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We observed previously that combined small interfering
RNAs (siRNAs) targeting CrkII and CrkL, known activators of
guanine nucleotide exchange factor DOCK1, strongly inhibit
Caco-2 intestinal epithelial cell spreading andmigration on col-
lagen IV.DOCK1 siRNAreduced its expression>95% inCaco-2
cells but inhibited spreading much less than combined CrkII/
CrkL siRNAs, suggesting that CrkII/CrkL interact with addi-
tional DOCK proteins. siRNA targeting DOCK5, a closely
related DOCK1 family member, inhibited Caco-2 spreading
similarly to DOCK1 siRNA, and the combined siRNAs synergis-
tically inhibited spreading. Similar results were observed in
human umbilical vein endothelial cells, and reverse tran-
scriptase PCR demonstrated DOCK5 siRNA reduction of
DOCK5 expression in both cell types. Combined DOCK1/
DOCK5 siRNAs also inhibited Caco-2migration and lamellipo-
dial extension. Expression of DOCK5 cDNA, with silent muta-
tions in the siRNA target region allowing expression
simultaneously with DOCK5 siRNA, required CrkII/CrkL to
restore cell spreading and DOCK5 coimmunoprecipitated with
CrkII and CrkL. DOCK5 association with CrkII and CrkL was
greatly reduced bymutations in theirNH2-terminal SH3domains.
Expression of the DOCK5 COOH-terminal region (Met1738–
Gln1870), containing potential Src homology 3 domain-binding
proline-rich sites but lacking other functional regions, inhibited
Caco-2 spreading and coimmunoprecipitated with CrkL. Coim-
munoprecipitation of full-length DOCK5 with CrkL was strongly
reduced by deletion of DOCK5 COOH-terminal amino acids
1832–1870.Green fluorescentprotein-taggedDOCK5 localized to
the membrane of Caco-2 cells spreading on collagen IV. In these
studies, we describe human DOCK5 cloning and expression, our
results indicatingthat, alongwithDOCK1,DOCK5isan important
mediatorofCrkII/CrkL regulationofCaco-2 spreadingandmigra-
tion on collagen IV.

TheRac guanine-nucleotide exchange factor (GEF)2DOCK1
(dedicator of cytokinesis 1) (1) belongs to a family of GEFs that

activate either the Rac or CDC42 small G proteins (reviewed in
Refs. 2–4). Genome analysis indicates that there are 11 family
members in humans (5) and that DOCK1 orthologues are pres-
ent in other organisms, including Drosophila melanogaster
(Myoblast city (6)), Caenorhabditis elegans (Ced-5 (7)), and
zebrafish (8). Association with the amino-terminal CrkII SH3
domain via a proline-rich region in the carboxyl-terminal part
of DOCK1 contributes to DOCK1 translocation to focal adhe-
sions (9, 10) and activation of RacI (11) and regulates formation
of the DOCK1-ELMOI complex (12) that contributes to
DOCK1 function in apoptotic cell phagocytosis in C. elegans
and mammalian cell migration (9). Within the human DOCK1
family of proteins, DOCK5 has the closest sequence similarity
to DOCK1. Although DOCK5 contains several proline-rich
sequences in its carboxyl-terminal region, this region diverges
considerably from the corresponding region of DOCK1, and
human DOCK5 does not contain the consensus CrkII amino-
terminal SH3 domain binding sequence (PXLPXK) that is pres-
ent twice in the carboxyl-terminal region of DOCK1 (1, 13).
siRNA knockdown studies indicate a role for DOCK5 in oste-
oclast differentiation (14), and morpholino-oligo knockdown
of zebrafish DOCK5 (8) and knock-out of DOCK5 in mouse
(15) indicate that DOCK5 functions inmyoblast fusion in these
organisms. Additionally, a mutation in DOCK5 is correlated
with the rupture of lens cataract in mice (16). The DOCK5
functional mechanism, however, including its potential
upstreamactivators and its role in integrin-mediated cellmove-
ment, has not been fully characterized.
Although intestinal epithelial cell adhesion andmigration on

