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Background: DOCKI is an atypical Rac activator.

Results: Activation of the PDGF receptor induces DOCKI1 translocation to the dorsal ruffles through association with phos-
phatidic acid. Blocking of this interaction impairs dorsal, but not peripheral, ruffle formation.

Conclusion: Phosphatidic acid acts as a lipid anchor for DOCK1 during dorsal ruffle formation.

Significance: A novel regulatory mechanism for dorsal ruffle formation was identified.

Activation of receptor tyrosine kinases leads to the formation
of two different types of plasma membrane structures: periph-
eral ruffles and dorsal ruffles. Although the formation of both
ruffle types requires activation of the small GTPase Rac, the
difference in kinetics suggests that a distinct regulatory mecha-
nism operates for their ruffle formation. DOCK1 and DOCK5
are atypical Rac activators and are both expressed in mouse
embryonic fibroblasts (MEFs). We found that although PDGEF-
induced Rac activation and peripheral ruffle formation were
coordinately regulated by DOCK1 and DOCK5 in MEFs,
DOCKT1 deficiency alone impaired dorsal ruffle formation in
MEFs. Unlike DOCKS5, DOCK1 bound to phosphatidic acid (PA)
through the C-terminal polybasic amino acid cluster and was
localized to dorsal ruffles. When this interaction was blocked,
PDGF-induced dorsal ruffle formation was severely impaired.
In addition, we show that phospholipase D, an enzyme that cat-
alyzes PA synthesis, is required for PDGF-induced dorsal, but
not peripheral, ruffle formation. These results indicate that the
phospholipase D-PA axis selectively controls dorsal ruffle for-
mation by regulating DOCKI1 localization.

Activation of receptor tyrosine kinases (RTKs)? by growth
factors leads to the formation of actin-based structures known
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as membrane ruffles. Membrane ruffles are highly dynamic and
F-actin-rich structures and are classified into two types: periph-
eral ruffles and dorsal ruffles, according to their morphology
and localization (1). Peripheral ruffles are formed by the bend-
ing upward of the leading edge and are associated with cell
motility (2). On the other hand, dorsal ruffles are the unique
membrane structures characterized by a ring-shaped morphol-
ogy and are thought to play important roles in macropinocyto-
sis, internalization of cell surface receptors, and three-dimen-
sional migration and invasion (3-5). The formation of both
peripheral and dorsal ruffles requires activation of the small
GTPase Rac (5-7). Notably, the kinetics of these structures are
not identical with peripheral ruffles being formed continuously
upon stimulation with growth factors, whereas dorsal ruffles
typically do not form until minutes after stimulation, and their
formation is more transient (1, 5, 8, 9). Therefore, the mecha-
nism controlling activation and localization of Rac may be dis-
tinct between peripheral and dorsal ruffle formation.

Like other small GTPases, Rac functions as a molecular
switch by cycling between GDP-bound inactive and GTP-
bound active states, and stimulus-induced formation of the
active Rac is mediated by guanine nucleotide exchange factors
(GEFs) (10). There are two distinct families of Rac GEFs: Dbl
homology domain-containing proteins and DOCK proteins
(10, 11). Until recently, Dbl homology domain containing pro-
teins have been considered to be the universal GEFs in
eukaryotes. However, accumulating evidence indicates that the
DOCK proteins act as major Rac GEFs in varied biological set-
tings. For example, DOCK2, which is predominantly expressed
in hematopoietic cells, plays key roles in migration and activa-
tion of leukocytes (12—17). On the other hand, DOCKI1 (also
known as DOCK180) and DOCKS5 are widely expressed in var-

nine nucleotide exchange factor; MEF, mouse embryonic fibroblast; PA,
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; PH, pleckstrin homology; PS, phosphatidylserine; PIP;, phosphati-
dylinositol 3,4,5-trisphosphate; PI(3,4)P,, phosphatidylinositol 3,4-bispho-
sphate; PLD, phospholipase D.
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ious tissues and are known to regulate phagocytosis, cell migra-
tion, axon guidance, and/or myoblast fusion (18 —22). Although
these molecules do not contain Dbl homology domain, they
mediate the GTP-GDP exchange reaction for Rac through the
DOCK homology region 2 (DHR-2) (also know as CZH2 or
Docker) domain (11, 23, 24).

