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SUMMARY

After myocardial infarctionin humans, lost cardiomyo-
cytes are replaced by an irreversible fibrotic scar. In
contrast, zebrafish hearts efficiently regenerate after
injury. Complete regeneration of the zebrafish heart
is driven by the strong proliferation response of its
cardiomyocytes to injury. Here we show that, after
cardiac injury in zebrafish, telomerase becomes hy-
peractivated, and telomeres elongate transiently, pre-
ceding a peak of cardiomyocyte proliferation and
full organ recovery. Using a telomerase-mutant zebra-
fish model, we found that telomerase loss drastically
decreases cardiomyocyte proliferation and fibrotic
tissue regression after cryoinjury and that cardiac
function does not recover. The impaired cardiomyo-
cyte proliferation response is accompanied by the
absence of cardiomyocytes with long telomeres and
an increased proportion of cardiomyocytes showing
DNA damage and senescence characteristics. These
findings demonstrate the importance of telomerase
function in heart regeneration and highlight the poten-
tial of telomerase therapy as a means of stimulating
cell proliferation upon myocardial infarction.

INTRODUCTION

Heart disease is the leading cause of human death in the world.
Currently, the only effective treatment for the loss of cardiomyo-
cytes after infarction or heart failure is transplantation. Great
hope has been placed on stem cell therapies, but, although
data from clinical trials are promising, they fall far short of fulfilling
expectations. This has led many researchers to consider taking a
step back from the “bedside to the bench” before continuing
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with more clinical trials (Couzin-Frankel, 2014; Mummery and
Lee, 2013). Understanding the repair mechanisms operating in
vertebrates with a strong cardiac repair capacity may help to
identify new molecules and pathways that could be used to pro-
mote heart regeneration in humans.

The zebrafish has become a powerful model for investigating
regenerative processes because of its capacity to completely
repair several organs, including the heart, after injury (Gemberl-
ing et al., 2013). The zebrafish heart can regenerate after ventric-
ular resection (Poss et al., 2002; Raya et al., 2003), genetic
ablation of cardiomyocytes (Wang et al., 2011), hypoxia-reoxy-
genation injury (Parente et al., 2013), and ventricular cryoinjury
(Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel
et al., 2011). Cryoinjury causes local damage to all cardiac cell
types and leads to a transient fibrotic tissue deposition reminis-
cent of the fibrotic scar formed in mammals after myocardial
infarction (Chablais et al., 2011; Gonzalez-Rosa et al., 2011). In
the zebrafish, dead cardiomyocytes are replaced not by stem
cells but by preexisting cardiomyocytes, which first dedifferen-
tiate and then proliferate to replace the injured tissue with newly
formed myocardium (Jopling et al., 2010; Kikuchi et al., 2010).
This cardiomyocyte proliferation and remodeling requires para-
crine-like contributions from the endocardial lining of the heart
lumen and from the epicardium, the outer mesothelial layer
covering the myocardium. Early after cardiac injury, the endocar-
dium and epicardium start to re-express developmental genes
(Kikuchi et al., 2011; Lepilina et al., 2006). One of these genes
encodes retinaldehyde dehydrogenase aldh1a2, an enzyme
involved in retinoic acid production that is proposed to be neces-
sary for cardiomyocyte proliferation (Kikuchi et al., 2011). The
endocardium also activates the expression of il77a, which trig-
gers a jak1/stat3 signaling pathway in cardiomyocytes (Fang
et al., 2013). In parallel, the epicardium starts to release extracel-
lular matrix components such as fibronectin, which has been
suggested to promote cardiomyocyte regeneration through
interaction with integrin B 3 (itgB3) (Wang et al., 2013).
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A similar ability to proliferate in response to injury is shown by
cardiomyocytes of neonatal mice (Porrello et al., 2011, 2013),
and alimited degree of cardiomyocyte turnover has been reported
inhumans (Bergmann et al., 2009; Mollova et al., 2013). These ob-
servations suggest a new avenue for the treatment of heart failure
based on enhancing the endogenous proliferation capacity of
cardiomyocytes (Kikuchi and Poss, 2012; Takeuchi, 2014).

Successful DNA replication and extensive cell proliferation
require the presence of functional telomeres, the capping struc-
ture at the end of chromosomes. Telomeres become shortened
because of the end replication problem and other degradative
activities (Saretzki and von Zglinicki, 2002). The ability of a cell
to proliferate is therefore tightly linked to its ability to maintain
healthy telomeres and avoid DNA damage. Telomerase is a ribo-
nucleoprotein enzyme that maintains telomere length by adding
DNA repeats to chromosome ends (Greider and Blackburn,
1985). Because of its ability to counteract telomere erosion, telo-
merase is associated with the proliferation potential of cells and
tissues (Flores and Blasco, 2010; Flores et al., 2005) and has
been implicated in mouse liver regeneration (Tumpel and Ru-
dolph, 2012). Telomerase can be detected in zebrafish of all
ages (Anchelin et al., 2011; Lund et al., 2009), and its expression
level correlates with the life-long regenerative capacity of heart
and fin tissues (Itou et al., 2012). In contrast, telomerase expres-
sion is suppressed rapidly postnatally in human and mouse tis-
sues, with the exception of those with high turnover, reinforcing
the association between telomerase activity and repair potential
(Forsyth et al., 2002). Remarkably, human and zebrafish telo-
meres are of a similar size, making the zebrafish a good model
for studying the contribution of telomere biology to regeneration
(Henriques et al., 2013). Recent reports have described a zebra-
fish null mutant for the gene encoding telomerase reverse tran-
scriptase (tert), the catalytic subunit of the telomerase enzyme
(Anchelin et al., 2013; Henriques et al., 2013). Loss of tert leads
to premature aging in several organs, including the liver, intes-
tine, and pancreas. However, the impact of loss of tert on zebra-
fish organ regeneration remains unexplored.

