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Abstract

Filamin c (FLNc) is a large dimeric actin-binding protein located at premyofibrils, myofibrillar Z-discs and myofibrillar attachment
sites of striated muscle cells, where it is involved in mechanical stabilization, mechanosensation and intracellular signaling.
Mutations in the gene encoding FLNc give rise to skeletal muscle diseases and cardiomyopathies. Here, we demonstrate by fluores-
cence recovery after photobleaching that a large fraction of FLNc is highly mobile in cultured neonatal mouse cardiomyocytes and
in cardiac and skeletal muscles of live transgenic zebrafish embryos. Analysis of cardiomyocytes from Xirpl and Xirp2 deficient
animals indicates that both Xin actin-binding repeat-containing proteins stabilize FLNc selectively in premyofibrils. Using a novel
assay to analyze myofibrillar microdamage and subsequent repair in cultured contracting cardiomyocytes by live cell imaging, we
demonstrate that repair of damaged myofibrils is achieved within only 4 h, even in the absence of de novo protein synthesis. FLNc
is immediately recruited to these sarcomeric lesions together with its binding partner aciculin and precedes detectable assembly
of filamentous actin and recruitment of other myofibrillar proteins. These data disclose an unprecedented degree of flexibility of
the almost crystalline contractile machinery and imply FLNc as a dynamic signaling hub, rather than a primarily structural protein.
Our myofibrillar damage/repair model illustrates how (cardio)myocytes are kept functional in their mechanically and metabolically
strained environment. Our results help to better understand the pathomechanisms and pathophysiology of early stages of FLNc-
related myofibrillar myopathy and skeletal and cardiac diseases preceding pathological protein aggregation.

Introduction mechanisms to repair damaged myofibrils, while the cardio-

The myofibrillar apparatus of contracting striated muscle cells
is constantly under enormous mechanical strain. Particularly
increased workload results in the occurrence of microdamage at
the level of sarcomeres, raising the need for dedicated

myocytes retain their capability to contract. The cytoskeleton
provides both scaffolding and signaling functions to facilitate
and regulate such repair processes. Previous work in skeletal
muscle showed that filamin C (FLNc) and its ligands, Xin
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actin-binding repeat-containing proteins (XIRPs) and aciculin,
are excellent markers for myofibrillar lesions (1-4).

Filamins (FLNs) are large, homodimeric actin-binding and
actin-crosslinking proteins. Their N-terminal actin-binding do-
main is followed by 24 immunoglobulin- (Ig-) like domains, the
last of which is responsible for dimerization of FLNs. Besides fil-
amentous actin, more than 90 proteins including intracellular
signaling molecules, receptors, ion channels, transcription fac-
tors, and cytoskeletal and cell adhesion proteins have been
shown to bind to FLNs (5-7). Accordingly a plethora of functions
are attributed to FLNs, including the organization and stabiliza-
tion of the actin cytoskeleton and its anchorage to transmem-
brane proteins at sites of cell-substrate- and cell-cell-adhesion
(5,6,8,9). Consequently mutations in all three human FLN iso-
forms, FLNa, FLNb and FLNc, are directly connected to diseases
affecting brain, bone, the cardiovascular system and the muscle
apparatus (reviewed in 5,10,11).

FLNc is predominantly expressed in skeletal muscles and
the heart (12-14), where it localizes to Z-discs, myotendinous
junctions, the sarcolemma and intercalated discs (15). It con-
tains a unique insertion of 82 amino acids in Ig-like domain 20
that is not found in the otherwise highly similar FLNa and FLNb.
This domain is involved in the interaction of FLNc with several
of its muscle-specific ligands. In the Z-disc, FLNc interacts with
the calsarcins ( FATZ proteins, myozenins) (16-18), myotilin (19)
and myopodin (20), while at the sarcolemma FLNc directly binds
v- and §-sarcoglycans (13) as well as ponsin/CAP (21). Loss of
FLNc in mice causes a severe muscle phenotype that includes
defects in embryonic myogenesis resulting in a decreased num-
ber of primary fibers, excessive fiber size variation, and a distur-
bance of sarcomere architecture (22). However, loss of FLNc
function in zebrafish resulted in myofibril failure consistent
with altered sarcomeric architecture, but no effect on myogene-
sis (23). In humans, FLNc is dramatically redistributed in a large
variety of muscle diseases (3,13,24-26). Furthermore, mutations
in the gene encoding FLNc (FLNC) cause myofibrillar or distal
myopathy phenotypes (MFM5, OMIM no. 609524 and MPD4,
OMIM no. 614065, respectively) often with cardiac abnormalities
(11,27-29). Recently, mutations in FLNC were shown to be a
novel cause of familial restrictive cardiomyopathy (30) and fa-
milial hypertrophic cardiomyopathy (HCM) (31). Unlike cardio-
myocytes of HCM patients caused by other mutations, in
cardiomyocytes of some of these HCM patients FLNc-containing
aggregates were detected. Nevertheless, these patients do not
show overt skeletal muscle symptoms of filaminopathy (31).

Recently, both mammalian members of the XIRP family (Xin
and XIRP2), were identified as FLNc ligands (32,33). In adult
muscle, XIRPs not only colocalize with FLNc at myotendinous
junctions of skeletal muscles and intercalated discs of cardio-
myocytes but also at sites of small injuries and remodeling
(1,34) resulting from exercise and eccentric contractions
(4,35,36). In addition to these proteins, myotilin and obscurin
have also been reported to be enriched in such areas (35,37,38),
implying that the formation and maintenance of myofibrils re-
quires fast and active exchange of proteins between different
supramolecular assemblies and cytoplasmic pools. The striking
redistribution of FLNc in healthy and diseased skeletal muscle
fibers (13,24) also implies that at least some components of
myofibrillar Z-discs, i.e. structures that have to withstand con-
siderable forces during muscle contraction and for a long time
were supposed to be very stable, are less static than presumed.

