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The caveolin—cavin system plays a conserved and
critical role in mechanoprotection of skeletal muscle
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Dysfunction of caveolae is involved in human muscle disease, although the underlying molecular mechanisms remain
unclear. In this paper, we have functionally characterized mouse and zebrafish models of caveolae-associated muscle
disease. Using electron tomography, we quantitatively defined the unique three-dimensional membrane architecture of
the mature muscle surface. Caveolae occupied around 50% of the sarcolemmal area predominantly assembled into
multilobed rosettes. These rosettes were preferentially disassembled in response to increased membrane tension. Cave-
ola-deficient cavin-1-/- muscle fibers showed a striking loss of sarcolemmal organization, aberrant T-tubule structures,
and increased sensitivity to membrane tension, which was rescued by muscle-specific Cavin-1 reexpression. In vivo
imaging of live zebrafish embryos revealed that loss of muscle-specific Cavin-1 or expression of a dystrophy-associated
Caveolin-3 mutant both led to sarcolemmal damage but only in response to vigorous muscle activity. Our findings define
a conserved and critical role in mechanoprotection for the unique membrane architecture generated by the caveolin-

cavin system.

Introduction

The sarcolemma of skeletal muscle represents one of the most
specialized plasma membrane systems known in mammalian
cells. The two most striking features of the sarcolemma are
caveolae, which cover the entire cell surface, and the T-tu-
bules, which form an elaborate plasma membrane—connected
system of fine tubules that penetrate into the center of the mus-
cle fiber. Early morphological studies suggested that T tubules
link to the sarcolemma through sarcolemmal caveolae, poten-
tially acting as a barrier to maintain distinct lipid and pro-
tein compositions of the T-tubule system (Rayns et al., 1968).
Both caveolae and T tubules have been linked to caveolin-3
(Cav3), the major membrane protein of skeletal muscle cav-
eolae (Way and Parton, 1995; Parton et al., 1997). Mutations
in the gene for Caveolin-3 (CAV3) are associated with vari-
ous human muscle diseases, including limb-girdle muscular
dystrophy type 1C (LGMDI1C) and rippling muscle disease
(RMD; Woodman et al., 2004), and a loss of Cav3 perturbs
sarcolemmal caveolae and T-tubule formation in both humans

Correspondence to Robert G. Parton: R.Parton@imb.uq.edu.au

M. Floetenmeyer’s present address is Max-Planck-Institute for Developmental Bi-
ology, 72076 Tuebingen, Germany.

Abbreviations used in this paper: AAV, adeno-associated virus; DHPR, dihydro-
pyridine receptor; DIC, differential interference contrast; EBD, Evans blue dye;
FDB, flexor digitorum brevis; hpf, hour postfertilization; HYB, hybridization buf-
fer; MC, methylcellulose; MO, morpholino; PLA, proximity ligation assay; RMD,
rippling muscle disease; WT, wild type.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 210 No. 5  833-849
www.jcb.org/cgi/doi/10.1083/icb.201501046

and mice (Galbiati et al., 2001; Minetti et al., 2002). Mor-
pholino (MO)-based knockdown of Cav3 in the zebrafish also
demonstrated a role for Cav3 in myoblast fusion (Nixon et
al., 2005). Cav3/caveolae clearly play an important (although
not essential) role in T-tubule biogenesis, and it has been sug-
gested that the propagation of silent action potentials through
the abnormal T-tubule system may be the underlying cause of
RMD (Lamb, 2005). The interaction of Cav3 with dysferlin,
a sarcolemmal protein implicated in membrane fusion, further
raises the possibility of a role in the membrane repair pro-
cess (Matsuda et al., 2001; Bansal et al., 2003). These studies
highlight the importance of Cav3 and caveolae in general for
muscle development and physiology. However, the molecu-
lar mechanisms that underlie the significance of caveolae in
human muscle pathologies remain poorly understood.

The discovery of the cavin family of proteins that reg-
ulate caveola formation and stabilization has provided new
avenues to understand the role of muscle caveolae. Cavin-1
(also known as PTRF), Cavin-2 (SDPR), Cavin-3 (SRBC),
and Cavin-4 (MURC) are components of a coat complex as-
sociated with caveolae (Bastiani and Parton, 2010). Cavin-1
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is essential in caveola formation and organization and is ex-
pressed in all cells possessing caveolae where it associates
with Caveolin-1 (Cavl) or Cav3 to drive caveola formation
in nonmuscle and muscle cells, respectively (Hill et al.,
2008; Liu and Pilch, 2008b). Patients lacking Cavin-1 lose
skeletal muscle caveolae and have decreased Cav3 protein
levels, accompanied by muscular dystrophy and general-
ized lipodystrophy (Hayashi et al., 2009). Cavin-1 has also
been implicated as a docking protein together with MG53
during acute cell damage and membrane repair (Zhu et al.,
2011). Furthermore, Cavin-4 is the muscle-specific cavin
family member and interacts with Cavin-1 and Cavin-2 as
well as components of the RhoA—Rho-associated kinase
(ROCK) signaling pathway, leading to stimulation of the
serum response factor receptor and subsequent transcrip-
tional activation of atrial natriuretic peptide (Ogata et al.,
2008; Bastiani et al., 2009). Although the role of Cavin-4 in
skeletal muscle has not yet been defined, overexpression of
Cavin-4 leads to cardiac dysfunction and enlarged caveolae
in a transgenic mouse model (Ogata et al., 2008, 2014), and
mutations in cavin-4 have been implicated in dilated cardio-
myopathy (Rodriguez et al., 2011).

The involvement of caveolar components in human
muscle disease emphasizes their importance in muscle de-
velopment and function. Accumulating evidence suggests a
role for caveolae in mechanotransduction or as a membrane
reservoir to minimize increases in membrane tension when
the cell surface is subjected to mechanical force. Myotubes
expressing mutant Cav3 demonstrate increased membrane
fragility, and fibroblast caveolae flatten in response to hypo-
tonic medium releasing Cavl into the bulk membrane and
Cavin-1 into the cytosol (Sinha et al., 2011). A caveolae-de-
pendent membrane reservoir model is particularly attrac-
tive for the myofiber, which undergoes rounds of membrane
stretching and contraction, and the myofiber provides an ex-
cellent system to examine the effect of defined changes in the
plasma membrane on caveolae.

To date, a substantial number of muscle function and
disease model studies have used cultured myotubes. Al-
though these studies have been advantageous in aiding the
understanding of skeletal muscle physiology, it is important
to note that cultured myotubes lack the structure and char-
acteristics of mature skeletal muscle fibers (Ravenscroft et
al., 2007). On the contrary, the use of enzymatically disso-
ciated muscle fibers from the flexor digitorum brevis (FDB)
of rodents is a well-established technique and represents a
more accurate method for in vitro modeling of mature skele-
tal muscle. Therefore, we have used both whole muscle and
the FDB-isolated muscle fiber system from mature wild-type
(WT) and Cavin-1-null mice together with quantitative and
3D EM and functional experiments to address the role of cav-
eolae in sarcolemmal organization and membrane stability of
adult muscle. We further used the zebrafish model for mus-
cle-specific Cavin-1 knockdown to study the effects of a loss
of muscle caveolae. Our findings reveal an integral role for
the caveolar membrane microdomain in stabilizing the mus-
cle fiber surface. A loss of caveolae as a result of Cavin-1
deficiency compromises sarcolemmal integrity in response
to both experimental mechanical stress and high physiolog-
ical muscle activity, highlighting the caveolin—cavin system
as an essential mechanoprotective element of the plasma
membrane in skeletal muscle.
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Results

Loss of Cavin-1 recapitulates aspects of
the skeletal muscle phenotype observed

in patients

In this study, we used the cavin-1~~ mouse model, which lacks
caveolae in all tissues (Liu et al., 2008a). Histological analysis
of WT and cavin-1~"- skeletal muscle revealed only mild histo-
logical changes, with centralized nuclei indicative of muscle re-
generation present in 7% of cavin-1~/~ muscle fibers (compared
with 1% in WT muscle; Fig. 1, A and B). To test overall muscle
strength, cavin-1~~ mice were subjected to a hanging test by
measuring the length of time each mouse could grip an inverted
mesh screen. Cavin-1~~ mice had significantly reduced hang
times, recording a mean hang time of 0.3 min compared with
3.1 min in WT mice (Fig. 1 C and Video 1). We further evalu-
ated the effects of Cavin-1 deficiency on muscle function using
forced treadmill running to analyze both endurance capacity and
maximum speed. Exercise endurance capacity was moderately
(but significantly) reduced in cavin-1~~ mice (mean running
distance of 788.4 m compared with 871.9 m in WT; Fig. 1 D).
There was no significant difference in maximum speed be-
tween WT and cavin-1~~ mice (Fig. 1 E). Although these tests
may not represent a strictly muscle defect, they do nonetheless
suggest an overall reduced muscle function in the cavin-1-"-
mouse. However, collectively with the previously characterized
lipodystrophy phenotype (Liu et al., 2008a), our findings sug-
gest that cavin-1~/~ mice recapitulate the phenotypes reported in
Cavin-1-deficient patients (Hayashi et al., 2009).

