seem to accomplish load adaptation with-
out increasing wall thickness (5, 6).
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Induction of the cell cycle is emerging as an intervention to treat heart failure. Here, we tested the hypothesis that enhanced
cardiomyocyte renewal in transgenic mice expressing cyclin D2 would be beneficial during hemodynamic overload. We
induced pressure overload by transthoracic aortic constriction (TAC) or volume overload by aortocaval shunt in cyclin D2-
expressing and WT mice. Although cyclin D2 expression dramatically improved survival following TAC, it did not confer

a survival advantage to mice following aortocaval shunt. Cardiac function decreased following TAC in WT mice, but was
preserved in cyclin D2-expressing mice. On the other hand, cardiac structure and function were compromised in response
to aortocaval shunt in both WT and cyclin D2-expressing mice. The preserved function and improved survival in cyclin D2-
expressing mice after TAC was associated with an approximately 50% increase in cardiomyocyte number and exaggerated
cardiac hypertrophy, as indicated by increased septum thickness. Aortocaval shunt did not further impact cardiomyocyte
number in mice expressing cyclin D2. Following TAC, cyclin D2 expression attenuated cardiomyocyte hypertrophy, reduced
cardiomyocyte apoptosis, fibrosis, calcium/calmodulin-dependent protein kinase 116 phosphorylation, brain natriuretic
peptide expression, and sustained capillarization. Thus, we show that cyclin D2-induced cardiomyocyte renewal reduced
myocardial remodeling and dysfunction after pressure overload but not after volume overload.

An increase in wall thickness may occur through cardiomyo-
cyte hypertrophy or cardiomyocyte proliferation. Because intrin-
sic cardiomyocyte renewal is infrequent in the adult mammalian
heart (7, 8), the former is the dominant mechanism for increasing
wall thickness. Accordingly, the development of therapeutic inter-
ventions aimed at enhancing cardiomyocyte renewal is a chal-
lenging consideration (9). We have previously shown that targeted
expression of cyclin D1 was sufficient to activate cardiomyocyte
DNA synthesis in transgenic mice following myocardial infarction
(10). Moreover, cardiomyocyte cell cycle activity resulting from
the targeted expression of cyclin D2 (CCND2) was sufficient to
improve cardiac architecture (11) and function (12) following myo-
cardial infarction in adult animals. These mice (designated D2
mice) used the o cardiac myosin heavy chain (¢eMHC) promoter to
target constitutive CCND2 expression.

In infarction models, both pre- and afterload are increased
in the surviving left ventricular cardiomyocytes. The present
study was undertaken to determine if cardiomyocyte cell cycle
activation is similarly beneficial in models with distinct hemo-
dynamic phenotypes of increased afterload (transversal aortic
constriction, TAC) versus increased preload (aortocaval shunt,
Shunt). In a previous study we showed that these models, at com-
parable levels of increased load, exhibit significantly different
gene expression signatures resulting in detrimental maladap-
tive remodeling in TAC and more favorable remodeling with
better prognosis in Shunt (13). The present data show that TAC
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Figure 1. Enhanced survival of D2 mice following TAC but not shunt surgery. (A) Survival plot of WT-TAC (blue line, n = 9), D2-TAC (red line, n = 10), and
sham mice (black line, n = 9); animals that died acutely (i.e., within 24 hours of surgery) are not included in the plot. (B) Survival plot of WT-Shunt (blue
line, n = 9), D2-Shunt (red line, n = 10), and sham mice (black line, n = 8); animals that died acutely (i.e., within 24 hours of surgery) are not included in the

plot. Statistical analysis: log-rank (Mantel-Cox) test.

enhances the level of transgene-induced cardiomyocyte cell
cycle activity in D2 mice, resulting in increased cardiomyocyte
number and increased wall thickness despite attenuated hyper-
trophy at the cellular level. This in turn prevented heart failure
and improved survival. In contrast, Shunt did not enhance the
level of transgene-induced cardiomyocyte renewal, and there
was no improvement in either phenotypic or prognostic effects
in the D2 mice.

Results

D2 mice exhibit improved survival in TAC but not in Shunt. Follow-
ing TAC surgery, survival was greatly enhanced in D2 as com-
pared with wild-type (WT) mice (Figure 1A); transgene expression
resulted in a 6-fold increase in median survival after TAC, with
some animals surviving for more than 450 days after imposition of
pressure overload. In contrast, cardiomyocyte CCND2 expression
did not affect survival following shunt surgery (Figure 1B).

D2 mice are resistant to heart failure in TAC but not in Shunt.
Cardiac function was monitored at 1, 3, and 10 weeks after TAC
and shunt surgery. Cardiac function, as evidenced via fractional
shortening (FS), was reduced at 3 weeks after TAC in the WT mice
and continued to decline with time (Figure 2A and Supplemental
Figures 1 and 2; supplemental material available online with this
article; https://doi.org/10.1172/JCI81870DS1). Decreased func-
tion in the WT-TAC mice was associated with left ventricular dila-
tion (Figure 2B). In contrast, cardiac function and chamber dimen-
sions were preserved in the D2 mice over the same period (Figure
2, A and B). In Shunt, transgenic CCND2 expression did not affect
the decrease in FS and left ventricular dilatation as determined at
10 weeks after surgery (Figure 2, C and D).