Here we analyzed the role of tert during zebrafish cardiac
regeneration. We report that ventricular cryoinjury upregulates
tert gene expression and telomerase activity in cardiac cells. In
tert-null fish, cardiac regeneration is inhibited, and a fibrotic
scar remains. This inability to regenerate is mainly due to a strong
inhibition of the proliferation response associated with accu-
mulation of cardiac cells with damaged DNA and senescence
characteristics. These results highlight the potential of telomere
restitution as an approach to reawakening hibernating myocar-
dium after cardiac injury.

RESULTS

Zebrafish cardiomyocytes are able to proliferate throughout life
(Itou et al., 2012) but markedly increase their proliferation index
upon injury (Chablais et al., 2011; Gonzalez-Rosa et al., 2011;
Poss et al., 2002; Raya et al., 2003; Schnabel et al., 2011; Wang
et al., 2011). Telomerase activity is linked to the ability of cells
and tissues to proliferate (Flores and Blasco, 2010; Flores et al.,
2005). We therefore first compared telomerase activity in zebra-
fish hearts under homeostatic conditions and during regeneration.

A PCR-based telomerase activity assay revealed amplification
bands in uninjured heart tissues from 6- to 9-month-old zebrafish,
confirming telomerase activity in adults under homeostatic con-
ditions (Figure 1A). There were no significant differences in telo-
merase activity between the hearts of 6- and 10-month-old fish
(Figures 1B and 1C). Cryoinjury of the ventricular apex (one quarter
of the ventricle) provoked a transient increase in the processivity
and intensity of the amplification bands 3 days later, demon-
strating that telomerase activity further increases in response to
injury (Figure 1A). Injury-associated telomerase hyperactivation
was accompanied by a 2.2-fold increase in tert gene expression
3 days postinjury (dpi), pointing to transcriptional activation as a
likely regulation mechanism (Figure 1D).

To determine the relationship between telomerase hyperac-
tivation and cardiac regeneration, we analyzed the regenera-
tive capacity of a recently described zebrafish mutant line that
carries a stop codon in the second exon of the tert gene (Anche-
lin et al., 2013; Henriques et al., 2013). This mutant completely
lacks telomerase activity in the heart and can be considered a
tert knockout (Figure 1E). Despite lacking telomerase activity,
hearts from 6- to 9-month-old tert™~ fish are of normal size
and show normal histology and cardiac function as measured
by echocardiography (Figures 1F-1H). The lack of an obvious
phenotype in tert™'~ hearts at 6-9 months of age is consistent
with the lack of phenotypic alterations in low-turnover tert '~ tis-
sues at young ages (Anchelin et al., 2013; Henriques et al., 2013).

We next compared the regeneration response in wild-type
(WT) and tert’~ zebrafish siblings subjected to heart cryoinjury.
In both genotypes, we observed an obvious wound at the earliest
time analyzed (3 dpi) (Figure 2A). The injured region was 20% +
5% of the total ventricle in WT hearts and 21% + 6% in tert /'~
hearts. In WT hearts, the size of the wound decreased gradually,
whereas a large wound persisted in tert™~ hearts at 60 dpi (Fig-
ures 2A-2C). Histological analysis in both genotypes confirmed
the characteristic scar-like fibrotic tissue deposition triggered
by cryoinjury (Gonzalez-Rosa et al., 2011), but subsequent heal-
ing took place only in WT hearts (Figures 2B and 2C). The injured
area at 60 dpi represented less than 5% of the ventricular area in
WT hearts (2.5% =+ 0.8%) but, in tert '~ hearts, was comparable
with the injured area at 3 dpi (18% + 2%; Figure 2C). To further
substantiate the impaired regeneration response in tert™'~
hearts, we evaluated cardiac function by 2D echocardiography
(Gonzélez-Rosa et al., 2014). Cryoinjury caused a reduction in
systolic function at 7 dpi (measured by fractional volume short-
ening [FVS]) of 47% + 8% in WT fish and 35% + 4% in tert™~
fish (Figures 2D and 2E; Movies S1, S2, S3, S4, S5, and S6).
FVS recovered gradually during regeneration in WT individuals,
indicating reestablished ventricular function. In contrast, ventric-
ular function did not recover in tert ™/~ animals, even at 60 dpi
(Figures 2D and 2E; Movies S1, S2, S8, S4, S5, and S6). These
results indicate that telomerase is required for heart regeneration
in zebrafish.

