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Telethonin Deficiency Is Associated With Maladaptation to
Biomechanical Stress in the Mammalian Heart

Ralph Knoll, Wolfgang A. Linke, Peijian Zou, Snjezana Mioci¢, Sawa Kostin,
Byambajav Buyandelger, Ching-Hsin Ku, Stefan Neef, Monika Bug, Katrin Schifer, Gudrun Knéll,
Leanne E. Felkin, Johannes Wessels, Karl Toischer, Franz Hagn, Horst Kessler, Michael Didié,
Thomas Quentin, Lars S. Maier, Nils Teucher, Bernhard Unso6ld, Albrecht Schmidt, Emma J. Birks,
Sylvia Gunkel, Patrick Lang, Henk Granzier, Wolfram-Hubertus Zimmermann, Loren J. Field,
Georgine Faulkner, Matthias Dobbelstein, Paul J.R. Barton, Michael Sattler,

Matthias Wilmanns, Kenneth R. Chien

Rationale: Telethonin (also known as fitin-cap or t-cap) is a 19-kDa Z-disk protein with a unique $-sheet structure,
hypothesized to assemble in a palindromic way with the N-terminal portion of titin and to constitute a
signalosome participating in the process of cardiomechanosensing. In addition, a variety of telethonin mutations
are associated with the development of several different diseases; however, little is known about the underlying
molecular mechanisms and telethonin’s in vivo function.

Objective: Here we aim to investigate the role of telethonin in vivo and to identify molecular mechanisms
underlying disease as a result of its mutation.

Methods and Results: By using a variety of different genetically altered animal models and biophysical
experiments we show that contrary to previous views, telethonin is not an indispensable component of the
titin-anchoring system, nor is deletion of the gene or cardiac specific overexpression associated with a
spontaneous cardiac phenotype. Rather, additional titin-anchorage sites, such as actin—titin cross-links via
«a-actinin, are sufficient to maintain Z-disk stability despite the loss of telethonin. We demonstrate that a main
novel function of telethonin is to modulate the turnover of the proapoptotic tumor suppressor p53 after
biomechanical stress in the nuclear compartment, thus linking telethonin, a protein well known to be present at
the Z-disk, directly to apoptosis (‘“mechanoptosis”). In addition, loss of telethonin mRNA and nuclear
accumulation of this protein is associated with human heart failure, an effect that may contribute to enhanced
rates of apoptosis found in these hearts.

Conclusions: Telethonin knockout mice do not reveal defective heart development or heart function under basal
conditions, but develop heart failure following biomechanical stress, owing at least in part to apoptosis of
cardiomyocytes, an effect that may also play a role in human heart failure. (Circ Res. 2011;109:758-769.)
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he heart is a dynamic organ capable of self-adaptation to
mechanical demands, but the underlying molecular
mechanisms remain poorly understood. We have previously
shown that the sarcomeric Z-disk, which serves as an impor-
tant anchorage site for titin and actin molecules, not only is
important for mechanical force transduction but also harbors
a pivotal mechanosensitive signalosome in which muscle
LIM protein (MLP) and telethonin play major roles in the
perception of mechanical stimuli.'-> Here we focus on tele-
thonin, a striated-muscle-specific protein with a unique
B-sheet structure (and no direct homologue genes), enabling
it to bind in an antiparallel (2:1) sandwich complex to the titin
Z1-72 domains, essentially “gluing” together the N-termini
of 2 adjacent titin molecules.* Interestingly, the telethonin—
titin interaction represents the strongest protein—protein inter-
action observed to date.> Besides being phosphorylated by
protein kinase D,° telethonin is also an in vitro substrate of the
titin kinase, an interaction thought to be critical during
myofibril growth.” The giant elastic protein titin extends
across half the length of a sarcomere and is thought to
stabilize sarcomere assembly by serving as a scaffold to
which other contractile, regulatory, and structural proteins
attach.®
Telethonin was shown to interact with MLP, hypothesized
to be part of a macromolecular mechanosensor complex and
to play a role in a subset of human cardiomyopathies.? In this
context, telethonin interacts with calsarcin-1 (also known as
FATZ-2 or myozenin-2, a gene recently shown to cause
cardiomyopathy®), ankyrin repeat protein 2, small ankyrin-1
(a transmembrane protein of the sarcoplasmic reticulum),'®
and minK (a potassium channel 8 subunit).''-'# In addition,
telethonin was shown to interact with MDM2'> and
MuRF1,'¢ E3 ubiquitin ligases with strong impact on cardiac
protein turnover as well as with the proapoptotic protein
Siva.!” Recessive nonsense mutations in the telethonin gene
are associated with limb-girdle muscular dystrophy type 2
G'8-20 and heterozygous missense mutations with dilated and
hypertrophic forms of cardiomyopathy’-2!22 as well as with
intestinal pseudo-obstruction.?® Interestingly, a naturally oc-
curring telethonin variant that has a Glul3 deletion (E13del
telethonin) was initially found in patients affected by hyper-
trophic cardiomyopathy?! and then later in healthy, unaf-
fected individuals.?*2> However, the molecular consequences
of the El3del variant, especially on the telethonin-titin
interaction, as well as telethonin mediated pathways in
general remain unclear.

Methods

Please see also the detailed methods description in the Online
Supplemental material, available at http://circres.ahajournals.org.

Sarcomere Stretch and Titin Localization
Myofibrils were prepared from telethonin-deficient or wildtype
tissue as described previously.2°

In Vitro Protein Interaction Assay

7172 titin, MLP, telethonin, and its mutants were expressed and
purified as previously described.?” Z1Z2-telethonin complexes were
formed and analyzed on native gels and gel filtration columns as
previously described.*27

Knoll et al Telethonin Deficiency 759
Non-Standard Abbreviations and Acronyms
a-MHC alpha myosin heavy chain
B-MHC beta myosin heavy chain
ANF atrial natriuretic factor
BNP brain natriuretic peptide
dn dominant negative
NLS nuclear localization sequence
P53DBD p53 DNA binding domain
SERCA sarcoplasmic reticulum ATPase

NMR Spectroscopy

U-H,'N-labeled p53DBD for NMR studies was prepared using
M9-medium supplemented with 1g/L '"NH,Cl, 2g/L. *H,"*C glucose
in 99.9% D,O (Eurisotop, Saarbriicken, Germany). Nuclear mag-
netic resonance (NMR) experiments were done at 293K on a Bruker
Avance900 spectrometer (Bruker Biospin, Rheinstetten, Germany).

Antibodies

In the current project we used 2 different antitelethonin antibodies: a
mouse antitelethonin polyclonal antibody raised against a recombi-
nant His-tagged human full-length telethonin (Western blots, im-
mune precipitations, mouse heart, and human heart sections) and a
rat polyclonal antitelethonin antibody (immunofluorescence in neo-
natal rat cardiac myocytes). Both the mouse and rat antibodies to
human telethonin were produced by immunizing, respectively,
Balb/C mice or LOU/Nmir rats with purified recombinant full-length
telethonin protein (1 to 167 aa), and their specificity was checked by
their ability to detect telethonin on Western blots of human heart and
skeletal muscle protein. Anti-Z1Z2 titin antibody was a kind gift of
Prof. S. Labeit. We used as well p21WAF1 EA10 (Calbiochem),
Mdm?2 2A9 and 2A10, myc 4A6 (Upstate) and actin AC15 (Abcam),
antip53 (DO-1, FL 393, Santa Cruz), and mouse monoclonal p53
(1C12, Cell signaling), mouse monoclonal anti a-actinin (Sigma),
and phalloidin conjugated Alexa 350 antibody. The secondary
antibodies used were Alexa-abeled 633 antirat, Alexa-labeled 488
antirabbit, and Alexa-labeled 488 antimouse (Invitrogen) antibody
(please see also the Online Supplemental Material for
additional information).

