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ABSTRACT

Filamin C (FLNc) and Xin actin-binding repeat-containing proteins

(XIRPs) are multi-adaptor proteins that are mainly expressed in

cardiac and skeletal muscles and which play important roles in the

assembly and repair of myofibrils and their attachment to the

membrane. We identified the dystrophin-binding protein aciculin

(also known as phosphoglucomutase-like protein 5, PGM5) as a

new interaction partner of FLNc and Xin. All three proteins

colocalized at intercalated discs of cardiac muscle and

myotendinous junctions of skeletal muscle, whereas FLNc and

aciculin also colocalized in mature Z-discs. Bimolecular

fluorescence complementation experiments in developing cultured

mammalian skeletal muscle cells demonstrated that Xin and

aciculin also interact in FLNc-containing immature myofibrils and

areas of myofibrillar remodeling and repair induced by electrical

pulse stimulation (EPS). Fluorescence recovery after

photobleaching (FRAP) experiments showed that aciculin is a

highly dynamic and mobile protein. Aciculin knockdown in myotubes

led to failure in myofibril assembly, alignment and membrane

attachment, and a massive reduction in myofibril number. A highly

similar phenotype was found upon depletion of aciculin in zebrafish

embryos. Our results point to a thus far unappreciated, but

essential, function of aciculin in myofibril formation, maintenance

and remodeling.
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INTRODUCTION
The contractile apparatus of striated muscle is a complex

macromolecular assembly that is optimized for directed

movement. During its development, multiple individual

protein components progressively associate to form contractile

myofibrils. An equally important task is the maintenance of the

structure and functionality of the myofibrils throughout the entire

lifespan of an organism. The processes of development,

maintenance and, especially, recovery after damage, are still

poorly understood, and it is therefore vital to identify the protein

components involved and their precise function.

Whereas loss of skeletal muscle fibers resulting from major

injuries is compensated for by activation of satellite cells that

repair damaged fibers or form new fibers over a period of days,

additional and faster mechanisms are required to repair smaller

myofibrillar injuries that continuously occur owing to mechanical

strain. Such repair zones become evident as regions lacking a-

actinin, titin and nebulin, whereas desmin and actin are enriched

(Yu et al., 2004; Yu and Thornell, 2002). They are efficiently

revealed by staining for filamin C (FLNc) and its ligands Xin and

XIRP2 (Eulitz et al., 2013; Kley et al., 2013; Otten et al., 2012;

van der Ven et al., 2006). FLNc has also been described as

general marker of skeletal muscle damage in numerous

neuromuscular diseases (Bönnemann et al., 2003; Sewry et al.,

2002; Thompson et al., 2000). Recently, Xin has been identified

as a more specific muscle-damage marker localizing in activated

satellite cells (Hawke et al., 2007) and in the sarcomeric portion

of muscle fibers from patients suffering from myopathies or after

eccentric exercise (Nilsson et al., 2013). In healthy tissue, Xin

localizes in myotendinous junctions (MTJs) in skeletal muscle

and in intercalated discs in the heart (Feng et al., 2013; Otten

et al., 2010; van der Ven et al., 2006; Wang et al., 1999). Xin

belongs to the family of XIRPs named after their Xin-repeats,

peptide motifs which bind actin filaments by coiling around them,

similar to nebulin repeats (Cherepanova et al., 2006; Pacholsky

et al., 2004). The human Xin-encoding gene (XIRP1) gives rise to

three products, known as XinA, XinB and XinC. XinA binds the

EVH1 domains of Ena/VASP proteins and FLNc, whereas XinB

and XinC are splice variants that bind to either EVH1 domains or

FLNc, respectively (van der Ven et al., 2006). XinA and XinC

also bind the SH3 domain of nebulin and nebulette (Eulitz et al.,

2013). The multiplicity of binding partners suggests that Xin acts

as a multi-adaptor protein during myofibril development and

repair. To obtain a better understanding of these processes at the

molecular level, we started to establish the protein interactions of

XinB, the most prominent isoform in normal muscle tissue

(Gustafson-Wagner et al., 2007; Otten et al., 2010; van der Ven

et al., 2006). Considering its proposed function as multi-adaptor

protein, we hypothesized that the XinB region C-terminal to the

actin-binding repeats functions in establishing multi-protein

complexes. Here, we present aciculin as a new interaction

partner of this XinB region.

Aciculin, also known as phosphoglucomutase-(PGM)-related

protein (PGM-RP) or PGM5, is represented by two closely related

60 kDa and 63 kDa isoforms. It has considerable similarity to

PGM1, but lacks enzymatic activity (Belkin et al., 1994).
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Aciculin is tightly associated with the actin cytoskeleton and
localizes to the ends of stress fibers of cultured cells, epithelial

cell–cell contacts, focal adhesions of muscle and some non-
muscle cells, and smooth muscle dense bodies (Belkin et al.,
1994; Belkin and Burridge, 1995b). In striated muscle, it mainly
localizes to the intercalated discs of the heart, and to MTJs

and costameres of skeletal muscle (Belkin et al., 1994; Belkin
and Burridge, 1994; Belkin and Burridge, 1995a; Belkin and
Burridge, 1995b; Koteliansky et al., 1989). Because of its

distribution and the subsequent identification of dystrophin as a
binding partner (Belkin and Burridge, 1995a; Moiseeva et al.,
1996), research on aciculin originally focused on its association

with cell–cell and cell–matrix contacts. Given that it is
upregulated during muscle cell differentiation, aciculin might
also function in muscle development and adaptation (Belkin and

Burridge, 1994; Belkin and Burridge, 1995b), for example,
following chronic muscle use or disuse (Rezvani et al., 1996). In
this report, we analyzed the role of aciculin in myofibril
development, maintenance and repair, and found that aciculin is

indispensable for myofibril assembly and maintenance in cultured
muscle cells and zebrafish embryos.

RESULTS
Identification of aciculin as an interaction partner of Xin
To identify new Xin-interacting proteins, a yeast two-hybrid

human heart cDNA library was screened with the C-terminus of
XinB (amino acids 756–1121) as bait. Three prey constructs

encoding aciculin (UniProt Q15124) or fragments of aciculin,
starting from amino acids 250 and 380, respectively, were found.

All prey constructs had amino acids 380 to the C-terminus in
common. In a reciprocal yeast two-hybrid screen of a human
universal cDNA library with full-length aciculin as bait, several
Xin fragments were isolated, with a minimal interacting fragment

containing amino acids 837–978. Co-immunoprecipitation of
XinB with aciculin from a mixture of recombinant proteins
confirmed the interaction (Fig. 1A). The C-terminus of XinB

contains two amino acid residues lacking in the XinA isoform. To
determine whether the interaction depends on these amino acids,
we analyzed the interaction of the XinA fragment comprising

amino acids 903–1200 with aciculin, and found that aciculin also
binds XinA (Fig. 1B).

Our yeast two-hybrid screen indicated that the C-terminal third of

aciculin (amino acids 380–567) is sufficient for binding Xin. To
further delineate the aciculin-binding motif in Xin, three truncated
Xin fragments were tested for binding (Fig. 1C). The fragments
comprising amino acids 1–1001 (Fig. 1D) and 1–1057 bound

aciculin, whereas the fragment 1–960 did not (data not shown).
These data assign the aciculin-binding site within Xin to amino
acids 960–978 (Fig. 1C,D). To determine the kinetic parameters of

the XinB–aciculin interaction, the association and dissociation of
XinB with covalently immobilized aciculin was monitored using
surface plasmon resonance (SPR, Fig. 1E). We observed a

concentration-dependent and saturable binding of XinB to aciculin
with a dissociation constant (Kd) of 369614 nM (mean6s.e.m.).