Myocardial injury triggers a rapid inflammatory response,
leading to the infiltration of the injury site by neutrophils, macro-
phages, and other circulating cells (Frangogiannis, 2014). This
inflammatory response, particularly the infiltration of macro-
phages, plays a key role in promoting cardiac regeneration in
the neonatal mouse heart (Aurora et al., 2014). Given that gene
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Figure 1. Heart Cryoinjury Augments Telo-
merase Activity and tert Expression Levels
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(A) Representative telomeric repeat amplification
protocol (TRAP) activity in uninjured (Ul) hearts
and hearts at 1, 3, 4, 7, and 30 days post cryoinjury
(dpi) (n = 3/condition and time point). Positive
control (C+), iPSCs; negative control (C—), tert /"~
zebrafish heart; reaction specificity control, unin-
jured + RNase. LB, lysis buffer.

(B and C) Telomerase TRAP activity assay in
6- and 10-month-old zebrafish hearts (n = 4/time
point). Data are means + SEM. ns, not significant
(unpaired Student’s t test).

(D) Zebrafish tert mRNA expression levels in ho-
meostasis and during regeneration (3 dpi) (n = 4
hearts/condition). CPMs, counts per million.
Values are means + SEM. **p < 0.001 (B-H
adjusted p value).

(E) Representative TRAP assay showing the
lack of telomerase activity in tert’~ hearts (n =
3/genotype).

(F) Lack of telomerase does not affect heart
development and function. There is normal anat-
omy and function in tert”/~ zebrafish hearts.
Shown are whole-mount views of dissected adult
WT and tert ™/~ uninjured zebrafish hearts (left) and
Masson-Goldner trichrome-stained sagittal sec-
tions (center). Five animals were analyzed per
genotype. V, ventricle; At, atrium; BA, bulbus
arteriosus. Scale bars, 100 pm.

(G and H) Echocardiographic evaluation of heart
size (ventricular volume (VV) in diastole) (G) and
cardiac function (ventricular FVS) (H) in uninjured
WT and tert’~ animals. Values for both parame-
ters did not differ between genotypes. Circles
and squares show data for individual animals.
Horizontal bars represent the mean (unpaired
Student’s t test). A total of 17-20 animals were
analyzed per genotype.

WT terthu3430

20 - . .
activation of endocardium and epicar-

dium, we analyzed the expression of
aldh1a2 (raldh2) (Kikuchi et al., 2011).
WT and tert™~ animals showed a simi-

10+

silencing of tert has been shown to impair hematopoiesis (Ima-
mura et al., 2008), we assessed whether tert '~ zebrafish show
alterations in cryoinjury-triggered inflammation. Whole-heart
RNA sequencing (RNA-seq) analysis did not detect significant
differences between the upregulation of neutrophil, macro-
phage, and other inflammatory cell markers in tert™'~ and wild-
type hearts at 3 dpi (Figure S1A; Table S1). In addition, L-plastin
immunohistochemistry at 3 and 60 dpi revealed no significant
differences in macrophage infiltration (Figures S1B-S1G).

The dedifferentiation and proliferation of pre-existing car-
diomyocytes during zebrafish heart regeneration is preceded
by rapid and organ-wide activation of the endocardium and
epicardium (Kikuchi et al., 2011; Lepilina et al., 2006). To deter-
mine whether the absence of telomerase activity alters the

o

WT tert larly strong upregulation of aldh1a2 RNA
and protein in endocardial cells at 6 hr
postinjury (hpi) and in endocardial and
epicardial cells at 3 dpi (Figure S2A). These results were
confirmed by RNA-seq (Figure S2B) and gRT-PCR (data not
shown). We also tested the expression of another endocardial
gene (il11a) and epicardial genes (wt1b, tbx18, and fibronectin)
upregulated upon cardiac injury (Fang et al., 2013; Kikuchi
et al., 2011; Lepilina et al., 2006), finding no alterations in their
expression in injured tert/~ hearts (Figure S2B). The early injury
responses of the epicardium and endocardium are therefore not
affected in the absence of telomerase.

Inresponse toinjury, cardiomyocyte sarcomeres disassemble,
mitochondria swell, and cellular attachments loosen (Jopling
et al., 2010; Kikuchi et al., 2010). To determine whether these
signs of cardiomyocyte dedifferentiation are affected by the
loss of telomerase, we analyzed cardiomyocyte ultrastructural
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Figure 2. Heart Regeneration Is Inhibited Strongly in tert '~ Animals
(A) Whole-mount views of uninjured and cryoinjured WT and tert '~ zebrafish hearts dissected at the indicated times post-injury. Dotted lines outline the injured
area. Asterisks mark the initial injury site.

(legend continued on next page)
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features at 3 dpi by transmission electron microscopy. A similar
extent of sarcomere disassembly and mitochondrial swelling
and dysmorphia was detected in WT and tert '~ cardiomyocytes
close to the injury site (Figure S3), indicating that cardiomyo-
cyte dedifferentiation proceeds normally in the absence of
telomerase.

