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Adult mammalian hearts have limited regenerative capacity
due to the inability of cardiomyocytes to proliferate, a major
clinical hurdle in contemporary cardiology. The presence of
highly organized, contractile sarcomeres has long been
considered an impediment for cardiomyocyte division. Indeed,
sarcomere disassembly is a crucial step to complete the cell
cycle in the few situations where cardiomyocytes have been
observed to proliferate. However, whether sarcomere disas-
sembly can per se trigger cell cycle re-entry remains unknown,
a possibility that we have tested here. In this study, we have
engineered a system to induce sarcomere disassembly in living
murine cardiomyocytes based on the specific cleavage of the
structural protein titin by tobacco etch virus protease.
Although isolated neonatal cardiomyocytes with disassembled
sarcomeres remain viable and retain low-amplitude contractile
activity, our results show no evidence of increased car-
diomyocyte proliferation in targeted cells, as indicated by the
analyses of markers of DNA synthesis and cytokinesis. We
obtain equivalent results when titin is cleaved in car-
diomyocytes stimulated with mitogenic factors in vitro and in
the adult myocardium in vivo. These findings suggest that the
removal of sarcomere structural barriers is necessary, but not
sufficient, for cardiomyocyte proliferation, which implies that
additional factors are required for cardiomyocytes to undergo
cell division.

Heart failure, a leading cause of morbidity and mortality
worldwide, is mostly the long-term consequence of conditions
causing massive and irreversible loss of cardiomyocytes, such
as myocardial infarction (1). To improve clinical outcomes in
these conditions, extensive efforts are being directed to pro-
mote cardiac regeneration through the induction of prolifer-
ation of surviving cardiomyocytes (2). However, this endeavor
faces significant challenge. Whereas mammalian car-
diomyocytes do proliferate during embryonic and fetal
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development, the vast majority of them exit the cell cycle
within the first few days/weeks after birth and remain
persistently refractory to proliferation from that moment
onwards (3-5). Indeed, the natural response of adult
mammalian hearts to cardiomyocyte loss is to replace
necrotic tissue by a fibrotic scar and to induce hypertrophic
growth of the remaining cardiomyocytes, which however
typically fail to restore global contractile function (6, 7).

Different from mammals, the heart from a number of ver-
tebrates, including zebrafish, newts, and axolotls, can regen-
erate completely after injury via the activation of
cardiomyocyte proliferation (8—10). Based on these observa-
tions and on evidence that a limited fraction of mammalian
cardiomyocytes can re-enter the cell cycle to some degree after
myocardial injury (11, 12), several groups have identified a few
pathways and molecules that induce proliferation of adult
murine cardiomyocytes correlating with improved cardiac
function following myocardial infarction (13-18). Disassembly
of sarcomeres, the contractile units of terminally differentiated
cardiomyocytes (19), is a feature common to both natural and
induced cardiomyocyte proliferation (20) (Fig. 1A). Impor-
tantly, sarcomere disassembly is required for cardiomyocytes
to proliferate, since inhibition of actin-capping adducin pro-
teins or MMP-2 protease, two mediators of sarcomere disas-
sembly, blunts cardiomyocyte proliferation (21, 22). These
results support the traditional view that the dense arrays of
sarcomeres in cardiomyocytes (i.e. the myofibrils) are an
intrinsic barrier to cell division, potentially involving crosstalk
with other cytoskeletal components and mitogenic signaling
pathways (20).

Here, we hypothesized that the sole disassembly of sarco-
meres could be enough to promote cardiomyocyte prolifera-
tion (Fig. 1A). In support of this hypothesis, cardiomyocytes
devoid of sarcomeres are more proliferative (23), soft extra-
cellular matrices disorganize sarcomeres and induce car-
diomyocyte cell-cycle re-entry (24), and overexpression of
adducin proteins can trigger sarcomere disassembly in car-
diomyocytes correlating with increased levels of proliferation
markers (22). Based on data that severing titin, a central
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Figure 1. TEVp-induced cleavage of titin in living cardiomyocytes in vitro. A, scheme of cardiomyocyte proliferation, which requires cell cycle
progression and sarcomere disassembly. This work examines whether sarcomere disassembly is enough to trigger progression in cell cycle. B, schematic
representation of the titin cleavage strategy. TEVp recognizes the knocked-in TEVs within the I-band of titin in TEVs-TTN cardiomyocytes and cleaves titin.
In contrast, titin remains uncleaved in WT cells. C, experimental design. Upon isolation, neonatal mouse cardiomyocytes are infected in vitro with GFP-
TEVp-expressing AAV6 particles and analyzed at different days post infection. D, bright-field (left) and epifluorescence (right) representative images of
living neonatal cardiomyocytes. Scale bars represent 10 pm. E, TEVp expression quantification from native GFP fluorescence (WT N = 3-4 isolations of
cardiomyocytes; TEVs-TTN N = 4-8 isolations of cardiomyocytes). # indicates the statistical test for WT; * indicates the statistical test for TEVs-TTN. F, 1.8%
polyacrylamide SDS-PAGE electrophoresis to analyze titin content. G, quantification of the proportion of the N2BA and N2B titin bands with respect to all
titin bands (N = 2-3 isolations of cardiomyocytes). H, detection and (/) quantification of cleaved titin with anti cTEVs. (N = 1-2 isolations of car-
diomyocytes). Scale bars represent 100 um. ROI scale bars represent 10 um. Results are plotted as mean + standard deviation (SD). Statistical significance is
calculated using unpaired Student’s t test. p-value <0.05 (*/#), <0.01 (**/##), <0.0001 (¥***),

