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Myotilin, palladin, and myopalladin form a novel small subfamily of cytoskeletal proteins that contain
immunoglobulin-like domains. Myotilin is a thin filament-associated protein localized at the Z-disk of skeletal
and cardiac muscle cells. The direct binding to F-actin, efficient cross-linking of actin filaments, and prevention
of induced disassembly of filaments are key roles of myotilin that are thought to be involved in structural
maintenance and function of the sarcomere. Missense mutations in the myotilin-encoding gene cause dominant
limb girdle muscular dystrophy type 1A and spheroid body myopathy and are the molecular defect that can
cause myofibrillar myopathy. Here we describe the generation and analysis of mice that lack myotilin, myo�/�

mice. Surprisingly, myo�/� mice maintain normal muscle sarcomeric and sarcolemmal integrity. Also, loss of
myotilin does not cause alterations in the heart or other organs of newborn or adult myo�/� mice. The mice
develop normally and have a normal life span, and their muscle capacity does not significantly differ from
wild-type mice even after prolonged physical stress. The results suggest that either myotilin does not partic-
ipate in muscle development and basal function maintenance or other proteins serve as structural and
functional compensatory molecules when myotilin is absent.

The muscle sarcomere is a strictly organized cytoskeletal
structure responsible for force generation and transmission.
The sarcomeric actin-containing thin filaments are aligned
and anchored by the Z-disks, specialized three-dimensional
structures composed of multiprotein complexes. In addition
to thin filaments, Z-disks anchor laterally the sarcomere to
the sarcolemma. Recently, several novel disease entities
caused by inherited mutations in Z-disk proteins have been
identified. Among these are myotilinopathies, muscular dis-
orders caused by missense mutations in the Z-disk protein
myotilin (7, 12, 13, 28, 36). Myotilinopathies are character-
ized by proximal and/or distal muscle weakness, occasionally
cardiomyopathy, elevated serum creatine kinase levels, and
reduced tendon reflexes. Typical morphological features in-
clude extensive disruption of the myofibrillar architecture,
Z-disk streaming, and accumulation of apparently Z-disk-
associated filamentous material. All known myotilinopathies
are caused by missense mutations in the amino terminus of
myotilin, and they are dominantly inherited and fully pen-
etrant.

Myotilin, together with palladin and myopalladin, forms a

small subfamily of immunoglobulin (Ig)-like domain-con-
taining cytoskeletal proteins (25). While the carboxy termi-
nus of myotilin is highly conserved within the subfamily, its
amino terminus is unique and rich in serine residues. Myo-
tilin is mainly expressed in the skeletal and cardiac muscle
(21, 33), and it interacts with several structural Z-disk pro-
teins, including �-actinin (33), actin (34, 41), filamin C (40),
and FATZ-1 (calsarcin-2/myozenin-1) and FATZ-2 (calsar-
cin-1/myozenin-2) (10). The association with FATZ links
myotilin to the calcineurin signaling pathway, while an in-
teraction with MURF-1 and MURF-2 could involve myotilin
in the titin-based signaling events (42). Although myotilin
does not contain a conventional actin-binding domain, it is
an efficient F-actin cross-linker in vitro and in vivo (34, 41)
and, thereby, it may control sarcomere integrity. Indeed,
expression of myotilin fragments in muscle cells leads to
defective sarcomere maturation, as typical periodical align-
ment of the contractile proteins is not observed upon dif-
ferentiation (34, 40).

Murine and human myotilin are highly homologous and
share an expression pattern (21), suggesting a conserved evo-
lutionary function. Abundant transcription of the myotilin gene
in the early embryonic stages of mouse development (21, 22)
suggests that it may have an involvement in early stages of
skeletal and cardiac muscle formation and function. To inves-
tigate the consequences of myotilin deficiency, we generated a
myotilin knockout mouse (myo�/�) by standard techniques of
homologous recombination in embryonic stem (ES) cells and a
Cre-loxP-mediated conditional gene targeting approach. We
report here that, surprisingly, loss of myotilin does not lead to
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morphological or physiological abnormalities of striated
muscle, heart, or other tissues during the entire life span of
myo�/� mice. However, we observed in striated muscle the
upregulation of telethonin, a small Z-disk protein mutated in
an autosomal recessive form of limb girdle muscular dystrophy
(LGMD), LGMD2G (23).