After dedifferentiation, cardiomyocytes proliferate. To study
the proliferation response in WT and tert~ animals, we exam-
ined the percentage of cardiac cells positive for proliferating
cell nuclear antigen (PCNA), a marker of cells in S phase (Figures
3A-3C). A sharp peak in proliferation occurred at 3 dpi in WT
hearts, affecting ~11% of total cardiac cells. In tert/~ hearts,
the proliferation peak was delayed to 14 dpi and affected a
maximum of ~6% of cardiac cells (Figure 3A). The impairment
in the proliferation response was more pronounced for the cardi-
omyocyte pool, where the proliferation peak at 7 dpi was 3-fold
lower in tert ~/~ hearts (Figure 3B). Proliferating cardiomyocytes
in WT hearts were found predominantly at the injury borders but
were also detected in peripheral regions (Figure 3C). In tert ™~
hearts, a weakened proliferation response was evident at all
analyzed stages both at the injury border zone and at the
periphery (Figure 3C). Interestingly, the few proliferating cardio-
myocytes in tert”’~ hearts were mainly localized close to the
epicardium at 60 dpi (Figure 3C). To further characterize the
impaired proliferation capacity, we labeled hearts with bromo-
deoxyuridine (BrdU) to assess DNA synthesis and stained
sections with antibodies against BrdU and the mitosis marker
phosphorylated histone H3 (pH3). For both markers, we
observed large relative reductions in the number of positive cells
in tert™'~ hearts (Figures 3D and 3E; Figure S4A). These results
indicate that the failure of cardiac regeneration in the absence
of telomerase is due to an impaired proliferation response of
cardiomyocytes and other cardiac cells. Gene set enrichment
analysis (GSEA) confirmed that cell proliferation-associated
pathways were impaired significantly in tert ™'~ hearts compared
with the WT (Table S1; Figure S4B).

To dissect the temporal and spatial action of tert during car-
diac cell proliferation, we injured hearts ex vivo and examined
the effect of tert-targeting vivo antisense Morpholino oligonu-
cleotides (vivoMO). After culture ex vivo for 3 days, untreated
injured hearts contained PCNA-positive cardiac cells, including
cardiomyocytes, in the peripheral borders of the ventricle. Incu-
bation with tert vivoMO during ex vivo culture markedly reduced
telomerase activity and the number of PCNA-positive cells (Fig-
ures S5A-S5C). Similar results were obtained for the proliferation
marker pH3 (data not shown). These data support the conclusion

that tert function is necessary for cardiac cell proliferation in the
adult heart during cardiac regeneration.

We next investigated how telomerase influences proliferation.
Because the canonical function of telomerase is to lengthen
telomeres, and long telomeres provide proliferation potential,
we conducted telomapping assays to determine whether telome-
rase hyperactivation leads to changes in telomere length during
heart regeneration (Flores et al., 2008). Measurement of average
telomere length in each cell on sections of whole WT hearts
showed that cardiac telomeres elongate transiently during heart
regeneration, with a peak of lengthening at 3 dpi (Figures 4A
and 4B). Telomere elongation was detected in cardiomyocytes
and other cell types, including endocardial cells (Figure S6). In
contrast, telomere length in tert/~ hearts decreased after cryoin-
jury, reaching half the initial length at 60 dpi (Figure 4B).

Given that telomere length is linked to proliferation potential in
several organs, we next compared the telomere length of prolif-
erative and non-proliferative cardiac cells. Single-cell profiling of
telomere length and analysis of PCNA expression revealed that
proliferating WT cardiac cells possess longer telomeres than
non-proliferative cells, indicating that, in WT fish, telomere length
defines a subclass of cardiac cells with proliferation potential
(Figure 5A). During regeneration, telomeres lengthened not
only in actively proliferating cells but also in non-proliferating
cells, demonstrating that telomere elongation is a general pro-
cess within the regenerating heart (Figure 5A). To determine
the location of proliferative cardiomyocytes and their telomere
length, we co-immunostained sections for myosin heavy chain
(MHC), PCNA, and telomeres. In uninjured WT hearts, cardio-
myocyte telomere length is heterogeneous, with telomeres
longer in proliferating cells (Figure 5B; Figure S6). After injury,
the number of proliferating cardiomyocytes with long telo-
meres (>600 a.u.) increased to a peak at 7 dpi but then declined
gradually. Therefore, despite telomerase hyperactivation after
cryoinjury, telomerase activity levels are insufficient to maintain
telomere reserves in cardiomyocytes (Figure 5B). The succes-
sive rounds of cell division taking place during regeneration are
likely to contribute to telomere erosion. Consistent with this
idea, telomeres shortened abruptly in cells close to the injury,
the region with the highest proliferation rate (Figure S6). A similar
pattern of rapid telomere erosion was observed in regions of
the epicardium and endocardium adjacent to the injury site
(Figure S6).

Short and dysfunctional telomeres limit cellular proliferative
capacity by eliciting a DNA damage response. To assess the
levels of DNA damage before and after injury in WT and tert ™/~

(B) Masson-Goldner trichrome staining of sagittal sections of uninjured WT and tert '~ hearts at the indicated days after cryoinjury. Dotted black lines outline the

injured area. Arrows mark the initial injury site. Scale bars, 100 um.

(C) Size of the ventricle injury (injured area [IA]) on sagittal heart sections at the indicated times post-injury, presented as the percentage of the total ventricular
area. Data are means of at least 4 sections/heart from 3-8 hearts/time point, with the exception of WT 30 dpi, where only one heart was analyzed. Data are

means + SEM. *p < 0.05 (Mann-Whitney test).

