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Determination and differentiation of cells in the skeletal muscle
lineage is positively regulated by cell–cell contact. Cell-surface
proteins proposed to mediate this effect include both classical
cadherins and Ig superfamily members; potential interactions be-
tween the promyogenic activities of these classes of protein,
however, are unknown. We show here that CDO and BOC, two
promyogenic Ig superfamily members that bind to each other in a
cis fashion, form complexes with N- and M-cadherin. These com-
plexes contain �-catenin and are enriched at sites of cell–cell
contact between myoblasts. In transient expression assays, the
ectodomains and intracellular regions of CDO, BOC, and N-cadherin
each interact independently, suggesting that the interactions occur
in a cis fashion; consistent with this conclusion, cadherin-mediated
cell adhesion is not required for them to occur. Stable expression
in myoblasts of a CDO deletion mutant deficient in its ability to
associate with N-cadherin interferes with differentiation as as-
sessed by biochemical, morphological, and reporter gene assays,
suggesting that this interaction is functionally important in myo-
genesis. Thus, some of the cell–cell contact-mediated activities that
are required for myogenesis seem to be based on interdependent
activities of promyogenic classical cadherins and Ig superfamily
members.

Many types of cell–cell communication require the forma-
tion of intimate intercellular contacts (1). Cadherins play

a key role in mediating such phenomena, because they are
centrally involved in establishing cell–cell adhesive structures.
Furthermore, cadherin-based adhesion can activate signaling
pathways via two nonmutually exclusive mechanisms: (i) control
of the ability of juxtacrine signaling ligands and receptors to
make intercellular connections and (ii) direct regulation of
signaling processes (1, 2). Among the numerous cellular activi-
ties that are regulated by cadherins is cell differentiation (1).

Skeletal myogenesis is viewed as a paradigm for understanding
the molecular events that link cell-lineage determination, cell
differentiation, and tissue-specific gene expression (3, 4). Inter-
estingly, determination and differentiation of cells in the skeletal
muscle lineage is positively regulated by cell–cell contact (5–7).
Several cadherins have been implicated in this process including
N-, M-, and R-cadherin. N-cadherin has been studied most
extensively; several lines of evidence indicate that it plays a
positive role in skeletal myogenesis. Expression of a dominant-
negative form of N-cadherin in early Xenopus laevis embryos
suppresses expression of the myogenic transcription factor,
MyoD, in muscle progenitor cells (8). Furthermore, several
different function-perturbing antibodies to N-cadherin inhibit
myogenic differentiation in vitro of chick primitive streak epi-
blast cells (9), primary chicken embryo myoblasts (10), and
C2C12 murine myoblasts (11). Conversely, incubation of C2C12
and other myoblast cell lines with beads coated with recombi-
nant N-cadherin extracellular domains enhances both biochem-
ical and morphological aspects of differentiation (12). Antisense
and ectopic expression studies also implicate M- and R-cadherin
as positive regulators of myogenesis (13, 14).

We have been studying the roles of CDO and BOC, two
recently identified cell-surface receptors of the Ig�fibronectin
type III repeat family, in myogenic differentiation. CDO and

BOC are closely related in their ectodomains, but each contains
a long cytoplasmic tail that does not resemble other known
proteins, including the tail of the other (15, 16). CDO and BOC
are coexpressed in muscle precursor cells during mouse devel-
opment and form complexes with each other in a cis fashion
(16–19). Each protein positively regulates differentiation of
myoblast cell lines in vitro and participates in a positive feedback
loop with MyoD (16, 17). The intracellular region of BOC is
dispensable for its promyogenic effects, whereas that of CDO is
required; furthermore, the activity of BOC depends on CDO,
suggesting that CDO plays a role in signaling (16).

CDO, BOC, and promyogenic cadherins are coexpressed
during murine myogenesis (13, 16–21), raising the possibility that
their promyogenic activities may be related in a mechanistic
fashion. It is reported here that CDO and BOC form complexes
with promyogenic cadherins at sites of cell–cell contact and that
expression of a CDO deletion mutant deficient in its ability to
associate with N-cadherin interferes with myogenesis in vitro.
These data suggest that formation of a higher-order complex
between classical cadherins and Ig superfamily members is of
functional importance in mediating the promyogenic effects of
cell–cell contact.