Fig. 1. Aciculin binds Xin in vitro. Co-
immunoprecipitation analyses confirming
binding of aciculin to XinB (A) and the central
region of XinA (B), indicating that aciculin does
not specifically bind the extreme C-terminal
amino acids of XinB. (C) EEF-tagged truncation
mutants of XinB used in this study.
(D) Constructs 1–1001 and 1–1057 bound T7-
tagged aciculin, whereas 1–960 did not. Taken
together with data from yeast two-hybrid
screens, amino acids 960–978 were identified
as the aciculin-binding site (red line in C).
Numbers indicate the molecular mass in kDa.
(E) Analysis of the XinB–aciculin interaction by
SPR (left panel). XinB was added to
immobilized aciculin at increasing
concentrations and its association and
dissociation was monitored. Non-linear
regression plot of the response at equilibrium
(Req) versus XinB concentration (right panel).
The calculated Kd value was 369 nM. RU,
response units.
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Expression and localization of Xin and aciculin in muscle
tissue and differentiating skeletal muscle cells
Immunolocalization of aciculin and Xin in cryosections from
mouse heart and skeletal muscle tissue indicated that these two
proteins colocalized primarily at intercalated discs and MTJs
(Fig. 2A). Small amounts of aciculin were also localized in

myofibrils, whereas Xin was not. Double-staining for aciculin and
a Z-disc epitope of titin showed that aciculin was present at Z-
discs (Fig. 2A). Relative expression levels of aciculin and Xin

were analyzed in differentiating C2C12 cells by western blotting,
revealing that there was expression of aciculin, XinA and XinB

from the earliest stages of differentiation. Expression levels of all
proteins increased concomitantly, reaching a maximum after 5
days of differentiation (Fig. 2B). Immunolocalization studies of
C2C12 myotubes showed colocalization of aciculin and Xin at

cortical regions close to the plasma membrane (Fig. 2C, day 1,
day 3, arrows) in nascent myofibrils (continuous staining,
Fig. 2C, day 4, arrows) and premyofibrils (Z-body staining,

Fig. 2. Xin and aciculin colocalize
in adherens junctions and show
partial overlap during skeletal
muscle cell differentiation.
(A) Cryosections of mouse heart and
skeletal muscle revealed
colocalization of aciculin and Xin in
intercalated discs and MTJs, and
colocalization of aciculin with a Z-disc
epitope of titin. (B) Aciculin and Xin
protein levels show a progressive
increase during C2C12
differentiation. Data are mean6s.d. of
triplicate determinations.
(C) Immunostaining differentiating
C2C12 cells for aciculin and Xin.
Aciculin and Xin colocalize at cortical
regions underneath the plasma
membrane [arrows, day (d) 1, d3, d7]
and in nascent myofibrils (arrow, d4).
In mature myotubes aciculin and Xin
colocalize in nascent myofibrils and
Z-bodies of premyofibrils
(arrowheads, d6). In addition, both
proteins were prominent in sub-
sarcolemmal regions, lamellipodia
and filopodia (arrows, d6, d8). Scale
bars: 10 mm.
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Fig. 2C, day 6, arrowheads). Furthermore, both proteins
accumulated at cell–substrate adhesions (i.e. at the edges of

lamellipodia and filopodia) (Fig. 2C, day 6, day 8, arrows). In
mature myotubes, aciculin localized to Z-discs but Xin did not.
These findings point to interaction of both proteins at the
sarcolemma, in cell–cell and cell–matrix contacts, as well as in

immature myofibrils.

FLNc is a myofibrillar interaction partner of aciculin
To identify the binding partner(s) of aciculin in myofibrils, the
protein was immunoprecipitated from lysates of differentiated
C2C12 cells. Co-precipitated proteins were analyzed for the

presence of known Z-disc constituents by immunoblotting.
This identified FLNc as a potential binding partner (Fig. 3A).
FLNc is a multidomain protein consisting of an N-terminal actin-

binding domain followed by 24 immunoglobulin-like domains.
Domain 20 contains a unique, most likely unstructured, insertion
of 82 amino acids. Subsequent co-immunoprecipitation
experiments confirmed direct binding and revealed that

domains 18–21 (d18–21) of FLNc are required for binding
aciculin (Fig. 3B) because smaller fragments (d18–19, d19–20,

d20–21) did not bind. Similarly, FLNc d18–21 without the
insertion in d20, and the identical region from the homologous
FLNa, also showed no interaction, indicating that the insertion is
essential for interaction (data not shown). GST pull-down

experiments with immobilized FLNc d18–21 revealed strong
binding of FLNc to the N-terminus (amino acids 1–197) of
aciculin (Fig. 3G), whereas the C-terminus (amino acids 380–

568) of aciculin did not bind (Fig. 3F). Thus, the N-terminus of
aciculin is sufficient for binding FLNc, whereas XinB interacts
with the C-terminus of aciculin.

Monitoring association and dissociation of aciculin with a
covalently immobilized d18–21 FLNc fragment by SPR revealed
that binding of aciculin to FLNc was high affinity, concentration

dependent and saturable, with a Kd of 5163 nM (mean6s.e.m.)
(Fig. 3C). Solid-phase protein-binding assays were used to define
whether XinB and FLNc could simultaneously bind aciculin,
thereby forming a ternary XinB–aciculin–FLNc complex

Fig. 3. Aciculin interacts with FLNc. (A) Co-
immunoprecipitation of endogenous FLNc and aciculin
from differentiated C2C12 cells. Lysate was probed for
presence of both proteins (lane 1) and subsequently
anti-aciculin antiserum was used to immunoprecipitate
(IP) aciculin (lane 2). Preimmune serum (IgG) was
used as a negative control (lane 3). Precipitated
aciculin (lower panel) and co-precipitated FLNc (upper
panel) were detected by immunoblotting. (B) Co-
immunoprecipitation analyses confirmed binding of
aciculin to FLNc d18–21. (C) Analysis of the aciculin–
FLNc interaction by SPR. Left panel, aciculin was
added to immobilized FLNc d18–21 at increasing
concentrations and its association and dissociation
was monitored. Right panel, non-linear regression plot
of the response at equilibrium (Req) versus aciculin
concentration. The calculated Kd value was 51 nM.
RU, response units. (D,E) FLNc d18–21 (D) or XinB
(E) were immobilized, and increasing concentrations
of aciculin were added either without or with 0.2 mM or
2 mM competing ligand. Aciculin binding was detected
by ELISA. Data are means6s.d. of triplicate
determinations. (F) GST pull-down assay identified the
N-terminus (amino acids 1–197) of aciculin as
sufficient for binding FLNc d18–21 (G). The C-terminus
(amino acids 380–568) of aciculin did not bind.
Numbers indicate molecular mass in kDa.
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(Fig. 3D,E). Binding of various concentrations of aciculin to
FLNc d18–21 (Fig. 3D) or XinB (Fig. 3E) in the absence or

presence of 0.2 mM or 2 mM XinB or the FLNc fragment,
respectively, showed that the competing ligand substantially
reduced the interaction of aciculin with the other ligand. This
indicates that XinB and FLNc compete for binding and no ternary

complex is formed.

