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Actin filaments (F-actin) are key components of sarcomeres, the
basic contractile units of skeletal muscle myofibrils. A crucial step
during myofibril differentiation is the sequential exchange of
α-actin isoforms from smooth muscle (α-SMA) and cardiac (α-CAA)
to skeletal muscle α-actin (α-SKA) that, in mice, occurs during early
postnatal life. This “α-actin switch” requires the coordinated activ-
ity of actin regulators because it is vital that sarcomere structure
and function are maintained during differentiation. The molecular
machinery that controls the α-actin switch, however, remains enig-
matic. Cyclase-associated proteins (CAP) are a family of actin reg-
ulators with largely unknown physiological functions. We here
report a function for CAP2 in regulating the α-actin exchange dur-
ing myofibril differentiation. This α-actin switch was delayed in
systemic CAP2 mutant mice, and myofibrils remained in an undiffer-
entiated stage at the onset of the often excessive voluntary move-
ments in postnatal mice. The delay in the α-actin switch coincided
with the onset of motor function deficits and histopathological
changes including a high frequency of type IIB ring fibers. Our data
suggest that subtle disturbances of postnatal F-actin remodeling are
sufficient for predisposing muscle fibers to form ring fibers. Cofilin2,
a putative CAP2 interaction partner, has been recently implicated in
myofibril actin cytoskeleton differentiation, and the myopathies in
cofilin2 and CAP2 mutant mice showed striking similarities. We
therefore propose a model in which CAP2 and cofilin2 cooperate
in actin regulation during myofibril differentiation.

ringbinden | spiral annulets | actin dynamics | 6p22.3 | Srv2

Ring fibers are muscle fibers containing myofibrils in a per-
pendicular orientation to the main group of normal, longi-

tudinally orientated myofibrils (1, 2). In cross-sections, ring fibers
show circular myofibrils around or serpentine myofibrils crossing
the normally orientated myofibrils. Ring fibers have been reported
for congenital myopathies (e.g., myotonic dystrophy, limb-girdle
dystrophy, inclusion body myositis), for myopathies of unknown
etiology (3–5), and for disease mouse models (6, 7). While pre-
vious studies suggested the involvement of hypertonic muscle state,
aberrant synthesis of myofibril proteins, or cytoskeletal defects (7,
8), the natural cause of ring fiber formation remained elusive.
Cyclase-associated proteins (CAPs) are evolutionary con-

served proteins with largely unknown physiological function.
CAPs interact with monomeric and filamentous actin, suggesting
a role in actin dynamics, the spatiotemporally controlled F-actin
assembly and disassembly (9). Indeed, CAP1 and its yeast homolog
Srv2 mediated fast F-actin disassembly in vitro (10), and CAP1
accelerates ADF/cofilin-mediate F-actin disassembly in nonmuscle
cells (11). Most species express only a single CAP isoform, but
vertebrates have two family members, CAP1 and CAP2, encoded
by distinct genes (9). Expression of CAP2 is restricted to only a few
tissues including brain and striated muscles (11, 12), where it may

have acquired specific functions. While previous analyses of mu-
tant mice demonstrated a role of CAP2 in neuron morphology and
heart physiology (13–15), its function in skeletal muscles has not
been investigated, yet.
We here report a function for CAP2 in skeletal muscle de-

velopment. We found that CAP2 controls the exchange of
α-actin isoforms during myofibril differentiation. In systemic
CAP2-deficient mice, the “α-actin switch” was delayed and co-
incided with motor function deficits and a myopathy character-
ized by a large number of ring fibers in type IIB muscle fibers.
Our findings highlight CAP2 as a regulator of myofibril actin
cytoskeleton differentiation that is critical for skeletal muscle
structure and function.