Materials and Methods
Cell Culture. C2C12 myoblasts were cultured as described (16, 17).
Differentiation was induced by switching cultures from DMEM�
15% FBS to DMEM�2% horse serum. 293T cells were cultured
in DMEM�10% FBS as described (16, 17). RD human rhabdo-
myosarcoma cells were obtained from S. Aaronson (Mount Sinai
School of Medicine) and cultured in DMEM�10% FBS.

Ectopic Expression of N-Cadherin, CDO, BOC, and Deletion Mutants.
Stable expression of CDO and a CDO deletion mutant that lacks
the first fibronectin type III repeat [CDO(�FN1)] was via
retroviral transduction with the pBabePuro vector as described
(16, 17). CDO(�FN1) was constructed by a combination of
conventional cloning and PCR techniques and verified by se-
quencing; details are available on request. Transient transfec-
tions of 293T cells were performed with the calcium-phosphate
technique.

Protein Analysis. Immunoblot analyses were performed as de-
scribed by Kang et al. (15). Antibodies used were anti-CDO
(Zymed), anti-pan cadherin (Sigma), anti-�-catenin (Becton
Dickinson Transduction Laboratories, Lexington, KY), anti-N-
cadherin (Zymed), anti-M-cadherin (Becton Dickinson Trans-
duction Laboratories), anti-BOC (affinity-purified rabbit anti-
sera against the intracellular region of human BOC, developed
in the Krauss Laboratory), anti-MHC (MF20, Development
Studies Hybridoma Bank, Iowa City, IA), anti-MyoD (Santa
Cruz Biotechnology), antimyogenin (F5D, Santa Cruz Biotech-
nology), anti-Flag (Sigma), anti-human Fc (Jackson Immuno-
Research), and anti-myc (9E10, Mount Sinai School of Medicine
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Hybridoma Core Facility). Immunostaining for MHC was per-
formed as described by Kang et al. (17).

To study CDO–BOC–cadherin complex formation, C2C12
and 293T cells were lysed in 50 mM Tris�HCl, pH 7.5�100 mM
NaCl�1% Triton-X containing 50 mM NaF, 1 mM sodium
orthovanadate, and proteinase inhibitor mixture (Roche, Indi-
anapolis) and subjected to coimmunoprecipitation techniques by
using the above-listed antibodies. Immunocomplexes then were
precipitated with either protein A-Sepharose or rabbit anti-
mouse IgG-conjugated protein A-Sepharose followed by immu-
noblot analysis with various antibodies.

Confocal Microscopy. Cells grown on coverslips were fixed in 3%
paraformaldehyde in PBS, pH 7.4, for 15 min and permeabilized
in 0.1% Triton X-100 in PBS for 1 min followed by quenching
aldehyde-induced fluorescence with NH4Cl (50 mM) for 1 min.
Samples were blocked with 5% (vol�vol) goat serum (in PBS)
and then incubated with primary followed by secondary anti-
bodies with extensive washing between incubations. Primary
antibodies are as described above; the secondary antibodies used
were anti-mouse conjugated to Alexa 488, anti-mouse Alexa 568,
and anti-rabbit Alexa 488. Coverslips were mounted with anti-
fade agent (n-propyl-gallate) and viewed with a Leica TCS-SP
(UV) confocal microscope. Images were assembled for presen-
tation in PHOTOSHOP (Adobe Systems, Mountain View, CA).

Luciferase Assays. 4Rtk-Luc was cotransfected into C2C12 cells
with either pBabePuro or pBabePuro�CDO(�FN1) with the
FuGene6 reagent (Roche), and reporter activity was assayed 2
days later with a luciferase assay system according to manufac-
turer instructions (Promega). To control for transfection effi-
ciency, luciferase activity was normalized to �-galactosidase
activity driven by a cotransfected pCMV-lacZ vector.

