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The p38 mitogen-activated protein kinase (MAPK) pathway is required for differentiation of skeletal
myoblasts, but how the pathway is activated during this process is not well understood. One mechanism
involves the cell surface receptor Cdo (also known as Cdon), which binds to Bnip-2 and JLP, scaffold proteins
for Cdc42 and p38, respectively; formation of these complexes results in Bnip-2/Cdc42-dependent activation of
p38. It has been reported that the tyrosine kinase Abl promotes myogenic differentiation in a manner
dependent on its cytoplasmic localization, but the cytoplasmic signaling proteins with which it interacts to
achieve this effect are unidentified. We report that Abl associates with both Cdo and JLP during myoblast
differentiation. Abl binds a proline-rich motif in Cdo via its SH3 domain, and these regions of Abl and Cdo are
required for their promyogenic effects. Cdo is important for full Abl kinase activity, and Abl is necessary for
full activation of p38 MAPK, during myogenic differentiation. As seen with myoblasts depleted of Cdo, the
diminished differentiation displayed by Abl-depleted cells is rescued by the expression of an activated form of
the immediate upstream p38-activating kinase MAPK kinase 6. Abl’s promyogenic effect is therefore linked to
a multiprotein cell surface complex that regulates differentiation-dependent p38 activation.

The process of cell differentiation involves the acquisition by
a precursor cell of a specialized transcriptional program that
results in tissue-specific structure and function. Differentiation
of skeletal myoblasts, a widely studied model system, is orches-
trated by the myogenic regulatory factors of the MyoD family
(36, 45). Expression of MyoD in many nonmuscle cell types
converts such cells to skeletal muscle cells, revealing its ability
to act as a master regulator in driving tissue-specific transcrip-
tion and cell differentiation (45). MyoD’s ability to function in
this manner occurs in conjunction with non-muscle-specific
factors, such as E proteins, Mef2 family members, transcrip-
tional coactivators and corepressors, and chromatin-remodel-
ing factors (45). Furthermore, MyoD activity is dependent on
signal transduction pathways that influence these interactions.
The extracellular-signal-activated p38�/� mitogen-activated
protein kinase (MAPK) pathway plays a particularly promi-
nent role in this regard. There is a persistent rise in p38�/�
(hereafter simply p38) activity during myogenesis, and inhibi-
tion of p38 expression or activity blocks induction of select
muscle-specific genes and myogenic differentiation (3, 11, 29,
35, 50). p38 activity regulates myogenesis at several levels,
including cell cycle control, MyoD dimerization with E pro-

teins, Mef2 transcriptional activity, chromatin remodeling at
muscle-specific genes, and stability of myogenic mRNAs (6, 12,
28, 38, 40, 41, 50). However, despite the documented role of
the p38 MAPK pathway in myogenesis, the signaling mecha-
nisms by which it becomes activated during this process are not
well understood.

Cdo (also known as Cdon) is a multifunctional cell surface
receptor that harbors Ig and FnIII repeats in its ectodomain
and a 260-amino-acid intracellular region that lacks significant
sequence resemblance to other proteins (22). Cdo is a verte-
brate member of a subfamily of the immunoglobulin (Ig) su-
perfamily that also includes Boc in vertebrates and Ihog and
Boi in Drosophila (23, 51). Mice lacking Cdo display delayed
skeletal muscle development, and myoblasts derived from such
mice differentiate defectively in culture (9). Similarly, C2C12
myoblasts depleted of Cdo by RNA interference (RNAi) dif-
ferentiate inefficiently, while overexpression of Cdo in such
cells accelerates and enhances differentiation (24, 43). Cdo’s
promyogenic effects are exerted mainly through activation of
the p38 MAPK pathway, via a distinctive mechanism. Further-
more, the activation of p38 MAPK that occurs in differentiat-
ing myoblasts is largely, but not completely, dependent on Cdo
(43). During myoblast differentiation, the Cdo intracellular
region binds to Bnip-2, a scaffold-like protein for the small
GTPase Cdc42, and to JLP, a scaffold protein for the p38
MAPK pathway (20, 43). The Cdo-Bnip-2-Cdc42 interaction
stimulates Cdc42 activity, which is, in turn, required for the dif-
ferentiation-dependent increase in p38 activity. Bnip-2 and JLP
associate indirectly in a Cdo-dependent manner, implying that
Cdc42 bound to Cdo via Bnip-2 signals to activate p38 bound to
Cdo via JLP (20). A similar pathway regulates neuronal differen-
tiation in vitro (34), and we have proposed that formation of this
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signaling complex represents one mechanism for differentiation-
specific activation of p38 MAPK. It is therefore of obvious inter-
est to identify additional components and regulators of Cdo-
containing signaling complexes involved in cell differentiation.

Abl is a ubiquitously expressed nonreceptor tyrosine kinase
involved in many signaling processes and contains, in addition
to its kinase domain, SH2, SH3, DNA-binding, and actin-bind-
ing domains (16). Abl shuttles between the nucleus and cyto-
plasm and has various biological roles that depend on its sub-
cellular localization and the initiating stimulus (42, 47).
Activation of nuclear Abl occurs following DNA damage or
death receptor signaling and plays a role in checkpoint re-
sponses and apoptosis. In contrast, activation of cytoplasmic
Abl in response to platelet-derived growth factor promotes cell
proliferation. Additionally, Abl binds directly to the intracel-
lular region of the Ig/FnIII repeat-containing axon guidance
receptor Robo and regulates cytoskeleton dynamics and cell-
cell adhesion of axonal growth cones (2, 31).

Proliferating myoblasts contain nuclear and cytoplasmic Abl,
but when induced to differentiate, Abl rapidly exits the nucleus
and accumulates in the cytoplasm (13, 37). Acetylation of Abl
by histone acetyltransferases is involved in this process, and
cytoplasmic, but not nuclear, Abl promotes myogenic differ-
entiation (13). These results imply that Abl interacts with other
cytoplasmic proteins that are also involved in promoting myo-
genesis, but such proteins are as yet unidentified. We report
here that Abl binds to the cytoplasmic tail of Cdo and also to
the p38 MAPK scaffold JLP. Abl binds a proline-rich motif in
Cdo via its SH3 domain, and structure-function analyses reveal
that these regions of Abl and Cdo are important for their pro-
myogenic effects. Furthermore, Cdo is involved in the activation
of Abl, and Abl is necessary for full activation of p38 MAPK,
during myogenic differentiation. Myoblasts depleted of Cdo or
Abl by RNAi have a similar phenotype, and as reported for Cdo
(43), the diminished differentiation displayed by Abl-depleted
cells is rescued by expression of an activated form of the imme-
diate upstream p38 activating kinase MAPK kinase 6 (MKK6).
Thus, Abl’s promyogenic effect is linked to a multiprotein signal-
ing complex that forms at the cytoplasmic face of a cell surface
receptor to regulate differentiation-dependent p38 activation.