Upon stimulation with growth factors, Rac is preferentially
activated in peripheral and dorsal ruffles (2, 9), which is likely to
be the result of localization of Rac GEFs. The Rac GEFs contain
a variety of localization motifs such as pleckstrin homology
(PH) domain and DHR-1 domain, both of which bind to phos-
phatidylinositol 3,4,5-trisphosphate (PIP;) (10, 25, 26), a lipid
product of PI3Ks. PI3Ks have important roles in membrane
ruffle formation probably by regulating local concentration of
PIP, (1, 2). However, PIP, production alone cannot explain the
difference in kinetics of peripheral and dorsal ruffle formation.
On the other hand, phosphatidic acid (PA) is a negatively
charged phospholipid that can function as a lipid anchor by
binding directly to positively charged sites on effector proteins
(27). In response to growth factors, PA is partly generated
through hydrolysis of phosphatidylcholine (PC) by phospho-
lipase D (PLD) (28, 29). Although the activity of PLD has been
implicated in growth factor-induced macropinocytosis (30),
the underlying mechanism remains largely unknown.

By analyzing mouse embryonic fibroblasts (MEFs) deficient
in DOCK1 and/or DOCKS5, we found that these GEFs have
different roles in PDGF-induced peripheral and dorsal ruffle
formation. In this study, we provide evidence that the PLD-PA
axis selectively controls dorsal ruffle formation by regulating
DOCK1 localization.

EXPERIMENTAL PROCEDURES

Mice—Mice selectively lacking DOCK1 SH3 domain (D1%/9)
have been generated by crossing mice with a DOCKI allele con-
taining floxed exon 2 with Ella-Cre transgenic mice, as previ-
ously reported (21). DOCK5-deficient (D5 /") mice, PLD1-
deficient (PLD1 /") mice, and PLD2-deficient (PLD2 /") mice
have been described elsewhere (22, 31, 32). Mice homozygous for
DOCKI alleles containing floxed exon 1 (DOCK1"*/1°%) will be
described elsewhere. All animals were maintained in specific
pathogen-free conditions in the animal facility of Kyushu Uni-
versity, and experiments were done in accordance with the
guidelines of the Committee of Ethics of Animal Experiments
of Kyushu University.

Reagents—1-a-PA was obtained from Avanti Polar Lipid.
L-a-PC, L-a-phosphatidylethanolamine (PE), L-a-phosphati-
dylserine (PS), fibronectin, and 5-fluoro-2-indolyl des-cloro-
halopemide (FIPI) (33) were obtained from Sigma-Aldrich.
PIP,- or phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,)-
coated beads were obtained from Echelon Biosciences. Alexa
Fluor 488-conjugated anti-GFP antibody, and Alexa Fluor 546-
or 647-conjugated phalloidin were obtained from Invitrogen.
Anti-GST (B-14), anti-DOCK]1 (C-19), and anti-B-actin (I-19)
antibodies were obtained from Santa Cruz Biotechnology.
Anti-Rac antibody (23A8) was obtained from Millipore.
PDGE-BB was obtained from Peprotech. Polyclonal anti-
DOCKS5 antibody was produced by immunization of rabbits
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with peptides corresponding to the C-terminal portion (residue
1853-1868) of mouse DOCK5.

Plasmids—For expression of N-terminally tagged GFP fusion
proteins and mCherry in mammalian cells, pCI-GFP and pCI-
mCherry vectors were created by subcloning a cDNA encoding
EGEFP or mCherry (Clontech) into pCI (Promega), respectively.
The cDNA encoding the WT or mutant DOCK1 or DOCKS5 or
the PH domain of SOS (residues 423—-551) was subcloned into
pCI-GFP. The pClI vector encoding DOCK1 with the HA tag at
its C terminus has been created by PCR. The pcDNA vector
encoding V5-tagged ELMOI1 has been described previously
(34). The retroviral vector expressing Cre recombinase was cre-
ated using pMxs-IRES-GFP (35). To expresses the DOCK1 chi-
mera molecule encoding the C-terminal region of DOCK5
(designated D1/5C), the Dockl gene corresponding to the
C-terminal region (residues 1553—1865) was replaced with the
Dock5 gene encoding amino acid residues 1578 -1868 in pCI-
GFP. Site-directed mutagenesis was performed using the
method of inverse PCR.