Statistics

All animals used in the experiments were matched on age and sex.
All assays were analyzed in “double-blind” fashion. T tests were
used to analyze differences in echocardiography (n=8 to 9 animals
per group) and for the analysis of Z-disks following sarcomere
stretch. Whenever more than 2 groups were compared, analysis of
variance (ANOVA) tests followed by Bonferroni’s Multiple Com-
parison test were applied. Statistical significance was reached
at P<0.05.

Results

To be able to perform a detailed functional analysis of cardiac
performance, we generated telethonin-deficient mice by ho-
mologous recombination, replacing exons 1 and 2 with a Lac
Z-neomycin cassette (Figure 1). Using this approach, tele-
thonin was found to be transcribed as early as embryonic day
10.5 (not shown). Telethonin is a late-in protein; as such, it is
not a surprise that telethonin-deficient mice are born in the
expected Mendelian ratios and that this protein is apparently
not required during heart development.?3-2°

In contrast to recently published zebrafish and xenopus
knock-down models3?-3! as well as what was expected on the
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Figure 1. Generation of telethonin™/~ animals.

A, General strategy for gene targeting. The gene
for telethonin is encoded by 2 exons; restriction
sites are indicated. The gene was replaced by a
LacZ/Neomycin cassette (targeting construct is
indicated). B, Southern hybridization of embryonic
stem cells (left panel: different stem cell lines
marked 1 to 6) as well as of resulting animals
(right panel: different animals marked A-K). C,
Telethonin MRNA expression, analyzed by North-
ern blot (upper row), as well as protein expres-
sion, analyzed by Western blotting, indicates that
telethonin /"~ results in a “true null allele.”

wt, wt, het, het, het, het, -/-, -/-, -/-

,....*—--—

19kDa =

basis of the available knowledge, the analysis of myocardial
function by echocardiography (Online Table I) as well as by
in vivo heart catheterization using 3- to 4-month-old tele-
thonin '~ mice under basic conditions did not reveal any
abnormal parameters. Histological analysis of the spontane-
ous cardiac phenotype of telethonin /~ mice revealed no
alterations, including the amount of extracellular matrix
deposition, (see next paragraph), and changes in titin—isoform
composition that could be excluded on the basis of gel
electrophoresis (Online Figure I). Epifluorescence experi-
ments showed unaltered global intracellular Ca®" handling
(Online Figure II) and immunohistochemistry as well as
immunogold electron microscopy did not reveal any defects
in telethonin-deficient Z-disks (Online Figure III).
Telethonin was shown to interact directly with the potas-
sium channel subunit minK,!* as well as with different
sodium channels such as SCN5A?3; as a consequence, we
performed extensive analyses of electrocardiograms (ECG) in
vivo as well as patch-clamp experiments in vitro, but did not
find any significant differences in ECG parameters such as
PQ interval, QRS width, QT interval, or action-potential
repolarization between control littermates and telethonin-
deficient animals, without any occurrence of early or delayed
after depolarizations in either group. The telethonin—minK or
telethonin—~SCNSA interaction may thus have little physio-
logical relevance in the heart, at least in the mouse model
(Online Figure IV). This remarkable mild cardiac phenotype
despite loss of telethonin is supported by another recently
published study of telethonin knock-out mouse, in which the

same approach has been used to inactivate telethonin (ie,
exons 1 and 2 have been replaced by a Lac Z neomycin
cassette) and in which the skeletal muscle phenotype has been
analyzed but almost no pathology has been detected under
spontaneous conditions.3?

Telethonin was shown to interact with the N-terminal
Z172 titin and, as such, might have an important function in
mechanically linking 2 titin molecules together.* Again,
surprisingly from what we expected, a stretch of single
isolated myofibrils obtained from telethonin /" heart or
skeletal muscle did not cause any changes in Z-disk archi-
tecture or displacement of the titin N-terminus from the
Z-disk, even when the sarcomeres were extended stepwise to
(unphysiological) lengths of >3.2 um to reach very high
passive forces of tens of mN/mm? (Figure 2A and 2B). In
contrast, compromised anchorage of the titin N-terminus was
observed after removal of actin from cardiac sarcomeres
(using a Ca’>*-independent gelsolin fragment26), suggesting
that telethonin is mechanically relevant only when there is
additional disturbance of the Z-disk (Figure 2A and 2B), such
as impairment of the «-actinin-mediated titin—actin
cross-links.

Moreover, we reconstituted in vitro a complex consisting
of telethonin and the N-terminal (Z1-Z2) titin domains and
analyzed the effects of different human telethonin mutations
on this complex formation. In contrast to several point
mutations tested previously,* the E13del variant, which be-
cause of its presence in healthy unaffected individuals has
been regarded as a polymorphism?+2°> rather than a disease-

Downloaded from http://circres.ahajournals.org/ at Technische Universitaet Muenchen on October 26, 2011


http://circres.ahajournals.org/

Knoll et al

Telethonin Deficiency

761

A S sk B s Z1Z2 wt AE13 E13AE13R E13W
® --r--Max
- - - g ] A TR
wr pe g° p LA TR C
[+ » .+ KIS g L A .
KO — 17> NN TA
> 1 |
] /] \ J&
Skeletal intact © 06"‘) é\"‘f Py %\\“‘{o D
W W W W opC Distance (um)
K
)
Cardiac no actin 20 [ L~ ' b
i = /
. pc * - Y } |
wr B - E , ‘. ' (vd 4
> 2 s v/
. - pc = o o s §
— | 1
KO 3 é 10 4 F WT
2122 w P E13R
05 -~
v KOintact © KO no actin
g ¢ ¢+ N v Wrinaa o Wrno s
z122 0.0 *+————r—1 3
— Sarcomere length (um) \
158 67 44 17 1.35 (kDa)
. | | | c
0 s 10 15 (mh)
H Diastolic diameter Endsystolic diameter Fractional shortening
51 * 49 - *
—_— B —
= e .L
£ E &
£ 4 T X
£ T %’ 21 o -I—
T 3 £ 1
2 £ 2
K] o
- 4 % »)
24 = ©
2 =
2, 2
i S 11 S 104
] 2 2

WT (n=8)
het(n=8)

Septum width (mm) Diastolic diameter

Calculated Left ventricular mass /
Septum width left ventricular mass body mass
1.2 4 200 *% **
 J— N—
84
1.0 4 T T e
o 150
08 £ L N 1
S =
0e = 100 u\)‘
: F § .
L =
0.4 4 §
N>
& o & ~ 24 F~ ~
02 (2] |8 g2 fE
— - — - - -
| [2 2| |2 | (2

0.0

0

WT (n=8)
het(n=8)

0

Figure 2. Probing functional consequences of telethonin deficiency at the subcellular and organismic levels. A and B, Myofibrils
were isolated from either wildtype (WT) or homozygous telethonin-deficient (KO) mouse hearts and stretched to a desired sarcomere
length (SL) under nonactivating conditions. Then, myofibrils were stained with an antibody to the telethonin-binding titin domains,
Z1-Z2, and the secondary ones labeled using FITC-conjugated IgG. A, Phase-contrast (pc) and immunofluorescence (Z1Z2) images of
stretched myofibrils from cardiac muscle before actin extraction; telethonin-deficient skeletal muscle; and cardiac muscle after actin
extraction using a Ca?*-independent gelsolin fragment (shown are myofibrils at 2 different stretch states). Scale bar, 2 um. B, (top)
Quantitation of the broadness of the titin label in the Z-disk by determining the full width at half-maximum (FWHM) peak height on
intensity profiles along the myofibril axis. (bottom) Average widths of Z1Z2-titin label in WT and KO cardiac myofibrils at different SLs,
before and after actin extraction. Data are means + SD (n=3 to 6). *P<<0.05 in Student t test. C, Pull-down with MLP. N-terminus of
titin (Z1Z2, used as a control), Tel (1 to 90), Tel (1 to 90, dE13), Tel (1 to 90, E13A), Tel (1 to 90, E13R), and Tel (1 to 90, E13W) were
incubated with a recombinant GST-MLP fusion protein and pulled down with glutathione-sepharose 4B beads (anti-GST antibody anti-
rabbit, Pharmacia Biotech, Sweden). D, Pull-down with Z1Z2. Same experiment as in C, except that instead of MLP an H-tagged
N-terminus of titin Z1Z2 was used (pull down with Ni?*-NTA beads (QIAGEN, Germany), blot with antibody against telethonin). E,