MATERIALS AND METHODS

Generation of myotilin null (myo�/�) mice. The mouse myotilin gene-targeting
strategy is shown in Fig. 1A. The gene was isolated from a mouse genomic library
prepared from 129/SvJ mouse DNA (Research Genetics) using a full-length
mouse cDNA as probe. Three genomic fragments encompassing myotilin exons
2 through 7 were subcloned into the conditional replacement vector pDELBOY-
3X, a kind gift from D. J. Rossi, University of Helsinki (32). In order to flank the

FIG. 1. Generation of the myotilin-deleted allele (myo�/�). A. The top diagram shows the targeting vector constructed by subcloning genomic
myotilin fragments into the pDELBOY-3X vector. The exons are depicted by filled boxes, and the loxP sites are shown as filled arrows. Relevant
restriction site positions are marked by letters as follows: B, BamHI; E, EcoRI; Bs, BssI. The second diagram shows partial genomic organization
of the wild-type murine myotilin gene. NF3 and NR represents the relative positions of the genotyping primers used to detect the wild-type allele.
The third diagram shows the organization of the conditional (floxed) allele after homologous recombination in ES cells. The solid bars below the
intronic regions represent the 5� and 3� probes used for detection of correct recombination. The bottom diagram shows the final organization of
conditionally deleted myotilin gene, missing exon 3. The deletion was obtained in vivo by crossing the mouse bearing the flox allele with a
Cre-expressing mouse. The Neo and NR primers used for genotyping and detection of the deleted allele are shown schematically as arrows under
the genomic locus. PGK-HSV-tk, herpes simplex virus type I thymidine kinase under the phosphoglycerine kinase promoter cassette; PGK-Neo,
neomycin gene under the phosphoglycerine kinase promoter. The PKG-Neo cassette is flanked by two frt sites. B. Southern blot of BamHI-digested
genomic DNA from three ES clones. The upper panel represents the autoradiography after hybridization with the 5� probe, shown in panel A. The
expected recombination events are observed in the left and right lane, where the wild-type allele of 20 kb and the floxed allele of 14 kb are indicated
by arrows. The middle lane shows the control wild-type alleles. In the lower panel, detection of the recombination was done using the 3� probe.
The left lane shows correct recombination events by detection of the wild-type allele of 14 kb and the floxed allele of 9 kb. The middle lane shows
only the wild-type allele, and the right lane depicts incorrect recombination events. C. The left panel shows a 350-bp fragment from the wild type
(wt) and 450 bp from the floxed allele (f) generated in one PCR with primers NF3 and NR. The right panel shows the genotype of the mice after
in vivo Cre-mediated recombination. Wild-type (�) and deleted (�) alleles were detected using two PCRs for each sample. Primers Neo and NR
generate a 350-bp fragment from the wild type and 500 bp from the deleted allele (del). The right lane shows a wild-type (�) control reaction.
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exon 3 with loxP sites, a 2.7-kb EcoRI genomic fragment containing exon 3 was
inserted into the ClaI/KpnI site of the targeting vector. The conditional replace-
ment-type targeting vector containing the 14.5-kb mouse myotilin genomic DNA
was linearized with NotI and electroporated into R1 ES cells (26). The 1.2-kb
neomycin resistance gene in the targeting vector was used to select for homol-
ogous recombination. After G418 and ganciclovir selection, resistant clones were
tested for correct targeting events by Southern blotting. Using BamHI-digested
genomic DNA extracted from ES resistant clones, Southern blotting was per-
formed with both 5� and 3� external probes of 2,300 bp and 2,000bp, respectively
(Fig. 1B).

Correctly targeted ES cells were aggregated with ICR strain morulae, and two
resulting chimeras were found to transmit the targeted allele through the germ
line. The heterozygous floxed (hypomorph, or myoflox/�) mice were bred with
EIIa-Cre mice, ubiquitously expressing Cre recombinase under the cytomegalo-
virus promoter (18). The resulting myotilin myo�/� mice, heterozygous for the
deleted allele, were subsequently intercrossed in order to obtain homozygous
(myo�/�) mice for the disrupted myotilin gene.

Genotyping of mice and RNA analysis. DNA was extracted from tail biopsy
samples. Digested biopsy material was used for PCR genotyping, together with
DyNAzyme II DNA polymerase (Finnzymes) and the following primers: Neo,
5�-GTCAGTTTCATAGCCTGAAGAACG-3�; NF3, 5�-CTTCTATTACCCTG
CTCTGGGGTTG-3�; NR, 5�-CAAAGAGCCTTGTCGTCAAAGACCAGT-
3�. PCR conditions were the following: denaturation at 95°C for 5 min, followed
by 40 cycles of 45 s at 95°C, 1 min at 57°C, and 1 min 72°C, with a final extension
of 10 min at 72°C. The NF3/NR pair of primers was used to amplify the wild-type
and the floxed (hypomorphic) alleles of 350 and 450 bp, respectively. The pair
Neo/NR was used to amplify a myotilin deleted allele of 500 bp.