MATERIALS AND METHODS

Cell culture and expression vectors. C2C12 cells and 293T cells were cultured
as previously described (9, 20, 24, 25). C2C12 cells were induced to differentiate
at near confluence in Dulbecco modified Eagle medium containing 2% horse
serum (differentiation medium [DM]), and myotube formation in stable and
transient assays was quantified as previously described (25). Statistical analysis of
myotube formation was done with Student’s t test. To generate C2C12 cell lines
that stably overexpress Cdo, mutant forms of Cdo, Abl, mutant forms of Abl, or
small interfering RNAs (siRNAs) against Cdo or Abl, cells were transfected with
the indicated expression vectors and FuGene6, and cultures were selected in
puromycin- or hygromycin-containing medium. Drug-resistant cells were pooled
and analyzed for Western blotting or myosin heavy chain (MHC) staining. For
experiments in which mutant forms of Cdo were assessed for the ability to rescue
the effects of siRNA against Cdo, a transient coexpression approach was em-
ployed as described previously (20). Briefly, C2C12 cells were cotransfected with
pSuper driving a previously validated Cdo siRNA sequence (no. 1) or an irrel-
evant siRNA sequence (20, 52), the full-length Cdo or mutant forms of Cdo
expressed via pBabePuro (pBP) (22, 43), and pQ-lacZ, a vector driving the
expression of nucleus-localized �-galactosidase (�-Gal). Forty-eight hours after
transfection, the cells were transferred into DM and, 48 h later, fixed and stained
for both MHC expression and �-Gal activity. Transfection efficiencies for these
experiments were �10% to minimize the fusion of independent �-Gal� trans-

fectants. The expression constructs for Abl, kinase-deficient Abl (Abl-KD), and
deletion mutant forms of Abl (48) were kindly provided by J. Y. J. Wang
(University of California San Diego, La Jolla). Where noted, cultures were
treated with either 1.4 mM EGTA (18) or 10 �M anisomycin (Sigma).

The Cdo intracellular region was amplified by PCR by using pBP-Cdo as a
template and the following primers: sense, 5�-ATAGGATCCTGGAAGAGTC
GCCAACAG-3�; antisense, 5�-ATGGTACCTCAGGTCTCTTGGGCTTG-3�.
The PCR fragment was cut with BamHI and KpnI and cloned into the pEBG-3X
vector. The CdoP/A point mutant protein was constructed by PCR mutagenesis
by using pBP-Cdo as a template and the primer 5�-AAGACAGCGAGGTCTG
CCGCTGGAGCTGCACTTGACGGGCTGTCG-3�. For Abl siRNA studies,
the following sequence was inserted into the pSilencer 2.1-U6 hygro and pSuper-
puro vectors: 5�-GCAACAAGCCCACTATCTA-3�.

Western blot analysis and immunoprecipitation. Western blot analyses were
performed as previously described (22). Briefly, cells were lysed in extraction
buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 10% glycerol, 1.5 mM MgCl2, 1 mM
EGTA, 1% Triton, 10 mM NaF, 1 mM Na3VO4, Complete protease inhibitor
cocktail [Roche]) and sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis was performed. The primary antibodies used were anti-Cdo (Zymed),
anti-pan-cadherin (Sigma), anti-�-tubulin (Zymed), anti-p38 (Sigma), anti-pp38
(the phosphorylated, active form of p38; Cell Signaling Technology), anti-MHC
(MF-20; Developmental Studies Hybridoma Bank), anti-myogenin (Santa Cruz
Biotechnology, Inc.), anti-Abl (Santa Cruz Biotechnology, Inc.), anti-phospho-
Abl(pY245) (Zymed), anti-S-probe (Santa Cruz Biotechnology, Inc.), and anti-
JLP (Abcam). For glutathione S-transferase (GST) pulldown experiments, 293T
cells were transfected with the combination of full-length Abl or deletion mutant
forms of Abl and the GST-Cdo intracellular domain construct, as indicated.
Forty-eight hours later, whole-cell extracts were incubated overnight at 4°C with
20 �l of a 50% slurry of glutathione-Sepharose 4B beads. Beads were washed
three times with, and suspended in, extraction buffer, and samples were analyzed
by Western blotting. To study the formation of Abl-Cdo and Abl-JLP complexes,
coimmunoprecipitation was performed as described previously (23).

Yeast two-hybrid assay. cDNA fragments encoding either the SH2 or the SH3
domain of Abl were ligated to the Gal4 DNA-binding domain in the pGBT9
vector, and a cDNA encoding the Cdo intracellular domain was ligated to the
Gal4 activation domain in the pGAD vector. Yeast strain AH109 (Clontech) was
sequentially transformed with these vectors, and �-Gal activity was detected by
colony lift filter assay.

Abl kinase assay. Abl kinase assays were performed as described by Choi et al.
(8). C2C12 cell extract (500 �g) was immunoprecipitated with anti-Abl antibody
(2 �g/ml) at 4°C for 4 h. The immunoprecipitates were washed twice with kinase
reaction buffer (50 mM HEPES [pH 7.5], 10 mM MgCl2, 1 mM dithiothreitol, 2.5
mM EGTA, 1 mM NaF, 0.1 mM Na3VO4, 10 mM �-glycerophosphate) and
resuspended in 20 �l of kinase reaction buffer. The assay was initiated by the
addition of 20 �l of kinase reaction buffer containing 10 �g of myelin basic
protein (MBP) substrate and 2 �Ci of [�-32P]ATP (ICN). The reactions were
carried out at 30°C for 30 min and terminated by addition of SDS sample buffer,
followed by SDS-polyacrylamide gel electrophoresis and autoradiography.

Immunocytochemistry and microscopy. Immunostaining for MHC expression
and �-Gal activity was performed as described previously (25), and images were
captured and processed with a Nikon ECLIPSE TE-2000U and NIS-Elements F
software. For the results shown in Fig. 6, C2C12 cells in 12-well plates were
cotransfected with 100 ng of enhanced green fluorescent protein (GFP) expres-
sion vector and 900 ng of the indicated DNA constructs for 2 days, fixed with 4%
paraformaldehyde for 20 min, permeabilized with 0.5% Triton X-100 in phos-
phate-buffered saline, blocked, and stained with anti-pp38MAPK, anti-
p38MAPK, or anti-MHC, followed by an Alexa Fluor 568-conjugated secondary
antibody (Molecular Probes). Images were obtained on a Zeiss LSM-510 Meta
confocal microscope. Quantification of the fluorescent signal for p38 and pp38
was performed with Image-Gauge software (Fuji Film, Tokyo, Japan).