Results
Delayed Maturation of Motor Functions and Reduced Muscle Strength
in CAP2 Mutants. To generate CAP2-deficient mice (KO), we
intercrossed heterozygous mutants (HET) obtained from the Eu-
ropean Conditional Mouse Mutagenesis Program (EUCOMM).
Genotyping at postnatal week 2–3 revealed 24% KO among all
offspring (n = 77), demonstrating that KO were viable and born at
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the expected Mendelian ratio. To study whether CAP2 inactivation
compromised postnatal development, we assessed physical land-
marks and developmental milestones in newborn mice. Occur-
rence of eye opening or pinna detachment as well as activity was
similar to wild-type (WT) littermates (Fig. 1 A–C), excluding se-
vere developmental defects in KO. However, KO showed higher
tremor levels in particular between postnatal days (P) 10 and 18
(Fig. 1D). Moreover, KO displayed a delayed maturation in motor
function tests including surface righting, level screen, vertical
screen, negative geotaxis, or bar holding (Fig. 1 E–I andMovie S1).
Motor deficits were similar in male and female KO, and we
therefore pooled data of both sexes. Motor skills were not im-
paired in HET. Notably, KO performed similar to WT in other
tests that evaluated visual and auditory performance, tactile per-
ception, or reflexes (Fig. 1 J–O). Together, male and female KO
showed normal activity, sensation, and reflexes, while maturation
of motor functions was delayed. We conclude that CAP2 is spe-
cifically relevant for motor function development.
To test whether motor functions were impaired at later stages,

we performed the string test that measures forelimb strength by
determining the time mice need to pull themselves up when
hanging on a bar (16). This latency was increased in both juvenile

(3–4 wk) and adult (6–8 wk) KO (SI Appendix, Fig. S1A). We
also determined maximal force generation by performing the
grip strength (GS) test. Because KO body weight (BW) was re-
duced by roughly 20% throughout development (SI Appendix,
Fig. S1B), we normalized GS to BW. Normalized GS of either
the forepaws or all four paws was reduced by 25% in juvenile and
20% in adult KO (SI Appendix, Fig. S1 C and D). KO showed
normal motor coordination in the rotarod and normal locomotor
activity and exploratory behavior in the open field (SI Appendix,
Fig. S1 E–G), reflecting their overall healthy appearance. Hence,
juvenile and adult KO displayed specific defects in muscle strength.

Myopathy in CAP2 Mutants Is Characterized by Frequent Ring Fibers.
We found CAP2 present in all WT skeletal muscles tested (Fig.
2A). We therefore tested whether muscle weakness was associ-
ated with altered muscle histology. In KO, skeletal muscles did
not appear atrophic (Fig. 2B), which was also evident from
normal weight of the Musculus (M.) quadriceps femoris (QUAD;
SI Appendix, Fig. S2A). We studied skeletal muscle histology by
performing a thorough analysis of cross-sectioned adult QUAD.
Hematoxylin-eosin (HE) staining revealed an overall normal
QUAD architecture in KO, but we noted a 12-fold increase in

R
el

. n
um

be
r

0.0

0.6

1.2
Auditory startle

Postnatal day
2 6 10 14 18

A D

F

CB

G H

I J K L

N OM

E

R
el

. n
um

be
r

0.0

0.6

1.2
Grasping reflex

0.0

0.6

1.2
Forelimb placing

Postnatal day
2 6 10 14 18

R
el

. n
um

be
r

Postnatal day
2 6 10 14 18

R
el

. n
um

be
r

0.0

0.6

1.2
Visual placing

Postnatal day
2 6 10 14 18

R
el

. n
um

be
r

0.0

0.6

1.2
Tactile startle

Postnatal day
2 6 10 14 18

Ti
m

e 
(s

)

0

30

60

Cliff avoidance

Postnatal day
2 6 10 14 18

Ti
m

e 
(s

)

0

30

60

Negative geotaxis

Postnatal day
2 6 10 14 18

Ti
m

e 
(s

)