To better understand the behavior of FLNc in striated muscle
cells, we applied fluorescence recovery after photobleaching
(FRAP) to study FLNc dynamics in myofibrillar structures of
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neonatal mouse cardiomyocytes at different stages of matura-
tion as well as in hearts and skeletal muscle fibers of living
zebrafish embryos. Furthermore, we utilized laser-induced
microdamage to analyze myofibrillar repair mechanisms in
spontaneously contracting cultured mouse cardiomyocytes.
Our experiments reveal that FLNc is immediately recruited to
areas of myofibrillar damage, repair and remodeling. This fea-
ture is enabled by its extraordinarily fast exchange rate and
large mobile fraction that were determined by FRAP experi-
ments. In combination with our recent findings of Z-disc insta-
bility in filaminopathy patients and filaminopathy knock-in
mice (34), our data suggest that FLNc plays an important role in
myofibril stabilization and early myofibril repair processes.

Results

FLNc dynamics increases dramatically during
myofibril maturation

To analyze FLNc dynamics in living cross-striated muscle cells,
we used a previously established cDNA clone encoding FLNc
fused N-terminally to enhanced green fluorescent protein
(EGFP) (27). Attachment of EGFP to the C-terminus of FLNs was
reported not to interfere with dimerization (39) and in trans-
fected muscle cells FLNc-EGFP was mainly targeted to Z-discs
and premyofibrils, both locations where endogenous FLNc is
also found (15).

To investigate the dynamic behavior of FLNc during myofi-
bril maturation and onset of contractile activity, we transfected
mouse cardiomyocytes and subsequently performed FRAP ex-
periments with regions of interest (ROI) comprising either a pre-
myofibril or a single Z-disc of neighboring mature myofibrils.
The recovery profiles obtained were in both cases biphasic.
Increasing the width of the bleached area resulted in slower in-
crease during the initial recovery but only little variation in the
final phase (cf. Supplementary Material, Figure S1). From this
we concluded that the initial, fast recovery is at least partially
due to lateral diffusion of unbound labeled protein, whereas the
later, slower phase indicates the exchange process of bound
proteins with the soluble fraction. To account for both phases
we used a biexponential fit to determine the halftime of the
slower decaying exponential.

y ()= y1[l—e ] +y,[1-e ™

It should be noted that in FRAP experiments an exponential
is only a very rough approximation to the recovery curve calcu-
lated for diffusion in homogeneous medium (40,41). Yet, the
medium in the close vicinity of a Z-disc or a premyofibril is ex-
tremely inhomogeneous and little characterized, therefore only
rough estimates of the true recovery curve for molecules diffus-
ing in this complex environment can be given. The fast halftime
was typically only few percent (maximum 20%) of the slow half-
time, therefore both fit parameters were well separated and had
little influence on each other. Thus we believe that in this spe-
cific experiment using an exponential to account for diffusion
of the unbound molecules is adequate. Moreover, we verified
our conclusions by manually determining the halftime. With
both methods we reached the same conclusions. The mobile
fraction represents a mixture of diffusion and exchange based
on binding kinetics. Differences between two groups were as-
sessed by Student’s t-test. Halftimes, expressed as median =+ SD,
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mobile fraction as mean = SD, indicated significant differences
of kinetics for these two stages of myofibril assembly.

The exchange of FLNc in mature Z-discs was extremely rapid
with a half-life (t/2 siow) Of 18 +5s. 81+ 8% of FLNc was in the
mobile fraction, indicating a very high turnover rate. In contrast,
half-lives in non-striated and non-contractile premyofibrils

A

Z-disc

premyofibril

were almost twice as long (34 + 13 s) and only 63 * 9% of the pro-
tein was mobile (Fig. 1A-D; Supplementary Material, videosl
and 2, Table 1). To compare these results with the dynamics of
another Z-disc protein, FRAP experiments were performed on
cardiomyocytes transfected with EGFP-tagged a-actinin2, an in-
tegral structural component of the Z-disc. Although the mobility
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Figure 1. FRAP analysis of dynamics of FLNc and «-actinin in Z-discs and premyofibrils. Neonatal mouse cardiomyocytes were transfected with cDNAs encoding FLNc-
EGFP or a-actinin2-EGFP, respectively, and analyzed by FRAP. (A) Time series of fluorescence micrographs indicating the localization of FLNc-EGFP in Z-discs (upper
panel) or premyofibrils (lower panel), respectively. ROI (indicated by white boxes) were followed over time, and are shown prior to bleaching, immediately subsequent
to bleaching and at distinct time points during the fluorescence recovery phase (see also Supplementary Material, video1, Supplementary Material, video2). Bars: 5 ym.
(B) Typical recovery profile of FLNc in Z-discs and premyofibrils. (C) Box plots of halftimes of all experiments show a slow halftime of 18 s (median) in Z-discs and 34 s in
premyofibrils, respectively (n=8, shown + absolute values, *P <0.0101). (D) Bar plots summarizing mobile fractions of FLNc in Z-discs and premyofibrils. Note the in-
crease of mobile fraction from 63% in premyofibrils to 81% in mature Z-discs (n =8, shown + SD, **P < 0.0005). (E) Typical recovery profile of a-actinin2-EGFP in Z-discs
and premyofibrils. (F) Box plots of halftimes of all experiments show a slow halftime of 176s (median) in Z-discs and 316s in premyofibrils, respectively (n=9,
shown + absolute values, **P < 0.0004). (G) Bar plot summarizing mobile fractions of a-actinin2 in Z-discs (87%) and premyofibrils (65%), (n=9, shown *+ SD, *P < 0.
0011). Note the considerably higher dynamics of FLNc in comparison to «-actinin2, both in Z-discs and premyofibrils.
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of a-actinin2 also increased during myofibril maturation, from
65 * 14% in premyofibrils to 87 + 10% in Z-discs, in comparison
to FLNc, a-actinin2 recovered significantly slower in both struc-
tures with a ty, of 176 + 68 s in Z-discs and 316 + 67 s in premyo-
fibrils, respectively (Fig. 1E-G; Table 1). The comparatively fast
recovery rate thus emphasizes the extremely dynamic behavior
of FLNc, reinforcing its function mainly in actin-associated sig-
naling rather than being a structural protein.

