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Dock1 (also known as Dock180) is a prototypical member of a new
family of atypical Rho GTPase activators. Genetic studies in Dro-
sophila and Caenorhabditis elegans have demonstrated that Dock1
orthologues in these organisms have a crucial role in activating Rac
GTPase signaling. We generated mutant alleles of the closely
related Dock1 and Dock5 genes to study their function in mammals.
We report that while Dock5 is dispensable for normal mouse
embryogenesis, Dock1 has an essential role in embryonic devel-
opment. A dramatic reduction of all skeletal muscle tissues is
observed in Dock1-null embryos. Mechanistically, this embryonic
defect is attributed to a strong deficiency in myoblast fusion, which
is detectable both in vitro and in vivo. Furthermore, we have
uncovered a contribution of Dock5 toward myofiber development.
These studies identify Dock1 and Dock5 as critical regulators of the
fusion step during primary myogenesis in mammals and demon-
strate that a specific component of the myoblast fusion machinery
identified in Drosophila plays an evolutionarily conserved role in
higher vertebrates.

Dock5 � mouse model � myogenesis � Myoblast City

The various developmental stages of mammalian myogenesis
are characterized by mononucleated myoblasts fusing with

each other and with existing myotubes to form syncytial muscle
fibers (1). During embryogenesis, a first wave of myoblast fusion
occurs to form primary fibers. At later fetal stages, myoblasts will
undergo a second wave of fusion to form secondary fibers using
the primary fibers as scaffolds (2). During adulthood, satellite
cells, which are the muscle progenitor cells of the adult, fuse to
existing myofibers to accomplish postnatal muscle growth and
help regenerate injured tissues (3). Proper regulation of these
various fusion events controls muscle fiber diameter and is
central for appropriate contractile strength and muscle function
(4). At the cellular level, myoblast fusion is divided into steps of
cell–cell adhesion, alignment of cell membranes, and formation
of membrane prefusion compartments, and the fusion is ulti-
mately completed by the union of the two membranes (5). The
molecular mechanisms regulating myoblast fusion in higher
vertebrates remain poorly understood (6). The current under-
standing of myoblast fusion in mammals is largely derived from
experiments with myoblast cell culture systems wherein the
fusion step can be recapitulated in vitro. In contrast, myoblast
fusion is a biological process prone to genetic analysis in
Drosophila, and research over the last decade has suggested
several candidate genes whose functions might be conserved in
mammals (5). Surprisingly, none of these candidates have been
confirmed thus far in mouse models.

The ease of visualization of muscle development in fly and
zebrafish has greatly facilitated the identification and study of
genes implicated in signaling cascades regulating myoblast fusion
(5). Early in Drosophila development, myoblast precursors seg-
regate into founder (fm) and fusion competent myoblasts (fcm)
(5). Mechanistically, the fm attracts the fcm and thus serves as
the nucleating entity during fiber formation. Receptors ex-
pressed in myoblasts known as Duf/Kirre, Rst, Sns, and Hbs

connect the cell membranes of the interacting fm and fcm and
activate pathways that ultimately converge on the modulation of
the actin cytoskeleton (7–9).

In fm, Duf-Rst receptors recruit the intracellular Ants/Rols
and Myoblast City (MBC) proteins to activate the Rac GTPase
(10, 11). In parallel, Arf6 becomes activated by the guanine
nucleotide exchange factor Loner, and this pathway is thought to
spatially position the Rac GTPase for proper activation by MBC
(12). In fcm, the Sns receptor couples to MBC to activate Rac,
and in a parallel pathway Sns recruits the Solitary–Wasp com-
plex to the cell membrane via the adapter protein Crk (13). The
Solitary–Wasp pathway promotes the formation of actin patches
involved in positioning Golgi-derived prefusion vesicles at the
site of membrane fusion (13).