RESULTS

Cdo interacts with Abl. Sequence analysis of the Cdo intra-
cellular region revealed a PXXP motif within a context pre-
dicted by Scansite (33) to function as a ligand for the Abl SH3
domain. This motif is present near the carboxyl terminus and is
conserved in mammals but not other vertebrates (Fig. 1A).
Because Cdo and Abl each promote myogenic differentiation,
we asked whether they interact. 293T cells were transiently
transfected with expression vectors for Cdo and Abl, and ly-
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sates were immunoprecipitated with antibodies to Cdo or Abl
and then blotted for the reciprocal proteins; Abl coprecipitated
with Cdo and Cdo coprecipitated with Abl (Fig. 1B and C). To
assess whether these proteins interact endogenously during
myogenesis, Cdo or Abl was immunoprecipitated from prolif-
erating and differentiating C2C12 myoblasts and precipitates
were analyzed for the presence of Abl or Cdo, respectively.
While some association was observed in proliferating cultures,
Cdo and Abl coprecipitated most efficiently when the cells
were nearly confluent (day 0) and during the first 24 h in DM;
the interaction diminished thereafter, as did the overall level of
Abl protein (Fig. 1D and E).

We next determined whether the Abl SH3 domain and the

Cdo PXXP motif are involved in their association. A yeast
two-hybrid assay was performed with the Cdo intracellular
region plus the Abl SH2 or SH3 domain, and interaction was
revealed by �-Gal production. Cdo interacted with the SH3,
but not the SH2, domain (Fig. 2A). Consistent with this result,
in transiently transfected 293T cells, a deletion mutant Abl
protein that lacked the SH3 domain was pulled down only very
weakly by a GST-Cdo intracellular region fusion protein,
whereas a deletion mutant Abl protein that lacked the SH2
domain was pulled down as efficiently as full-length Abl (Fig.
2B; Abl was not pulled down when GST alone was expressed in
transfectants [data not shown]). These results indicate that the
Abl SH3 domain is sufficient and necessary for association with

FIG. 1. Cdo interacts with Abl. (A) Schematic of the Cdo intracellular region, highlighting the PXXP motif and surrounding sequences from
several species. Numbering is from rat Cdo, from which expression constructs are derived. Note that the frog (Xenopus laevis) and zebrafish (Danio
rerio) Cdo sequences lack this motif, despite conserved amino acids that flank the motif. Chicken (Gallus gallus) Cdo lacks a region that clearly
aligns with these sequences (not shown). TM, transmembrane. (B) Lysates of 293T cells transiently transfected with Cdo, Abl, or control (�)
expression vectors, as indicated, were immunoprecipitated (IP) with an antibody to Cdo and then Western blotted (WB) with Cdo or Abl
antibodies. Note that Cdo is not expressed endogenously in 293T cells (22). (C) Lysates of 293T cells transiently transfected with Cdo, Flag-tagged
Abl, or control (�) expression vectors, as indicated, were immunoprecipitated with an antibody to the Flag epitope and then Western blotted with
Cdo or flag antibodies. (D) Lysates of C2C12 cells that were proliferating in GM (lane G), at near confluence (0) or in DM for the indicated times
were immunoprecipitated with antibodies to Cdo and Western blotted with Abl or Cdo antibodies. Straight lysates were also Western blotted with
antibodies to Abl and Cdo, to myogenin and MHC to monitor differentiation, and to �-tubulin as a loading control. (E) Same as in panel D, except
that lysates were immunoprecipitated with antibodies to Abl and Western blotted with Abl or Cdo antibodies, and straight lysates were blotted
with antibodies to Abl and Cdo and to pan-cadherin as a loading control.
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Cdo. Mutant forms of Cdo that contain deletions in the cyto-
plasmic tail were then assessed for the ability to coimmuno-
precipitate with Abl in 293T cell transfectants. Mutant forms of
Cdo that lacked amino acids in the juxtamembrane region
(Cdo	986-1048) or middle portion (Cdo	1035-1160) of the
cytoplasmic tail precipitated with Abl as efficiently as did full-
length Cdo (Fig. 2C). In contrast, a mutant protein lacking the
C-terminal 90 amino acids (Cdo	1160-1256), which include
the PXXP motif, precipitated with Abl inefficiently. To test
whether the proline residues in the PXXP motif were directly
involved in Abl binding, they were changed to alanine residues
within the context of the GST-Cdo intracellular region fusion
construct (the mutant protein was designated CdoP/A). In
transiently transfected 293T cells, wild-type GST-Cdo pulled
down Abl more efficiently than did GST-CdoP/A, though the
latter still displayed detectable association with Abl (Fig. 2D).
In contrast, a different Cdo intracellular region-binding pro-

tein, JLP, was pulled down equally well by both GST-Cdo
proteins (Fig. 2E). Taken together, these results are consistent
with the conclusion that the Abl SH3 domain binds to the
PXXP motif present near the Cdo carboxyl terminus.

The Abl-binding region of Cdo is functional in myogenic
differentiation. The intracellular region deletion mutant forms
of Cdo used in Fig. 2C were stably expressed in C2C12 myo-
blasts, and the ability of such cells to differentiate was com-
pared to that of vector control cells and cells that stably ex-
pressed full-length Cdo. Overexpression of full-length Cdo
enhanced the formation of myotubes containing large numbers
of nuclei and the expression of MHC; in contrast, the expres-
sion of each deletion mutant protein at a level similar to that
of the full-length protein had little effect on these parameters,
relative to the vector control cells (Fig. 3A to C). Similar to the
three deletion mutant proteins, stable expression of full-length
Cdo harboring the P/A point mutations also had little effect on