Table 1. Exchange half-lives (t;,) and mobile fractions (Mg) of trans-
fected EGFP-fusion protein related to region of photobleaching (Z-
discs or premyofibrils) and model system (+ SD)
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FLNc dynamics is influenced by specific protein
interactions

The striking difference in FLNc dynamics between these two
stages of myofibril development implied a distinct regulation
of protein interactions. Recently, we showed that both mam-
malian XIRPs, Xin and XIRP2, simultaneously associate with
FLNc via the insertion in its Ig-like domain 20 (32). To investi-
gate the role of these interactions in the differential dynamics
of FLNc we analyzed the kinetics of FLNc in cardiomyocytes de-
rived from mice deficient for either Xin alone or both XIRPs. In
contrast to wild-type cells, in cardiomyocytes from both geno-
types FLNc dynamics in Z-discs and premyofibrils did not sig-

Model Transfected Bleached ts[s] Mg [%] nificantly differ (Fig. 2B and E, Table 1). This was mainly due to
protein region a decrease of the ty/, in premyofibrils from 34 +13s in wild-
type cells to 21 +5s in cells lacking Xin (Fig. 2A and B) and
wild-type mouse FLNc Z-discs 185 818 25+12s in cardiomyocytes deficient for both XIRPs, respec-
Premyofibrils 34+13 639 tively (Fig. 2D and E). The mobile fraction in premyofibrils was
wild-type mouse c-actinin2  Z-discs 176 £ 68 87+ 10 not changed in the absence of Xin alone (63 + 7%, Fig. 2A and
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Figure 2. FRAP analysis of FLNc in cardiomyocytes deficient for Xin or both Xin and XIRP2. (A) FRAP recovery curves and (B) deduced slow halftimes obtained in neona-
tal mouse cardiomyocytes deficient for Xin and transfected with FLNc-EGFP did not show significantly increased dynamics in premyofibrils or Z-discs when compared
with wild-type cardiomyocytes (n =7, shown = absolute values). Note however, that in contrast to wild-type cells, FLNc dynamics in Z-discs and premyofibrils are not
significantly different. (C) Mobile fractions in these cells [63% in premyofibrils and 75% in Z-discs (n=7, shown + SD, *P < 0.0062)] were comparable to those in wild-
type cells. FRAP experiments in embryonic mouse cardiomyocytes deficient for Xin and XIRP2 transfected with FLNc. (D, E) In the absence of both XIRPs, FLNc slow
half-lives in mature Z-discs were comparable to those of wild-type cells, whereas also in these cells slow half-lives in premyofibrils were not significantly different
from those in Z-discs (n=>5, shown + absolute values). (F) The mobile fraction in premyofibrils without XIRPs was significantly increased (87 + 18%, compared with
63 + 7% in Xin-deficient and 63 + 9% in wild-type cells) to values almost identical to Z-disc levels (84 + 5%, n=5). In contrast, mobility in Z-discs was similar in cardio-

myocytes derived from all genotypes.
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FLNc is involved in early stages of myofibrillar
remodeling and repair

The results described above indicate that FLNc is an extremely
dynamic Z-disc protein, and we reasoned that this high exchange
rate might be needed to support fast repair and/or remodeling
processes. In order to induce localized damage and subsequent
repair in a live-cell microscopy setting, we treated FLNc-EGFP-
transfected cardiomyocytes with laser pulses at the level of single
Z-discs, which resulted in myofibrillar damage and splitting of Z-
discs. Z-disc splitting started at the edges of the Z-disc and con-
tinued until the complete Z-disc was split. Immediately after
damage, FLNc was recruited to the area located between two split
Z-discs and thus can be considered as an immediate early marker
for damage-induced myofibrillar remodeling processes (Fig. 3).

Subsequently, we studied repair of these lesions in contract-
ing cardiomyocytes that were transfected with both FLNc-EGFP
and a-actinin2-RFP. Upon microdamage and splitting of Z-discs,
FLNc was again immediately recruited to regions of damage,
whereas substantial amounts of a-actinin2 appeared only after
2-10min, implying distinct contributions of both proteins to
myofibril repair processes (Fig. 4A, Supplementary Material,
video3). Long-term observations of FLNc and a-actinin2 revealed
that sarcomere repair appeared completed three to four hours
post damage. Importantly, damaged cardiomyocytes continued
to contract during the entire repair process.

