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Abstract

Mutations in a variety of myofibrillar genes cause dilated cardiomyopathy (DCM) in humans,
usually with dominant inheritance and incomplete penetrance. Here, we sought to clarify the
functional effects of the previously identified DCM-causing TTN 2-bp insertion mutation (c.
43628insAT) and generated a titin knock-in mouse model mimicking the ¢.43628insAT allele.

Mutant embryos homozygous for the Ttn knock-in mutation developed defects in sarcomere
formation and consequently died before E9.5. Heterozygous mice were viable and demonstrated
normal cardiac morphology, function and muscle mechanics. mMRNA and protein expression
studies on heterozygous hearts demonstrated elevated wild-type titin mRNA under resting
conditions, suggesting that up-regulation of the wild-type titin allele compensates for the unstable
mutated titin under these conditions.

When chronically exposed to angiotensin Il or isoproterenol, heterozygous mice developed
marked left ventricular dilatation (p<0.05) with impaired fractional shortening (p<0.001) and
diffuse myocardial fibrosis (11.95 + 2.8% versus 3.7 £1.1%). Thus, this model mimics typical
features of human dilated cardiomyopathy and may further our understanding of how titin
mutations perturb cardiac function and remodel the heart.
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1. Introduction

Heart failure is a major and growing cause of human morbidity and mortality in the world,
responsible for more than 10,000 deaths annually in the United States only [1]. Heart failure
due to dilated cardiomyopathy (DCM) is a familial disease in 20-35% of cases and is
clinically characterized by ventricular dilatation and systolic dysfunction. The molecular
mechanisms by which the mutated proteins result in heart failure are complex and
incompletely understood: Familial DCM is associated with mutations in genes encoding a
broad range of proteins, e.g. sarcomeric, cytoskeletal, and nuclear membrane proteins, as
well as proteins involved in Ca®*) metabolism, suggesting that various pathways are
involved in the pathogenesis of heart failure [2].

Here we have attempted to characterize the morphological and functional impairments that
result from a mutation in the giant filamentous protein titin: titin is responsible for
autosomal dominant DCM in humans (OMIM188844, see [3,4,5]) and is functionally linked
to the control of myocellular mechanics [6].

Titin is the largest single protein known; the entire coding region consists of 363 exons,
which encode polypeptides of up to 3.7 MDa in size. Like a myofibrillar backbone, titin
filaments up to 1pum in length span half sarcomeres from the Z-disk to the M-line [7]. Titin
acts as a molecular scaffold for sarcomere assembly; plays a putative role in the myocardial
stress-response machinery, and, through its elastic domains, contributes substantially to the
diastolic properties of the heart [6,8]. Furthermore it has been reported that changes in titin
expression, with a shift to the more compliant N2BA isoform, occurs in patients with DCM,
thereby significantly impacting diastolic filling by lowering myocardial stiffness [9].

During recent years, various animal and tissue culture models have been generated to dissect
the structural, mechanical, and signalling functions of titin [6,8,10-16]. However, so far it is
not well understood how mutant titin alleles in human patients cause either HCM [5], or
DCM [3,4], and if the mutant and wild-type alleles are co-expressed or not. Here, we
generated a mouse model that recapitulates a TTN truncation mutation (c.43628insAT), a
mutation that was previously identified in a large family with autosomal dominant DCM [3].
By homologous recombination, we introduced this 2-bp AT-insertion into the corresponding
site of the mouse titin gene. This animal model allows dissection of affected pathways
leading to titin-based DCM. Homozygous mice died in utero before E9.5 as a result of
defects in sarcomere formation. Heterozygous animals showed no alterations in cardiac
morphology and function. However, when exposed to cardiac stressors (angiotensin 11,
isoproterenol), heterozygous animals developed typical morphological and functional
features of DCM significantly earlier and more pronounced compared to wild-type mice,
thereby recapitulating the human phenotype.