matrix proteins have been described by several investigators,
including our own group (17–23), the signalingmechanisms by
which matrix regulates intestinal epithelial cells are poorly
understood. Our previous work in human Caco-2 intestinal
epithelial cells, a cell line that progressively differentiates as it
grows past confluence and is thus a widely used human intesti-
nal epithelial cell in vitromodel system, suggests that Src kinase
phosphorylation of p130cas and subsequent association of
p130cas with the adaptor proteins CrkII and CrkL regulates
intestinal epithelial cell spreading, lamellipodial extension, and
sheet migration on collagen IV (24–26), which activates the
�1�1 and �2�1 integrins (25) and is a major component of the
intestinal epithelial basement membrane in vivo. The down-
stream effectors of CrkII and CrkL in this system, however,
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have not been identified. In this paper, we examine the role of
DOCK1 and DOCK5 in regulation of Caco-2 intestinal epithe-
lial cell spreading and migration on collagen IV using siRNAs
that target these proteins and confirm these results in human
umbilical vein endothelial cells (HUVECs). Additionally, we
report the cloning and expression of the complete human
DOCK5 cDNA, examine its association with CrkII and CrkL
through coimmunoprecipitation studies usingmutant forms of
these proteins, and characterize the function of the expressed
DOCK5 protein in cell spreading assays. We also characterize
the intracellular localization of DOCK5 in Caco-2 cells by
expression of green fluorescent protein-tagged DOCK5.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium, Oligo-
fectamine, Lipofectamine, and Plus Reagent and the �-galacto-
sidase detection kit were obtained from Invitrogen. Collagen IV
was obtained from Sigma. CrkII monoclonal and polyclonal
antibodies were obtained from Transduction Laboratories
(Lexington, KY) and Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), respectively. CrkL polyclonal antibodywas obtained
from Santa Cruz Biotechnology. Monoclonal antibodies to
�-tubulin andHA tag (12CA5)were obtained fromCalbiochem
and Roche Applied Science, respectively. Glutathione S-trans-
ferase (GST) polyclonal antibody was obtained from Cell Sig-
naling Technology (Danvers, MA). Protein A/G-agarose was
obtained either from Santa Cruz Biotechnology or EMD Bio-
sciences (Gibbstown, NJ). siRNAs to human DOCK1, DOCK5,
CrkII, and CrkL and control nontargeting siRNA 1 (NT1 con-
trol siRNA) were purchased from Dharmacon (Lafayette, CO).
siRNA sequences were selected using Dharmacon Smartdesign
and corresponded to the following sequences: DOCK1, GTAC-
CGAGGTTACACGTTA; DOCK5, AGATTTACCTTCCGA-
CAC (DOCK5-1), ATCCATTGCTATAGAAGAA (DOCK5-
2), and TGATCCACGGTGAGTTTGA (DOCK5-3); CrkII,
ACACTATTTGGACACTACA; CrkL, GTCACAAGGAT-
GAATATAA. DNA primers were obtained from Integrated
DNA Technologies (Coralville, IA). pKH3 expression vector
was generously provided by Dr. Jun-Lin Guan (University of
Michigan, Ann Arbor, MI). Aequorea coerulescens green fluo-
rescent protein (AcGFP) vector and monoclonal antibody
(JL-8) to AcGFP were obtained from Clontech.
HumanDOCK5Cloning and Expression—RNA fromCaco-2

cells and HUVECs was obtained using TRIzol reagent (Invitro-
gen), and cDNA libraries were made using Superscript reverse
transcriptase (Invitrogen). The full-length DOCK5 cDNA
clonewas assembled from two partial Caco-2 cDNA clones and
one partial cDNA clone (AK126249) obtained from the NITE
Biological Resource Center (Kisarazu-shi, Chiba Prefecture,
Japan), extending from 137 to 1700, 1682 to 2977, and 2833 to
6266, respectively, of the most recently compiled DOCK5
sequence (accession number NM024940; open reading frame
from138 to 5750). Silentmutationswere introduced into one of
the DOCK5 siRNA target regions (DOCK5-2 targeting 1682–
1700) by using overlapping primers for the two Caco-2 cDNA
library clones containing the silent mutations in the sequences
at the start of the 49-base pair primers. Caco-2 cDNA library
clones were amplified using Vent polymerase (New England

Biolabs, Beverly, MA) for PCR and then verified by sequencing.
Aside from the silent mutations introduced into the siRNA tar-
get region, the Caco-2 cDNA clones differed from the DOCK5
sequence given in NM024940 at three positions, none of which
affected the protein sequence: A for G at 1028, which changes a
valine codon fromGTG toGTA;C forT at 1946,which changes
a serine codon from CTT to CTC; and G for A at 2786, which
changes a threonine codon from ACA to ACG.
DOCK5 carboxyl-terminal deletion mutants were made by

PCR using Vent polymerase or by using internal restriction
enzyme sites to create in-frame stop codons. Eukaryotic expres-
sion expression vectors containing CrkII and CrkII W169L
were obtained from Dr. Michiyuki Matsuda (Kyoto University,
Kyoto, Japan), and PCR was used for cloning of cDNAs into
pGEX4T-1 GST fusion protein expression vector (GE Health-
care). GST-CrkL expression vector was obtained from Dr.
Ayako Arai and Dr. Osamu Miura (Tokyo Medical and Dental
University), and PCR was used to introduce W160L mutation
into the amino-terminal SH3 domain of this protein. All
expression vectors derived by PCR were confirmed by
sequencing.
Cell Culture—The Caco-2 cell line used for this work was a

subclone (Caco-2BBE) of the original Caco-2 cell line that was
selected for its ability to differentiate in culture, as indicated by
the formation of an apical brush border and brush border
enzyme expression, and has been previously described (27, 28).
Passage 45–67 Caco-2 cells were cultured as described previ-
ously (26). HUVECs were obtained from the American Type
Culture Collection (Manassas, VA) and cultured according to
their instructions.
Coating of Cell Culture Dishes—Cell culture dishes were