Zebrafish emerged as a potentially useful vertebrate genetic
model for studying myoblast fusion in vivo. Zebrafish orthologue
of the receptor Kirre, named Kirrel, was demonstrated to
regulate myoblast fusion (14). Much like in Drosophila, Kirrel is
thought to signal to the Rac GTPase to mediate fusion (14).
However, in contrast to what was observed in flies, overexpres-
sion of Rac in myoblasts dramatically promoted myoblast fusion
to form large syncytia, suggesting that Rac may regulate addi-
tional signaling cascades in fish myoblasts (14). Using morpho-
linos to interfere with gene function, Moore and colleagues (15)
demonstrated an important role for Dock1, Dock5, Crk, and Crkl
in myoblast fusion. Nonetheless, the relevance of these findings
for mammalian myoblast fusion is not clear. For example, the
closest related orthologue of Kirrel in mammals is a Nephrin-like
protein (6). Nephrin has been studied in mammals and is
implicated in kidney development (16). It thus remains to be
demonstrated whether the machinery of myoblast fusion in fly
and fish have a conserved role in mammals (6).

Genetic lesions in the mbc and rac genes lead to myoblast
fusion defects in Drosophila (17, 18), and mbc acts upstream of
the rac GTPase in this process (19). Mutation of dElmo, a MBC
binding partner, was reported to disrupt myoblast fusion (20). In
addition to its role in fusion, Rac activation by MBC/dELMO is
critical in additional biological processes, including thorax clo-
sure, dorsal closure, phagocytosis, and border cell migration
(21). MBC is the Drosophila orthologue of mammalian Dock1
(also known as Dock180) and Caenorhabditis elegans Ced-5, and
these proteins are prototypical members of a novel superfamily
of guanine nucleotide exchange factors for Rho GTPases
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(GEFs) (22–24). In mammals, Dock1, Dock2, and Dock5 pro-
teins are members of the same subfamily of Dock1-related
proteins. Dock1 is implicated in the control of Rac-mediated cell
polarization, cell migration, phagocytosis of apoptotic cells, and
fusion of myoblasts and macrophages in vitro (25–27). Addition-
ally, interfering with Dock1 and Dock5 in zebrafish interfered
with myoblast fusion (15).

We report that the formation of primary skeletal muscle fibers
is severely impaired in Dock1-null animals. Our data demon-
strate a central role for Dock1 in myoblast fusion in vivo. Genetic
analyses further uncovered functional redundancy between
Dock1 and Dock5 in myoblast fusion. We demonstrate a con-
served function for a specific component of the Drosophila
fusion-signaling pathway in mammalian myoblast fusion.

Results
Disruption of Dock1 and Dock5 Genes in Mice. Dock1 (also known as
Dock180) and Dock5, two closely related Rac GEFs, are ortho-
logues of D. melanogaster MBC and C. elegans Ced-5. To obtain
insight into the in vivo roles of Dock1 and Dock5 in mammals,
we generated mice with disrupted Dock1 or Dock5 loci by
homologous recombination and gene trapping, respectively [Fig.
1 and detailed in supporting information (SI) Text]. Western blot
analyses confirmed the proper elimination of the expression of
the corresponding proteins in Dock1- and Dock5-mutant em-
bryos (Fig. 1 B and E). Breeding of Dock1�/� mice demonstrated
an essential role for Dock1 during development as no viable
Dock1�/� offspring was obtained (Table S1). Breeding of
Dock5�/� mice established that homozygous mutant animals are
viable (Table S1) and have no obvious morphological abnor-
mality. Dock1 mutant newborns were smaller, failed to
straighten their body at birth, and became cyanotic within
minutes after birth, possibly as a result of noninflated lungs (Fig.
1C and Fig. S1). These defects in breathing and posture are
hallmarks of myogenesis defects and prompted us to perform
characterization of the developing muscle in Dock1 mutants.