TAC but not Shunt results in further increases in cardiomyocyte
number and wall thickness in D2 mice. To investigate if the trans-
genic expression of CCND2 resulted in an increase in cardio-
myocyte number, hearts from WT and D2 mice were harvested
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10 weeks after sham or TAC and shunt surgery. Following ret-
rograde collagenase perfusion, the number of cardiomyocytes
in the resulting dispersed cell preparations was quantified. Car-
diomyocyte number was similar in sham versus TAC WT mice
(Figure 3A). Sham-operated D2 mice had a 15% increase in the
number of cardiomyocytes as compared with the WT mice, con-
sistent with the presence of transgene-induced postnatal cardio-
myocyte cell cycle activity. Interestingly, TAC resulted in a fur-
ther 24% increase in cardiomyocyte number in the D2 mice. In
contrast, cardiomyocyte number was not increased in D2-sham
versus D2-Shunt mice (Figure 3B).

TAC resulted in cardiac hypertrophy in the WT mice, as evi-
denced by the presence of increased septum thickness in the
echocardiographic recordings at the 10-week time point (Figure
3C). Interestingly, TAC-induced septum thickening was exagger-
ated in the D2 mice as compared with their WT littermates (62%
vs. 21% increase, respectively). Septum thickness was not sig-
nificantly different between WT and D2-Shunt mice (Figure 3D).

single-transgenic mice received a single injection
of *H-Thy and 4 hours later their hearts were har-
vested, sectioned, reacted with 5-bromo-4-chloro-
3-indolyl-B-D-galactoside (X-GAL), and processed
for autoradiography. Cardiomyocyte nuclei under-
going DNA synthesis were identified by the pres-
ence of silver grains over the blue X-GAL reaction
product (Figure 4A shows a representative exam-
ple of an S-phase cardiomyocyte). TAC resulted
in significantly increased levels of cardiomyocyte
DNA synthesis in the D2/aMHC-nLAC mice as
compared with the D2/aMHC-nLAC sham group
at 3 and 10 weeks after surgery. The level of cardio-
myocyte DNA synthesis in sham- and TAC-operat-
ed WT mice was extremely low.

Sections from sham- and TAC-operated D2
hearts were also evaluated for the presence of
phosphorylated histone H3 (p-H3) immunoreactivity; phosphory-
lation of histone H3 at serine residue 10 is a marker for mitosis
(15). Once again, the X-GAL reaction was used to identify car-
diomyocyte nuclei, and overlay of blue X-GAL reaction product
and black/brown p-H3 immune signal was quantified in the D2
hearts (Figure 4B). Ten weeks after TAC surgery, D2 mice exhib-
ited increased levels of cardiomyocyte p-H3 immunoreactivity
as compared with sham-operated D2 mice (0.019 + 0.002 vs.
0.008 + 0.003, respectively, P < 0.05, Figure 4C). Collectively,
these data suggest that the increased cardiomyocyte number in
TAC- versus sham-operated D2 mice results from enhanced car-
diomyocyte cell cycle activity.

D2-TAC mice exhibit reduced maladaptive remodeling. Quan-
titative reverse transcription PCR (qRT-PCR) analyses were
performed to measure brain natriuretic peptide (BNP) levels fol-
lowing sham and TAC surgery; BNP is induced in response to
cardiomyocyte load and thus provides a molecular marker for
myocardial strain. BNP levels were similar in WT and D2 mice at
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Figure 4. Increased cardiomyocyte cell cycle activity in D2 mice following TAC surgery. (A) Cardiomyocyte (CM) tritiated thymidine (*H-Thy) labeling index
(%) in WT and D2 mice at 1, 3, and 10 weeks following sham or TAC surgery (n = 4-8). Insert shows a representative example of an S-phase cardiomyocyte
nucleus (arrow), as evidenced by *H-Thy incorporation (blue signal is X-GAL reaction product; black signal is silver grains in the autoradiograph). Scale

bar: 25 um. (B) Phosphorylated histone H3 (p-H3) immunoreactivity 10 weeks after surgery. Representative example of a mitotic cardiomyocyte nucleus
(arrow), as evidence by the presence of p-H3 immunoreactivity (blue signal is X-GAL reaction product; black signal is p-H3 immunoreactivity). Scale bar: 25
um. (€) Quantification of p-H3 in sham versus TAC. Statistical analyses: 2-way ANOVA followed by the Bonferroni procedure or unpaired Student's t test.

Numbers within bars are the numbers of animals examined.

1 week after TAC (Figure 5A), implying a similar degree of TAC-
induced myocardial stress in the 2 groups. BNP levels remained
elevated in the WT mice at 3 and 10 weeks after TAC, consistent
with the persistent cardiomyocyte load in these animals. In con-
trast, BNP levels dropped in the TAC D2 mice at 3 and 10 weeks
after surgery, suggesting that transgene-induced cardiomyocyte
proliferation provided a compensatory mechanism.

Activation of calcium/calmodulin-dependent protein kinase
I1 (CaMKII) was shown to be a key pathological mechanism in TAC
heart failure (5). Although CaMKII phosphorylation was increased
comparably in WT and D2 mice at 1 week after TAC (Figure 5B and
Supplemental Figure 3), CaMKII phosphorylation increased fur-
ther in WT mice at 3 and 10 weeks after TAC, consistent with mal-
adaptive signaling. In contrast, CaMKII phosphorylation returned
to sham levels in D2-TAC mice at 3 and 10 weeks after surgery.