coated with a saturating concentration (29) of collagen IV (12.5
�g/ml) in precoating buffer (15 mM Na2CO3, 35 mM NaHCO3,
pH 9.4). Collagen IV-coated tissue culture dishes were overlaid
with 1% heat-inactivated (80 °C, 30min) bovine serum albumin
in phosphate-buffered saline for 45 min at 37 °C prior to
spreading studies.
Cell Lysis—Cells were lysed on ice in modified radioimmu-

noprecipitation buffer (50 mM Tris-HCl, pH 7.4, 150 mMNaCl,
1% Triton X-100, 10% glycerol, 1% deoxycholic acid, 0.1% SDS,
1 mM EDTA, 1 mM ethylene glycol-bis[�-aminoethyl ether]-
N,N,N�,N�-tetraacetic acid, 50 mM phenylmethylsulfonyl fluo-
ride, 1 mM Na3VO4, 1 mM NaF, 10 mM sodium pyrophosphate,
2 �g/ml aprotinin, 2 �g/ml leupeptin). For coimmunoprecipi-
tation experiments, deoxycholic acid and SDS were omitted
from the lysis buffer. Lysates were centrifuged at 15,000 � g for
10 min at 4 °C, and supernatants were stored at �80 °C or, for
coimmunoprecipitation experiments, used directly. Protein
concentrations were determined by the BCA�method (Pierce).
Blots were detected by the ECL method (GE Healthcare) after
transfer of gels to Immobilon P membranes (Millipore, Bed-
ford, MA). Densitometry on autoradiographs of immunoblots
was performed using an Eastman Kodak Co. 440CF Image Sta-
tion within the linear range of exposure.
Expression of Glutathione S-Transferase Fusion Proteins—

BL21(DE3)pLysS Escherichia coli (Invitrogen) were trans-
formed with control pGEX vector or pGEX vectors expressing
CrkII, CrkL, or the corresponding mutant proteins (CrkII
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W169L and CrkLW160L) with the invariant tryptophan in the
amino-terminal SH3 domain changed to leucine. 1 mM isopro-
pyl 1-thio-�-D-galactopyranoside was added to 10-ml log phase
cultures of BL21(DE3)pLysS for 2 h at 33 °C to induce expres-
sion of GST fusion proteins. Cultures were then lysed in mod-
ified radioimmunoprecipitation buffer, and lysates were incu-
bated with glutathione-Sepharose (GE Healthcare) for 2–3 h at
4 °C. After beads were rinsed with modified radioimmunopre-
cipitation buffer, lysates of Caco-2 cells expressingHA-DOCK5
were added, and immunoprecipitations were continued over-
night at 4 °C.
Transfections—Caco-2 cells and HUVECs were transfected

with siRNAusingOligofectamine andPlus reagent as described
previously (26). For plasmid transfections, p100 dishes of
Caco-2 cells were transfected with 5 �g of vector control or
DOCK5 plasmid DNA, as described previously (26). For cell
spreading experiments, cells were cotransfected with 1 �g of
�-galactosidase expression vector to indicate cells transfected
with plasmid DNA.
Cell Spreading and Migration—Cell spreading experiments

were performed as described previously (26). Briefly,
trypsinized cells were allowed to initially adhere for 15 min at
37 °C in serum-free medium to collagen IV-coated dishes
blocked with bovine serum albumin. Nonadherent cells were
then rinsed off with serum-freemedium, and cells were allowed
to continue spreading in serum-free medium at 37 °C for 90
min (Caco-2) or 30 min (HUVECs). Cells were plated at low
density (�5000 cells/well of a 6-well dish) to minimize cell-cell
contacts that might interfere with cell spreading. Cells were
stained with Harris modified hematoxylin after fixation with
10% formalin. Measurements of cell size were based on at least
150 cells for each condition in each experiment. For spreading
experiments inwhich cells were transfectedwith plasmidDNA,
cells were fixed and stained for �-galactosidase expression to
identify transfected cells. In these experiments, measurements
of cell sizewere based on at least 150 lacZ-positive cells for each
condition in each experiment.
For migration experiments, cells transfected with NT1 con-

trol or DOCK1 and DOCK5 siRNAs were replated 2 days after
transfection on collagen IV-coated p60 Petri dishes in 0.3%
serum medium (to minimize proliferation after replating) at
3 � 106 cells/dish. A uniformmigrating front was then created
the next day in the confluent cell monolayer, as described pre-
viously (25), and migrations were allowed to continue for
16–20 h. Measurements of migration area were based on at
least five random measurements for each condition in each of
five or more independent experiments.
Statistical Analysis—Where indicated, results were com-

pared using Student’s t test and considered statistically signifi-
cant when pwas�0.05.When indicating significance, an aster-
isk indicates p � 0.05, a double asterisk indicates p � 0.01, and
a triple asterisk indicates p � 0.001. All experiments were done
independently at least three times unless otherwise indicated.