Aberrant Muscle Development in the Absence of Dock1. We studied
the embryonic expression profile of Dock1 and detected expres-
sion, both at the mRNA and protein levels, in the dermomyo-
tome and myotome of developing embryonic day (E) 10.5 and
E11.5 mice embryos, respectively (Fig. 2 A and B and Fig. S2).
Although Dock5 mRNA expression was not detectable at similar
developmental stages by whole-mount in situ hybridization (data
not shown), we detected the Dock5 protein in the myotome of

E11.5 embryo by immunohistochemistry (Fig. 2B). Overall,
these observations suggested that Dock1 and Dock5 could play
an evolutionarily conserved role in mammalian myogenesis.

A systematic histological analysis of different muscle groups
showed a dramatic and general reduction in muscle content in
Dock1�/� embryos compared with Dock1�/� embryos at E16.5.
We observed that the diaphragm was strikingly thinner and its
attachment to the intercostal muscle was severely impaired in
Dock1 mutants (Fig. S3). Identical defects are already present
and detectable at E14.5 (data not shown). Intercostal muscles
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Fig. 1. Generation and analysis of Dock1 and Dock5 mutant mice. (A) Partial representation of the Dock1 locus, the structure of the targeting vector, and the
organization of the rearranged Dock1 targeted allele. The probe used for Southern blot and the expected size of the HindIII fragments is indicated. (B) Western
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Fig. 2. Expression profile and characterization of the skeletal muscle in the
absence of Dock1 and Dock5. (A) Whole-mount RNA in situ hybridizations
with Dock1 antisense and sense probes demonstrate specific staining of Dock1
in the dermomyotome of E10.5 and myotome of E11.5 embryos. (B) Immuno-
histochemistry with anti-Dock1 and anti-Dock5 antibodies demonstrated the
presence of the proteins in the myotome and limb bud of E11.5 embryos.
Dock1-null embryos were used to demonstrate the specificity of the primary
antibody against Dock1. Nuclei are revealed by Hoechst staining (blue). M,
myotome. (C) Sagittal sections through E16.5 WT and mutant Dock1 and
Dock5 embryos stained with H&E. Dock1-null embryos display a severe reduc-
tion of their respiratory muscles. Mice lacking Dock5 display normal muscle
phenotype. (Magnifications: A, �4; B, �10; C, �40.) (Scale bars: B, 250 �m; C,
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are also significantly reduced in size to the extent that ribs were
observed to be stacked more closely together in Dock1�/�

embryos (Fig. 2C and Fig. S3). As mentioned above, these
malformations strongly suggest respiratory failure as a cause of
death for Dock1-null animals. However, histological analyses of
the lungs at E16.5 did not reveal any gross abnormalities in any
of the genotypes studied (Fig. S3). Reduction in muscle mass was
not only associated with respiratory muscles but was common in
all skeletal muscle studied, including deep back muscles, tongue,
and limb muscles (Fig. S3). Moreover, this reduction in muscle
mass correlated with a striking reduction in fiber diameter at
E18.5 (Fig. S3). In marked contrast, no obvious defects were
noticeable in diaphragm and intercostal muscles of E16.5
Dock5�/� embryos (Fig. 2C and Fig. S3).

Impaired Myoblast Fusion in Vivo in Dock1-Null Embryos. We per-
formed experiments to demonstrate that the establishment of
myogenesis was normal in Dock1-null embryos (see SI Text and
Figs. S4 and S5). Muscle development in vivo was further
characterized at the molecular level by staining against the
muscle-specific myosin heavy chain (MHC; MF20 antibody) to
track the origin of the observed myogenesis defect. Although the
diameter and number of myofibers were similar at E11.5 (Fig. 3
A and B), defects were found in Dock1-null muscles at E12.5
(data not shown) and E13.5 (Fig. 3 C and D). Reduction in
muscle mass and in fusion became more prominent at E14.5
when compared with WT embryos (Fig. 3 E and F). Notably, we
detected that most of the MF20-positive fibers aligned with one
another but remained mononucleated in E13.5–E14.5 Dock1�/�
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Fig. 3. The absence of Dock1 affects myoblast fusion in vivo. (A and B) Cross section through E11.5 embryos stained with MF20 antibody (green) showing
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mutant embryos stained with MF20 showing reduction of the intercostal muscles. Longitudinal sections of intercostal muscles demonstrate the fusion defect (F).
Nuclei are revealed by Hoechst staining (blue). (G) Primary myoblasts isolated from E18.5 WT and mutant embryos were used in an in vitro fusion assay. Cell fusion
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embryos (Fig. 3 D and F). These results establish a role for Dock1
in primary myoblast fusion. To address specifically the require-
ment for Dock1 in the process of myoblast fusion, primary
myoblasts were isolated from E18.5 Dock1�/� and Dock1�/�

embryos. Upon selection and expansion of the primary cells in
proliferation media, we tested the ability of desmin-positive
myoblasts to undergo fusion in vitro and found that Dock1-null
cells were unable to form long multinucleated fibers after 4 days
in differentiating conditions in contrast to Dock1�/� myoblasts.
(Fig. 3G). Quantification of the fusion index revealed that most
of the mutant desmin-positive myoblasts remained mononucle-
ated and a portion of the cells (�20%) could form binucleated
syncytia after differentiation (Fig. 3H). The presence of mono-
nucleated fibers at these stages of development is highly remi-
niscent of the fusion defect observed in mbc mutants in Dro-
sophila, suggesting an evolutionarily conserved role for Dock1 in
mammalian myoblast fusion.

Genetic Interaction Between Dock1 and Dock5 in Myogenesis. Be-
cause Dock5 expression pattern overlapped with Dock1 in the
myotome, we tested the hypothesis that Dock5 could also
participate in myoblast fusion. To directly address this idea, we
interbred Dock1�/�Dock5�/� animals with the aim of studying
muscle development in the progeny. No double-mutant embryos
were recovered in this cross at E14.5 (Table S2). In parallel, we
noted an increase of necrotic embryos, which likely represent
double-mutant animals failing to undergo early embryogenesis.
Embryos lacking one allele of Dock1 in a Dock5�/� background,
and conversely, embryos lacking one allele of Dock5 in a
Dock1�/� background were recovered and their muscle pheno-
type was analyzed.

Consistent with the histological data presented above (Fig. 2),
MF20-positive fibers developed normally in intercostal muscles
of Dock5�/� embryos (Fig. 4 A and B). Notably, double
Dock1�/�Dock5�/� heterozygous mutant animals also devel-
oped their muscles normally (Fig. 4D). Interestingly,
Dock1�/�Dock5�/� animals, which survived development, de-
veloped thinner myofibers (Fig. 4 A–C). This reduction in fiber
thickness was, however, not completely penetrant because we
observed a mixture of thin/thick fibers in some sections (data not
shown). In Dock1�/�Dock5�/� mutants, MF20-positive cells
remained mononucleated as expected, but striking severe defects
in MHC organization, cell elongation, and alignment were
additionally uncovered (Fig. 4 E and F). Together, these data
establish functional redundancy between Dock1 and Dock5 in
the fine-tuning of myoblast fusion and fiber growth.

Discussion
Genetic analyses in Drosophila have led to the understanding of
some of the signaling cascades that regulate the fusion of
myoblasts with each other and with developing myofibers, but it
has remained unclear whether similar or different mechanisms
operate in vivo in higher vertebrates (5, 6). One of the first genes
identified to regulate myoblast fusion in Drosophila was mbc (17,
18). In this article, we investigate whether the mouse orthologues
of mbc, namely Dock1 and Dock5, are also involved in muscle
development. In vivo, we demonstrate that while Dock1�/�

myoblasts are specified properly, differentiated MF20-positive
cells remain mononucleated at the time of primary myogenesis.
In addition, we have uncovered a contribution of Dock5 toward
myofiber development. We conclude from these results that
these GEFs play an evolutionarily conserved function at the step
of myoblast fusion in the mouse.