In order to investigate whether these repair processes are
dependent on de novo protein biosynthesis, laser-induced
microdamage was performed in the presence of the protein syn-
thesis inhibitor cycloheximide (Fig. 4B). Even in the presence of
this drug, in all four analyzed cells repair was completed in the
same period of time (between 3 and 5h), indicating that repair
is independent of protein biosynthesis.

Previous studies demonstrated that in injured muscle fibers
Xin expression is highly upregulated (3,32,42-45). To better un-
derstand the chronological sequence of events in myofibril re-
pair, the involvement of Xin was therefore also investigated.
Similar to o-actinin2, Xin (isoform A) was recruited to damaged
areas within 2min. Interestingly, XinA remained strongly en-
riched in the affected region even after apparent completion of
myofibril repair, indicating ongoing regeneration processes up
to 6 h after damage infliction (Fig. 4C).

Recently, we also identified aciculin as an FLNc-ligand ex-
hibiting dynamics and mobility properties highly similar to

pre-bleaching
8, 3 ' ’

those of FLNc. This prompted us to investigate the recruitment
of aciculin to the lesion/repair zones. Indeed, both proteins si-
multaneously appeared in the damaged areas, reinforcing their
tight functional association (Fig. 4D).

The observed recruitment of these actin-binding proteins to
myofibrillar repair zones stimulated us to analyze the time
course of appearance of actin filaments in lesions by damaging
cardiomyocytes expressing Lifeact. Although FLNc was again
immediately recruited to the damaged areas, surprisingly,
Lifeact-associated actin filaments were not observed in the le-
sions until approximately 10-20min after damage infliction.
This would indicate that actin is not actively involved in early
myofibril repair processes (Fig. 5A, Supplementary Material,
video4). This unexpected finding was verified by staining fixed,
damaged cardiomyocytes with phalloidin, again showing no re-
activity in damage/repair areas for several minutes (Fig. 5B).
Furthermore, lack of staining of damaged cardiomyocytes with
anti-desmin and anti-tubulin antibodies indicated that neither
desmin intermediate filaments (Fig. 5B) nor microtubules (not
shown) are involved in early repair processes.

FLNCc is also highly dynamic in vivo with recovery
varying between sites of differing functionality

To investigate the dynamics of FLNc in vivo we generated a
transgenic zebrafish strain in which human FLNc tagged at its
C-terminus with EGFP is expressed under the control of the
skeletal muscle a-actin promoter. FLNc-EGFP was mainly tar-
geted to Z-discs, where endogenous FLNc is also primarily local-
ized (Fig. 6A). FRAP experiments were performed on Z-discs of
both cardiac and skeletal muscle and at the myosepta at 5 days
post-fertilization (Fig. 6B'-D')). In all three cases recovery was bi-
phasic and FLNc demonstrated different dynamics at each of
the three locations (Fig. 6E). FLNc was most dynamic at the car-
diac Z-disc with a ty, of 42's. In contrast, skeletal muscle Z-discs
showed a ty/, value of 54 s and myosepta-localized FLNc had the
slowest exchange rate with a halftime of 63s. A very high per-
centage of mobile FLNc was evident at all three locations (car-
diac Z-disc: 95 = 8%, n = 6; skeletal muscle Z-disc: 94 + 7%, n=5;
skeletal myosepta: 92 + 6%, n= 10, Fig. 6F). The rapid recovery of
FLNc at all locations investigated corroborated the highly dy-
namic nature of this actin binding protein. This is a surprising
result because this protein has been thought to be involved in

Figure 3. FLNc is involved in early remodeling processes. Laser-induced Z-disc splitting in cardiomyocytes transfected with FLNc-EGFP. Z-disc splitting started 45 s after
bleaching at the periphery of the bleached area and continued until the whole Z-disc was split. FLNc was revealed in damage areas in increased amounts relative to
normal Z-discs and can therefore be used as a sensitive marker for myofibrillar remodeling. Arrowheads indicate a Z-disc that was split and extended upon bleaching.

Bar: 5pum.
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Figure 4. Cytoskeletal proteins are differentially involved in myofibrillar repair. Laser-induced microdamage in cardiomyocytes transfected with either (A) FLNc-EGFP
and a-actinin2-RFP, (B) FLNc-EGFP alone in the presence of cycloheximide, (C) XinA-EGFP and «-actinin2-RFP or (D) FLNc-EGFP and RFP-aciculin. (A) FLNc was recruited
to regions of damage (arrowheads) within seconds, whereas a-actinin2 appeared only after 2-10 min, implying distinct contributions of both proteins to repair pro-
cesses. After 3-4h sarcomeres had recovered and myofibrillar repair was completed (Supplementary Material, video3). (B) Inhibition of protein synthesis with cyclohex-
imide does not alter the occurence and time course of myofibril repair in microdamaged cardiomyocytes. Shown is a representative example of four individual
experiments. (C) Similar to a-actinin2, XinA was recruited to lesions (arrowheads) after 2-10 min. After four hours XinA was still strongly enriched in the affected region
despite apparently complete myofibrillar repair. (D) In contrast to a-actinin2 and XinA, but similar to FLNc, aciculin appeared almost immediately in the damaged
areas. In this specific experiment aciculin-RFP was not completely bleached and only seems to appear earlier in the damaged area than FLNc. Arrows mark the unaf-
fected Z-discs flanking the damaged, split Z-discs in (B) and in merged panels of (A,C,D). Bars: 5 pm.
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Lifeact

merge

Figure 5. Actin and desmin are not involved in early repair processes. (A) Laser-induced microdamage in cardiomyocytes transfected with FLNc-EGFP and Lifeact-Ruby
to visualize actin. Although FLNc was immediately recruited to the damaged areas, actin was not found during the earliest stages of myofibrillar repair (10s, arrow-
heads) and became detectable only after 10-20 min (Supplementary Material, video4). (B) Staining with coumarin-labelled phalloidin and anti-desmin antibody con-
firmed absence of F-actin and showed the exclusion of desmin intermediate filaments from damaged areas. Cell was fixed 5 min after damage. Bars: 5 um.

the structural integrity of the Z-disc. Our findings demonstrate
that the remarkable mobility of FLNc is preserved amongst ver-
tebrates, irrespective of an in vitro cell culture situation or an
in vivo animal model.