structural component of myofibrils (25, 26) (Fig. 1B), de- targeted cardiomyocytes. In most of our experiments, we
stabilizes skeletal muscle sarcomeres (27, 28), we set out to focused on in vitro experiments using neonatal car-
investigate whether titin cleavage could be exploited to elicit diomyocytes due to their basal intrinsic proliferative capacity.
sarcomere disassembly and subsequent proliferation of In addition, we have also done complementary assays in vivo
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to broaden the scope of our conclusions. Our results
demonstrate that full titin cleavage does indeed cause sarco-
mere disassembly in otherwise viable cells; however, contrary
to our motivating hypothesis, we find no evidence of
increased proliferation of cardiomyocytes containing cleaved
titin.

Results
Induction of specific titin cleavage in living cardiomyocytes

For our experiments, we exploited a homozygous knock-in
mouse model that contains a recognition site for tobacco etch
virus protease (TEVp) in the elastic I-band region of titin
(TEVs-TTN mice) (29) (Fig. 1B). The ability of TEVp to cleave
cardiac titin from TEVs-TTN sarcomeres has been demon-
strated adding purified TEVp to demembranated preparations
(27, 29, 30). Here, to implement titin cleavage in living cells,
we first infected in vitro neonatal TEVs-TTN cardiomyocytes
with AAV6 viral particles expressing different forms of TEVp
under the control of the constitutive cytomegalovirus (CMV)
promoter. Among the four different TEVp constructs tested,
we find optimal expression and cytosolic localization of GFP-
uTEV3 (hereafter referred to as GFP-TEVp), which contains
an improved version of TEVp obtained by directed evolution
(31) (Fig. S1A). We used GFP-TEVp—expressing AAV6 par-
ticles for all subsequent experiments.

We tracked expression of GFP-TEVp in both WT and
TEVs-TTN neonatal cardiomyocytes in vitro at different days
post infection (dpi). In both genotypes, GFP-positive cells are
already evident at 2 dpi reaching ~60% of cardiomyocytes
from 8 dpi (Figs. 1, C-E and S1B). Next, we examined the
levels of titin cleavage by 1.8% polyacrylamide SDS-PAGE
electrophoresis. As expected, in all WT and untreated
TEVs-TTN control cells, we detect three major titin bands
corresponding to full-length N2BA and N2B isoforms and the
higher electrophoretic-mobility band originating from the
Cronos isoform and/or the T2 degradation fragment (26)
(Fig. 1F). In contrast, AAV-infected TEVs-TTN samples show
just one major titin band of electrophoretic mobility
compatible with the C-terminal titin fragment derived from
TEVp activity (29) (A-M titin, similar mobility to Cronos/T2,
Fig. 1F). Quantification demonstrates that full-length titin is
completely absent in TEVs-TTN samples from 5 dpi (Fig. 1G).
In agreement with this result, from this time point, the vast
majority of TEVs-TTN cardiomyocytes (identified as cells
showing titin staining with T12 antibody (32)) are also posi-
tive for anti-cleaved TEVs (cTEVs) antibody (28) (Fig. 1, H
and I), which highlights limited sensitivity of GFP-TEVp
detection by epifluorescence (Fig. 1E).

In combination, our results demonstrate successful imple-
mentation of titin cleavage in living cardiomyocytes in vitro.
Severing of titin is complete even at low GFP-TEVp levels that
cannot be detected by conventional epifluorescence, illus-
trating the catalytic nature of our protease-based approach.
Importantly, we find no effects of GFP-TEVp expression in
cardiomyocytes that are devoid of the TEVp recognition site
in titin, which supports the specificity of the phenotypes we
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detect upon TEVs-TTN

cardiomyocytes.