(D) Relative FVS (RFVS) in WT and tert ™/~ zebrafish hearts under the basal condition (sham-operated animals) and at the indicated times post-injury. WT hearts
recover ventricular function over time but tert '~ hearts do not. Data are means + SEM of a pool of 10 animals/condition. **p < 0.01 (one-way ANOVA followed by

Tukey’s honest significant difference test).

(E) Representative Doppler echocardiography images of intracardial blood flow in WT and tert ™/~ hearts in the absence of injury and at the indicated times post-
injury. Asterisks mark the initial injury site. See also Movies S1, S2, S3, S4, S5, and S6.

See also Figures S1-S3, and Table S1.
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hearts, we measured the protein levels of the DNA damage
marker phospho-histone H2A.X (YH2AX) (Rogakou et al., 1998;
Figure 6). Cryoinjury increased the yH2AX signal in WT and
tert’~ hearts, but the increase was significant only in tert™~
hearts (Figures 6A and 6B). DNA damage in cardiac cells was
spread globally in the ventricles of non-injured WT hearts, and
the number of damaged cells was not increased significantly
after injury (Figures 6C and 6E). In contrast, tert’~ hearts con-
tained higher basal numbers of yYH2AX-positive cells, and the
level of damage increased significantly after injury (Figures 6C
and 6E). The same pattern was seen when only cardiomyocytes
were examined (Figure 6F). The DNA damage response limits
cellular proliferative capacity (Behrens et al., 2014). Consistent
with this notion, co-immunostaining of the YH2AX and BrdU
labels revealed that the vast majority of BrdU-positive cells
were YH2AX-negative in both WT and tert ™/~ hearts (Figure S7).
These results indicate that the absence of telomerase is an
important contributor to DNA damage, with a likely impact on
cardiac regeneration.

Telomere dysfunction-induced DNA damage and cell-cycle
blockade can lead to cellular senescence (d’Adda di Fagagna
et al., 2003). We therefore used the senescence-associated
B-galactosidase assay to detect senescence in tert™~ hearts
(Figure 7). Uninjured hearts of WT or tert™~ animals did not
show senescence-specific staining, but a senescence-associ-
ated B-galactosidase signal was induced upon cryoinjury. In
WT hearts at 3 dpi, senescent cells were almost exclusively
limited to the injured region, whereas, in injured tert '~ hearts,
the signal was distributed more broadly, extending beyond the
injured area and border zone to remote regions of the ventricle,
consistent with the organ-wide deficit of proliferating tert '~ car-
diac cells (Figure 7). This tendency was maintained at later
stages of regeneration (7 dpi) (Figure 7).

DISCUSSION

Our results indicate that, under the high demands imposed by
heart injury, telomere reserves cannot be maintained without
telomerase. Absence of telomerase decouples dedifferentiation
from proliferation, drastically impairing proliferation and leading
to the accumulation of DNA damage. Instead of regenerating
myocardium and regressing cardiac fibrosis, tert’~ hearts ac-
quire a senescent phenotype. The telomere elongation and
DNA protection roles of telomerase might be linked, and senes-
cence could be the final outcome of DNA damage accumulation.
The detection of mildly elevated DNA damage in the uninjured

tert’~ heart might indicate that tert also maintains DNA during
homeostasis, perhaps by protecting against oxidative or me-
chanical stress (Oh et al., 2003). Although this does not seem
to impact basal cardiac function, it might contribute to the
impaired regeneration observed in tert~/~ mutant hearts.

In humans, telomerase is downregulated rapidly after birth
(Wright et al., 1996). Interestingly, after an ischemic episode, car-
diomyocytes can enter a state of hibernation in which viability is
maintained but the myocardium is non-functional. This hibernat-
ing myocardium has been suggested to represent a partially de-
differentiated state (Heusch, 2004). Given the essential role of
telomerase in cardiomyocyte expansion after dedifferentiation,
our results highlight the potential of telomere restitution as a
strategy to reawaken hibernating myocardium in the post-infarc-
tion heart.

EXPERIMENTAL PROCEDURES

Zebrafish Husbandry

All experiments were conducted with adult zebrafish between 6 and 9 months
of age, raised at a density of 3 fish/I. Animals were housed and experiments
were performed in accordance with Spanish bioethical regulations for the use
of laboratory animals. The ethics committee that approved this study was the
Community of Madrid “Direccion General de Medio Ambiente.” The telomerase
tert"BMu3430 mutant line used in this study is available from the Zebrafish
Model Organism Database (ZFIN) repository (ZFIN: ZDB-GENO-100412-50) at
the Zebrafish International Resource Center (ZIRC). The tert"B/"u34%0 mytants
have a T— A point mutation in the tert gene. Genotyping was performed by
PCR of the tert gene (tert primers were as follows: forward, 5 GACGACCAG
TTCGGATCCCTTC 3'; reverse, 5 CTTTACCCTCCGCCGCTTTACC ). Char-
acterization of tert /= zebrafish was performed in F1 and F2 animals produced
by tert*’~ incrossing.

