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Nanodysferlins support membrane repair
and binding to TRIM72/MG53 but do not localize
to t-tubules or stabilize Ca2+ signaling
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Mutations in the DYSF gene, encoding the protein dysferlin,
lead to several forms of muscular dystrophy. In healthy skel-
etal muscle, dysferlin concentrates in the transverse tubules
and is involved in repairing the sarcolemma and stabilizing
Ca2+ signaling after membrane disruption. The DYSF gene
encodes 7–8 C2 domains, several Fer and Dysf domains, and
a C-terminal transmembrane sequence. Because its coding
sequence is too large to package in adeno-associated virus,
the full-length sequence is not amenable to current gene deliv-
ery methods. Thus, we have examined smaller versions of dys-
ferlin, termed “nanodysferlins,” designed to eliminate several
C2 domains, specifically C2 domains D, E, and F; B, D, and E;
and B, D, E, and F. We also generated a variant by replacing
eight amino acids in C2G in the nanodysferlin missing do-
mains D through F. We electroporated dysferlin-null A/J
mouse myofibers with Venus fusion constructs of these vari-
ants, or as untagged nanodysferlins together with GFP, to
mark transfected fibers We found that, although these nano-
dysferlins failed to concentrate in transverse tubules, three
of them supported membrane repair after laser wounding
while all four bound the membrane repair protein, TRIM72/
MG53, similar toWT dysferlin. By contrast, they failed to sup-
press Ca2+ waves after myofibers were injured by mild hypoos-
motic shock. Our results suggest that the internal C2 domains
of dysferlin are required for normal t-tubule localization and
Ca2+ signaling and that membrane repair does not require
these C2 domains.
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INTRODUCTION
Dysferlin is an integral membrane protein that is missing or
mutated in individuals with limb girdle muscular dystrophy type
R2 (LGMDR2; formerly LGMD2B and MMD1), as well as other,
rarer skeletal myopathies1–5 (reviewed in6–12). The mechanisms
underlying the progression of these diseases remains unclear.
Several studies support the idea that the absence of functional dys-
ferlin in injured myofibers leads to a defect in sarcolemmal
repair,13–21 which prolongs exposure of the myoplasm to the extra-
cellular milieu and increases cellular damage (reviewed in22–27).
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Other studies suggest that dysferlin is needed to stabilize the
biomechanical coupling of the dihydropyridine receptor (DHPR)
and the ryanodine receptor (RyR1) that mediates Ca2+ release,
and that in its absence Ca2+ release is compromised, especially
when muscle is injured.28–33 Dysregulation of Ca2+ homeostasis
in skeletal muscle has been linked to many muscular dystrophies
(e.g.,23–41). At present, both mechanisms have strong support,
and, as they are not mutually exclusive, both may play a role in
the pathogenesis. That these two modalities could contribute to
myofiber death during dysferlinopathy complicates efforts to
develop treatments for these diseases.

Modulating Ca2+ signaling with drugs that target the DHPR and RyR1
can suppress Ca2+ dysregulation in vitro but, with one exception;28 this
approach has not been tested in vivo. Exon skipping approaches are not
likely to benefit many patients, as the mutations that lead to LGMDR2
are scattered nearly uniformly along theDYSF gene (https://databases.
lovd.nl/shared/variants). Expressing exogenous dysferlin is difficult, as
its open reading frame (ORF) ofmore than 6,900 bp is too large to pack-
age in adeno-associated virus (AAV), which has been used effectively in
clinical trials of therapies for other diseases of skeletal muscle
(e.g.,42–45). To address this, researchers have constructed AAV with
portions of the dysferlin cDNA, which when expressed in the same
muscle fiber can recombine to generate the complete ORF and restore
dysferlin expression.46–48 Clinical trials of one such approach are
now in progress (https://clinicaltrials.gov/ct2/show/NCT02710500?
term=dysferlin&cond=LGMD2B&cntry=US&draw=2&rank=1).
s & Clinical Development Vol. 32 June 2024 ª 2024 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Nanodysferlin structures and mobility in