FIG. 2. Cdo and Abl interact through their proline-rich motif and SH3 domain, respectively. (A) Yeast cells transformed with the indicated
vectors were tested for expression of �-Gal, indicative of interaction. AD, Gal4 activation domain; BD, Gal4 DNA-binding domain. (B) Lysates
of 293T cells transiently transfected with GST-Cdo intracellular region (GST-Cdointra), Abl, Abl	SH2, Abl	SH3, or control (�) expression
vectors, as indicated, were pulled down with glutathione-Sepharose beads and blotted with an antibody to Abl. Straight lysates were also Western
blotted (WB) with antibodies to the Cdo intracellular region or Abl. (C) Lysates of 293T cells transiently transfected with Cdo, a deletion mutant
form of Cdo, Abl, or control (�) expression vectors, as indicated, were immunoprecipitated (IP) with Abl antibodies and then Western blotted
with an antibody to Cdo. (D) Lysates of 293T cells transiently transfected with GST-Cdointra, GST-CdointraP/A, Abl, or control (�) expression
vectors, as indicated, were pulled down with glutathione-Sepharose beads and blotted with antibodies to Abl or Cdo. Straight lysates were also
Western blotted with antibodies to Abl or Cdo. (E) Lysates of 293T cells transiently transfected with GST-Cdointra, GST-CdointraP/A, S
epitope-tagged JLP (JLP-S), or control (�) expression vectors, as indicated, were pulled down with glutathione-Sepharose beads and blotted with
antibodies to the S epitope or Cdo. Straight lysates were also Western blotted with antibodies to the S epitope or Cdo.
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FIG. 3. The Abl-binding motif of Cdo is functional in myogenic differentiation. (A) Photomicrographs of C2C12 cells that stably express the
indicated Cdo proteins or a control vector (pBp) that were cultured in DM, fixed, and stained with an antibody to MHC. (B) Quantification of
myotube formation by the cell lines shown in panel A. Values represent means of triplicate determinations 
 1 standard deviation. The experiment
was repeated three times with similar results. Asterisks indicate difference from the control at P � 0.01. (C) Lysates of cell lines shown in panel
A were Western blotted with antibodies to Cdo, MHC, and �-tubulin as a loading control. (D) Photomicrographs of C2C12 cells that stably express
the indicated Cdo proteins or a control vector (pBp) that were cultured in DM, fixed, and stained with an antibody to MHC. (E) Quantification
of myotube formation by the cell lines shown in panel D. Values represent means of triplicate determinations 
 1 standard deviation. The
experiment was repeated three times with similar results. Asterisks indicate difference from the control at P � 0.01. (F) Lysates of cell lines shown
in panel D were Western blotted with antibodies to Cdo and pan-cadherin as a loading control. (G) Lysates of cell lines shown in panel D were
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C2C12 cell differentiation (Fig. 3D to G). Therefore, the indi-
vidual deletion mutant proteins and the P/A mutant protein
behaved as proteins with loss-of-function mutations in this
context. We previously reported that the expression of a se-
creted, soluble Cdo ectodomain in C2C12 cells reduced myo-
genesis, acting as a putative dominant negative factor (24). The
difference between that result (i.e., an inhibitory effect) and the
results reported here for the deletion and P/A mutant proteins
(i.e., a loss-of-function effect) is likely due to a higher level of
expression of the soluble construct versus the other constructs.
To address this issue further, we asked whether the Cdo	1160-
1256 mutant protein (which lacks the PXXP motif) or the
CdoP/A mutant protein is able to rescue the reduction in
differentiation that occurs on depletion of Cdo by RNAi. A
transient myogenesis assay that scores expression of MHC and
myotube formation by transfectants was used (20, 25). C2C12
cells were cotransfected with control or Cdo siRNA expression
vectors plus control or Cdo (wild-type or mutant protein) ex-
pression vectors. Under all conditions, a vector that drives the
expression of nucleus-localized �-Gal was included to mark
transfectants. Forty-eight hours after transfection, the cultures
were transferred to DM, and 72 h later, the cells were double
stained for �-Gal activity and for MHC expression. When
transfectants fuse with nontransfected cells, many of the nuclei
in the myotube become positive for �-Gal activity because the
cytoplasmically translated protein diffuses within the myotube;
transfection efficiencies of �10% are therefore used to mini-
mize the fusion of independent �-Gal� transfectants. Approx-
imately 67% of double control-vector transfectants were
MHC�, and these cells were scored as mononucleate (�35%
of total nuclei), containing two to four nuclei (�21%), or
containing five or more nuclei (�11% [Fig. 3H and I]). Ex-
pression of Cdo siRNA decreased the percentage of MHC�

cells to �57%, with multinucleate cells representing only
�10%, none of which were in the five-or-greater category.
Coexpression with the Cdo siRNA vector of a rat Cdo cDNA
that is impervious to RNAi-mediated knockdown by the
mouse-specific siRNA sequence (52) resulted in a greater-
than-complete phenotypic rescue of Cdo depletion, with
�76% MHC� cells and �31% of the total nuclei in the five-
or-greater category. The enhancement of differentiation, rela-
tive to the double control-vector transfectants, under these
conditions is most likely due to transient expression of Cdo at
a level that exceeds the endogenous level. In contrast, coex-
pression of the Cdo	1160-1256 mutant protein or the CdoP/A
mutant protein with the Cdo siRNA vector did not rescue the
inhibition of differentiation that occurred upon RNAi-medi-
ated Cdo depletion; rather, these transfectants behaved simi-
larly to those that received the Cdo siRNA vector plus a con-
trol vector (Fig. 3H and I). Therefore, in both stable and
transient cell differentiation assays, loss or mutation of the

PXXP motif resulted in a loss of function. Taken together,
these results implicate multiple regions of the Cdo intracellular
domain in its promyogenic function, with the PXXP sequence
involved in Abl binding being one functional motif.

Abl promotes myogenic differentiation. Abl has been re-
ported to promote myogenic differentiation in a manner de-
pendent on its cytoplasmic localization (13). As a prelude to
investigating the role of the Cdo-Abl interaction in myogen-
esis, we confirmed Abl’s promyogenic function by raising or
diminishing its levels in C2C12 cells by stable overexpression or
RNAi, respectively. Modest overexpression (about twofold) of
Abl resulted in the formation of larger myotubes with more
nuclei per myotube and higher levels of MHC production
relative to vector control cells (Fig. 4A to C). The opposite
effect was observed when C2C12 cells stably expressed Abl
siRNA. Cells depleted of Abl formed fewer myotubes than did
vector control cells, and those that were formed were thinner
and contained fewer nuclei than control myotubes (Fig. 4D to
F). Furthermore, Abl siRNA-expressing cells produced lower
levels of MHC than did control cells at 2 and 3 days after
transfer to DM (Fig. 4G). Significantly, Abl siRNA-expressing
cells showed a phenotype very similar to that of Cdo RNAi-
expressing cells (Fig. 4D to F) (20, 43).

