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DOCKI180 is an atypical guanine nucleotide exchange factor
of Racl identified originally as one of the two major proteins
bound to the SH3 domain of the Crk adaptor protein. DOCK180
induces tyrosine phosphorylation of p130c“, and recruits
the Crk-p130©® complex to focal adhesions. Recently, we
searched for DOCK180-binding proteins with a nano-LC/MS/
MS system, and found that ANKRD28, a protein with twenty-
six ankyrin domain-repeats, interacts with the SH3 domain of
DOCK180. Knockdown of ANKRD28 reduced the migration
velocity and altered the distribution of focal adhesion proteins
such as Crk, paxillin and p130cas. On the other hand, the
expression of ANKRD28, p130©%, Crk and DOCK180 induced
hyper-phosphorylation of pl30cas, which paralleled the induc-
tion of multiple long cellular processes. Depletion of ELMO,
another protein bound to the SH3 domain of DOCKI180, also
retarded cell migration, but its expression together with p130¢%,
Crk and DOCK180 induced extensive lamellipodial protrusion
around the entire circumference without 1302 hyperphospho-
rylation. These data suggest the dual modes of DOCK180-Rac
regulation for cell migration.

DOCKI180 was originally identified as one of the two major
binding proteins of the adaptor protein Crk.! The orthologs of
DOCKI180 in C. elegans and D. melanogaster are Ced-5 (cell
death abnormal 5) and Mbc (Myoblast city), respectively, and
together with DOCK180 comprise an evolutionarily conserved
protein group.2 Depletion or mutation of DOCK180 in C. elegans
reduces engulfment of dying cells and distal tip cell migration,?
and mutations of DOCK180 in D. melanogaster cause embryos to

exhibit defects in dorsal closure and cytoskeletal organization in
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the migrating epidermis.3 In zebrafish, DOCK180 and DOCK5
are both required for fast-twitch myoblast fusion.* Mice with
disrupted DOCK180 show defects in breathing and posture due
to defects in myoblast fusion, which were not observed in DOCK5
null mice.”> A spontaneous mutation in DOCKS5 was found in
mice exhibiting rupture of lens cataract.® A series of studies using
gene-targeting techniques in mice provided evidence for the role
of DOCK2, a haematopoietic specific DOCK family member, in
lymphocytes and neutrophil motility”-® and T cell proliferation
and development? Genetic and biochemical studies have revealed
that DOCKI180 functions as a guanine-nucleotide exchange
factor (GEF) for a small GTPase Rac.'%!! In addition, studies in
C. elegans have identified orthologs of Crk (Ced-2) and Rac
(Ced-10) to show that the Crk-DOCKI180-Rac signaling axis is
evolutionally conserved.!?

Recently we showed that ANKRD28 binds to the N-terminus
of DOCKI180 containing the SH3 domain.!? The same region
of DOCK180 was previously reported to interact with ELMO
(engulfment and cell motility). Since the ortholog of ELMO in
C. elegans, Ced-12, is required for apoptotic cell clearance and cell
migration, as are DOCK180 and Rac,'! the signaling pathway
of ELMO-DOCK180-Rac is evolutionary conserved and used for
cell motility. Both depletion of ANKRD28 and depletion of ELMO
retard cell migration in mammalian cells, and they compete with
each other for DOCKI180 interaction, suggesting that they inde-
pendently regulate DOCK180 for Rac activation. Whether or not
the binding of ELMO directly increases DOCK180 GEF activity
remains a matter of controversy,16’17 but it has been established
that ELMO regulates DOCK180 in two different modes: One is
stabilizing DOCK180 expression by preventing it from ubiquity-
lation,'8 and the other is bridging RhoG and DOCK180 for Rac
activation.!” ANKRD28 does not possess these functions; instead,
it is suggested to regulate focal adhesion distribution, and thereby
to regulate cell migration.

p130%® was identified as the major substrate of Src. In a
subsequent study, it was shown that the phosphorylated tyrosines
of p130CalS recruit Crk to transmit signals from integrins.zo’21
Independently from this observation, retrovirus insertion
mutagenesis identified p130Cals as one of the genes involved in
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tamoxifen-resistance and estrogen-independent growth in breast
cancer.?? In agreement with this discovery, it has been demonstrated
that p130©® phosphorylation is enhanced in tamoxifen-treated
estrogen receptor-positive MCF-7 breast cancer cells.??> We have
previously shown that DOCK180 expression enhances p130©%-
CrkII complex formation and the tyrosine phosphorylation of
p130¢.24 The p130°*-Crk-DOCK180 complex formation and
p130“* phosphorylation may occur in focal adhesion, since the
phosphorylation was not induced when the cells were cultured

in suspension,!?

and these proteins were recruited to the focal
adhesion only in the presence of all three proteins.?* Since the
DOCKI180 mutants without the SH3- or Crk-binding domain
were deficient in p130©% phosphorylation, we speculate that
DOCKI180 somehow stabilizes the p130“®-Crk complex with
the Crk- and SH3-binding proteins, or that these domains are
required for the proper conformation of DOCKI80 to interact
with the binding partners. In addition to the phosphorylated
p130“®-Crk interaction, the SH3 domain of p130%* also binds
directly to DOCK180,%°> which might be effective for tight inter-
action of p130°-Crk-DOCK180. Interestingly, ANKRD28, but
not ELMO, enhances p130“® phosphorylation induced by the
DOCK180-Crk complex.'? In accordance with this observation,
depletion of ANKRD28 or DOCK180 relocates CrklI, p130©2s
and paxillin from focal adhesions to the cytosol or other unidenti-
fied structures within the cells. As expected, ELMO depletion also
induces mis-localization of focal adhesions, probably by reducing
the DOCKI180 protein expression.