2. Materials and Methods

An expanded version of the Methods is available in the online Data Supplement.
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2.1 Generation of Ttn Knock-in mouse model

Gene targeting was performed using a targeting vector that includes the human TTN
mutation ¢.43628insAT at the corresponding site in the mouse genome, followed by a
neomycin resistance cassette with a poly-adenylation signal. Experimental procedures
regarding the generation, genotyping, morphological, histological, and ultrastructural
characterization of the knock-in mice are described in the online data supplement.
Homozygous embryos were obtained by time-mated crossings of heterozygous mice.
Embryos and resorption bodies were harvested from E8.5-E13.5. Histology, electron
microscopy, and scanning electron microscopy of mouse embryos were performed as
described in the expanded methods online.

All animal investigations were approved by the Institutional Animal Care and Use
Committee, as well as by the Berlin Animal Review Board (Reg. G0115/05).

2.2 Expression analysis

We determined the expression levels of cardiac mMRNA (n=8 per genotype) for selected
molecular markers of heart failure and titin ligands involved in myofibrillar signal
transduction and Ca(2*) signalling (detailed information in the expanded methods online).
Frozen tissue samples from LV apexes (n=8 per genotype) were homogenized in 6M urea
buffer using a pestle and mortar and separated on 2% (w/v) agarose gels essentially as
described [17]. The relative amounts of titin, nebulin, and myosin were compaired by
densitometry of coomassie-stained agarose gels. For the detection of potential minor
truncated titin species, more sensitive silver stains were used. The separated proteins were
transferred to a polyvinylidene fluoride membrane, incubated with an antibody directed
against 2172 and M8M9 and detected by an AP-conjugated secondary antibody.

2.3 Muscle mechanics and cardiac function

Papillary muscles were isolated from mouse LV and mechanically investigated as described
previously [18,19]. Additional information can be found in the data supplement. The cardiac
performance of heterozygous mice and wild-type littermates was assessed by physiological
studies, including echocardiography (Vevo 770, Visual Sonics) and induction of
hypertrophy by two weeks continued angiotensin Il (Ang I1) and isoproterenol (ISO)
application via ALZET mini pumps, which are described in detail in the online data
supplement.

2.4 Statistical analysis

Differences between experimental groups were analyzed by use of an adjusted student t test
or ANOVA for repeated measures, as appropriate. Data are reported as mean + SEM. Values
of P<0.05 were considered significant.

3. Results

3.1 Ttn insertion mutation results in early embryonic lethality in mice

The 2-bp TTN insertion mutation (¢.43628insAT), which was previously identified in a
family suffering from DCM [3], was introduced into mouse ES cells by homologous
recombination. The targeting vector was designed as shown in Figure 1A. The human exon
326 AT-insertion mutation was included at the corresponding site of the mouse genome,
followed by a neomycin resistance cassette. Homologous recombination events were
identified by Southern blot analyses (Fig. 1B), and a mouse line with stable transmission of
the mutated Ttn allele was obtained for subsequent generations. Genotypes were determined
by PCR and Southern blot analysis (Fig. 1B,C). Crosses between heterozygous mice
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produced no homozygous offspring, implying that homozygous embryos died during
embryogenesis.