To bacterially express recombinant proteins encoding GST
atthe N terminus, the cDNA encoding the C-terminal region of
DOCKI (residues 1610 -1865), DOCKS5 (residues 1634 —1868),
lactadherin-C2 (residues 277-463), or Akt-PH (residues
1-167) was subcloned into pGEX-6P vector (GE Healthcare).
Recombinant proteins were expressed in ArcticExpress bacte-
rial strain (Agilent) and then purified with glutathione-Sephar-
ose 4B (GE Healthcare) according to the manufacturer’s
instructions.

Cell Culture and Transfection—For preparation of MEFs,
embryonic day 13.5 embryos were trypsinized and cultured in
DMEM supplemented with nonessential amino acids, sodium
pyruvate, penicillin-streptomycin, and 10% FCS (complete
DMEM). MEFs were transfected with WT or mutant DOCK1
or DOCKS5 constructs by using Nucleofector kit V (Lonza),
except for pCI-GFP vector encoding the C-terminal fragment
of DOCK1 (residues 1612-1865). For transfection of this plas-
mid and pCI-GFP SOS PH into MEFs, Lipofectamine 2000
(Invitrogen) was used. Recombinant retrovirus was prepared as
previously described (17) and used to infect DOCK1%x/flox
MEFs. Twenty-four hours after the last infection, cells were
washed with complete DMEM and cultured for 96 h for PDGF
stimulation. Transient transfection into HEK293T cells was
performed with polyethylenimine.

Pulldown Assay and Immunoblotting—For Rac activation
assay, aliquots of the cell extracts were kept for total lysate con-
trols, and the remaining extracts were incubated with GST
fusion Rac-binding domain of PAK1 at 4 °C for 60 min. The
bound proteins and the same amounts of total lysates were
analyzed by SDS-PAGE. Immunoblotting was performed with
relevant antibodies.

Immunofluorescence Microscopy—MEFs prepared from var-
ious knock-out mouse lines were seeded on fibronectin-coated
glass-bottomed dish (Matsunami Glass). After serum starva-
tion overnight, the cells were stimulated with PDGF (30 ng/ml)
for the specified times. The cells were then fixed with 4% para-
formaldehyde for 10 min, permeabilized with 0.2% Triton
X-100-PBS for 5 min, blocked with 1% BSA-PBS for 1 h, and
stained with Alexa Fluor 546-conjugated phalloidin. In some
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experiments, the cells were preincubated with FIPI (750 nm)
(33) or dimethyl sulfoxide (DMSO) for 45 min before stimula-
tion with PDGF (30 ng/ml).

For ratiometric analyses, the GFP fusion WT or mutant
DOCK1 or DOCKS5 constructs (3 ug) were coexpressed with
pCI-mCherry (1 ug) in MEFs, and the cells were cultured on
fibronectin-coated glass-bottomed dish in the presence of
sodium butyrate (1.5 mm) for 48 h. After stimulation with
PDGF (50 ng/ml) for 7 min, the cells were stained with Alexa
Fluor 488-conjugated anti-GFP antibody and Alexa Fluor 647-
conjugated phalloidin. The ratio images of GFP/mCherry were
created with MetaMorph software (Molecular Devices) and
were used to represent the efficiency of the ratio. For rescue
experiments, the GFP fusion WT or mutant DOCK1 constructs
(3 ug) were expressed in D19¢ MEFs before stimulation with
PDGF (50 ng/ml). All of the samples were analyzed with a laser
scanning confocal microscope (LSM510 META; Zeiss).

Lipid Binding Assay—For preparation of liposomes, a mix-
ture of PC, PE, and specified concentration of PA or PS was
dissolved in chloroform and dried in SpeedVac concentrator
(Savant Instruments). The lipid powder was resuspended in
TBS (20 mm Tris-HCI, 0.15 M NaCl, pH 7.5) and incubated at
37 °C for 30 min followed by vigorous vortexing for 10 min.
Before use, liposomes were precipitated at 20,000 X g for 5 min
and washed twice with TBS.