0

30

60

Surface righting

Postnatal day
2 6 10 14 18

Activity

0.0

1.5

3.0

Postnatal day
2 6 10 14 18

Sc
or

e

R
el

. n
um

be
r

0.0

0.6

1.2
Pinna detachment

Postnatal day
2 6 10 14 18

R
el

. n
um

be
r

0.0

0.6

1.2
Eye opening

WT
KO

Postnatal day
2 6 10 14 18

Ti
m

e 
(s

)

0

5

10

Bar holding

Postnatal day
2 6 10 14 18

R
el

. n
um

be
r

0.0

1.0

Vertical screen

Postnatal day
2 6 10 14 18

0.5

R
el

. n
um

be
r

0.0

1.0

Level screen

Postnatal day
2 6 10 14 18

0.5

Sc
or

e

0.0

1.5

3.0
Tremor

Postnatal day
2 6 10 14 18 21-28

Fig. 1. Motor function deficits in neonatal CAP2 mutants. (A–C) Graphs showing that eye opening, pinna detachment, and activity were unchanged in CAP2
mutants. (D) Instead, CAP2 mutants showed increased levels of tremulous movements. (E–I) Moreover, they performed weaker in various motor function
tests. (J–O) No changes were noted in cliff avoidance, auditory startle, tactile startle, visual placing, grasping reflex, or forelimb placing. For A–O: n = 18 WT
and 16 KO. If mean values (MV) were significantly different between groups (P < 0.05), squares indicating MV and error bars indicating SEMs are shown in red.
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the fraction of internalized nuclei and the occurrence of ring
fibers (Fig. 2C and SI Appendix, Fig. S2B). We exploited fluo-
rescent phalloidin that labels F-actin to better visualize ring fibers
and confirmed their presence in 41% of muscle fibers (Fig. 2 D
and F and SI Appendix, Fig. S2C). In QUAD cross-sections, ring
fibers were equally distributed. Staining of sequential sections with
either phalloidin or antibodies against myosin heavy chain (MHC)
isoforms revealed presence of ring fibers in MHC IIB-labeled, but
not in MHC IIA-labeled muscle fibers (SI Appendix, Fig. S2 E and

F). MHC isoform-specific antibodies further allowed a quantifi-
cation of fiber-type fractions, which was unchanged in KO (SI
Appendix, Fig. S2G). Staining of nicotinamide adenine di-
nucleotide tetrazolium reductase (NADH-TR) or succinate de-
hydrogenase/cytochrome oxidase II (SDH/COXII) revealed that
mitochondrial distribution was severely disturbed in 22% of
muscle fibers (Fig. 2 E and F and SI Appendix, Fig. S3A). A closer
inspection revealed a normal number of intensively labeled “oxi-
dative” (type I) muscle fibers in KO QUAD, suggesting that al-
tered mitochondrial distribution was present in lighter “less
oxidative” (type II) muscle fibers, which are mainly of type IIB (SI
Appendix, Fig. S2G). Gömöri trichrome staining confirmed the
presence of internalized nuclei, and ATPase and periodic acid-
Schiff (PAS) staining confirmed the occurrence of ring fibers (SI
Appendix, Figs. S2D and S3B–C). Apart from that, we did not find
any additional changes in Gömöri trichrome staining, PAS stain-
ing, oil red O staining, van Gieson’s staining, or acid phosphatase
staining (SI Appendix, Fig. S3 B–F), thereby demonstrating the
absence of lipid deposits or macrophages as well as normal pat-
terns of glycogen and connective tissue in KO mice. In summary,
our QUAD analyses revealed internalized nuclei, disturbed mi-
tochondrial distribution, and a high frequency of ring fibers that
were restricted to type IIB muscle fibers. Histopathological
changes were very similar in QUAD from female and male KO,
while no such changes were present in HET (SI Appendix, Fig. S4).
We further analyzedM. tibialis anterior (TA),M. soleus (SOL), and
M. extensor digitorum longus (EDL). Similar to QUAD, type IIB
muscle fibers predominate in TA and EDL (17). Instead, type I
and IIA muscle fibers predominate in SOL, which do not possess
type IIB muscle fibers. Very similar to QUAD, we frequently
found ring fibers, internalized nuclei, and muscle fibers with dis-
turbed mitochondrial distribution in TA and EDL (Fig. 2F and SI
Appendix, Figs. S5 and S6). Conversely, the number of internalized
nuclei was not increased in SOL, and we did not find ring fibers or
mitochondrial distribution defects. Together, histopathological
changes were present in all “type IIB muscle fiber predominated”
skeletal muscles examined, but not in SOL.
We next performed immunohistochemistry on longitudinal