To determine the day of embryonic lethality, embryos from different developmental stages
were genotyped by PCR (Fig. 1C). None of the 126 embryos between E10.5-E13.5 was
identified as a homozygous mutation carrier (69 heterozygotes, 29 wild-types, Table 1),
whereas resorption bodies as well as homozygous embryos could be detected at E9.5.
However, the homozygous embryos at E9.5 were poorly developed and smaller in size
compared to the heterozygous embryos, suggesting that resorption of these embryos had
been initiated by this developmental stage. At E8.5, homozygous embryos were similar to
the expected Mendelian ratio of 1:2:1 (Table 1) and normal in size and appearance
compared to wild-type and heterozygous animals. To investigate titin mMRNA expression in
wild-type and homozygous embryos during early cardiac development, whole-mount in situ
hybridization at E8.5 (8 somite pairs) and E8.75 (12 somite pairs) was performed using
antisense probes directed against the Z-disc and the M-line region (exon 358, located close
to the 3’ end of the murine titin gene). In wild-type embryos, titin MRNA expression was
detectable with both probes at all investigated stages [20], whereas the M-line probe did not
hybridize to homozygous embryos (Fig. 2A,B). Transverse sections at the 12 somite stage
showed no fundamental differences in heart formation between wild-type and homozygous
embryos. Cardiac looping was observed, suggesting that Ttn did not affect early heart-
looping processes. However, the homozygous heart region appeared enlarged and
demonstrated a pericardial edema (Fig. 2C). Additional histological sections of the
developing heart of homozygous embryos at E8.5 confirmed these observations by
demonstrating slightly enlarged common ventricles with thinner ventricular walls, loosely
packed endocardial cells, and pericardial edema in comparison to wild-type embryos. At
E9.0, the process of dissolving the heart was much more advanced, the ventricles and atria
appeared smaller and without a proper layer structure, and the pericardial edema had
increased (Fig. 2D-G). Homozygous embryos at the same stage examined by scanning
electron microscopy confirmed these observations. The heart region appeared edematous
and the whole embryo, especially the head region, was smaller than wild-type embryos (Fig.
2H-K). Remaining homozygous embryos at E9.5 were profoundly macerated, without any
detectable heart structures.

The defects in heart development of homozygous embryos at E8.5 correlate with the
expression pattern of titin and the development of muscle striation in the embryonic heart,
because expressed titin dots are observed in E8.25 hearts, followed by filament expression at
E8.5 and the first muscle striation at E9.0 [21]. To further determine the changes in heart
muscle striation and sarcomere assembly in homozygous hearts, electron microscopy
analysis of ventricular myocardium from E8.5 and E9.0 homozygous and wild-type embryos
was carried out. In wild-type myocardium, the myofibrils exhibited an organized sarcomere
structure with clearly distinguishable Z-discs and M-lines. In contrast, homozygous
myocardium of the same stage (E9.0) showed no striations, indicating that the sarcomeres
had not been assembled (Fig. 2L—-0). To determine the functional consequence of unformed
sarcomeres, we examined wild-type and homozygous embryos between E8.75 and E9.25 by
ultrasound (data not shown). In wild-type embryos, the heart started to beat at E8.75,
whereas heartbeats were never observed in homozygous embryos, suggesting that initiation
of cardiac function required an organized striated muscle architecture.

3.2 Posttranslational degradation of the truncated titin protein

Mice heterozygous for the mutated titin allele were viable and fertile, and they grew to
adulthood without obvious abnormalities in general health and appearance.

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 September 1.
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In order to detect the predicted truncated protein in heart muscle tissue extracted from
heterozygous animals, we performed Western blots using anti-titin antibodies with binding
sites c-terminal (Z1Z2) and n-terminal (M8M9) of titin. Although the truncated protein (~2.0
MDa) was detectable in hearts of heterozygous mice, the very small amount of
approximately 1% indicates a posttranslational degradation or modification process of the
mutated titin protein. Furthermore major differences in wild-type protein expression were
not observed (titin:myosin protein ratio: WT 0.27; HET 0.21; p>0.1; Fig. 3A).

RT-PCR using oligonucleotides specific for the wild-type or the mutant titin allele,
respectively, showed that both alleles were stably expressed at MRNA level in heterozygous
hearts. To further quantify cardiac titin mMRNA expression, we performed real-time RT-PCR
analysis with oligonucleotides specific for titin’s Z-disc portion (amplifying both alleles), or
with allele-specific oligonucleotides (amplifying only the wild-type allele of titin’s M-line
portion). We found that wild-type titin mRNA transcription was elevated in the presence of
the mutant titin allele, although this compensation was incomplete (see Fig. 3B: 76+11%
wild-type M-line expression as experimentally determined vs. theoretically expected 50%
allele-specific mMRNA expression; p<0.05).

In summary, our mRNA and protein expression studies on heterozygous hearts suggest that
the mutated allele is unstable, leading to an up-regulation of wild-type titin mRNA and
protein.