GFP-TEVp  expression in

Sarcomere disassembly upon titin cleavage in otherwise
viable cardiomyocytes

Having verified the full cleavage of titin in AAV-infected
TEVs-TTN cardiomyocytes in vitro (as opposed to limited
cleavage in the equivalent in vivo system(33)), we next
examined the structural integrity of targeted sarcomeres the
in vitro system. Z-disk staining with T12 anti-titin antibody
indicates loss of normal sarcomere pattern in AAV-infected
TEVs-TTN cardiomyocytes, but not in any of the three
control groups (Figs. 2, A and B and S2A4). We quantified
sarcomere disassembly using an automatic analysis of the
anisotropy of T12 fluorescence signal (Figs. 2C and S2B) and
by blinded inspection of fluorescence images to classify
structural integrity of sarcomeres (Fig. 2D). Although analysis
of anisotropy appears to be less sensitive to capture differ-
ences between groups (Fig. 2C), probably because the fluo-
rescence pattern of fully disassembled sarcomeres is not
isotropic (Fig. 2B), both analyses readily capture progressive
sarcomere disorganization in AAV-infected TEVs-TTN car-
diomyocytes (Fig. 2, C and D). Indeed, most TEVs-TTN
cardiomyocytes in the AAV-infected group show at least
partially disassembled sarcomeres already at 2 dpi; no intact
sarcomeres are detected in this experimental group at 8 dpi
(Fig. 2D).

We extended our analysis to other relevant components of
the sarcomere (Fig. 3A). Similar to T12 staining, Z-disk
scaffold o-actinin shows a disorganized, nonsarcomeric
pattern resembling disconnected Z-bodies already at 2 dpi
(21) (Figs. 3B and S2C). Staining of troponin T, a thin filament
component, is also devoid of striated pattern in AAV-infected
TEVs-TTN cardiomyocytes, although in this case, remnant
fibrillar structures are seen even at 8 dpi (Figs. 3B and S2C).
Finally, targeted cardiomyocytes show diffuse staining of the
TTN-9 M-band titin epitope (Fig. 3C).

We asked ourselves whether sarcomere disassembly upon
titin cleavage affects cardiomyocyte viability in our in vitro
system. Using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) assay, we find no evidence of
altered metabolic activity in TEVp-expressing TEVs-TTN
cardiomyocytes at 5 dpi, a time point where titin cleavage is
complete (Fig. 1G) and intact sarcomeres are scarce (Fig. 2D),
despite some nonspecific effects could have been expected
according to results with WT counterparts (Fig. 44). Simi-
larly, we detect no indication of apoptosis using terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays at 5 dpi (Fig. 4B). Furthermore, tracking
spontaneous cardiomyocyte contractility by light microscopy
(Fig. 4, C and D), we observe that most AAV-infected TEVs-
TTN cardiomyocytes are able to beat, although with much
reduced amplitude as expected from the observed loss of
sarcomeres (Fig. 4, E and F and Videos S1 and S2). This effect
is accompanied by lower duration of contractions at longer
time points (Fig. 4G).
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Figure 2. Sarcomere disassembly upon titin cleavage in vitro. A, the T12 titin epitope localizes to the Z-disk of sarcomeres. B, representative
immunofluorescence images of TEVs-TTN cardiomyocytes expressing or not GFP-TEVp. Scale bars represent 100 um. ROl scale bars represent 10 um.
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In summary, we find that titin cleavage in vitro induces
progressive disassembly of sarcomeric components in the
absence of noticeable cell death. In addition, targeted car-
diomyocytes retain measurable contractile activity.

Invariant proliferation of cardiomyocytes containing cleaved
titin

So far, our data demonstrate that full titin cleavage causes
sarcomere disassembly without compromising the global
viability of targeted cardiomyocytes. To assess whether titin-
cleavage—induced sarcomere disassembly triggers car-
diomyocyte proliferation, we measured several markers of cell
cycle upon titin cleavage in vitro (Fig. 5A). Specifically, we
studied nuclear incorporation of 5-ethynyl-2’-deoxyuridine
(EdU) (Figs. 5B and S3, A and B) and presence of Aurora B
(Figs. 5C and S3, A and B) as markers of DNA synthesis and
mitosis, respectively (34). Quantification indicates that
expression of GFP-TEVp does not alter EAU nuclear incor-
poration (Fig. 5D) nor the proportion of Aurora B positive
cardiomyocytes (Fig. 5E). Accordingly, we observe that the
fraction of binucleated AAV-infected TEVs-TTN car-
diomyocytes is comparable to that of the controls (Fig. 5, F
and G). Altogether, our results indicate that titin-induced
sarcomere disassembly does not promote proliferation of
neonatal cardiomyocytes in vitro.