SDS-PAGE

(A) Nanodysferlins: Domains indicated are C2 (light green),

C2-FerA (dark green), DysF (red), and transmembrane

(purple). The N-terminus, to the left of each structure, was

tagged with Venus for some studies. (B) Nanodysferlins

tagged with Venus were analyzed by SDS-PAGE and

immunoblotted with Hamlet monoclonal antibody against

dysferlin.
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We have investigated an alternative approach to restoring functional
dysferlin to skeletal muscle via AAV transduction: creation of smaller
versions of the protein, or “nanodysferlins,” that in principle can retain
the activities of native dysferlin but that can be packaged in AAV. This
approach has been useful in restoring many of the functions of dystro-
phin in mice and dogs with dystrophinopathies (e.g.,49–57). We have
shown that some nanodysferlins can support membrane resealing
and slow the progression of dysferlinopathy in dysferlin-null mice.58

Here, we address the ability of additional nanodysferlins to support
membrane repair as well as other functions of dysferlin. In particular,
we compare the ability of four distinct nanodysferlins to support
normal Ca2+ signaling in injured dysferlin-null muscle to their ability
to facilitate membrane repair and to bind themembrane repair protein,
TRIM72/MG53. Our results indicate that three of the four nanodysfer-
lins are effective in membrane repair and that all four bind TRIM72/
MG53, but that none stabilize Ca2+ signaling.

RESULTS
We prepared four novel nanodysferlins tagged with Venus at their
N-termini and expressed them in COS7 or HEK293 cells to ensure
that their molecular masses were as predicted and that they were
not degraded. Figure 1 presents cartoons of the nanodysferlins (Fig-
ure 1A). All contained subsets of dysferlin’s C2 domains, while nano-
dysferlin 431 was amodification of nanodysferlin 430, in which loop 1
of C2G was replaced with the homologous sequence of the helical
loop 1 of the cytosolic phospholipase A2 C2 domain.59 (This loop
contains an amphipathic alpha-helix with large hydrophobic residues
that can interact with phospholipids). Immunoblots of each are
shown in Figure 1B. The results show that the electrophoretic mobil-
ities of nanodysferlins 364, 365, 430, and 431 tagged with Venus (mo-
lecular mass, 28 kDa) are in the range expected for their predicted
masses of 190, 198, 175, and 190 kDa, respectively.

To test the abilities of the nanodysferlins to target the transverse tu-
bules of skeletal myofibers, we introduced each of these constructs
into dysferlin-null A/J mousemuscle fibers by electroporation. Unlike
the N-terminal Venus chimera of wild-type (WT) dysferlin, which ac-
2 Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024
cumulates in t-tubules,28,31 nanodysferlins 364
and 430 fail to concentrate in the double lines
of puncta at the level of A-I junctions, where
the t-tubules are located. Only nanodysferlin
365 and to a lesser extent 431 show occasional
puncta at this location (Figure 2, arrowheads, yel-
low arrowheads; inset shows this is higher magnification). Instead, in
the region of the contractile apparatus, the nanodysferlins tend to
concentrate at the level of the Z-disks, where Venus alone also con-
centrates,31 or in short linear structures centered over Z-disks that
extend over adjacent I-bands (Figure 2, white arrowheads), likely to
be a compartment of the endoplasmic reticulum (ER).31 Thus, the
nanodysferlins do not accumulate effectively in the site occupied by
dysferlin in healthy muscle, the t-tubules.28,31,60

To assess membrane repair, we dissected small bundles of fibers and
subjected them to laser wounding. (Figure 3).Wemeasured the ability
of fibers expressing WT dysferlin or one of the nanodysferlins to take
up FM4-64, a dye that associates with the lipid bilayer exposed to the
extracellular milieu. Greater dye uptake over time (Figure 3A) in this
assay is consistent with slower membrane repair. Our results show
that three of the four nanodysferlins only partially restored mem-
brane repair function compared to WT dysferlin (Figures 3B and
3C), with only nanodysferlin 431 being inactive in this assay.

We performed additional experiments with electroporated myofibers
that we placed in tissue culture (see Materials and methods). Notably,
the nanodysferlins tended to be expressed at lower levels and to be
more widely dispersed than WT dysferlin, as indicated by the Venus
fluorescence (Fo) (Figure 4, columns of images indicated by *; see also
Figure 7). The mean values for their Fo intensities are typically less
than one-half of those attained with the WT construct, even when
the amount of the WT cDNA used for electroporation is decreased
by 2-fold. This suggests that the nanodysferlins do not express well
in cultured myofibers.