3.3 Heterozygous mice demonstrate normal cardiac function and mechanical properties

Titin filaments are major determinants for muscle elasticity and passive tension. To
investigate the impact of titin protein changes on mechanical properties in our heterozygous
model, we measured active and passive tension as well as the contribution of titin and
collagen to passive tension in skinned ventricular papillary muscle fibers of 12 months old
wild-type and heterozygous mice (n=6 for each group). Maximal active tension was not
different (48.74£5.3mN/mm? vs. 39.2+1.9mN/mm? p<0.15) (Suppl. Fig. 1A). Passive tension
was measured by stretching the fibers to a SL of 2.3 um and then holding the length constant
for 5 min. to measure steady-state passive tension. Cardiac muscle fibers from heterozygous
mice showed no significant change in peak passive tension at SL of 2.3 um (p<0.44) nor in
steady state passive tension (p<0.35) compared with those from wild-type mice (Suppl. Fig.
1B;C), suggesting that there is no difference in the passive viscoelastic properties of both
groups. Passive myocardial tension is known to be largely the result of titin and collagen [6].
To assess the passive tension due to titin we used high concentrations of KCI/KI to cause
disassociation of the thin and thick filaments, respectively, which also disallows passive
forces produced by titin due its association with those filaments. However, we did not detect
any difference between wild-type and heterozygous animals either in titin's or in collagen’s
contribution to passive forces (Suppl. Fig. 1D).

Our in vitro assessment of mechanical properties of heterozygous cardiac muscle could be
confirmed by in vivo echocardiography. Neither systolic cardiac function and left ventricular
diameters nor diastolic filling parameters were significantly different between both
genotypes under resting conditions (Suppl. Table 1).

3.4 Stress-induced left ventricular dilatation with impaired systolic function in
heterozygous mice

To assess cardiac performance under chronic cardiac stress, the response of heterozygous
Ttn knock-in mice to pathological cardiac hypertrophic stimuli was tested by angiotensin 11
(Ang 1) application for 14 days via osmotic mini-pumps at doses that induce arterial
hypertension (1.4 mg/kg). Heterozygous animals showed a similar hypertrophic response
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compared to wild-type littermates after one week of Ang Il infusion. The ventricular
ejection fraction and fractional shortening increased and ventricular end-systolic and end-
diastolic diameters decreased in both groups.

After two weeks of Ang Il infusion ejection fraction and fractional shortening increased in
wild-type animals from 54.4+6.8% at baseline to 60.8+3.6% (p<0.001) and from 28.2+4.5%
at baseline to 33.4+2.8% (p<0.001), respectively. Although systolic function improved after
one week of Ang Il treatment in heterozygous mice by an increase in ejection fraction from
53.2+6.5% to 56.0+8.2% and in fractional shortening from 27.4+4.3% to 31.9+6.1%, it
deteriorated significantly after two weeks of treatment: ejection fraction fell to 47.3+7.8%
(p<0.001) and fractional shortening was reduced to 23.9+4.6% (p<0.001). Left ventricular
end-diastolic diameter (LVEDD) decreased in Ang Il treated wild-type animals over two
weeks from 4.5+0.3 to 4.0+0.4mm (p<0.05). Although heterozygous mice showed also
decreased LVEDD after one week of Ang Il treatment (from 4.5£0.2 to 4.0£0.5mm), left
ventricular size started to increase after another week of Ang Il treatment to 4.5+0.4mm
(p<0.05). These data indicate a negative remodelling effect after prolonged exposure to Ang
Il in animals heterozygous for the Ttn insertion mutation when compared with wild-type
controls (Fig. 4A, Table S2).