Results
Coimmunoprecipitation of CDO, BOC, and Cadherins. To test for an
interaction between CDO and cadherins, lysates from C2C12
cells that were proliferating or differentiating over a 3-day time
course were immunoprecipitated with antibodies to CDO and
immunoblotted with an antibody that recognizes several classical
cadherins; direct immunoblotting of lysates was performed as a
control and to monitor progression of differentiation. A 125- to
130-kDa cadherin was observed in CDO immunoprecipitates
from both proliferating and differentiating cells (Fig. 1A). The
cadherin-associated protein, �-catenin, also coimmunoprecipi-
tated with CDO (Fig. 1 A). Moreover, coimmunoprecipitation
was observed with a second CDO antibody directed against a
different epitope (data not shown). A reciprocal experiment in
which antibodies to cadherin were used further demonstrated
that CDO coimmunoprecipitates with cadherin (Fig. 1B). To
determine what cadherin(s) might be recognized by the pan-
cadherin antibody, antibodies to specific cadherins were used. N-
and M-cadherin were each expressed in proliferating and dif-
ferentiating cultures of C2C12 cells as determined by immuno-
blotting with specific antibodies (Fig. 1C). Immunoblotting of
CDO immunoprecipitates with these antibodies revealed that
N-cadherin was associated with CDO under all conditions; in
contrast, M-cadherin associated with CDO transiently, early in
the differentiation process (Fig. 1C). R-cadherin levels were
relatively low in these cells, and coimmunoprecipitation exper-
iments were ambiguous (data not shown).

Because the existing antibodies to BOC are human-specific,
assessment of an interaction between endogenous BOC and
cadherins was performed by coimmunoprecipitation from ly-
sates of the human myogenic cell line, RD. As was seen with
CDO, cadherin and �-catenin coimmunoprecipitated with BOC
(Fig. 1D). To test for a cadherin–BOC interaction in C2C12 cells,

Fig. 1. Association of endogenous cadherins with CDO and BOC. (A and B) Association of CDO, cadherin, and �-catenin in C2C12 cells. Lysates from proliferating,
low-density C2C12 cells cultured in growth medium (G) or confluent cultures in differentiation medium [2% horse serum (HS)] for the indicated times were
immunoprecipitated with antibodies to CDO (A) or cadherin (pancadherin antibody) (B), fractionated by SDS�PAGE, and immunoblotted with the indicated
antibodies. Straight lysates were also probed as indicated. Immunoblotting for myogenin and MHC indicates the progression of cell differentiation. (C)
Association of N- and M-cadherin with CDO. (D) Association of BOC, cadherin, and �-catenin in RD cells. (E) Association of cadherin and �-catenin with stably
expressed BOC(flag) in C2C12 cells. (F) Association of N- and M-cadherin with stably expressed BOC(flag) in C2C12 cells. For C–F, immunoprecipitation and
immunoblotting are as described for A and B.
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a derivative of this line that stably expresses a flag epitope-
tagged form of human BOC [BOC(flag)] (16) was analyzed. As
was observed with CDO, BOC was present in cadherin immu-
noprecipitates of lysates of these cells (Fig. 1E). Similarly, N- and
M-cadherin each coimmunoprecipitated with BOC(flag) (Fig.
1F). Taken together, these data indicate that CDO and BOC
form complexes with two promyogenic classical cadherins.

Colocalization of CDO and BOC with Cadherins in C2C12 Myoblasts.
Colocalization of BOC and CDO with cadherins was assessed by
confocal microscopy of C2C12 cell derivatives that stably express
either BOC(flag) or an �2-fold excess of CDO, respectively
(refs. 16 and 17; Fig. 2). Colocalization of BOC and cadherins is
extensive, and sites of cell–cell contact and overlap display a
strong enrichment for this colocalization. Overall colocalization
of CDO and cadherins is not as pronounced as that of BOC and
cadherins, but similar to BOC, CDO colocalized with cadherins
at sites of cell–cell contact.