Total RNA was isolated from hindlimb skeletal muscles using either the
Chomczynski et al. method (3) or TRIzol (Invitrogen). A pool of 20 �g total
RNA from myo�/�, myo�/�, and myo�/� mice (n � 3) was electrophoresed in a
1% denaturing agarose-formaldehyde gel, transferred to a Hybond-N� mem-
brane (Amersham Biosciences), and subsequently heat fixed for 2 h at 80°C. The
probes were random primed with [�-32P]dCTP (Amersham Biosciences) using
the Rediprime II labeling kit (Amersham Biosciences) and purified with Nick
columns (Amersham Biosciences). The hybridizations were performed using
ExpresHyb (Clontech) according to the manufacturer’s instructions and high-
stringency washed. Exon 3 was hybridized using a PCR-generated 192-bp probe
corresponding to nucleotides (nt) 619 to 810, and exons 4, 5, and 6 were hybrid-
ized using a 255-bp probe corresponding to nt 823 to 1077. The 407-bp probe
from the 3�-untranslated region of mouse telethonin corresponding to nt 539 to
945 was generated by PCR using mouse genomic DNA and the following pair of
primers: 5�-GAGATGGACTGTGTGACTCAGA-3� and 5�-CATGGCTGAGC
ATTTATTGCAGTG-3�. A 991-bp mouse myopalladin probe was generated
from mouse skeletal muscle RNA by reverse transcription-PCR (RT-PCR) using
the primer 5�-GGCCGCAGTACAGTTCTGAAACCCAGTCCA-3� and re-
verse 5�-TCTCTGTACCACTCGACTTTCGGAGATGGG-3� and corresponds
to a fragment, nt 605 to 1596, in the sequence with accession no. XM_978148. All
probes generated by RT and RT-PCR were verified by sequencing. A �-actin
probe of 2,000 bp from Clontech was used as a positive control and as a
normalization signal when quantitative evaluation was done. The quantitative
evaluation of the telethonin and myopalladin transcripts was done using Image-
Quant TL version 2003.01 software on the data collected from a high-energy
phosphor storage screen by using the Typhoon Scanner 9400 (Amersham Bio-
sciences).

RNA isolated for Northern blotting was used for RT-PCR analysis. The cDNA
strand was synthesized using random hexamers (Perkin-Elmer) and avian my-
eloblastosis virus reverse transcriptase (Finnzymes). Subsequently, myotilin-spe-
cific primers were used to amplify various myotilin fragments, as follows: exon 3
was amplified as a 192-bp fragment with forward primer 5�-GACTCCAACTA
TCAACAATCC-3� and reverse primer 5�-GGTCAGTCTTTGATTTCCA
TATG �3�; a fragment consisting of 126 bp spanning exons 4 and 5 was ampli-
fied with forward primer 5�-ATGGCTCGCAGGTTGTTA-3� and reverse
primer 5�-TACTTGTGATGTGGG-3�; and the fragment of 343 bp flanking exon
3 was amplified with forward primer 5�-CAGCTTCCTCAGTTC-3� and reverse
primer 5�-ATCTTGGACATCACTGTT-3�. As a control, a 400-bp actin frag-
ment was amplified from the same cDNA. The PCR with myotilin-specific
primers was done with an initial denaturation step of 95°C for 5 min, followed by
40 cycles of the following steps: 94°C for 30 s, 55°C for 1 min, and 72°C for 1 min.

Western blot analysis. Skeletal muscle and heart tissue from myo�/�, myo�/�,
and myo�/� mice were homogenized under liquid nitrogen, and the powder was
solubilized in 8 M urea. Total protein concentration was measured by the Brad-
ford 594-nm assay. Subsequently, equal quantities of proteins were separated
onto 12% polyacrylamide minigels (Bio-Rad) and transferred on a nitrocellulose

membrane (Schleicher & Schuell). Coomassie brilliant blue staining of the post-
blotted gel was used to verify equal loading. After an overnight blocking at 4°C
with 5% nonfat milk, 0.1% Tween 20 in phosphate-buffered saline (PBS), the
membrane was probed with anti-myotilin 151 and 231 antibodies (1:2,000 dilu-
tion) (21) followed by horseradish peroxidase (HRP)-conjugated anti-rabbit an-
tibodies (Dako) and detected with enhanced chemiluminescence (Amersham
Biosciences). Other antibodies used for Western blot analysis were mouse poly-
clonal antitelethonin (1:500) (39), rat polyclonal anti-FATZ (1:800) (5), mouse
polyclonal anti-ZASP (1:2,000) (6), monoclonal anti-sarcomeric �-actinin clone
EA-53 (1:1,000; Sigma), mouse monoclonal anti-�-tubulin clone B-5-1-2 (1:
5,000; Sigma), and monoclonal anti-actin AC40 antibody (1:12,000; Sigma). An
antipalladin rabbit antibody, E1a, generated against an amino-terminal 16-resi-
due peptide, was kindly provided by Markus Moser (Max Planck Institute of
Biochemistry, Germany). The antiserum specifically recognizes an �200-kDa
band in the skeletal muscle, which corresponds to a predicted five-Ig domain
palladin isoform transcribed from the most 5� promoter of the palladin gene. The
quantitation of protein bands was done using NIH Image 1.63 software (http:
//rsb.info.nih.gov/nih-image), and the total protein content was normalized by
actin control immunoblot assays.