In addition to these functional observations, the development of interstitial fibrosis induced
by Ang Il was assessed by light microscopy. Two weeks of treatment with Ang 11 led to
significantly increased fibrosis in heterozygous mice vs. wild-type controls. Semi-
quantitative analysis of the extent of cardiac interstitial fibrosis showed significantly more
trichrome Masson staining signals in heterozygous animals than in wild-type littermates
(11.95+2.8% vs. 3.7£1.1%; p<0.001; Fig. 4B,C-E). However, the sarcomere structure was
preserved, with regular longitudinal alignment of myofibrils and the presence of intact Z—
discs observed by electron microscopy (Fig. 4F—H) Particularly noticeable, but only in areas
with apparent massive fibrosis, we found myofibrillar disarray and partial loss of myocyte
structure in the transition zone, as seen in Fig. 4H.

To exclude an Ang Il-specific effect, cardiac performance was also assessed using the beta-
receptor agonist isoproterenol (ISO). Continuous infusion of 1ISO at a dose of 30mg/kg via
osmotic mini-pumps over one week caused a similar extent of cardiac hypertrophy in
heterozygous mice and controls. However, heterozygous mice developed dilated
cardiomyopathy, with significant enlargement of left ventricular cardiac chambers, a
reduction in the ejection fraction (38.6+7.0% vs. 52.8+9.1%; p<0.01), and fractional
shortening (23.7£5.7% vs. 34.2+7.6%; p<0.01) after one week of 1SO application compared
to wild-type animals (Table S3). Blood pressure analysis of Ang Il- and ISO-treated animals
demonstrated no significant differences between heterozygous and wild-type mice (data not
shown).

4. Discussion

Despite considerable progress in elucidating the genetic etiology of familial DCM, the
pathogenetic processes leading to heart failure still remain largely obscure. Given the large
number of DCM causing mutations and the diverse nature of the respective disease genes,
multiple functional and/or structural pathways are likely to be perturbed in DCM. Here, we
generated a knock-in mouse model that includes a 2-bp insertion mutation in A-band titin,
corresponding to the human DCM causing mutation, to elucidate titin’s role during disease
development of familial DCM. While loss of Ttn in homozygous mice caused
developmental defects in sarcomere formation, leading to early embryonic lethality at E9.0,
precluding further studies, heterozygous mice were viable and could be characterized in
detail. Protein expression analysis suggests a compensation of the mutant titin allele by up-
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regulation of wild-type titin leading to proper cardiac function without obvious structural
and mechanical alterations of cardiomyocytes under resting conditions. In response to
cardiac stress, the heart de-compensates, resulting in left ventricular dilatation, systolic
dysfunction, and myocardial fibrosis.

Our failure to detect homozygous offspring for the mutant titin demonstrates the
requirement of the Z-disk to M-line titin spanning system during development. Although
homozygous embryos could be observed at early embryonic stages (before E9.5), those
animals showed an arrest in heart development and no sarcomere formation. Titin has been
proposed to act as a molecular scaffold for sarcomere formation and assembly through its
ability to multimerize into filaments extending throughout the muscle fiber [7,8]. Our results
provide evidence that the removal of titin’s M-line region leads to unformed sarcomere
structures, resulting in embryonic hearts that never beat. Titin has been reported to be
initially expressed at E8.25 in the muscle tissue, titin filaments appeared at E8.5, and muscle
striation could be observed at E9.0 [21]. Our data confirm these findings and demonstrate a
chronological relationship between titin expression, sarcomere formation, and embryonic
lethality due to non-beating hearts.

The TTN 2bp-insertion mutation has been reported in a large family with autosomal
dominant DCM causing congestive heart failure with variable phenotypic expression and
age of onset in affected patients [3]. Our heterozygous knock-in mice did not demonstrate
major changes in cardiac morphology or function, neither in 6 months nor one-year old
animals, most likely because the wild-type allele is up-regulated and only trace amounts of
mutant titin protein can be detected. Consistent with this, studies on skinned myocardium
confirmed normal biomechanical properties of myofibrils from heterozygous hearts.
Apparently, the minimal amount of a mutant truncated protein (roughly 1% when compared
to full-length wild-type titin) is insufficient to cause a cardiac disease phenotype in mice
under resting conditions. These findings are consistent with the protein analysis of a cardiac
biopsy sample obtained from a patient with the 2-bp AT-insertion mutation of TTN: Here,
SDS-agarose gel analysis also did not show a truncated titin protein (Suppl. Fig. 2),
indicating either proteolytic processing or that other yet unknown post-transcriptional
editing mechanisms must prevent the translation or incorporation of mutant titin’s into
myofibrils [22,23].