Native PAGE analysis of titin/telethonin complexes formed from telethonin and its mutants with Z1Z2. On the native gel, only the Z1Z22-
telethonin complex and Z1Z2 were visible. F, Analysis of the Z1Z2-telethonin complex formation by size exclusion chromatography in
combination with static light scattering. The complexes were loaded onto a sephadex column, molecular masses were calculated to be
28.0 (Z1Z2) and 55.4 (Z1Z2-telethonin complex) kDa. G, Structure of the telethonin-titin Z1-Z2 complex, the arrow indicates glutamate
13 (E13), important for stabilizing the B-hairpin structure. H, Functional analysis of telethonin deficiency in vivo: 2 to 3 weeks after
transverse aortic constriction (TAC), telethonin™/~ animals developed a defect in myocardial function (increased end-systolic and end-
diastolic diameters, decrease in fractional shortening as well as increased left ventricular mass [LVM] and LVM per body mass
[*P<0.05, **P<0.01], error bars indicate standard error of the mean [SEM]).
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Figure 3. Telethonin—analysis of fibrosis, apoptosis, and p53. A, Wildtype (WT) and telethonin knockout (KO) hearts were analyzed for the
presence of fibrosis (masson trichrome stain) without intervention and after transverse aortic constriction (TAC). Telethonin transgenic animals did
not develop any significant increase in fibrosis. B, Quantification of fibrosis; note the significant increase in fibrosis in the telethonin-deficient animals
(without intervention [solid bars] and after TAC [open bars]; error bars indicate standard deviation [SD]). C, Wildtype (WT) and telethonin knockout
(KO) hearts were analyzed for the presence of apoptosis without intervention and after transverse aortic constriction (TAC). D, Quantification of apo-
ptosis; note the significant increase in apoptosis in the telethonin-deficient animals (without intervention [solid bars] and after TAC [open bars];
error bars indicate standard deviation [SD]). E, Western blot analysis of p53 expression in hearts of telethonin knockout as well as corresponding
wildtype litter mate control hearts. Equal loading of the membrane has been confirmed by GAPDH gene expression. Note the significant increase in
p53 expression in the telethonin™/~ animals. F, Quantification of p53 protein expression. Data have been normalized to GAPDH. Note the significant
increase in p53 expression in the telethonin ™~ animals (=4 animals per group; open bars: wildtype animals; solid bars: telethonin™/~ animals.
*P<0.05; error bars indicate standard deviation [SD]). G, Relative levels of p21 mRNA transcripts in left ventricles. We used hearts obtained from
WT and telethonin™~ mice subjected to TAC for 3 weeks and analyzed mRNA expression by quantitative real-time PCR. Note the significant
increase in p21 gene expression, which is a p53 target gene (open bars: wildtype animals [1=5]; solid bars: telethonin™~ animals [n=12]. *P<0.05

against WT-TAGC; error bars indicate standard deviation [SD]).

causing mutation,?! lost the ability to bind the titin
N-terminus (Figure 3E through 3H). Consistent with previous
data,* the deletion of this residue in telethonin leads to a loss
of proper formation of the telethonin B-hairpin structure,
which forms the basis for the titin binding. Given the
available information on heterozygous and homozygous tele-
thonin deficiency reported here and the fact that heterozygous
loss of telethonin is not associated with any phenotype
(Figure 3H), one possible conclusion is that E13del telethonin
is probably a harmless, naturally occurring variant unable to

bind titin, hence supporting our view that telethonin, at least
in mammals, performs no important structural functions.
However, additional effects of the E13del telethonin variant
cannot be excluded, and homozygous patients have not been
reported.

The fulminant defects observed after actin removal in the
myofibril stretch experiments led us to increase the biome-
chanical load under in vivo conditions by transverse aortic
constriction (TAC). Two to 3 weeks after this intervention,
telethonin /~ animals developed maladaptive cardiac hyper-
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Figure 4. Analysis of telethonin/p53 colocalization. A through
D, Representative confocal micrographs showing nuclear localiza-
tion of p53 in wildtype (WT) (A) and telethonin knockout hearts (B)
after TAC. Telethonin and p53 localization has also been analyzed
under spontaneous conditions (C); the control panel is provided
under D. Note that telethonin is not detectable in telethonin-
deficient hearts, and in telethonin-deficient animals, just a very few
nuclei having an apparent tendency to be positive for p53 were
observed (boxed regions). However, this phenomenon was so rare
that it does not differ substantially from WT sham-operated mice.
clei after TAC, where it colocalizes with p53. Inserts are higher magni-

fications of the boxed regions (p53 in red, DAPI [nuclear staining] in blue, telethonin or a-actinin in green mark cardiomyocytes). E, It is

also evident that p53 nuclear expression levels are much higher i
**P<0.005; error bars indicate standard deviation [SD]).

trophy and severe heart failure as judged by clinical signs and
echocardiography (Figure 3H).

Moreover, we found an increase in focal fibrosis as well
as a significant increase in TUNEL positive cells in the
telethonin /~ animals following the TAC intervention
pointing to apoptosis as a possible cause of cell death
(Figure 2A through 2D). A detailed analysis revealed that
primarily cardiac myocytes were TUNEL positive, and
gene expression analysis revealed differential expression
of several genes involved in the apoptotic pathway (Online
Figures V and VI).

n telethonin knockout mice than in wildtype mice after TAC (graph;

Cardiac apoptosis can be efficiently induced by the tumor
suppressor gene product p53,33 a protein known to be
polyubiquitinylated and marked for degradation by the E3
ubiquitin ligase MDM2.34+ Western blot analysis revealed
increased p53 levels in the telethonin ™/~ animals following
TAC (Figure 2E and 2F), whereas the apoptosis repressor
with caspase recruitment domain (ARC)—another important
heart specific survival factor—remained unchanged (not
shown). We also found significant increases in p21 and
Caspase 8 mRNA expression, both of which are p53 target
genes (Figure 2G, Online Figure VI), and a significant
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Figure 5. Telethonin/p53 interaction. A, After 48 hours of silencing with siRNA telethonin, neonatal rat cardiomyocytes were incu-
bated with doxorubicin (1 umol/L) for the next 18 hours. The cells were harvested and whole-cell extracts were used for Western blot
analysis. Membranes were probed with mouse polyclonal telethonin as well as with rabbit polyclonal p53 antibodies (Santa Cruz).
GAPDH was used as a loading control. Please note the strong induction of p53 when telethonin is knocked down. B, U20S cells were
transfected with myc-telethonin and treated with nutlin-3. Cells were harvested 36 hours posttransfection in RIPA buffer. Cell lysates
were used for Western blot analysis. *Unspecific signal. C, Interaction between telethonin and p53. This interaction was detected in
U20S cells between endogenous p53 and transfected HA-tagged telethonin in the presence of Nutlin (8 umol/L). The IP samples were
subjected to SDS-PAGE and blotted and the blot probed with antip53 monoclonal antibody (DO-1, Santa Cruz). Lane 1: U20S cells
transfected with empty plasmid; IP was performed with anti-HA antibody. Lane 2: telethonin transfected U20S cells; IP was performed
with anti-HA antibody. D, Pulldown and complex purification of full-length p53-telethonin complexes. Left: Pull-down experiment using
His6-Z-tagged wild type and E13del mutant telethonin and empty His6-Z-tagged vector as a control. Protein complexes were eluted
from a Ni-NTA column and analyzed by SDS-PAGE electrophoresis followed by transfer to nitrocellulose membrane. The presence of
p53 protein was detected by anti-p53 antibody staining. Right: The elution peaks of complexes formed with wild type or E13del tele-
thonin were analyzed on native PAGE (upper panel) and SDS-PAGE (lower panel). E, Telethonin wildtype or E13del mutant form a
complex with the DNA-binding domain of p53 (p53DBD). The complex was separated using size-exclusion chromatography (Superdex
200), and the molecular weight was measured by static light scattering. F, Interaction between p53 DNA-binding domain (DBD) and
telethonin. Top panel: Superposition of 'H,’>N TROSY experiments of 50 umol/L "®N-labeled p53DBD (black) and the complex of
2H,"5N p53DBD and telethonin (red) recorded at 900 MHz proton frequency. Some signals within p53DBD experience substantial line
broadening in the complex (red). The signals of many other amino acid residues show chemical shift perturbations on complex forma-
tion (black). Bottom panel: CSP values mapped onto the structure of p53DBD. Significantly affected residues are labeled and cluster
to one side of the B-barrel region of p53DBD. The p53 DNA-binding region consisting of helix 1 and 2 (H1, H2) and loop 3 (L3) is indi-
cated. Color coding: yellow to red, above mean value plus one standard deviation; red, above mean value plus 2 standard deviations
(see also middle panel). G, Fluorescence polarization of 0.5 umol/L fluorescein-labeled p53DBD on the addition of telethonin in