We next addressed some of the structural requirements for
Abl function in myogenesis. Mutant Abl proteins lacking either
the SH2 or the SH3 domain (designated Abl	SH2 and
Abl	SH3, respectively) were stably expressed in C2C12 myo-
blasts, and the cells’ differentiation capabilities were tested in
comparison with those of vector control cells and cells that
overexpressed wild-type Abl. Similar to the results shown
above, the wild-type-Abl-expressing cells displayed enhanced
myogenesis with larger myotubes that contained more nuclei
and elevated levels of MHC, compared to those of control cells
(Fig. 4G to I). In contrast, both Abl deletion mutant proteins
were impaired in promoting differentiation. The Abl	SH2 mu-
tant protein-expressing cells differentiated similarly to control
cells, despite expressing approximately twice the amount of
Abl protein as the wild-type Abl-expressing cells. The
Abl	SH3 mutant protein-expressing cells displayed a dimin-
ished differentiation response compared to that of control
cells, with a greater percentage of mononucleate cells and few
large myotubes, and a lower level of MHC production (Fig. 4H
to J).

Abl kinase activity was also investigated in proliferating and
differentiating myoblasts by analysis of the ability of immuno-
precipitated Abl to phosphorylate MBP in vitro and by assess-
ment of Abl phosphorylation at Y245, a regulatory site whose
phosphorylation is required for full activity (5, 44). Proliferat-
ing C2C12 cells had detectable levels of Abl activity and Y245
phosphorylation, both of which increased when the cells
reached near confluence (day 0, at which time the cultures

cultured for 2 or 3 days in DM (D2 and D3, respectively) and then Western blotted with antibodies to MHC and pan-cadherin as a loading control.
(H) C2C12 cells were cotransfected with control or Cdo siRNA expression vectors plus Cdo or CdoP/A expression vectors and pQ-lacZ (a vector
that drives expression of nucleus-localized �-Gal to mark transfectants). Differentiated cultures were double stained for �-Gal activity (blue color)
and for MHC expression (brown color). (I) Quantification of C2C12 cell differentiation shown in panel H. Cultures were scored as MHC� or
MHC�, with MHC� cells further scored as having a single nucleus, two to four nuclei, or five or more nuclei. Values represent means of triplicate
determinations 
 1 standard deviation. The experiment was repeated three times with similar results.
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were transferred to DM) (Fig. 5A). These higher levels were
maintained for at least 1 day and then were reduced over the
next 2 days in DM, by which time little activity was detected
(Fig. 5A). This time course of Abl kinase activity and Y245

phosphorylation paralleled Abl association with Cdo (Fig. 1D
and E). Consistent with this correlation, reduction of Cdo
levels by RNAi led to a proportional decrease in phospho-
Y245 Abl levels in both growing cells and cells at day 0 (Fig.

FIG. 4. Abl promotes myogenic differentiation. (A) Photomicrographs of C2C12 cells that stably express Abl or control (pcDNA) vectors that
were cultured in DM, fixed, and stained with an antibody to MHC. (B) Quantification of myotube formation by the cell lines shown in panel A.
Values represent means of triplicate determinations 
 1 standard deviation. The experiment was repeated three times with similar results.
Asterisks indicate difference from the control at P � 0.01. (C) Lysates of cell lines shown in panel A were Western blotted with antibodies to Abl
or MHC and to �-tubulin or pan-cadherin as loading controls. (D) Photomicrographs of C2C12 cells that stably express Abl siRNA, Cdo siRNA,
or control (pSilencer) vectors that were cultured in DM, fixed, and stained with an antibody to MHC. (E) Quantification of myotube formation
by the cell lines shown in panel D. Values represent means of triplicate determinations 
 1 standard deviation. The experiment was repeated three
times with similar results. Asterisks indicate difference from the control at P � 0.01. (F) Lysates of cell lines shown in panel D were Western blotted
with antibodies to Abl or Cdo to reveal the level of RNAi-mediated depletion and to pan-cadherin as a loading control. (G) Lysates of control
and Abl siRNA cell lines shown in panel D were cultured for 1, 2, or 3 days in DM and then Western blotted with antibodies to MHC and to
pan-cadherin as a loading control. (H) Photomicrographs of C2C12 cells that stably express the indicated Abl proteins or a control (pcDNA) vector
that were cultured in DM, fixed, and stained with an antibody to MHC. (I) Quantification of myotube formation by the cell lines shown in panel
H. Values represent means of triplicate determinations 
 1 standard deviation. The experiment was repeated three times with similar results.
Asterisks indicate difference from the control at P � 0.01. (J) Lysates of the cell lines shown in panel H were Western blotted with antibodies to
Abl, MHC, and pan-cadherin as a loading control.
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5B), indicating that Cdo is involved in the activation of Abl that
occurs in C2C12 cells under these conditions. The observation
that Cdo-Abl interaction and Abl activity and phosphorylation
were highest when cells were near confluence and 1 day later
suggests that these processes may be stimulated by cell-cell
contact, perhaps through cadherin-based adhesion. To begin

to assess this possibility, we took advantage of the fact that
adhesion mediated through classical cadherins is calcium de-
pendent and analyzed C2C12 cells that were cultured in con-
trol medium or medium supplemented with the calcium che-
lator EGTA. EGTA-containing cultures displayed lower levels
of phospho-Y245 Abl throughout a 3-day time course than did

FIG. 5. Regulation of Abl kinase activity during myogenic differentiation. (A) Lysates of C2C12 cells that were proliferating in GM (G), at near
confluence (0), or in DM for the indicated times were immunoprecipitated (IP) with antibodies to Abl and assayed for kinase activity with MBP
as the substrate, as described in Materials and Methods. Lysates were also Western blotted with antibodies to phospho-Y245 Abl (AblY245-P),
total Abl, MHC, myogenin, and �-tubulin as a loading control. (B) Lysates of C2C12 cells that stably express Cdo siRNA (�) or control (�) vectors
were cultured in GM (G) or at near confluence (D0) and Western blotted with antibodies to AblY245-P, Abl, Cdo, and pan-cadherin (as a loading
control). (C) Lysates of C2C12 cells in GM at near confluence (0) or in DM for the indicated times, plus or minus 1.4 mM EGTA, were Western
blotted with antibodies to AblY245-P, total Abl, and pan-cadherin as a loading control. (D) Lysates from C2C12 cells that stably express Abl,
kinase-deficient Abl (Abl-KD), or control (pcDNA) vectors were Western blotted with antibodies to Abl, MHC, or pan-cadherin as a loading
control. (E) Photomicrographs of C2C12 cells that stably express Abl, Abl-KD, or control vectors that were cultured in DM, fixed, and stained with
an antibody to MHC. (F) Quantification of myotube formation by the cell lines shown in panel E. Values represent means of triplicate
determinations 
 1 standard deviation. The experiment was repeated three times with similar results. Asterisks indicate difference from the control
at P � 0.01.
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cultures in control medium (Fig. 5C), consistent with the no-
tion that cadherin-dependent adhesion may be involved in the
Cdo-Abl interaction and Abl activation (see the Discussion for
further information on this point).