To examine whether our results could be extended to the
in vivo situation, we also investigated the effect of titin

4 Biol. Chem. (2026) 302(7) 113167

cleavage on adult cardiomyocyte proliferation by expressing
GFP-TEVp in the myocardium of 9-19-week-old WT and
TEVs-TTN mice (Fig. 5H) under conditions that result in
different levels of sarcomere disassembly in 30% of the car-
diomyocytes in TEVs-TTN mice (33). As expected, prolifer-
ation analysis using Ki-67 as a cell cycle marker (35) shows
less than 0.05% proliferative adult cardiomyocytes in basal
conditions; this fraction is not affected by the expression of
GFP-TEVp (Fig. 5, I and J, S4A). To directly address whether
sarcomere disassembly affects cardiomyocyte cell cycle ac-
tivity at the single-cell level in vivo, we quantified Ki-67
expression specifically in cardiomyocytes containing cleaved
titin (cTEVs-positive) in GFP-TEVp—expressing hearts and
compared results with neighboring cTEVs-negative car-
diomyocytes. Results indicate that the percentage of Ki-
67—positive nuclei does not significantly differ between
c¢TEVs-negative and cTEVs-positive cardiomyocytes (Fig. 54,
B and C). Hence, both our in vitro and in vivo data suggest
that titin-cleavage—induced sarcomere disassembly does not
lead to cardiomyocyte proliferation.

As an orthogonal approach, we analyzed available RNAseq
data in the quest of proliferative signals that could be
detectable at the transcriptional level. Specifically, we checked
if genes belonging to Gene Ontology (GO) terms related to
cardiac cell proliferation are differentially expressed upon
titin cleavage in vitro. Among the 270 differentially expressed
genes (DEGs) in AAV6-infected TEVs-TTN neonatal car-
diomyocytes at 5 dpi compared to WT cells (33), we only find

SASBMB
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one gene belonging to GO0060038 (cardiac cell proliferation)
but none in related terms including GO0060045 (positive
regulation of cardiac muscle cell proliferation) and
GO0060043 (regulation of cardiac muscle cell proliferation).
In a more sensitive RNA seq analysis of the titin-cleavage

SASBMB

model in vivo, which captures 3220 DEGs in infected versus
control TEVs-TTN myocardium (33); results also indicate a
residual contribution of genes related to cardiomyocyte pro-
liferation. Specifically, only 10 (0.3%), 15 (0.4%), and 8 (0.2%)
DEGs fall in the GO0060045, GO0060043, and GO0060038

J. Biol. Chem. (2026) 302(7) 113167 5
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p-value <0.005 (**), <0.0001 (****). non-significant (ns).

terms, respectively. Hence, our analyses indicate no tran-
scriptional signatures of cardiomyocyte proliferation upon
cleavage of titin.

Sarcomere disassembly does not enhance mitogen-induced
proliferation

To determine whether sarcomere disassembly can boost
cardiomyocyte proliferation under proproliferative condi-
tions, we stimulated cardiomyocyte cell cycle activity using
active version of the Hippo pathway effector Yap, Yap5SA, or
using the transcription factor c-Myc (36, 37). Neonatal

6 . Biol. Chem. (2026) 302(7) 113167

cardiomyocytes were infected in vitro with the AAV6 vector
expressing GFP-TEVp alone or in combination with vectors
expressing Yap5SA or c-Myc (Fig. 6A). As expected, expres-
sion of Yap5SA or c-Myc alone significantly increased EAU
incorporation (Fig. 6, B and C) and AuroraB-positive nuclei
(Fig. 6, B and D) and compared with control conditions.
Consistent with our previous experiments, co-expression of
GFP-TEVp with either Yap5SA or c-Myc did not further
enhance proliferation relative to mitogens stimuli alone.
Analysis of sarcomere organization confirmed robust sarco-
mere disassembly in cardiomyocytes expressing TEVp, both