Discussion

The actin-binding and cross-linking protein FLNc is among the
first proteins specifically expressed upon the differentiation of
striated muscle (12,15). Its important role in adult striated mus-
cles is highlighted by the fact that mutations in FLNC cause skel-
etal muscle diseases and cardiomyopathies (11,27-31). FLNc is a
multi-compartment protein located primarily at premyofibrils
and myofibrillar Z-discs, with small amounts associated with
the sarcolemma (13). In addition, it is highly concentrated at
specialized cytoskeleton-membrane attachment sites such as
intercalated discs and myotendinous junctions (15).
Accordingly, FLNc can bind a wide range of ligands involved in
signaling processes, membrane protein organization and actin

cytoskeleton regulation. FLNc was proposed to translocate be-
tween these different compartments and found to be concen-
trated at the sarcolemma specifically in myopathic muscle
fibers (13). It is, however, entirely unknown how FLNc localiza-
tion is regulated, whether the dynamic state of FLNc is distinct
in these locations, and which specific protein interactions are
involved in its regulation. We addressed these questions by an-
alyzing the dynamics of FLNc in cultured cardiomyocytes using
FRAP in conjunction with protein interaction assays.

FLNCc is a highly dynamic Z-disc protein whose mobility
increases during cardiomyocyte myofibril maturation

Our FRAP analysis in zebrafish and contractile mouse cardio-
myocytes has revealed that FLNc is a surprisingly dynamic pro-
tein with recovery rates of only seconds and an extremely high
mobile fraction. This behavior is in sharp contrast to the Z-disc
structural protein a-actinin2, which takes several minutes to re-
cover. For both proteins FRAP recovery rates and dynamic
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Figure 6. FLNc dynamics in the zebrafish embryo. (A) Transgenic zebrafish embryo at 5 days post-fertilization expressing human FLNc tagged to EGFP (FLNc-EGFP) un-
der the actal promoter. Timelapse images documenting fluorescence of FLNc-EGFP before bleaching (pre-bleach), immediately after (0s), 10 and 1005 after bleaching in
(B) cardiac muscle. (C) Z-discs of the skeletal muscle, and (D) in the myosepta of the skeletal muscle. (E) Fitted curve of recovery profiles of FLNc-EGFP in cardiac Z-discs
(black), skeletal Z-discs (red), and myosepta (blue) shown by solid line. Individual replicates and time points shown in their respective colors (cardiac Z-disc: n=6; skel-
etal Z-disc: n=5; myosepta: n=10). (F) Tukey box plots depicting the median, 25 and 75th percentile, and upper and lower limits of FLNc slow half-lives in cardiac Z-
discs (black), skeletal Z-discs (red), and myosepta (blue), with a significantly longer half-life for myosepta localized FLNc (‘P < 0.05). (G) There is no significant difference
in the mobile fraction of FLNc between locations (cardiac Z-disc: 95%; skeletal muscle Z-disc: 99%; skeletal myosepta: 94%, shown = SD).

fractions substantially increased during reorganization of the
contractile filaments from premyofibrils to Z-discs. Our experi-
ments show that FLNc is the most dynamic sarcomeric protein
described to date, and that other Z-disc proteins, such as a-acti-
nin2, show significantly slower recovery rates. Similar studies
in developing myotubes derived from quail skeletal myoblasts
demonstrated that the Z-disc proteins myotilin, «-actinin, ac-
tinand telethonin, are considerably less dynamic. Furthermore,
and in contrast to FLNc, their mobility decreased upon matura-
tion of myofibrils (46-48). These differences, and the divergent
dynamics of a-actinin in mouse cardiomyocytes and quail skel-
etal myotubes (t;, slow of 176 and 721s, respectively), most
likely result from the application of different striated muscle
cell types (cardiomyocytes versus skeletal muscle cells) derived
from different species. It is also interesting to note that in quail
myotubes telethonin, actin and o-actinin are considerably less
dynamic than myotilin, cypher-1s and FATZ (46).

Apparently, myofibrillar Z-discs contain two distinct subsets
of proteins: a more static group including a-actinin that mainly
fulfils structural functions and a second group of proteins com-
prising FLNc and aciculin (2) that is less firmly integrated in the
core Z-disc structure, but rather involved in signal transduction

events and in the ongoing maintenance and repair of the myofi-
bril. Interestingly, an antibody specific for the N-terminus of
FLNc localized this part of the protein not to the antiparallel ac-
tin filaments within the Z-disc, but rather to its periphery in the
area of parallel actin filaments (15). Elucidation of the precise
layout of FLNc in the Z-disc region, however, awaits the devel-
opment of further domain-specific antibodies recognizing dif-
ferent regions of FLNc and their localization at high resolution.
In line with the proposed signaling function of FLNc, the Z-disc
is increasingly considered to be a nodal point in a signal trans-
duction network involved in mechanotransduction and the con-
trol of hypertrophic growth (reviewed in 49). Notably, FLNc has
recently been demonstrated to be degraded by chaperone-
assisted selective autophagy, which is a tension-induced
autophagy pathway essential for mechanotransduction and tis-
sue homeostasis in muscle and immune cells (50,51).