The GST-tagged recombinant proteins were mixed with
liposomes (400 pg) or lipid-coated beads in TBS supplemented
with Nonidet P-40 (final 0.005% for liposomes and 0.25% for
lipid-coated beads) to make 1 ml of solution. The mixture was
incubated for 1.5 h at room temperature and washed twice (for
liposomes) or four times (for lipid-coated beads) with TBS con-
taining 0.005% or 0.25% of Nonidet P-40 followed by centrifu-
gation at 20,000 X g (for liposomes) or 300 X g (for lipid-coated
beads) at 4 °C. The binding proteins were immunoblotted using
anti-GST antibody.

To assay proteins expressed in HEK293T cells for lipid bind-
ing, cells transfected with the specified plasmid DNAs were
suspended in 0.6 ml of TBS supplemented with 1 mm EDTA, 1
mM PMSF, and 0.2% Nonidet P-40, and subjected to a single
freeze and thaw cycle in liquid nitrogen and a 37 °C water bath.
Insoluble debris was removed by centrifugation at 20,000 X g
for 15 min at 4 °C. The supernatants were diluted 40-fold with
TBS containing 1 mm EDTA and 1 mm PMSF and then sub-
jected to liposome binding assays at 4 °C as described above.

Measurement for PA Production—MEFs from WT and
PLD1/2 double deficient (PLD1/27/7) mice were labeled with
32p. and stimulated with PDGF (30 ng/ml). There was no differ-
ence in **P, incorporation into phospholipids between them (data
not shown). Cellular PA levels at the specified times were mea-
sured by thin layer chromatography as previously described (36).

Statistical Analyses—Unless stated otherwise, statistical
analyses were performed by using two-tailed Student’s £ test.

RESULTS

Differential Role of DOCKI and DOCKS in Peripheral and
Dorsal Ruffle Formation—DOCK1 and DOCK5 are members
of the atypical Rac GEFs (11), both of which are expressed in
MEFs (Fig. 1A). To examine the role of DOCK1 and DOCKS5 in
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FIGURE 1. Differential role of DOCK1 and DOCK5 in RTK-mediated periph-
eral and dorsal ruffle formation. A, immunoblot analysis for DOCK1 and
DOCKS5 expression in MEFs prepared from WT and mutant mice. Actin was
used as a loading control. B, activation of Rac was analyzed for MEFs from WT
and mutant mice before and after stimulation with PDGF. The data are repre-
sentative of two independent experiments. C, after stimulation with PDGF (30
ng/ml) for the indicated times, WT and mutant MEFs were stained with phal-
loidin. Arrowheads and arrows indicate peripheral ruffles and dorsal ruffles,
respectively. Scale bar, 50 um. D and E, summaries for PDGF-induced periph-
eral (D) and dorsal (E) ruffle formation in C. The data are expressed as percent-
ages of cells with ruffle formation (means =+ S.E.) and are from three separate
experiments. In each experiment, more than 100 cells were analyzed. Statis-
tical analysis was performed by using analysis of variance followed by Bon-
ferroni correction.**, p < 0.01. Fand G, after stimulation with PDGF at 60 or 90
ng/ml for 4 (F) or 7 (G) minutes, WT and mutant MEFs were stained with
phalloidin. Summaries for PDGF-induced peripheral (F) and dorsal (G) ruffle
formation are shown. The data were analyzed as described in D and E. **, p <
0.01. H and |, following retroviral transduction of Cre IRES-GFP or IRES-GFP
alone, DOCK1f°/flox MEFs were stimulated with PDGF (30 ng/ml) for 7 min
and stained with phalloidin. WT and D14 MEFs without transfection were
used as controls. Summaries for PDGF-induced peripheral (H) and dorsal (/)
ruffle formation are shown. **, p < 0.01.
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FIGURE 2. DOCK1, but not DOCKS5, accumulates at the dorsal ruffle membrane in response to PDGF stimulation. A, following expression of the N-termi-
nally GFP-tagged DOCK1 and the C-terminally HA-tagged DOCK1 in HEK293T cells in combination with V5-tagged ELMO1, cell extracts were immunoprecipi-
tated (/P) with anti-GFP antibody or anti-HA antibody. Immunoblotting was carried out with anti-DOCK1 antibody or anti-V5 antibody. TCL, total cell lysate. B,
following expression of the N-terminally GFP-tagged WT or mutant DOCK1 or the C-terminally HA-tagged DOCK1 in HEK293T cells, cell extracts were pulled
down with PIP;-coated beads. Immunoblotting was carried out with anti-GFP antibody or anti-HA antibody. C, following expression of GFP, DOCK1-GFP, or
DOCK5-GFP with mCherry in WT MEFs, cells were stimulated with PDGF for 7 min. Dorsal ruffles (arrows) were identified by staining cells with phalloidin. Scale
bar, 50 um. D, quantification of data from C. The data are expressed as the ratios of GFP to mCherry (means =+ S.E.) after normalization of the GFP value to an
arbitrary value of 1. More than 20 cells were analyzed for each category. Statistical analysis was performed by using analysis of variance followed by Bonferroni
correction. **, p < 0.01. E, schematic representation of DOCK1 mutants used in this experiment. F, following expression of WT or mutant DOCK1-GFP (ADHR-1,
ADHR-2, AC113, or AC254) with mCherry in WT MEFs, cells were stimulated with PDGF for 7 min. Dorsal ruffles (arrows) were identified by staining cells with
phalloidin. Scale bar, 50 wm. G, quantification of data from F. The data are expressed as the ratios of GFP to mCherry (means = S.E.) after normalization of the