We assayed the abilities of each of the nanodysferlins to support
normal Ca2+ signaling in A/J myofibers. We previously showed that
WT dysferlin tagged at its N-terminus with Venus could restore
normal Ca2+ signaling to dysferlin null A/J myofibers in culture, but
only in the regions of the fiber where it was expressed. Other regions
that were not transfected behaved like untransfected A/J fibers.30 This
was also true when WT dysferlin was expressed at lower levels,



430 431

364 365WT

10 μm

Figure 2. Distribution of nanodysferlins in A/J muscle

fibers

FDB muscles of A/J mice were electroporated with Venus

constructs of each of the nanodysferlins, and the distribution

of the proteins was observed by confocal microscopy.

WT dysferlin concentrated in transverse tubules at the

level of the A-I junctions (paired yellow arrows). The

nanodysferlins concentrated over the Z-disks (364, 430,

and 431 arrowheads) or in longitudinal structures that

extend over the Z-disks (365, white arrows). Nanodysferlin

365 occasionally accumulates in puncta where transverse

tubules might be present (yellow arrowheads). Scale bar,

10 mm.
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comparable with the levels of expression of the nanodysferlins studied
here (Figure 4; see also Figure 6). UnlikeWT-dysferlin, however, none
of the nanodysferlins supported normal Ca2+ signaling in the regions
of the myofibers in which they were expressed. In particular, the
amplitude of the Ca2+ transient in A/J myofibers before hypo-osmotic
shock injury (OSI) was diminished in the presence of nanodysferlin
430 (Figure 5A), and the expression of nanodysferlins 365 and 431
failed to restore the amplitude of the Ca2+ transient in A/J myofibers
to control levels after OSI (Figure 5B). Recovery of the transient was
complete in fibers expressing nanodysferlin 430, but only to the lower
level observed before injury. Furthermore, none of the nanodysferlins
suppressed Ca2+ waves that develop in A/J muscle fibers after injury,
with 38%–78% of the transfected fibers showing waves and at fre-
quencies considerably higher than controls (Figures 6C and 6D).
Thus, the nanodysferlins do not support normal regulation of Ca2+

signaling in A/J myofibers. This was not due to the fact that the nano-
dysferlins are poorly expressed, asWT dysferlin expressed at similarly
low levels was fully active in these assays (Figure 6).

We considered the possibility that the expression of dysferlin with and
without an N-terminal Venus moiety might influence the outcome of
our assays of membrane repair and Ca2+ signaling. Although we
observed quantitative differences in our membrane repair assays, the
relative differences were maintained (184.6 ± 20.8 area under the curve
[AUC] for 364-nanodysferlin + GFP vs. 326.6 ± 40.4 AUC for GFP
alone [p = 0.016] and 104.8 ± 8.54 AUC for Venus-364-nanodysferlin
vs. 286.1 ± 21.3 for GFP alone [p < 0.0001]). This difference was not
apparent in our Ca2+ signaling assays, however (amplitude of the initial
transient = 3.8 ± 1.0 arbitrary units for 364-nanodysferlin plus Venus,
compared with 4.7 ± 1.7 units for Venus-364-nanodysferlin [p =
0.095]; 58% ± 0.2% of recovery of the transient after OSI with
364-nanodysferlin plus Venus, compared with 53% ± 0.2%, with
Venus-364-nanodysferlin [p = 0.47]; 38% transfected fibers with Ca2+

waves for both). Thus, whether it is coupled to Venus or not, nanodys-
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ferlin-364 is only partially active in membrane
repair and inactive in stabilizing Ca2+ signaling.

Finally, we assayed the abilities of the nanodys-
ferlins to interact with the membrane repair pro-
tein, TRIM72/MG53. WT dysferlin is known to
interact with TRIM72/MG53 to facilitate membrane repair.16,17,61

We cotransfected HEK293 cells with plasmids encoding EGFP-
TRIM72/MG53 and each of the nanodysferlins as Venus chimeras,
then prepared cell extracts and performed co-immunoprecipitations
with antibodies to TRIM72/MG53, followed by immunoblotting
with antibodies to dysferlin and to the EGFP moiety linked to
TRIM72/MG53 (NB: We used different solubilization and electro-
phoresis conditions than for Figure 1B, which account for the reduced
mobility of the nanodysferlins constructs shown here). Our results
indicated that all the nanodysferlins bound to TRIM72/MG53 specif-
ically, as did WT dysferlin (Figure 7).