Aciculin exhibits high contraction-dependent mobility
Fluorescence recovery after photobleaching (FRAP) was used
to analyze aciculin mobility and dynamics. Defined areas of
C2C12 myotubes expressing EGFP–aciculin were photobleached

(Fig. 4C,D). In Z-discs and premyofibrils, aciculin recovery
followed a biphasic curve with a fast half time of 2.15 and 2.05 s,
and slow half time of 55.61 and 61.61 s, respectively (Fig. 4A,B).

Mobile fractions were 93%64 in Z-discs and 94%66
(mean6s.e.m.) in premyofibrils. This demonstrates that aciculin

is a highly mobile protein with extremely high exchange rates in
both locations. Similar FRAP analyses were performed in
primary skeletal muscle cells from wild-type mice and mice
lacking all isoforms of Xin (XinABC2/2 mice). No significant

differences in recovery times, mobile fractions or localization
were detected in Z-discs and premyofibrils, suggesting that
aciculin mobility, dynamics and localization are not regulated by

its interaction with Xin (supplementary material Fig. S1A–C).
Interestingly, recovery rates (slow half time) in contracting

primary cells (22.98 s in Z-discs and 44.93 s in premyofibrils)

were significantly faster than those in non-contracting C2C12
cells (supplementary material Table S1). Analysis of aciculin
dynamics in C2C12 myotubes that were forced to contract by

Fig. 4. FRAP studies reveal contraction-dependent high mobility and dynamics of aciculin in C2C12 and primary mouse skeletal muscle cells.
(A,B) C2C12 cells transiently transfected with EGFP–aciculin and differentiated for 7 days. The biphasic curve fit (red line) indicates very fast recovery of aciculin
in bleached Z-discs and premyofibrils. (C,D) Primary mouse skeletal muscle cells (day 7) before bleaching (prebleach), immediately after bleaching (postbleach)
and after recovery (recovery). Bleached regions are framed. Scale bars: 5 mm. (E,F) FRAP studies performed in stimulated (+EPS) and unstimulated
(2EPS) C2C12 cells, and in contraction-inhibited (+BDM) and contracting (2BDM) primary skeletal muscle cells (SkMC). Aciculin recovers significantly slower
in Z-discs (E) and premyofibrils (F) of non-contracting cells. Bars at the left and right refer to slow and fast half times, respectively. Values are expressed as the
mean6s.d. of a minimum of four replicates. *P,0.05; ***P,0.0001 (Student’s t-test).
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electrical pulse stimulation (EPS) and in primary skeletal muscle
cells where contraction was inhibited by addition of 2,3-

butanedione monoxine (BDM) to the culture medium,
confirmed that the recovery times of both cell types were
significantly faster in contracting myotubes. The effect was more
pronounced in Z-discs than in premyofibrils (Fig. 4E,F). These

findings demonstrate that aciculin dynamics are enhanced by
contraction.

Aciculin interacts with Xin in areas of myofibrillar damage
and remodeling in skeletal muscle cells
FLNc and Xin colocalize in regions of myofibrillar reorganization

that appear in typical longitudinal structures spanning two

neighboring or several subsequent Z-discs (Eulitz et al., 2013).
Triple-immunostaining of cryosections of mouse skeletal muscle

tissue for aciculin, Xin and FLNc showed that all areas of myofibril
remodeling also contained aciculin (Fig. 5A,B).

Staining differentiating C2C12 cells for aciculin and Xin
showed their colocalization in nascent myofibrils and

premyofibrils (Fig. 2C). Areas of remodeling as found in
myotubes derived from H-2Kb-tsA58 transgenic mice, from
which immortalized cell lines can be derived (Eulitz et al., 2013;

Morgan et al., 1994), were not observed (Fig. 5C). Application of
EPS on C2C12 myotubes induced remodeling and yielded
aciculin- and Xin-containing structures closely resembling the

longitudinal structures observed in skeletal muscle tissue and

Fig. 5. Aciculin interacts with Xin and
FLNc in areas of myofibrillar damage
and reorganization in muscle cells.
Aciculin colocalizes with FLNc (A) and Xin
(B) in longitudinal structures spanning one
or several Z-discs in mouse skeletal muscle
sections. (C) In C2C12 myotubes, aciculin
colocalizes with Xin in nascent myofibrils
(arrowhead) and in Z-bodies of
premyofibrils (arrow). (D) EPS induces Xin
and aciculin colocalization in regions of
myofibril reorganization. Boxed areas are
enlarged in E. (F,G) BiFC confirms the
interaction between XinB–Venus1 and
Venus2–aciculin in Z-bodies (arrows) and
nascent myofibrils (arrowheads). (H–J) In
EPS-treated C2C12 myotubes, XinB–
Venus1 and Venus2–aciculin interact in
regions of myofibril reorganization. Boxed
areas in I are enlarged in J. Scale bars:
5 mm.
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contracting H-2Kb-tsA58 myotubes (Fig. 5D,E). These
observations support the hypothesis that aciculin interacts with

Xin during myofibril reorganization after damage.
To investigate when and where XinB and aciculin interact in

cells, bimolecular fluorescence complementation (BiFC) assays
were performed on C2C12 myotubes expressing XinB–Venus1N

and Venus2C–aciculin. Venus1 and Venus2 only form a
functional fluorescent complex when they associate, hence this
fluorescence is indicative of an interaction. In unstimulated

cells, interaction between aciculin and XinB was observed in
regions similar to those shown to contain both proteins by
immunostaining untransfected myotubes (Fig. 5F,G). Upon EPS

for 5 h, however, a BiFC signal was observed in longitudinal
structures bridging two or several Z-discs (Fig. 5H–J), a location
where GFP–XinB and GFP–aciculin are also observed upon their

individual expression (supplementary material Fig. S2A). XinB–
Venus1N and Venus2C–aciculin gave a fusion peptide of the
expected molecular mass and with expression levels similar to the
endogenous proteins (supplementary material Fig. S2C), and

coexpression of XinB and aciculin with the corresponding non-
fused Venus fragment yielded no fluorescent signal, emphasizing
the specificity of this approach (supplementary material Fig.

S2B). These findings point to a role for aciculin and Xin during
myofibrillar remodeling and repair, and confirm the interaction of
aciculin and XinB in cortical regions of myotubes.

Aciculin knockdown leads to severe myofibrillar defects in
skeletal muscle cells
The role of aciculin in muscle structure and function was further
investigated by the generation of a stable immortalized mouse
myoblast (IMM) cell line in which expression of aciculin had
been reduced using lentivirus expressing aciculin short hairpin

RNA (shRNA) and a control cell line using scrambled-shRNA-
expressing virus. Knockdown cells proliferated and fused
normally. Quantitative western blot analysis revealed similar

aciculin expression levels at early developmental stages but
an ,60% reduction in knockdown cells after 4 days of
differentiation (Fig. 6A). Aciculin knockdown induced a

slight, but not significant, upregulation of XinA, XinB and
FLNc, whereas levels of a-actinin, myosin heavy chain and
myomesin were significantly decreased (,50%, 35% and 25%,
respectively; Fig. 6B). Quantitative RT-PCR analysis confirmed

downregulation of mRNA encoding aciculin and a-actinin2
(Fig. 6C). The expression of other mRNAs analyzed, including
that encoding the homologous PGM1, were essentially unaffected

(Fig. 6C). Immunostaining for a-actinin, myomesin, FLNc and
Xin revealed highly ordered mature myofibrils in control cells. In
contrast, aciculin-knockdown cells contained fewer myofibrils

that were misaligned and showed only a rudimentary sarcomeric
organization. Notably, FLNc was no longer found in the
remaining Z-discs (Fig. 6D, arrows). Transient transfection of

the aciculin-knockdown cells with EGFP-tagged human aciculin,
the expression of which is not silenced by the applied shRNA,
rescued the phenotype. Staining for a Z-disc epitope of titin
revealed recovery of sarcomeric organization (Fig. 6E),

indicating that an off-target effect of the shRNA can be excluded.