Sirius red/fast green histochemistry was employed to moni-
tor interstitial cardiac fibrosis; representative images of hearts
harvested at 10 weeks after TAC are shown in Figure 6A. Image
analysis of the red pixel content in the Sirius red/fast green-
stained sections revealed elevated levels of fibrosis in TAC mice
as compared with their respective sham-operated controls at the
1-, 3-, and 10-week time points (Figure 6B). Interestingly, the level
of fibrosis in the D2-TAC mice was significantly lower than in the
WT-TAC mice at 10 weeks after surgery. There was no overt dif-
ference in perivascular fibrosis in D2 versus WT mice subjected to
TAC (Supplemental Figure 4).
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We have previously shown that TAC-induced interstitial
fibrosis is accompanied by a marked increase in the level of car-
diomyocyte apoptosis (13). Accordingly, apoptosis levels were
approximated by screening for the presence of activated caspase
3 immunoreactivity. Since activated caspase 3 immunoreactivity is
present in the cytoplasm, cardiomyocytes at early stages of apop-
tosis can be identified in histologic sections based on cell size and
shape (Figure 7, insert) (16). Similar levels of cardiomyocyte acti-
vated caspase 3 immunoreactivity were observed in WT and D2
mice at 1 week after TAC. The immunoreactive cardiomyocytes
were distributed throughout the left ventricle and septum with
no apparent preferential anatomical localization. At 3 weeks after
TAGC, activated caspase 3 immunoreactivity was markedly reduced
in the D2 mice as compared with the WT animals (TUNEL analyses
confirmed distinct levels of apoptosis at this time point: 1.1% * 0.10
vs. 0.2% * 0.01, in WT-TAC animals vs. D2-TAC, respectively; n =
4 mice, P < 0.05). At the 10-week time point, the level of caspase
3 immunoreactivity remained higher in WT than in the D2 mice.

To further elucidate how transgene expression mitigates TAC-
mediated heart failure, the hypertrophic phenotype in D2 and WT
mice was analyzed in depth. Left ventricular weight/tibia length
analyses confirmed that the D2-TAC mice exhibited exaggerated
heart hypertrophy as compared with their WT siblings (Figure
8A). To characterize TAC-induced hypertrophy at the cellular
level, the minimal fiber diameter (MFD) of septum cardiomyo-
cytes was determined. Cardiomyocyte MFD in the sham-operated
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Figure 5. Normalization of heart failure molecular characteristics in D2 mice following TAC surgery. (A) Quantitative RT-PCR analysis of Nppb expression
in sham- and TAC-operated WT and D2 hearts at 1, 3, and 10 weeks after surgery (n = 5 in each group). (B) Quantitative analysis of Ca?-calmodulin kinase
28 (CaMK2d) phosphorylation in sham- and TAC-operated WT and D2 hearts at 1, 3, and 10 weeks after surgery (n = 5-6 per group). Statistical analysis:

2-way ANOVA followed by the Bonferroni procedure.

groups was similar in the WT and D2 mice at all time points. As
expected, TAC resulted in an increase in MFD. However, the aver-
age increase in MFD was attenuated in the D2-TAC as compared
with WT mice (Figure 8B and Table 1). Previous studies indicated
a decrease in capillary density (measured as the number of CD31*
cells/cardiomyocyte) following prolonged pressure overload; this
decrease is thought to contribute to the development of heart fail-
ure (17). Decreased capillary density was observed in WT but not
in D2 mice following 10 weeks of TAC (Supplemental Figure 5).
Cardiomyocyte proliferation signaling pathways in D2-TAC mice.
Unbiased analysis of RNA-sequencing (RNA-seq) data sets using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
was employed to compare the transcriptomes of WT and D2 hearts
under various conditions. Comparison of KEGG cell cycle path-
way regulators in RNA-seq data sets from sham WT and sham D2
hearts 3 weeks after surgery identified 11 differentially regulated
genes (Figure 9 and Supplemental Table 1). The data set was also
interrogated for genes previously implicated in regulating cardio-
myocyte cell cycle activity, including HIPPO pathway members
(i.e., YAP and TAZ) (18), ALMS1 (Alstroem’s 1) (19), FGF1 (20),
FGF2 (21), WNT/B-catenin (22), neuregulin (23), ERBB2 (a neureg-
ulin coreceptor) (24), PITX2 (25), Meisl (26), Notch/Jaggedl (27),
periostin (28), agrin (29), follistatin-like 1 (FSTL1) (30), and TERT
(31). Of these, only PITX2 expression was observed to be increased
in D2-sham hearts versus WT-sham hearts (Supplemental Table 1).
Given that D2 mice show a significant increase in cardiomyo-
cyte number after chronically elevatsed afterload, but not after
chronically elevated preload, the RNA-seq data sets from D2-TAC
hearts versus D2-Shunt hearts were compared for changes in gene

expression in the KEGG cell cycle pathway (Figure 10 and Supple-
mental Table 1), as well as in the cardiomyocyte cell cycle regula-
tors listed above. In D2 hearts, TAC resulted in decreased WEE1
expression and increased TGFB2 expression, whereas Shunt did
not impact their expression. Finally, additional unbiased analy-
sis of the next-generation sequencing (NGS) data sets were per-
formed to identify other differentially regulated genes in D2-TAC
hearts versus D2-Shunt hearts. Differences were observed in 93
unique molecular pathways (Supplemental Figure 11 and Supple-
mental Table 2). Not surprisingly, changes in cell cycle, fibro-
sis, and extracellular matrix pathways were observed, as well as
changes in the Akt and MAPK signaling pathways. Analysis of the
top 100 differentially regulated genes also showed differences in
fibrotic (COL1al, TGFB2) and signaling (RCAN1) pathways (Sup-
plemental Table 3).

