>
o
o
-1
o
81
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
-

Article

Postnatal telomere dysfunction induces cardiomyocyte
cell-cycle arrest through p21 activation

Esther Aix, Oscar Gutiérrez-Gutiérrez, Carlota Sanchez-Ferrer, Tania Aguado, and Ignacio Flores

Centro Nacional de Invesfigaciones Cardiovasculares Carlos Ill, 28029 Madrid, Spain

The molecular mechanisms that drive mammalian cardiomyocytes out of the cell cycle soon after birth remain largely
unknown. Here, we identify telomere dysfunction as a critical physiological signal for cardiomyocyte cell-cycle arrest.
We show that telomerase activity and cardiomyocyte telomere |ength decrease shqrp|y in wi|d-type mouse hearts after
birth, resulting in cardiomyocytes with dysfunctional telomeres and anaphase bridges and positive for the cell-cycle ar-
rest protein p21. We further show that premature telomere dysfunction pushes cardiomyocytes out of the cell cycle.
Cardiomyocytes from telomerase-deficient mice with dysfunctional telomeres (G3 Terc-/-) show precocious development
of anaphase-bridge formation, p21 up-regulation, and binucleation. In line with these findings, the cardiomyocyte pro-
liferative response after cardiac injury was lost in G3 Terc/~ newborns but rescued in G3 Terc/~/p2 1/~ mice. These
results reveal telomere dysfunction as a crucial signal for cardiomyocyte cell-cycle arrest after birth and suggest inter-

ventions to augment the regeneration capacity of mammalian hearts.

Introduction

Heart failure is a leading cause of human death worldwide.
This is in large part because of the extremely limited cardio-
myocyte (CM) turnover of the adult human heart (Bergmann
et al., 2009; Mollova et al., 2013), which is insufficient for sub-
stantial regeneration of the damaged myocardium after a heart
attack. In marked contrast, mammalian CMs actively prolifer-
ate during embryonic development and the first days of postna-
tal life (Porrello and Olson, 2014; Senyo et al., 2014). During
embryonic development (Soonpaa et al., 1994; Drenckhahn et
al., 2008) and on postnatal day 1 (P1; Porrello et al., 2011),
CMs in the mouse heart are able to proliferate, showing sig-
nificant regeneration capacity. However, during the first two
postnatal weeks, most mouse CMs become binucleated and
withdraw from the cell cycle (Soonpaa et al., 1996; Ikenishi et
al., 2012). As a consequence, the capacity for complete cardiac
regeneration after injury is lost around P7 (Porrello et al., 2011,
2013). From P14 onward, heart injury provokes a pathological
cardiac remodeling response similar to that seen in adult mice
(Porrello et al., 2013).

Unlike mammals, zebrafish and other lower vertebrates
retain CM proliferative ability in adult life, being able to effi-
ciently regenerate lost myocardium after injury (Kikuchi and
Poss, 2012). Why lower vertebrates maintain proliferation ca-
pacity throughout life whereas mammals lose it soon after birth
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Abbreviations used in this paper: 53BP1, p53 binding protein 1; auf, arbi-
trary units of fluorescence; CDKI, cyclin-dependent kinase inhibitor; CM, car-
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telomere-dysfunction-induced focus; Tn, troponin; TRAP, telomeric repeat ampli-
fication protocol; WT, wild type.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 213 No. 5  571-583
www.jcb.org/cgi/doi/10.1083/icb.201510091 CrossMark

is largely unknown. Although regulators of CM cell-cycle arrest
have been identified in recent years, the molecular mechanisms
driving permanent cell-cycle arrest of CMs remain poorly un-
derstood (Muralidhar et al., 2013; Porrello and Olson, 2014;
Takeuchi, 2014; Quaife-Ryan et al., 2016). Identifying these
mechanisms is crucial for the development of new therapies for
the treatment of myocardial infarction and heart failure.
Telomeres are the physical ends of chromosomes and are
essential for the maintenance of genome integrity (Muller, 1938;
McClintock, 1939). Telomeres ensure proper segregation of
chromosomes during cell division, which is essential for prevent-
ing chromosome fusions (McClintock, 1941). Telomeres consist
of tandem DNA repeated sequences (TTAGGG) and a multipro-
tein complex (Liu et al., 2004; de Lange, 2005). Because of the
end-replication problem and other degradative activities, telo-
meres shorten with each cell division (Watson, 1972; Olovnikov,
1973; Harley, 1991; Saretzki and Von Zglinicki, 2002). A mini-
mum telomere length is essential to allow chromosome ends to be
distinguished from damaged DNA (double-strand breaks; Chan
and Blackburn, 2002; de Lange, 2002). Critically short telomeres
activate the DNA damage response pathway, leading to apopto-
sis, senescence, or cell-cycle arrest (Artandi and Attardi, 2005).
Telomeres can be elongated through the action of the enzyme
telomerase, which is composed of a catalytic subunit (Tert) and
an RNA template (Terc; Greider and Blackburn, 1985, 1987,
1989). Telomerase activity is clearly detected during embryonic
development but is present only in few cells in most somatic adult
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Figure 1. Rapid decrease in cardiac telomerase activity and CM telomere length after birth. (A) Telomerase activity in the postnatal heart measured by fluo-
rescent TRAP. iPS cells and embryonic heart (embryonic day 11.5 [E11.5]) are positive controls; lysis buffer and inactivated iPS cells (Inac. iPS) are negative
controls. In total, three litters were analyzed. The gel shows representative results from one litter. (B) Relative telomerase activity quantification. n indicates
the number of animals analyzed. (C) Relative Tert gene expression levels in P1 and P8 hearts measured by quantitative PCR. n indicates the number of
animals analyzed. (D) Detail of a confocal maximum projection image of telomere Q-FISH and TnT immunofluorescence. CM nuclei were manually selected
using the TnT immunofluorescence image. Only unambiguously identified CMs were considered for the analysis. Arrowheads indicate CMs. Dashed lines
indicate telomere signal in those CMs. Bars, 25 pm. (E) Mean CM telomere length during postnatal maturation. (F) CM telomere length distribution and
percentage of relatively short (<4,000 auf] and long telomeres (>4,000 auf). Gray lines at 4,000 auf facilitate comparisons of telomere size distribution
between conditions. Red lines indicate mean telomere length. n indicates the total number of CMs analyzed per group. The number of animals is shown in
brackets. Data are mean =+ SEM. *, P < 0.05; **, P < 0.01; *** P < 0.001; NS, nonsignificant.