10 mmol/L sodium phosphate pH7.2, 1 mmol/L TCEP. Fitting to an apparent 1-site binding model (red line) yields a dissociation con-
stant of 2.2+0.2 umol/L. Three individual measurements were performed for error estimation.
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increase in nuclear p53 (Figure 4), supporting the finding of
enhanced p53 protein levels.

Interestingly, myostatin has been implicated in the regula-
tion of p53 and p21 expression; it is a negative regulator of
cardiac growth3>-3% and is upregulated under stress.?*—4!
Moreover, myostatin has also been associated with fibrosis.*>
Most important, telethonin has been shown previously to
interact with myostatin and to inhibit its expression.** Thus
myostatin might be able to cause the observed effects, but we
did not detect any significant changes in myostatin mRNA or
protein expression (Online Figures VII and VIII).

We also performed in vitro experiments in neonatal rat
cardiomyocytes, in which we knocked down telethonin and
found a strong induction of p53 after additional doxorubicin
treatment (a drug known to cause oxidative cellular stress and
to induce stress-responsive genes**; Figure 5A). In addition,
we found evidence of telethonin being present in the nuclei of
neonatal rat cardiomyocytes at early stages of culture (up to
2 days after plating; not shown).

Transient overexpression of telethonin in U20S cells led to
a strong downregulation of endogenous p53 (Figure 5B, lane
2 versus lane 4). These effects were not observed in the
presence of nutlin-3, a compound preventing the interaction
between p53 and MDM2, suggesting that MDM?2 is required
for the effects of telethonin on p53 degradation. Accordingly,
expression of classical p53-responsive genes, p21 and
MDM?2, were suppressed owing to the diminished p53 levels.
This prompted us to investigate the underlying molecular
mechanism in more detail, and we found direct interaction of
telethonin and MDM2 by coimmunoprecipitation assays (On-
line Figure IX), supporting earlier observations by Tian and
coworkers.'> In addition, a direct interaction of p53 and
telethonin was detectable by coimmunoprecipitation experi-
ments (Figure 5C) as well as pull-down assays (Figure 5D).
Native and SDS-PAGE gel electrophoresis indicated the
formation of a high-molecular weight complex (=150 kDa)
between full-length telethonin (wildtype and E13del) and
full-length p53 in vitro (Figure 5D, right panels).

Static light scattering and NMR analysis additionally
showed that the interaction involves the p53 DNA-binding
domain (pS3DBD). Static light scattering indicated a molec-
ular weight of 163 kDa for this complex, suggesting that it
might consist of multiple telethonin and pS3DBD molecules
(Figure 5E). NMR spectroscopy further confirms that the
telethonin interaction involves the p53DBD (Figure SF).
NMR chemical shift differences between the free and
telethonin-bound p53DBD reveal that telethonin contacts the
B-sheet of p53DBD, at a site that is remote from the
DNA-binding interface (Figure S5F, Online Figure X). Fluo-
rescence polarization (FP) experiments (Figure 5G) and
surface plasmon resonance (SPR, Biacore) experiments (On-
line Figure X) show that the interaction between telethonin
and pS3DBD has a low micromolar dissociation constant
(Kp=2.2%£0.2 pmol/L and 0.765%+0.03 wmol/L for FP and
SPR, respectively; Online Figure X). These values are com-
parable to other protein—protein interactions that have been
mapped to pS3DBD.#>-47 It is interesting to note that the
interaction of telethonin with titin (Figure 3G) also preferen-
tially involves the [-sheets of the titin Z1-Z2 domains
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Figure 6. Analysis of the effect of telethonin on p53 in vivo.
A, Schematic diagram of the construct used to generate tele-
thonin transgenic animals. An alpha myosin heavy chain pro-
moter was used for myocardium-specific expression of a FLAG-
tagged mouse telethonin cDNA. Human growth hormone poly A
tail has been used to enhance stability of the transcript. MHC-
telethonin (Tcap)-F and R primers were used for genotyping. B,
Western blot analysis of telethonin and p53 gene expression in
telethonin transgenic (TG) versus wildtype littermate control ani-
mals (nontransgenic, NTG) 2 weeks after transverse aortic con-
striction (TAC). Note the decrease in p53 gene expression in
telethonin transgenic animals. C, Quantification of p53 protein
levels in telethonin transgenic animals. Data are normalized to
GAPDH. Note that telethonin overexpression decreases p53
protein levels (open bars: wildtype animals [n=3]; solid bars:
telethonin transgenic animals [n=3]; *P<0.05; error bars indi-
cate standard deviation [SD]). D, Quantification of p21 mRNA
expression in telethonin transgenic animals. The p21 is an
important target gene of p53, and the decrease in p21 mRNA is
well in accordance with loss of p53 protein expression (open
bars: wildtype animals [n=3];, solid bars: telethonin transgenic
animals [n=3]; *P<0.05; **P<0.01; error bars indicate standard
deviation [SD].

forming intermolecular (-strand contacts. Similar interac-
tions might contribute to the stabilization of the telethonin—
p53DBD complex.

We performed as well a series of F-actin, «-actinin,
telethonin, and p53 colocalization studies and found that p53,
in contrast to the Z-disk localization of telethonin, is not
clearly detectable under spontaneous conditions, neither in
the in vivo setting nor in isolated neonatal rat cardiomyocytes
in vitro (Online Figures XI and XII). However, after biome-
chanical or oxidative stress in vivo, such as TAC (Figure 5),
or doxorubicin treatment in vitro and in vivo (Online Figures
XIII and XIV), we observed a strong induction of p53 in
cardiomyocyte nuclei, which is well in accordance with
previously published data on p53.484° Moreover, under both
stress conditions, telethonin colocalized with p53 in car-
diomyocyte nuclei (Online Figures XIII and XIV). How-
ever, an even stronger increase in p53 nuclear expression
was observed after TAC in telethonin-deficient animals,
supporting the results of our previous Western blot anal-
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Figure 7. Inhibition of p53 and its effect on telethonin deficiency after TAC and implications for human disease. A, Schematic
diagram of the CB7 construct, which encodes the Arg193Pro mutation, a well-known dominant interfering phenotype (ie, dominant
negative [dn] p53).51 These mice have been crossed into the telethonin knockout background resulting in dn p53 / telethonin double
transgenic animals. The numbers refer to p53 exons (gray boxes); 1/2 indicates that a fusion was made between exons 1 and 2. B,
Quantification of apoptosis after transverse aortic constriction (TAC). Note that p53 inhibition in the telethonin knockout background
prevents the increase in apoptosis. Wildtype (n=15), telethonin /= (n=11), telethonin transgenic (n=4), dn p53 (1=13), and dn p53/tele-
thonin double transgenic animals (n=7); error bars indicate standard deviation (SD). C, Quantification of telethonin mRNA by quantita-
tive real-time PCR in ventricular myocardium from normal donor organs (n=8), from end-stage heart failure patients taken at the time of
transplantation (heart failure n=7), and from failing donor organs with EF <30% (n=9). Data are shown as mean = standard deviation
(SD). *P<0.05, **P<0.01 versus donors. D, Analysis of telethonin localization in human hearts. Note that under physiological (no dis-
ease) conditions, telethonin is present at the sarcomeric Z-disk but not in cardiac nuclei (upper panel). In heart failure, telethonin is
less present at the sarcomeric Z-disk and more present in cardiac nuclei (lower panel) (DAPI [nuclear staining] in blue, telethonin in

green).

ysis (Figure 2 and Figure 4). Telethonin/p53 colocalization
was also observed when we transfected neonatal rat
cardiomyocytes in vitro using a GFP—telethonin construct
(Online Figure XV).