RESULTS

DOCK1 siRNAOnly Partially Reduces Caco-2Cell Spreading—
We have previously observed that combined siRNA inhibition
of the adaptor proteins CrkII andCrkL strongly inhibits Caco-2

cell spreading and migration on collagen IV by more than 40%
and strongly inhibits lamellipodial formation at the leading
edge of the migrating front (26). siRNA targeting the GEF
DOCK1, which is a downstream effector of CrkII and CrkL in
numerous cell systems (1, 30, 31), only reduced cell spreading
by 15% despite reducing DOCK1 protein levels by more than
95% (Fig. 1A). Among theDOCK1 familymembersmost closely
related to DOCK1 is DOCK5. Two siRNAs specifically target-
ing different regions of the DOCK5 mRNA each reduced cell
spreading similarly to DOCK1 siRNA, whereas the combined
DOCK1 and DOCK5 siRNAs inhibited cell spreading synergis-
tically (36 � 4% inhibition, n � 8, p � 0.001 compared with
NT1 control siRNA; Fig. 1A; images in Fig. 1B). In order to
confirm our results in a nonepithelial cell line, we examined
HUVEC spreading on collagen IV (Fig. 1A). The DOCK1 and
DOCK5 siRNAs had an even greater effect in this cell type, and,
as in Caco-2 cells, the combined siRNAs acted synergistically
(33 � 2, 41 � 7, and 57 � 2% inhibition, respectively, for
DOCK1, DOCK5, and combined siRNAs; n � 3, p � 0.01 for
each condition). Additionally, the combined DOCK1 and
DOCK5 siRNAs inhibited HUVEC spreading similarly to the
combinedCrk andCrkL siRNAs (50� 6% inhibition,n� 3, p�
0.05 compared with NT1 control). As in Caco-2 cells, DOCK5
results were confirmed in HUVECs with two different DOCK5
siRNAs. Reverse transcriptase PCRusing primers to a carboxyl-
terminal portion of the DOCK5 open reading frame confirmed
expression of DOCK5 in Caco-2 cells and HUVECs and reduc-
tion of DOCK5 mRNA by DOCK5 siRNA (Fig. 1C). TA vector
cloning of the Caco-2 PCR product additionally confirmed
its identity as DOCK5. Although the individual siRNAs to
DOCK1 and DOCK5 slightly, but not significantly, inhibited
Caco-2 cell migration (11 � 5 and 9 � 4% inhibition, respec-
tively, for individual DOCK1 and DOCK5 siRNAs, n � 7 for
each), as for cell spreading, the combination of DOCK1 and
DOCK5 siRNAs synergistically inhibited Caco-2 sheet
migration on collagen IV by 20 � 3% (Fig. 1D, n � 5, p � 0.01
compared with NT1 control siRNA-transfected cells). Simi-
larly to migrating Caco-2 cells in which CrkII and CrkL are
reduced by siRNA (26), Caco-2 cells transfected with the
combination of DOCK1 and DOCK5 siRNAs had fewer
lamellipodial extensions at the migrating front compared
with NT1 control siRNA-transfected cells (Fig. 1D).
Dock5RequiresCrkII/CrkL inOrder toRestoreCell Spreading—

Full-length DOCK5 was assembled from Caco-2 cDNA library
clones and from a cDNA containing the carboxyl-terminal por-
tion of DOCK5 obtained from the NITE Biological Resource
Center (Fig. 2). During the process of cloning, eight silentmuta-
tions were introduced into one of the DOCK5 siRNA target
regions (DOCK5-2) to allow expression of the HA-tagged
DOCK5 in the presence of the DOCK5 siRNA used in Fig. 1A
and 1C. The HA-tagged DOCK5 protein was expressed at the
predicted size of�190 kDa (Fig. 3A). HA-DOCK5 reexpression
in Caco-2 cells transfected with both DOCK1 and DOCK5-2
siRNAs restored cell spreading to control levels, verifying the
function of DOCK5 in cell spreading in Caco-2 cells.
HA-DOCK5 reexpression, however, did not affect cell spread-
ing after siRNA reduction of CrkII and CrkL (Fig. 3B; immuno-
blots in Fig. 3C), indicating thatDOCK5 function in cell spread-
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ing requires CrkII/CrkL. Additionally, HA-DOCK5 was
present in both CrkII (Fig. 3D) and CrkL (Fig. 3E) immunopre-
cipitates from lysates of subconfluent spreadingCaco-2 cells on
either collagen I (Fig. 3D) or collagen IV (not shown). Treat-

ment of cells with CrkII or CrkL siRNA greatly reduced the
amount of HA-DOCK5 in the CrkII or CrkL immunoprecipi-
tates, confirming the specificity of the association. Together,
these results suggest that both CrkII and CrkL promote cell