In the zebrafish we observed distinct dynamics of Z-disc lo-
calized FLNc, which provides a mechanism for signaling within
the sarcomere, compared with myosepta localized FLNc, which
is important for the maintenance of structural integrity of the
muscle fiber. The differences in FRAP recovery rates for FLNc at
the two locations suggests a potential correlation between rate
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of exchange and activity of the tissue. Muscle activity will result
in increased mechanical and oxidative damage, which conse-
quently necessitates continuous and fast protein exchange to
keep the cells functional. The observation that actin dynamics
varies depending on the contractile state of cardiomyocytes (52)
supports this idea.

Recently analysis of the dynamics of the FLNc variant har-
boring the first discovered and most prevalent myofibrillar my-
opathy-associated p.W2710X mutation (28) in zebrafish muscle
fibers revealed that the mutation causes decreased dynamics
(53). This indicates that this mutation not only causes the pro-
tein to aggregate spontaneously (28,44,54), but also reduces the
dynamic properties of FLNc.

FLNc mobility is strongly influenced by its
binding partners Xin and XIRP2

The striking increase in FLNc dynamics during myofibril matu-
ration, and the transition from a non-contractile to a contractile
state, implies the existence of mechanisms regulating its mobil-
ity, either by post-translational modifications in response to sig-
naling events or via binding to distinct ligands. An example of
the former option is the strong influence of hypertrophy path-
ways on the dynamics of the thin filament barbed end capping
protein capZ in cardiomyocytes (55). Multiple phosphorylation
events documented in the literature (56-58) and in databases
(e.g. http://www.phosphosite.org; http://www.phosida.com/) in-
dicate that similar mechanisms may also control the dynamics
of FLNc. Intriguingly, a comparison of the primary structure of
all FLNs highlights the singularity of the insertion-containing
Ig-like domain 20 of FLNc, which is involved in multiple
protein-protein interactions (19,20,32,33). Interestingly, we pre-
viously identified a splice variant of zebrafish FLNc without the
insertion in Ig-like domain 20 and showed that this isoform is
unable to bind zebrafish Xirp1 (59) leading us to investigate spe-
cifically the contribution of the Xin-repeat proteins Xin and
XIRP2 to FLNc dynamics. Together with previous biochemical
experiments (32) our FRAP analyses in cardiomyocytes deficient
for Xin or both XIRPs indeed revealed a major role for these pro-
teins in limiting the exchange and/or mobility of FLNc in pre-
myofibrils, but not in its localization.

FLNCc is rapidly recruited to sites of myofibril repair

We have previously demonstrated that FLNc as well as the
XIRPs are enriched in regions of myofibrillar remodeling and re-
pair (1,59). In order to examine the dynamics of FLNc recruit-
ment to sites of injury we applied laser-induced microdamage
to Z-discs of isolated cardiomyocytes and observed that FLNc
was recruited within 10s to damaged areas. Intriguingly, in
these regions FLNc was no longer arranged in a cross-striated
pattern at the Z-disc, but was instead continuously distributed
along longitudinal strands linking intact Z-discs of remaining,
undamaged sarcomeres. Lack of staining with phalloidin and a
failure of Lifeact to associate with areas of early repair make it
very likely that these stages of the repair process are not appar-
ently dependent on filamentous actin. Likewise, neither inter-
mediate filaments nor microtubules seem to be involved.
Similar results were observed in mechanically stretched rat
cardiomyocytes (60). These cells react to the applied strain by
addition of sarcomeres and show many disruptions in the regu-
lar sarcomeric pattern that are devoid of actin filaments within
the first hour after stretching. Only after 2-4h is accumulation

of F-actin observed. These findings confirm our data on the ab-
sence of detectable actin filaments in early myofibrillar lesions
and suggest the importance of FLNc in preventing collapse of re-
modeling myofibrils.

Recently, in vitro experiments showed that FLNs may act as
force sensors and are highly elastic (61,62). Together with our
data showing the rapid recruitment of FLNc to sites of injury,
this may suggest that FLNc directly provides mechanical sup-
port in damaged areas. One single FLNc dimer has a native
length of ~200nm that can be extended several times if the Ig-
like domains would unfold. Dimers are able to cross-link even
short or mechanically damaged actin filaments, even if they are
not detected by standard F-actin localization methods. Several
FLNc molecules together with short actin filaments could there-
fore form a filamentous network comparable to the membrane
cytoskeleton in red blood cells formed by spectrin and very
short actin filaments (63), that spans the entire damaged area
until other proteins such as XIRPs, a-actinin and globular actin
are recruited and detectable actin filaments are assembled. For
a model see Supplementary Material, Figure S2.