On the basis of these data, we assumed that telethonin at
least supports MDM2-mediated p53 degradation. As a con-
sequence we aimed to analyze the effects of telethonin
overexpression on myocardial function under in vivo condi-
tions and generated telethonin transgenic animals. We used
the myocardium-specific alpha myosin heavy chain promoter
and a FLAG-tagged mouse telethonin ¢cDNA (Figure 6).
Again, to our surprise, these animals did not exhibit any
spontaneous phenotype (Online Table II).>® Of note, they
develop less apoptosis as well as less p53 expression in
comparison with wildtype littermate controls after TAC
(Figure 6). The decrease in apoptotic (TUNEL positive) cells
in telethonin transgenic animals is particularly interesting and
might indicate potential protective effects of telethonin
overexpression.

We then assumed that p53 determines the negative out-
come in telethonin-deficient animals following biomechani-

cal stress, and we used a transgenic line overexpressing a
well-characterized dominant negative p53 mutant (ie, the
Argl193Pro mutation)>'2? to inactivate this protein in the
telethonin ™/~ background (Figure 7A). The dnp53/
telethonin '~ double transgenic animals did not develop any
spontaneous phenotype, and they did not exhibit any signif-
icant change in myocardial function following TAC. How-
ever, genetic inhibition of p53 in the telethonin deficient
background significantly inhibited the increase in apoptosis
found after biomechanical stress in telethonin '~ animals
alone (Figure 7B).

In order to study telethonin mRNA expression in the
human heart we analyzed myocardial samples from end-stage
heart failure patients and found significant downregulation in
comparison with normal donor hearts (Figure 7C), as well as
an increase in nuclear telethonin (Figure 7D). This may have
implications for p53 expression and p53-related apoptosis,
both of which have previously been shown to be elevated in
these patients. We also found downregulation of telethonin in
acute donor organ failure, suggesting that this effect is not
restricted to the setting of chronic end-stage failure.
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Discussion

Here we demonstrate a model for which a primary defect in
an integral Z-disk component is not associated with any
cardiac phenotype or functional abnormality under basal
conditions.>® However, pressure overload causes a maladap-
tive response in homozygous telethonin /" hearts, ultimately
leading to global heart failure in vivo. Loss of the p53-ligand
telethonin is associated with an increase in p53 as well as
elevated apoptosis following an increase in afterload, which
is the first description of a Z-disk component to do so.
Moreover, by binding to p53’s DNA-binding domain, tele-
thonin is potentially able to repress the function of this
important transcription factor.

Telethonin, which was shown to be phosphorylated in vitro
by the titin kinase,” does not seem to have a function during
embryonic development in vivo. A recent study>* reported a
defect in C2C12 myoblast differentiation when telethonin
was downregulated by the use of siRNAs. It remains to be
elucidated whether there are differences in vivo and in vitro
or whether the telethonin siRNAs per se exhibit off target
effects that account for the observed differences. In addition,
loss of telethonin in zebrafish or xenopus is associated with a
spontaneous defect’>3'; as such, it will be important to
elucidate in future whether telethonin in mammalian hearts
acquired additional functions during evolution, whether so-
far-unknown telethonin homologue genes are upregulated, or
whether differences in Z-disk structure account for the
observed differences. Our data are generally consistent with a
recent report whereby telethonin binds in an antiparallel (2:1)
sandwich complex to the titin Z1-Z2 domains.* However,
telethonin clearly is not required to stabilize the sarcomere
structure. Instead, telethonin may serve as a pivotal element
in cardiac signaling by controlling apoptosis and cell death
via p53. Our data are compatible with a direct molecular link
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between the sarcomeric Z-disk and cardiac performance, as
well as gene transcription and cell survival (mechanotrans-
criptional coupling, or MTC), although additional data need
to be provided to entirely support such a functional link. It
might well be that Z-disk proteins carry at least 2 different
functions: (1) a structural function that might be dismissible,
particularly in “peripheral” Z-disk proteins, and (2) a regula-
tory function, which as in this case, might be much more
important. One implication of this could be that cardiomyop-
athy and associated heart failure, which can be caused by
mutations in Z-disk components (now regarded as a “hot
spot” for these mutations>3), might be seen as a disease
caused by “defects in cardiac regulation” or of “defects in
mechanotranscriptional coupling.”

In conclusion, this study might change the previous con-
cept of Z-disk structure, which we now suggest to also be a
pivotal node for apoptosis, essentially by linking telethonin to
p53 (Figure 8). In contrast to previous views, telethonin is not
an indispensable component of the cardiac titin anchoring
system, and cardiac-specific telethonin overexpression is not
immediately associated with Z-disk pathology and as such is
compatible with life. Instead, under normal conditions, actin
cross-linking may be sufficient to keep the sarcomere struc-
ture viable, despite loss of telethonin. With an increase in
hemodynamic load or an increase in biomechanical or oxi-
dative stress, however, telethonin deficiency leads directly to
enhanced p53 levels and as such promotes an increase in
apoptosis and cell death, thus initiating the development of
heart failure, an effect that might be called mechanoptosis.
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Novelty and Significance

What Is Known?

e Telethonin is a small (19 kDa) muscle-specific protein.

e Telethonin is localized to the sarcomeric Z-disk where it interacts
with the giant protein titin.

e Telethonin mutations are associated with various diseases such as
limb girdle muscular dystrophy 2 G (LGMD 2G), cardiomyopathy,
and intestinal pseudoobstruction.

What New Information Does This Article Contribute?

e Telethonin deficiency is not associated with a spontaneous pheno-
type, at least not in the mammalian heart.

e Telethonin is not essential for the mechanical stability of the Z-disk.

e Telethonin promotes cardiac myocyte survival by suppressing p53
mediated apoptosis.

Telethonin mutations are associated with several diseases, but
the underlying molecular mechanisms remain not well under-

stood. To analyze the in vivo function of telethonin, we
generated genetically altered mouse models and found that
telethonin is a dispensable component of the sarcomeric Z-disk.
Deletion or cardiac-specific overexpression of telethonin was not
associated with a spontaneous cardiac phenotype. However, our
results showed that telethonin modulates the turnover of the
proapoptotic protein p53 after biomechanical stress. This novel
finding links telethonin directly to apoptosis (“mechanoptosis”),
which is considered a new cell death associated pathway. We
also observed a reduction in the expression of telethonin and an
increase in its nuclear abundance in myocardial samples from
end-stage heart failure patients, indicating that changes in
telethonin may contribute to cardiac maladaptation. These
findings suggest that telethonin, together with other Z-disk—
associated proteins, might have novel functions in antiapoptotic
cell survival pathways.
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Materials and Methods

Generation of telethonin deficient animals and transverse aortic constriction (TAC)
and echocardiography

Telethonin deficient animals were generated by replacing the coding regions of exon 1 and 2
by a lacZ-neomycin cassette to monitor endogenous gene expression using homologous
recombination (fig. 1). Telethonin transgenic overexpressing animals were generated by
using the alpha myosin heavy chain promoter and a flag tagged mouse cDNA followed by
the human growth hormone poly A tail (fig. 4 h). dn p53 / telethonin double transgenic
animals were generated by crossing the CB7 line into the telethonin deficient background.