tissues, including the heart (Borges and Liew, 1997; Ramirez et sought to investigate the temporal relationships among telomer-
al., 1997; Oh et al., 2001; Harrington, 2004; Lansdorp, 2005; ase inactivation, CM cell-cycle arrest, and lack of a regenerative
Richardson et al., 2012). Previous work indicates that telomerase response after heart injury. We first examined the levels of telo-
and telomeres influence the proliferation and apoptosis rate in merase activity in the heart during the embryonic and neonatal

mature CMs (Leri et al., 2001, 2003; Oh et al., 2001; Boon et al., period using a fluorescence telomeric repeat amplification pro-
2013; Bir et al., 2014), but their role in CMs during postnatal tocol (TRAP) assay. Consistent with previous studies, we found
maturation and cardiac regeneration remains unknown. high levels of telomerase activity in embryonic hearts (embry-

Here, we show that ample telomere reserves are essential onic day 11.5), but telomerase activity rapidly declined after
for CM proliferation and cardiac regeneration in newborn mice. birth, becoming almost undetectable from P10 onwards (Fig. 1,
Our results reveal that during postnatal cardiac maturation, telo- A and B). Parallel with the reduction in telomerase activity,
merase is rapidly inactivated and CMs undergo telomere short- we found a significant decrease in the gene expression of telo-
ening, leading to the appearance of dysfunctional telomeres. merase catalytic subunit (7ert) between P1 and P8 (Fig. 1 C),

We further demonstrate that dysfunctional telomeres activate pointing to transcriptional repression as a likely mechanism un-
a DNA damage response, trigger the formation of anaphase derlying telomerase inactivation.
bridges, and up-regulate the cell-cycle inhibitor p21, leading to We also measured CM telomere length by combining quan-
cell-cycle arrest of postnatal CMs. titative FISH (Q-FISH) for telomeres with immunofluorescence
for the CM marker troponin T (TnT; Fig. 1 D). Consistent with
the decrease in telomerase activity, CM telomere length dropped
rapidly during the first 15 d after birth (Fig. 1, E and F). Remark-
ably, we detected no further significant changes from P15 to P29
(Fig. 1, E and F), indicating that after CMs have exited the cell
cycle, the remaining telomere reserves in young animals are pre-
Telomerase is active during embryonic development of the served. These results show that the proliferative capacity of CMs
heart but is present only in few cells in the adult heart (Borges and the regenerative potential of the heart are associated with the
and Liew, 1997; Oh et al., 2001; Richardson et al., 2012). We presence of telomerase activity and sufficient telomere reserves.
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Figure 2.

Proliferative CMs possess long telomeres. (A) Detail of a maximum-intensity projection confocal image of telomere Q-FISH and TnT/pH3

immunofluorescence. Proliferative (pH3+*) and nonproliferative (pH3-) CMs were manually selected using the pH3 and TnT immunofluorescence images.
The white arrowhead indicates a pH3~ CM; the yellow arrowhead indicates a pH3* CM. Bar, 25 pm. (B) Mean telomere length in pH3+* and pH3- CMs.
(C) Telomere-length distribution and percentage of relatively short (<4,000 auf) and long telomeres (>4,000 auf) in proliferative and nonproliferative CMs.
Gray lines at 4,000 auf facilitate comparisons of telomere size distribution between conditions. Red lines indicate the mean telomere length. n indicates the
number of CMs analyzed per group. The number of animals is shown in brackets. Data are mean + SEM. *, P < 0.05; ***, P < 0.001; NS, nonsignificant.

CM telomere length correlates positively
with proliferation

To examine the relationship between CM telomere length and
proliferative capacity, we used the CM marker TnT and the mito-
sis marker phospho-histone H3 Ser10 (pH3) to analyze telomere
length by single-cell profiling in proliferative and nonprolifera-
tive CMs (Fig. 2 A). Proliferative (pH3*) CMs had a higher mean
telomere length than nonproliferative (pH3~) CMs throughout
the postnatal maturation period (Fig. 2, B and C). Interestingly,
mean telomere-length differences (and the statistical signifi-
cance) between proliferating and nonproliferating CMs gradually
decrease at later time points (P15 and P29) compared with early
time points (P1, P3, and P8), suggesting a reduction in the prolif-
erative potential of proliferating (pH3+) CMs after birth. Further-
more, the proliferative CM subset included a higher percentage
of CMs with long telomeres (Fig. 2 C). The correlation of long
telomeres with CM proliferation suggested that the presence of
long telomeres may be important for CM proliferation ability. In
addition, the high levels of short telomeres in nonproliferative
CMs may influence their inability to proliferate.

Postnatal CMs activate the DNA damage
response at dysfunctional telomeres and
present anaphase bridges

Extensive telomere shortening could lead to the appearance of
telomere-dysfunction—induced foci (TIFs), formed when telo-
meres reach critically short lengths and activate the DNA dam-
age response (DDR). TIFs can be detected by the presence of
DDR markers at the telomeres (d’ Adda di Fagagna et al., 2003).

Double immunofluorescence for the DDR marker phopho-his-
tone H2AX Ser139 (yH2AX) and the CM marker troponin I
(Tnl), in combination with Q-FISH for telomeres, showed that
the number of CMs with TIFs increases significantly from P1 to
P8 (Fig. 3, A and B). Another consequence of telomere short-
ening is the generation of end-to-end-fusions that eventually
cause DNA bridges when the chromosomes segregate to the
mitotic poles during cell division (Davoli and de Lange, 2011;
Murnane, 2012; Pampalona et al., 2012). To evaluate whether
telomere shortening was producing DNA bridges, we examined
CMs in anaphase-telophase. No DNA bridges were detected
in CMs from P1 mice (Fig. 3 D). In contrast, the presence of
CMs with shorter telomeres in the P8 neonates correlated with
the presence of anaphase-telophase bridges (Fig. 3, C and D).
When DNA bridges are formed, they normally break and often
provoke the generation of micronuclei (Hoffelder et al., 2004).
We also analyzed CMs from P1 and P8 mice and found CMs
with a micronucleus only in P8 CMs (Fig. 3, E and F). The
cell-cycle arrest of CMs at P8 thus correlates with an increase
in telomere shortening, activation of the DDR at the telomeres,
and the formation of anaphase bridges and micronuclei.