GFP value to an arbitrary value of 1. More than 20 cells were analyzed for each category. **, p < 0.01.

membrane ruffle formation under physiological conditions, we
prepared MEFs from mice lacking DOCK1 SH3 domain (D1¢)
and DOCKS5-deficient (D5~/7) mice (21, 22). DOCKI1 interacts
with ELMO through the N-terminal region containing SH3
domain and a putative a-helical region (18, 37). Because this
interaction is required to inhibit ubiquitination and degrada-
tion of DOCK1 (21), DOCK1 expression was markedly reduced
in D194 MEFs when analyzed by Western blotting (Fig. 1A).
We first examined the role of DOCK1 or DOCKS5 in RTK-
mediated Rac activation. In response to PDGF stimulation, Rac
was activated in D1¥“and D5/~ MEFs, as well as in WT MEFs
(Fig. 1B). In contrast, PDGF-induced Rac activation was
severely impaired in MEFs lacking the expression of both
DOCKI1 and DOCKS5 (D149D5"/~; Fig. 1B). Consistent with
this finding, PDGF-induced peripheral ruffle formation
occurred normally in D19 MEFs and D5/~ MEFs but was
almost completely lost in D1¥4D57/~ MEFs (Fig. 1, C, D, and
F). These results indicate that in MEFs, DOCK1 and DOCK5
are major Rac GEFs acting downstream of PDGF RTK and
regulate coordinately peripheral ruffle formation. Surpris-
ingly, however, PDGF-induced dorsal ruffle formation was
severely impaired in D1%? MEFs at any concentrations
tested (Fig. 1, C, E, and G), despite the normal expression of
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DOCKS5 (Fig. 1A). To further confirm this finding, we used
MEFs from DOCK1%"f°* mice. A similar defect was
observed in DOCK1%*/°x MEFs when Dockl gene expres-
sion was abrogated by retrovirally expressing Cre recombi-
nase (Fig. 1, H and 1).

DOCK1, but Not DOCKS, Accumulates at the Dorsal Ruffle
Membrane Depending on the C-terminal Region—Having
found that DOCK]1, but not DOCKS5, is required for PDGE-
induced dorsal ruffle formation in MEFs, we next compared
localization of these Rac GEFs by expressing as the N-terminal
GFP fusion proteins. We confirmed that the presence of an
N-terminal GFP does not interfere with binding to ELMO and
PIP, (Fig. 2, A and B). When GFP fusion DOCK1 (DOCKI1-
GFP) was expressed in WT MEFs, it readily accumulated at the
dorsal ruffle membrane in response to PDGF stimulation (Fig.
2, Cand D). However, such localization was scarcely found with
DOCK5-GFP (Fig. 2, C and D), raising the possibility that
DOCKI1 may contain a special localization motif that targets it
to dorsal ruffle membrane.