Discussion

The present study gives potentially new insight into adaptive
mechanisms in structural heart diseases with increased load. Spe-
cifically, (a) pressure overload enhances CCND2-induced cardio-
myocyte cell cycle activity, resulting in increased cardiomyocyte
number (hyperplasia) in TAC- versus sham-operated animals;
in contrast, volume overload does not enhance hyperplasia in
CCND2-expressing mice. (b) Enhanced hyperplasia is associated
with rescue from pressure overload-induced heart failure and
improved survival. (c) Enhanced hyperplasia is associated with
attenuated cardiomyocyte hypertrophy and sustained capillary
density, and correlates with reversal of maladaptive gene expres-
sion and reverse myocardial remodeling during pressure overload.
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Figure 6. Reduced myocardial fibrosis in D2 mice after TAC surgery. (A) Representative heart sections stained with Sirius red/fast green from a WT and
D2 mouse at 10 weeks following sham or TAC surgery. Scale bar: 50 um. (B) Quantification of myocardial fibrosis in WT and D2 hearts at 1, 3, and 10 weeks
following sham or TAC surgery (peri-vascular regions were excluded from the analyses). Statistical analysis: 2-way ANOVA followed by the Bonferroni

procedure. Numbers within bars are the numbers of animals examined.

(d) Expression analysis by RNA-seq identified downregulation of
the kinase WEE1 as a possible regulator of cardiomyocyte prolif-
eration in D2-TAC mice. (e) Cell cycle induction may be of thera-
peutic value in structural heart disease with increased afterload.

Pressure overload, but not volume overload, results in increased
cardiomyocyte numbers in D2 mice. The D2 mice with increased
afterload exhibited enhanced cardiomyocyte cell cycle activity as
evidenced by increased levels of DNA synthesis and p-H3 immu-
noreactivity. This translated into an increase in cardiomyocyte
number. These observations suggest that enhanced heart hyper-
trophy in the D2-TAC model is dependent upon ongoing cardio-
myocyte renewal. Although the assays employed strongly suggest
that the enhanced renewal results from proliferation of preexist-
ing cardiomyocytes, they do not rule out the potential contribution
of stem cell-mediated de novo cardiomyogenesis. However, stud-
ies claiming adult cardiomyogenic activity have indicated that the
resulting cardiomyocytes are small and somewhat immature (32).
In contrast, the MFDs of *H-Thy-positive cardiomyocytes in the
current study were not different from their neighboring *H-Thy-
negative cells (16.8 * 0.54 vs. 16.6 + 0.45 um, respectively; P >
0.05, n =58 cells), arguing against the presence of cardiomyogenic
stem cell activity. The ultimate origin of the proliferating cardio-
myocytes does not alter the main conclusion of the study, namely
that sustained cardiomyocyte renewal has a profound impact on
survival and function in response to chronic pressure overload.

In contrast, no increase in cardiomyocyte number was
observed in Shunt- versus sham-operated D2 mice, suggesting
that volume overload does not enhance cardiomyocyte renewal
rates in mice expressing CCND2. In agreement with this, cardio-
myocyte p-H3 immunoreactivity was significantly lower in Shunt
compared with TAC D2 mice (0.009 + 0.002 vs. 0.019 * 0.003,
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respectively; P < 0.05, n = 5 mice per group; Supplemental Figure
6). Also, no difference in cardiomyocyte hypertrophy was detected
in WT versus D2 mice with volume overload. Shunt increased car-
diomyocyte width and length comparably (20% vs. 18%, and 24%
vs. 25%, respectively) in WT versus D2 mice (Supplemental Figure
6). The degree of fibrosis, the expression of BNP, and the activa-
tion of signaling pathways are quite different in the Shunt model
compared with the TAC model (13, 33). Although shunt surgery is
known to induce significant volume overload, CCND2 expression
did not impact either cardiac function or survival.

Unbiased analysis of the NGS data sets for KEGG cell cycle
regulatory pathways provides mechanistic insight into the differ-
ential cardiomyocyte cell cycle activity observed in D2 mice with
chronic afterload versus chronic preload. Of note, TAC was asso-
ciated with decreased levels of WEE1 and increased levels of myc
and TGFB2, whereas shunt surgery did not impact the expression
of these genes. WEEI is a negative regulator of cardiomyocyte
cell cycle activity (34), while myc and TGF signaling have been
implicated in regulating proliferation of fetal (35) and left atrial
(36) cardiomyocytes, respectively. Decreased expression of nega-
tive and increased expression of positive regulators may contrib-
ute to the enhanced cell cycle activity observed in D2 mice sub-
jected to chronically elevated afterload but not preload. Unbiased
analysis of the NGS data sets from WT-sham and D2-sham hearts
for KEGG cell cycle pathway regulators was also informative. As
expected, expression of a number of cell cycle regulatory genes
was observed to be altered in the transgenic hearts, consistent
with the presence of sustained, transgene-induced cardiomyocyte
cell cycle activity. Candidate gene analysis of the NGS data sets
revealed that only 1 gene shown to modulate cardiomyocyte cell
cycle activity in other studies, PitX2, was differentially expressed
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Figure 7. Reduced cardiomyocyte apoptosis in D2 mice following TAC surgery. Heart sections from WT and D2 mice at 1, 3, and 10 weeks following sham
or TAC surgery were processed for anti-activated caspase 3 immunoreactivity (n = 4-6 per group). The number of immunoreactive activated caspase 3
cardiomyocytes (CMs) per mm? myocardium is shown. Insert shows a representative activated caspase 3 immunoreactive cardiomyocyte (arrow). Scale bar:

25 pm. Statistical analysis: 2-way ANOVA followed by the Bonferroni procedure.

in WT-sham versus D2-sham hearts, suggesting that CCND2-
mediated cardiomyocyte proliferation occurs largely indepen-
dently of these pathways.