Premature telomere shortening inhibits CM
proliferation

To assess whether the rapid telomere shortening observed
within the first 2 wk after birth contributes to the exit of CMs
from the cell cycle, we generated mice with premature telomere
shortening. This was achieved in the third generation (G3) of
the telomerase RNA template knockout (7erc~~; Blasco et al.,
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Figure 3. Postnatal CMs with telomere shortening activate the DDR and
form anaphase bridges. (A) Detail of telomere (Tel) Q-FISH and yH2AX/
Tnl immunofluorescence. Arrowheads indicate foci of the DNA-damage
marker protein YH2AX at telomeres in a CM. Bars, 10 pm. (B) Quantifi-
cation of the proportion of CMs with colocalized YH2AX and telomeres.
n indicates the number of animals analyzed. (C) Confocal (left) and super-
resolution (right) images of DNA bridges in a dividing P8 CM. Arrowheads
indicate a DNA bridge. Bars, 10 pm. (D) Proportion of anaphases-telo-
phases with DNA bridges in CMs at P1 and P8. n indicates the number of
animals analyzed per group. (E) P8 CM with a micronucleus. Bar, 25 pm.
The arrowhead indicates the micronucleus. (F) Quantification of the pro-
portion of CMs with a micronucleus at P1 and P8. n indicates the number
of animals analyzed. Data are mean + SEM. *, P < 0.05; **, P < 0.01.

1997), generated by consecutive intercrossing of first-genera-
tion (G1) knockout mice. Telomere shortening was more patent
in G3 Terc™~ mice than in G1 Terc~~ mice (Fig. S1 A), with
mean telomere length and percentage of short telomeres at P1
equivalent to wild-type (WT) mice at P15 (Fig. S1, B and C).
Histological analysis of heart sections from P1 WT, and
G3 Terc™~ mice did not reveal any phenotypic difference in
heart morphology (Fig. 4 A). Although G3 Terc~~ P1 hearts
were smaller than the WTs (Fig. 4 B), there was no effect on
heart weight to body weight ratio (Fig. 4 C). CM size measured
by wheat germ agglutinin (WGA) staining was also unchanged
(Fig. 4, D and E). However, analysis of CM mitosis by double im-
munofluorescence for pH3 and TnT revealed significantly lower
numbers of mitotic CMs in the G3 Terc™~ heart at P1 (Fig. 4,
F and G). Moreover, immunofluorescence analysis of TnT and
Aurora B kinase revealed significantly lower levels of CM cy-
tokinesis in the P1 G3 Terc~~ neonates (Fig. 4, H and I). These
data indicate that telomere shortening impedes CM proliferation.

The proportion of CMs with telomere damage in G3 Terc™~
neonates was already above normal at P1 (Fig. 4 J), consistent
with an association between the weak CM proliferation in these
mice and activation of the DDR at the telomeres. CMs of P1 G3
Terc~~ neonates also contained anaphase bridges (Fig. 4, K and
L), and the percentage of binucleated CMs was significantly
higher (Fig. 4, M and N). These results indicate that telomere
shortening might contribute to CM binucleation by affecting the
correct process of division.

To further assess the effect of telomere shortening on CM pro-
liferation, we evaluated injury-induced CM proliferation. The
P1 neonatal mouse has the remarkable ability to regenerate
damaged myocardium by increasing CM proliferation (Porrello
et al., 2011, 2013). To study the proliferative response during
the regeneration process in WT and G3 Terc~~ mice, we dam-
aged the hearts of P1 mice by cryoinjury. Histological analysis
confirmed the deposition of fibrotic tissue 7 d postinjury (dpi) in
both genotypes (Fig. 5 A). In WT animals, the fibrotic area was
significantly diminished at 28 dpi, whereas the fibrotic area in
G3 Terc~~ mice was not significantly reduced (Fig. 5, A and B).
Furthermore, persistent fibrotic tissue at 28 dpi in WT mice con-
tained a high proportion of intermingled CMs, whereas signifi-
cantly fewer CMs were detected in the scars in G3 Terc~~ hearts
(Fig. 5, C and D). These results indicate that in P1 G3 Terc™~
hearts the regenerative response after cryoinjury is impaired.

In WT animals, cryoinjury caused a significant increase
in CM mitosis (Fig. 5, E and F) and cytokinesis (Fig. 5, G
and H), as measured by pH3 and Aurora B kinase immuno-
fluorescence, respectively. The increase in proliferation was
not restricted to the vicinity of the injury site but occurred
throughout the section (Fig. 5, E, F, and H). Cryoinjured G3
Terc™~ hearts were unable to increase the number of prolif-
erating CMs (Fig. 5, E, F, and H). The absence of a prolif-
erative response in G3 Terc™~ mice was accompanied by a
significant injury-induced hypertrophic increase in CM area
in G3 Terc™~ hearts (Fig. 5, I and J). Hypertrophic growth
of CMs is characterized by an increase in mitochondrial con-
tent to maintain energy balance (Rabinowitz and Zak, 1975;
Goffart et al., 2004). As expected, G3 Terc~~ hearts showed
a markedly higher expression of mitochondria-related genes
(Fig. S2). These results indicate that, instead of proliferating,
G3 Terc”~ CMs undergo hypertrophy in response to injury.

Examination of the DNA damage marker YH2AX re-
vealed a significant cryoinjury-induced increase in the number
of CMs with telomere damage in P1 G3 Terc~~ mice (Fig. 5 K).
This result was corroborated by examination of 53BP1, another
marker of activation of the DDR (Fig. 5, L and M). The absence
of a proliferative response in G3 Terc~~ mice after injury is thus
associated with the activation of the DDR at telomeres.