To determine the region of DOCK1 required for localization
to the dorsal ruffle membrane, we expressed several deletion
mutants of DOCK1-GFP in WT MEFs. DOCK1 binds to PIP,
through its DHR-1 domain and mediates the GTP-GDP
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exchange reaction for Rac via its DHR-2 domain (23-26). We
found that DOCK1 was localized normally to the dorsal ruffle
membrane even when these domains are deleted (designated
ADHR-1 and ADHR-2; Fig. 2, E-G). Likewise, deletion of the
C-terminal 113 amino acid residues (residues 1753-1865)
(AC113; Fig. 2E), which contains a proline-rich sequence that is
known to bind to the SH3 domain of Crk or Nck (38, 39), did not
affect DOCK1 localization (Fig. 2, F and G). However, accumu-
lation of DOCK1 at the dorsal ruffle membrane was markedly
suppressed by deleting the C-terminal 254 amino acid residues
(residues 1612—-1865) (AC254; Fig. 2, E-G), suggesting that the
amino acid residues from 1612 to 1752 contain an important
localization motif.

DOCK1 Binds to PA through the C-terminal Polybasic Amino
Acid Cluster—PA functions as a lipid anchor by binding
directly to positively charged sites on effector proteins (27). The
C-terminal region of DOCK1 contains several basic amino acid
clusters. This amino acid sequence has a similarity to that of
DOCK2, which is known to bind to PA (40, 41), but is distinct
from that of DOCKS5 (Fig. 3A). Therefore, we next examined
whether DOCK1 binds to PA. Although no binding was found
when HEK293T cell lysates containing DOCKS5 were incubated
with lipid vesicles containing PA, DOCK1 showed definite
binding to PA-containing vesicles (Fig. 3B). This PA binding
was abolished when the C-terminal region of DOCKI1 was
replaced with that of DOCK5 (D1/D5C; Fig. 3B), indicating that
this region is important for PA binding. Consistent with this,
the C-terminal fragment of DOCKI binds effectively to lipid
vesicles containing PA in vitro (Fig. 3C), but not to other acidic
phospholipids such as PIP,, PI(3,4)P,, and PS (Fig. 3D). These
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results indicate that the C-terminal region of DOCK1 interacts
directly and selectively with PA.

To determine the amino acid residues of DOCK1 critical for
PA binding, we mutated several basic amino acid residues to
alanine. For example, DOCKI has the amino acid sequence
KEKR at positions 1699 —1702, which corresponds to SKKR in
DOCK2 and KDWN in DOCKS5 (Fig. 34). When the DOCKI1-
GFP mutant (designated D1-3A) encoding alanine instead of
the three basic residues in this sequence was expressed in
HEK293T cells, PA binding was diminished, but only to a mod-
est extent (Fig. 3E). However, by mutating six additional resi-
dues to alanine (designated D1-9A), PA binding of DOCK1 was
severely impaired (Fig. 3E). Having found that D1-3A and
D1-9A have different binding capacity to PA, we compared the
localization of these DOCK1-GFP mutants during dorsal ruffle
formation. When D1-3A was expressed in WT MEFs, D1-3A
readily accumulated at the dorsal ruffle membrane in response
to PDGF stimulation (Fig. 3, F and G). However, such localiza-
tion was scarcely found with D1-9A (Fig. 3, F and G). Collec-
tively, these results suggest that the C-terminal polybasic amino
acid cluster of DOCK]1 is important for binding to PA and tar-
geting to the dorsal ruffle membrane.

The Association with PA Is Required for DOCKI-mediated
Dorsal Ruffle Formation—To examine whether PA binding of
DOCK1 is required for dorsal ruffle formation, we expressed
several DOCK1-GFP mutants in D1¥" MEFs. When WT
DOCKI and D1-3A were expressed in D194 MEFs, dorsal ruf-
fle formation was induced as in WT MEFs (Fig. 4, A, B, and F).
However, the expression of D1-9A failed to restore dorsal ruf-
fle formation (Fig. 4, A, B, and F), despite the fact that this
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mutant retains full Rac GEF activity (Fig. 4C). It is clear that
DOCK1 regulates dorsal ruffle formation by acting as a Rac
GEF, because dorsal ruffle formation was not restored by
expressing the ADHR-2 or V1534A mutant encoding alanine
instead of valine at position 1534 that is known to function as a
nucleotide sensor (42) (Fig. 4, D—F). Thus, these results indicate
that the association with PA is required for DOCK1-mediated
dorsal ruffle formation.