SASBMB
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B, representative images of EdU (red) incorporation in TEVs-TTN cardiomyocytes nuclei (yellow arrowheads) in samples infected or not with GFP-TEVp-
expressing AAV6 vectors in vitro. Scale bars represents 100 pm. C, representative images of Aurora B (gray)-positive nuclei in TEVs-TTN car-
diomyocytes (yellow arrowheads) expressing or not with GFP-TEVp in vitro. Scale bars represent 100 um. D, quantification of EdU incorporation in WT (left)
and TEVs-TTN (right) cardiomyocytes expressing or not GFP-TEVp (WT N = 3 isolations of cardiomyocytes; TEVs-TTN N = 4 isolations of cardiomyocytes)
in vitro. E, quantification of Aurora B-positive WT (left) and TEVs-TTN (right) cardiomyocytes expressing or not GFP-TEVp in vitro (WT N = 2 isolations of
cardiomyocytes; TEVs-TTN N = 3 isolations of cardiomyocytes). F, representative images showing binucleated TEVs-TTN cardiomyocytes (yellow arrow
heads) in vitro. Scale bars represent 100 um. Panel TEVs-TTN TEVp+ 2dpi is the same as Figure 2B. G, quantification of binucleated TEVs-TTN car-
diomyocytes in vitro (N = 2-3 isolations of cardiomyocytes). H, schematic representation of titin-cleavage induction in vivo. I, representative immuno-
detection of Ki67 proliferation marker in ventricular myocardium of TEVs-TTN mice expressing or not GFP-TEVp. Scale bars represent 50 pum.
J, quantification of Ki67-positive cardiomyocytes in ventricular myocardium (N = 3-6 mice). Results are plotted as mean + standard deviation (SD).
Statistical significance is calculated using unpaired Student’s t test. non-significant (ns).
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Figure 6. Concurrent cell cycle stimulation and titin-induced sarcomere disassembly. A, experimental design. B, representative images highlight with
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alone and in combination with Yap5SA or c-Myc (Fig. 6E). In
combination, these data indicate that sarcomere disassembly
induced by titin cleavage does not potentiate cardiomyocyte
proliferation even in the presence of strong proliferative
stimuli in vitro.

Discussion

The cardiac muscle has limited capacity for renewal, which
results in important functional deficits in the many sick hearts
that experience loss of cardiomyocytes, regardless of the un-
derlying etiology (38, 39). Opening new windows of oppor-
tunity to treat these highly prevalent heart diseases, in recent
years several factors have been identified that can stimulate
cardiomyocyte proliferation and promote cardiac regenera-
tion, including inhibitors of cell signaling pathways, growth
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factors, and miRNAs (13-18). A common feature of car-
diomyocyte division triggered by these factors, very much
resembling natural cardiomyocyte proliferation, is the in-
duction of a more dedifferentiated state of cardiomyocytes
that includes disassembly of sarcomeres. Indeed, sarcomere
disassembly itself has even been proposed to be a bona fide
regulator of cell cycle progression (20). Supporting this
mechanistic role, overexpression of actin-capping adducin
proteins induces sarcomere disassembly that, under some
conditions, correlates with increased cardiomyocyte prolifer-
ative capacity (22). Considering these results, we reasoned
that the potential for cardiomyocyte regeneration could be
also unlocked by sarcomere disassembly resulting from titin
cleavage. Although our work does indeed demonstrate that
titin cleavage causes disassembly of sarcomeres in the absence
of noticeable cell stress or death, we find no evidence of
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accompanying proliferation of targeted neonatal car-
diomyocytes in vitro, even when subjected to mitogenic
stimuli, or adult counterparts in vivo. It is possible that
increasing the number of targeted cardiomyocytes in vivo may
result in better sensitivity to capture proliferating car-
diomyocytes; however, the extensive induction of myocardial
remodeling and heart failure triggered by further titin cleav-
age could also block cardiomyocyte proliferation (33).

The mechanisms driving sarcomere disassembly during
mammalian cardiomyocyte proliferation remain largely un-
known although they seem to be adapted to the physiological
state of cells (i.e. different mechanisms in, for example, em-
bryonic versus neonatal cardiomyocytes) (20, 22, 40). In our
experiments, extensive titin cleavage is detected in GFP-
TEVp-expressing TEVs-TTN neonatal cardiomyocytes as
early as 2 dpi (Fig. 1, F and G). At this time, disassembly of the
Z-disk into structures resembling Z-bodies is already evident,
as shown by the location of d-actinin in immunofluorescence
(Fig. 3). Similarly, troponin T staining reveals disassembly of
thin filaments in GFP-TEVp-expressing TEVs-TTN car-
diomyocytes, although the distribution of the protein in tar-
geted cells remains more fibrillar-like than for the other
sarcomeric proteins we have studied (Figs. 2 and 3). From 5
dpi, we find complete titin cleavage correlating with higher
proportion of fully disassembled sarcomeres (Fig. 1, F and G
and 2D). Intriguingly, T12 staining, which labels the Z-disk
portion of titin, shows in targeted cells a nonsarcomeric
pattern that is distinct from o-actinin’s (Figs. 2 and 3). This
observation suggests that Z-disk protein complexes dissociate
upon titin cleavage and that the resulting protein components
localize to different regions of the cell. A similar situation is
observed for the titin fragments originating from GFP-TEVp
activity (compare the diffuse M-band and spotted Z-disk
stainings of titin in AAV-infected TEVs-TTN car-
diomyocytes, Figs. 2B and 3C). Remarkably, different location
of titin regions is also detected during natural disassembly of
sarcomeres in cycling embryonic cardiomyocytes (41). In this
regard, it is hard to conceive how titin Z-disk and M-line titin
epitopes, even if distant, can show different subcellular
localization in cardiomyocytes undergoing metaphase without
invoking proteolysis of titin (41). In fact, several proteases
targeting titin have been proposed to contribute to sarcomere
disassembly (20). Among them, MMP-2 has been identified as
a fundamental mediator of oncostatin M—induced sarcomere
disassembly and cardiomyocyte proliferation (21, 42).
Remarkably, oncostatin M induces loss of striated pattern of
both Z-disk and M-line regions of the sarcomere in a highly
similar manner to the one we detect upon GFP-
TEVp-mediated titin cleavage.