Interactions Among CDO, BOC, and N-Cadherin Occur in cis. To
investigate complex formation among CDO, BOC, and cad-
herins in more detail, transient transfections in 293T cells were
performed. As expected, a flag-tagged form of N-cadherin
coimmunoprecipitated with CDO and, independently, with a
myc epitope-tagged form of BOC (Fig. 3 A and B). Similarly, an
N-cadherin deletion mutant consisting only of its transmem-
brane and intracellular domains [N-cad-ICD(flag)] coimmuno-
precipitated with CDO and BOC (Fig. 3 A and B). An N-
cadherin deletion mutant containing only the extracellular and
transmembrane domains also coimmunoprecipitated with both
CDO and BOC (data not shown), but this deletion mutant was
subject to degradation in transient transfections, and thus ex-

tracellular domain interactions were studied further with soluble
ectodomain fusion proteins of CDO and BOC (refs. 16 and 17;
Fig. 3C). Full-length N-cadherin was coexpressed with CDO-Fc,
BOC-Fc, or (as a control) CD164-Fc, a fusion protein harboring
the ectodomain of the promyogenic cell-surface sialomucin,
CD164 (22). Cell lysates then were precipitated with protein
A-Sepharose to bring down the Fc fusion proteins and immu-
noblotted with antibodies to cadherin. Full-length N-cadherin
efficiently coprecipitated with CDO-Fc and BOC-Fc but not
with CD164-Fc. The transient transfection data indicate that, as
is seen for the interactions between CDO and BOC themselves
(16), both the ectodomains and intracellular regions of N-
cadherin associate with the respective regions of CDO and BOC.
These results suggest that the interactions occur in a cis fashion
and are consistent with the ability of N-cadherin to coimmuno-
precipitate with CDO in low-density, proliferating cultures of
C2C12 cells (Fig. 1 A). Furthermore, coimmunoprecipitation of
cadherins and CDO was not diminished when C2C12 cells were
collected as a single-cell suspension in the presence of EDTA,
conditions that preclude cadherin-based cell adhesion (Fig. 3D).
Taken together, these data indicate that the interactions among
CDO, BOC, and cadherins occur in cis.

A CDO Deletion Mutant Deficient in Its Ability to Associate with
N-Cadherin Interferes with C2C12 Cell Differentiation. It has been
shown that overexpression of CDO or BOC in C2C12 cells
accelerates and enhances differentiation, and that CDO is a
likely signaling component of a CDO�BOC receptor (16, 17). In
addition to forming heteromeric complexes with each other (16),
CDO and BOC each form complexes with themselves (J.-S. K.,
unpublished observations). To determine whether the interac-
tion between cadherins and CDO plays a functional role in

Fig. 2. Colocalization of CDO and BOC with cadherin at sites of cell–cell contact and overlap in C2C12 myoblasts. C2C12 cells were double-stained with anti-flag
and anti-pan-cadherin antibodies (Upper) or anti-CDO and anti-pan-cadherin antibodies (Lower). The arrows indicate sites of cell–cell contact and overlap that
display enriched colocalization of the indicated proteins. (Scale bar, 25 �m.)
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myogenesis, we sought to identify a CDO deletion mutant that
is selectively deficient in its ability to associate with cadherins. A
series of CDO deletion mutants that lack each individual Ig and
fibronectin type III repeat from the CDO ectodomain were
constructed and tested for their ability, relative to full-length
CDO, to coimmunoprecipitate with N-cadherin, CDO, or BOC.
The deletion mutant that lacks the first fibronectin type III
repeat [CDO(�FN1); Fig. 4A] displayed the desired property.
Precipitation of lysates of transiently transfected 293T cells with
antibodies to the intracellular region of CDO revealed that
CDO(�FN1) brought down significantly less N-cadherin than
did full-length CDO (Fig. 4B). In contrast, when coexpressed
with CDO-Fc or BOC-Fc, equivalent levels of full-length CDO
and CDO(�FN1) were brought down by protein A-Sepharose
(Fig. 4C). Thus, CDO(�FN1) is deficient in interacting with
N-cadherin but not in interacting with CDO or BOC. Whether
CDO(�FN1) is also deficient in interacting with M-cadherin
remains to be established, although this seems likely.
CDO(�FN1) then was stably expressed in C2C12 myoblasts, and
the cells [C2C12�CDO(�FN1)] were compared with control
(C2C12�pBabePuro) and CDO-overexpressing (C2C12�CDO)
cells for their ability to differentiate.