The distinct roles of ANKRD28 and ELMO have also been
addressed by peculiar cell morphologies upon their expression.
Plasma membrane-targeted DOCK180 alters the morphology
of COS cells from spindle-shaped to flat and polygonal® due to
activation of Rac throughout the entire plasma membrane. In
contrast, coexpression of DOCK180, Crk and p130©® induces
a limited cellular extension; that is, elongated cellular branches
with local membrane protrusion.!>24 Additional expression of
ANKRD28 in cells expressing p130“®, Crk and DOCK180
increases the length and numbers of the cellular branches. In
contrast, expression of ELMO induces marked lamellipodial
formation along the entire cell circumference, as does the plasma
membrane-tagged DOCK180 or activated Rac.!? Since DOCK7
regulates axon development through Rac activation and microtu-
bule stabilization,2¢ we initially surmised that the branches were
generated by outgrowth from the cell body. However, real-time
imaging revealed that the extended cellular branches are the tails of
randomly migrating cells. Since the magnitude of the phosphoryla-
tion paralleled the length of the cellular branches, we speculate that
p130“® hyperphosphorylation induces retarded retraction.

Using purified pseudopodia from migrating cells, Klemke and
colleagues have shown that the Crk-130“® complex is formed
in the growing pseudopodia to upregulate Rac.?’-?? Although
they have not examined whether DOCK180, ELMO and/or
ANKRD?28 are present in these purified pseudopodia, it is likely
and understandable that the p130“*-Crk-DOCKI180 complex
localizes and functions at the front of the cell to reorganize
the actin cytoskeleton via Racl activation, since the cell front
of migrating cells exhibits significant membrane ruffling and
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Figure 1. Dualmode of DOCK180 functions in the migrating cell.
ANKRD28 forms a complex with p130Ces.Crk-DOCK180 at the frailing
edges to enhance p130<es phosphorylation, while ELMO binds to RhoG
and DOCK180 at the leading edges to induce membrane ruffling. Both
ANKRD28 and ELMO are required for cell migration.

lamellipodia formation.3*3! The recent finding that phosphory-
lation of p130“ initiates Rac activation and membrane ruffling
supports this model.> Compared to these studies on the leading
edge formation, we have very limited knowledge on the trailing
edge biogenesis and regulation.? In the literature, one can find
figures of cells with elongated branches that resemble ANKRD28-
expressing cells; these include myosinIIA-null mouse ES cells®
and HEF1-expressing MCF7 cells treated with ROCK inhibitor.?>
Interestingly, A375M2 melanoma cells exhibit an elongated shape
in three-dimensional environments containing ROCK or myosin
IT inhibitors.3¢ This elongated shape is due to mesenchymal-type
movement, which is correlated to the level of active Rac, and is
dependent on the expression of DOCK3/MOCA and NEDDY/
HEF1, a member of the DOCKI80 family and a member of
p130%® family, respectively.?® In addition, the urokinase-type
plasminogen activator receptor, together with integrinf33, drives
formation of the p130©*-Crk-DOCK180 signaling complex
for Rac activation, which elevates cell motility and elongated
cell shape.’” Although these reports have indicated the roles of
DOCK180-Rac in cell invasion and leading edge protrusion, they
do not rule out the possibility that the same complex also functions
at the trailing edge. The GEF activity of DOCK180 is required
for p130“* phosphorylation;!3 expression of p130©* and Crk
enhances DOCK180-GEF activity toward Racl;'? and depletion
of p130“* perturbs paxillin disassembly at focal adhesions.?® These
observations suggest that ANKRD28 alters local Rac activity and
p130“® kinetics at the elongated region of the cell, which should
be confirmed experimentally in the future.

We speculate that ANKRD28 functions as a scaffold protein
for the components of focal adhesion proteins (Fig. 1), because
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ANKRD?28 is mostly comprised of ankyrin repeat domains and
intercalating linker domains. The ankyrin repeat, a 33-residue
sequence motif, folds the canonical helix-loop-helix-B-hairpin/
loop and mediates protein-protein interactions.? Tandem ankyrin
repeats exhibit tertiary-structure-based elasticity and behave as a
liner and fully reversible spring.%? It should be noted that mechan-
ical strain applied to cells induces p130©* extension and tyrosine
phosphorylation at the cell periphery.! Therefore, it is tempting to
speculate that ANKRD28 may cooperate with p130©* to sense the
strain and to regulate focal adhesion dynamics and cell migration.
A variant of ANKRD28, known as Phosphatase Interactor
Targeting K protein (PITK), has been reported as a PP1-targeting
subunit that modulates the phosphorylation of the transcriptional
regulator hnRNP K.42 Another variant of ANKRD28, PP6-ARS-A,
has been identified as one of the PP6-binding partners.3 In
addition, it has recently been reported that the chromosomal
translocation in a patient with adult myelodysplastic syndrome/
acute myelogenous leukemia resulted in ANKRD28-NUP98
fusion protein, which localized to the nucleus.* In our hands,
ANKRD28 mRNA was expressed ubiquitously and the majority of
ANKRD?28 protein was localized at the cytosol. Further examina-
tion of the localization of ANKRD28 and its binding partners for
the purpose of mediating focal adhesion dynamics would provide
more clues as to how ANKRD28 functions in cell migration.
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