Loss of Cavin-1 results in prominent
sarcolemma, T-tubule, and endomembrane
abnormalities

We next examined the ultrastructural organization of WT and
cavin-1~- muscle fibers using ruthenium red to demarcate sur-
face-connected membrane systems. WT muscle fibers at low
magnification showed a generally straight sarcolemma but with
abundant caveolae; glancing sections revealed that caveolae
were organized into striking rosette-like structures (Fig. 1, F
and G). EM stereological techniques and quantitative tomog-
raphy revealed that caveolae provided up to half of the surface
area in WT muscle fibers (Fig. 1 1).

By comparison, the sarcolemma of cavin-1~~ muscle fi-
bers was characterized by a lack of caveolae and a strikingly
irregular and convoluted appearance (Fig. 1 H). Muscle sec-
tions from the gastrocnemius of cavin-1~- adult mice showed
a similar convoluted sarcolemma in contrast to WT muscle
tissue (Fig. S1 A). One of the most prominent features of
cavin-1~~ muscle fibers was the abundance of abnormal sur-
face-connected vacuoles (Fig. 2), which had a larger and more
irregular diameter than caveolae (equal to a 4.2-fold difference
in mean surface area; Fig. S2 A). However, quantitation of the
relative surface area in WT and cavin-1~/~ fibers revealed that
the surface area provided by the vacuoles was similar to that
provided by caveolae (Fig. 1 I). Therefore, despite the ultra-
structural abnormalities observed, the loss of caveolae is not
correlated to a loss of surface area (relative to the sarcomere
unit). An additional feature of the peripheral region of cavin-
17~ muscle fibers was the presence of multilamellar vacuo-
lar structures (Fig. S2 B).

We next examined the organization of the T-tubule sys-
tem in the WT and cavin-1~/~ muscle fibers. T-tubule dysmor-

620z Jequiede( G0 U0 3senb Aq 4pd 910105102 A0l/¥S616S L/£€8/G/0 L Z/Pd-8jome/qol/Bio sseidny//:dpy woly pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.201501046/DC1
http://www.jcb.org/cgi/content/full/jcb.201501046/DC1
http://www.jcb.org/cgi/content/full/jcb.201501046/DC1

cavin-1-/-

Figure 1. Lloss of Cavin-1 in mice recapitu-

10 lates the skeletal muscle phenotype observed
*k in patients. (A) Hematoxylin and eosin staining
of WT and cavin-1-/- muscle sections. Arrows

indicate centralized nuclei in cavin-1-/~ mus-

cle sections. Bar, 50 pm. (B) WT muscle has

1.2 + 0.1% central nuclei compared with 7.1

+ 1.1% central nuclei in cavin-1-/~ muscle (de-

0 termined by counting number of central nuclei

Percentage of
central nuclei

A ‘ / W cavinsfel in 564 and 596 muscle fibers from three pairs
c D E of WT and cavin-1-/~ mice, respectively). No
°5 o B further changes in histology were observed in
E 4 2F &0 S 2 ns cavin-1-/- mice up to 20 mo of age (not de-
= . ET o SE . picted). (C-E) WT and cavin-1-/~ mice were
2 38 SE tested for hang time (C), endurance capacity

S 2 5 8 E 5 10 (D), and maximum running speed (E). WT mice
= SRS £8 s had a mean hang time of 3.1 = 1.0 min com-

o i 5 g & pared with 0.3 £ 0.1 min in cavin-1-/~ mice.
WT  cavin-1-/- WT  cavin-1+/- °""WT cavin-1/~  Use of the holding impulse (hang fime x body

e, agn e

weight) measurement to correct for effects of
body mass on hang time yielded the same

! [@ caveolae/vacuoles
[ surface
100
3
© 80
5%
2 60
©
23 4
G
© 20
i
0 &
WT cavin-1-/-

phology has been observed in Cav3-deficient mice and humans
(Galbiati et al., 2001; Minetti et al., 2002). In WT muscle fi-
bers, surface connected T-tubules were apparent, running in
normal transverse orientation adjacent to the Z lines (Fig. 2,
A and B). In contrast, regions of the subsarcolemmal T-tubule
system were more irregular in cavin-1~~ muscle fibers, with
increased longitudinal elements. Peripheral elements were also
often dilated in the cavin-1~~ muscle fibers (Fig. 1 H, inset;
Fig. 2, C and D; and Fig. S1 B). In addition, a striking and
consistent feature of the cavin-1~~ muscle fibers was the pres-
ence of ruthenium red-labeled reticular structures (Fig. 1 H,
insets) that resemble CAV3-positive structures in differentiat-
ing myotubes (Parton et al., 1997). Identical structures were
frequently observed throughout the skeletal muscle fibers of
cavinl~~ muscle (Fig. S1 A).

results (not depicted). Exercise endurance
capacity, measured as total running distance
before exhaustion, was 871.9 + 20.6 m in
WT mice and 788.4 + 37.6 m in cavin-1-/~
mice. Maximum running speed was 20.3 =
0.8 m/min in WT mice and 19.2 + 0.7 m/
min in cavin-1-/~ mice. Tests performed on 10
WT and é cavin-1-/~ mice. Error bars show
means + SEM. *, P < 0.05; **, P < 0.01;
ns, not significant. (F-H) Ruthenium red-la-
beled isolated FDB fibers from WT (F and G)
and cavin-1-/= (H) mice show the convoluted
surface of caveola-deficient cavin-1-/- fibers,
in contrast to the straight sarcolemma of WT
fibers decorated by rosettes of uniform sur-
face-connected caveolae. Insets show reficular
networks characteristic of immature Cav3-posi-
tive structures (Parton et al., 1997). Bars: (F) 2
pm; (G and H, insets) 0.5 pm; (H, main image)
2 pm. (I) Quantitation of sarcolemmal features
in WT and cavin-1-/~ fibers. Unit of muscle
membrane (micrometers) per sarcomere is
expressed as a proportion (percentage) occu-
pied by sarcolemmal surface excluding cave-
olae (in WT) and surface-connected vacuoles
(in cavin-1-/7). Sarcolemmal surface occupies
41% and 37% in WT and cavin-1-/~ in mus-
cle fibers, respectively (unshaded). Caveolae
occupy 59% of the sarcolemma in WT mus-
cle fibers, whereas vacuoles occupy 63% of
the sarcolemma in cavin-1-/- muscle fibers
(shaded gray). Note that stereological mea-
surements have not been corrected for over-
projection effects (see Materials and methods).

We further analyzed the organization of the ruthenium
red-labeled WT and cavin-1~- muscle fibers by electron to-
mography. In WT muscle fibers, T-tubules invariably con-
nected to the muscle fiber surface via surface-connected
caveolae (Fig. 3, A-G; and Videos 2 and 3). Surface-rendered
reconstruction of the T-tubule system clearly demonstrated the
connection of the T-tubule system to the surface via caveolar
rosettes (Fig. 3 H). A similar 3D analysis of cavin-1~~ mus-
cle fibers highlighted the abnormal and dilated T-tubule net-
work within the muscle fiber as well as the surface-connected
vacuoles (Fig. 3, I-L; and Video 4). In the absence of caveo-
lae, the abnormal T-tubule network connected to the surface
of the muscle fiber via the abundant vacuoles (Video 5). The
reticular networks observed in thin sections throughout the
cavin-1~~ muscle could be shown to be highly complex “hon-
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Figure 2. Loss of Cavin-1 in muscle is associated with large vacuoles and a dilated T-tubule system. (A and B) Ruthenium red labeling of WT muscle fibers
highlighting the muscle fiber surface, T tubules (inset in A represents enlargement of boxed area) and caveolar rosettes (inset in B represents enlargement
of boxed area). (C-E) Ruthenium red labeling of cavin-T1-/= muscle fibers across the surface and within T tubules (arrows, C and D) and large vacuoles
(arrows, E). Bars: (A and B, main images) 2 pm; (A and B, insets) 200 nm; (C-E) 1 pm.

eycomb-like” reticulated networks with multiple connections
to the cell surface via large vacuoles (Fig. 3, M-O; and Fig. S3,
A and B) and connections to the T-tubule network, including
triad junctions (Fig. S1 A).

In view of these ultrastructural alterations in T-tubule or-
ganization, we examined the organization of several markers
by light microscopy. The mechanosensitive transient receptor
potential channel 1 (TRPC1), the dihydropyridine receptor
(DHPR), dysferlin (Dysf), and bridging interactor 1 (Binl; also
known as Amphiphysin 2) showed relatively normal distribution
by confocal microscopy but with abnormal areas of dense stain-
ing (Fig. 4 A), which likely correlate with the reticular regions
observed by EM. Dysf and Binl expression levels were mildly
elevated by Western blotting; however, we did not observe any
significant differences in expression by quantitative PCR anal-
ysis (Fig. S3, C-E). This abnormal localization of T-tubule sys-
tem components, together with the ultrastructural abnormalities
described in this section, suggests that altered T-tubule function

JCB » VOLUME 210 « NUMBER 5 » 2015

may in part be responsible for the RMD phenotype observed in
Cavin-1-deficient patients (Rajab et al., 2010).