FIGURE 1. A, effect of DOCK1 and DOCK5 siRNAs on Caco-2 cell and HUVEC spreading. Caco-2 or HUVECs were transfected with 200 nM NT1 control siRNA, 100
nM NT1 siRNA, and either 100 nM DOCK1 or DOCK5 siRNA or combined 100 nM DOCK1 and 100 nM DOCK5 siRNA and, after trypsinization, were replated on
collagen IV and allowed to spread as described under “Experimental Procedures.” For comparison, HUVECs were also transfected with combined 100 nM CrkII
and 100 nM CrkL siRNAs. Results are based on measurements of at least 150 cells for each condition in each of three or more experiments. *, p � 0.05 compared
with NT1 siRNA; **, p � 0.01 compared with NT1 siRNA; ***, p � 0.001 compared with NT1 siRNA. B, representative images of NT1 control and combined DOCK1
and DOCK5 siRNA-transfected Caco-2 cells measured in A. C, PCR using primers to the carboxyl-terminal region of DOCK5 on cDNA libraries of Caco-2 cells or
HUVECs transfected with either 100 nM NT1 control or DOCK5-2 siRNA. One of two (Caco-2) or three (HUVECs) similar experiments is shown. Expression of 18
S ribosomal RNA was used as a control. D, representative images of migrating Caco-2 cells on collagen IV transfected with either NT1 control, individual DOCK1
or DOCK5 siRNAs, or combined DOCK1 and DOCK5 siRNAs. The migration area was quantified from at least five random measurements for each condition in
each of four independent experiments.
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movement in part via DOCK5 and that DOCK5 function in cell
spreading requires CrkII and CrkL.
Amino-terminal SH3 Domains of CrkII and CrkL Mediate

Their Association with DOCK5—The CrkII amino-terminal
SH3 domain mediates its association with the adaptor protein
C3G (32) and with DOCK1 (33). The CrkII amino-terminal
SH3 domain mutant W169L expressed at 10-fold lower levels
than the wild-type protein in transfected Caco-2 cells (not
shown), so in order to compare binding of themutant andwild-
type protein to DOCK5, they were expressed in E. coli as GST
fusion proteins. Additionally, we compared the binding of
DOCK5 to CrkL and CrkL with the corresponding mutation in
its amino-terminal SH3 domain (W160L). Both CrkII W169L
and CrkL W160L exhibited dramatically reduced association
with DOCK5 compared with the respective unmutated protein
(Fig. 3F), indicating that for both CrkII and CrkL, the amino-
terminal SH3domain is essential formediating associationwith
DOCK5.
Expression of the DOCK5 Carboxyl-terminal Region Inhibits

Caco-2 Cell Spreading—We expressed the carboxyl terminal
proline-rich region of DOCK5 to determine its effect on cell
spreading. Expression of HA-DOCK5 Ser1738–Gln1870 signifi-
cantly inhibited Caco-2 cell spreading by 19 � 3% (n � 6, p �
0.01; Fig. 4A; representative images in Fig. 4B), suggesting a
function for this region of DOCK5 in mediating cell spreading.
HA-DOCK5 Ser1738–Gln1870 was present in CrkL immunopre-
cipitates from subconfluent spreadingCaco-2 cells on both col-
lagen I (Fig. 4C) and collagen IV (not shown). We were not,
however, able to detect HA-DOCK5 Ser1738–Gln1870 in CrkII
immunoprecipitates using a CrkII antibody that, like the CrkL
antibody, was raised to the carboxyl-terminal end of the pro-
tein, or detect CrkII in HA immunoprecipitates from these
experiments (not shown).
Identification of DOCK5 Carboxyl-terminal Regions Involved

in CrkII andCrkL Binding—AlthoughDOCK1 andDOCK5 are
closely related throughout the SH3, Docker homology region 1,

andDocker homology region 2 domains, the proteins diverge in
the carboxyl-terminal proline-rich region that in DOCK1
mediates interaction with the SH3 domain of CrkII (Fig. 2), and
the human DOCK5 C-terminal region does not contain a pre-
cise match for the consensus CrkII binding region (PXLPXK)
that is present in DOCK1 (Fig. 5A). In the DOCK5 carboxyl-
terminal region, there are three proline-rich regions, so we
made a series of carboxyl-terminal deletion mutants in which
these regions are successively removed and examined their
association with CrkII and CrkL (Fig. 5A). Interestingly, CrkII
and CrkL exhibited different patterns of association with the
DOCK5 deletion mutants. CrkII association with HA-DOCK5
Met1–Gln1831 andMet1–Gln1807 was increased compared with
CrkII association with full-length DOCK5. This increase, how-
ever, was not significant and appeared to correlate with the
increased expression of these deletion mutants compared with
full-length DOCK5. CrkII association with HA-DOCK5Met1–
Gln1784 was significantly increased by more than 4-fold com-
pared with association with full-length DOCK5, and this
increased association appeared much greater than the slightly
increased expression of this deletion mutant compared with
full-lengthDOCK5. Further deletion of amino acids 1737–1784
eliminated this increased association (Fig. 5B). Unlike CrkII,
however, CrkL association with DOCK5 was reduced by 81 �
3% (n� 3,p� 0.01)when amino acids 1832–1870were deleted,
despite the higher expression level of this deletionmutant com-
pared with full-length DOCK5 (Fig. 5C).
Intracellular Localization of DOCK5—To examine the intra-