A number of Rho-family GEFs have been analyzed by genetic
means in mice. Surprisingly, only two Rho GEFs, SOS1 and
TRIO, are required for proper mammalian development (28). In
the case of SOS1, mice die of placental defects likely attributed
to impaired Ras activation (29). Whether the Rac GEF activity

of SOS1 also contributes to embryogenesis remains to be
investigated in vivo. TRIO mutants are also afflicted with
myogenic development defects. However, these are phenotypi-
cally different from the ones reported here for Dock1. Briefly,
myogenesis in TRIO-null animals appeared normal until E14.5,
but significant defects in muscle fibers arise at E16.5. Interest-
ingly, TRIO is a dual GEF for RhoA and Rac1; whether either
one or both of these activities are important for muscle devel-
opment is currently unknown. Recent data in C2C12 myoblasts
in vitro suggest a major contribution of TRIO in the fusion
process, raising the possibility that other GEFs can compensate
for the loss of TRIO in vivo (30). More work will be required to
fully appreciate the spatial and temporal activation of Rho
GTPases in myoblast fusion. Together, these results suggest a
role for TRIO in secondary myogenesis (28) while our work
supports a key role for Dock1 in primary myogenesis.

Recently, Pajcini et al. (27) reported that mammalian Dock1 is
part of a common fusion machinery in myoblasts and in macro-
phages. In that study, siRNA-mediated knockdown of Dock1
interfered with, but did not block, fusion in C2C12 cells. It was
suggested that incomplete knockdown of Dock1 could explain why
only a partial block in fusion was observed. Our data suggest the
possibility that Dock5 is also expressed in C2C12 cells and could act
redundantly with Dock1 in the fusion process. Pajcini et al. also
proposed that silencing of Dock1 has no effect on cell proliferation
but instead delayed cells from exiting the cell cycle after serum
withdrawal. As a result, a delay in expression of myogenin and
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Fig. 4. Genetic interactions between Dock1 and Dock5 in muscle develop-
ment. Sections of intercostal muscle of E14.5 embryos isolated from inter-
crosses of Dock1�/�Dock5�/� animals were stained with MF20. Nuclei are
revealed by Hoechst staining (blue). (A–C) While Dock5 mutant animals have
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MHC was observed in Dock1-silenced C2C12 cells in differentia-
tion conditions. Likewise, we observed normal proliferation of
Dock1-null desmin-positive myoblasts in vivo (Fig. S5). However, a
delay in the apparition of MHC was not apparent in vivo. Remark-
ably, ex vivo, Dock1-null primary myoblasts also delayed their
expression of MHC much like in C2C12 in vitro (data not shown).
These observations highlight some of the limitations of in vitro
analyses in myoblast fusion. While most Dock1-null cells remained
mononucleated, we also observed binucleated cells in our in vitro
fusion assay. This finding could represent cells undergoing cell
division or, alternatively, it may suggest that in vitro myoblast–
myoblast fusion is permissive but myoblast–fiber is not in Dock1-
null cells.

Recent studies suggest a degree of similarity in the mechanisms
of myoblast fusion between Drosophila and zebrafish (14, 15). In
marked contrast to the results presented in this article, an equally
important contribution for Dock1 and Dock5 in myoblast fusion was
uncovered in zebrafish when morpholinos were used to knock down
their expression. It is interesting to note that the splice morpholinos
designed by Moore et al. (15) resulted in mRNA coding for the
expression of truncated Dock1 and Dock5 proteins that contained
the N-terminal ELMO-binding regions. Thus, it is possible that the
experimentally generated mutant Dock1 and Dock5 proteins could
act as dominant-negative proteins in vivo and therefore amplify the
fusion phenotypes observed in Moore et al.’s study, thereby ex-
plaining the discrepancy with our results. However, the fact that we
failed to observe the presence of Dock1�/�Dock5�/� double mu-
tants at E14.5 strongly suggests that these genes have redundant
roles in fundamental biological processes. Here, we specifically
investigated the contribution of these two genes in myogenesis and
uncovered a functional redundancy in myoblast fusion. Most strik-
ingly, in addition to remaining mononucleated, MF20-positive cells
in Dock1�/�Dock5�/� mutants displayed an abnormal morphology
characterized by poorly organized MHC. Furthermore, they failed
to elongate and align with each other. One possibility is that Dock5,
redundant with Dock1, is playing a role in cytoskeletal organization.
It will be important to clarify the exact contribution of Dock5 and
Dock1 to muscle fiber formation.