To evaluate the relative contributions of telomere short-
ening and the lack of telomerase activity to the inhibition of
postinjury proliferation, we examined the effect of cryoinjury
in P1 G1 Terc”~ mice. G1 Terc”~ and G3 Terc™'~ mice both
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Figure 4. CM proliferation is diminished in G3 Terc/- P1 neonates. (A) Representative Masson'’s trichrome staining on WT and G3 Terc~/~ heart sections at
P1. n indicates the number of animals analyzed. RV, right ventricle; LV, left ventricle. Bars, 500 pm. (B) WT and G3 Terc/~ heart weight at P1. n indicates
the number of animals analyzed. (C) Heart weight (HW) to body weight (BW) ratio in WT and G3 Terc/~ P1 hearts. n indicates the number of animals
analyzed. (D) WGA staining in WT and G3 Terc/~ P1 hearts. Bars, 25 pm. (E) CM size quantification in P1 heart transverse sections; 100 CMs were
analyzed per animal. n indicates the number of animals analyzed. (F) Detail of pH3 and TnT immunofluorescence at P1. Arrowheads indicate CMs in
mitosis. Bars, 100 pm. (G) Quantification of mitotic CMs at P1. n indicates the number of animals analyzed. (H) Detail of Aurora B kinase and TnT immu-
nofluorescence. The arrowhead indicates the Aurora B signal in the cleavage furrow. Bar, 10 pm. (I) Quantification of CM cytokinesis at P1. n indicates the
number of animals analyzed. (J) Quantification of PT WT and G3 Terc/~ CMs stained with the DDR protein yH2AX at telomeres. n indicates the number
of animals analyzed. (K) Representative image of DNA bridges in P1 G3 Terc/~ CMs. Arrowheads indicate DNA bridges in dividing CMs. Bars, 10 pm.
(L) Percentage of anaphases-telophases with DNA bridges in P1 WT and G3 Terc~/~ CMs. n indicates the number of animals analyzed per group. (M) Detail
of mono- and binucleated CMs. Bars, 25 pm. (N) Percentage of mono- and binucleated CMs at P1. n indicates the number of animals analyzed. Data are
mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, nonsignificant.

lack telomerase activity, but telomeres at P1 were longer in
G1 Terc™’= CMs than in G3 Terc™'~ counterparts and, in both
cases, shorter than in WT CMs (Fig. S1 A). The fibrotic area
in G1 Terc™~ hearts did not reduce significantly in the post-
injury period (Fig. S3, A and B). However, Gl Terc™~ mice
increased CM proliferation in response to injury (7 dpi; Fig. S3
C). The different CM proliferative responses in G1 Terc™~ and
G3 Terc™~ mice confirmed that CM proliferation after injury
requires sufficient telomere reserves. However, the results ob-
tained comparing WT and G1 Terc™~ mice did not rule out the
possibility that telomerase deficiency itself might contribute to
CM proliferation and heart regeneration directly, independently
of its role on telomere elongation.

Activation of the DDR by short telomeres
blocks CM proliferation through p21
activation

Once the DDR is activated, telomere shortening can result in
apoptosis, senescence, or cell-cycle arrest (Artandi and At-
tardi, 2005). TUNEL staining and Tnl immunofluorescence
showed that G3 Terc~~ mice did not have a higher proportion of

TUNEL-positive CMs after injury, indicating that telomere
shortening did not lead to CM apoptosis (Fig. S4, A and B).
Analysis of the expression of cyclin-dependent kinase inhibi-
tors (CDKIs) in WT and G3 Terc™~ hearts at P1 and after cryo-
injury did not detect significant differences in the expression
of the inhibitors p27, p57, p15, pl16, pi8, or p19 (Fig. S4, C
and D). However, P1 G3 Terc™~ hearts expressed significantly
higher levels of the cell-cycle inhibitor p2/ than P1 WT hearts,
and p21 expression in G3 Terc™~ hearts increased further after
injury (Fig. S4 E and Fig. 6 A). Immunofluorescence for p21
confirmed the specific increase in p21 in G3 Terc”~ CMs at P1
(Fig. 6, B and C) and after injury (Fig. 6, D and E).
Interestingly, p21/ transcript expression increased tran-
siently in WT postnatal hearts, peaking around P8, when most
CMs are undergoing cell-cycle arrest (Fig. S4 F). To confirm
whether p21 is a regulator of CM cell-cycle arrest, we first
compared WT and p21 knockout (p27/~-) hearts. Under ho-
meostatic conditions CM proliferation was higher in p21-/~
uninjured hearts than in WTs (Fig. 6, F and G). When injured
at P7, WT mice showed no proliferative response. In contrast,
p21~~ mice showed a significant injury-induced increase in

Telomeres and cardiomyocyte cell-cycle arrest * Aix et al.
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(7 dpi at P1) animals. n indicates the number of animals analyzed. Data are mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, nonsignificant.
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Figure 6. CM telomere dysfunction induces cell-cycle arrest through p21 activation. (A) Relative p21 gene expression measured by quantitative PCR.
n indicates the number of animals analyzed. Cryo, cryoinjury at P1 analyzed at 7 dpi (at P8). (B) Detail of p21 and Tnl immunofluorescence at P1.
Arrowheads indicate p21-positive CMs. Bars, 50 pm. (C) Quantification of p21-positive CMs at P1. n indicates the number of animals analyzed. (D) Detail
of p21 and Tnl immunofluorescence analyzed 7 dpi at P1. Controls are age-matched uninjured animals. Arrowheads indicate p21-positive CMs. Bars, 50
pm. (E) Quantification of p21-positive CMs 7 dpi at P1. n indicates the number of animals analyzed. (F) Detail of pH3 and TnT immunofluorescence in WT
and p21-/- mice analyzed 7 dpi at P7. Arrowheads indicate mitotic CMs. Bars, 100 pm. (G) Quantification of the number of CMs in mitosis in WT and
p21-/~ mice analyzed 7 dpi at P7. n indicates the number of animals analyzed. (H) Representative Masson's trichrome staining in WT and p21-/~ hearts
cryoinjured at P7 and analyzed 28 dpi. Bars, T mm. (I) Quantification of fibrotic area in WT and p21-/~ hearts cryoinjured at P7 and analyzed 28 dpi.
n indicates the number of animals analyzed. (J) Number of CMs in mitosis in WT, G3 Terc/~, G3 Terc/~/p21-/~, and p21~/~ mice at P1. n indicates the
number of animals analyzed. (K) Number of CMs in mitosis in WT, G3 Terc/~, and G3 Terc/~/p21-/~ mice cryoinjured at P1 and analyzed at 7 dpi.
n indicates the number of animals analyzed. Data are mean + SEM. *, P < 0.05; **, P < 0.01; *** P < 0.001; NS, non-significant.

CM proliferation at 7 dpi (Fig. 6, F and G). Accordingly, the
postinjury fibrotic area at 28 dpi was significantly smaller in
p21~"~ hearts than in WT hearts (Fig. 6, H and I). The strong
proliferative response after injury at P7 in p2/~~ hearts
further indicates that under physiological conditions the
cell-cycle inhibitor p21 limits the extension of the postnatal
window of CM proliferation.