Cryoinjury

Cryoinjury was performed as described previously (Gonzalez-Rosa and Mer-
cader, 2012). For analysis of regeneration, animals were euthanized at
different times post-injury by immersion in 0.16% tricaine (Sigma), and hearts
were dissected in medium containing 2 U/ml heparin and 0.1 M KCI. The
damaged area was easily identified from the accumulation of blood at the
injury site. Damage was also estimated by examination of sections (Poss
et al., 2002). The percentage of the ventricular surface area damaged by
the procedure was calculated using NIS-Elements AR, 64 bit 3.00, SP7 (Build
547).

Telomerase Assay
Telomerase activity was measured with a modified fluorescence telomere
repeat amplification assay (Herbert et al., 2006).

Histological Staining
Hearts were fixed overnight at 4°C in 4% paraformaldehyde (PFA) in PBS.
Samples were then washed in PBS + 0.1% Tween 20, dehydrated through

Figure 3. The Absence of Telomerase Severely Affects Cardiomyocyte Proliferation

(A and B) Cardiac cells positive for PCNA in Ul WT and tert /~ zebrafish hearts and in hearts at the indicated days after cryoinjury. (A) PCNA* total cardiac cells.
(B) PCNA* cardiomyocytes. Data are means + SEM of the percentage of PCNA™ cells (A) or number of PCNA* cardiomyocytes per cardiac ventricle section
(at least 3 sections/animal from the indicated number of animals) (B). *p < 0.05 compared with WT samples (Mann-Whitney test).

(C) WT and tert™'~ heart sections immunostained with anti-MHC to mark cardiomyocytes (red) and anti-PCNA to mark cells in S phase (green). Nuclei were
counterstained with DAPI (blue). The bottom rows show the location of PCNA* cardiomyocytes during regeneration (yellow circles). The nuclear area is shown in
magenta. Dotted lines outline the ventricle and injured area. Asterisks mark the initial injury site. Insets show high-magnification views of representative PCNA*
cardiomyocytes in the boxed areas. Scale bars, 100 um (whole-heart views) and 10 um (magnifications).

(D and E) Quantification of pH3* and BrdU-labeled cardiac cells (D) and cardiomyocytes (E) at 7 and 14 dpi. Data are means + SEM. *p < 0.05, **p < 0.01 (unpaired

Student’s t test).
See also Figures S4 and S5.
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Figure 4. Heart Cryoinjury Induces a Telo-

60 dpi

merase-Dependent Increase in Telomere
Reserves

(A) Representative telomap images of WT and
tert™’~ heart, uninjured (UI) or fixed at different
days postinjury [dpi]. Nuclei are assigned a four-
color code according to their average telomere
fluorescence in a.u. The cells with the longest
telomeres are visualized in red, and the cells with
the shortest telomeres are presented in green.
Dotted lines mark the injured area. The second
and fourth rows show higher magnifications of
the boxed areas highlighted in the entire heart
section images. Scale bars, 100 um and 10 pm for
magnification images.

(B) Telomere fluorescence frequency histograms
of cardiac WT and tert ™/~ cells in uninjured hearts
and hearts at 3, 7, 14, 30, and 60 days after cry-
oinjury. Mean telomere fluorescence is indicated
in a.u. The injury site was excluded from the
analysis. Note the increase in the number of cells
with long telomeres at 3 dpi in WT hearts, followed
by reestablishment of the initial profile. This
response is lacking in tert /= cells, and, at later
stages, cells have shorter telomeres than initially.

[ 0-500 a.u. [_] 500 — 1000 a.u. [] 1000 —1500 a.u. [l 1500 — 10000 a.u.

See also Figure S6.
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an ethanol series, and embedded in paraffin wax. All histology was per-
formed on 7-um paraffin sections cut on a microtome (Leica), mounted on
Superfrost slides (Fisher Scientific), and dried overnight at 37°C. Sections
were deparaffinized in xylol, rehydrated, and washed in distilled water. Con-
nective tissue was stained using the Masson-Goldner trichrome procedure
(Merck).

Cardiac Imaging by Echocardiography

To assess cardiac function in non-injured and post-injury zebrafish, animals
were anesthetized with a mixture of tricaine (130 ppm) and isoflurane
(200 ppm) diluted in tank water (Huang et al., 2010). Individuals were then
placed ventral side up in a custom-made sponge holder in a Petri dish filled
with the anesthetic solution. 2D, high-resolution, real-time in vivo images

10 12 14 16 18 20 22

353 animals (Gonzalez-Rosa et al., 2014).

In Situ Hybridization on Sections
In situ hybridization on paraffin sections was

Average (a.u.)
229 performed according to Mallo et al. (2000) with
some modifications.

Average (a.u.) RNA-Seq Library Production

7 Index-tagged cDNA libraries were constructed
from total RNA (1 ng) with the TruSeq RNA sample
preparation v2 kit (lllumina). Four biological repli-
cates consisting of three pooled hearts were
used per sample. Quality, quantity, and size distri-
bution of the lllumina libraries were determined
using the DNA-1000 kit (Agilent Bioanalyzer).
Libraries were sequenced (single-end mode and
length of 75 bp) on the Genome Analyzer lIx sys-
tem using the standard RNA sequencing protocol
in the TruSeq SBS kit v5. Fastq files containing
reads for each library were extracted and demultiplexed using Casava
v1.8.2 pipeline.