sections to examine sarcomere structure. We performed these
experiments on TA, in which immunohistochemistry was supe-
rior to QUAD. Phalloidin staining revealed a regular striated
F-actin pattern that was very similar in WT and KO (Fig. 2G).
We confirmed an overall normal sarcomere structure in KO by
antibody staining against desmin that surrounds Z-discs. To char-
acterize muscle fibers on the ultrastructural level, we performed
electron microscopy (EM) on adult QUAD (Fig. 2 H–K). EM
confirmed both presence of ring fibers in numerous KO muscle
fibers as well as subsarcolemmal accumulation of mitochondria.
Moreover, sarcomere ultrastructure appeared normal in KOQUAD.
Hence, KO myopathy was not associated with obvious defects in
sarcomere structure.

CAP2 Controls Postnatal Skeletal Muscle Differentiation. Because
motor function deficits were present in KO neonates, we tested
developmental CAP2 expression in skeletal muscles and found
similar levels throughout QUAD development (Fig. 3A). We
therefore tested whether onset of myopathy coincided with motor
function deficits in neonatal KO. We noted no differences be-
tween WT and KO QUAD cross-sections at P4 (Fig. 3B). Instead,
ring fibers were present during the second postnatal week. They
appeared together with phalloidin-labeled, F-actin–rich aggregates
that were not present at later stages (P21, adult). Phalloidin and
HE staining at P21 revealed frequent occurrence of ring fibers and
internalized nuclei, very similar to adult QUAD (Figs. 2F and 3B
and SI Appendix, Fig. S7A). EM analyses on QUAD longitudinal
and cross-sections confirmed the presence of ultrastructural
changes at P8 including irregular arrangement of myofibrils and
abnormal distribution of mitochondria, as well as the occasional
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Fig. 2. Myopathy in CAP2 mutants. (A) Immunoblots demonstrating pres-
ence of CAP2 in all skeletal muscles tested (GAS, M. gastrocnemius; MAS, M.
masseter). GAPDH was used as a loading control. (B) Micrographs showing
skinned hind legs from age-matched WT and KO. (C) HE-stained adult QUAD
cross-sections. White arrows indicate internalized nuclei in KO. (D) Phalloidin
staining revealed frequent occurrence of ring fibers in KO. (E) NADH-TR
staining revealed altered mitochondrial distribution in KO (asterisks). (F)
Quantification of histopathological changes in adult skeletal muscles and in
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chondrial distribution (AMD), and ring fibers (RF). n.a., not analyzed. For
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occurrences of abnormal undulation of Z-bands, dilated tubulus
systems, and subsarcolemmal accumulation of lipid droplets (SI
Appendix, Fig. S7 B–K). Together, histopathology started during
the first week of life and coincided with the onset of motor dys-
function. These findings reveal a pivotal function of CAP2 for
early postnatal skeletal muscle development.
A crucial step during early postnatal skeletal muscle develop-

ment is the replacement of smooth muscle (α-SMA) and cardiac
muscle (α-CAA) α-actin by skeletal muscle (α-SKA) α-actin (18,
19). This exchange requires the coordinated release of actin sub-
units, and cofilin2, a putative CAP2 interaction partner (9), has
been implicated therein (20). To test whether CAP2 is critical for