Increased cardiomyocyte number is cardioprotective during
chronic pressure overload. Morphological comparison of WT-sham
and D2-sham hearts suggest that most increases in cardiomyocyte
number in the D2 mice in the absence of injury occur after 9 weeks
of age (Supplemental Figure 7). Although there was a tendency
towards increased cardiac mass in D2 mice prior to TAC surgery,
this did not provide intrinsic protection against pressure overload
at 1 week after TAC, as evidenced by the levels of cardiomyocyte
apoptosis, Nppb expression, CaMK2d phosphorylation, and intersti-
tial myocardial fibrosis. In contrast, in D2-TAC mice cardiomyocyte
number increased ultimately by 48%, while BNP expression and
CaMKII phosphorylation declined. These data are consistent with
the hypothesis that increased levels of cardiomyocyte renewal is
cardioprotective in the context of chronic pressure overload.

Examination of the literature suggests that at least some of the
cardioprotective activity in D2 mice with chronic pressure over-
load likely results from the presence of ongoing cardiomyocyte
cell cycle activity. DUSP6-null mice exhibit a modest degree of
cardiomyocyte hyperplasia during development and early neona-
tal life (but not in adult life), which results in an increase in car-
diomyocyte number (37). When subjected to TAC, these animals
exhibit lower levels of cardiomyocyte apoptosis and myocardial
fibrosis as compared with WT animals. Nonetheless, there is a

decline in cardiac function in the DUSP6-null mice as early as 4
weeks following TAC surgery and there is no overt improvement
in viability as compared with WT control mice. In contrast, the
D2 mice were protected from TAC-induced heart failure and had
remarkably increased survival as compared with WT control mice.
These observations support the notion that the presence of car-
diomyocyte cell cycle activity in the D2 mice is critical for the res-
cue of heart failure and enhanced survival observed following the
imposition of chronically increased afterload, whereas reduced
levels of cardiomyocyte apoptosis and fibrosis is likely due to the
presence of increased cardiomyocyte numbers at the time of TAC
surgery (since these latter attributes are present in both the D2 and
DUSP6-null mice). Although preliminary data using a conditional
expression system indicate that de novo CCND2 expression is
sufficient to initiate cardiomyocyte cell cycle activity in the adult
heart (L. Field, unpublished observation), additional validation
studies are needed before the model can be used to definitively
address the contribution of ongoing cell cycle activity to the car-
dioprotection observed in the current study.

Exaggerated organ hypertrophy, preserved cardiac function,
and enhanced survival are associated with sustained cardiomyo-
cyte renewal and blunted cardiomyocyte hypertrophy in D2 mice. A
striking feature of the current study is the large degree of heart
hypertrophy observed in the D2 mice. Analysis of echocardiog-
raphy recordings revealed that the increase in septum thickness
following 10 weeks of pressure overload was 2.9-fold greater in

A B 1 week 3 weeks 10 weeks
20 __P<005 250
P<0.05 P<005 + 200 Il WT TAC
15 D2 TAC
r __P<005 € 150
E 10 g 100
- =
| | O 50
0
WT WT D2 D2 0 10 20 30 40 50 O 10 20 30 40 50 O 10 20 30 40 50
sham TAC  sham TAC MFD (microns) MFD (microns) MFD (microns)

Figure 8. Exaggerated heart hypertrophy, but reduced cardiomyocyte hypertrophy, in D2 mice following TAC surgery. (A) Left ventricle weight/tibia
length ratio (LV/TL) for WT and D2 mice at 10 weeks following sham or TAC surgery. (B) Minimal fiber diameter (MFD) distribution of WT and D2 septum
cardiomyocytes (black and gray columns, respectively) at 1, 3, and 10 weeks following TAC surgery. Statistical analysis: 2-way ANOVA followed by the

Bonferroni procedure.
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Table 1. Minimal fiber diameter (MFD) of septum cardiomyocytes
in WT and D2 mice after TAC surgery

WT WT D2 D2
Week Sham TAC Sham TAC
1 13.06 + 0.07 1541+ 0.09 13.05 £ 0.08 14.38 + 0.09*¢
3 1315+ 0.10 15.58 + 0.10* 1314 £ 0.08 1443 + 01148
10 13.32+0.07 16.64 + 0.11 13.16 £ 0.07 14.45 + 0.10%8

MFD (um) of septum cardiomyocytes in WT and D2 mice at 1, 3, and 10
weeks following sham or transthoracic aortic constriction (TAC) surgery
(n = 5-6 per group and time point). AP < 0.05 versus sham surgery;

8P < 0.05, D2-TAC versus WT-TAC. Statistical analysis: 2-way ANOVA
followed by the Bonferroni procedure.