DISCUSSION
Dysferlin is a large, multi-domain protein that is required for the
health of skeletal muscle, but its functions in healthy muscle and
the defects that arise due to its absence are poorly understood.
Although its roles in muscle may be diverse, dysferlin is thought
to be necessary for at least two, seemingly distinct, cellular pro-
cesses: the assembly of proteins at the sarcolemma required for
the membrane to reseal after injury (membrane repair), and stabi-
lization of interactions among the proteins at the triad junction
that regulate the release of Ca2+ from the SR stores (Ca2+

signaling). Ideally, gene therapies to replace dysferlin when it is
missing in human muscle would reconstitute both processes. As
most strategies for gene therapy of muscular dystrophies utilize
AAV, which has a small packaging size of only approximately
4.4 kb, this approach cannot be used with dysferlin, which has
an ORF of >6900 bp. To address this limitation, we designed
smaller versions of dysferlin that are lacking different combina-
tions of its structural domains, with the goal of identifying one
or more nanodysferlins that would be fully functional. In a previ-
ous report, one author showed that several nanodysferlins pro-
moted membrane repair and decreased histopathology in dysfer-
lin-null mice.58 Here we report that three of four additional
ds & Clinical Development Vol. 32 June 2024 3
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Figure 3. Nanodysferlins 364, 36,5 and 430 restore

membrane repair

FDB muscles in dysferlin-deficient A/J mice were electro-

porated with plasmid DNA constructs expressing various

nanodysferlin constructs. After two weeks, muscles were

removed and individual muscle fibers were injured bymulti-

photon infrared confocal microscopy. (A) Fo images of

muscle fibers with injury sites (arrows) where external

FM4-64 dye enters into the muscle fiber. Lower dye entry

indicates improved membrane repair. (B) Time course of

FM4-64 dye entry into muscle fibers following injury. Data

are presented as means ± SEM. (C) AUC measurements

for the values from FM4-64 due entry time course. Each

point represented total dye entry for a single injury site in a

muscle fiber. Data are presented as means ± SEM. Sig-

nificance is tested using ANOVA followed by Tukey’s post

hoc analysis with *p < 0.05, **p < 0.01, ***p < 0.005.
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nanodysferlins that we have generated can promote membrane
repair but that none of them stabilize normal Ca2+ signaling.

The principles we followed in designing our nanodysferlins were
based on the observation that the most N-terminal and the most
C-terminal of dysferlin’s C2 domains are essential for activity.25

Further, we posited that the C2-FerA62,63 and DysF domains, which
are unique to the ferlin family, would be unmodified in the nano
constructs. The other five C2 domains and the linker regions be-
tween them could be considered for deletion. The nanodysferlins
we tested here were similar to those we tested earlier,58 but differed
in their inclusion of all the ferlin and DysF domains and in different
combinations of C2 domains. We anticipated that these variants,
which are all small enough to express via AAV transduction, would
support normal membrane repair and stabilize normal Ca2+

signaling.

Our expectations regarding membrane repair were fully borne out.
Three of the four nanodysferlins we tested restored membrane repair
kinetics to dysferlin-null myofibers injured by laser wounding to
values close to those seen with WT dysferlin. The structural features
4 Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024
shared by these nanodysferlins are the Fer and
Dysf domains, as well as the C2A, C2C,
and C2G domains. Thus, the C2B, C2D, C2E,
and C2F domains may contribute to optimal
membrane repair, but are not required for it to
occur, consistent with our earlier results exam-
ining the function of specific C2 domains in dys-
ferlin.31 Replacement of a short amino acid
sequence in the C2G domain inhibits nanodys-
ferlin 431 from mediating normal membrane
repair. The aim of this design was to replace
loop 1 of C2G with a homologous sequence ob-
tained from the helical loop 1 of the cytosolic
phospholipase A2 C2 domain.59 The purpose of
this alteration was to address the absence of
membrane-interacting C2 domains by enhancing the protein’s bind-
ing to the membrane through an increase in the hydrophobic residue
surface area in C2G. However, the phospholipase A2 loop 1 substitu-
tion inhibits nanodysferlin 431 frommediating repair, consistent with
an important role for this domain in the process.