Cavin-4 traffics to the nucleus in the
absence of Cavin-1/caveolae

In cavin-1~- muscle, the levels of Cavin-2 and -3 and Cav1-3
were significantly reduced in comparison to WT muscle, sug-
gesting a degree of coregulation between these proteins (Bas-
tiani et al., 2009). However, the levels of muscle-specific
Cavin-4 were unaffected by Cavin-1 deficiency; we confirmed
this and the reduction in Cav3 expression by western analysis in
our cavin-1~~ mice (Fig. S3, C and D).

To further explore the caveolin—cavin association, we per-
formed immunostaining in isolated muscle fibers. In WT fibers,
Cavin-4 and Cav3 strongly colocalized as a highly intricate and
organized array across the muscle fiber surface, with both trans-
verse and longitudinal structures visible (Fig. 4 B). In contrast,
Cavin-1 deficiency resulted in a striking loss of Cavin-4/Cav3 ar-
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Figure 3. Ultrastructural morphological abnormalities do not affect the relative surface area of cavin-1-/- muscle fibers. (A-D) Single tomogram image
from a ruthenium red-labeled WT muscle fiber showing T-4ubule connection to the surface via caveolae (A). Tomographic slices (B-D) represent an enlarge-
ment of boxed area in A. See Video 2. (E-G) High magnification 3D images of a WT muscle fiber showing THubule connection to the surface via caveolae.
See Video 3. (H) 3D surface-rendered reconstruction showing THubules connecting to the muscle fiber surface via caveolar rosettes. (I-L) Single tomogram
image of a ruthenium red-labeled cavin-1-/- muscle fiber showing dilated T-+ubules connecting to the surface via vacuoles (I). Tomographic slices (J-L) rep-
resent an enlargement of boxed area in I. See Videos 4 and 5. (M) Tomographic slice of a ruthenium red-labeled cavin-1-/- muscle fiber. (N) Surface-ren-
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rays at the muscle fiber surface. Despite normal Cavin-4 expres-
sion levels, the intensity of Cavin-4 staining was greatly reduced
at the muscle surface, consistent with a redistribution, rather than
loss of Cavin-4. Dense areas of Cav3 staining were also appar-
ent, similar to those observed with the T-tubule protein markers
(Fig. 4 A) and likely corresponding to the reticular structures
observed by EM (Fig. 1 H). Increasing the signal intensity of
Cavin-4 staining further revealed a loss in its colocalization with
Cav3 at the muscle surface (Fig. 4 B, insets), suggesting that the
colocalization of Cavin-4 and Cav3 is dependent on Cavin-1. The
interaction between Cavin-4 and Cav3 in muscle fibers was fur-
ther defined using the Duolink proximity ligation assay (PLA),
which enables the in situ identification of protein—protein inter-
actions using secondary antibodies linked to DNA molecules
(Soderberg et al., 2008). We observed a high density of fluores-
cent Duolink PLA signals at the surface of WT muscle fibers,
indicative of an interaction between Cavin-4 and Cav3 (Fig. 4 C).
Conversely, there was a significant reduction in Duolink PLA
signal in cavin-1~~ muscle fibers; the level of signal was similar
to that seen in the negative control. These results, in conjunction
with the Cavin-4/Cav3 labeling studies, demonstrate that Cavin-1
plays an essential role in the colocalization and association of
Cavin-4 and Cav3 in vivo and that a loss of Cavin-1/caveolae
results in a loss of sarcolemmal organization in skeletal muscle.

Further investigation into the localization of Cavin-4 re-
vealed that in contrast to WT muscle, Cavin-4 was predomi-
nantly localized to the nucleus of cavin-1~/~ muscle fibers when
cells were fixed using an alternative protocol (Fig. 4 D). In
addition, Cavin-4 was shown to localize specifically to muscle
nuclei in unfixed cryosections of cavin-1~~ muscle tissue (Fig.
S4 A). Therefore, Cavin-4 appears to traffic to the nucleus in the
absence of Cavin-1/caveolae.

Caveolar rosettes are preferentially
disassembled in response to increasing
membrane tension

As a model system to examine the cell-autonomous response
of mature muscle fibers to changes in membrane tension in
the absence of surrounding tissues and extracellular matrix,
we exposed WT muscle fibers to a 15-min incubation in hy-
po-osmotic media, which has been previously used to study
the effects of cell swelling in mdx muscle fibers (Wang et al.,
2005). Under these conditions, muscle fibers formed numerous
membrane blebs of variable size (10-80 pum in diameter). Sar-
colemmal blebs were positive for Cav3 but completely nega-
tive for Cavin-1 and Cavin-4 showing a complete separation of
caveolins from cavins in these regions, as confirmed using the
Duolink PLA (Fig. 5, A-C).

At the ultrastructural level, hypo-osmotic treatment re-
sulted in a significant reduction in the number of morpholog-
ically distinct sarcolemmal caveolae (overall 60% reduction in
caveolar density compared with muscle fibers in iso-osmotic
media) and a striking complete loss of caveolae within mem-
brane blebs (Fig. 5, D and E). Remarkably, the remaining cave-
olae on the non-bleb muscle surface in hypo-osmotically treated

fibers were predominantly single caveolae, with only 4% of
rosettes consisting of three or more caveolae, compared with
fibers in iso-osmotic media in which 39% of rosettes were asso-
ciated with three or more caveolae (Fig. 5, F and G). A similar
profile was observed in quantitation of caveolar rosettes from
tomograms (Fig. S4 B and Videos 6 and 7) and is highlighted
by 3D reconstructions of caveolar rosettes in iso-osmotic and
hypo-osmotic media (Fig. 5 H). These results suggest that there
is a preferential disassembly of caveolar rosettes in response to
an increase in membrane tension.

Our quantitative analysis of the sarcolemmal area of cavin-
17~ muscle fibers (relative to the sarcomeric unit and excluding
T-tubule membrane) was identical to WT muscle, despite the
dramatically different surface architecture (Fig. 1 I). Therefore,
to examine whether the organization of the membrane into
caveolae and caveolar rosettes is crucial for a response to in-
creased membrane tension, we also subjected cavin-1~/~ muscle
fibers to incubation in a hypo-osmotic medium and observed
an increased level of cell lysis (Fig. S4, C and D; and Video 8).
Therefore, these results highlight the importance of the caveolar
microdomain in maintaining membrane integrity.

Re-expression of Cavin-1 rescues the null
phenotype in cavin-1/ muscle
To determine whether the previously described changes are di-
rectly caused by an absence of caveolae as a result of Cavin-1
deficiency, we examined whether Cavinl-GFP was able to res-
cue the null phenotype in cavin-1~/- muscle fibers. In vivo ex-
pression of Cavinl-GFP in the FDB muscle of cavin-1~~ mice
was accomplished by the injection of adeno-associated virus
(AAV) vectors. Western analysis of AAV-injected FDB muscle
demonstrated successful expression of Cavinl-GFP, which also
enhanced expression of Cav3 (Fig. 6 A and Fig. S4 E). Imag-
ing of isolated muscle fibers revealed Cavinl-GFP localiza-
tion at the muscle fiber surface; the expression of Cavinl-GFP
(but not GFP reporter alone) restored the localization of both
Cavin-4 and Cav3 at the muscle fiber surface (Fig. 6, B-K), as
previously observed in WT muscle fibers (Fig. 4 B). Moreover,
analysis of the Cavin-4-Cav3 interaction using the Duolink
PLA showed a 21-fold increase in PLA signal in muscle fibers
expressing Cavinl-GFP, compared with those expressing GFP
reporter alone (Fig. 6, L-P).