Morphological analysis of muscle specimens. Individual muscles of the
hindlimb, forelimb, diaphragm, and heart were quickly removed after cervical
dislocation. Each muscle was embedded separately in Tissue Tek (Sakura) and
rapidly frozen in nitrogen-cooled isopentane (Sigma-Aldrich). Five-�m cryostat
sections were placed on silanized SuperFrost glass slides (Menzel), acetone fixed,
and stained with hematoxylin and eosin or by the modified Gomori trichrome
method. For immunostaining, acetone-fixed cryosections were incubated for 1
hour at room temperature with polyclonal antimyotilin antibodies (151 or 231)
diluted 1:300 in 3% bovine serum albumin in PBS, washed three times with PBS,
and incubated for 30 min at room temperature with rhodamine anti-rabbit
antibody (Jackson Immunoresearch Laboratories). Monoclonal anti-�-actinin
EA-53 antibody was used at a 1:200 dilution, followed by Alexa 488 anti-
mouse antibody (1:400; Molecular Probes). Slides were mounted with 1,4-
diazabicyclo[2.2.2]octane (Sigma)-containing mounting medium. The sections
were examined by immunofluorescence with a Zeiss Axiophot epifluorescence mi-
croscope (Carl Zeiss). Images were acquired with a Zeiss AxioCam cooled charge-
coupled device camera and AxioVision software version 3.0.6 SP4 (Carl Zeiss).

Various organs (brain, abdominal muscles, spleen, lung, liver, kidney, skin, and
small intestine) were collected from sacrificed adult mice. Sacrificed newborn
(postnatal day 0) myo�/� (n � 3) and myo�/� (n � 3) mice and tissue specimens
from adult mice were fixed in 10% formalin and processed using routine proce-
dures for paraffin embedding, sectioning, and hematoxylin and eosin staining. A
tail piece of newborn mice was sampled for DNA extraction and genotyping.

Transmission electron microscopy. For ultrastructural studies, tibialis anterior
muscle and the cardiac apex were fixed in 4% glutaraldehyde in PBS and sub-
sequently embedded in epoxy resin, ultrathin sectioned, and poststained using
standard techniques (13).

Myofibril isolation. Bundles of myofibrils were isolated according to the
method of Knight et al. (15) with small changes. Homogenized myofibrils were
centrifuged onto silanized slides, fixed with methanol, and stained with anti-�-
actinin and antimyotilin antibodies. The incubation times and dilutions used for
staining were similar to those used for whole-muscle cryosections.

EBD injection. Vital dye Evans Blue (EBD; Sigma) was diluted 1% (wt/vol) in
PBS, pH 7.5, and filtered through a 0.22-�m filter (Millipore). The mice were
injected intraperitoneally with 1 mg EBD/0.1 ml PBS/10 g of body weight and
euthanized by cervical dislocation 6 h later. The muscles were dissected, embed-
ded individually in Tissue-Tek (Sakura), and rapidly frozen in nitrogen-cooled
isopentane (Sigma-Aldrich). Cryostat sections of 5 �m were placed on silanized
glass slides, acetone fixed, and observed with a Zeiss fluorescence microscope
(Carl Zeiss) using 620-nm excitation.

Animal examination. The weight of myo�/�, myo�/�, and myo�/� mice was
measured weekly starting from the weaning age (21 days) for 8 weeks and then
measured monthly up to 38 months of age. Separately, the litters’ weight from
three breeding pairs was recorded weekly from day zero until the weaning age.
Mice were monitored for changes in spontaneous behavior.

Muscle grip force measurements. Muscle strength was tested by 10 separate
measurements using a grip meter attached to a force transducer, which measures
peak force generated, and the data were recorded with PC-based software (TSE
Systems). The instrument measures and records the peak pull force in pounds of
the mouse’s forelimbs and relies on the rodent’s instinctive tendency to grab as
it is pulled backward. The measurements were recorded for two groups accord-
ing to the genotype of the mice, using both myo�/� and myo�/� mice as the
control group. The strength was normalized according to the weight, and the
results were plotted as mean values 	 standard errors of the means (SEM).
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Voluntary running. myo�/� (n � 5) and myo�/� (n � 4) control mice were
placed individually in cages containing small metal running wheels connected to
digital magnetic counters (BC 800 Sigma Sport). The mice were maintained
under a standard light/dark cycle (12/12), fed ad libitum, and allowed free access
to the wheel. Following an accommodation period of 10 days, the running activity
was recorded for a total period of 5 weeks. The parameters collected were the
daily running time and distance. Results were statistically processed using an
unpaired t test and expressed as daily mean running time in hours 	 standard
deviation (SD), and daily mean running distance was expressed in kilometers 	
SD. Upon termination of the exercise protocol, mice were sacrificed and skeletal
muscles were collected and embedded for cryosectioning.

All animal experiments were performed according to the guidelines of proto-
cols approved by the Animal Ethical Committee of the University of Helsinki.