Surgery was carried out using a modified minimally invasive approach as previously
described’. Northern, Southern and Western blot analysis was performed as previously
described?.

Mice were anesthetized with Avertin® (125 mg/kg, IP) or isoflurane and echocardiography
was performed as described previously®. Briefly, transthoracic echocardiography was
performed by an examiner blinded to the genotype of the animals using a Vevo2100
(VisualSonics, Toronto, Canada) system with a 30 MHz centre frequency transducer. Two-
dimensional cine loops with frame rates of >200 frames/s of a long axis view and a short axis
view at mid-level of the papillary muscles as well as M-mode loops of the short axis view
were recorded.

Cell culture experiments and silencing of telethonin

Osteosarcoma U20S cells were transiently transfected with myc-telethonin and 12 hours
later treated for 24 hours with nutlin-3 (8uM final concentration). Cell lysates were analyzed
by SDS-PAGE and Western blotting using the following antibodies: p53 DO-1 (Santa Cruz),
p21WAF1 EA10 (Calbiochem), Mdm2 2A9 and 2A10, myc 4A6 (Upstate) and actin AC15
(Abcam).

Neonatal rat cardiomyocytes were grown in F12 medium supplemented with 10% FCS and
PB12 (penicillin G+vitamin B12, Sigma) for 24 hours. The medium was changed and the
cells were transfected with 50nM negative control siRNA and siRNA Telethonin (Darmacon)
in the presence of 10% FCS. After 48h of silencing, cells were incubated with doxorubicin
(AuM, Sigma) for 12 hours. Cells were treated with MG132 two hours before harvesting.
Whole cell extracts were used for western blot analysis and the membrane was probed with
mouse polyclonal telethonin (1:400) and rabbit polyclonal p53 antibodies (1:200, Santa
Cruz). Data were normalized to GAPDH (1:10000, Santa.Cruz).

RNA extraction, gRT-PCR analysis, RT? Profiler Apoptosis PCR Arrays

RNA from left ventricles was extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen
GmbH, Hilden, Germany).

For single quantitative PCR (qRT-PCR): reverse-transcription was performed from 500 ng
total RNA using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s
instructions. PCR was performed in duplicate using the Bio-Rad iCycler (Bio-Rad) and SYBR
Green as fluorescence. Primer sequences are available upon request.

For the SA Biosciences apoptosis gene expression array: RNA quantity and quality was
assayed by the NanoDrop spectrometer and 1lug of the RNA was used for the cDNA
synthesis with the reagents and primers provided (according to the manufacturer’s protocol,
SABiosciences). Gene expression of 84 key apoptosis genes was profiled by qRT-PCR
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based RT® Profiler Apoptosis PCR Arrays (mouse: PAMM-012) using the RT? SYBR
Green/Rox Master mix. qRT-PCRs were performed in 96-well plate format using the ABI
7900 Fast Real-Time PCR System (Applied Biosystems). All data were analysed by RT?
Profiler Web-Based PCR Array Data Analysis (SABiosciences).

Electrophysiology, electrocardiograms (ECG), isolation of cardiac myocytes,
intracellular Ca* transients and myocyte shortening

All studies were done under blind conditions. After obtaining surface-ECG recordings from
adult (26-38 week) WT (n=7) and telethonin-KO (n=8) mice during mild anaesthesia, hearts
were explanted and single myocytes isolated as reported previously*®. Ca®" transients were
recorded using Fluo-3 AM, SR load and NCX function estimated by caffeine application.
Patch clamp electrophysiology (voltage clamp) was used to record stimulated action
potentials.

Sarcomere stretch and titin localization

Myofibrils were prepared from telethonin-deficient or wildtype tissue as described previously®.
Under a Zeiss Axiovert-135 inverted microscope, single myofibrils were attached to the tip of
two micromanipulator-controlled glass microneedles, and were stretched in relaxing solution®
to different SLs, before they were stained using anti-Z1Z2 titin antibody (a kind gift of Prof. S.
Labeit, Mannheim) and FITC-conjugated secondary antibody ’. Some cardiac myofibrils were
exposed to 0.3 mg/ml Ca®*-independent gelsolin-fragment for 5 min to remove actin filaments
(complete actin removal was confirmed by rhodamine-phalloidin staining)®. The width of the
fluorescence signal was evaluated using ImageJ software by calculating the full-width at half-
maximum (FWHM) signal in intensity profiles along the myofibril axis.

In vitro protein interaction assay

Z1Z2 titin, MLP, telethonin as well as its mutants were expressed and purified as previously
described®. Z1Z2-telethonin complexes were formed and analyzed on native gels and gel
filtration columns as previously described®®. The molecular masses during gel filtration
chromatography were measured by a static light scattering detector (Malvern, GPC5130).

Pull-down assay

Equal amount of recombinant His6-Z-tag, His-Z-tag-telethonin and His-Z-tag-telethonin
E13del mutant in the buffer of 20 mM Tris/HCI, pH 8.0, 1 mM TCEP, 5mM imidazole and 300
mM NacCl were loaded onto Ni-NTA columns (1mL) respectively. After washing with 20 x bed
volumes of the buffer, p53 in the same buffer was loaded onto the column. The bound
proteins were eluted with 300 mM imidazole in the buffer and analyzed by 12% SDS-PAGE,
transferred to nitrocellulose, and probed with rabbit polyclonal p53 antibodies.

Preparation of telethonin, p53DBD and the telethonin-p53DBD complex

Full-length wild type (residues 1-167) or E13del telethonin as well as wild type and various
E13 mutants of telethonin (residues 1-90) (see Fig 2c) were prepared under denaturing
condition as described previously®. The protein eluated from the Ni-NTA column was further
purified on a Superdex 75 (16 x 60) column that was pre-equilibrated with 20 mM Hepes, pH
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7.2, 100 mM NaCl, 1 mM TCEP, 1 M urea. p53 DNA binding domain (DBD, residues 94-312)
was prepared as described previously™®. The complex was formed by dropping a solution of
telethonin (full-length) into a 50 uM solution of p53DBD up to a two-fold molar excess of
telethonin. The final concentration of urea should be controlled to be below 0.5 M. The
complex solution was concentrated. Buffer exchange to 20 mM Hepes, pH 7.2, 100 mM
NaCl, 1 mM TCEP and further purification was done by gel filtration using a Superdex 75 (16
x 60) column, pre-equilibrated with the same buffer.

Fluorescence polarization

Fluorescein labelling of p53DBD was achieved by mixing equimolar amounts (200puM) of
p53DBD and 5-(and-6)-carboxyfluorescein succinimidyl ester (Invitrogen) in 20 mM sodium
phosphate pH7.0, 100 mM sodium chloride, 1 mM TCEP. After incubation for 1h at 10°C, the
reaction was quenched by the addition of a ten-fold molar excess of Tris buffer pH7.5.
Separation of the labelled protein from the free label was done by passage over a Superdex-
75 gel filtration column. Labelling degree was between 30 and 60%. Fluorescence
polarization experiments were performed at room temperature with a BMG Polarstar
multimode plate reader (BMG Labtec, Offenburg, Germany) using 0.5 pM fluorescein-
labelled p53DBD in 10 mM sodium phosphate pH7.2, 1 mM TCEP and titrating in increasing
amounts of full-length telethonin (residues 1-167). Three individual measurements were done
for error estimation. Fitting of the obtained binding curve was done using a one-site binding
model.