On an ultrastructural level, expression of Cavinl-GFP
(but not GFP alone), rescued caveola formation and assem-
bly of caveolar rosettes and led to a loss of the highly convo-
luted membrane surface characteristic of cavin-1=~ muscle
fibers (Fig. 6 Q). Finally, we investigated whether the expres-
sion of Cavinl-GFP was able to rescue the response of fibers
to changes in membrane tension. Incubation of AAV-injected
fibers in hypo-osmotic media for 15 min revealed that fibers
expressing Cavinl-GFP showed a threefold reduction in the
levels of cell lysis (mean 11.0% cell lysis in comparison to a
mean 36.3% cell lysis in those expressing GFP reporter only;
Fig. 6 R). Collectively, these results demonstrate that exoge-
nous Cavin-1 is able to rescue the null phenotype in muscle

dered reconstruction highlights honeycomb structure of T tubule-connected reticulated networks as previously shown in differentiating muscle cells (Parton
etal., 1997) and human CAV3 muscle (Minetti et al., 2002). Reticulated networks are connected to the surface (S) via vacuoles (V). (N1-N3) Tomographic
slices of ruthenium red-labeled cavin-1-/- muscle fiber area highlighted in N. See also Fig. S3 (A and B). (O) 3D view of surface-rendered reconstruction
of area highlighted in N showing reticulated networks observed in cavin-1-/- muscle (green). Pink highlights connections to the plasma membrane. Bars:

(A, 1, and M) 500 nm; (B, E, and J) 100 nm; (H, N, N1-N3, and O) 200 nm.
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Duolink PLA

Figure 4. Loss of Cavin-1 affects T-tubule and sarcolemmal organization in muscle. (A) Colabeling for TRPC1 and DHPR and labeling for Dysf and Bin1
at the subsarcolemmal surface of WT and cavin-1-/~ muscle fibers. (top) Insets show a typical THubule staining pattern for TRPRC1, DHPR, Dysf, and Bin1 in
WT muscle fibers. (bottom) Dense areas of staining for TRPC1, DHPR, Dysf, and Bin1 (arrows, insets) were observed within cavin-1-/- muscle fibers. Insets
show a higher magnification. (B) Cavin-4/Cav3 colabeling across the surface of WT and cavin-1-/- muscle fibers. Increasing the signal intensity of Cavin-4
staining revealed that Cavin-4/Cav3 colocalization was lost in cavin-1-/~ muscle fibers (insets represent boxed areas). Arrows indicate areas of dense
Cav3 staining. (C) Duolink PLA in WT and cavin-1-/- muscle fibers using anti-Cavin-4 and anti-Cav3 antibodies with DAPI counterstain. Negative control
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and emphasizes the importance of Cavin-1 in organizing and
protecting the sarcolemmal surface of skeletal muscle fibers
via the formation of caveolae.

Muscle-specific loss of Cavin-1 in an

in vivo zebrafish system compromises
sarcolemmal integrity

To determine the effect of Cavin-1 deficiency on in vivo mus-
cle function, we used the zebrafish (Danio rerio) as a model
system. We have previously shown that MO knockdown of
cavin-1b (also known as ptrfb) leads to a decrease in caveolar
density in the notochord of developing zebrafish embryos (Hill
et al., 2008). However, there was no evidence that cavin-1b was
expressed in zebrafish muscle. A second zebrafish cavin-1 gene
has been identified (ptrfa; NCBI RefSeq XM_001920667),
hereafter referred to as cavin-Ia. Cavin-la shares 56.8% and
56.4% sequence similarity with human Cavin-1 and zebrafish
Cavin-1b, respectively, and evolutionary analysis confirmed
that it was placed within the Cavin-1 clade (Fig. S5, A and B).
RT-PCR confirmed cavin-Ia expression in zebrafish embryos;
cavin-1a is maternally expressed, with an increase in expression
levels around 19.5 h postfertilization (hpf; Fig. 7 A). Whole-
mount in situ hybridization revealed cavin-Ia to be a mus-
cle-specific isoform, with strong staining within the zebrafish
myotome in 48 hpf embryos (Fig. 7 B).

This apparent subfunctionalization of duplicate Cavin-1
genes in the zebrafish allowed us to examine the loss of Cavin-1
in a muscle-specific manner. To do this, we used an MO-based
approach for knockdown of cavin-1a in WT embryos. To test
the specificity of the cavinla-MO, we first coinjected cavi-
nla-MO and GFP mRNA containing the MO target sequence
(cavinla-GFP). GFP fluorescence was abolished in embryos co-
injected with cavinla-MO and cavinla-GFP mRNA, confirm-
ing specificity of the cavinla-MO (Fig. S5 C). A dose-response
curve was further generated to determine the ideal concentra-
tion for cavinla-MO injections (Fig. S5 D). A loss of Cavin-1la
resulted in morphants with phenotypes that fell into one of three
categories: (1) normal, (2) a mild phenotype, with shorter trunks
and cardiac edema, and (3) a severe phenotype with shorter,
curved trunks, and cardiac edema (Fig. 7 C). MO injections
are, however, known to cause off-target developmental defects,
the majority of which involve the activation of p53, leading to
p53-induced apoptosis (Robu et al., 2007). Therefore, we per-
formed additional MO injections in the tp53%! zebrafish line,
which expresses an autosomal-dominant p53 mutation (Bergh-
mans et al., 2005). A similar range of phenotypes was observed
in tp5374f! cavinla morphants, indicating that the phenotypes
observed were not caused by off-target p53-induced apopto-
sis (Fig. 7 C). The ultrastructure of muscle fibers from 5-d-old
embryos injected with either control or cavin-Ia MO was ex-
amined by EM. Caveolae density was dramatically reduced in
cavinla-MO muscle fibers in comparison to those injected with
control MO (equal to a 98.7% loss in relative caveolae density;
Fig. 7, D and E). Muscle fibers from cavin-1a morphants further
demonstrated a convoluted membrane surface, similar to that
observed in cavin-1~- mouse muscle (Fig. 1 H and Fig. S1 A)
and an increased number of endosomes.

To define the functional consequences of Cavin-la defi-
ciency in zebrafish embryos, we investigated whether a loss of
Cavin-1la resulted in compromised muscle integrity. Cavin-la
knockdown was performed in a transgenic line, Tg(acthb2:EG-
FP-CAAX)P<'%, which expresses membrane GFP, to delineate
the muscle fibers, and morphants were injected with Evans
blue dye (EBD), which has previously been used to detect sites
of membrane permeability in zebrafish embryos (Bassett et
al., 2003; Hall et al., 2007). No evidence of EBD uptake was
observed in cavin-1a morphants incubated in embryo media.
However, incubation of 72 hpf cavin-1a morphants in a highly
viscous medium (3% methylcellulose [MC]) followed by in-
jection of EBD revealed uptake within muscle fibers in 17.0%
of cavin-1a morphants (compared with only 0.8% in those in-
jected with a control MO), indicating a loss of sarcolemmal
integrity in Cavin-la morphants in response to increased me-
chanical strain (Fig. 7, F and G).

Finally, we investigated whether exercise-induced
membrane damage could be a common feature of muscle
caveolar perturbation. To this end, we targeted a different
caveolar component, Cav3, using a dominant active disease-as-
sociated mutant. We generated transgenic zebrafish lines
expressing Cav3-WT-GFP or Cav3-R26Q-GFP, a mutant in-
volved in RMD (Sotgia et al., 2003) under the Cav3 promoter
(Tg(cav3:Cav3WT-EGFP)*a»  and  Tg(cav3:CAV3IR26Q-
EGFP) r, respectively). Cav3 transgene expression was con-
firmed by western analysis (Fig. S5 E), and in vivo imaging
revealed Cav3-GFP localization at the plasma membrane of
muscle fibers (Fig. 7 H) and the notochord (not depicted), con-
sistent with a previous expression study (Nixon et al., 2005).
Clutches of both Cav3WT-GFP and Cav3-R26Q-GFP showed
little evidence of EBD uptake when incubated in E3, with no
significant difference observed between the two zebrafish lines.
However, upon incubation in 3% MC, there was a significant in-
crease in the number of EBD-positive Cav3-R26Q-GFP embryos
compared with Cav3WT-GFP embryos (31.5%, compared with
7.1% of EBD-positive Cav3WT-GFP embryos; Fig. 7, H and I).
These results show that expression of a Cav3 dominant-negative
mutant leads to compromised membrane integrity in zebrafish
embryos, a phenotype only revealed by intense muscle activity.
In conclusion, we have shown here using both MO and trans-
genic approaches that two caveolar components, cavins and ca-
veolins, are essential in maintaining sarcolemmal integrity in
zebrafish muscle in response to vigorous muscle activity.

Discussion

The critical role of Cavin proteins in the formation and stabili-
zation of caveolae is now well established (Bastiani and Parton,
2010). Although the exact nature of the cavin complex associ-
ation with caveolae remains unclear, recent work demonstrated
that cavins may have distinct tissue-specific functions (Hansen
et al., 2013), with distinct cavin subcomplexes existing within
the same caveolae (Gambin et al., 2014). This study has inves-
tigated the role of the unique membrane architecture generated
by Cavin-1/caveolae in skeletal muscle, providing the first

(nc) was performed on WT muscle fibers where one primary antibody was omitted. (D) Cavin-4 staining in methanolfixed WT and cavin-1-/~ muscle fibers
with DAPI counterstain. Inset represents overlay of Cavin-4/DAPI labeling within nucleus in boxed areas. Muscle fibers are highlighted with dashed lines.