Knockdown of aciculin leads to myopathy in vivo
To investigate the function of aciculin in zebrafish (Danio rerio),
we first identified the orthologous gene (pgm5, Ensembl ID:
ENSDARG00000060745) and protein. Zebrafish aciculin has an

amino acid identity of 77% to human aciculin (supplementary

material Fig. S3A). pgm5 mRNA became detectable in developing
somites at the four-somite stage. Before the 18-somite stage,

expression was largely restricted to these structures. At 24 h post-
fertilization (hpf), pgm5 was highly expressed in caudal developing
somites, whereas expression was reduced in developmentally older
cranial somites (Fig. 7A–C). This suggests that aciculin is involved

in myofibril assembly, which primarily occurs in the less-
developed somites. Owing to the lack of antibodies recognizing
zebrafish aciculin in immunofluorescence assays, its subcellular

distribution was investigated by transiently expressing aciculin–
GFP in skeletal muscle cells. Aciculin–GFP localized to Z-discs
(Fig. 7D–F) and myotome boundaries, structures that are

comparable to mammalian MTJs where myofibrils attach to the
membrane (Fig. 7G–I).

Subsequently, aciculin was inactivated by injection of

morpholino (MO)-modified antisense oligonucleotides directed
against the translational start site into one-cell-stage embryos.
When injected with a start-site morpholino (MO-start), 83%66 of
injected embryos (n5190; P,0.0001, mean6s.d.) developed

severe cardiac and skeletal myopathy, whereas embryos injected
with control morpholino were unaffected (n5150). Injection of
an independent morpholino directed against the splice donor site

of exon five of pgm5 (MO-splice) resulted in an identical
phenotype (93%65; n5200; P,0.0001), validating its
specificity. Knockdown effectiveness was demonstrated by

analysis of pgm5 mRNA by RT-PCR and sequencing: MO-
splice led to inclusion of intron five in the mRNA, disruption of
the regular reading frame and introduction of premature

translation termination codons, which usually lead to nonsense-
mediated decay (Fig. 7N; supplementary material Fig. S3B).
Western blot analysis of lysates from 72 hpf control and
morpholino-treated embryos indicated not only a strong

downregulation of aciculin, but also of a-actinin, myomesin
and myosin in aciculin-knockdown embryos (supplementary
material Fig. S3C), which is comparable to the aciculin-

knockdown effect in the IMM cell line. Skeletal muscle
dysfunction was accompanied by reduced voluntary motility at
24 hpf (Fig. 7P–R) and failure to execute a ‘flight response’ when

touch-stimulated at 72 hpf (Fig. 7R; supplementary material
Movies 1 and 2). Inspection of aciculin morphants with polarized
light revealed a strong reduction of birefringence in the somitic
musculature (26%618; P,0.0001), suggesting disorganization

of myofibers or loss of myofibrillar integrity (Fig. 7J–M,O).
Indeed, staining aciculin-deficient embryos for F-actin and the Z-
disc epitope of titin revealed severely disorganized muscle

fibers that had often lost their striated pattern and were no
longer attached to somite borders (Fig. 7S–V). Ultrastructural
characterization confirmed severe myofilament disorganization:

myofibrils were irregularly arranged, contained smaller and
misaligned Z-discs (Fig. 7W–Z) and failed to attach to myosepta.
These in vivo findings highlight the essential role of aciculin in

myofibril organization and integrity, and in the connection of
myofibers to tendons or tendon-like structures.

DISCUSSION
Aciculin has primarily been investigated as an adhesion
protein and cytoskeletal component of cell–matrix and cell–cell
contacts in muscle and non-muscle cells (Belkin et al., 1994;

Belkin and Burridge, 1994; Belkin and Burridge, 1995a;
Belkin and Burridge, 1995b; Belkin and Smalheiser, 1996).
Correspondingly, the previously reported interaction partners of

aciculin were dystrophin and its non-muscle homolog utrophin
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(Belkin and Burridge, 1995a; Belkin and Burridge, 1995b; Belkin
and Smalheiser, 1996). In this study, we show that aciculin is an
interaction partner for both Xin and FLNc, not only in adhesion

structures but also in premyofibrils and Z-discs. The latter

proteins are primarily expressed in striated muscles and are
involved in sarcomere development (Eulitz et al., 2013; Sinn
et al., 2002; van der Ven et al., 2000a; van der Ven et al., 2000b).

Interestingly, they are also particularly associated with areas of

Fig. 6. Aciculin knockdown leads to decreased expression of several myofibrillar proteins and disturbed myofibrillar organization. (A) Aciculin
expression in knockdown cells is reduced by ,60%. (B) Quantitative western blotting of aciculin-knockdown cells differentiated for 4 days demonstrated a
significant decrease in a-actinin2, myosin heavy chain and myomesin expression, whereas levels of FLNc and Xin were slightly but not significantly increased.
(C) Aciculin knockdown leads to reduced levels of a-actinin2-encoding mRNA, whereas no significant changes in expression of other genes were observed.
Relative expression levels (log2 scale) in aciculin knockdown cells compared to control cells are shown normalized to GAPDH. **P,0.001; ***P,0.0001
(Student’s t-test). Data are means6s.d. of triplicate determinations. Error bars in C represent log2 values. (D) Control cells differentiated for 6 days show typical
myofibrillar localization of a-actinin and FLNc (Z-discs), myomesin (M-bands) and Xin. In aciculin-knockdown cells (kd) this pattern is almost entirely lost, the
number of myofibrils is reduced and myofibrils are misaligned. Note that FLNc no longer colocalizes with a-actinin in the few remaining Z-discs of aciculin-
knockdown cells (arrows). (E) Transfection of the aciculin-knockdown cells with EGFP-tagged human aciculin leads to rescue of the phenotype. Scale bars:
5 mm.
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myofibrillar damage and remodeling (Eulitz et al., 2013; Hawke
et al., 2007; Nilsson et al., 2013). Therefore, the interaction of

aciculin with these proteins in itself suggests, apart from its
essential role in muscle cell attachment, an involvement in
assembly, repair and remodeling of the contractile machinery.

Indeed, our combined biochemical, biophysical and cell

biological evidence supports this dual role both in vitro and in

vivo.