cellular localization of DOCK5, we expressed it as an AcGFP-
tagged fusion protein. In anti-AcGFP immunoblots of lysates
from transfected cells, AcGFP-DOCK5 was expressed at the
expected size of �200 kDa (Fig. 6A). Although AcGFP exhib-
ited strong nuclear localization with diffuse cytoplasmic
expression (Fig. 6B), AcGFP-DOCK5 exhibited punctatemem-
branous localization (Fig. 6C) and was not present in the
nucleus of spreading Caco-2 cells on collagen IV, consistent
with a role for this protein in spreading andmigration ofCaco-2
cells. AcGFP-DOCK5 Met1–Gln1736 also exhibited punctate
membranous localization similar to full-length DOCK5, sug-
gesting that associationwith CrkII or CrkLmay not be essential
for DOCK5 membrane association (Fig. 6D).

DISCUSSION

Thedifferential expression of integrins in intestinal epithelial
cells and basement membrane extracellular matrix proteins
along the intestinal epithelial crypt-villus axis in vivo (34, 35)
(reviewed in Ref. 36) suggests a potential role for cell-matrix
interactions in regulating intestinal epithelial cell differentia-
tion and migration. Our previous work with chemical inhibi-
tors of Src, dominant negative forms of Src and p130cas, and
siRNAs specifically targeting p130cas and the adaptor proteins
CrkII and CrkL indicates that these proteins are important reg-
ulators of Caco-2 intestinal epithelial cell spreading, migration,
and lamellipodial extension on the intestinal epithelial base-
ment membrane matrix protein collagen IV, which activates
the �1�1 and �2�1 integrins in Caco-2 cells (25, 26). In the
current work, we determined that the CrkII-binding GEF
DOCK1 functions in Caco-2 spreading andmigration on colla-

FIGURE 2. Cloning of Human Docks. Full-length human DOCK5 cDNA was
assembled from Caco-2 cDNA clones and from clone AK126249 obtained
from the NITE Biological Resource Center as described under “Experimental
Procedures” and cloned into the pKH3 expression vector (amino-terminal HA
tag) or into the AcGFP expression vector (amino-terminal AcGFP tag). Intro-
duction of silent mutations to the DOCK5-2 siRNA target region, PCR target
region for Fig. 1C, and carboxyl-terminal proline-rich region construct
(Ser1738–Gln1870) and percentage amino acid identity between functional
regions of DOCK1 and DOCK5 are also indicated. DHR1 and DHR2, Docker
homology regions 1 and 2; these regions of DOCK1 are as defined by Cote and
Vuori (5).
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gen IV, as has previously been observed for A549 cells on the
�3�1 integrin-activatingmatrix proteins laminin 10/11 (37). In
addition, however, we also determined through siRNA and
cDNA expression studies that the closely related DOCK1 fam-
ily member DOCK5 functions in these processes as well.
DOCK5 Regions Involved in CrkII and CrkL SH3 Binding;

Comparison with Other DOCK1 Family Members—Our evi-
dence suggests that CrkII and CrkL are necessary for DOCK5
function in Caco-2 cell spreading (Fig. 3B) and that DOCK5
associates with both CrkII and CrkL (Fig. 3, D–F). This is con-
sistent with recent work in zebrafish in which morpholino oli-
gonucleotide reduction of either CrkII or DOCK5 results in
similar defects in myoblast fusion (8). DOCK5 association with
CrkII and CrkL is dramatically reduced by mutation of the
invariant tryptophan in the amino-terminal SH3 domain of
each protein (Fig. 3F). The consensus binding site for the ami-
no-terminal SH3 domain of CrkII and CrkL, PXLPXK, is pres-
ent at two sites within the carboxyl-terminal proline-rich

region of DOCK1. DOCK5 does not
contain an exact match for this con-
sensus sequence but has three near
matches in its proline-rich region:
PPLPVR, at amino acids 1839–
1844, and PPPPPK at both 1818–
1823 and 1851–1856 (Fig. 6A). We
detected the carboxyl-terminal pro-
line-rich fragment of DOCK5,
which inhibits cell spreading (Fig.
4A), in CrkL immunoprecipitates
(Fig. 4C), indicating that DOCK5
association with CrkL is mediated
by sequences in the Ser1738–Gln1870
region. DOCK5Met1–Gln1831 asso-
ciation with CrkL was dramatically
reduced compared with association
of the full-length DOCK5 protein
with CrkL (Fig. 5C), consistent with
a potential role for the sequence
PPLPVR at amino acids 1839–1844
or PPPPPK at amino acids 1851–
1856 in mediating DOCK5 associa-
tion with CrkL. More detailed site-
directed mutagenesis of the amino
acid 1832–1870 region of DOCK5
will be required to precisely deter-
mine the sequences within this
region of DOCK5 that mediate its
association with CrkL.
The pattern of CrkII association