PLD-PA Axis Controls Dorsal Ruffle Formation—The PH
domain of SOS is known to bind to PA (43). To visualize PA
production during dorsal ruffle formation, we expressed the
GEFP fusion SOS-PH and the C-terminal fragment of DOCK1
(DOCK1 C254) in WT MEFs. As a result, we found that these
biosensors strongly accumulated at the dorsal ruffle membrane
upon stimulation with PDGF (Fig. 5A). These results suggest
that PA can be produced at the site of dorsal ruffle in response
to PDGF stimulation.

This finding led us to examine whether PLD activity is
required for dorsal ruffle formation. For this purpose, we
treated WT MEFs with FIPI, a PLD-specific inhibitor (33).
Compared with the control treated with DMSO, treatment

MARCH 22, 2013 «VOLUME 288+NUMBER 12

with FIPI markedly suppressed PDGF-induced dorsal ruffle
formation (Fig. 5, B and C). PLD family is composed of six
members, all of which contain the invariant charged motif,
HXXXXKXD (HKD), where the amino acids are histidine, any
amino acid, lysine, and aspartic acid (28, 29). PLD1 and PLD2
are classical PLDs that produce PA through hydrolysis of PC
(28, 29). On the other hand, PLD6 acts on cardiolipin to gener-
ate PA (44), yet the enzymatic activity and the substrate speci-
ficity of other PLD members remain unclear.

To examine whether PLD1 and PLD2 play roles in dorsal
ruffle formation, we prepared MEFs from PLD1 ™/, PLD2"/",
and PLD1/27/" mice and stimulated them with PDGF. Single
deficiency of PLD1 or PLD2 did not affect peripheral and dorsal
ruffle formation (Fig. 5, D and E). However, whereas peripheral
ruffle formation occurred normally even in PLD1/2~/~ MEFs,
double deficiency of PLD1 and PLD2 in MEFs significantly
impaired PDGF-induced dorsal ruffle formation (Fig. 5, D and
E). We found that although double deficiency of PLD1 and
PLD2 did not affect global activation of Rac (Fig. 5F), PDGEF-
induced PA production was much reduced in PLD1/2” '~
MEFs, as compared with that in WT MEFs (Fig. 5G). These
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results indicate that PLD1/2-mediated PA production is neces-
sary to form dorsal ruffles effectively.

DISCUSSION

In this study, by analyzing MEFs deficient in DOCK1 and/or
DOCKS5, we have examined the role of these atypical Rac GEFs
in PDGF-induced membrane ruffle formation. We found that
although peripheral ruffle formation is coordinately regulated
by DOCK1 and DOCK5, DOCKI1 deficiency alone impairs dor-
sal ruffle formation. These results indicate that DOCK1 and
DOCKS5 have different roles in PDGF-induced peripheral and
dorsal ruffle formation.

Reversible interactions between cytosolic proteins and phos-
pholipids in the plasma membrane are important for a wide
range of cellular functions. We found that, unlike DOCKS5,
DOCKI1 binds to PA through the C-terminal polybasic amino
acid cluster and accumulates effectively at the dorsal ruffle
membrane in response to PDGF stimulation. When this inter-
action is blocked, PDGF-induced dorsal ruffle formation is
severely impaired. Thus, the association with PA plays a key
role in DOCK1-mediated dorsal ruffle formation. Although
DOCKS5 does not bind to PA, accumulation of DOCK5-GEFP at
dorsal ruffles was statistically significant in WT MEFs, as com-
pared with GFP control. Because DOCKS5 forms an het-
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erodimer with DOCK1 (45), such heterodimerization may
influence DOCKS5 localization in this experiment.

In response to PDGF stimulation, signaling pools of PA can
be formed through hydrolysis of PC by PLD (46). We found that
deletion of PLD1 and PLD2 leads to impairment of dorsal, but
not peripheral, ruffle formation. These results indicate that the
PLD-PA pathway is crucial for PDGF-induced dorsal ruffle for-
mation. Itis currently unknown whether generation of PIP; and
PA is functionally linked during dorsal ruffle formation. How-
ever, several lines of evidence indicate that PIP, activates PLD
directly or indirectly (28, 29, 47, 48). Therefore, generation of
PIP, and PA may be sequentially regulated during dorsal ruffle
formation.

In summary, we have shown that PLD-PA axis selectively
controls dorsal ruffle formation by regulating DOCK1 localiza-
tion. Our results thus define the novel regulatory mechanism
for RTK-mediated dorsal ruffle formation.
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