NMR spectroscopy

U-?H,**N-labelled p53DBD for NMR studies was prepared using M9-medium supplemented
with 1g/l **NH,CI, 2g/l ?H,*C glucose in 99.9% D,O (Eurisotop, Saarbriicken, Germany).
Nuclear magnetic resonance (NMR) experiments were done at 293K on a Bruker Avance900
spectrometer (Bruker Biospin, Rheinstetten, Germany).

For probing the p53DBD-telethonin interaction, *H,"*N TROSY or 'H,”>N CRINEPT-HMQC
experiments were recorded with a complex consisting of 50 uM U-?’H,"*N p53DBD and
unlabelled full-length telethonin in 20 mM sodium phosphate pH7.2, 100 mM sodium
chloride, 1 mM TCEP and 5% (v/v) D,0O. 192 transients per increment and 140 increments in
the indirect N dimension were recorded resulting in a total measuring time of 8h for each
experiment.

Apoptosis

Apoptosis was analyzed using the “Apoptag peroxidase in situ apoptosis detection kit”
(Millipore — Chemicon, MA, USA) as well as the “Roche - In Situ Cell Death Detection Kit,
(Roche, #116847959110) according to the manufacturer’s instructions. We used 7 wildtype
sham, 15 wildtype transverse aortic constriction (TAC), 7 telethonin-knockout sham, 11
telethonin-knockout TAC, 4 telethonin transgenic TAC, 7 telethonin-knockout / dn p53 double
transgenic TAC and 13 dn p53 TAC animals. 4 different microscope fields per animal were
examined, results were averaged per mouse and expressed as apoptotic cells per mm2 (with
one microscope field corresponding to 0.045 mm?).

Immunoprecipitation

For immunoprecipation of telethonin with p53 and MDM2 full length as well as amino- and
carboxy-terminal human telethonin cDNAs were cloned into pcDNA3-HA (a modified
pcDNA3.1 vector (Invitrogen) with an HA tag (YPYDVPDYA). All constructs were verified by
sequencing.
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Human osteosarcoma cells (U20S) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. Cells were transiently transfected with
telethonin in the presence of Nutlin (8uM, Calbiochem; 24 hours). The cell lysates were
immunoprecipitated using the Mammalian HA tag Co-IP kit (Pierce) according to the
manufacturer’s protocol, with anti-HA antibody—coupled agarose beads (10ug) and U20S
cell lysate (600pg). The protein complexes were resolved by SDS-PAGE, blotted and
probed with the anti-p53 monoclonal antibody DO-1 (Santa Cruz). The bound p53 was
identified by chemiluminescence (ECL plus, Amersham) using the HRP coupled anti-mouse
antibody (Sigma). To study the interaction of MDM2 with telethonin U20S cells were
transfected with the full-length T-cap (Tel-FL), T-cap N-terminus (Tel-N) and T-cap C-
terminus (Tel-C) and/or with the empty plasmid in the presence of MG132 (0.2uM). The co-
immunoprecipitation were performed by incubating anti-MDM2 (2A10) with cell lysate for
1.5h , then protein A-Sepharose (Amersham Pharmacia) was added and lysates were
incubated at +4°C for 2h. Protein-antibody complexes were separated by SDS-PAGE, blotted
and probed with mouse polyclonal anti T-cap antibody.

Immunolabeling and fluorescent microscopy

For the co-localization study in neonatal rat cardiomyocytes cells were treated with
doxorubicin (1uM, Sigma) for 24 hours, fixed and incubated with rat polyclonal anti-telethonin
antibody (kindly provided by Prof. Georgine Faulkner) rabbit polyclonal anti-p53 (FL 393,
Santa Cruz), and/or mouse monoclonal p53 (1C12, Cell signalling), mouse monoclonal anti-
alpha actinin (Sigma) and phalloidin conjugated Alexa 350 antibody. The secondary
antibodies used were Alexa-labeled 633 anti-rat, Alexa- labelled 488 anti-rabbit and Alexa-
labelled 488 anti-mouse (Invitrogen) antibody.

For the co-localization study in animals, hearts were mounted in tissue Tec and cryosections
5 mm thick were prepared. Cryosections were air dried and fixed for 10 min in acetone (-
20°C). After washing in phosphate buffered saline (PBS) sections were incubated with 1%
bovine serum albumin for 30 minutes to block non-specific binding sites. After rinsing in PBS,
the samples were incubated overnight with the following antibodies: primarily labeled anti-
p53 with Alexa Fluor® 488 (FL 393, Santa Cruz), primary monoclonal antibodies against
alpha-actinin (clone EA-53, Sigma) or polyclonal antibodies against telethonin (polyclonal
anti-telethonin antibody provided by Prof. Georgine Faulkner). After incubation with the
primary antibodies, the sections were thoroughly washed in PBS and incubated with
secondary Alexa Fluor® 488- Alexa Fluor® 555-conjugated anti-mouse or anti-rabbit 1gG
(Molecular Probes). F-actin was labeled with phalloidin conjugated with Fluor® 633 (Sigma)
and nuclei were stained with DAPI (Molecular Probes).

Tissue sections were examined by laser scanning confocal microscopy (Leica TCS SP2).
Series of confocal optical sections were taken using a Leica Planapo x40/1.00 or x63/1.32
objective lens. Each recorded image was taken using dual-channel scanning and consisted
of 1024 x 1024 pixels. To improve image quality and to obtain a high signal to noise ratio,
each image from the series was signal-averaged. After data acquisition, the images were
transferred to a Silicon Graphics workstation (Silicon Graphics) for restoration and three-
dimensional reconstruction using Imaris 4.5 multichannel image processing software
(Bitplane, Zlrich, Switzerland).

Quantitative immunofluorescence measurements

In brief, cryosections from at least two different levels in each mouse were used. All samples
were immunolabeled simultaneously with identical conditions of fixation and dilutions of
primary and secondary antibodies. Sections exposed to PBS instead of primary antibodies
served as negative controls. For each heart at least 10 random fields of vision were analyzed
with confocal microscopy. Immunolabeled cryosections were studied using image analysis
(Leica) and Image J software. Quantification of p53 was performed blinded to the type of
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section having on the screen only one channel showing DAPI labeling. For each
guantification a specific setting was established and kept constant in all measurements.

1
2
3 Quantification of p53 was performed by measurements of fluorescence intensity by using a
4 range of 0 to 255 gray values. Arbitrary units of the fluorescence intensity were calculated
5  per unit nuclear area (AU/um2).
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9 Online Figure I: No change in titin expression between wildtype and homozygous telethonin
10  knockout animals has been observed, neither in cardiac nor in skeletal muscle.
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5  Online Figure II: Epifluorescence measurements of intracellular Ca2+ handling

Original Ca2+ transients (a) and summary data (b) of wildtype (WT, n=14 cells from 7 mice)
or homozygous telethonin-deficient (KO, n=12 from 8) mice showing Ca2+ transients and
Ca2+ decay (c). SR Ca load assessed by post-rest-potentiation (d) and caffeine-induced
Ca2+ transients (e) as well as Na+/Ca2+ exchange function (NCX, f) show unaltered Ca2+-

10 metabolism in the KO
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Online Figure llI

Telethonin MLP Titin

WT

Online Figure lll: Immunogold electron microscopy

Remarkably normal Z-disks were observed, even if telethonin is missing (upper 2 rows:
wildtype, lower 2 rows telethonin knock out tissue). The white part of the scale bar represents
500 nm.
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1 Online Figure IV
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4  Online Figure IV: Electrocardiograms (ECG) and action potential measurements

5  Original ECG recordings (A) and summary of conduction parameters (B) and heart rate (C) in
6 wildtype (WT, n=7) or homozygous telethonin-deficient (KO, n=8) mice. Original action
7  potential recordings (D) and summary of action potential parameters (E & F).
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1 Online Figure V