Structural aspects of aciculin interactions
Although aciculin shares considerable sequence similarity with

PGM1, suggesting a similar tertiary structure, it lacks enzymatic

Fig. 7. Knockdown of aciculin leads to myopathy in vivo. (A,B) Whole-mount antisense RNA in situ hybridization shows strong aciculin expression in the
somites of 16-somite-stage embryos (arrows). (C) At 24 hpf, expression is pronounced in developing somites (arrow), the head and the gastrointestinal tract.
(D–I) GFP-tagged aciculin (green) colocalizes with a-actinin (red) (D–F) at Z discs and with laminin (red) (G–I) at myosepta. (J–Z) Inactivation of aciculin leads to
myopathy. (J,L) Lateral view of MO-control- (J) and MO-aciculin-injected embryos (L) at 72 hpf. Aciculin morphant skeletal muscles appear disorganized
(arrow). (N) 93% of embryos injected with MO-aciculin display a myopathic phenotype. Injection of MO-aciculin (MO) leads to abnormal splicing and integration
of intron five in the mRNA (product of 1879 bp, see supplementary material Fig. S3) (N, inset). WT, wild-type. Birefringence images of control (K) and MO-
aciculin-injected (M) embryos. (O) Quantification of birefringence. Lines represent mean gray values (6s.d., n510). Note that birefringence in skeletal muscles
of aciculin morphants is severely reduced. Spontaneous movement assay with false-colored superimposed overviews of embryos at 24 hpf injected with MO-
control (P) and MO-aciculin (Q) indicating paralysis of aciculin-deficient individuals. Red pictures, 0 s; green pictures, 10 s. (R) Quantification of ten groups of
control and MO-aciculin injected embryos. Results are mean6s.d. for three experiments each including an average of 21 embryos. Note significantly decreased
spontaneous movement in aciculin-knockdown individuals. *P,0.05; **P,0.001 (Student’s t-test). (S–V) Skeletal muscle of embryos at 72 hpf injected with MO-
control (S,U) or MO-aciculin (T,V) and stained with Phalloidin (red, S,T) and for Z-disc titin (green, U,V) showing loss of regular myofiber alignment and in some
areas cross-striation (white arrows) in aciculin morphants. Ultrastructure of control embryos (W,Y) shows highly organized sarcomeres with well-aligned thin and
thick myofilaments and discernible Z-discs, and A-, I- and M-bands. The somite border is indicated with a dashed line (W,X). MO-aciculin zebrafish (X,Z) show
disconnection of myofibrils from the MTJs and loss of orientation and integrity of myofibrils. Arrows indicate Z-body-like structures. Scale bars: 10 mm
(D–I, S–V); 1 mm (W–Z).
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activity (Belkin et al., 1994). This finding that a modified enzyme
might be employed as a stably folding cytoskeletal building block

is highly reminiscent of actin, which shares a common ATPase
domain with functionally diverse proteins, like hexokinase,
Hsp70 and actin-related proteins (Bork et al., 1992; Muller
et al., 2005).

Our experiments show that the aciculin regions that are
sufficient for binding FLNc and Xin are located at its N- and C-
terminus, respectively (Fig. 3F,G), which implies that the

opposite ends of aciculin are in close proximity to one another
(Dai et al., 1992). This might therefore provoke the observed
competition between FLNc and Xin for binding aciculin

(Fig. 3D,E). The smallest FLNc fragment that interacts with
aciculin is the fragment that contains the four Ig-like domains
d18–21. Although the structure of this part of FLNc is unknown,

the high level of similarity to FLNa suggests that, in
FLNc, interdomain interactions also drive the formation of a
similar, compact L-shaped structure (Pentikäinen et al., 2011;
Tossavainen et al., 2012). Deletion of a single domain or domain

pair brings about a conformational change that hampers the
interaction with aciculin. Thus, similar to FLNa, certain ligands
will exclusively bind the more compact globularly arranged

FLNc C-terminus, whereas others will selectively interact with
the stretched molecule in which interdomain interactions are
disrupted. Furthermore, the unique insertion in domain 20 is

essential for binding because its deletion abolishes the interaction.
This also explains why aciculin selectively binds FLNc and not
FLNa.

Functional implications of aciculin-containing protein
complexes under normal and stress conditions
In addition to these biochemical findings, protein expression and

localization data reinforce the functional significance of aciculin-,
FLNc- and Xin-containing protein complexes. All three proteins
colocalize in junctional structures, premyofibrils and areas of

damage and repair, whereas in myofibrillar Z-discs only FLNc
and aciculin are represented. Thus, mature Z-discs contain an
FLNc–aciculin complex, whereas XinB–FLNc and XinB–

aciculin complexes might coexist in junctional areas,
premyofibrils and lesions (Fig. 8).

Under conditions of stress, increased XinA quantities are
expressed (Chang et al., 2013; Otten et al., 2010). In contrast to

XinB, this Xin variant can simultaneously bind FLNc and
aciculin (van der Ven et al., 2006), thus enabling the formation of
an even more complex ternary protein assembly and integration

of further binding partners (Fig. 8). Notably, XinA binds nebulin
and nebulette, and might recruit both proteins to premyofibrils
and areas of myofibrillar remodeling (Eulitz et al., 2013). At the

sarcolemma and in cell–cell and cell–matrix contacts, the
presence of XinA enables the formation of protein complexes
that might associate simultaneously with many subsarcolemmal

proteins, such as dystrophin, c- and d-sarcoglycan, b-catenin and
ponsin (also known as CAP and SORBS1) (Belkin and Burridge,
1995a; Choi et al., 2007; Thompson et al., 2000; Zhang et al.,
2007) (Fig. 8), enhancing the stability of the sarcolemma and

its cytoskeleton attachment sites. The significance of these
interactions is further highlighted by the pronounced attachment
phenotypes of aciculin knockdown described in this work and of

FLNc deficiency in mice (Dalkilic et al., 2006) and fish (Fujita
et al., 2012; Ruparelia et al., 2012), indicating conservation of
protein interactions and functions in all vertebrates from fish to

man.

Subsequently, we aimed to analyze the effect of enhanced

contractility in muscle cells on aciculin interactions and turnover.
We therefore used EPS to induce contractility in muscle cells and
combined it with BiFC and FRAP. To our knowledge this is

the first study utilizing a combination of these techniques.
Previously, application of EPS has been shown to stimulate
sarcomere assembly in C2C12 cells (Fujita et al., 2007; Park
et al., 2008) and to trigger various metabolic and transcriptional

events typically associated with exercise (Farmawati et al., 2013;
Marotta et al., 2004; Nedachi et al., 2008; Nedachi et al., 2009;
Wang et al., 2010; Wehrle et al., 1994). Here, we demonstrate

that the Xin–aciculin complex, as revealed by BiFC, is localized
at FLNc-containing sites during EPS-induced muscle remodeling
and seems to be involved in myofibril repair. FRAP of

unstimulated myotubes revealed extremely high dynamics and

Fig. 8. Hypothetical model of the putative aciculin-containing protein
complexes in muscle cells. In the presence of XinB (A), two independent
protein complexes would predominate, whereas in the presence of XinA
(B) the more extensive ternary protein complex can also be assembled.
Proteins and their domains are explained in C.
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mobility of aciculin compared to other sarcomeric proteins (da
Silva Lopes et al., 2011; Hartman et al., 2009; Wang et al., 2005;

Wang et al., 2011), both at Z-discs and premyofibrils. Application
of EPS even further increased aciculin dynamics (Fig. 4).
Similarly, contractility stimulation or application of hormones
enhances turnover of CapZ in cardiomyocytes (Hartman et al.,

2009; Lin et al., 2013).
Notably, exercise stimulates chaperone-assisted selective

autophagy (CASA) (Arndt et al., 2010; Ulbricht et al., 2013).