Our results measuring the biochemical activity were largely congruent
with our results onmembrane repair itself. In particular, likeWT dys-
ferlin, all the nanodysferlins bound the repair protein, TRIM72/
MG53. Each of the nanodysferlins described here contain the C2A
domain, which harbors a binding site for TRIM72/MG53.64 Remark-
ably, although nanodysferlin 431 also contains the C2A domain and
binds TRIM72/MG53, it is inactive in membrane repair, suggesting
that binding between dysferlin and TRIM72/MG53 is not sufficient
for repair activity. It is also possible that the replacement of eight
amino acids in the nanodysferlin 431 construct also alters some func-
tions of the WT protein, perhaps through the creation of unexpected
intramolecular interactions within the modified protein.

In contrast with our results with TRIM72/MG53 protein binding and
membrane repair, we found that none of the nanodysferlins we tested
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Figure 4. Ca2+ transients and Ca2+ waves before and after OSI

FDBmuscles were transfected and cultured as in Figure 2, but some of the samples were transfected with 0.6 mg instead of 1.2 mg DNA encodingWT dysferlin (1/2 WT Dysf)

and others were transfected to express Venus alone. The asterisks (*) indicate columns of images showing the distribution of Venus, dysferlin and the nanodysferlins. After

24 h, fibers were loaded with Rhod2-AM (see Materials and methods) and then electrically stimulated at 1 Hz, to generate the upper panels in each set of three. Fibers were

then subjected to a brief OSI and assayed again 1 min and 5 min after being returned to isotonicity, to generate the middle and lower panels in each set. (NB: The small bright

spots along the edges of the myofibers expressing nanodysferlins 430 and 431 are likely to be myonuclei, which are surrounded by ER, where these proteins accumulate.)

White arrowheads indicate abnormal, spontaneous Ca2+ transients; yellow arrowheads indicate transients that are waves, some spontaneous, some evoked; green ar-

rowheads indicate points where the Ca2+ transient fails. The results show the appearance of abnormal Ca2+ transients, including spontaneous transients and waves, after

OSI of myofibers expressing the nanodysferlins.
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Figure 5. Quantitation of Ca2+ transients and waves before and after OSI

Data are shown from a large number of fibers expressing the nanodysferlins, assayed as in Figure 4. (A) Amplitudes of Ca2+ transients in transfected myofibers before OSI. (B)

Amplitudes of Ca2+ transients in transfected myofibers after OSI. (C) Frequencies of Ca2+ waves in individual myofibers. (D) Percent of fibers with Ca2+ waves. Numbers in the

bars indicate the number of fibers examined. Statistically significant differences among experimental constructs and three controls (Dysf, 1/2-Dysf and Venus) were calculated

with one-tailed t tests and Mann-Whitney U statistics, when appropriate (A–C) and A/B statistics (panel D). *p < 0.05 compared with Venus-Dysf; **p < 0.05 compared with

Venus-1/2 Dysf; #p < 0.05 compared with Venus. The results show that Ca2+ signaling is abnormal in myofibers expressing nanodysferlin 430 before OSI and all the

nanodysferlins after OSI.

Molecular Therapy: Methods & Clinical Development
supported normal Ca2+ signaling by three measures: maintaining the
amplitude of the Ca2+ transient in uninjured fibers, and promoting
the recovery of the Ca2+ transient and the suppression of Ca2+ waves
after osmotic shock injury. (NB: nanodysferlin 430 supported recov-
ery of the transient, but failed to suppress waves.) This defect in sta-
bilization of Ca2+ signaling was not due to the fact that the nanodys-
ferlins were expressed at low levels, as low expression of WT dysferlin
is sufficient for the complete recovery of the transient and suppression
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
of waves after injury31 (see also Figure 6). It may, however, be related
to the observation that none of the nanodysferlins concentrate at triad
junctions nearly as well as WT dysferlin. The concentration of dysfer-
lin in or near the junctional cleft is likely to be important for its ability
to stabilize Ca2+ signaling.32

It is instructional to compare our results with the nanodysferlins with
the results of studies of dysferlin variants that lack individual C2
4
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Figure 6. Amplitudes of Ca2+ transients and frequency of Ca2+ waves as a function of the level of expression of dysferlin and the nanodysferlins