To test whether Abl kinase activity is required for its ability
to promote myogenesis, wild-type Abl and Abl-KD were stably
expressed in C2C12 cells. As shown in the previous figures,
overexpression of Abl enhanced myotube formation and pro-
duction of MHC (Fig. 5D to F). Surprisingly, the Abl-KD
mutant protein also promoted the formation of larger myo-
tubes that contained more nuclei per myotube than control
cells and elevated production of MHC, though myotube for-
mation was not enhanced to the same extent as by wild-type
Abl (Fig. 5D to F). These results suggest that Abl may possess
both kinase-dependent and -independent functions during
myogenic differentiation. Although most known Abl functions
are dependent on kinase activity, there is precedent for
Abl-KD possessing the ability to promote p38 MAPK activity
(10, 15), which is linked to Cdo’s and Abl’s promyogenic func-
tion (reference 42 and see below, respectively).

Abl promotes p38 MAPK activity during myogenic differen-
tiation. Because Abl promotes myogenic differentiation and
associates with Cdo, whose promyogenic properties are ex-
erted mainly through p38 MAPK, the possibility that Abl par-
ticipates in the regulation of p38 activity during differentiation
was examined. C2C12 cells were transiently transfected with an
Abl siRNA expression vector or a control vector plus a GFP
expression vector to mark transfectants. Two different condi-
tions that result in active p38 (30, 50) were tested: (i) cultures
that were at high density and had not been fed with fresh
medium for 48 h and (ii) cultures that had been in DM for 48 h,
a midpoint in the differentiation time course. Cells were then
assessed for production of pp38 by immunofluorescence. Un-
der condition i, cells were mononucleate though some had
started to elongate. Approximately 70% of the control vector-
transfected cells were positive for pp38, whereas only �10% of
the Abl siRNA-expressing cells were positive for pp38 (Fig. 6A
and B). Under condition ii, most of the control vector-trans-
fected cells had formed small, multinucleate myotubes and
displayed a robust pp38 signal, whereas Abl siRNA-expressing
cells were elongated but mainly mononucleate and had a vis-
ibly weaker pp38 signal; cells that expressed Cdo siRNA were
similar to those that expressed Abl siRNA (Fig. 6C). To quan-
tify this, we scored the intensity of the immunofluorescent
pp38 signal in untransfected (GFP�) versus transfected
(GFP�) cells on the same coverslips, with the average pp38
signal in untransfected cells set to 1.0. Control vector-trans-
fected cells also had a pp38 signal of �1.0, whereas the signal
for Abl siRNA-expressing cells was �0.25 and for Cdo siRNA-
expressing cells was �0.2 (Fig. 6D). When a similar analysis
that measured the total p38 signal was performed, there was no
significant difference among untransfected cells, cells trans-
fected with control vector, and cells transfected with the
siRNA vectors (Fig. 6C and D). Consistent with analysis by
microscopy, cells that expressed Abl siRNA displayed lower
levels of pp38 after 2 days in DM than did control cells, as
assessed by Western blotting (Fig. 6E). Therefore, C2C12 cells
depleted of Abl by RNAi had a diminished capacity to activate
p38 MAPK in response to differentiation-inducing culture con-
ditions. p38 activation during myogenic differentiation in vitro

is substantially, though not completely, dependent on Cdo/
Bnip-2 signaling, but stress-mediated activation of p38 in myo-
blasts is independent of Cdo and Bnip-2 (19). As Abl is impli-
cated in stress responses (46), we asked whether p38 activation
in C2C12 cells in response to anisomycin is dependent on Abl.
In contrast to differentiation-induced production of pp38,
anisomycin-induced pp38 production was largely unaffected in
C2C12 cells depleted of Abl by RNAi (Fig. 6F).

The deficient differentiation response displayed by myo-
blasts upon loss of Cdo is rescued by forced expression of an
activated form of the immediate upstream activating kinase for
p38, MKK6 (MKK6EE). To determine whether expression of
MKK6EE could rescue the diminished differentiation response
of cells depleted of Abl by RNAi, C2C12 cells that stably
expressed Abl siRNA or control expression vectors (C2C12/Abl
siRNA or C2C12/pSuper cells, respectively) were transiently
transfected with pcDNA/MKK6EE or empty pcDNA expres-
sion vectors; transfected cells were marked by cotransfection of
a GFP expression vector. Approximately 65% of the pcDNA-
transfected C2C12/pSuper cells were MHC� (31% mono-
nucleate; �21% containing two to five nuclei; �13% contain-
ing six or more nuclei) (Fig. 7A and B). pcDNA-transfected
C2C12/Abl siRNA cells displayed a reduction in differentiation
potential, the percentage of MHC� cells decreasing to �59%,
with �14% containing two to five nuclei and �5% containing
six or more nuclei. Expression of MKK6EE in C2C12/pSuper
cells enhanced differentiation relative to that of pcDNA trans-
fectants, with �76% of the GFP� cells being MHC� and 26%
of the total nuclei in the six-or-greater category. Expression of
MKK6EE in C2C12/Abl siRNA cells resulted in rescue of
differentiation, the percentage of MHC� cells and distribution
of transfectants displaying one, two to five, and six or more
nuclei being nearly identical between these cultures and the
double control-vector cultures (Fig. 7A and B). These results
are very similar to those obtained with RNAi to Cdo plus or
minus MKK6EE expression (43) and suggest that Abl lies
downstream of Cdo in the activation of p38. However, forced
overexpression of full-length Abl did not rescue the defective
differentiation program of C2C12 cells that were depleted of
Cdo by RNAi (data not shown), presumably because Cdo is
required for coordinated formation of the functional signaling
complexes.

The results described above reveal Abl to be a component of
the Cdo-containing complexes that activate p38 MAPK during
myogenic differentiation. These complexes also contain JLP, a
scaffold protein for the p38 MAPK pathway that also binds
several other signaling molecules in various contexts (e.g., the
phosphatidylinositol 5-kinase PIKfyve, G�13, and kinesin light
chain 1) (19, 26, 27, 32). We therefore asked whether Abl and
JLP associate. 293T cells were transiently transfected with ex-
pression vectors for S epitope-tagged JLP and Abl, and lysates
were precipitated with antibodies to either the S epitope or
Abl; JLP and Abl reciprocally coimmunoprecipitated (Fig. 8A
and B). To assess whether these proteins interact endog-
enously during myogenesis, Abl was immunoprecipitated from
proliferating and differentiating C2C12 myoblasts and precip-
itates were analyzed for the presence of JLP. While little or no
association was observed in proliferating cultures, JLP copre-
cipitated with Abl when the cells were nearly confluent (day 0)
and during 3 days of incubation in DM (Fig. 8C). This is similar
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to the time course of Abl interaction with Cdo and of Abl
kinase activity during myoblast differentiation but somewhat
more persistent. As shown in Fig. 1 and 5, Abl protein levels
decreased during the differentiation time course; in contrast,
JLP levels increased during cell differentiation (Fig. 8C and
reference 34). While this may seem counterintuitive, it is likely
that Abl and JLP play multiple roles in myoblasts and myo-
tubes, and the alteration in their overall levels during differ-

entiation may be unrelated to the Cdo-JLP-Abl complexes that
signal early in this process.