To directly evaluate whether p21 up-regulation leads to
cell-cycle arrest in CMs with dysfunctional telomeres, we an-
alyzed CM proliferation at P1 and after injury in G3 Terc™-/
p21~~ double-knockout neonates. The deletion of p21 was suf-
ficient to rescue the proliferative impairment of G3 Terc~ mice
(Fig. 6, J and K), confirming the role of p21 in arresting the cell
cycle in CMs with dysfunctional telomeres.

Discussion

In this study, we demonstrate that the ability of CMs to prolif-
erate postnatally depends on the presence of ample telomere
reserves. We show that proliferation-competent CMs possess
longer telomeres, indicating that in CMs telomere length is a
marker of proliferation potential. In the absence of sufficient
telomere reserves, CMs activate the DDR and present anaphase
bridges, leading to the induction of cell-cycle arrest through
the activation of p21 (Fig. 7). Telomeres are shortened during
S phase because of the inability of the DNA replication ma-
chinery to duplicate the termini of linear DNA molecules (end-
replication problem; Watson, 1972; Olovnikov, 1973; Harley,
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1991). Therefore, the absence shortly after birth of the counter-
acting mechanism of telomerase activity, as reported here, pre-
dicts a loss of CM telomere reserves during their postnatal DNA
division period. More surprising was the high pace of telomere
loss starting at P1, leading to a significant increase in telomere
DNA damage just one week later. Given this high rate of telo-
mere erosion, we cannot discard a possible contribution to the
loss of telomere reserves from other degradative activities. Inter-
estingly, the level of reactive oxygen species, a telomere-short-
ening agent, increases significantly in mouse hearts during the
first postnatal week (von Zglinicki, 2002; Puente et al., 2014).
A mechanism contributing to cell-cycle arrest in postnatal
CMs may be related to the well-established role of telomere
shortening in the origin of the fusion bridge-breakage cycle, a
process that leads to tetraploidization, binucleation and prolif-
eration-inhibition in cells with an intact p53 pathway (Margo-
lis et al., 2003; Davoli and de Lange, 2011; Pampalona et al.,
2012). In the fusion bridge—breakage cycle, chromosomes with
dysfunctional telomeres fuse with each other, forming bridges
during mitosis. These chromosome bridges can eventually break
under forces emanating from the anaphase poles, but further
proliferation is inhibited. In WT CMs, we found that telomere
shortening was linked to the appearance of chromosome bridges
between daughter nuclei: 8 d after birth, CMs showed signifi-
cant telomere erosion and the presence of chromosome bridges.
The percentage of chromosome bridges detected in our study
was relatively small, but is likely an underestimate because (1)
the analysis was performed on tissue sections, in which not all
anaphases will have an orientation allowing bridge detection;
(2) chromosome bridges might be hidden in polyploid nuclei;
and (3) most chromosome bridges eventually break (Shimizu et
al., 2005; Pampalona et al., 2012), rendering them undetectable.
The presence of CMs with micronucleus, an outcome of DNA
fragmentation, at P8 supports the idea that DNA bridges even-
tually break. Interestingly, chromosome bridging has also been
detected in cultures of rat postnatal CMs stimulated to binucle-
ate with serum (Engel et al., 2006). The premature anaphase
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bridging and binucleation in G3 Terc~~ CMs strongly suggests
that telomere shortening contributes to the CM binucleation
process. Potential genomic imbalance caused by breakage of
chromosome bridges in binucleated CMs could constitute a
barrier to proliferation. Our results do not exclude a contribu-
tion from other reported genetic or epigenetic factors to CM
cell-cycle arrest after birth (Muralidhar et al., 2013; Porrello
and Olson, 2014; Takeuchi, 2014; Quaife-Ryan et al., 2016).
Telomere shortening has also been implicated in the up-reg-
ulation of the cell-cycle inhibitor and tumor suppressor p21 (Ju et
al., 2007). Our present results confirm at the transcriptional level
previous observations indicating that p27 levels increase during
the first postnatal week and decrease thereafter (Tane et al.,
2014). Interestingly, the increase in p21 coincided with the ap-
pearance of telomeric damage, and p21 levels were precociously
elevated in CMs that presented premature telomeric shortening,
indicating a causal role of telomere shortening in p21 induction.
Moreover, exacerbation of telomere shortening after cryoinjury
in G3 Terc™~ hearts triggered a further increase in p21 levels and
in the number of CMs with telomere damage. These findings
strongly suggest that telomere shortening activates a DDR that
up-regulates p21 in CMs during postnatal heart maturation and
after injury, leading to cell-cycle arrest. The robust proliferation
response of p2/~~ CMs from 7-d-old hearts, an age by which
WT CMs have lost their capacity to extensively proliferate after
injury, further underlines the participation of p21 in stopping the
cell cycle and inhibiting the regeneration response after injury in
the early postnatal period. A similar situation is revealed when
p21 is deleted in the context of chronic dysfunctional telomeres:
late-generation telomerase-deficiency mice, in the absence of
p21, show improved tissue function and extended lifespan with-
out an increase in cancer risk (Choudhury et al., 2007). Loss of
p21 in another progeria model, a mouse hypomorphic for the mi-
totic checkpoint protein BubR 1, also delays senescence, although
in a tissue-selective manner (Baker et al., 2013). Interestingly,
deletion of p53, the upstream regulator of p21, does not im-
prove tissue function but instead leads to accelerated atrophy of



intestinal epithelium in mice harboring dysfunctional telomeres
(Begus-Nahrmann et al., 2009) and to lens deterioration in mice
with low BubR1 levels (Baker et al., 2013). The divergent effects
of p21 and p53 deletion in progeria models might be explained by
their different roles in cell-cycle arrest, cellular senescence, and
apoptosis (Vousden and Prives, 2009).

Based on the results reported here, we propose that post-
natal CM maturation involves the following set of events: telo-
merase inhibition, telomere shortening, telomere DNA damage,
increased p21 levels, formation of anaphase bridges, binucle-
ation, and cell-cycle arrest (Fig. 7).

The premature drop in telomere reserves in G3 Terc™~
hearts was linked to a high proportion of CMs with telomeric
DNA damage, anaphase bridges, binucleation, and expression
of p21. Unsurprisingly therefore, the number of proliferating
CMs in G3 Terc™~ hearts was significantly lower than in WTs
at P1, and P1 G3 Terc™'~ hearts responded to injury not with
CM proliferation but by mounting a hypertrophic response. The
recovery of CM proliferation in P1 G3 Terc~~ neonates by de-
leting p21 confirmed that telomere dysfunction provokes CM
cell-cycle arrest through p21 activation. Indeed, p21 deletion in
late-generation Terc~~ mice is sufficient to rescue the prolifera-
tive defect in cells with high turnover, although without prevent-
ing the presence of short telomeres (Choudhury et al., 2007).