Average (a.u.)
203

RNA-Seq Analysis

Sequencing adaptor contaminations were removed from reads using Cuta-
dapt software (Martin, 2011), and the resulting reads were mapped and
quantified on the transcriptome (Ensembl gene-build 66) using RSEM
v1.2.3 (Li and Dewey, 2011). Only genes with at least two counts per million
in at least four 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 differ-
entially expressed genes with a Benjamini-Hochberg-adjusted p value of less
than 0.05.
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Electron Microscopy

Transmission electron microscopy was performed as described previously
(Willett et al., 1999). Briefly, hearts were fixed in 2.5% glutaraldehyde/
0.1 M sodium caccodylate at 4°C and post-fixed with 1% osmium
tetroxide/0.1 M sodium caccodylate. After washing in 0.1 M sodium cacco-
dylate/5% sucrose, the hearts were dehydrated quickly in increasing
concentrations of ethanol to 100%. Hearts were then washed twice with
propylene oxide and replaced with a 2:1 mixture of propylene oxide:PB
812 (PolySciences), then a 1:1 mixture of the same components, and,
finally, with pure PB 812. Blocks were polymerized at 70°C overnight in
fresh PB 812. Ultra-thin sections were double-stained with uranyl acetate
and lead citrate, examined, and photographed in a JEOL 10.10 electron
microscope.

Telomere fluorescence (a.u. x 100)

in blocking solution (3% BSA, 5% goat serum, and
0.3% Tween 20). Endogenous biotin was blocked
with the avidin-biotin blocking kit (Vector Labora-
tories). Slides were then incubated overnight with
primary antibodies at 4°C. The primary antibodies used were anti-myosin
heavy chain (MF20, Developmental Studies Hybridoma Bank [DSHB], diluted
1:20), anti-tropomyosin (CH1, DSHB, diluted 1:20), anti-L-plastin (provided by
P. Martin, University of Bristol; Evans et al., 2013), anti-erg1 (Abcam, diluted
1:100), anti- PCNA (Santa Cruz Biotechnology, diluted 1:100), anti- BrdU
(BD Biosciences, diluted 1:30), anti-pH3 (Millipore, diluted 1:100), and anti-
v-H2AX (GeneTex, diluted 1:300). The primary antibody signal was revealed
after incubation for 1 hr at room temperature with biotin- or Alexa 488-, 568-,
or 633conjugated secondary antibodies (Invitrogen, each diluted 1:200) and
streptavidin-Cy5 (Vector). Nuclei were stained with DAPI (1:1,000), and slides
were mounted in Vectashield (Vector). Apoptosis was detected by terminal de-
oxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining using the
in situ cell death detection kit from Roche.
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A B —~ Figure 6. DNA Damage Increases Strongly
3 140 . ,L\ after Ventricular Cryoinjury in the Absence
.o =120 4 — of Telomerase

WT tert «0“’\\ B ns (A) Representative western blot of y-H2AX
Ul 3dpi Ul 3dpi E, 1009 ’_‘ expression in WT and tert '~ hearts without injury

£ g0 and in hearts at 3 dpi.
~qy-H2AX % 60 (B) Quantification of western blot signal intensities
5 (n = 9 hearts/condition). Data are means + SEM.

R ——¢‘|<u-tubulin = 40 *p < 0.05 (Mann-Whitney test).

§ (C) Representative staining of y-H2AX foci
g 20 1 (green) in cardiac cells in uninjured and 3
S 0+ dpi WT and tert”’~ hearts. Cardiomyocytes
Ul 3dpi Ul 3dpi are immunostained with anti-MHC (red), and

WT tert - nuclei are counterstained with DAPI (blue).
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For combined analysis by Q-FISH and immunostaining for proliferation,
we performed an additional step with the Vectastain Elite ABC standard
kit (Vector) and the Cy5-conjugated Tyramide Signal Amplification Plus kit
(TSA Plus, PerkinElmer). Endogenous peroxidase activities were quenched
in 3% H,O, in PBS for 10 min at room temperature. Before applying
secondary antibodies, sections were incubated for 30 min with Vectastain
Elite ABC reagent at room temperature. After three washes of 5 min each
in PBS, slides were incubated for 4 min in tyramide-Cy5 conjugate diluted
1:100 in 1x Plus amplification diluent (PerkinElmer). After three additional
5-min washes, secondary antibodies were applied and slides were pro-
cessed according to the immunofluorescence and Q-FISH procedure
described above.

Examples of y-H2AX* cardiomyocytes are
outlined with green circles. Boxed areas are
shown at a higher magnification. Scale bars,
20 pm.

(D) Distribution of y-H2AX-positive cardiomyocytes
(green circles) in uninjured and 3 dpi WT and tert /~
hearts. The nuclear area is shown in magenta. The
ventricle and injured area are outlined by dotted
lines. Scale bars, 100 pm.