To ask whether these three interacting proteins (Cdo, JLP,
and Abl) might collaborate in the activation of p38 MAPK,
transfections in a heterologous system were used. 293T cells
were transfected with a vector encoding hemagglutinin (HA)-
tagged p38 and combinations of other expression vectors, and
lysates were blotted with antibodies to pp38. The expression of

FIG. 6. Abl promotes p38 MAPK activation during myogenic differentiation. (A) C2C12 cells were transiently transfected with Abl siRNA or
control (pSilencer) vectors plus a GFP vector to mark transfectants. Confluent cultures that had not been fed with fresh medium for 48 h were
then fixed and stained with antibodies to activated p38 MAPK (pp38) (red) and visualized for GFP expression (green). Cell nuclei were visualized
by staining with 4�,6-diamidino-2-phenylindole (DAPI; blue). White arrows indicate untransfected cells, and red arrows indicate transfected cells.
(B) Quantification of cultures shown in panel A. GFP� cells were scored as positive or negative for pp38 staining. Values represent means of
triplicate determinations 
 1 standard deviation. The experiment was repeated three times with similar results. Asterisks indicate difference from
the control at P � 0.01. (C) C2C12 cells were transiently transfected with Abl siRNA, Cdo siRNA, or control vectors plus a GFP vector to mark
transfectants. Cultures were incubated in DM for 48 h and then fixed and stained with antibodies to pp38 MAPK (top; red) or total p38 (bottom;
red) and visualized for GFP expression (green). White arrows indicate transfected cells. (D) Quantification of cultures shown in panel C. The
intensity of the immunofluorescent pp38 and p38 signals in GFP� and GFP� cells was quantified, with the values obtained from control
vector-transfected cultures set to 1.0. Values represent means of triplicate determinations 
 1 standard deviation. The experiment was repeated
three times with similar results. Asterisks indicate difference from the control at P � 0.01. (E) Lysates of C2C12 cells that stably express Abl siRNA
or control (pSilencer) vectors were cultured in DM for 48 h and Western blotted with antibodies to Abl, �-tubulin (as a loading control), pp38,
and total p38. (F) C2C12 cells that stably express Abl siRNA (�) or control (�) vectors in GM were treated with 10 �M anisomycin (Aniso) or
the dimethyl sulfoxide vehicle as a control (Con) for 30 min. Lysates were Western blotted with antibodies to pp38 and total p38.
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p38 alone resulted in barely detectable levels of pp38, and the
individual expression of JLP, Abl, or Cdo with p38 modestly
enhanced pp38 production (Fig. 8D). Coexpression of JLP and
Abl, JLP and Cdo, or Abl and Cdo increased the level of pp38
above that seen with the individually expressed proteins, and
pp38 production was further increased by the simultaneous
coexpression of all three proteins. Therefore, coexpression of
these three mutually interacting proteins (Cdo, JLP, and Abl)
produced the greatest level of signal output. Interestingly, ex-
pression of Abl-KD in place of wild-type Abl, along with Cdo
and JLP, also led to enhanced production of pp38, consistent
with the partial kinase-independent role for Abl observed in
Fig. 5.

DISCUSSION

The mechanisms whereby extracellular cues stimulate cell
differentiation are of fundamental interest, and skeletal myo-
blast differentiation is a highly tractable system for analysis of
this area. Activation of the p38 MAPK pathway is required for
myoblast differentiation, and it appears that multiple upstream
signaling inputs contribute to pathway activity during this pro-
cess (7, 20, 49); however, the underlying mechanisms are not
well understood. We have identified multiprotein complexes
based around the cell surface receptor Cdo that play a signif-
icant (though not exclusive) role in mediating p38 activation
during myogenic differentiation (20). Cdo binds directly to
Bnip-2 and JLP, scaffold proteins for Cdc42 and p38, respec-

tively, and formation of these complexes results in Bnip-2/
Cdc42-dependent activation of p38 bound to JLP. In this pa-
per, it is demonstrated that the nonreceptor tyrosine kinase
Abl binds both to the intracellular region of Cdo and to JLP
during myogenesis and that Abl regulates p38 activity during
differentiation. It has been reported that Abl accumulates in
the cytoplasm of differentiating myoblasts and that cytoplas-
mic, but not nuclear, Abl promotes myogenic differentiation,
implying that Abl interacts with other promyogenic, cytoplas-
mic proteins (13). Cdo and JLP are identified here as two such
proteins (Fig. 8E).

In myoblasts, Cdo forms cis complexes with the cell-cell
adhesion molecule N-cadherin and with the RGM and netrin
receptor neogenin (21, 25); Cdo also binds the secreted mor-
phogen Sonic hedgehog (46, 51). Analyses of Abl in myoblasts
proliferating in growth medium (GM), myoblasts at near con-
fluence (day 0, at which time many cell-cell contacts have
formed but the cells have not yet been transferred into DM),
and myoblasts cultured in DM over several days suggest that its
activity and its involvement with Cdo-containing complexes are
regulated by cell-cell contact. It is noteworthy that Abl’s asso-
ciation with Cdo and with JLP, Abl kinase activity, and Abl
Y245 phosphorylation are each relatively low in GM but at
maximal levels at day 0, with maintenance through at least 1
day of culture in DM. These results suggest that cell-cell con-
tact may be a stimulus for these processes. Consistent with this
likelihood, high cell density promotes p38 activity in C2C12
cells (30, 50). Furthermore, a Cdo deletion mutant protein that

FIG. 7. Expression of MKK6EE rescues the defective differentiation phenotype of Abl-depleted C2C12 cells. (A) C2C12/pSuper and C2C12/
Abl siRNA cells were transfected with control (pcDNA) or MKK6EE expression vectors and a GFP expression vector to mark transfectants.
Differentiated cultures were stained for MHC (red) and visualized for GFP expression. Cell nuclei were visualized by staining with DAPI (blue).
(B) Quantification of the C2C12 cell differentiation shown in panel A. Cultures were scored as MHC� or MHC�, with MHC� cells further scored
as having a single nucleus, two to five nuclei, or six or more nuclei. Values represent means of triplicate determinations 
 1 standard deviation.
The experiment was repeated three times with similar results.
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is selectively deficient in N-cadherin association strongly re-
duces differentiation (21). Recent results indicate that N-cad-
herin ligation in myoblasts activates p38 in a Cdo-, JLP-, and
Bnip-2-dependent manner and that Cdo, JLP, Bnip-2, and
active Cdc42 accumulate at sites of N-cadherin ligation (M. Lu
and R. S. Krauss, unpublished data). These results, plus the
fact that inhibition of cadherin-based adhesion by calcium che-
lation diminished Abl Y245 phosphorylation (Fig. 5C), suggest
that Abl may also be a component of such complexes.