Because titin has been suggested to play a role in biomechanical sensing and signalling [24—
28], we performed extensive expression studies using known titin ligands involved in those
functions, but we did not find any significant changes in our un-stressed heterozygous mice
(Suppl. Fig. 3). Although we cannot exclude dysregulation of a yet unknown binding
partner, the remaining truncated protein as well as the up-regulated wild-type titin protein
seems to be sufficient to preserve myofibrillar signal transduction. Presumably, these
functions are not involved in the pathogenesis of familial DCM, at least with respect to our
mouse model.

To test the phenotype of our mice under chronic myocardial stress, we induced cardiac
hypertrophy by activating angiotensin receptors with Ang Il [29]. As expected, both
genotypes developed cardiac hypertrophy after one week of Ang Il application. However,
after two weeks, hypertrophy in wild-type animals was further increased, whereas their
heterozygous littermates showed left ventricular dilatation with impaired systolic function
and extended myocardial fibrosis. Although the sarcomere structures were not altered in
general, in the transition zones between fibrotic tissue and myocytes we observed partial
myocyte loss and myofibrillar disarray (Fig. 4H), which presumably contributes to cardiac
remodelling processes leading to the development of dilated cardiomyopathy. Future studies
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are required to establish the molecular mechanisms underlying the role of titin in this
process.

A remaining puzzle lies in the absence of any detectable skeletal muscle phenotype in
patients carrying the DCM causing TTN mutation, which is expressed in cardiac and non-
cardiac muscle isoforms. To characterize skeletal muscle function in our mouse model,
heterozygous mice underwent a detailed gait analysis program that is able to detect clinically
in-apparent stages of skeletal muscle disorder [30]. Nevertheless, we did not find a skeletal
muscle phenotype in titin-deficient mice. Consistent with the results in heart muscle tissue,
titin ligands were equally expressed in both genotypes, and titin mMRNA and protein
expression patterns were similar compared to cardiac tissue in heterozygous animals (data
not shown).

In summary, our titin knock-in mouse that truncates titin within its central A-band portion
caused homozygous, early embryonic lethality, demonstrating the requirement of a Z-disk to
M-line spanning system during mammalian muscle development. In addition it is possible
that part of the titin molecule that is missing performs a function that is independent of
titin’s Z-disk to M-line spanning function. In heterozygous mice, features of the human
DCM phenoptype are mimicked under cardiac stress. Therefore, this mouse model may
contribute in the future to the development of therapeutic strategies for combating genetic
heart diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of Ttn knock-in mouse by gene targeting

(A) Depiction of the mouse Ttn genomic locus, the targeting vector, the allele resulting from
homologous recombination, and the mutant mRNA allele. Exons are indicated as white
boxes, and 324-326 (above) refers to the numbers of titin exons in the human TTN
sequence. Arrowheads denote the positions of primers used for PCR genotyping. The
position of the 2-bp (AT) insertion mutation is designated.

(B) Southern blot analysis of genomic DNA digested with EcoRI produced bands of the
expected sizes (2.7 kb and 2.4 kb) in heterozygous animals.
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(C) PCR-based genotyping. PCR products derived from the wild-type (WT) and

homozygous (HOM) alleles were 280bp and 482bp, respectively. Heterozygous animals
(HET) showed both the WT and HOM alleles. Embryos were genotyped from the yolk sack.
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E8.5

E9.0

Figure 2. Defects in heart development at E9.0 caused by unformed sarcomeres in homozygous
Ttn knock-in embryos

(A-C) Whole-mount in situ hybridization for Ttn Z-disc (A) and Ttn M-line (B) in wild-type
(WT) and homozygous (HOM) embryos. Hearts are stained in all wild-type embryos,
whereas the M-line probe in homozygous embryos does not show a signal. Note the intact
cardiac looping in the homozygous embryo (A). Transverse sections (C) in two sections
planes with dotted lines in B.