this exchange, we quantified levels of α-actin isoforms by exploiting
isoform-specific antibodies (21). Additionally, a pan-actin antibody
was used to assess total actin levels. Compared with WT, total
actin levels were higher in KO at all postnatal stages examined and
remained increased in adult mice (Fig. 3C). This increase was due
to elevated α-actin because β-actin and γ-actin levels were un-
changed. Indeed, compared with controls, α-SKA levels were
higher in KO throughout development. In WT, α-SMA and
α-CAA levels gradually declined postnatal, similar to previous
studies (20). However, their decline was delayed in KO. Conse-
quently, α-SMA and α-CAA levels were elevated at postnatal
stages and still detectable in P12 KO (Fig. 3C). In sharp contrast to
elevated protein levels, mRNA levels of Acta1, Acta2, and Actc1,
which encode α-SKA, α-SMA, and α-CAA, respectively, were re-
duced at E18.5, but unaltered at P4 (SI Appendix, Fig. S8 A and B).
Hence, elevated protein levels in KO were not caused by increased
gene expression. We therefore suspected a delayed removal from
F-actin and degradation of α-SMA and α-CAA. If this holds true,
α-SMA and α-CAA should be present in the F-actin–enriched
insoluble protein fraction in P12 KO. To test this, we separated
soluble (containing actin monomers) and insoluble protein frac-
tions and determined levels of α-actin isoforms in both fractions.
As expected, the majority of α-SKA was found in the insolubleWT
fraction, and we found a very similar distribution in KO (SI Ap-
pendix, Fig. S8C). However, while α-SMA and α-CAA were not
detectable in either WT fraction, the vast majority of both proteins
was present in the insoluble KO fraction. These data suggested
that α-SMA and α-CAA were still integrated in F-actin in P12 KO.
To prove this, we performed antibody staining on longitudinal TA
sections. In this analysis, we were limited to α-SMA because of
unspecific α-CAA signals. As expected, α-SMA immunoreactivity
was restricted to blood vessels in P12 WT (Fig. 3D). Conversely,
we frequently found α-SMA–positive muscle fibers in KO. Nota-
bly, these muscle fibers showed a striated α-SMA pattern, dem-
onstrating that α-SMA was an integral component of sarcomere F-
actin. Together, our data revealed a delayed α-actin switch in KO
sarcomeres, and they implicated CAP2 in the exchange of α-actin
isoforms during myofibril differentiation.

CAP2 Reexpression Rescues Ring Fiber Myopathy in CAP2 Mutants.
Because the delayed α-actin switch coincided with the onset of
ring fibers, we hypothesized that the pathology was caused by a
primary defect in skeletal muscles. To test our hypothesis, we
reexpressed GFP-CAP2 in KO QUAD by viral transduction at
P0, before onset of myopathy, and killed mice at P21 to screen
for ring fibers that we used as a readout (Fig. 4A). In this ex-
periment, expression of GFP-CAP2 was restricted to peripheral
QUAD regions (Fig. 4B), which allowed us to compare ring fiber
formation between CAP2 reexpressing and CAP2-deficient
muscle fibers in the same QUAD. We additionally performed
control experiments, in which we expressed GFP in KO QUAD.
As expected, the fraction of muscle fibers with ring fibers was
independent of GFP expression in control KO QUAD (Fig. 4C).
Similarly, ring fibers were frequently present in KO muscle fibers
not expressing GFP-CAP2. Conversely, we hardly found any ring
fibers in GFP-CAP2 expressing muscle fibers in KO QUAD.
These findings proved our hypothesis that loss of CAP2 activity
in skeletal muscles caused ring fiber myopathy in KO.