During C2C12 cell differentiation, Abl kinase activity in-
creases in parallel with Abl-Cdo interaction and, as assessed by
phosphorylation of Abl Y245, is Cdo dependent. These results
are consistent with binding of the Abl SH3 domain to the
PXXP motif in Cdo, as this interaction would be predicted to
place Abl in an open conformation, relieving autoinhibition
and enhancing catalytic activity (1, 4, 16, 17). However, a ki-
nase-deficient mutant form of Abl retained partial activity in
promoting myogenesis and stimulating p38 MAPK activity in
transfectants. This is consistent with two previous reports in
which Abl overexpressed in 293 cells activated p38 and
Abl-KD retained partial (10), or nearly full (15), ability to do
so. We speculate that, in addition to acting as a kinase in
Cdo-containing complexes, Abl may play a role as a scaffolding
factor, bridging Cdo and JLP, and helping to assemble or
stabilize other components of the complex that are involved in
p38 activation. Coimmunoprecipitation of Cdo and JLP in

differentiating myoblasts was unaffected by depletion of Abl by
RNAi (data not shown), suggesting that Abl is not required to
stabilize the Cdo-JLP association. It is possible that other com-
ponents, or specific aspects of the dynamics, of these com-
plexes are affected by Abl binding. Alternatively, other Abl
activities, such as binding and regulation of actin structures,
may contribute. These possibilities are not mutually exclusive.

In contrast to our results that reveal a partly kinase-inde-
pendent function for Abl, di Bari et al. reported that kinase
activity was required for Abl’s ability to promote myogenesis
(13). The difference between these studies is very likely related
to the density at which the cells were analyzed. We have im-
plicated Abl in a cell-cell adhesion-dependent signaling com-
plex, whereas di Bari et al. specifically analyzed cells at low
density to avoid the differentiation stimulus of cell-cell contact.
The role of p38 in Abl’s effects were not pursued in that study,
but given that Abl is a regulator of myriad pathways and pro-
cesses, it is possible that it can promote myogenesis through
mechanisms in addition to the one described here.

We have previously noted that Cdo signals by a distinctive
mechanism in which its intracellular region binds to scaffold
proteins (Bnip-2 and JLP) that, in turn, bind multiple compo-
nents of specific pathways (Cdc42 and p38 MAPK, respec-
tively), presumably allowing tightly regulated interaction be-
tween these modules (20). This is different from the Ig/FnIII
receptors that are most closely related to Cdo (e.g., Robo and

FIG. 8. Abl binds JLP and cooperates with JLP and Cdo to activate p38 MAPK. (A and B) Lysates of 293T cells transiently transfected with
Abl, S epitope-tagged JLP, or control (�) expression vectors, as indicated, were immunoprecipitated (IP) with anti-S epitope agarose beads (A) or
Abl antibodies (B) and then Western blotted (WB) with S epitope or Abl antibodies. Straight lysates were also Western blotted with these
antibodies. (C) Lysates of C2C12 cells that were proliferating in GM (G), at near confluence (0), or in DM for the indicated times were
immunoprecipitated with antibodies to Abl and Western blotted with JLP or Abl antibodies. Straight lysates were also Western blotted with JLP,
Abl, MHC, and pan-cadherin antibodies. (D) Lysates of 293T cells transiently transfected with HA-tagged p38, S epitope-tagged JLP, Abl, Abl-KD,
Cdo, or control (�) expression vectors, as indicated, were Western blotted with pp38, HA epitope (p38), S epitope (JLP), Abl, and Cdo antibodies.
(E) Model of p38 MAPK activation by Cdo-containing cell surface complexes. During myogenic differentiation, Bnip-2/Cdc42 complexes and
JLP/p38 complexes bind to the Cdo intracellular region, resulting in Bnip-2/Cdc42-dependent activation of p38 by a pathway whose intermediates
are yet to be identified. Active p38 phosphorylates substrates that contribute to muscle-specific transcription, including Mef2, E47, and BAF60.
Abl binds Cdo and JLP and promotes p38 activation and myogenesis. Activated MKK6 rescues the defective differentiation program caused by
loss of Cdo, Bnip-2, or Abl, but the role of endogenous MKK6 (or MKK3) has not been established, so a question mark accompanies its position.
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DCC family receptors), which bind to enzymes and adaptor
proteins (14, 39). Abl is the first enzyme found to bind directly
to Cdo. Robo1 receptors, which share a five Ig plus three FnIII
ectodomain topology with Cdo, also bind to Abl through a
proline-rich sequence (2). However, the Abl-binding motif is
evolutionarily conserved in Robo1 proteins found in Drosoph-
ila and vertebrates (as well as in certain other Robo family
members) (14). In contrast, the PXXP motif in the Cdo intra-
cellular region that binds Abl is found in mammalian, but not
other known vertebrate, Cdo proteins, despite the presence of
conserved amino acids that flank this motif in zebrafish and
Xenopus Cdo. The intracellular regions of other members of
the Cdo subfamily, including vertebrate Boc proteins and Dro-
sophila Ihog and Boi, are unrelated to Cdo and also lack this
motif (23). Therefore, the presence of an Abl-binding, PXXP
motif in mammalian Cdo may represent an example of con-
vergent evolution with Robo1 proteins; alternatively, a com-
mon ancestor may have had an Abl-binding motif, which has
been selectively retained in (and whose sequence has altered
between) Cdo and specific Robo receptors. The only known
evolutionarily conserved properties possessed by all Cdo sub-
family members are binding to hedgehog ligands and promo-
tion of hedgehog pathway signaling, activities that do not re-
quire these proteins’ cytoplasmic tails (46, 51, 52). In contrast,
Cdo’s cytoplasmic tail is required for its ability to promote
myogenesis. Cdo’s role in myogenic differentiation has only
been explored in mammalian systems; it is possible that this
role has evolved more recently than its function in hedgehog
signaling. Furthermore, if Cdo plays a similar role in nonmam-
malian vertebrate myogenesis, the mechanisms involved may
be somewhat different (e.g., they may not directly involve Abl).
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