The data in (B) and (D) from Figure 5 were analyzed as a function of the level of Venus Fo in each fiber. (A) WT dysferlin. (B) 1/2 WT dysferlin. (C) Nanodysferlin 364. (D)

Nanodysferlin 365. (E) Nanodysferlin 430. (F) Nanodysferlins 431. Note the different scales on the abscissas. The results show that the nanodysferlins are not expressed at

nearly the same levels as WT dysferlin or 1/2 WT dysferlin, and that, with the possible exception of nanodysferlin 364, increasing the level of expression of the nanodysferlins

does not correct for the defects in Ca2+ signaling seen after OSI.
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domains.31 Deletion of either the C2A or C2B domain alone inhibits
dysferlin’s membrane repair activity, whereas the nanodysferlins
lacking the C2B domain (365, 430) partially support membrane
repair, as does nanodysferlin 364, which contains the C2B domain.
This suggests that the removal of domains C2D and C2E in these con-
structs allows C2A to function in membrane repair, perhaps along
with C2G. Deletion of any of the five more C-terminal C2 domains
individually—C2C, C2D, C2E, C2F, or C2G—has an inhibitory effect
on membrane repair, especially when either C2F or C2G are missing.
(For additional evidence that C2F and C2G play important roles in
membrane repair, see.65) This suggests that, in truncated variants of
dysferlin, C2A and C2B are sufficient to support repair activity if
Molec
C2F and C2G are also present, although these deletion mutants are
less active in repair than WT dysferlin.

By contrast, deletion of C2A or any of dysferlin’s fivemore C-terminal
C2 domains individually has profound effects on Ca2+ signaling,
measured by the recovery of the Ca2+ transient after osmotic shock
(C2A, C2D–C2G) or the suppression of Ca2+ waves (C2C–C2G).
The inability of the nanodysferlins to suppress abnormal Ca2+

signaling may, therefore, be attributed to the absence of any of these
domains. Similarly, the inability of the nanodysferlins to accumulate
at triad junctions may be attributed to the absence of two or more of
the four C-terminal C2 domains, as deletion of either of these
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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results show that each of the nanodysferlins co-immunoprecipitates with TRIM72/

MG53.
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domains individually causes the modified dysferlin to accumulate in a
compartment of the ER.31 It is not clear if this is due to changes in the
tertiary structure of the protein when C2 domains are missing or if
those domains are required for targeting the protein to the transverse
tubules and subsequent activity.

It seems clear from these results, as it does from our studies of the
deletion of individual C2 domains,31 that dysferlin variants that
exhibit membrane repair activity may fail to support normal Ca2+

signaling, and variants that support normal Ca2+ signaling may not
sustain normal membrane repair. The inability of these nanodysfer-
lins to restore normal Ca2+ signaling while still restoring some extent
of membrane repair could be one cause of the moderate but not com-
plete prevention of histopathology in dysferlin-deficient mice treated
by AAV-mediated overexpression of a nanodysferlins.58 Restoring
one of these processes while not affecting another may not be able
to prevent degeneration of the myofiber. However, if the deletion of
particular domains can compensate for the absence of others, it
may yet be possible to construct a nanodysferlin with full activity in
both processes. Finding the appropriate combination of domains
will be a very challenging task, however. Alternatively, it may be
possible to treat dysferlinopathies with a viral expression vector
that encodes a nanodysferlin that supports only one of these func-
tions. A naturally occurring “nanodysferlin,” termed by the authors
“minidysferlin,”65 has been identified in an individual that was
missing all but the C2F, C2G, and transmembrane domains of dysfer-
lin. At the age of 44, she showed only moderate myopathy.65 Dysfer-
lin-null mice transduced to express this truncated dysferlin developed
muscles that were capable of membrane repair, but that still showed
8 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
severe histopathology.65,66 Based on our current results and our
earlier work,31 however, it seems unlikely that omitting one or several
C2 domains from dysferlin to enable packaging in AAVwill provide a
reagent that fully restores membrane repair activity and regulation of
Ca2+ signaling. Additional research will, therefore, be needed to deter-
mine if novel nanodysferlins or versions containing only one or a few
of its structural domains can support both Ca2+ signaling and mem-
brane repair, and if they correct the pathology in mouse models of
dysferlinopathy.