High-intensity exercise during muscle contraction leads to
small injuries. To ensure continued striated, and especially, car-
diac muscle function, fast and effective repair mechanisms are of
vital importance. Indeed, we found multiple lesions not only in
our cultured mouse cardiomyocytes, but also in hypertrophic
hearts especially after aortic banding (our unpublished observa-
tions) that were highly similar to those found in skeletal muscle
cells (1,2). Rapid protein relocalization therefore provides an es-
sential mechanism during initial stages of repair, when it is im-
portant to stabilize damaged regions and avoid affection of
neighboring sarcomeres. We show here that damaged cardiac
myofibrils can be repaired in the contracting cell within only four
hours. Furthermore, we examined the chronological sequence of
myofibrillar repair in primary neonatal mouse cardiomyocytes
and identified FLNc and aciculin as proteins involved in its earliest
stages. Notably, at least in our model system, myofibrillar repair
does not depend on de novo protein synthesis. Even though the ex-
pression level of certain mRNAs is known to rise enormously
upon eccentric contractions (42,45), it takes at least 15min until
higher molecular mass proteins are synthesized in significant
amounts. This highlights the importance of the properties of FLNc
being a highly mobile protein that can rapidly relocalize to dam-
aged areas in order to avoid collapse of myofibrils and to initiate
their regeneration. In this respect it is interesting to note that in
MFM-filaminopathy patients, in an MFM-filaminopathy knock-in
mouse model, and in FLNcb mutant zebrafish that we recently
characterized, the presence of large quantities of mutant FLNc,
and/or the lack of sufficient levels of normal FLNc protein, leads to
instability of myofibrils that is aggravated by exercise (23,34). We
suggest that myofibril repair mimics, on a smaller scale, the pro-
cess of myofibril assembly in nascent myofibrils and premyofi-
brils. The colocalization of FLNc, aciculin, Xin and XIRP2 in these
structures and at the ends of myofibrils in myotendinous junc-
tions and intercalated discs, where sarcomeres are added to exist-
ing myofibrils, further supports a cooperative role for these
proteins during early stages of myofibril assembly.

Materials and Methods

Design of cDNA constructs

Construction of full length FLNc in pEGFP-N3 (Clontech) has
been described before in (27). FLNc in pEGFP-N3-CAG was con-
structed by substitution of the CMV promoter by the CAG
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promoter (CMV early enhancer, chicken B-actin promoter and
the rabbit B-globin intron) (64). Full length o-actinin2 cDNA was
amplified from a human heart cDNA library and cloned in
PEGFP-N3-CAG and pRFP-N3-CAG, a pEGFP-N3-CAG vector in
which EGFP was replaced by mRFP1 (mRFP1 ¢cDNA was a kind
gift from R. Campbell, La Jolla, CA). Full length XinA ¢cDNA was
excised from the pMypG vector (33) and cloned in pEGFP-N3-
CAG. Lifeact-Ruby (65) was a kind gift from T. Quast, Bonn,
Germany. Aciculin cDNA was excised from the pET23aT7 vector
(2) and cloned in pRFP-N3, a pEGFP-N3 vector in which EGFP
was replaced by mRFP1.

Mouse strains

Mice deficient for all isoforms of Xin (XinABC™/~, Xirp1™!Pof)
were described before (66). To obtain mice deficient for Xin and
XIRP2, mice from this strain were mated with homozygous
XIRP2 hypomorphic mice (Xirp2™!t, 67). The obtained double
homozygous mice completely lack all Xin isoforms and do not
express detectable levels of XIRP2 protein.

Isolation and transfection of neonatal mouse
cardiomyocytes

Hearts of 10 neonatal mice (P1) were dissected and pooled. Hearts
were cut into small pieces, washed with phosphate-buffered sal-
ine (PBS) and incubated in dissociating enzyme solution (1 mg/ml
collagenase B; Roche, Mannheim), 10mM CaCl,, 120mM Nacl,
5.4mM KCl, 5mM MgS0O,, 5mM sodium pyruvate, 20 mM taurine,
10mM HEPES, 20mM glucose, pH 6.9) for 15min at 37°C and
800rpm in a thermomixer (HLC Biotech, Bovenden, Germany).
Supernatants were removed and centrifuged for 3min at 1000g.
Cell pellets were resuspended in medium [20% FCS (Sigma-
Aldrich), 2mM NEAA, 100 U/ml penicillin, 100 pg/ml streptomycin,
50 pM B-mercaptoethanol in Iscove’s modified Dulbecco’s medium
(IMDM; Gibco)] and sieved through a 100 um pore nylon mesh of a
cell strainer (BD Falcon). The procedure was repeated four times.
All fractions were pooled and cells were pre-plated on uncoated
cell culture dishes for 1-2h until proceeding with transient trans-
fections. Culture was maintained at 37 °C and 5% CO, in a humidi-
fied incubator.

After pre-plating, 10° non-attached cardiomyocytes were
transfected using the Nucleofector technology as suggested by
the manufacturer using program B-002 (Amaxa Rat
Cardiomyocyte—Neonatal Nucleofector Kit, Lonza). After add-
ing 500 pul medium, cells were immediately plated onto 0.1%
gelatin-coated plastic dishes (ibidi).

Zebrafish maintenance and generation of transgenic
strain

Zebrafish (Danio rerio) were maintained as previously described
(68). The FLNc-EGFP expression vector was generated by sub-
cloning full length human FLNc cDNA fused to EGFP from
PEGFP-N3 into the multiple cloning site of the gateway destina-
tion vector (69) containing the skeletal muscle a-actin (actal)
promoter (70). The construct was injected, at 25ng/ul, into one
cell stage of Tu wild-type embryos along with 25 ng/ul codon op-
timized tol2 transposase mRNA, which was synthesized using
the mMessage machine kit (Ambion) as per manufacturers pro-
tocol. Injected embryos were raised to adulthood and out-
crossed to wild-type fish to identify transgenic founders.
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FRAP and data analysis