D2 mice as compared with that in WT mice (62% increase vs.
21% increase, respectively). Similarly, TAC resulted in a 1.7-fold
greater increase in left ventricle mass in the D2 mice as compared
with that in their WT littermates (92% increase vs. 55% increase,
respectively). In contrast, TAC-induced hypertrophy at the level
of individual cardiomyocytes was less in D2 as compared with the
WT mice at all times examined. Thus, the pronounced hypertro-
phy in TAC mice results exclusively from the increased number
of cardiomyocytes in the D2 hearts, as evidenced by the 48%
increase in cardiomyocyte number (albeit with a concomitant
15% decrease in cardiomyocyte MFD).

A priori, one does not associate an exaggerated hypertro-
phic response with a beneficial functional outcome. Indeed, pro-
gressive heart failure is often associated with increased cardiac
hypertrophy accompanied by myocardial fibrosis, cardiomyocyte
apoptosis, and other indicators of adverse remodeling (7, 38, 39).
The simplest interpretation of the data is that ongoing cardio-
myocyte renewal led to sustained cardiac function culminating
in enhanced viability. We speculate that cardiomyocyte renewal
leads to exaggerated wall thickness, thereby reducing wall stress
and hypertrophy of the individual cardiomyocyte. This is consis-
tent with the notion that excessive cardiomyocyte hypertrophy is
the critical event leading to apoptosis and fibrosis. Moreover, the
fact that capillary density (CD31-positive cells per cardiomyocyte)
was reduced in WT-TAC but unaltered in D2-TAC despite reduced
cardiomyocyte hypertrophy may suggest that improved energy
supply contributes to preserved function and improved survival in
the D2-TAC mice. While we cannot rule out the potential impact
of cell cycle-independent CCND2 activities (40), similarities in
adverse gene expression, myocardial fibrosis, and cardiomyocyte
apoptosis in D2 versus WT mice at 1 week after TAC suggest that
this was likely not a major contributor to the observed long-term
cardioprotection and enhanced survival.

The data presented suggest that cardiomyocyte cell cycle induc-
tion has a beneficial impact in the setting of chronic pressure over-
load. Therefore, it would be logical to develop cell cycle-based inter-
ventions to treat structural heart diseases with increased afterload.
In particular, the finding that load-induced adverse remodeling
can be reversed by cardiomyocyte proliferation seems promising.
Additional efforts are nonetheless warranted to develop a better
understanding of the molecular mechanisms that regulate the car-
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diomyocyte cell cycle, with the goal of developing more efficient
interventions to enhance cell cycle-based regenerative growth.

Methods

Mice. D2 mice (which were previously designated MHC-cycD2 mice)
express a cDNA encoding CCND2 under the regulation of the cardio-
myocyte-restricted aMHC (41). eMHC-nLAC mice express a nucleus-
localized B-galactosidase reporter under the regulation of the «MHC
promoter (14). All experimental mice were in a (DBA/2] x C3HeB/Fe])
F1 genetic background. C3H mice were obtained from Charles River.

TAC surgery. Surgery was done using a minimally invasive
approach as described previously (13, 42), with the exception that the
degree of aortic constriction was reduced to yield comparable survival
in WT mice with TAC versus Shunt. Briefly, 8-week-old mice were
anesthetized using i.p. injections of ketamine (100 mg/kg, Pfizer
Pharma) and xylazine (5 mg/kg, Riemser). A horizontal incision at the
jugulum was used to display the transverse aorta. A needle was tied
against the aorta using a 5-0 nonabsorbable suture. After removal of
the needle, the skin was closed and the mice were kept on a heating
plate until they recovered from anesthesia. Sham animals underwent
the same procedure except banding of the aorta. (DBA/2] x C3HeB/
Fe]) F1 mice exhibit a pronounced sex-based difference in body weight
at8weeksofage (29.6+ 0.8 vs. 23.3+ 0.4, males vs. females, n=10 mice
per sex). Because aortic dimension correlates with body weight (43,
44), and because aortic dimensions influence the gradient, 25-gauge
needles were used to induce TAC in males and 26-gauge needles were
used in females. The resulting pressure gradients were measured by
echocardiography, and comparable gradients were observed in male
and female mice (Supplemental Figures 8 and 9).

Aortocaval shunt. Surgery was done as described previously (45).
Briefly, 8-week-old mice were anesthetized using isoflurane (AbbVie)
insufflation. A longitudinal abdominal incision was made and the ves-
sels prepared. The aorta was clamped and punctured with a needle
(23-gauge) through the vena cava inferior. After removing the needle
the external hole in the aorta was closed using cyanoacrylate glue (Pat-
tex). A successful shunt operation was immediately seen by inflow of
oxygenated blood from the abdominal aorta into the vena cava. The
abdomen was then closed and the mice were kept on a heating plate
until full recovery from anesthesia. Sham animals underwent the same
procedure except for the puncture of the vessels. In a previous analysis
we showed that a decline of left ventricular end-diastolic dimension
(LVEDD) after an initial increase is associated with a decrease in right
ventricular oxygen saturation as an indicator of shunt closure (Supple-
mental Figure 10). In the present study all animals after shunt surgery
showed a persistent increase in LVEDD.