with the DOCK5 deletion mutants
(Fig. 5B) clearly differed from that of
CrkL (Fig. 5C). The significantly
increased CrkII association with
DOCK5 Met1–Gln1784 compared
with full-length DOCK5 might be
partially explained by the increased
expression of the deletion mutant
compared with the full-length pro-

tein, but this would not explain the difference in the pattern of
association of the DOCK5 deletion mutants with CrkII and
CrkL. This is a somewhat surprising result, since CrkII and
CrkL have been found to have similar binding properties in
most studies (e.g. see Refs. 38–40; reviewed in Ref. 41). One
possible explanation for this result might be that deletion of
amino acids 1785–1870 prevents DOCK5 interaction with
other proteins thatmay bind to this region and frees upDOCK5
Met1–Gln1784 to interact with CrkII. Another closely related
DOCK1 family member, DOCK2, has been found to associate
with CrkL in human leukemia cell lines via one region in the
amino-terminal part of the protein and another region in the
Docker homology region 2 domain, neither of which contains
proline-rich sequences (42). Additionally, DOCK2 did not
coimmunoprecipitatewithCrkII in this study, indicating that at
least one other DOCK familymember interacts differently with
CrkII and CrkL. Association of DOCK5 Met1–Asp1736 with
CrkII is strongly reduced compared with DOCK5 Met1–

FIGURE 3. DOCK5 expression and function in Caco-2 cell spreading. A, Caco-2 cells were transfected
with pKH3 control vector or HA-tagged DOCK5 cDNA assembled as described under “Experimental Pro-
cedures.” B, HA-DOCK5 expression compensates for DOCK1 function only in the presence of CrkII/CrkL.
Cells were transfected with 250 nM NT1 siRNA, 50 nM CrkII, CrkL, and DOCK1, and 100 nM DOCK5-2 siRNAs
or with 100 nM NT1, 50 nM DOCK1, and 100 nM DOCK5-2 siRNAs and then transfected with pKH3 control
vector or HA-DOCK5 cDNA as indicated, along with �-galactosidase expression plasmid to indicate trans-
fected cells, as described under “Experimental Procedures.” For cell spreading studies, at least 150 lacZ-
positive cells for each condition in each of three or more independent experiments were measured. **, p �
0.01 compared with pKH3 vector control C. The remaining cells not used for the spreading study in Fig. 3B
were lysed and immunoblotted for the indicated proteins. D and E, DOCK5 associates with CrkII and CrkL.
Lysates of subconfluent Caco-2 cells on collagen I transfected with the indicated siRNAs and with either
pKH3 control vector or HA-DOCK5 were immunoprecipitated with CrkII or CrkL antibody and immuno-
blotted for HA-tagged DOCK5. One of three or more independent experiments is shown for both CrkII and
CrkL. For both CrkII and CrkL coimmunoprecipitations, 100 nM DOCK5-2 siRNA was included in each
transfection condition to reduce endogenous DOCK5 expression. F, CrkII and CrkL association with DOCK5
requires the amino-terminal SH3 domain of each protein. Lysates of Caco-2 cells transfected with HA-
DOCK5 were immunoprecipitated with GST-CrkII, GST-CrkII W169L, GST-CrkL, or GST-CrkL W160L fusion
proteins complexed to glutathione-Sepharose, as described under “Experimental Procedures,” and then
immunoblotted for HA tag or GST. One of four similar experiments is shown.
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Gln1784, suggesting that the region between amino acids 1736
and 1784may function in CrkII-DOCK5 association. Although
there are no proline-rich sequences in this region conforming
to the CrkII consensus binding site, the sequence from amino
acid 1757 to 1765 (PTRKAQRPK) is enriched for proline and
the basic amino acids arginine and lysine, and numerous recent
studies (reviewed in Refs. 43 and 44) have suggested that RK-

rich sequences can bind to SH3domains. If this regionmediates
the association of DOCK5 with CrkII, this might explain the
failure to detectDOCK5Ser1738-Gln1870 (Fig. 4) inCrkII immu-
noprecipitates, since the close proximity of the HA tag to this
regionmight affect CrkII-DOCK5 Ser1738–Gln1870 association.
Additionally, there may be other regions outside of Ser1738–
Gln1870 that contribute to DOCK5-CrkII association. As for
CrkL, additional DOCK5 mutagenesis and deletion mutants
will need to be examined for their association with CrkII to
more precisely map the regions of DOCK5 necessary for inter-
action with CrkII.
DOCK5 Intracellular Localization—Our results indicate that