A corollary of these findings is that mechanisms that
counteract acute telomere shortening would beneficially pro-
long CM proliferation after birth and in response to injury. Pio-
neering work by Oh et al. (2001) has shown that overexpression
of human telomerase under a CM promoter elongates mouse
heart telomeres and prolongs mouse CM proliferation in vivo.
More recently, Puente et al. (2014) showed that scavenging of
reactive oxygen species, a DNA-damage and telomere-short-
ening agent, extends the postnatal CM proliferation window.
In addition, we have recently shown that the adult zebrafish
mounts a full heart-regeneration response to injury when telo-
mere reserves are preserved but fail to regenerate the injured
heart when telomere reserves are lost (Bednarek et al., 2015).

In humans, CM division rate peaks in infants and declines
thereafter (Mollova et al., 2013; Bergmann et al., 2015), which is
associated with rapid telomerase inhibition in low-turnover tissues
and gradual telomere shortening with aging (Wright et al., 1996;
Daniali et al., 2013). Interestingly, Haubner et al. (2016) recently
reported a case of functional recovery from severe myocardial in-
farction in a newborn child, at the time when telomeres are at their
longest. In contrast, some individuals from families with premature
telomere shortening suffer from dilated cardiomyopathy, severe
cardiac fibrosis, and myocardial infarction at young ages (Vul-
liamy et al., 2004; Basel-Vanagaite et al., 2008), and humans with
genetic variants affecting telomere length are at above-average risk
of developing coronary heart disease (Maubaret et al., 2013; Ding
et al., 2014). These observations, together with the other findings
presented in this study, highlight the value of studying the role of
telomere-length regulators in modulating the homeostasis and re-
generative capacity of the mammalian heart.

Materials and methods

Experimental animals

Non-WT mouse strains used were Terc”~ (Blasco et al., 1997) and
p21~~ (Brugarolas et al., 1995; C57BL/6). Animal experiments were
performed according to Institutional and European Union guidelines.

Heart weight to body weight ratio
After weighing the neonates, the hearts were extracted, washed with
PBS, carefully drained, and weighed.

Neonatal cryoinjury

P1 and P7 neonatal mice were anesthetized by hypothermia. A left ven-
trolateral thoracotomy was performed and a 0.8-mm-diameter metal
probe cooled in liquid nitrogen was applied to the left ventricle ante-
rior wall for ~5 s. The cryoinjured area was identified as a white re-
gion. The intercostal space and the skin were sutured with a 6-0-gauge
black-braided, nonabsorbable silk suture, and the animals were re-
warmed until recovery and returned to the mother.

Determination of fibrotic area and the percentage of CMs inside the
fibrotic region

Hearts were fixed overnight in 4% PFA and embedded in paraffin. To
determine the fibrotic area, the whole heart was transversely sectioned
(7 um), and sections were selected for analysis every 70 to 140 um.
Masson’s trichrome staining was performed according to standard pro-
cedures. Images were acquired with a BX51 microscope (Olympus),
a DP71 camera (Nikon), and cellSens software. The fibrotic area was
measured in the section with the largest amount of fibrotic tissue as a
percentage of the total section. Likewise, the percentage of the fibrotic
region occupied by CMs was quantified in the same section. The calcu-
lations were done with Metamorph (Molecular Devices).

Immunofluorescence
Hearts were fixed overnight in 4% PFA and processed for paraffin sec-
tioning (7 um). Antigens were retrieved by boiling in 10 mM, pH 6,
citrate buffer for 15 min. Slides were permeabilized with PBS 0.3%
Triton for 20 min, and nonspecific binding sites were blocked by incu-
bation for 2 h in blocking solution containing 3% BSA, 20 mM MgCl,,
0.3% Tween-20, and 5% donkey serum (for p21 immunofluorescence)
or 5% goat serum (for other immunostainings). For staining with bi-
otinylated antibodies, endogenous biotin was blocked with the avidin-
biotin blocking kit (Vector Laboratories). Primary antibody incubations
were conducted at the indicated dilution overnight at 4°C, and second-
ary antibody incubations at 1:200 for 1 h at room temperature.
Primary antibodies for pH3 and TnT immunofluorescence were
rabbit anti-pH3 mitosis marker (1:100; EMD Millipore) and mouse
anti-TnT (1:50; Developmental Studies Hybridoma Bank), and the
secondary antibodies were biotin goat anti—rabbit (Jackson ImmunoRe-
search Laboratories, Inc.), streptavidin—Alexa Fluor 488 (Invitrogen),
and goat anti-mouse—Alexa Fluor 647 or Cy3 (Jackson ImmunoRe-
search Laboratories, Inc.). For Aurora B and TnT immunofluorescence,
endogenous peroxidases were blocked with 1% H,0, in methanol
before permeabilization. The slides were incubated with rabbit anti—
Aurora B (1:50; Sigma-Aldrich) and then with biotin goat anti—rabbit
secondary antibody. The slides were then incubated with the Vectastain
Elite ABC kit (Vector Laboratories) and the TSA Plus Tetrameth-
ylrhodamine System (1:50; PerkinElmer). After this, the slides were
incubated with mouse anti-TnT followed by goat anti-mouse Alexa
Fluor 488 (Invitrogen). For 53BP1 and TnT immunofluorescence,
the primary antibodies were rabbit anti-53BP1 (1:500; Abcam) and
mouse anti-TnT, and the secondary antibodies were goat anti—rabbit
Alexa Fluor 488 (Invitrogen) and goat anti-mouse Alexa Fluor 647.
For YH2AX and Tnl, the primary antibodies were mouse anti-yH2A.X
(Ser139, 1:300: EMD Millipore) and rabbit anti-Tnl (1:100; Abcam),
and the secondary antibodies were goat biotin anti-mouse (Jackson Im-
munoResearch Laboratories, Inc.), streptavidin—Alexa Fluor 488, and
goat anti-rabbit Alexa Fluor 647 (Jackson ImmunoResearch Laborato-
ries, Inc.). For p21 and Tnl, the endogenous peroxidases were blocked
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as described in the previous paragraph and the slides were incubated
with goat anti-p21 (1:100; Santa Cruz Biotechnology, Inc.) followed by
biotin donkey anti—goat (Jackson ImmunoResearch Laboratories, Inc.).
Slides were then incubated with the Vectastain Elite ABC kit and the
TSA Plus Cyanine 5 System (1:50; PerkinElmer). After this, the slides
were incubated with rabbit anti-Tnl followed by donkey anti-rabbit
Alexa Fluor 488 (Invitrogen).