RESULTS

Generation of gene-targeted myotilin null mice. In order to
study the physiological role of myotilin during murine devel-
opment and to explore myotilin’s role in muscle structure and
function, we generated a myotilin null mouse, myo�/�. The
targeted deletion of the murine myotilin gene consisted of in
vivo Cre-loxP-mediated deletion of exon 3 (“floxing out”) (18).
We chose to delete exon 3 because it contains the second ATG
in frame that might be translated into a truncated protein and
because the engineered deletion introduced a stop codon at
the joining region of exons 2 to 4. The strategy used was most
likely to disrupt myotilin protein expression.

The heterozygous male floxed (myoflox/�) mice were bred
with EIIa-Cre transgenic general deletor females (17), and in
vivo Cre-mediated excision of exon 3 was verified by PCR
genotyping (Fig. 1C) and by Southern blotting (data not
shown). Heterozygous (myo�/�) mice bearing the exon 3-lack-
ing allele (deleted allele) were intercrossed in order to obtain
homozygous (myo�/�) offspring. Different genotypes (myo�/�,
myo�/�, and myo�/�) were obtained at the expected Mende-
lian frequency. Widespread expression of myotilin during em-
bryogenesis in several tissues is mainly documented in mice by
in situ hybridization studies (22); however, at birth, the myo�/�

mice were viable and indistinguishable by appearance, behav-
ior (e.g., milk suckling, spontaneous movements), or average
birth weight from their myo�/� or myo�/� littermates. For the
analyses the mice were bred on a mixed 129SvJ/ICR back-
ground.

Expression of myotilin mRNA was investigated by RT-PCR
and Northern blotting. Exon 3 primers did not amplify a PCR
product from myo�/� skeletal muscle total RNA, whereas
primers flanking the targeted exon 3 amplified a fragment that
corresponded in size to the targeted deleted fragment (Fig.
2A). Instead, primers for downstream exons 4 and 5 amplified
a product of expected size from the RNA of all genotypes.

In further Northern blotting experiments, skeletal muscle
total RNA from myo�/�, myo�/�, and myo�/� mice (n � 3)
was hybridized with an exon 3 probe and with a probe for exons
4, 5, and 6 (Fig. 2B). In the myo�/� skeletal muscle, no hy-
bridization with the exon 3-specific probe was detected, veri-
fying a successful in vivo recombination event and subsequent
deletion of the targeted exon. Although RT-PCR suggested
the presence of truncated myotilin RNA in myo�/� mice, we
failed to detect exons located downstream of exon 3 by North-
ern blotting, indicating degradation of any myotilin transcript.

Myotilin protein analysis in myo�/� mice. Protein analysis
of skeletal and cardiac muscle was done to confirm the absence

of myotilin. Western blotting was performed with two different
polyclonal antibodies recognizing the amino terminus or the
first Ig-like domain of myotilin, respectively. Neither full-
length nor truncated myotilin was detected in the myo�/� mice
(Fig. 3A and data not shown). Other tissue types in the adult
myo�/� mice did not contain detectable amounts of myotilin
(data not shown).

Expression of other Z-disk proteins in myo�/� striated mus-
cle. Quantitative Western blot analysis was used to assess the
expression of several Z-disk-associated proteins. The investi-
gation showed minor, if any, changes in �-actinin, two major
ZASP isoforms (of 36 kDa and 78 kDa), or FATZ-1 expression
in the myo�/� mouse skeletal (Fig. 3A) or cardiac (not shown)
muscle. Instead, a notable increase was observed in expression
of telethonin in skeletal muscle and a minor increase was seen
in cardiac muscle (Fig. 3A). Quantitative analysis of skeletal
and cardiac muscle blots demonstrated a nearly 2-fold and
1.6-fold increase, respectively, of telethonin protein in the
myo�/� mice (Fig. 3B). Similarly, quantitative Northern blot
analysis of telethonin with a 3�-untranslated region probe in-
dicated upregulated telethonin RNA in myo�/� skeletal mus-
cle (data not shown). We also investigated the presence of
the �200-kDa major palladin isoform reported to be
present in mouse embryonic heart and skeletal muscle (29).
An antibody that specifically recognizes the amino terminus
of palladin did not indicate differences in the signal intensity
between myo�/� and myo�/� mice (Fig. 3C). In the absence
of a suitable antibody, expression of the third subfamily
member, myopalladin, was analyzed by Northern blotting.
The results showed that an equal amount of myopalladin
transcript was present in the striated muscles of myo�/�

mice and the myo�/� controls (Fig. 3D).
Morphology and sarcolemmal integrity of skeletal muscle

and heart in myo�/� mice. The morphology of skeletal and
cardiac muscle was investigated by light microscopy and trans-
mission electron microscopy. Histological evaluation was done
by comparing hematoxylin and eosin-stained sections of skel-