Echocardiography. Two-dimensional (2-D) guided M-mode echo-
cardiography was performed using a VS-VEVO 660/230 High Reso-
lution Imaging System (Visualsonics). Mice were lightly anesthetized
with 2.5% 2,2,2-tribromoethanol (Avertin, 0.01 ml/g i.p.) and were
allowed to breathe spontaneously. LVEDD was measured from origi-
nal tracings using the leading-edge convention of the American Soci-
ety of Echocardiography. Left ventricular percentage FS and septum
thickness were calculated as previously described (46). Pressure gra-
dients were measured using a Vevo 2100 (VisualSonics) system with a
30-MHzrespiration- and ECG-controlled probe under anesthesia with
1.5% isoflurane. The transverse aorta was also visualized with 2-D and
color flow imaging. The distal transverse aortic flow velocity (distal to
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Figure 9. Differentially regulated cell cycle genes in D2 versus WT mice. Regulated genes (red) in the cell cycle KEGG pathway from RNA-seq analyses at 3
weeks after surgery (n = 5 hearts each) in WT-sham versus D2-sham hearts. Adapted with permission from Kanehisa Laboratories.

constriction in TAC mice) was measured by pulsed wave (PW) Dop-
pler to assess the pressure gradient, which was estimated using the
modified Bernoulli equation (pressure gradient = 4 x velocity?). The
investigator was blinded with respect to genotype and treatment.

qRT-PCR. RNA was extracted from frozen left ventricular tis-
sues using TRIzol (Invitrogen), treated with RNA-free DNase (Sigma-
Aldrich), and reverse transcribed using the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories). qRT-PCR was performed in triplicate using
IQ SYBR Green Supermix and the iCycler iQ Detection System (Bio-
Rad Laboratories). Primer sequences were as follows: natriuretic pep-
tide type B (Nppb) 5-CAGCTCTTGAAGGACCAAGG-3' (forward),
and 5-ACTTCAGTGCGTTACAGCCC-3' (reverse); hypoxanthine
guanine phosphoribosyl transferase (Hprt) 5-AGCCCCAAAATG-
GTTAAGGTTGC-3' (forward) and 5-TTGCAGATTCAACTTGC-
GCTCAT-3' (reverse). Nppb gene expression was quantified using
the 2-35-CT method (47) normalized to the constitutively expressed
housekeeping gene Hprt. qRT-PCR analysis data are shown as the
mean * standard error of the mean (SEM).

Western immunoblot analysis. Left ventricle samples were homog-
enized as described previously (13). Protein (20 pg) was resolved by
SDS-PAGE using standard protocols (48). Western blotting was car-

ried out according to standard protocols (49) using antibodies against
CaMK2d (a gift from Don M. Bers, UC Davis, Davis, California, USA),
p-CaMKII (MA1-047, Affinity BioReagents), and GAPDH (BT46-
9995-55, BioTrend). For quantification an enhanced chemolumines-
cence detection system (GE Life Sciences) was used according to the
manufacturer’s instructions.

Histology. Hearts were harvested, cryoprotected in 30% sucrose,
embedded, and sectioned at 10 um using standard techniques (50).
Sirius red/fast green staining was performed and quantified on sec-
tions postfixed in Bouin’s solution as described previously (11, 36).
To quantify cardiomyocyte MFD, images from Sirius red/fast green-
stained sections were captured, digitized, and analyzed with NIH
Image] 1.36b software as described previously (16). At least 400 ran-
domly selected cardiomyocytes from the interventricular septum of
each animal were analyzed. To quantify cardiomyocyte apoptosis, 6
coronal sections from each heart were postfixed in 4% paraformal-
dehyde and screened for anti-activated caspase 3 immunoreactiv-
ity (catalog G7481, Promega), followed by a horseradish peroxidase-
conjugated secondary antibody; signal was visualized with a diamino-
benzidine reaction as described previously (16). TUNEL analysis was
performed on adjacent sections using the ApopTag Apoptosis Detec-
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Figure 10. Differentially regulated cell cycle genes in D2-TAC versus D2-Shunt. Regulated genes (red) in the cell cycle KEGG pathway from RNA-seq analy-
ses at 3 weeks after surgery in D2-TAC (n = 3) versus D2-Shunt (n = 5) hearts. Adapted with permission from Kanehisa Laboratories.

tion kit according to the manufacturer’s protocol (Chemicon Interna-
tional). Cardiac endothelial cells were visualized using monoclonal
antibodies against mouse CD31 (BD Pharmingen, clone MEC 13.3)
and their number per cardiomyocyte manually counted on at least 4
optical fields per cross section. For p-H3 immunoreactivity, sections
were postfixed with 4% paraformaldehyde and cardiomyocyte nuclei
were visualized by reaction with X-GAL as described previously (7).
Sections were then reacted with rabbit anti-p-H3 antibody (catalog
06-570, EMD Millipore) and signal was developed with a horseradish
peroxidase-conjugated secondary antibody (ABC kit, Vector Labora-
tories) as described previously (16).

Quantification of cardiomyocyte number and dimensions. Cardio-
myocyte isolation was performed as described previously (51). In
brief, mice were anesthetized with isoflurane, hearts were excised and
mounted on a Langendorff perfusion system and retrogradely per-
fused with a nominally Ca-free Tyrodes’ solution containing (in mM)
113 NaCl, 4.7 KCl, 0.6 KH,PO,, 0.6 Na,HPO, x 2 H,0, 1.2 MgSO, x 7
H,0, 12NaHCO,, 10 KHCO,, 10 HEPES, 30 taurine, 10 2,3-butanedi-
one monoxime (BDM), 5.5 glucose, and 0.032 phenol red for 4 min-
utes at 37°C and pH 7.4. Thereafter, perfusion solution was switched
to the same solution containing 7.5 mg/ml Liberase 1 (Roche diagnos-
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tics), 0.6% trypsin, and 0.125 mM CacCl,, and perfusion was continued
for about 3 minutes until the heart became flaccid. Ventricular tissue
was removed, cut into small pieces, and dispersed until no solid car-
diac tissue was left. The total volume was increased to 12 ml and car-
diomyocytes were counted 5 times in an improved Neubauer counting
chamber (Karl Hecht GmbH). Cardiomyocyte dimensions were mea-
sured with Image] software. Width and length of at least 200 cardio-
myocytes per heart were analyzed.