In all cases, slides were stained with DAPI (1:1,000; Merck Mil-
lipore) and mounted with Vectashield. Images were acquired with an
SP5 confocal microscope (Leica) with LAS AF and Matrix Screener
software or with an AIR confocal microscope (Nikon) with NIS El-
ements software. Immunofluorescence signals were quantified manu-
ally in images of whole transverse sections (2—10 per heart) with NIS
Elements software. For Aurora B, quantifications were performed in
maximum-intensity projection images, and the putative CMs with sig-
nal in the cleavage furrow were confirmed as positive in tridimensional
images. Telomere colocalization of 53BP1 or YH2AX was quantified
in z stacks. All other immunofluorescence signals were quantified in
maximum-intensity projection images.

Telomere-length analysis

Telomere length was measured by Q-FISH. Hearts were fixed in 4%
PFA, and paraffin-embedded tissue sections of the same thickness (7
um) were first immunostained for pH3 and TnT, 53BP1 and TnT, or
YH2AX and Tnl (see Materials and methods). Slides were then fixed
in 4% formaldehyde for 20 min and hybridized with a Cy3-labeled
peptide nucleic acid probe targeting the telomere repeat sequence (Zi-
jlmans et al., 1997; Herrera et al., 1999; Gonzalez-Suarez et al., 2000;
Flores et al., 2008). The intensity of the fluorescent signal for a given
telomere is directly proportional to telomere length, providing a quan-
titative measure of telomere length (Lansdorp et al., 1996).

For telomere-length analysis, DAPI, Cy3 (telomeres), and im-
munofluorescence signals were acquired sequentially in separate chan-
nels of a confocal microscope (SP5) fitted with a 40x objective (1.5x
zoom) and linked to LasAF and MatrixScreener software. All slides
were stained at the same time, and all images were acquired at the same
laser intensity. For image quantification, Nikon NIS Elements soft-
ware was used to subtract Cy3 channel background and generate max-
imum-intensity projections from 16-bit image stacks (15 sections at
steps of 1.0 um). Quantitative image analysis was performed using the
Metamorph platform as described previously (Flores et al., 2008). The
DAPI images were signal-intensity thresholded. After conversion to a
1-bit binary mask, the DAPI image was used to define the nuclear area
and the Cy3 image to quantify telomere fluorescence. The binary DAPI
mask was applied to the Cy3 image to obtain a combined image with
the telomere fluorescence information for each nucleus. Cy3 fluores-
cence intensity was measured as the mean gray value in each nucleus
in arbitrary units of fluorescence (auf). Telomere intensity values were
exported to Excel. For the determination of total, pH3-positive, and
pH3-negative CM telomere length, CMs nuclei were manually selected
with Metamorph using the pH3 and TnT immunofluorescence images.
Only cells clearly identifiable as CMs where considered for the analy-
sis. Percentages of cells with short or long telomeres were calculated
stablishing an arbitrary limit of 4,000 auf.

Telomerase activity

Telomerase activity was measured by fluorescent TRAP (Herbert et al.,
2006), with some modifications. Mice from the same litter were sac-
rificed at different ages, and the hearts were rapidly homogenized for
protein extraction with a motorized disposable pestle (Sigma-Aldrich)
in CHAPS lysis buffer. The experiment was repeated with three litters.
Induced pluripotent stem (iPS) cells and embryonic day 11.5 heart (pool
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of four hearts) were used as positive controls, and lysis buffer and inacti-
vated iPS cells (85°C, 30 min) were used as negative controls. The sam-
ples were incubated for 30 min at 4°C and centrifuged at 14,000 rpm for
20 min, and the supernatants were collected and stored at —80°C. Protein
concentrations were determined by the Bradford method (DC Protein
Assay; Bio-Rad Laboratories). Protein samples (0.01 pg of iPS cells,
0.1 pg of embryonic day 11.5 hearts, and 0.5 ug of postnatal hearts) in
a total volume of 1 ul were incubated at 30°C for 30 min with 47.6 pl
TRAP reaction mix (20 mM Tris-HCI, pH 8.3, 1.5 mM MgCl, 63 mM
KCl, 0.05% Tween-20, 1 mM EGTA, 0.05 mM dNTP, and diethylpy-
rocarbonate-treated water; Sigma-Aldrich) and 2 ng/ul Cy5-TS primer
(5'-AATCCGTCGAGCAGAGTT-3"). A final 50-pl reaction volume was
prepared by adding 2 U Taq polymerase (5 U/ul) and a specific TRAP
primer mix consisting of 100 ng/ul Ancor primer (5'-GCGCGGCTA
ACCCTAACCCTAACC-3"), 100 ng/ul OG primer (5'-ATGGCATCA
CCGGCTTAT-3"), and 0.01 attamol per microliter of TSOG primer (5'-
AATCCGTCGAGCAGAGTTATAAGCCGGTGATGCCAT-3"). The
samples were heated at 95°C for 5 min to inactivate telomerase and
then subjected to 30 amplification cycles (95°C for 30 s, 55°C for 30 s,
and 72°C for 30 s), followed by a single extension cycle at 72°C for 7
min. The PCR products were separated on 10% nondenaturing poly-
acrylamide gels and visualized with Typhoon 9400. Relative telomerase
activity was calculated as the ratio of the intensity of the telomerase
product ladder to that of the internal control band and was normalized to
the protein concentration in each sample. Quantification was done using
Quantity One and is expressed as fold change with respect to P1 heart.

WGA staining and measurement of CM size

WGA staining was performed on paraffin sections in combination with
Tnl immunofluorescence. Slides were incubated for 1 h with 10 pug/ml
WGA-Alexa Fluor 647 conjugate (Invitrogen), and Tnl immunofluo-
rescence was performed as above, using goat anti—rabbit-Cy3 (Jackson
ImmunoResearch Laboratories, Inc.) as secondary antibody. The im-
ages were acquired with an SP5 confocal microscope and LAS AF and
Matrix Screener software. For CM size determination, the borders of
the CMs were manually defined using NIS Elements software.