Western blot analysis showed that C2C12�CDO(�FN1) cells
had approximately equivalent levels of endogenous CDO and
CDO(�FN1), whereas the C2C12�CDO cells produced �2-fold
more CDO than the control cells (Fig. 4D). Expression of

CDO(�FN1) had no discernable effect on the morphology or
proliferation of C2C12 cells cultured in growth medium (data
not shown). However, when cultured under differentiation-
inducing conditions, expression of the differentiation markers
myogenin and MHC was delayed and decreased in C2C12�
CDO(�FN1) cells relative to control C2C12�pBabePuro cells
(Fig. 4E). As reported (17), C2C12�CDO cells displayed accel-
erated expression of these markers (Fig. 4E). Furthermore,
C2C12�CDO(�FN1) cells formed shorter, irregularly shaped
myotubes with fewer nuclei when compared with control cells;
again, as reported (17), the C2C12�CDO cells showed an
exaggerated differentiation response, forming larger myotubes
with more nuclei than control cells (Fig. 4F). Finally, expression
of a transiently transfected, myogenic basic-helix–loop–helix
factor-dependent reporter construct (4Rtk-luc) was reduced by
�50% in CDO(�FN1)-expressing C2C12 cells relative to control
cells (Fig. 4G). Therefore, as assessed by biochemical, morpho-
logical, and transient reporter gene assays, expression of
CDO(�FN1) interfered with myogenic differentiation. These
results suggest that the interaction between CDO and cadherins
is important for the promyogenic properties of CDO, although
one cannot exclude the possibility that the CDO(�FN1) mutant
interferes with myogenesis through an inability to interact with
an additional, noncadherin, class of protein that is also func-
tionally involved in this process. It should be noted, however, that
a different CDO mutant, CDO(�Ig5), that lacks the fifth Ig

Fig. 3. Association of N-cadherin with CDO and BOC via ectodomains and intracellular domains. (A and B) Association of full-length N-cadherin and the
intracellular region of N-cadherin with CDO and BOC. 293T cells were transiently cotransfected with expression vectors for CDO (A), BOC(myc) (B), N-
cadherin(flag) (A and B), or N-cadherin-intracellular domain [N-cad-ICD(flag)] (A and B). Immunoprecipitation and immunoblotting are as described for Fig. 1.
(C) Association of N-cadherin with the ectodomains of CDO and BOC. 293T cells were transiently cotransfected with expression vectors for N-cadherin and CDO-Fc,
BOC-Fc, or CD164-Fc. Cell lysates were precipitated with protein A-Sepharose, fractionated by SDS�PAGE, and immunoblotted with the indicated antibodies.
Straight lysates were also probed with anti-cadherin antibodies. (D) Cadherin-based adhesion is not required for association of cadherins with CDO. C2C12 cells
were cultured on plastic dishes or as a single-cell suspension in the presence of EDTA. Immunoprecipitation and immunoblotting are as described for Fig. 1.
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domain is active in promoting differentiation of C2C12 cells
(data not shown). Because Ig5 is the largest single repeat in the
CDO ectodomain (15), this result indicates that CDO can be
‘‘shortened’’ by at least one extracellular repeat domain without
significant effect. Thus, CDO(�FN1) does not inhibit myogen-
esis simply by depriving CDO of sufficient ‘‘length’’ to reach
other putative binding proteins.

Discussion
The results presented here provide evidence for a functional
interaction between two major classes of cell-surface protein
implicated in positive regulation of myogenesis via cell–cell

contact; i.e., the Ig superfamily members CDO and BOC form
higher-order structures with cadherin–�-catenin complexes at
sites of cell–cell contact. Our previous work implicated CDO
and BOC as directly interacting components of a receptor
complex, with BOC dependent on CDO for its promyogenic
activity, and suggested that CDO plays a role in signaling (16).
We show here that expression of a deletion mutant of CDO that
is unable to associate efficiently with N-cadherin interferes with
myogenic differentiation, suggesting that interaction with cad-
herins may be required for CDO to stimulate myogenesis. One
possible explanation for this is that interaction with cadherins
brings CDO�BOC receptors to sites of adhesive cell contact so