MATERIALS AND METHODS
Mice

Mice were the A/J strain, from Jackson Laboratories (Bar Harbor, ME,
USA). Only males were used for these studies, as they respond more
reproducibly to injury. In vivo transfection of adult skeletal muscle
with dysferlin variants with or without a Venus tag, utilized electro-
poration of flexor digitorum brevis (FDB) muscles, as described
for measurements of Ca2+ signaling34,36 and studies of membrane
repair.61,67,68 In experiments in which untagged protein was used,
Venus or GFP was co-electroporated to facilitate identification of
transfected fibers. All experiments were performed 10–14 days after
electroporation to allow for recovery from any damage generated dur-
ing experimental manipulations. All studies were approved by the
Institutional Animal Care and Use Committees of the University of
Maryland, Baltimore, and The Ohio State University.

cDNA constructs

Nanodysferlins were prepared as described58 to generate proteins
with the amino acid residues of WT dysferlin, as indicated in Table 1.
Deletions were engineered as follows (see Table S1 for primer se-
quences): Reverse primer anneals with the immediate upstream
sequence to the deletion, and forward primer anneals with the
sequence immediately downstream to the deletion. The 50 end of
the forward primer is tailed with the sequence immediately upstream
to the deletion. Plasmid with full-length dysferlin was used as a tem-
plate. All variants were expressed as N-terminal Venus fusion pro-
teins, for studies of Ca2+ signaling or co-immunoprecipitations with
TRIM72/MG53, as well as for some assays of membrane repair.37

Constructs for electroporation were tagged with Venus as follows.We
introduced restriction sites within the primers (Table S1) and ampli-
fied each of the nanodysferlins using the primers carrying the restric-
tion sites. We then digested each of the PCR fragments containing the
nanodysferlin ORFs and the Venus-pcDNA plasmid with the restric-
tion enzymes indicated and ligated the products.

Transfection

Transfection of HEK293 and COS7 cells was as described.37 Expres-
sion of the nanodysferlins as Venus fusion proteins was assayed by
SDS-PAGE, transfer to PVDF membrane, and immunoblotting with
Hamlet anti-dysferlin, as reported.31 Prior to electrophoresis,
cell pellets were extracted with RIPA buffer. The extracts were incu-
bated with three volumes of 2� concentrated SDS-PAGE sample
buffer for 15 min at 37�C and analyzed in 4%–12% Bis-Tris
4



Table 1. Nanodysferlins tested

Nanodysferlin variant Amino acids includeda Amino acids deleteda Other changesa

364 1–1,136; 1,789–2,080 1,137–1–788 C1232A; C1290A

365 1–218; 366–1136; 1,579–2,080 219–365; 1,137–1,578 C1232A; C1290A

430 1–218; 357–1,136; 1,789–2,080 219–365; 1,137–1,578 C1232A; C1290A

435 1–1,136; 1,789–2,080 1,137–1,788
C1232A; C1290A; TKGAFGDMLDTP
replaces 1,824–1,836

aAmino acid residues are numbered according to human dysferlin, isoform 8: (NP_003485).
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acrylamide gels in MES running buffer (all reagents from BioRad,
Hercules, CA, USA).

FDBmuscles were transfected by electroporation, as described.30,31,68,69

Muscleswere removed 1–2weeks after electroporation and either disso-
ciated and cultured on a layer of Matrigel (Sigma-Aldrich, St. Louis,
MO, USA) to study Ca2+ signaling and t-tubule localization, or teased
into small bundles to assess membrane repair.

Membrane repair

Membrane repair was assayed as reported.61,67 Briefly, FDB muscles
were surgically isolated 2 weeks after electroporation and placed in
Ca2+-free Tyrode solution (140 mMNaCl, 5 mM KCl, 2 mMMgCl2,
10 mM HEPES, pH 7.2). Muscle bundles were mechanically sepa-
rated at the tendon and then adhered on glass-bottomed culture
dishes (MatTek, Ashland, MA, USA) with Liquid Bandage (New
Skin, Tarrytown, NY, USA) applied to the exposed tendons. Mem-
brane disruption was induced in Tyrode supplemented with
2.5 mM FM4-64 dye (Thermo Fisher Scientific, Waltham, MA,
USA), and in either 2 mM Ca2+ or 2 mM EGTA, with a FluoView
FV1000 multi-photon confocal laser-scanning microscope
(Olympus, Center Valley, PA, USA). A 2.5-mm circular region of in-
terest was selected along the edge of the sarcolemma and irradiated
with a DeepSee MaiTai titanium-sapphire laser at a wavelength of
800 nm and 10% of maximum infrared laser power for 3 s. Images
were captured before and after damage every 5 s for a total of 60 s.
Images were analyzed with ImageJ Fiji (National Institutes of
Health, Bethesda, MD, USA), by measuring the Fo intensity in a re-
gion of interest encompassing the entire area of dye uptake, with re-
sults represented asDF/Fo. The AUC and the peak FM4-64 intensity
were calculated with GraphPad Prism software (GraphPad Software,
La Jolla, CA, USA).