Bars: (A) 20 pm; (B-D) 10 pm; (A, B, and D, insets) 5 pm.
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Figure 5. Preferential disassembly of caveolar rosettes in response to increased membrane tension. (A and B) Immunofluorescence of Cavin-1/Cav3 (A)
and Cavin-4 (B) in WT muscle fibers after 15 min in hypo-osmotic (HYPO) media (insets represent brightfield image of membrane bleb). (C) Duolink PLA
of Cavin-4/Cav3 interaction in WT muscle fibers after 15-min incubation in hypo-osmotic media (inset, brightfield image of membrane bleb). Dashes out-
line the membrane bleb. (D) EM analysis of a ruthenium red-labeled WT muscle fiber after 15 min in hypo-osmotic media (inset, higher magnification of
bleb area indicated by asterisks). (E) Relative caveolae density of WT fibers in hypo-osmotic media was 39.6 + 16.3% (means + SD; compared with WT
fibers incubated in iso-osmotic [ISO] media). (F) Ruthenium red-labeled WT muscle fibers in iso-osmotic or hypo-osmotic media. Arrows indicate caveolae
beneath the sarcolemma. Several single caveolae are observed in hypo-osmotic—treated muscle fibers (insef). (G) Quantitation of number of caveolae
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detailed characterization of the skeletal muscle phenotype of
cavin-1~~ mice. We have used several experimental approaches
using mammalian muscle samples, isolated muscle fibers, and
zebrafish models to gain fundamental insights into the role of
muscle caveolae. Our findings suggest that caveolae play an es-
sential role in mechanoprotection in skeletal muscle.

An early morphological study characterized the effect of
myofiber lengthening on caveolae flattening, albeit under ex-
treme nonphysiological levels of stretching, questioning a gen-
eral role for caveolae in providing membrane for sarcolemmal
changes (Dulhunty and Franzini-Armstrong, 1975). More re-
cent studies demonstrate a physiological role for caveolae in
limiting membrane tension in response to cell stretch or swell-
ing (Kozera et al., 2009; Sinha et al., 2011). However, skele-
tal muscle studies relied on cultured myotubes, which lack the
structural and functional characteristics of differentiated mature
skeletal muscle. Therefore, we have used mature mouse muscle
fibers to provide further insights into the role of caveolae as a
mechanoprotective component of skeletal muscle. In WT mus-
cle fibers, the striking rosette organization of caveolae, in which
few caveolae are directly connected to the sarcolemma but in-
directly via a neck common to 3-5 caveolae, was a consistent
feature over the entire muscle fiber surface. These enigmatic
structures are a characteristic feature of differentiating muscle
cells, although their cellular role has remained unknown (Parton
et al., 1997). Our findings suggest that caveolar rosettes may
be preferentially sensitive to membrane force, allowing rapid
disassembly of a single unit containing multiple caveolae into
the bulk membrane, providing a mechanism for larger scale re-
organization of the membrane. The detailed characterization of
the proposed mechanism for flattening of a group of caveolae,
rather than a single caveolae, is amenable to modeling and bio-
physical analysis, but these results provide a testable model for
the function of this characteristic caveolar feature.

We demonstrate here that caveolae link the T-tubules to
the muscle fiber surface, supporting earlier serial section analy-
sis (Rayns et al., 1968). A genetic loss of Cavin-1/caveolae re-
sulted in significant disruptions to the sarcolemmal and T-tubule
system in muscle. The aberrant T-tubule formation observed
here and in Cav3-deficient muscle resembles immature mus-
cle cells, where there is a larger proportion of longitudinal tu-
bules in addition to transverse tubules (Minetti et al., 2002) and
very characteristic Cav3-positive membrane networks (Parton
et al., 1997). These abnormalities likely lead to the abnormal
action potential propagation observed in these muscle fibers and
may underlie the rippling muscle phenomenon seen in patients
(Lamb, 2005). Despite these morphological differences, how-
ever, the T-tubule system was still able to connect to the muscle
fiber surface via abnormal vacuoles; although it remains un-
clear how this occurs and what effect it would have on T-tubule
function, it suggests the importance of a distinct microdomain
in connecting the T-tubule to the muscle surface. An intriguing
possibility is that caveolar flattening during normal muscle con-
traction functions to not only maintain the integrity of the sar-

colemma but that caveolar clusters at the neck of the T-tubules
could be particularly important in buffering any forces at the
neck of the T-tubules as the fiber changes diameter.

The increased susceptibility to osmotic stress and im-
paired membrane integrity displayed by caveola-deficient
cavin-1~~ muscle fibers, without any apparent change in total
surface area, highlights the essential role of the caveolae struc-
ture in mediating a response to changes in membrane tension.
The reformation of caveolae and caveolar rosette structures
upon recapitulation of Cavin-1 expression further emphasizes
the importance of Cavin-1 in caveolar biogenesis. The loss of
Cavin-1 and Cavin-4 from membrane blebs in response to in-
creased membrane tension also underscores an important mech-
anosensory role for the cavins. In this respect, the finding that
Cavin-4 associates with the nuclei of cavin-1~~ muscle fibers
is particularly intriguing as it raises the possibility that under
physiological conditions, Cavin-4 may be released from the ca-
veolae and shuttle to the nucleus. In this model, the flattening
of caveolae in response to membrane stress or stretch allows
the release of cavins to signal further into the cell (Sinha et al.,
2011; Parton and del Pozo, 2013). An intriguing hypothesis,
which can now be tested, is that localized flattening of indi-
vidual caveolae in response to membrane stress could release
the cavin complex over time as a signal for specific pathways,
including muscle hypertrophy. The role of the muscle cavin
complex in this process awaits further dissection.

The isolation of muscle fibers and hypo-osmotic treat-
ment used here, are clearly nonphysiological manipulations that
allowed an analysis of muscle fiber properties in the absence
of the usual extracellular matrix environment crucial for mus-
cle function. Nonetheless, we identified dramatic differences in
cell-autonomous muscle fiber properties using these systems,
which could be partially compensated in vivo by the extracellu-
lar environment. However, the apparent subfunctionalization of
duplicated Cavin-1 genes into muscle and nonmuscle domains
in the zebrafish enabled the muscle-specific knockdown of
Cavin-1 within a physiological setting. An absence of Cavin-1
in muscle caused a dramatic reduction in caveolae density in
zebrafish embryos. Furthermore, a loss of Cavin-1a and expres-
sion of a Cav3 dystrophy mutant leads to reduced sarcolemmal
integrity in zebrafish embryos in response to increased mechan-
ical strain. However, the EBD-positive muscle fibers observed
in both cavin-Ia knockdown and Cav3-R26Q-GFP embryos
were still intact and did not display evidence of failed fiber
attachment as shown previously in the dystrophin and lami-
nin-a2—-null zebrafish models (Bassett et al., 2003; Hall et al.,
2007). Therefore, the loss of membrane integrity observed here
occurs via a mechanism that is dissimilar to these previously
described muscular dystrophy models. Our findings are con-
sistent with a mechanism whereby modulating cavin/caveolin
levels in muscle leads to small lesions in the membrane, which
would weaken the sarcolemma and eventually lead to apopto-
sis. Collectively, our data suggest that an increase in membrane
fragility contributes to the disease phenotype in caveola-related

associated with caveolar rosettes (caveolae/rosette) after incubation in iso-osmotic or hypo-osmotic media: 43 + 7%, 17 + 1%, 30 = 4%, 5 + 6%, and
4 + 2% of caveolae from muscle fibers in iso-osmotic media had 1-5 caveolar rosettes, respectively; 86 + 9%, 10 £ 9%, 3 + 1%, 1 + 2%, and 0 = 0%
of caveolae from muscle fibers in hypo-osmotic media had 1-5 caveolar rosettes, respectively. Error bars show means + SD. Quantitation was performed
on >440 caveolae from three different muscle fibers for both iso-osmotic and hypo-osmotic treatments. (H) 3D view of surface-rendered reconstructions of
caveolar rosettes (yellow) in WT fibers incubated in iso-osmotic or hypo-osmotic media. See Videos 6 and 7. Bars: (A-C) 10 pm; (D and F) 2.5 pm; (D

[inset] and H) 200 nm. *, P < 0.05; **, P < 0.01; *** P < 0.001.
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Figure 6. Exogenous Cavin1-GFP expression in cavin-1-/- muscle fibers rescues the null phenotype. (A) Western analysis of cavin-1-/- muscle fibers
expressing GFP reporter or Cavin1-GFP using anti-GFP and anti-Cav3 antibodies. f-Actin demonstrates protein loading; 50 pg protein lysate was loaded.
(B-K) Cavin-4 (B-F) and Cav3 (G-K) immunostaining in cavin-1-/- muscle fibers expressing GFP reporter (B and G) or Cavin1-GFP (D and ). Insets repre-
sent enlargement of boxed areas. (L-O) Duolink PLA using anti-Cavin-4 and anti-Cav3 antibodies in cavin-1-/~ muscle fibers expressing GFP reporter (L) or
Cavin1-GFP (N). Muscle fibers are highlighted with dashed lines. (P) PLA signal in cavin-1-/- muscle fibers was 0.0007 + 0.0007 dots/pm? and 0.014 =
0.007 dots/pm? in fibers expressing GFP reporter or Cavin1-GFP, respectively. Quantitation performed on 15 GFP reporter and 9 Cavin 1-GFP-expressing
muscle fibers from AAV injections of two cavin-1-/~ mice. (Q) Ruthenium red-labeled muscle fibers expressing GFP reporter or Cavin1-GFP. Arrows indicate
single caveolae (middle) and rosettes (right). (R) Mean percentage of cell lysis was 36.3 + 6.9% and 11.0 £ 3.4% in cavin-1-/~ muscle fibers expressing
GFP reporter or Cavin1-GFP, respectively, and is represented as a column graph. Quantitation was performed on 85 and 99 muscle fibers expressing
GFP reporter or Cavin1-GFP, respectively, from six cavin-1-/~ mice. Dot plots represent percentage of cell lysis observed for individual mice; note that the
percentage of cell lysis is consistently higher in the absence of Cavin-1. Error bars are means + SEM. *, P < 0.05; **, P < 0.01. Bars: (B-O) 10 pm; (Q,
left and middle images) 1 pm; (Q, right image) 200 nm.