TUNEL

TUNEL staining was performed on paraffin sections using terminal
deoxynucleotidyl transferase and biotin-16-29-deoxyuridine-59-tri-
phosphate (both from Roche) in combination with Tnl immunofluo-
rescence (performed as above). The secondary antibodies used were
Streptavidin-488 (1:200; Molecular Probes, Invitrogen) and goat anti—
rabbit Alexa Fluor 647 (1:200; Jackson ImmunoResearch Laboratories,
Inc.). Images were acquired with a Nikon AIR confocal microscope.
TUNEL-positive CMs were counted manually in whole transverse sec-
tions using NIS Elements software.

Detection of anaphase bridges

Paraffin sections were incubated with DAPI (1:1,000; EMD Milli-
pore), and images were acquired with an SP5 confocal microscope and
LAS AF software. The presence of anaphase bridges was confirmed
by staining paraffin sections with Sytox Green (1:200; Molecular
Probes) and image acquisition with an SP8-STED confocal superreso-
lution microscope (Leica).

CM isolation and binucleation analysis

CMs were isolated from P1 neonatal hearts as described previously
(Mollova et al., 2013). Fresh hearts were cut in small pieces, fixed in
4% PFA for 2 h, and digested with collagenase B (1.8 mg/ml) and D
(2.4 mg/ml) at 37°C overnight. For nucleation counts, the CMs were in-
cubated with blocking solution for 1 h, rabbit anti-Tnl antibody (1:100;



Abcam) for 1 h, and goat anti—rabbit-Cy3 (1:200; Jackson ImmunoRe-
search Laboratories, Inc.) and DAPI (1:1,000; EMD Millipore) for 1 h
at room temperature. Images were acquired with an A1R confocal mi-
croscope. Approximately 500 CMs per animal were analyzed.

Detection of micronuclei

CMs were isolated (as above) and incubated with blocking solution for
1 h, mouse anti-TnT antibody for 1 h (1:50; Developmental Studies
Hybridoma Bank), and goat anti-mouse-Cy3 (1:200; Jackson Inmu-
noResearch Laboratories, Inc.) and DAPI (1:1,000) for 1 h. Images
were acquired with an SP5 confocal microscope.

RNA extraction

Total RNA was extracted using the QIAGEN RNeasy Mini kit or the
Zymo DIRECT-ZOL RNA miniprep kit, with an additional DNase
(QIAGEN) treatment. RNA quantity and integrity were determined
using Nanodrop, agarose gels, and the Agilent 2100 Bioanalyzer.

RNA-sequencing library production

One microgram total RNA was used with the TruSeq RNA Sample
Preparation v2 kit (Illumina) to construct index-tagged cDNA librar-
ies. Quality, quantity, and size distribution of the Illumina libraries
were determined using the DNA-1000 kit (Agilent Bioanalyzer; Ag-
ilent Technologies). Libraries were sequenced (single-end mode and
length 75 bp) on the Genome Analyzer IIx System, using the standard
RNA-sequencing protocol in the TruSeq SBS kit v5. Fastq files con-
taining reads for each library were extracted and demultiplexed using
the Casava v1.8.2 pipeline.

RNA-sequencing analysis

Sequencing adaptor contaminations were removed from reads using
cutadapt software (Martin, 2011), and the resulting reads were mapped
and quantified on the transcriptome (Ensembl gene-build 66) using
RSEM v1.2.3. Only genes with at least two counts per million in at
least five samples were considered for statistical analysis. Data were
then normalized and deferential expression was tested using the bio-
conductor package EdgeR (Robinson et al., 2010). We considered
as differentially expressed those genes with a Benjamini-Hochberg
adjusted p-value <0.05.

Quantitative RT-PCR

cDNA was synthesized with the High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems) using 0.5 pg total RNA per reac-
tion. Quantitative PCR was performed with Power SYBR Green PCR
Master Mix (Applied Biosystems) and the following primers: Tert
(forward, 5'-GCCTCACCTTCCAGAGTGTCTTC-3’; reverse, 5'-
CTCAGAGGTCCCAGGAGACATTTG-3"); pl15 (forward, 5'-CAG
TTGGGTTCTGCTCCGT-3'; reverse, 5'-AGATCCCAACGCCCT
GAAC-3"); pl6 (forward, 5'-GGGTTTCGCCCAACGCCCCGA-3";
reverse, 5'-TGCAGCACCACCAGCGTGTCC-3"); pi8 (forward, 5'-
CTCCGGATTTCCAAGTTTCA-3’; reverse, 5'-GGGGGACCTAGA
GCAACTTAC-3"); p19 (forward, 5'-GTCCTGGACATTGGGGCT-3';
reverse, 5'-AACCGCTTCGGCAAGAC-3'); p21 (forward, 5'-ATC
ACCAGGATTGGACATGG-3'; reverse, 5'-CGGTGTCAGAGTCTA
GGGGA-3'); p27 (forward, 5'-GGGGAACCGTCTGAAACATT-3";
reverse, 5'-AGTGTCCAGGGATGAGGAAG-3'); p57 (forward, 5'-
TTCTCCTGCGCAGTTCTCTT-3'; reverse, 5'-CTGAAGGACCAG
CCTCTCTC-3"); GusB (forward, 5'-ACTCCTCACTGAACATGC
GA-3’; reverse, 5'-ATAAGACGCATCAGAAGCCG-3'); and 36B4
(forward, 5'-GCACATCACTCAGAATTTCAATGG-3'; reverse, 5'-
GGACCCGAGAAGACCTCCTT-3").

Statistical analysis

Data are presented as mean = SEM. A Wilcoxon’s ram sum test was
used to calculate the statistical significance of differences between
telomere-length distributions. Other comparisons were made by two-
tailed unpaired ¢ test. Calculations were made in Microsoft Excel and
Prism. Differences were considered significant at P < 0.05 (*), P <0.01
(**), and P < 0.001 (**%*).

Online supplemental material

Fig. S1 compares CM telomere length in WT, G1 Terc”-, and G3
Terc™~ neonatal mice, demonstrating that CMs in G3 Terc~~ neonates
undergo premature telomere shortening. Fig. S2 shows increased
expression of oxidative phosphorylation genes in G3 Terc™~ hearts
after cryoinjury, corroborating the hypertrophic response to cardiac
injury. Fig. S3 shows the cardiac response to cryoinjury in G1 Terc~
neonates. Fig. S4 shows analysis of TUNEL and CDKI expression in
WT and G3 Terc~~ neonates. Online supplemental material is available
at http://www jcb.org/cgi/content/full/jcb.201510091/DC1.
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