(D-G) Histological analysis of transverse sections through the forming heart of WT and
HOM embryos at E8.5 and E9.0 demonstrates an enlarged common ventricle (v) with
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reduced ventricular wall thickness, loosely packed endocardial cells, and pericardial edema
(E,G) in HOM embryos.

(H-K) Scanning electron microscopy of WT and HOM animals at E9.0 confirmed the
observation of an enlarged heart region in HOM animals (I,K).

(L-O) Ultrastructural analysis of cardiac sarcomere maturation in WT and HOM hearts
showed appropriate myofibrils at E8.5. At E9.0, sarcomeres had been assembled in WT
hearts (N), in contrast to titin-deficient hearts, which demonstrated no striation or sarcomere
formation (O).

sp, somite pairs; v, common ventricular chamber; bc, bulbus cordis; a, atrial chamber; Z, Z-
disc; M, M-band; J, cellular junctions. Scale bars, (C) 100 pum (D)-(K) 200um; (L)—(O) 1
pm.
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Figure 3. Titin expression analysis in heterozygous mice

(A) SDS agarose gel analysis of heart muscle tissue from unstressed (— Ang Il) and stressed
(+ Ang II) heterozygous (HET) and wild-type (WT) mice revealed in HET’s of both groups
an extra band consistent with a small amount of a truncated protein (~2.0 MDa) which is
detectable with anti-Z1/Z2, but not with anti-M8M9. Note no obvious difference in wild-
type titin protein amounts between HET’s and WT’s. T1 undegraded titin, T2 degraded titin,
Ang Il angiotensin 11.

(B) Real-time PCR analysis of titin mRNA expression in hearts of heterozygous mice
compared to their wild-type littermates. Primer pairs specific for Z-disc titin (amplifying
both alleles) and M-line titin (amplifying only the wild-type allele) were used for PCR. Titin
MRNA levels were 76+11% measured with the M-line probe and 131+24% measured with
the Z-disc probe (*p<0.05), indicating a partial compensation (full compensation would
result in 100% mRNA expression with the M-line and 150% with the Z-disc probe relative
to mRNA expression levels of wild-type littermates).
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Figure 4. Stressed heterozygous Ttn knock-in mice develop features of DCM

(A) Echocardiographic assessment before, after one week, and after two weeks of
angiotensin Il (Ang I1) application. After one week, both genotypes showed cardiac
hypertrophy, as observed in end-diastolic dimensions (LVEDD) and enhanced systolic
contractility (fractional shortening). After two weeks of Ang Il application, the hypertrophy
in wild-type (WT) animals is increased, whereas heterozygous mice (HET) develop left
ventricular dilatation (**p<0.05) with impaired systolic function (*p<0.001). Compared to
baseline conditions fractional shortening is decreased (*p<0.001) in heterozygous animals.
(B) Quantification of interstitial myocardial fibrosis after application of two weeks of Ang Il
or one week of isoproterenol (ISO). The development of fibrosis after Ang 11/1SO
application administration is pronounced in heterozygous animals (*p<0.01; T p<0.05)
compared with their wild-type littermates.

(C-H) Myocardial histology and electron microscopy of mouse hearts after Ang |1
application. Representative sections from hearts of wild-type and heterozygous animals after
two weeks of Ang Il application stained with Masson’s trichrome (C-E). Note the increased
level of fibrosis in heterozygous hearts. Electron microscopy of heterozygous ventricles
demonstrates regions of preserved sarcomere assembly (G) and interstitial fibrosis (G,
arrowhead and H). Note areas of increased fibrosis and infiltration into the sarcomere (H).
Scale bars: (C) and (D) 2 mm; (E) 40pum; (F-H) 2 um
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