FRAP experiments were performed with a Cell Observer SD
Spinning Disk Confocal Microscope (Carl Zeiss, Jena, Germany)
equipped with an external 473nm laser coupled via a scanner
(UGA-40, Rapp OptoElectronic, Hamburg) allowing bleaching of
precisely defined ROI, using a Plan-Apochromat 63x/1.4 oil ob-
jective. Cardiomyocytes were permanently kept at 37°C and 5%
CO,. Image processing was carried out using Zen2012 software
(Carl Zeiss). For FRAP analyses three to seven independent ex-
periments were performed and for each cell 1-3 ROIs were cho-
sen for bleaching with areas of bleaching limited to one
sarcomere or premyofibril. Photobleaching was done with 100%
intensity of 473-nm laser (100 mW) for a pulse time of 1 ms with
eight iterations. Images were taken before and immediately af-
ter bleaching. The fluorescence recovery was monitored for
200's up to 30 min with an interval time of 0.1-10 s depending on
the protein bleached. The ImageJ package Fiji (71) was used to
determine fluorescence intensity of bleached and unbleached
areas at each time point. Normalized FRAP curves were gener-
ated from raw data as previously described (72). FRAP data are
displayed as mean of three to seven individual experiments. To
generate corrected FRAP curves, the intensity in the bleached
ROI (Iror(t)) and in the whole cell excluding the bleached area
(Iwnole (t)) at each time point were initially subtracted by the cor-
responding background intensity (lyg(t)) and the fraction
formed.

Iror(t) — Ing(t)

Icor(t) - Lihote (t) - Ibg(t)

Subsequently, normalization to the pre-bleach intensity was
performed according to the following equitation:

Icor(t) - I0 cor

Ipre cor — I0 cor

Inolrm (t) =

where Inom (t) is the normalized and corrected intensity, Ipre cor
the corrected intensity before photobleaching and Iy <or the cor-
rected first data point after photobleaching. Normalized fluores-
cence intensity versus time was plotted using Prism 4.0
(GraphPad Software). All results are expressed as mean * SD.

Zebrafish FRAP experiments

Five day old FLNc-EGFP transgenic embryos were anesthetized
with 0.16% Tricaine methanesulfonate in E3 embryo medium
(5mM NacCl, 0.17mM KCl, 0.33mM CaCl,, 0.33mM MgSO, in
H,0) and laterally mounted in 1% low melting agarose for FRAP
experiments. For the cardiac experiments the heart rate was
stopped by inclusion of 2,3-butanedione monoxime at 25 mM in
the E3 media. Using a 20x 1.0 numerical aperture water dipping
objective and a 488 nm laser on an LSM 710 confocal microscope
(Carl Zeiss), a precise region of either cardiac or skeletal muscle
was bleached with four iterations of 100% laser power (100 mW)
and imaged every 0.5s for 300s. Imaging parameters were opti-
mized for each sample to fully utilize the dynamic range of the
detector. Fiji (71) was used to obtain fluorescence intensities in
bleached and unbleached regions. Data analysis was performed
as described (73) with the exception of the background correc-
tion, as all surrounding cells were fluorescent. Briefly, at each
time point a ratio of bleached to unbleached intensities was
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calculated (It (t)). To correct for any possible differences in in-
tensities between bleached and unbleached regions, the I a0 (t)
at each time point was divided by Inean(pre), which is an aver-
age of Iratio at the four time points prior to photobleaching:

Lratio (t)

Icor(t) = Imean (pre)

Subsequent normalization to obtain the Inom(t) was per-
formed according to the cell culture FRAP studies:

Icor<t) - ICt)lr (0)

Inorm (t) = 1-1 ©
cor

where Inorm(t) is the normalized and corrected intensity, and
Icor 0) the corrected first data point after photobleaching.
Graphpad Prism was used to perform a two phase non linear re-
gression analysis on each dataset to determine the slow and
fast half-lives, and the mobile fraction, all of which are pre-
sented as mean + SD. Data sets with ambiguous fits were omit-
ted from further analysis.

Laser induced microdamage

Laser induced microdamage was performed using a confocal
laser-scanning microscope equipped with a CO, chamber (LSM
710; Carl Zeiss). Transfected cardiomyocytes were kept at 37°C
and 5% CO, during the whole time lapse. Image processing was
carried out using Zen2010 software (Carl Zeiss). For damage ex-
periments a Plan-Apochromat 63x/1.4 oil differential interfer-
ence contrast objective was used. ROIs were defined and
irradiated with 100% intensity (30 mW) of a 405nm laser beam
one to four times until Z-disc splitting indicating myofibrillar
damage occurred. It must be noted that in some experiments Z-
disc splitting occured before complete bleaching of one or both
fluorescent proteins (see e.g. aciculin-RFP in Fig. 4D). In these
cases excessive irradiation was avoided to prevent irreversible
damage. Images were taken every second for the first minute
and subsequently every minute. For immunostaining cells were
fixed with 4% paraformaldehyde and permeabilized with 0.5%
Triton X-100 both in PBS. Cells were stained with anti-desmin
antibody (clone D33; Dakopatts, Glostrup, Denmark) followed by
Cy5-conjugated goat anti-mouse IgG secondary antibody
(Jackson Immunoresearch, Suffolk, UK), and coumarin-
conjugated phalloidin (Sigma).

In some experiments protein synthesis was inhibited by ad-
dition of 50uM cycloheximide (Sigma-Aldrich) to the culture
media 1h before starting the experiments. Cells were kept in
this medium during the entire analysis.

Supplementary Material

Supplementary Material is available at HMG online.
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