In this work, exercise was induced by EPS. The associated
upregulation of BAG3 would result in increased FLN turnover,
through its ubiquitylation and subsequent degradation. Given the

strong binding affinity between aciculin and FLNc (,51 nM), it
is quite likely that the two proteins remain tightly associated and
are turned over together by this exercise-stimulated pathway.

Therefore exercise-stimulated autophagy might lead to a further
increase in the exchange rate of aciculin to ensure stable protein
amounts in Z-disc and to prevent damage during exercise. In this
context, filamins have been shown to act as mechanosensors

(Ehrlicher et al., 2011; Pentikäinen and Ylänne, 2009; Rognoni
et al., 2012; Ulbricht et al., 2013), and FLNc probably plays
such a role in the Z-disc, at the sarcolemma and in cell–cell and

cell–matrix contacts (Ulbricht et al., 2013). FLNc–aciculin
binding might be modulated by structural alterations in FLNc,
suggesting that aciculin has a role in mechanosensing and

signaling during exercise. Taken together, the complexity
of protein interactions between aciculin, FLNc and Xin and
their further binding partners explains the strong effects of

aciculin knockdown on myofibril assembly, maintenance and
attachment.

Relative importance of aciculin, FLNc and Xin
The interactions of aciculin with FLNc and Xin raise the question
of their relative hierarchical position in the diverse processes
involving these proteins, including myofibril development and

repair. Xin-deficient mice show a relatively mild phenotype
(Otten et al., 2010), and aciculin dynamics and localization is
unaffected in cultured myotubes derived from these mice

(supplementary material Fig. S1). In contrast, we show here
that FLNc localization is aberrant in aciculin-knockdown cells
(Fig. 6D). This suggests that the phenotype observed in not only
these myotubes, but also in aciculin-deficient zebrafish embryos

could be mediated by mislocalization of FLNc. Indeed, FLNc
knockdown in cells results primarily in a loss-of-attachment
phenotype, whereas FLNc-deficient mice and fish initially form

structurally intact, yet functionally impaired, sarcomeres
(Dalkilic et al., 2006; Fujita et al., 2012; Ruparelia et al.,
2012). Both findings are reminiscent of the cellular aciculin

phenotype described here. This suggests that one of the prime
tasks of aciculin is to regulate FLNc localization and function.
Generally, aciculin seems to be of great importance for muscle

differentiation because abrogation of its expression results in a
generalized myofibril formation defect as well as reduced
expression of multiple myofibrillar proteins. In this respect, it is
interesting that, upon knockdown of FLNc in C2C12 cells, a

decreased expression of several striated muscle specific proteins
is also observed (Dalkilic et al., 2006), highlighting the close
functional link between aciculin and FLNc. In contrast, a-actinin

expression and localization was not altered upon knockdown of
nebulin in primary quail myotubes (Tonino et al., 2010),
emphasizing the relative importance of aciculin for muscle

development and maintenance.

The different roles of the protein complexes described above
during the sequential phases of sarcomere assembly, repair and

remodeling remain to be established. Clearly, these proteins
extensively colocalize at sites of de novo myofibril formation and
of remodeling sarcomeres, as well as in regenerating muscle
fibers of mdx mice and Duchenne muscular dystrophy patients

(A.B., unpublished data). In addition, colocalization of aciculin,
together with FLNc and Xin, in aggregates in myofibrillar
myopathy patients points to a concerted involvement of Xin,

FLNc and aciculin in muscle pathologies (Kley et al., 2013).
Finally, aciculin, Xin and FLNc all show increased
phosphorylation within 10 min after induced pressure overload

mediated by aortic banding of mouse hearts (Chang et al., 2013).
All these points support our suggestion that these proteins
cooperate in signaling processes involved in adaptation of striated

muscle to stress.
Our findings warrant a precise in-depth analysis of these

proteins in filaminopathies and other myopathies, and a search for
aciculin mutations in myopathy patients. We conclude that

besides the known role of aciculin in junctional structures, it has
fundamental additional functions in sarcomeric development,
stability and remodeling. Which of these functions are

administered directly by its multi-adaptor nature, or indirectly
through the regulation of FLNc, remains to be investigated.

MATERIALS AND METHODS
Design of cDNA constructs
DNA cloning was performed using standard procedures (Ausubel et al.,

1995). The aciculin cDNA sequence was amplified by PCR from a

human skeletal muscle cDNA library (BD Biosciences Clontech, Palo

Alto, USA), using the primers 59-TTTACGCGTATGGAGGGGAGC-

CCCATCCCG-39 and 59-TTTGTCGACGGTGATGACAGTGGGTCCCCT-

39 and cloned into pET23-T7. The N-terminal (amino acids 1–197) and

C-terminal (amino acids 380–569) portions of aciculin were cloned in

pET23-T7 for pull-down experiments. XinA fragment 903–1200, and

XinB and XinB truncation mutants comprising amino acids 1–960, 1–1001

and 1–1057 were cloned in pET23-EEF for co-immunoprecipitation

experiments. The FLNc fragment (d18–21) used for pull-down assay was

cloned into pGEX6P3 for expression and purification as a GST fusion

protein. The same fragments with and without the insertion in d20, d19–20

and d20–21 were cloned in pET23-EEF for co-immunoprecipitation

experiments.

Yeast two-hybrid assays
A human Xin cDNA fragment comprising amino acids 756–1119 was

cloned into a modified pLex vector and a human heart muscle cDNA

library (BD Biosciences Clontech) was screened for interaction partners.

Transformation into L40 yeast cells, and culturing and testing for b-

galactosidase activity was performed as described previously (van der

Ven et al., 2000b).

Bacterial expression constructs, purification of recombinant
protein, co-immunoprecipitation and pull-down assay
To biochemically confirm the interaction of aciculin with Xin and FLNc,

cDNA fragments and full-length constructs were cloned in pET23-EEF

and pET23-T7 (Obermann et al., 1997). Expression and purification of

recombinant proteins and co-immunoprecipitation assays were carried

out mainly as described previously (Linnemann et al., 2010). For pull-

down experiments with FLNc d18–21, FLNc d18–21–GST fusion protein

(or GST as negative control) immobilized on glutathione-agarose beads

were incubated with the purified N-terminus (amino acids 1–197) and C-

terminus (amino acids 380–568) of aciculin under constant agitation at

4 C̊ for 1 h. Beads were washed with GST-FISH buffer (50 mM Tris-HCl

pH 7.4, 100 mM NaCl, 2 mM MgCl2, 10% glycerol and 1% Igepal) and

boiled in SDS sample buffer. Bead-associated proteins were separated
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by SDS-PAGE, transferred onto nitrocellulose membrane and

immunodetected using antibodies directed against the respective tags.

For endogenous co-immunoprecipitation, four-day differentiated C2C12

cells were lysed in sucrose-Tris buffer (0.25 M sucrose, 20 mM Na2S2O3,

1 mM b-ME, 50 mM Tris-HCl pH 8.0). The lysate was incubated for

10 min on ice, then sonicated and centrifuged to remove insoluble proteins

(16,000 g, 15 min). The supernatant was precleared with Dynabeads

Protein G (LifeTechnologies, Darmstadt, Germany) for 1 h at 4 C̊, and

incubated with anti-aciculin antibody or preimmune serum, as a negative

control, for 1 h at 4 C̊ while rotating. Dynabeads were added and the

mixture was incubated as described above. Beads were washed three times

with PBS plus 0.05% Triton X-100 and boiled in SDS sample buffer. Bead-

associated proteins were analyzed as described above.