Discussion
In the present study, we report a function for the actin regulator
CAP2 in skeletal muscle development. We found that CAP2 is
crucial for the exchange of α-actin isoforms during myofibril
differentiation. In CAP2 mutant mice, this α-actin switch was
delayed and coincided with the onset of a myopathy character-
ized by type IIB ring fibers and motor dysfunction. Rescue ex-
periments in alive mutants proved that loss of CAP2 activity in
skeletal muscles caused the myopathy. Our data indicate that the
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min (green) and α-SMA (red) in longitudinal TA sections from P12 mice.
Sections were counterstained with DAPI (blue). White box indicates area in
KO TA shown at higher magnification. Scale bars (μm): 20 (B and D).
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early postnatal period constitutes a vulnerable phase, in which
delayed differentiation of the sarcomere actin cytoskeleton leads
to the development of ring fibers.
Apart from ring fibers, KO displayed an elevated number of

internalized nuclei and a disturbed distribution of mitochondria.
While sarcomere structure was preserved in the majority of muscle
fibers, we only very rarely noted moderate Z-band streaming.
Accordingly, we did not find Z-band protein-containing remnants
(nemaline bodies, ref. 22). KO skeletal muscles did not appear
atrophic, and they showed a normal fiber-type proportion. Fur-
ther, we did not find inclusion bodies, myofibrillar accumulations,
sarcoplasmic bodies, (central) cores, fiber necrosis, increased
connective tissue, or fat cells—characteristic features for myopa-
thies including myofibrillar myopathies, inclusion body myopathy,
central core disease, or dystrophies. Hence, a large fraction of ring

fibers characterized the myopathy in CAP2 mutants. Myopathic
changes became apparent during early postnatal life, increased until
the third postnatal week, and were stable thereafter. Likewise,
motor function deficits were present in newborn mutants, and
muscle weakness was similar in juvenile and young adult mutants.
Our data imply that CAP2 is relevant specifically for skeletal muscle
development. The inheritance of the pathological phenotype is
autosomal recessive, since HET were indistinguishable from WT.
What could cause ring fiber formation in CAP2 mutants? One

important aspect of myofibril differentiation is the assembly and
precise alignment of F-actin (23). This includes the sequential
exchange of α-actin isoforms that, in mice, occurs during early
postnatal life (SI Appendix, Fig. S9A, refs. 18 and 19). Specifi-
cally, α-SKA replaces α-SMA and α-CAA to become the major
α-actin in differentiated myofibrils. This α-actin switch requires
the coordinated release of actin subunits (20), a process that
might depend on proper function of CAP2. In agreement with
recent literature (20), we observed a gradual increase of α-SKA
in skeletal muscles during early postnatal life and a concomitant
decline in α-CAA and α-SMA levels, which were both absent
from WT at P12. At this stage, substantial levels of α-CAA and
α-SMA were still present in KO. The striated pattern of α-SMA
immunoreactivity in muscle fibers, together with its occurrence
in the insoluble protein fraction indicated that α-SMA was an
integral component of sarcomere F-actin in mutant myofibrils at
P12. Notably, α-CAA distribution between soluble and insoluble
protein fractions was similar to α-SKA or α-SMA in P12 KO,
suggesting that α-CAA was also a component of F-actin. To-
gether, we found a delayed α-actin switch in mutant sarcomeres,
suggesting that mutant myofibrils remained in an undifferentiated
stage at the onset of the often excessive voluntary muscle con-
traction around P10 (24). Hence, we identified CAP2 as a critical
α-actin exchange factor during myofibril differentiation. A similar
function has been proposed for cofilin2 (20), and the myopathy in
cofilin2 mutant mice showed some similarities to that of CAP2
mutants (20, 25). We therefore propose a model in which CAP2
and cofilin2 cooperate in regulating the exchange of α-actin iso-
forms during myofibril differentiation (SI Appendix, Fig. S9B). In
line with our model, a cooperative activity in F-actin turnover in
nonmuscle cells has been shown for their close homologs CAP1
and cofilin1 (11, 26), which share similar biochemical functions
with CAP2 and cofilin2, respectively (9, 27).
Could a delayed α-actin switch explain the myopathy in KO?