In combination our results indicate that titin-
cleavage—induced sarcomere disassembly, despite not trig-
gering cardiomyocyte proliferation, does recapitulate features
that are also observed in proliferating cardiomyocytes.
Whether proteolysis of sarcomeric components is required
for sarcomere disassembly and cardiomyocyte proliferation
remains controversial (21, 40, 41). Arguably, extensive pro-
teolysis would require rapid and energy-costing re-synthesis
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of sarcomeric components to limit the loss of contractile
function of the myocardium. Our work adds a relevant
counter-argument in this regard, since we demonstrate that
just a single proteolytic cut in titin is enough to trigger
sarcomere disassembly. Considering the well-known cardiac
titin isoform switch that happens during late embryonic/early
postnatal development (43), it is tempting to speculate that
titin cleavage during these proliferative stages could
contribute to sarcomere disassembly of dividing car-
diomyocytes while ensuring replacement of titin isoforms.
Importantly, our model of titin-cleavage—induced sarco-
mere disassembly also results in concomitant reduction of
cardiomyocyte-cardiomyocyte adhesion strength and alter-
ation of connexin 43 localization (Fig. 5F, more extensive
analysis in vitro and in vivo in (33)). Connexin 43 is the main
component of gap junctions within intercalated discs, com-
plex structures responsible for rapid and coordinated elec-
tromechanical coupling between neighboring cardiomyocytes
(44). Since cell-cell contacts appear to be preserved in
naturally cycling cardiomyocytes (41), the possibility exists
that loss of cell adhesion upon titin cleavage somehow op-
poses cell proliferation in our model. Considering our results,
it will be interesting to investigate why sarcomere disassembly
in naturally proliferating cardiomyocytes does not compro-
mise cell adhesion as we have detected here. A contributing
factor may be that cardiomyocytes undergoing natural cell
division are surrounded by several counterparts with intact
sarcomeres unlike in our in vitro experiments. Also, consid-
ering that cardiomyocytes containing cleaved titin retain
some contractile activity and that residual thick filament
structure could block proliferation (41), it will be interesting
to study how the thick filament is affected by titin cleavage.
In conclusion, our work demonstrates that cleaving titin is
sufficient to induce sarcomere disassembly in living car-
diomyocytes. However, the lack of ensuing cardiomyocyte
proliferation suggests that sarcomere disassembly per se is not
sufficient to trigger cell cycle entry nor does it potentiate the
proliferative response induced by mitogenic signals.

Experimental procedures
Animal experimentation

Animals were handled in accordance with European and
Spanish guidelines for animal welfare and with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol
was approved by the Ethics Committee of Animal Experi-
ments of our institutional committees (project numbers
PROEX 042/18 and PROEX 107.8/23). Neonates were used in
our experiments with no consideration of sex. Only male mice
were used for in vivo experiments.

Adeno-associated virus production

Different TEVp constructs were expressed in adeno-
associated virus (AAV) under the control of the CMV
promoter. Specifically, AAV-compatible vectors CMV-
mCherry-TEV and CMV-Tomato-TEV were from Addgene
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(#58868 and #58872, respectively). Plasmids CMV-GFP-
uTEV3 and CMV-mCherry-uTEV3 encoding an improved
TEVp variant were produced by us and can be obtained from
Addgene (#234320 and #238000, respectively) (31). AAV
plasmid encoding for Yap5SA was kindly donated by the
group of Eldad Tzahor, whereas the AAV plasmid encoding
for c-Myc overexpression under CMV promoter was designed
and constructed using VectorBuilder design studio. Produc-
tion and quantification of AAV serotype 6, AAV serotype 9,
and AAV-MYO (45) particles have been described elsewhere
(28, 33). Titers are reported as viral genomes per milliliter (vg/
ml).