Cell lysates, SDS-PAGE and western blot analysis
C2C12 cells and immortalized mouse myoblasts (control and aciculin-

knockdown cells) at different stages of differentiation were lysed

with preheated SDS sample buffer, denatured for 10 min at 95 C̊ and

sonicated. Lysates were adjusted to an identical total protein

concentration after quantitative analysis of a Coomassie-stained SDS-

polyacrylamide gel. For comparative quantitative blotting, identical total

protein amounts were loaded in all lanes. SDS-PAGE was performed as

described previously (Laemmli, 1970). Proteins were transferred onto

nitrocellulose membranes using a Transblot SD blot apparatus (Biorad,

Munich, Germany). Primary antibodies used for immunostaining are

described below. Horseradish peroxidase (HRP)- and IRDye 800 CW

conjugates were purchased from Jackson ImmunoResearch/Dianova

(Hamburg, Germany) and LI-COR Biosciences (Bad Homburg,

Germany), respectively. Analysis was performed with a LI-COR

Odyssey Classic apparatus, and Odyssey V 3.0 software was used to

quantify integrated intensities.

Solid-phase protein-binding assays
Wells of Immulon 2HB microtiter plates (Nunc) were coated overnight with

either 2 mg/ml FLNc (d18–21 fragment) or XinB and then blocked with 2%

BSA in PBS. Following washing with PBS, the indicated concentrations of

aciculin in PBS containing 0.05% Tween-20 were added with or without

0.2 mM or 2 mM of XinB or FLNc (d18–21) and incubated for 2 h at 37 C̊.

Bound aciculin was detected by incubation with 0.2 mg/ml 14F8 antibody

for 1 h at 25 C̊ and HRP-conjugated goat anti-mouse-IgG for 30 min at

25 C̊. SureBlue TMB (KPL, Gaithersburg, MD) was added and color

intensity was measured spectrophotometrically at 450 nm.

Surface plasmon resonance analysis
The interaction of immobilized aciculin with XinB and of immobilized

FLNc (d18–21) with aciculin were studied by surface plasmon resonance

(SPR) using the BIAcore 3000 biosensor (Biacore AB, Uppsala,

Sweden). Covalent immobilization of the proteins (500 response units)

on the activated surface of the CM5 sensor chip (GE Healthcare,

Pittsburgh, PA) was performed using the amine coupling kit (Biacore

AB) as specified by the manufacturer. Binding experiments were

performed in HBS-P buffer (10 mM HEPES pH 7.8, containing

150 mM NaCl, 2 mM EDTA and 0.005% surfactant P20) at 10 ml/min

flow rate and temperature of 25 C̊. XinB or aciculin were injected at

increasing concentrations using the Application Wizard, and their

association and dissociation with immobilized aciculin or FLNc (d18–

21) were monitored as a change in SPR response. The chip was

regenerated by a 2-min wash with 1 mM urea with 1 mM NaCl. Data

were analyzed using BIAevaluation 3.1 software, and by fitting to a

pseudo-first-order process also measuring non-specific binding. The

maximum change in response units (Rmax) was replotted versus XinB or

aciculin concentrations and the data were fitted to a single class of sites

by nonlinear regression analysis using SigmaPlot 11 software (Systat

Software, San Jose, CA).

Cell culture, transfection and primary mouse myoblast isolation
All media and supplements were from LifeTechnologies. C2C12 cells

were grown in proliferation medium [15% FCS, 100 U/ml penicillin,

100 mg/ml streptomycin, 2 mM non-essential amino acids and 1 mM

sodium pyruvate, in Dulbecco’s modified Eagle’s medium (DMEM) with

GlutaMAX]. Cells were trypsinized and transfected by nucleofection

according to the recommendations of the manufacturer (Lonza, Cologne,

Germany). After transfection, cells were seeded on glass coverslips in

proliferation medium. Medium was changed 24 h after transfection and

cells were differentiated at 90% confluence by changing the medium

to differentiation medium (2% horse serum, 100 U/ml penicillin, 100 mg/

ml streptomycin, 2 mM non-essential amino-acids and 1 mM sodium

pyruvate, in DMEM with GlutaMAX). Cells were allowed to differentiate

for up to 7 days. HEK293T cells (ATCC CRL-11268) were grown in

proliferation medium (10% FCS, 100 U/ml penicillin, 100 mg/ml

streptomycin and 2 mM sodium pyruvate in DMEM with GlutaMAX) at

37 C̊ under 5% CO2. Immortalized mouse skeletal myoblasts (IMMs) were

isolated and cultured as described previously (Winter et al., 2014). Cells

with passage numbers of up to 40 were used for experiments.

Primary myoblasts were isolated from limb muscles from 3-month-old

mice deficient for all isoforms of Xin (XinABC2/2, Xirp1tm1Dofr) (Otten

et al., 2010) and wild-type mice (C57BL/6) using a previously published

protocol (Yablonka-Reuveni, 2004) with modifications. All mouse

experiments were performed according to approved guidelines. Cells

were pre-plated on uncoated culture dishes for 2 h and unattached cells

were plated on dishes (ibidi, Planegg/Martinsried, Germany) coated with

fibronectin (BD Biosciences). At 80% confluency, the medium was

changed to transfection medium [73% DBSS-K (116 mM NaCl, 1 mM

NaH2PO4, 5.5 mM glucose, 32.1 mM NaHCO3), 21% M199, 4% horse

serum and 2% L-glutamine], and 4 h later cells were transfected using

jetPrime and conditions suggested by the manufacturer (Polyplus, New

York, NY). At 24 h after transfection, differentiation was induced by

adding differentiation medium as above.

Lentivirus production and transduction of immortalized mouse
myoblasts
Lentiviruses were produced by transfection of 70% confluent HEK293T

cells with a lentiviral vector containing shRNA against mouse aciculin

(MM shRNA V3LMM_443483, ThermoFischer/ABgene, Epsom, UK) or

scrambled shRNA, and the packaging plasmids pPAX2 and pMDG, as

previously described (Szulc et al., 2006). The medium was changed 6–

10 h after transfection, and lentiviral particles containing medium were

collected 36–48 h later. Cellular debris was removed by centrifugation

(780 g, 5 min) and the supernatant was filtered through a 0.2 mm filter

unit (Schleicher-Schuell, Munich, Germany). Lentiviral particles were

concentrated by ultracentrifugation for 2 h at 85,000 g (Beckman

SW40Ti rotor) and resuspension of the pellet in 50–100 ml PBS.

Immortalized mouse myoblasts were transduced with lentiviruses at

,30–40% confluence. At 24–48 h post-transduction, the medium was

changed to proliferation medium supplemented with 2 mg/ml puromycin

(Sigma) to select stably transduced cells. Selected cells were either

differentiated for up to 4 days on collagen-coated Petri dishes for protein

extraction or for up to 7 days on laminin-coated glass coverslips for

immunolocalization studies.