Cardiomyocyte DNA synthesis assay. Cardiomyocyte DNA syn-
thesis was monitored in experimental animals carrying the «MHC-
nLAC reporter transgene. Cardiomyocyte nuclei in aMHC-nLAC
mice are readily identified in tissue sections by incubation with the
chromogenic pB-galactosidase substrate X-GAL, which gives rise to a
blue reaction product. For *H-Thy incorporation (7), mice received
a single injection of radiolabeled nucleotide (200 puCi i.p. at 20 Ci/
mM, Perkin Elmer) and were sacrificed 4 hours later. Hearts were
harvested, cryoprotected in 30% sucrose, embedded, and sec-
tioned at 10 pm using standard histologic techniques (50). Sections
were postfixed in 50 mM cacodylic acid/1% paraformaldehyde and
reacted with X-GAL (1 mg/ml in 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, and 2 mM magnesium chloride in PBS).
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The sections were counterstained with Hoechst 33342 (Molecular
Probes), and autoradiographic emulsion was applied and processed
as described previously (7).

RNA-seq. RNA-seq was carried out for WT (n = 5), D2-sham (1
=5), D2-TAC (1 = 3), and D2-Shunt (1 = 5) mice. Total RNA was iso-
lated from left ventricular tissue using the RNeasy Fibrous Tissue
Mini Kit (Qiagen) according to the manufacturer’s protocol. NGS was
performed at the Transcriptome and Genome Analysis Laboratory
(TAL) core facility in Goettingen. Library preparation was conducted
according to the instructions of the TruSeq RNA Sample Preparation
v2 Kit (catalog RS-122-2002, Illumina) using 1 pg total RNA as start-
ing material. For accurate quantification of cDNA libraries, the fluo-
rometry-based QuantiFluor dsDNA System from Promega was used.
The size of the final cDNA libraries was determined using the DNA
1000 chip (280 bp) on the Bioanalyzer 2100 (Agilent). cDNA libraries
were amplified and sequenced (single read; 1 x 50 bp; ca. 30 Mio reads
per sample) using the cBot and HiSeq2000 (Illumina). Sequence
images were transformed to bcl files with the software BaseCaller
(Illumina), and then demultiplexed to fastq files with CASAVA v1.8.2.
Quality checking was done via fastqc. Sequences were aligned to the
genome reference sequence of Mus musculus (GRCm38/mm10). The
alignment was performed using STAR alignment software (version
2.3.0e) allowing for 2 mismatches within 50 bases. Subsequently, con-
version of resulting SAM files to sorted BAM files, filtering of unique
hits, and counting were conducted with SAMtools (version 0.1.19) and
HTSeq (version 0.6.1pl). Data were preprocessed and analyzed in
the R/Bioconductor environment (www.bioconductor.org) using the
DESeq?2 package (version 1.8). Specifically, the data were normalized
and tested for differentially expressed genes based on a generalized
linear model likelihood ratio test assuming negative binomial data
distribution. Candidate genes were filtered to a minimum of log2(fold
change) greater than 1/-1 and a false discovery rate-corrected P value
less than 0.05. Gene annotation was performed using Mus musculus
entries from Ensembl (www.ensembl.org) via the biomaRt package
(version 2.18.0). Raw RNA-seq data have been made available through
the NCBI’s Gene Expression Omnibus (GEO GSE103545).

Pathway analysis of cell cycle genes. Pathway analysis was conduct-
ed using significantly regulated genes (cutofflog2[fold change] > 1/-1;
adjusted P value < 0.05). The analysis is based on KEGG (52) pathway
annotations (KEGG pathway mmu04110, mmu04310) and was car-
ried out using the KEGG Mapper - Search&Color Pathway tool (http://
www.genome.jp/kegg/tool/map_pathway2.html).

Gene ontology (GO) and pathway enrichment analysis. GO and
pathway enrichment analysis was conducted using Cytoscape (53)
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and ClueGO (54) and significantly regulated genes (cutoff adjusted P
value < 0.05) of the transcriptomes of D2-TAC mice compared with
D2-Shunt mice. The analysis is based on the following databases: GO
biological function, GO cellular component, GO immune system pro-
cess, GO molecular function, KEGG, REACTOME, and WikiPathways
using GO Term Fusion and showing pathways with a P value of less
than 0.05, a Kappa score of 0.4, and a minimum of 20 genes repre-
senting at least 5% of all genes of the pathway.

Statistics. Results are expressed as mean * SEM. Survival was
tested with the log-rank (Mantel-Cox) test. Multiple group compari-
sons were performed by 2-way analysis of variance (ANOVA) followed
by the Bonferroni procedure for comparison of means. Comparisons
between 2 groups were performed using the unpaired 2-tailed Stu-
dent’s ¢ test. All tests were 2-sided. Data were considered statistically
significant at Pless than 0.05.

Study approval. The investigation conformed to the Guide for the
Care and Use of Laboratory Animals (NIH publication number 85-23,
revised 1996). The study was approved by the Lower Saxony State Office
for Consumer Protection and Food Safety (G64/08 and 15/1860).
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