FIG. 2. RNA analysis of wild-type and myo�/� mice. A. Total skel-
etal muscle RNA was used as template for RT-PCR analysis. Exons 4
and 5 (126-bp fragment) were amplified in all samples. Exon 3 (192 bp)
could be amplified from the myo�/� and myo�/� mouse RNA, but not
from myo�/� mouse RNA. A 343-bp fragment flanking exon 3 was
amplified form the myo�/� and heterozygous myo�/� mouse RNA,
whereas a 175-bp fragment was amplified from myo�/� mice, further
demonstrating the deletion of exon 3. The control lane on the left
shows the RT-PCR in the absence of mouse RNA, and the bottom
panel shows the actin RT-PCR as a control. B. Northern blot analysis
of total RNA isolated from skeletal muscle of myo�/�, myo�/�, and
myo�/� mice was performed with probes for exon 3 and for exons 4 to
6. The probes did not detect any myotilin transcript in myo�/� mice. A
�-actin probe is shown as a total RNA loading control.
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etal muscles of various genotypes from postnatal day zero to
50-week-old mice. Neonatal mice were investigated for possi-
ble delayed muscle development of the limb muscles, dia-
phragm, or heart. The morphology of muscle groups or indi-
vidual muscle fibers did not differ in the neonatal myo�/� mice
compared with the myo�/� mice. In the adult stage, we could
not detect any dystrophic features or other morphological
abnormalities (Fig. 4A) in the skeletal and cardiac muscle.
Gomori trichrome staining was used to detect abnormal de-
posits, such as nemaline rods or tubular aggregates. Occasional
small accumulations were detected in the skeletal muscle of
both male myo�/� and myo�/� mice after 6 months (not
shown). Such structures are known to appear in an age-depen-
dent manner in the skeletal muscles of inbred male mice (1).
The gender selectivity, the presence in the control samples,
and studies showing that they originate from sarcoplasmic re-
ticulum or/and mitochondria (1, 27) supported the observation
that they were not a specific morphological change in skeletal
muscles of myo�/� mice.

The ultrastructure of skeletal and cardiac muscle was further
assessed by transmission electron microscopy. The sarcomere
and the Z-disks in myo�/� mice were structurally preserved,
and there was no indication of Z-disk streaming, dissolution, or

accumulation of filamentous material in either muscle type
(Fig. 4B).

Immunofluorescence analysis of isolated myofibrils was per-
formed to further verify the absence of myotilin and to inves-
tigate maintenance of the sarcomeric architecture in the
myo�/� mice. The Z-disk protein �-actinin was detected in
myofibrils prepared from myo�/� and myo�/� mouse skeletal
muscles. The pattern showed characteristic striations that cor-
respond to the periodical Z-disk structure both in myo�/�

myofibrils and in myo�/� myofibrils, which lack immunoreac-
tivity for myotilin (Fig. 4C). The normal Z-disk striated pattern
was verified by immunofluorescence staining using a titin an-
tibody recognizing the Z-disk epitope of titin (data not shown).

Dystrophic patients with myotilin mutations show increased
serum creatine kinase levels, which may indicate an increased
sarcolemmal permeability. To explore the integrity of the sar-
colemma, the intravital dye EBD (11) was used as an alterna-
tive method for measuring circulating creatine kinase levels.
The myo�/� mice did not display an increased EBD uptake,
suggesting that the sarcolemmal integrity was not affected
(data not shown).

Postnatal growth curve of myo�/� mice. The growth curve
serves as a general measure of health, especially in the periods

FIG. 3. Immunoblot and Northern blot analysis of muscle proteins. A. The presence of Z-disk proteins was investigated by immunoblotting
using crude skeletal and cardiac muscle homogenates of myo�/�, myo�/�, and myo�/� mice. The immunoblot with antimyotilin antibody 151 shows
lack of reactivity in the myo�/� muscle, indicating the absence of the protein. �-Actinin, ZASP (32-kDa and 78-kDa isoforms), FATZ-1, and
�-tubulin are normally expressed. Instead, a markedly increased telethonin reactivity is observed in the skeletal muscle and a minor increase is
detected in the cardiac muscle. Myosin heavy chain (MHC) detection using Coomassie staining of the postblotted gel served as a loading control.
B. Quantification of telethonin content in skeletal and cardiac muscle of myo�/� mice. Western blot intensity of the telethonin signal (n � 3) was
normalized to the actin content detected with the monoclonal AC40 antibody. The data obtained from nine measurements are reported as means � SEM
of the telethonin content in the myo�/� skeletal or cardiac muscles, which was assigned 100 (SEM � 14.26). C. Western blot analysis of an
�200-kDa muscle palladin isoform in skeletal muscles. The upper panel shows equal amounts of palladin detected with E1a antibody. The lower
panel shows Ponceau S-stained nitrocellulose membrane to illustrate an equal amount of protein loading. D. Northern blot analysis of myopalladin
transcript in the skeletal muscle. The upper panel is the myopalladin probe, and the lower panel is a �-actin probe used as a loading control.
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of rapid growth (i.e., after weaning) (4). The postnatal period
from day zero to 3 weeks was characterized by a similar growth
rate of both genotypes (Fig. 5A). Towards weaning and during
the postweaning period the growth curves remained similar,
demonstrating a difference between genders but not between
genotypes (Fig. 5B). During the analyses, the spontaneous
behavior of the mice was also observed. The behavior of the
myo�/� mice was not different from that of the controls
throughout their life span, and no deaths based on cardiac
pathology were recorded.