muscle disease, which affects pathways distinct to those involv- fragile, suggesting a general loss of protection from caveolae,
ing Cavin-1/caveolae in metabolism and lipodystrophy (Liu et independently of changes in adipose tissue metabolism (Martin
al., 2008a). In support of this, we have previously hypothesized et al., 2012; Parton and del Pozo, 2013). However, additional
that adipose tissue explants lacking Cav1 are intrinsically more evidence suggests that Cavin-1 may recruit the membrane re-
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Figure 7. Caveolae are essential for maintaining muscle integrity in the zebrafish. (A) Temporal expression of cavin-Ta mRNA in 1.3-72-hpf zebrafish
embryos. (B) Expression pattern of cavin-Ta in zebrafish embryos using whole-mount mRNA in situ hybridization. Dorsal view of a 12-somite (12S) em-
bryo shows faint labeling for cavin-1a (arrowheads). At 48 hpf, cavin-Ta expression is observed exclusively within the zebrafish myotomes, shown here
in dorsal (top right) and lateral (bottom left) view; anterior to left in both images. Note the lack of notochord labeling in the dorsal view. Image in bottom
right represents magnification of boxed area. (C) WT and tp53=41 zebrafish embryos were injected with control or cavin1a MO (CtrMO and cavin1aMO,
respectively) and abnormal morphants (classified as mild or severe) imaged at 72 hpf. Arrowheads indicate cardiac edema. (D) Ruthenium red-labeled
isolated muscle fibers from control MO and cavin1aMO embryos. Arrows indicate caveolae (left image) or endosomes (middle and right images). Inset
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pair protein MG53 to sites of damage (Zhu et al., 2011) in a
process that also involves dysferlin and caveolin-3 (Cai et al.,
2009) and that internalization of membrane lesions is mediated
in a caveolar-dependent manner (Corrotte et al., 2013). There-
fore, it remains possible that caveolae may nonetheless be in-
volved in membrane repair pathways in skeletal muscle.

In conclusion, we have used mouse and in vivo zebrafish
models to provide fundamental new insights into the pathogen-
esis of caveola-related muscle disease, suggesting that caveo-
lae are an essential feature for mechanoprotection in skeletal
muscle. Determining the etiology of caveola-related muscle
disease will be crucial for understanding caveola biogenesis
and function in muscle and for the development of therapeutic
strategies in human patients.

Materials and methods

Animal experiments

Cavin-1~~ mice, generated by replacing part of Exon 1 of the cavin-1
gene with a LacZ/Neo fusion cassette, were obtained from Boston
University School of Medicine (Liu et al., 2008a). Cavin-1~~ mice,
WT controls (both backcrossed onto the same C57BL/6 strain for 10
generations), and adult zebrafish were fed and maintained according
to institutional guidelines (University of Queensland). Zebrafish em-
bryos were obtained from natural spawnings of zebrafish and raised at
28.5°C in standard E3 (5§ mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,,
and 0.33 mM MgSO,). All animal experiments were approved by the
University of Queensland Animal Ethics Committee.

Antibodies and reagents

Antibodies were obtained from the following sources: mouse anti-Cav3
and mouse anti—-Pecam-1 from BD, rabbit anti-TRPC1 from Alomone
Labs, mouse anti-DHPR (MAB 427) from EMD Millipore, rabbit an-
ti-PTRF from Sigma-Aldrich, mouse anti-actin (clone C4) from EMD
Millipore, mouse anti-dysferlin (NCL-Hamlet) from Leica, mouse
anti-binl (clone 99D) from Merck, mouse anti-MHC (F59) from
Developmental Studies Hybridoma Bank, and mouse anti-GFP from
Roche. Anti-mouse or anti-rabbit Alexa Fluor 488— and 555-conju-
gated secondary antibodies were obtained from Life Technologies.
Affinity-purified rabbit polyclonal antibodies against Cavin-4 (peptide
sequence Ac-CGDDESLLLELKQSS) and Cavin-1 (Ac-CTEESDAVL-
VDKSDSD) were raised using keyhole limpet hemocyanin—conjugated
peptides as described previously (Bastiani et al., 2009). All other re-
agents were from Sigma-Aldrich unless otherwise specified.

Histology

Quadriceps muscles from 3-5-mo-old WT and cavin-1~~ mice were
fixed in 4% PFA and embedded in paraffin for sectioning. Routine
hematoxylin and eosin staining was performed on paraffin sections

by the Queensland Institute of Medical Research (QIMR) Berghofer
Medical Research Institute histology service. Digital images were
captured at RT under bright-field illumination using DP Capture soft-
ware (Olympus) on a microscope (BX-51; Olympus; 20x/0.75 NA
Plan Apochromat differential interference contrast [DIC] objective)
with a color camera (DP-71 12 Mp; Olympus) and raw images assem-
bled using Photoshop (Adobe).

Hanging test and treadmill experiments

The four-limb hang tests were performed as previously described
(Deacon, 2013) and based on the Treat-NMD recommended protocol
for “The use of four-limb hanging tests to monitor muscle strength
and condition over time” (Carlson, 2011). In brief, mice were placed
on a 43 x 43—cm wire mesh screen, which was slowly inverted over
2 s. Total time (minutes) mouse was able to grip the screen was re-
corded. Mice were subjected to forced treadmill running protocols as
previously described (Pearen et al., 2012), with minor changes. In brief,
mice were run on an Exer 3/6 Treadmill (Columbus Instruments) with
mild electrical stimulus at 10% inclination. Mice were initially trained
by running once per day for 30 min at 10 m/min for 3 d. To deter-
mine maximum running speed, mice were acclimatized for 30 min at
10 m/min followed by acceleration for 1 m/min until exhausted. To
determine endurance, mice were acclimatized for 60 min at 10 m/min
followed by incremental acceleration (1 m/min every 5 min) to a max-
imum speed of 20 m/min until exhaustion. Exhaustion was defined by
an inability to run for >10 s.

Muscle fiber isolation

Muscle fibers were isolated from the FDB of age- and gender-matched
adult mice as described previously (Rahkila et al., 1996). In brief, FDB
muscle was incubated in 700 U/ml Worthington’s type II collagenase in
dissociation medium (DMEM supplemented with 2 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin), and fibers were
resuspended in growth media (dissociation media supplemented with
10% fetal bovine serum). Fiber suspensions were spread onto 3-cm
Matrigel-coated (BD) cell culture dishes and allowed to adhere for 2 h
or overnight (16 h) at 37°C (the same results were observed regardless
of 2- or 16-h adherence times).

Immunostaining

Immunofluorescence of muscle fibers was performed as previously
described with minor changes (Rahkila et al., 1996). In brief, fibers
were fixed overnight in 4% PFA and permeabilized with 0.5% Triton
X-100, or fixed in ice-cold methanol for 1 min. Fibers were blocked
in 0.2% fish skin gelatin/0.2% BSA andincubated overnight at 4°C in
primary antibodies (diluted in blocking solution) followed by incuba-
tion in secondary antibodies at RT for 1 h. Nuclear counterstain with
DAPI (Sigma-Aldrich) was performed where indicated, and fibers were
mounted in Mowiol (EMD Millipore). Confocal images were captured
at RT using ZEN software on an upright confocal microscope (LSM