DOCK5 is associated with the edge of the plasmamembrane in
Caco-2 cells spreading on collagen IV (Fig. 6C). Although it is
possible that the weaker association of DOCK5 Met1–Asp1736
with CrkII and CrkL (Fig. 5) is sufficient to target it to the
plasma membrane, the membrane localization of DOCK5
Met1–Asp1736 (Fig. 6D) suggests that association with CrkII
and CrkL may not be essential for DOCK5membrane localiza-
tion (Fig. 6D) and that other protein interactions may contrib-
ute to DOCK5 membrane localization. The sequence homol-
ogy of DOCK5 to DOCK1 suggests that DOCK5 may associate
with ELMO family members. In LR73 Chinese Hamster Ovary
cells, DOCK1 localizes to the cytoplasm when expressed alone,
but some DOCK1 localizes to membrane-proximal regions
when coexpressed with ELMO1 in the absence of CrkII (9). It
has been recently determined that amino acids 1–187 of
DOCK1 are important for mediating its association with
ELMO1 (45). This region is 74% identical between DOCK1 and
DOCK5, suggestingDOCK5may also associatewith ELMO1or
the related proteins ELMO2 and ELMO3.
Functional Overlap of DOCK1 and DOCK5—Our data indi-

cate that both DOCK1 and DOCK5 regulate both Caco-2 and
HUVEC spreading on collagen IV (Fig. 1A) and that reexpres-
sion of HA-DOCK5 is able to completely restore cell spreading
in Caco-2 cells transfected with siRNAs targeting DOCK1 and
DOCK5 (Fig. 3B). Although this result may be affected by pos-
sible overexpression of recombinant HA-DOCK5 relative to
the combined endogenous levels of DOCK1 and DOCK5, this
result suggests that DOCK5 can compensate for loss of DOCK1
function in Caco-2 cells spreading on collagen IV. Additionally,
both DOCK5 and DOCK1 regulate myoblast fusion during
zebrafish development (8), although the comparable studies in
zebrafish to Fig. 3B were not performed in this study. In
DOCK1 knock-out mice, embryogenic myoblast fusion is only
partially inhibited, and knock-out of DOCK5 in addition to
DOCK1 results in further inhibition of this process (15). Along
with the sequence similarity among the two proteins, this sug-
gests that DOCK5 may be able to functionally compensate for
loss of DOCK1 function in systems in which the two proteins
are coexpressed. It will be of great interest to determine
whether DOCK5 can fully or partially compensate for DOCK1
or its orthologues in other cell systems, such as ced-5 mutant
Caenorhabditis elegans, in which expression of humanDOCK1
is able to restore distal tip cell migration (7). Additionally, it will
be of interest to determine whether DOCK5 shares other func-
tional properties of DOCK1, such as the contribution of
ELMOI association to activation of Rac found in some studies

FIGURE 4. A, expression of the DOCK5 carboxyl-terminal proline-rich region
inhibits cell spreading. Cells were transfected with either pKH3 control vector
or HA-DOCK5 Ser1738–Gln1870 (HA-DOCK5 CT; Fig. 2) along with the �-galac-
tosidase expression vector to indicate transfected cells, as described under
“Experimental Procedures.” The remaining cells were lysed and immuno-
blotted for the HA-tagged DOCK5 Ser1738–Gln1870. Results are based on meas-
urements of at least 150 lacZ-positive cells for each condition in each of six
independent experiments. **, p � 0.01 compared with pKH3 vector control.
B, representative images of cells stained for �-galactosidase expression from
A. C, CrkL associates with DOCK5 Ser1738–Gln1870. Subconfluent Caco-2 cells
on collagen I transfected with the indicated siRNAs and with either pKH3
control vector or HA-DOCK5 Ser1738–Gln1870 were lysed, immunoprecipitated
with CrkL antibody, and immunoblotted for HA-tagged DOCK5 Ser1738-
Gln1870. One of three similar experiments is shown.
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(46) (see Ref. 5 for differing results),
the functional requirement for asso-
ciation with phosphatidylinositol
3,4,5-trisphosphate (47), and the
intramolecular association of the
amino-terminal SH3 domain with
the GEF catalytic domain when the
protein is in an inactive conforma-
tion (48).
In conclusion, we have observed

an important role for DOCK1 and
DOCK5 in regulation of human
intestinal epithelial Caco-2 cell
spreading and migration on colla-
gen IV. Additionally, our data indi-
cate that interaction of DOCK5
with CrkII and CrkL participates in
regulation of Caco-2 cell spreading
on collagen IV and that DOCK5
localizes to the plasma membrane
in spreading Caco-2 cells. We
observed that expression of DOCK5
is able to compensate for siRNA
inhibition of DOCK1 expression in
Caco-2 cell spreading. Taken
together with our previous observa-
tions (23, 25, 26), the results
described in this work suggest that
CrkII and CrkL association with
Src-phosphorylated p130cas initi-
ated by intestinal epithelial base-
ment membrane matrix proteins,
such as type IV collagen, may regu-
late intestinal epithelial cell migra-

tion through multiple DOCK1 GEF family members, including
DOCK1 and DOCK5.
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