Morphology of other tissue types in myo�/� mice. As myo-
tilin is expressed in several organs during development, we
compared the morphology of several nonmuscle organs in
myo�/� mice and their littermates at birth and during adult
age. Analysis of hematoxylin and eosin-stained tissue sections
did not reveal any morphological differences between the ge-
notypes in brain, spleen, kidney, lung, liver, skin, or small
intestine (not shown).

Loss of myotilin does not affect muscle strength or interfere
with daily performance. In order to investigate the functional
consequence of myotilin absence in the tissues that express
myotilin abundantly, measurements of strength and fatigue
were performed. Figure 5C shows forelimb peak force mea-
surements of 
10-month-old mice. Four trials were performed
at 1-week intervals. Each trial consisted of 10 measurements,
and the values were plotted as a function of weight. An insig-
nificantly reduced strength was measured in the myo�/� mice,
in comparison with myo�/� mice (Fig. 5C). These results in-
dicate that, in addition to the normal morphology of the sar-
comere, normal maximal contractile function is retained in
spite of loss of myotilin. In addition, we compared the endur-
ance capacity of myo�/� and myo�/� mice and tested whether
exercise affected muscle morphology. The performance was
assessed using the voluntary running exercise (2). The results
showed a small but insignificant reduction in the voluntary
running activity of myo�/� mice. Mice lacking myotilin ran an
average of 2.12 	 0.44 h/day (compared to 2.40 	 1.56 h/day)
at an average distance of 3.04 	 2.20 kilometers/day (com-
pared to 3.89 	 3.05 kilometers/day) (Fig. 5D and E). After the
exercise period, the skeletal muscle morphology of both
myo�/� and myo�/� mice showed increased fiber size (2).
However, no signs of degeneration/regeneration or other mus-
cle pathology were detected (data not shown).

DISCUSSION

Myotilin is a recently described actin-associated sarcomeric
protein that is highly conserved between human and mouse
(21). Although its molecular associations and in vitro functions
have been described and mutations in the myotilin gene have
been shown to cause muscular disorders, myotilin’s role in vivo
has not yet been explored. In this paper, we report that lack of

The Z-disk, observed as a dark line, is not changed in the myo�/� mice
compared with myo�/� mice. Bar, 500 nm. C. Immunofluorescence
staining of isolated myofibrils shows Z-disk myotilin staining in myo�/�

mice but not in the myo�/� muscles. Staining of �-actinin demonstrates
normal Z-disk distribution in myo�/� skeletal muscle. Bar, 20 �m.

FIG. 4. Morphological analysis of myo�/� and myo�/� skeletal and
cardiac muscle. A. The upper panel shows transversal cryosections of
gastrocnemius from 12-month-old myo�/� and myo�/� mice, stained
with hematoxylin and eosin. The lower panel shows morphology of the
heart. No morphological differences were seen in either muscle type.
Bar, 20 �m. B. Ultrastructural analysis of the myo�/� mouse skeletal
and cardiac muscle shows an unaffected morphology of the sarcomere.
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myotilin does not cause phenotypic alterations in myo�/� mice.
The knockout mice demonstrated a normal ultrastructure of
skeletal and cardiac muscle, unaffected distribution of Z-disk
proteins, normal muscle function, and a normal life span.

Our results indicate that myotilin is not required for murine
development. This is in contrast to palladin, a structurally
related molecule, whose ablation results in embryonic lethality
due to defects in ventral and dorsal tube closure (19). The
phenotype of the third family member, myopalladin, has not
been reported. The lack of phenotype in myo�/� mice suggests
that palladin and/or myopalladin serve overlapping functions

with myotilin and thereby can functionally compensate its loss.
In contrast, myotilin and myopalladin cannot compensate for
loss of palladin in many cell types, since palladin has a much
broader expression pattern than the two other family members.

The maintenance of a morphologically normal Z-disk and
overall cellular architecture, the absence of inflammatory or
degeneration/regeneration features, and preserved muscle per-
formance of myo�/� animals confirmed that lack of myotilin
does not lead to a dystrophic phenotype. The normal morphol-
ogy and function of the skeletal muscle of myo�/� mice up to
old age indicated that myotilin is not required for normal

FIG. 5. Growth curves, grip strength measurements, and endurance of myo�/� and myo�/� mice. A. Weights of myo�/� and myo�/� mice from
birth to postnatal day 25. The genotypes have identical birth weights and develop similarly. Each data point value depicts the mean value 	
SEM. B. Postweaning weight curves are depicted separately for each genotype and sex until 38 weeks of age. The intensive growth phase and the
adult period show gender differences but are not affected by genotype. Each data point depicts the mean value 	 SEM. C. Forelimb grip strength
of 
10-month-old male myo�/� mice (n � 7) was compared with that of a group of gender- and age-matched myo�/� mice. The grip strength from
four trials, each consisting of 10 pulls, was normalized to the average body weight. The mean values are presented as column plots 	 SEM. The
myo�/� mice showed an insignificant decrease of strength compared with the age- and sex-matched control group. D and E. Running performance
of myo�/� and myo�/� mice. Daily voluntary running of myo�/� mice (n � 5) compared with the myo�/� (n � 4) mice is expressed as the average
daily running time (D) and distance (E). myo�/� mice showed a small but statistically insignificant reduction in running time and distance. The
data are shown as the average 	 SD.
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striated muscle structure and gross function, including muscle
force and endurance. Generation of double or triple knockout
mice by deletion of myopalladin and/or muscle-specific palla-
din may be necessary in order to analyze the redundant roles of
the proteins forming this small subfamily.