represents boxed area. (E) Relative caveolae density of muscle fibers from cavin1aMO embryos was 1.4 + 2.0% (means = SD), compared with muscle
fibers from control MO embryos. Quantitation performed on four control MO and six cavinTa MO muscle fibers. (F) EBD uptake in 96 hpf Tg(actb2:EG-
FP-CAAX)P<'0 embryos expressing EGFP-CAAX injected with control MO or cavinla MO and incubated in 3% MC. Inset shows higher magnification of
EGFP-CAAX/EBD-positive muscle fibers. (G) 0.0 = 0.0% of control MO and cavin1aMO embryos were EBD positive after incubation in E3 (means = SEM;
28 control MO and 47 cavinla MO embryos from three separate microinjections). 0.8 + 0.8% of control MO and 17.0 + 7.0% of cavin1a MO embryos
were EBD positive after incubation in 3% MC (means + SEM; 105 control MO and 111 cavinla MO embryos from eight separate microinjections). (H)
EBD uptake in 96 hpf embryos expressing Cav3-WT-GFP (WT) or Cav3-R26Q-GFP (R26Q) after incubation in 3% MC. Inset shows higher magnification
of GFP/EBD-positive muscle fibers. (I) 0.8 = 0.8% of WT and 2.1 + 2.1% R26Q embryos were EBD positive after incubation in E3 (means = SEM; 71 WT
and 33 R26Q embryos from five and four clutches, respectively). 7.1 + 2.6% of WT and 31.5 + 5.9% R26Q embryos were EBD positive after incubation
in 3% MC (130 WT and 126 R26Q embryos from seven and six clutches, respectively). Uptake was performed in two separate founder lines for both WT
and R26Q to ensure that phenotypes observed were not caused by Tol2 integration sites. *, P < 0.05; **, P < 0.01. ns, not significant. Bars: (B and C)
200 pm; (D, main images) 1 pm; (D, inset) 200 nm; (F and H, main images and insets) 50 pm.
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510; Carl Zeiss; Plan Apochromatic 63x/1.4 NA oil DIC objective)
using the predefined ZEN software configurations for Alexa Fluor 555,
Alexa Fluor 488, DAPI, and EGFP. Bright-field images were captured
at RT using DP Capture software on a microscope (BX-51; Plan Apo-
chromat 60x/1.35 NA oil DIC objective) with a color camera (DP-71
12 Mp). Raw images were assembled using Photoshop (Adobe). For
muscle cryosections, gastrocnemius mouse muscle was snap frozen
in isopentane-cooled liquid N, and 8-pm-thick cryosections obtained
using a Leica microtome. Cryosections were then blocked in 0.2% fish
skin gelatin/0.2% BSA; immunostaining and confocal imaging were
performed as described in this section for isolated muscle fibers.

EM

Ruthenium red labeling of muscle fibers was performed as described
previously (Parton et al., 2002). Electron tomography and segmenta-
tion was performed using methods described previously (Kremer et al.,
1996; Mastronarde, 2005; Richter et al., 2008). In brief, 300-nm-thick
sections were cut using an ultramicrotome (EM UC6; Leica). Dual-axis
tilt series data were collected on an field-emission gun—transmission
electron microscope (Tecnai F30; FEI Company) operating at 300 kV,
over a tilt range of +66° at 1.5° increments, using SerialEM software
(The Boulder Lab for 3D Electron Microscopy). Tilt series were recon-
structed with the R-weighted back projection algorithm using IMOD/
Etomo software (The Boulder Lab for 3D Electron Microscopy) and
segmented using IMOD’s automated isosurface rendering function.
The fraction of the sarcolemmal surface occupied by caveolae or other
sarcolemmal vesicular elements was estimated by intersection count-
ing of ruthenium red-labeled sarcolemma using standard stereological
methods, as described previously (Parton, 1994). Note that as a result of
overprojection effects, the relative contribution of the caveolae or other
surface-connected structures to the total surface area can be overesti-
mated, as described previously (Weibel, 1979; Griffiths et al., 1989).
The error will be greater for smaller structures/thicker sections. Using
a section thickness of 60 nm and assuming a caveolar or sarcolemmal
vesicle diameter of 57 and 115 nm, respectively (Fig. S2 A), correction
factors of 0.43 and 0.60 can be applied to the percent contribution of
caveolae and cavinl~~ sarcolemmal vesicles to the total surface area
(Weibel, 1979). These correction factors are approximates only and
give an estimate of possible error. To gain an independent estimate of
surface area occupied by caveolae, the surface area of individual caveo-
lar rosettes, including interconnecting tubular elements, was measured
after surface rendering of tomograms in three dimensions (assuming
a section collapse factor of 1.4x as in previous studies; Richter et al.,
2008). These measurements, combined with measurements of caveo-
lar density in 1-pum? regions of the sarcolemma, revealed that caveo-
lae can contribute <56% of the sarcolemmal surface area. T tubules
were not included in these analyses. The honeycomb-like structure was
manually rendered with IMOD software using the Drawing tools and
Interpolator (Noske et al., 2008). Isosurface (threshold) rendering was
performed with IMOD software. For adult muscle sections, gastrocne-
mius muscle was dissected from 4-mo-old WT and cavin-1~~ mice and
processed for EM using a modification of the method of Nguyen et al.
(2011). In brief, muscle was rapidly excised, immersed in a solution
of 2.5% glutaraldehyde in PBS, and immediately irradiated in a Pelco
Biowave (Ted Pella, Inc.) for 3 min at 80 W under vacuum. Samples
were transferred to a fresh solution of 2.5% glutaraldehyde in PBS and
left for 30 min at RT before washing in 0.1 M cacodylate buffer. Sam-
ples were then immersed in a solution containing potassium ferrocya-
nide (3%) and osmium tetroxide (2%) in 0.1 M cacodylate buffer for 30
min at RT and then in a filtered solution containing thiocarbohydrazide
(1%) for 30 min at RT, osmium tetroxide (2%) for 30 min, and then in
1% aqueous uranyl acetate for 30 min at 4°C. After a further staining
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step of 20 min in 0.06% lead nitrate in aspartic acid, pH 5.5, at 60°C,
samples were dehydrated and embedded in Epon LX112 resin.

Western blotting

Tissue lysates from WT and cavin-1-/- skeletal muscle and zebrafish
embryos were prepared as described previously (Bastiani et al., 2009).
In brief, samples were homogenized using a T10 basic Ultra-Turrax
homogenizer (IKA) in ice-cold radioimmunoprecipitation assay buf-
fer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% so-
dium deoxycholate, and 0.2% sodium dodecyl sulfate) containing
cOmplete protease inhibitors (Roche) and immediately supplemented
with 4x Laemmli’s sample buffer (240 mM Tris-HCI, pH 6.8, 40%
glycerol, 8% sodium dodecyl sulfate, and 0.04% bromophenol blue)
and 10 mM DTT. Protein concentrations were determined using the
bicinchoninic acid protein assay kit (Thermo Fisher Scientific). Pro-
tein samples were analyzed by Western blotting and detected using the
ChemiDoc MP system (Bio-Rad Laboratories) as per the manufactur-
er’s instructions. Band intensities were quantified using ImageJ (Na-
tional Institutes of Health).

Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Life Technologies),
treated with Turbo DNase I (Life Technologies) and RNA purified
using the RNeasy mini kit (QIAGEN), all according to the manufac-
turer’s instructions. 1 pg of total RNA was reverse transcribed with
oligo(dT)12-18 primers using the SuperScript III First-Strand Synthe-
sis System for RT-PCR (Life Technologies). Quantitative PCR was per-
formed in duplicate for four independent cDNA preparations using the
TagMan Universal Master Mix (Life Technologies) on a real-time PCR
system (ViiA7; Applied Biosystems). Gene expression data were ana-
lyzed using the AACt method. TagMan Gene Expression Assay PCR
primers were purchased from Life Technologies: Mm00489257_m1
(DHPR/CACNAIS), Mm00441975_m1 (TRPCI), Mm00458050_m1
(DYSF), Mm00437457_m1 (BIN1), and Mm00446968_m1 (HPRTI).

Duolink in situ PLA

Muscle fibers were fixed overnight in 4% PFA and incubated in pri-
mary antibodies (anti-Cavin-4 and anti-Cav3) as per the immunostain-
ing protocol. Anti-mouse PLUS and anti—rabbit MINUS PLA probes
were used as secondary antibodies. Ligation, amplification, and detec-
tion steps (using the Orange detection kit) were performed according to
the manufacturer’s instructions (Olink Bioscience) followed by coun-
terstaining with DAPI where indicated. Confocal images were captured
and analyzed as per the immunostaining protocol. Muscle fiber area
was calculated using the measurement tool in ImageJ, and PLA signals
were counted using the count tool in Photoshop.

Hypo-osmotic stress experiments

Muscle fibers were cultured in growth media overnight at 37°C. Fi-
bers were incubated in iso-osmotic media (growth media) or hy-
po-osmotic solution (made by reducing NaCl concentration to 30%
by diluting growth media with a solution containing 1.8 mM CaCl,,
0.814 mM MgSO,, and 5.33 mM KCI) for 15 min at RT. Time-lapse
images were captured at RT on a microscope (EVOSfl; Advanced Mi-
croscopy Group) using an UPlan Fluor N 4x/0.13 NA PhP objective
(Olympus) under phase contrast.

AAV transduction of muscle

Full-length mouse cavin-1 cDNA containing a C-terminal GFP tag
was cloned into pENTRIA and recombined into a pAAV-multiple
cloning site vector using the Gateway system (Life Technologies). Re-
combinant adeno-associated virus (rAAV2/1) vectors were generated
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(P. Koebel, Institut de Génétique et de Biologie Moléculaire et Cellu-
laire, Illkirch, France) as previously described (Cowling et al., 2011)
via triple transfection of an AAV-293 cell line with pAAV insert con-
taining the insert under the control of the cytomegalovirus promoter
and flanked by serotype 2 inverted terminal repeats, pXR1 containing
replication and capsid genes of AAV serotype 1, and pHelper encod-
ing the adenovirus helper functions. AAV particles were released from
cells using three freeze/thaw cycles followed by incubation in 50 U/
ml Benzonase at 37°C for 30 min and cleared by centrifugation. Viral
vectors were purified using lodixanol gradient ultracentrifugation
followed by dialysis and concentration against Dulbecco’s PBS and
quantified by real-time PCR using a plasmid standard pAAV-EGFP.
Titers are expressed as viral genomes per milliliter, and rAAV titers
used here were 5-7 x 10! viral genomes/ml. 2-3-mo-old WT and
cavin-1~- mice were placed under isoflurane; FDB muscles were in-
jected with 20 pl Cavinl-GFP-AAV2/1 (right foot) or GFP-AAV?2/1
(left foot) preparations. After 4 wk, mice were sacrificed by CO, as-
phyxiation, and muscle fibers were isolated from FDB as per the mus-
cle fiber isolation protocol.