Previous studies reported functional differences between myo-
fibrils containing either α-CAA or α-SKA, although both α-actin
isoforms are 99% identical and vary only at four amino acid res-
idues (28). They showed that (i) force generation in isolated car-
diac myofibrils was fourfold smaller than in skeletal muscle
myofibrils, (ii) heart contractility was increased in BALB/c mice
expressing unusual low α-CAA and high α-SKA levels, and (iii)
maximal specific force was reduced in α-SKA null mice expressing
α-CAA in skeletal muscles (29–32). Importantly, in vitro studies
further demonstrated that α-CAA filaments were less stable than
α-SKA filaments (33). In WT, the switch to the more stable α-SKA
that exerts higher mechanical force occurs before mice start strong
voluntary movements and in particular pass through the phase of
hopping movements during the second to third postnatal week
(24). In CAP2-deficient mice, the retarded α-actin switch leads to
the simultaneous presence of all three α-actin isoforms in skeletal
muscle during this phase of sharply increasing force exertion. We
propose that undifferentiated, α-SMA– and α-CAA–containing
myofibrils disrupted and reassembled in a random manner thereby
leading to ring fibers. This scenario would also explain our ob-
servation that ring fibers were restricted to fast twitching type IIB
muscle fibers that, compared with type I or IIA fibers, are exposed
to higher mechanical forces during muscle contraction (34). In line
with this scenario, type IIB ring fiber have been reported for
transgenic mice expressing a mutant α-SKA variant that weakened
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the interaction between actin subunits (7). Hence, our data and
other studies suggest that subtle changes in sarcomere F-actin com-
position increase the vulnerability of muscle fibers to form ring fibers.
In summary, our study unraveled a critical function for CAP2 in

refining the actin cytoskeleton during myofibril differentiation.
Given that skeletal muscle differentiation is similar in humans, we
propose a crucial function for CAP2 in human myofibril differ-
entiation. In fact, transgenic mouse lines displayed myopathies
similar to those associated with mutations in human actin-related
genes (7, 25, 35). We therefore propose that mutations in human
CAP2 gene may cause ring fiber myopathy. Notably, human CAP2
has been localized to 6p22.3, and interstitial deletions of variable
sizes encompassing the CAP2 locus have been associated with
clinical symptoms including developmental delay, hypotonia,
and heart defects (36–38). While we showed here develop-
mental delay and hypotonia for CAP2 mutant mice, others
previously reported heart defects (13, 14, 39). We therefore
propose that loss of CAP2 causes or contributes to the pa-
thology of 6p22.3 deletion syndrome.

Materials and Methods
Mice. CAP2 mutants were obtained from the European Conditional Mouse
Mutagenesis Program (EUCOMM). See SI Appendix for more information on
mice and their husbandry. Behavioral experiments and killing of mice were
approved by internal animal welfare authorities of the University of Mar-
burg and the Regierungspräsidium Giessen (references: AK-6-2014-Rust,
V54-19c2015h01M20/29 Nr. G27/2016, V54-19c2015h01M20/30 Nr. G65/2016).
Virus infection was approved by the First Warsaw Local Ethics Committee
for Animal Experimentation (reference: 36/2017).

Developmental Milestones. A test battery to assess developmental milestones
has been previously described (40). See SI Appendix for detailed description.

Histology. Mice were killed by cervical dislocation or decapitation. Upon
dissection, skeletal muscle specimens were snap-frozen in isopentane-cooled
liquid nitrogen and stored at −80 °C until further processing. Histochemical
stains were performed as described (41). See SI Appendix for detailed de-
scription and antibody list.

Electron Microscopy. EMwas performed as described (42). See SI Appendix for
detailed description.

Immunoblot Analyses. See SI Appendix for a detailed description of methods
and a list of all antibodies.

Virus Production and Pup Treatment. See SI Appendix for a detailed description.

Statistics. Significance was calculated using Student’s t test. All experiments
were conducted by experimenters blind to the genotype. If not specified
(histology, immunoblots), all experiments have been conducted in at least
three independent experiments (three biological replicates).
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