Although myo�/� muscles were morphologically indistin-
guishable from wild type, differences in their molecular com-
position were detected. Specifically, we observed upregulation
of another Z-disk protein, telethonin/T-cap (20, 39), at both
the protein and mRNA level. The upregulation was more pro-
nounced in skeletal than in cardiac muscle. The Z-disk not only
provides a scaffold for the contractile units, but it also serves an
important role as a mechanosensor and mediator of signaling
(31). Telethonin binds the giant protein titin at the Z-disk
periphery (24). In addition, it is suggested that telethonin
cross-links titin’s amino termini in a way which results in
unique spatial organization of filaments within the sarcomere
and increased Z-disk resistance to contractive stress (44). In
heart, telethonin binds in a phosphorylation-dependent man-
ner the potassium channel �-subunit minK, localized to the
T-tubular system. The complex formed by telethonin/T-cap
together with the Z-disk amino terminus of titin and minK is
proposed as a part of a “mechano-electrical feedback” linking
mechanical stretch with membrane potentials (9). Mutations in
the telethonin gene underlie an autosomal recessive form of
limb girdle muscular dystrophy, LGMD2G (23), and dilated
cardiomyopathy (16), but these patients do not display Z-disk
alterations (38). Telethonin is thought to be linked to the
dynamic control of myofibrillogenesis and muscle turnover
(35). It is also considered an important player in stretch sens-
ing, providing the necessary feedback for Z-disk key proteins
(16). Thus, its changed expression profile in the myo�/�

mouse skeletal muscle could reflect a structural weakening
of the Z-disk supporting, at least in part, the documented
role of myotilin as a cross-linker. Alternatively, telethonin
upregulation could be considered a marker of altered mech-
anosensing, which could indicate a new role for myotilin as
a component of the muscle stretch-sensing molecular path-
way. Nevertheless, more studies are needed in order to
demonstrate myotilin’s role as an active component of the
Z-disk structure and function.

Recently, mouse knockout studies of Z-disk proteins struc-
turally or functionally linked with myotilin have been reported.
The gene ablation strategy for FATZ 2/calsarcin-1, a binding
partner of myotilin, served as a good tool for investigating the
protein’s cellular functions. The calsarcin-1 knockout mouse
displayed an apparently normal phenotype, but exaggerated
cardiac hypertrophy was seen in response to calcineurin acti-
vation (8). The actinin-associated LIM domain protein (ALP)
is a PDZ and LIM domain-containing protein that localizes to
the Z-disks of skeletal and, to a lesser extent, of cardiac mus-
cle. The ALP null mouse did not display a skeletal muscle
phenotype (14); however, subtle cardiac morphological changes
and dysfunction were reported in another study (30). The
mouse homologue of human ZASP, Cypher/Oracle, is a mem-
ber of the PDZ-LIM domain-containing protein family. Along
with mutations in myotilin and some other Z-disk proteins,
ZASP mutations can cause myofibrillar myopathy (37). Inter-
estingly, knockout studies indicate that Cypher/ZASP is not
required for sarcomerogenesis but for the maintenance of Z-

disk integrity during muscle contraction, as ablation of
Cypher1 and Cypher2 results in a severe form of congenital
myopathy and ventricular dilatation (43). Only minor changes
were seen in the endurance of myo�/� mice during physical
stress. Perhaps an even more challenging environment may be
needed in order to reveal subtle changes in myo�/� mice.

Myotilin mutations cause several forms of myotilinopathy,
defined by clinical and morphological features as LGMD1A
(13, 12), myofibrillar myopathy (36, 28), and spheroid body
myopathy (7). To date, point mutations in the myotilin gene are
clustered within exon 2 and result in single amino acid changes
in a serine-rich amino-terminal region of myotilin. Interest-
ingly, several of the mutated residues are putative phosphory-
lation sites. The significance of the point mutation still awaits
clarification, as transfection studies in nonmuscle cells show
that myotilin proteins carrying several disease-associated mu-
tations could still be found associated with actin filaments (41).
Together, the human disease spectrum and the results of this
paper support the hypothesis that mutated myotilin serves a
dominant negative function in striated muscle. This could ex-
plain why mutations in the myotilin gene leading to protein
absence have not been found among the human muscular
dystrophy disease spectrum.
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