Ca2+ release

Events were assayed as described.30 In brief, myofibers from electro-
porated FDB muscles were isolated, placed into tissue culture and
loaded with Rhod-2AM (Thermo Fisher Scientific), as described.30,31

They were then placed under confocal illumination (Zeiss Duo, Jena,
Germany) and subjected to trains of electrical stimulation (1 Hz for
10 s) to evoke Ca2+ transients every 1 min. Excitation was at
560 nm and emission was measured at more than 575 nm, set with
an LP 575 filter. With the aperture of the confocal detector set at
maximum to image the middle of myofibers, line scan images were
Molec
acquired at a rate of 1.9 ms/line. ImageJ 1.31v (National Institutes
of Health) was used to determine the mean maximal value of the
Ca2+ transients, as the difference between maximal Fo intensity and
background Fo, normalized to Fo. For OSI, fibers were superfused
for 1 min with a hypotonic Tyrode’s solution containing only
70 mM NaCl, then returned to isotonic Tyrode’s solution for
5 min. All studies were done at ambient temperature (21�C–23�C).

Levels of transfection

Levels of transfection were assessed as the Venus Fo in myofibers
before Rhod-2 imaging, as described.32 Gains were adjusted to obtain
an average cell auto Fo in the Venus channel of 200 arbitrary units
(AU; maximum = 4,095 AU). Venus Fo intensity was measured
from 100 pixels per cell with ImageJ 1.31v (National Institutes of
Health).

Co-immunoprecipitation

COS7 cells (70% confluent, on 10-cm plastic tissue culture dishes)
were transfected with 1 part Lipofectamine 2000 to 2 parts cDNA
encoding Venus-dysferlin or each of the Venus-nanodysferlins
(9 mg/plate), Venus alone (1 mg/plate), EGFP-TRIM72/MG53 alone
(1 mg/plate), or a combination of EGFP-TRIM72/MG53 and one of
the Venus-dysferlin constructs with EGFP-TRIM72/MG53 in a ratio
9:1, for a total of 10 mg/plate. Cell extracts were prepared 1 day later.
Immunoprecipitates were generated from 200 mg cell protein with
15 mL rabbit anti-TRIM72/MG53 antibody produced in the Wei-
sleder laboratory.70 Beads containing the immunoprecipitates were
eluted with 2� concentrated SDS-PAGE sample buffer at room tem-
perature for 10 min, then incubated at 37�C for 15 min before electro-
phoresis in 4%–12% gels with MES running buffer. (NB: Extracts of
cells expressing Venus-dysferlin that were treated identically showed
greater mobility upon electrophoresis.) After SDS-PAGE, transfer to
nitrocellulose paper and incubation in blocking solution, blots were
probed with Hamlet mouse monoclonal anti-dysferlin (Leica Bio-
systems, Deer Park, IL, USA), diluted 1:1,000, and mouse monoclonal
anti-GFP (Sigma-Aldrich, St. Louis, MO, USA), diluted 1:1,000. Blots
were developed with SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific) and imaged on a Biorad
ChemiDoc MP.

Statistics

Statistics were analyzed with Prism or SigmaPlot 13.0 software, with a
p value of less than 0.05 considered significant. Statistical analysis of
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 9
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the data obtained from assays of laser injury was performed by one-
way ANOVA, comparing the mean AUC of time over the change in
the Fo curves for individual muscle fibers from each group. All data
were collected from muscles or myofibers from three or more mice
and are displayed as mean ± SE.

Materials

Materials were from Sigma-Aldrich and Thermo Fisher Scientific un-
less otherwise noted.
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