Cardiomyocyte isolation and infection

Neonatal mouse cardiomyocytes were isolated from WT
and TEVs-TTN mice. Dissected hearts from neonatal (P1-3)
were minced with a scissor in cold Hanks” Balanced Salt So-
lution and dissociated using the Pierce Primary Car-
diomyocyte Isolation Kit (Thermo Fisher ScientificPierce,
88281) in 0.21 ml enzyme mix/heart in a 2 ml reaction tube
for 20 min at 37 °C with occasional gentle shaking. The pellet
was centrifuged, washed twice with Hanks’ Balanced Salt
Solution, and resuspended in 0.5 ml cardiomyocyte medium
(Dulbecco’s Modified Eagle Medium for Primary Cell Isola-
tion containing 10% heat-inactivated Fetal Bovine Serum and
1% penicillin/streptomycin) per heart and plated onto Mat-
Tek dishes covered with matrigel solution (Thermo Fisher
Scientific, 11553620). Cardiomyocytes were infected over-
night with AAV6-expressing TEVp, AAV9-expressing
Yap5SA (36), and AAV9-expressing c-Myc (37) constructs
24 to 48 h after plating (at a multiplicity of infection of
500,000).

Mice systemic injections and cardiac tissue processing

WT and homozygous TEVs-TTN mice were injected with
AAVMYO viral particles or 100 pl PBS, 0.001% pluronic acid
via the tail vein. The mice were randomly injected to avoid
differences arising from the skill of the researcher to inject.
Mice were then returned to their breeding cages until sac-
rifice by CO2 inhalation 6 dpi. Upon sacrifice, the heart
together with the ascending aorta and pulmonary trunk were
dissected out. The ascending aorta, from the sinotubular
junction to the branching of the brachiocephalic artery and
atrial myocardium were excised and discarded. Transverse
ventricular samples were obtained, and the upper region of
both ventricles was fixed in 4% paraformaldehyde (PFA4%)
overnight at 4 °C.

Cardiomyocyte live imaging

Isolated cardiomyocytes seeded in p35 culture plates
(Mattek, P35G-0-10-C) were used for live imaging. After 2, 5,
8, and 12 dpis, the culture media were replaced by DMEM
without phenol red (Gibco, 31053028) containing 10% heat-
inactivated FBS and 1% penicillin/streptomycin. Time-lapse
imaging was performed at 37 °C and 5% CO, using a Plan
Apo A 20x/0.75 objective in a Nikon ECLIPSE Ti
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epifluorescence microscope coupled to an Orca ER Hama-
matsu CCD camera. GFP-TEVp expression was quantified by
capturing native green fluorescence.

Quantification of titin cleavage

2 x 10 (6) cardiomyocytes were seeded in p35 culture
plates. Cell lysates were obtained in 150 pl of sample buffer
(3% SDS, 50 mM Tris—Cl pH 6.8) supplemented with
50 mM N-ethylmaleimide (Sigma-Aldrich, E3876) and pro-
tease inhibitor Cocktail Set III (Millipore). Samples were
diluted in 0.06% bromophenol blue and 10% glycerol and run
on 1.8% polyacrylamide SDS-PAGE gels. Titin proteins were
visualized by SYPRO Ruby staining (Thermo Fisher Scientific,
$21900) and relative band intensities were measured using
QuantityOne Software.

Immunocytochemistry and immunohistochemistry

Neonatal cardiomyocytes were fixed with 4% (v/v) PFA at
room temperature (RT) for 10 min, permeabilized with 0.2%
(v/v) Triton X-100 (Sigma-Aldrich) in 1% (w/v) Bovine Serum
Albumin (BSA) (Sigma-Aldrich) for 5 min, and blocked in SB
buffer (PBS containing 10% FBS and 1.5% BSA) for 1 h at RT.
Following incubation with primary antibodies at 4 °C over-
night, samples were incubated with secondary antibodies and
5 ug/ml 4/,6-diamidino-2-phenylindole dihydrochloride
(DAPI) to mark the location of the nuclei at RT for 1 h (an-
tibodies are reported in Table S1). Fluoromont G (bioNova,
0100-01) was used as mounting medium and allowed to cure
overnight. Images were taken using confocal microscope Zeiss
LSM700 with Plan-Apochromat 40x/1.3 Oil DIC MZ27.
Regarding myocardial samples, ventricles were fixed in PFA
overnight at 4 °C. After washing in PBS, the tissue was sub-
sequently treated with 10% and 30% sucrose, embedded in
optimum cutting temperature (Tissue-Tek Compound 4583,
Sakura), and sectioned at 8 um with a cryostat (Leica).
Transverse sections of the middle portion of each segment
were permeabilized with 0.3% Triton X-100 in PBS and
blocked in SB buffer. Sections were first incubated with anti
Ki67 at 4 °C overnight and after washing, they were incubated
with the anti- rat IgG -Alexa Fluor 555 Plus and wheat germ
agglutinin at RT for 1.5 h (Table S1). After the secondary
antibody incubation, sections were stained with DAPI
Mowiol 4-88 (Sigma-Aldrich) was used as mounting medium
and allowed to cure overnight. Images were taken using
confocal microscope Nikon A1R with a Plan Apo 40x/1.3 Oil
objective.