Fig. 4. A CDO deletion mutant deficient in associating with N-cadherin interferes with differentiation of C2C12 cells. (A) Schematic diagram of CDO and
CDO(�FN1). TM, transmembrane. (B) CDO(�FN1) is deficient in association with N-cadherin. 293T cells were transiently cotransfected with expression vectors for
N-cadherin and CDO or CDO(�FN1). Immunoprecipitation (IP) and immunoblotting (WB) are as described for Fig. 1. (C) CDO(�FN1) associates normally with
CDO-Fc and BOC-Fc. 293T cells were transiently cotransfected with expression vectors for CDO(�FN1) and CDO-Fc or BOC-Fc. Cell lysates were precipitated with
protein A-Sepharose, fractionated by SDS�PAGE, and immunoblotted with the indicated antibodies. Straight lysates were also probed with anti-CDO antibodies.
(D) Stable expression of full-length CDO and CDO(�FN1) in C2C12 cells. Western blot (WB) analysis of C2C12 cells infected with pBabePuro-based retroviruses.
pBP, cells infected with control retrovirus lacking a cDNA insert; CDO(�FN1) and CDO, cells infected with retroviruses harboring the respective mutant and
full-length Cdo cDNAs. The blot was probed with antibodies to the CDO intracellular region. (E) Western blot analysis of muscle-specific proteins expressed by
the different C2C12 cell infectants cultured under differentiation-inducing conditions for the indicated times. Blots were probed with antibodies to the indicated
proteins. (F) Photomicrographs of C2C12 cell infectants cultured in differentiation medium for 3 days, fixed, and stained with an antibody to MHC. The
percentage of nuclei in MHC-positive myotubes is indicated. Values are means of triplicate determinations � 1 SD performed three times. (G) Muscle-specific
reporter gene activity. C2C12 cells were transfected in growth medium with the 4Rtk-Luc reporter construct (which is driven by a tetramerized myogenic E-box)
and either a control (con) or CDO(�FN1)-containing expression vector and then assessed for normalized luciferase activity after 24 h in differentiation medium.
Values are means of independent triplicate determinations performed four times.
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they can interact with putative downstream targets that may also
be found at these sites. CDO and BOC do not have demonstrable
adhesive activity, and thus their association with cadherins
provides a mechanism for localization of their signaling function
at sites of cell–cell adhesion. Furthermore, because myoblast
contact and recognition precede myoblast fusion, a process
stimulated by CDO and BOC (16, 17), it is tempting to speculate
that signaling activities from such complexes will be involved in
the changes in cytoskeletal dynamics that must occur during
morphological differentiation. An alternative but not mutually
exclusive mechanism is that association with CDO and BOC
might alter the adhesive properties of cadherins in a fashion that
enhances their promyogenic potential. Although this cannot be
ruled out, it seems less likely, because CDO and BOC stimulate
myogenesis without obvious changes in the ability of myoblast
cell lines to adhere or aggregate with each other (J.-S.K. and
R.S.K., unpublished observations).

Genetic proof of a role in vertebrate muscle development for
the cadherins has been elusive most likely because of redundant
or compensatory functions between the several different cad-
herins expressed during myogenesis (23, 24). In contrast, mice
and primary myoblasts that lack CDO via targeted mutagenesis
display delayed myogenesis (F. Cole and R.S.K, unpublished
data). The current studies strongly suggest that some of the
promyogenic effect of CDO depends on an interaction with

cadherins. Because CDO and BOC can interact with both N- and
M- (and perhaps other) cadherins, it is possible that some of the
apparent redundancy among cadherins in myogenesis could be
explained by a shared ability to interact with CDO and BOC. The
observation that CDO associated with N-cadherin in prolifer-
ating myoblasts and throughout differentiation while it associ-
ated with M-cadherin only transiently during differentiation
suggests that functional distinctions between these interactions
may also exist. Finally, it is worth noting that N-cadherin, CDO,
and BOC are coexpressed in additional cell types during devel-
opment such as neural precursors and precartilaginous, con-
densing mesenchymal cells (18, 19, 25, 26). The interactions
described here may play a developmental role in these cell types
as well.
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