(E and F) Percentages of (E) y-H2AX-positive
cardiac cells and (F) y-H2AX-positive car-
diomyocytes in uninjured and 3 dpi WT and tert /~
hearts. Data are means + SEM of cells counted
on a minimum of 3 sections/heart in four hearts.
*p <0.05, ”*p <0.01, **p < 0.001 (Student’s t test).
See also Figure S7.

y-H2AX

To quantify cardiomyocyte proliferation, three
to six sections showing the largest wounds
were selected from each heart, and images were
obtained with a 60X objective to generate a
tiled composite of the whole heart section. The
cells positive for MHC and PCNA were counted
manually in all ventricles. The percentages of
MHC*PCNA* cells from selected sections were
averaged to determine a proliferation index for

=
o © =)
*
*
*
%

dekk each heart.
4
Fkk BrdU Labeling
27 ,_‘ Animals were anesthetized in tricaine, and a single

dose of BrdU (Sigma, 0.05 ml of 2.5 mg/ml solution
dissolved in PBS) was injected intraperitoneally
WT  tert” at 3 or 7 dpi. Animals were then left to continue
healing until 7 or 14 dpi, respectively.

Ul 3dpi’ Ul 3dpi

Imaging

Whole-heart images were obtained with a

Leica MZ16FA fluorescence stereomicroscope
fitted with a Leica DFC310FX camera. A Nikon Eclipse 90i microscope
was used to examine histological and immunohistochemical staining,
and a Nikon A1R confocal microscope was used for immunofluorescence
staining.

Western Blot Analysis

Hearts were dissected and lysed in radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris [pH 8], 150 mM NaCl, 0.1% SDS, 1% NP40,
and 0.5% sodium deoxycholate) containing protease inhibitor cocktail
(Roche). Total proteins (100 ng) were separated by SDS-PAGE and
transferred to a polyvinylidene fluoride (PVDF) membrane. Blots were incu-
bated overnight with primary antibodies. Anti-histone yH2AX (GeneTex,

1700 Cell Reports 12, 1691-1703, September 8, 2015 ©2015 The Authors



OPEN

ACCESS
Cell

Ul

3 dpi Figure 7. tert”’~ Hearts Acquire a Senes-

cence Phenotype after Ventricular Cryoinjury
(A) Whole mounts of uninjured and 3 dpi WT and
tert '~ hearts stained for SA B-galactosidase.
Scale bars, 100 um.

(B) Cryosections of uninjured, 3 dpi, and 7 dpi
WT and tert '~ hearts stained for SA p-galactosi-
dase. Magnified views are shown of the injured
area, injury border (B), and remote zone (R). Scale
bars, 100 um (whole heart) and 50 um (magnified

views).
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et al., 2003). All Morpholinos were added at a
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changed daily. After 3 days, hearts were
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MO specificity was confirmed by injecting tert

B
-
s E
o]
= K _
] S
™ 3]
=
3 5
T
3
=
= 3
S -
- 2 L
=1 -
o g
~ S
=
£
) c
T juo ]
3

catalog no. GTX127342) was used at 1:1,000 dilution and a-tubulin (Sigma,
catalog no. T8203) at 1:4,000 dilution. Horseradish peroxidase-coupled
secondary antibodies (Dako) were used at 1:5,000 dilution. Band in-
tensities were quantified densitometrically using QuantityOne software
(BioRad).

Quantification of Phosphorylated H2AX Foci

Phosphorylated H2AX foci were detected with rabbit polyclonal anti-
phospho-histone H2AX antibody (1:300, GeneTex). A cell was considered
positive for y-H2AX when it contained two or more foci. Foci were counted
manually.

Senescence-Associated f-Galactosidase Activity
Senescence-associated B-galactosidase (SA B-gal) activity was detected on
freshly prepared cryosections and whole-mounts using a senescence B-galac-
tosidase staining kit (Cell Signaling Technology).

Vivo Morpholino Treatment of Ex Vivo-Cultured Hearts

Hearts were dissected from adult WT, Tg(fli:GFP) (Lawson and Weinstein,
2002), or Tg(myl7:GFP) (Raya et al., 2003) zebrafish in the AB genetic
background. The apex was injured by stabbing with a tungsten needle.
Stabbing was used because this method is less invasive than cryoinjury
and, therefore, better supports survival in vitro while being equally
well suited to the study of the cardiomyocyte proliferation response to
injury (Itou et al., 2014). Hearts were cultured in DMEM supplemented
with 10% fetal bovine serum and antibiotics (penicillin and streptomycin)
in 96-well plates (Pieperhoff et al., 2014). Two hearts were added per well
in 250 pl medium. The vivoMOs used were tert vivoMO (5'-CTGTCGAG
TACTGTCCAGACATCTG; Imamura et al., 2008) and gfp vivoMO (5'-

MOs into tert’~ embryos without causing
any additional obvious phenotypes (data not
shown).

Statistical Analysis
Where normal distribution can be assumed,

= Student’s t test for comparisons between two
groups or one-way ANOVA followed by Tukey’s
honest significance test for comparisons be-
tween more than two groups were used. Where
the normality assumption could not be verified
with a reliable method, Mann-Whitney test
was used. Model assumptions of normality and
homogeneity were checked with conventional
residual plots. To control for the false discovery
rate in RNA-seq data, p values were corrected
for multiple testing using the Benjamini-Hochberg method (Benjamini and
Hochberg, 1995), yielding adjusted p values. The specific test used in
each comparison is indicated in the main text or figure legend.
Calculations were made with Microsoft Excel version 14.4.9 and Prism
version 5.0.

ACCESSION NUMBERS

The accession number for the RNA-seq data reported in this paper is
GSE71755.
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