Image analysis

We used Fiji platform (46) and custom script plugins. To
measure GFP-TEVp levels, cardiomyocytes were identified
using sarcomere markers and were segmented manually.
GEFP-positive cells were counted, and regions containing
green fluorescent cardiomyocytes were selected to measure
GFP intensity. Sarcomere organization was estimated
measuring anisotropy of T12 signal using FibrilTool (47).
Only cardiomyocytes showing T12 staining were used in the
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analysis of cell cycle markers in vitro. Binucleated car-
diomyocytes were quantified based on the presence of double
DAPI positive nuclei in manually segmented cells, using
connexin 43 as a membrane marker. For TEVs-TTN-TEVp,
which exhibit a reduction in connexin 43, cell segmentation
is facilitated because cells have less intimate contacts with
their neighbors (33). Ki67-positive cardiomyocytes in the
myocardium were quantified using a custom script plugin
building on the Cellpose plugin (48) for general cellular seg-
mentation based on the wheat germ agglutinin membrane
marker and the Stardist plugin (49) for nuclear segmentation.
Cellular area larger than 50 m? was used to quantify positive
cardiomyocytes in transversal section. The quantification of
Ki67-positive cardiomyocytes according to cTEVs signal was
done manually.

Cardiomyocytes metabolic activity

Cardiomyocyte viability was examined using the MTT
assay (Roche, 11465007001). Briefly, neonatal cardiomyocytes
were seeded on 96-well plates (Mattek, P96G-1.5-5-F). At 5
dpi, cell medium was replaced by DMEM without phenol red
(Gibco, 31053028) and 0.5 mg/ml MTT was added. Cells were
incubated at 37 °C and 5% CO2 for 4 h. Next, solubilization
buffer (10% SDS in 0.01 M HCI) was added to the cells and
used to solubilize formazan crystals. Absorbance was deter-
mined using a spectrophotometer (SPECTROstar Nano
Microplate Reader, BMG LABTECH) at 570 nm and back-
ground absorbance at 690 nm was subtracted. Final absor-
bance signal is proportional to the number of metabolically
active cells. Cells exposed to 1 mM hydrogen peroxide (H,O,)
were taken as control, nonviable samples.

TUNEL assay in neonatal cardiomyocytes

Apoptotic damage was examined using a TUNEL assay kit
following the recommendations of the provider (Roche,
11684795910). Briefly, neonatal cardiomyocytes were cultured
on 24-well plates (Mattek, P24G-1.5-13-F). At 5 dpi, the cells
were fixed with PFA for 10 min, permeabilized with 0.2% (v/v)
Triton X-100 in 1% (w/v) BSA for 5 min. Treatment with
1 ng/ml DNase I before incubation with enzyme solution
(TdT) served as positive control. As negative control, samples
incubated with Label Solution (fluorescein-dUTP) alone were
used. Fluorescent images were acquired using a Zeiss LSM700
confocal microscope with Plan-Apochromat 40x/1.3 Oil DIC
M27 objective.

Beating analysis using MYOCYTER

Short videos of spontaneously beating single car-
diomyocytes, lasting 14.26 s at 33.3 frames per second, were
analyzed from 10 to 20 beating cardiomyocytes. MYOCYTER,
an open-source macro for Image], was used to determine
contraction parameters (50). The macro measures contrac-
tion from the image differences between the resting state
(reference image) and the subsequent frames. Peak times were
estimated at 20% amplitude.
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EdU assay

Nuclear EdU incorporation was used to evaluate cellular
proliferation. EAU assays were performed with the Click-iT
Plus EdU Alexa Fluor 647 Imaging Kit according to the
manufacturer’s protocol (Thermo Fisher Scientific). EAU was
added to cardiomyocyte cultures 3 h before cell fixation ac-
cording to the manufacturer’s protocol.

Statistical analysis

In all figures, measurements are reported as mean + SD
or + SEM. The number of independent experiments is spec-
ified in the figure legends. In the case of in vitro experiments,
N represents the number of independent cardiomyocyte iso-
lations, while technical replicates correspond to wells with
independent infections. Statistical significance was evaluated
using GraphPad Prism 10. Unpaired Student’s two-sided ¢ test
were used to assess statistically significant differences between
groups. Differences were considered statistically significant at
p < 0.05. Nonsignificant differences are indicated as “ns”.

Data availability

The data relating to this article are available in the article
itself or in its Supplementary material online. The beating
analysis data are available upon reasonable request to the
corresponding authors.

Supporting information—This article contains supporting infor-
mation (31, 32).
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