RT-PCR

To amplify D. rerio cavin-1a, the following primers were used: cav-
in-1a forward, 5'-TCTCAAGCGGAAGAACATCA-3’, and cavin-la
reverse, 5'-GTTCCGAACTTCCCCATCTT-3’. Amplification of f-ac-
tin was performed using primers as described previously (Hill et al.,
2008). Total RNA was isolated from zebrafish embryos using a total
RNA isolation kit (QIAGEN). cDNA was transcribed using reverse
transcription (SuperScript III; Invitrogen), and amplification was per-
formed as described previously (Hill et al., 2008). All primers used
were from Integrated DNA Technologies.

Whole-mount in situ hybridization

Cavin-1a was subcloned into pGEM-T Easy from an IMAGE clone
(ID 7234921) purchased from Millennium Science. The cavin-la
probe was synthesized by in vitro transcription using SP6 polymerase
and DIG RNA labeling mix (Roche). Zebrafish embryos were re-
moved from their chorions, fixed in 4% PFA, and stored at —20°C
in methanol until required. In situ hybridization was performed as
described previously with minor modifications (Thisse et al., 1993).
In brief, embryos were rehydrated back into 100% PBST (PBS/0.1%
Tween 20). Embryos older than 24 hpf were incubated in 10 pg/ml
Proteinase K for 10 min. Embryos were postfixed in 4% PFA for 20
min and rinsed 2 X 5 min in PBST. Prehybridization was performed
at 65°C for 1 h in hybridization buffer (HYB; 50% formamide, 5x
SSC, 50 pg/ml heparin, 500 pg/ml tRNA, 0.1% Tween 20, and 9 mM
citrate). Embryos were incubated in cavin-/a probe in HYB overnight
at 65°C. Embryos were washed at 65°C for 10 min in 70% HYB/30%
2x SSC, 10 min in 30% HYB/70% 2x SSC, 10 min in 2x SSC, 2 x 15
min in 0.2x SSC, and 2 x 15 min in 0.05x SSC. Further washing was
performed at RT for 5 min in 70% 0.05x SSC/30% PBST, 5 min in
30% 0.2x SSC/70% PBST, and 5 min in PBST followed by blocking
for 1 hin PBST with 2% BSA and 2% horse serum. Embryos were in-
cubated overnight at 4°C with preabsorbed alkaline phosphatase—cou-
pled anti-digoxigenin antibody (Roche) diluted in blocking solution.
Embryos were washed 6 x 15 min in PBST at RT and developed in
nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (NBT/
BCIP) solution (Roche). Reaction was stopped in PBST, and embryos
were refixed in 4% PFA overnight at 4°C and cleared in methanol.
Embryos were mounted in glycerol, and images were captured at RT
using DP Capture software (Olympus) on a stereomicroscope (SZX-
12; Olympus) with a color camera (DP-71 12 Mp). Raw images
were assembled using Photoshop.

MO experiments

An MO antisense oligonucleotide was designed against the following
sequence of cavin-la (position —22): 5'-CATGGCTTGGTTTCAAG-
TAGACTCC-3’. Standard control MO (5'-CCTCTTACCTCAGTTA-
CAATTTATA-3") was used. MOs were obtained from Gene Tools, LLC
and diluted for injection in Danieau’s solution (58 mM NaCl, 0.7 mM
KCl, 0.4 mM MgSO,, 0.6 mM Ca(NOs;),, and 5 mM Hepes, pH 7.6)
with phenol red as an indicator. Cavin-1a or control MO (3 ng/ul) was
injected into fertilized eggs from WT, tp534! (Berghmans et al., 2005),
or tg(bact2-EGFPcaax)r<!’ (Williams et al., 2011) fish lines at the 1-2
cell stage. Live embryos were immobilized in E3 containing tricaine
(0.2% 3-aminobenzoic acid ethyl ester), and images were captured on
a stereomicroscope (SZX-12) as described in the previous paragraph.
Isolation of zebrafish fibers from 5-d-old embryos was performed as
previously described (Nixon et al., 2005). Fibers were allowed to settle
onto 3-cm Matrigel-coated dishes for 2 h followed by ruthenium red
labeling as described in the EM section. To make the cavinla-GFP MO
target sequence, we fused the 47 bp 5 of the ATG of cavinla (which
includes the cavinla-MO target sequence) to EGFP. The vector for in
vitro transcription was made by recombining pSE-CMV/SP6, p3E-pA,
pDEST-Tol2-pA2 (Kwan et al., 2007), and pME-cavinla-MO control
(this study; GenBank accession no. KM211533). mRNA was tran-
scribed using the SP6 mMessage mMachine kit (Ambion) and purified
using the MEGAclear kit (Ambion). Images of live embryos in E3 were
captured at RT with NIS Elements software (Nikon) on a stereomicro-
scope (SMZ1500; Nikon) using the GFP filter with a HR Plan Apo-
chromat 1x objective and a camera (CoolSNAP ES2 MonoChrome;
Roper Scientific). Raw images were assembled using Photoshop.

Transgenic zebrafish lines

The tg(cav3:Cav3WT-GFP)“'? and tg(cav3:Cav3R26Q-GFP) " lines
were generated using the Tol2 transposon system as previously described
(Kawakami, 2007). The cav3:Cav3-GFP construct (Nixon et al., 2009)
was subcloned into the Tol2 vector pT2KXIGAin (Urasaki et al., 2006),
and the Cav3-R26Q point mutation was generated via PCR-based muta-
genesis. Transposase mRNA was generated from pCS-TP (Kawakami et
al., 2004) using mMessage mMachine and purified using the MegaClear
kit. Zebrafish embryos at the one-cell stage were coinjected with trans-
posase mRNA/Cav3-GFP plasmid (25 ng/ul each), and GFP-positive
embryos were allowed to reach maturity. Founders were identified by
outcrossing to WT fish and screening for GFP-positive embryos.

MC and EBD uptake

72-hpf zebrafish embryos were incubated in 3% MC (in E3) for 24 h
and then injected with 0.1 mg/ml EBD as previously described (Bas-
sett et al., 2003). After 4-6 h, anesthetized embryos were mounted in
0.7% low melting point agarose, and confocal images were captured
as per the immunostaining protocol using a Plan Apochromat 20x/0.8
NA M27 water immersion lens.

Statistical analyses

Statistical analyses were conducted using Excel (Microsoft). Error bars
represent means + SEM unless otherwise noted. P-values were deter-
mined using an unpaired Student’s ¢ test; values less than 0.05 were
considered statistically significant.

Online supplemental material

Fig. S1 shows additional images of the ultrastructure of cavin-1-/-
whole-muscle sections and isolated muscle fibers. Fig. S2 shows
mean diameter of caveolae and vacuoles and multilamellar structures
in cavin-1~~ muscle fibers. Fig. S3 shows additional surface-rendered
reconstructions of the honeycomb reticulated networks in cavin-1-/-
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muscle fibers and analysis of T-tubule protein expression in WT and
cavin-1~~ muscle. Fig. S4 shows nuclear localization of Cavin-4 in
cavin-1~- muscle cryosections, electron tomography quantitation of
the number of caveolae per rosette after hypo-osmotic treatment, hy-
po-osmotic treatment of isolated muscle fibers, and relative Cavin-1 ex-
pression in WT and Cavinl-GFP-rescued muscle fibers. Fig. S5 shows
evolutionary analysis for D. rerio Cavin-la, additional controls and
dose-response graph for MO injections, and Western analysis of Cav3-
GFP expression in zebrafish embryos. Video 1 shows the four-limb
hang test in WT and cavin-1~- mice. Video 2 shows EM tomogram of
a WT muscle fiber. Video 3 shows a 3D representation of a WT muscle
fiber. Video 4 shows an EM tomogram of a cavin-1~/~ muscle fiber.
Video 5 shows a 3D representation of a cavin-1~/~ muscle fiber. Video 6
shows an EM tomogram of a WT muscle fiber in iso-osmotic media.
Video 7 shows an EM tomogram of a WT muscle fiber in hypo-osmotic
media. Video 8 shows a time-lapse of WT and cavin-1~- muscle fibers
in a hypo-osmotic medium. Online supplemental material is available
at http://www.jcb.org/cgi/content/full/jcb.201501046/DC1.
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