Telethonin -/-

no intervention

2

3 Online Figure VI: Identification of single apoptoptotic (TUNEL positive) cardiac myocytes.

4  The arrows identify single TUNEL positive cardiac myocytes (blue: DAPI, green: F-actin,
5  pink: TUNEL positive nuclei).
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Online Figure VI
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Online Figure VI: Analysis of apoptotic gene expression in telethonin deficient animals
following TAC. Caspase 8 is a target gene of p53* and important in the execution of the
apoptosis pathway. Bcl2-associated athanogene 1 (Bagl) has anti-apoptotic effects and is
downregulated in telethonin knockout animals after TAC. (Data are obtained from the SA
Biosciences apoptosis gene expression array and are normalized to glucoronidase beta
(Caspase 8) or to hypoxanthine guanine phosphoribosyl transferase 1 (Bagl)); * = p<0.05).
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Online figure VII
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Online figure VII: Analysis of myostatin protein expression in telethonin knockout animals
after TAC. We did not detect any significant change in myostatin protein expression following
biomechanical stress in form of transverse aortic constriction in the telethonin knockout
animals (Graph).
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1 Online figure VI
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2
3 Online figure VIII: Analysis of myostatin mMRNA expression in telethonin knockout animals
4 after TAC. We did not detect any change in myostatin mRNA expression following
5  biomechanical stress in form of transverse aortic constriction in telethonin heterozygous or
6 homozygous knockout animals (between 5 and 10 animals per group).
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1 Online Figure IX
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p
3
4  Online Figure IX: Telethonin (Tele) interacts with MDM2. Lanel: non transfected, lane 2: HA-
5 telethonin carboxyterminus (C), lane 3 HA-telethonin full length (FL), lane 4 HA-telethonin
6 aminoterminus (N), 2A10 is an anti-MDM2 antibody
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Online Figure X: NMR spectroscopy and Biacore assay monitoring p53-DBD binding to
telethonin. (A) NMR chemical shift perturbation (CSP) of the *H,">N NMR signals comparing
50 uM p53DBD free and in the presence of telethonin. Gray and red lines indicate the mean
value and the mean plus two times the standard deviation, respectively. Red negative bars
represent residues whose corresponding signals disappeared upon complex formation. (B)
Biosensograms of different concentrations (from bottom to top: 0.31, 062, 1.25, 2.5, 5, 10, 20
UM) of p53 binding to full-length telethonin (1-167); (C) The binding affinity (fitted to an
apparent 1:1 stoichiometry) was calculated from plotting the equilibrium binding response
versus different concentrations of p53DBD.
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Online Figure Xl

Telethonin/DAPI

p53/DAPI F-actin/DAPI

Online Figure XI: Localization of telethonin and p53 in wildtype animals under spontaneous
conditions. Whereas telethonin is localized at the sarcomeric Z-disk, p53 can’t be detected at
all. Cardiomyocytes are identified by their typical cross striated pattern (Z-disks) as indicated
by telethonin staining and f-actin labeling.
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Online Figure Xl

dapi alpha-actinin dapi/ alpha-actinin

Control

telethonin p53

Online Figure XIlI: Localization of telethonin and p53 in neonatal rat cardiomyocytes. For
these studies, cells were fixed and incubated with rat polyclonal anti-telethonin antibody,
rabbit polyclonal anti-p53 (FL393,SantaCruz), and mouse monoclonal anti-alpha
actinin(Sigma).The secondary antibodies used were anti-rat Alexa-labeled 633, anti-mouse
Alexa-labeled 488 and anti-rabbit Alexa-labeled 555 (Invitrogen).

Cardiomyocytes are identified by their typical cross striated pattern (Z-disks) as indicated by
alpha-actinin and telethonin staining.Telethonin is localized at the Z-disks, but p53 is
undetectable in untreated neonatal rat cardiomyocytes.
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Online Figure Xl

telethonin

telethonin / p53 telethonin / p53
(ImagedJ software)

Online Figure XIlI: Colocalization of telethonin and p53 after doxorubicin treatment of cells.
For the colocalization studies, neonatal rat cardiomyocytes were treated with doxorubicin
(1uM,Sigma) for 24 hours, fixed and incubated with rat polyclonal anti-telethonin antibody,
rabbit polyclonal anti-p53 (FL393,SantaCruz)and/or mouse monoclonal p53 (1C12,Cell
signaling). The secondary antibodies used were anti-rat Alexa-labeled 633, anti-rabbit
Alexa-labeled 488 and / or anti mouse Alexa labeled 488.

Arrows indicate nuclear localization of telethonin (upper left and right panels),or
telethonin/p53 colocalization(confocal microscopy, lower left panel). Imaged software
(http://rsbweb.nih.gov/ij/) was used to identlfy colocalization as well. Cardiomyocytes are
identified by their typical cross striated pattern (Z-disks) as indicated by telethonin staining.
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Online Figure XIV
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Online Figure XIV: Colocalization of telethonin and p53 after doxorubicin treatment of
animals. To induce heart failure, doxorubicin was administered by surgical implantation of a
mini-osmotic pump (Alzet). Using this model, doxorubicin was administered at 0.5 microliter
per hour for 21 days resulting in a cumulative dose of 126 microgram.

Representative confocal micrographs showing nuclear localization of p53 in doxorubicin
treated animals. Note that in these mice, telethonin is present in the nuclei where it
colocalizes with p53. Inserts are higher magnifications of the boxed regions.
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1 Online Figure XV

Colocalization map: green Colocalization map: white DAPI (blue)

marks colocalization of marks colocalization, telethonin
telethonin and p53 in red, p53 in green
Telethonin p53 Merged picture of telethonin and p53

2 Negative control telethonin Negative control p53
3 Online Figure XV: Colocalization of GFP-telethonin with p53 in neonatal rat cardiomyocytes.
4 Neonatal rat cardiac myocytes were transfected with a GFP-telethonin construct and
5 colocalization was monitored using an Olympus FluoView 1000 Confocal microscope;
6 488nm, 544nm (multiline) and 633nm laser-lines. Colocalization was analyzed via ImageJ
7  Software (Wayne Rasband, Version 1.410; Modul "Colocalization Finder" by Christophe
8 Laummonerie, Jerome Mutterer, Institut de Biologie Moleculaire des Plantes, Strasbourg,
9  France).
10
11
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1  Online Tables:
Spontaneous phenotype
WT (n=15) het (n=10) -[- (n=14)
Septum Width 1.06 +/-0.12 | 1.02 +/-0.12 | 1.00 +/- 0.10
Enddiastol. Diameter (mm) | 3.8 +/- 0.3 39+/-04 3.8+/-0.5
Posterior Wall (mm) 1.06 +/-0.16 | 1.03 +/-0.12 | 1.0+/-0.1
Endsystol. Diameter (mm) | 2.4+/- 0.4 2.5+/- 0.5 2.6+/-0.4
Fractional-Shortening (%) | 36.2+/-6.8 |355+/-7.3 |31.5+/-5.3
HR 441.1 +/-53.9 | 450.1 +/-59.1 | 386.5 +/-54.2
2
3 Online Table I: Echocardiography of the spontaneous phenotype of telethonin knockout, telethonin
4  heterozygous, and wildtype littermates. Please note: no significant differences were observed
5  between telethonin knock out and wildtype animals under basal conditions.
6  (HR = heart rate; WT = wildtype, het = heterozygous, -/- = homozygous knock out)
NTG (n=32) | TG (n=26)
Septum Width 0,80+0,08 0,78+0,09
Enddiastol. Diameter (mm) | 4,07+£0,29 4,01+0,39
Posterior Wall (mm) 0,78+0,08 0,78+0,09
Endsystol. Diameter (mm) | 2,91+0,32 2,84+0,45
Fractional-Shortening (%) | 28,65+5,93 29,48+6,64
HR 517,72+36,32 | 505,77+45,54
7

8  Online Table Il: Echocardiography of the spontaneous phenotype of telethonin transgenic (i. e.

9 telethonin overexpressing animals). Please note: no significant differences were observed between
10  transgenic and wildtype litter mate control animals under basal conditions. (HR = heart rate, NTG =
11  non transgenic wildtype control animals, TG = transgenic animals)
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