Bimolecular fluorescence complementation
BiFC (Hu et al., 2002) was used to visualize protein interactions in living

cells. The vectors enabling expression of Venus1 and Venus2 fusion

proteins were as described previously (Eulitz et al., 2013). For the

interaction assays, C2C12 cells were transfected with Venus2C–

HA–aciculin (aciculin fused with its N-terminus to amino acids

155–238 of the yellow fluorescent protein Venus; linker,

RSMGYPYDVPDYAEFTR) and FLAG–XinB–Venus1N (XinB fused

with its C-terminus to amino acids 1–154 of Venus; linker,

VDGTAGPGS). All proteins were also transfected as Venus fusion

proteins and co-transfected with the compatible non-fluorescent Venus

fragments alone in order to evaluate potential unspecific BiFC complex

formation. Cells were allowed to differentiate and, afterwards, were

fixed, stained and analyzed with a confocal laser scanning microscope

equipped with a CO2 chamber (LSM710; Carl Zeiss, Jena, Germany) or a

spinning disc microscope (Cell Observer SD; Carl Zeiss).
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Fluorescence recovery after photobleaching and data analysis
Cells were transfected with EGFP–aciculin and seeded on Fluorodish

glass-bottom dishes (WPI, Berlin, Germany). FRAP experiments were

performed after 7 days of differentiation using the LSM710 confocal

laser-scanning microscope. Cells were kept at 37 C̊ under 5% CO2. Zen

2009 software (Carl Zeiss) was used for image processing. The region of

interest (ROI) for bleaching was limited to a single Z-disc or a non-

striated premyofibril. Photobleaching was done with 100% intensity of

the 405-nm laser. A series of three images was taken before bleaching

and, immediately after photobleaching, images were taken every second

until the signal fully recovered (250–300 s). Normalized FRAP curves

were generated from raw data as previously described (Al Tanoury et al.,

2010). FRAP data are presented as the mean of four or five individual

experiments. For photobleaching upon inhibition of contraction, 1 mM

BDM (Sigma) was added to the culture medium 30 min before starting

the experiments. Cells were kept in this medium throughout the analysis.

Electrical pulse stimulation
For FRAP mobility assays, myotubes developed from transfected C2C12

cells or primary mouse myoblasts on glass-bottom dishes were

electrically stimulated by home-made 1-mm-thick carbon electrodes,

2 cm apart, by applying pulses of 10 V for 10 ms at a frequency of 1 Hz

using a C-Pace unit (Ion Optix, Milton, MA). Cells were analyzed as

described above. For exercise assays, differentiated C2C12 myotubes on

uncoated glass coverslips were placed in six-well dishes, and were

electrically stimulated using a six-well C-dish (Ion Optix) and a C-Pace

unit using identical settings, for a total time of 5 h. Cells were fixed and

stained as described below.

Antibodies and immunostaining
The mouse monoclonal antibodies (mAbs) XR1, recognizing XinA and

XinB (van der Ven et al., 2006), T12, which labels a titin epitope close to

the Z-disc (Fürst et al., 1988), RR90, recognizing FLNa and FLNc (van

der Ven et al., 2000a), 14F8, recognizing aciculin (Belkin et al., 1994),

and BB78, recognizing myomesin (Vinkemeier et al., 1993) have been

described previously. Anti-GAPDH (5C6) was purchased from Merck

Millipore (Darmstadt, Germany). Anti-laminin (Lam-89) and anti-a-

actinin (EA-53) were from Sigma (Taufkirchen, Germany). The rabbit

serum against sarcomeric a-actinin (RaA653) has been described

previously (van der Ven et al., 2000a). The mAb against the T7 tag

was purchased from Novagen (Heidelberg, Germany). The rat mAb YL1/

2 was raised against the C-terminus of tyrosinated tubulin and recognizes

the C-terminal GluGluPhe (EEF) tag (Wehland et al., 1983). Antibodies

against HA and FLAG tags were from Roche Applied Science

(Mannheim, Germany) and Sigma, respectively. Novel polyclonal

rabbit antisera were raised against recombinantly expressed aciculin

and FLNc Ig-like domains 16–20 (BioGenes, Berlin, Germany). The

former serum was preabsorbed against PGM1 to avoid cross-reactivity.

Secondary antibodies conjugated to Alexa Fluor 594, DyLight488, Cy3

and Cy5 were purchased from Jackson ImmunoResearch/Dianova

(Hamburg, Germany).

Cells were fixed in a 1:1 mixture of methanol and acetone for 5 min at

220 C̊. Frozen tissue sections were fixed with methanol (2 min, 220 C̊)

and acetone (20 s, 220 C̊). After washing with PBS, cells and sections

were blocked with 10% normal goat serum with 1% BSA in PBS for

30 min. Primary antibodies diluted in 1% BSA in PBS were applied for

1–16 h. After washing with PBS, specimens were incubated with

secondary antibodies diluted in 1% BSA in PBS, washed with PBS and

mounted in Mowiol containing 10% N-propyl gallate. Cells were

analyzed and photographed using a Zeiss LSM710 confocal microscope.

Zebrafish methods
Care and breeding, as well as injection procedures, of zebrafish (Danio

rerio) were as described previously (Just et al., 2011a). If not indicated

otherwise, the splice-site-targeting morpholino against aciculin (32 ng,

59-ATGAGATAAGAGGCAAGCACCCCAT-39) was applied. The

phenotype was phenocopied by the start-site-targeting morpholino

(16 ng, 59-AAATGGGTATAGGGTTTGTCTCCAT-39). Morpholinos

were from Gene Tools (Philomath, OR). The present study was

performed after securing appropriate institutional approvals that

conforms to the Guide for the Care and Use of Laboratory Animals

published by the ‘US National Institutes of Health’ (NIH Publication No.

85–23, revised 1996).

Whole-mount in situ hybridization was carried out essentially as

described previously (Thisse and Thisse, 2008) using a 592-bp antisense

probe, forward primer 59-TGGGTGAGAATGGGTTTTTC-3, and

reverse primer 59-GATCCTTAGGCCCTGTTTCC-39. Immunostaining

of zebrafish embryos was carried out as described previously (Inoue and

Wittbrodt, 2011). Full-length zebrafish aciculin cDNA was PCR-

amplified using primers 59-ATGGAGACAAACCCTATACCCA-39 and

59-GGTGATGATATTAGGCCCTCTG-39, cloned into the Tol2 vector

system (Kwan et al., 2007) and fused with GFP. Aciculin–GFP was

expressed under the striated-muscle-specific unc45 promoter (Roostalu

and Strähle, 2012). The vector was injected into one-cell-stage fertilized

embryos at 25 ng/ml. For birefringence assays, zebrafish larvae were

anesthetized with tricaine and embedded in tissue tec. Pictures were

acquired between two polarizing filters on an Olympus SZX16 with a

DP72 camera and the Olympus Stream software (Olympus, Hamburg,

Germany). ISO was fixed to 400 and exposure time to 296 ms. Data

analysis was carried out as described previously (Charvet et al., 2013).

Electron micrographs were obtained essentially as described previously

(Just et al., 2011b). To measure movement of the zebrafish embryos,

images showing several larvae at 24 hpf were acquired; at least four

pictures were taken, each 10 s apart. Two subsequent pictures were false-

colored and superimposed. The number of moving larvae was counted

and for each series the mean was calculated as one data point.
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