It would not necessarily be surprising that Dock1 and Dock5
do not play entirely identical roles in mouse and fish. The
muscles in fish and mouse are quite different. For example,
myoblasts are specified in two populations in the zebrafish
myotome (31). The ‘‘fast-twitch’’ are fusion competent cells that
will generate classical syncytial myotubes in the myotome (14).
The ‘‘slow-twitch’’ fibers are mononucleated and specified by
Sonic Hedgehog. These mononucleated fibers are maintained
fusion incompetent via the u-boot gene (31). While the myo-
tomes of mouse and chick also develop initially from mono-
nucleated fibers (32), to our knowledge, no equivalent of the
zebrafish fusion incompetent slow-twitch have been identified in
mammals. In Drosophila, there are two myoblast subpopulations

known as the founder and fusion-competent cells (5). In fusion
mutant flies, such as mbc-null, fusion-competent but not founder
cells will undergo apoptosis and get cleared by macrophages
(17). In mammals, such a concept of ‘‘leader’’ and ‘‘follower’’
myoblasts is not yet experimentally supported. Intriguingly, we
observed at E13.5 that a subset of Dock1-null MF20-positive
myoblasts undergoes apoptosis (Fig. S5). One hypothesis is that
the apoptotic cells and the surviving cells could represent
different populations of myoblasts, much like in Drosophila.

In conclusion, we observed a reduction of all skeletal muscles
in Dock1 mutants. We demonstrate that this embryonic defect is
caused by a defect in myoblast fusion, which is detectable, both
in vitro and in vivo. Genetic analyses further uncovered func-
tional redundancy between Dock1 and Dock5 in myoblast fusion.
These studies identify Dock1 and Dock5 as regulators of myo-
blast fusion during muscle development in mammals and dem-
onstrate that a specific component of the machinery identified
in Drosophila plays an evolutionarily conserved role in higher
vertebrates.

Experimental Procedures
Dock1 Mouse Knockout and Dock5 Gene Trapping. See SI Text.

Histology and Immunohistochemistry. For histology, embryos were fixed in 4%
PFA, embedded in paraffin, sectioned, and stained with H&E. For immuno-
histochemistry analysis, embryos were embedded in OCT (Electron Corp.) and
cryosectioned at 10 �m. For MF20 staining, an antigen retrieval technique was
performed by using 10 mM citrate buffer, pH 6 according to standard proce-
dures. Sections were blocked in PBS/0.2% Tween-20 (PBT) and 5% BSA for 1 h
and incubated with primary antibody (MF20 1:20; Developmental Hybridoma)
diluted in PBT and 5% BSA overnight. For detecting the Dock1 and Dock5
proteins, sections were blocked in PBS and 1% BSA and stained overnight in
blocking buffer (anti-Dock180 1:100, C-19; Santa Cruz and rabbit polyclonal
anti-Dock5 1:250). Sections were incubated with appropriate secondary anti-
bodies for 1 h. Slides were mounted with Mowiol (VWR) reagent with Hoechst
(Invitrogen).

Primary Myoblast Cell Cultures. Primary myoblasts were isolated from limbs of
E18.5 mouse embryos from Dock1 heterozygous crosses as described (33) and
maintained in growth media [HAM’s F-10 medium (Invitrogen) supplemented
with 20% FBS and 2.5 ng/ml basic fibroblast growth factor (Invitrogen)]. For
differentiation experiments, cells were plated and switched 4 days later to
differentiation media [DMEM (Invitrogen) with 2% horse serum]. Differenti-
ated myotubes were stained with anti-desmin antibody and DAPI.

See Table S3 for PCR primers used for different procedures.
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