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Sequential Regulation of DOCK2
Dynamics by Two Phospholipids
During Neutrophil Chemotaxis

Akihiko Nishikimi,>? Hideo Fukuhara,* Wenjuan Su,® Tsunaki Hongu,* Shunsuke Takasuga,®
Hisashi Mihara,® Qinhong Cao,™* Fumiyuki Sanematsu,” Motomu Kanai,®

Hiroshi Hasegawa,® Yoshihiko Tanaka,™? Masakatsu Shibasaki,® Yasunori Kanaho,"
Takehiko Sasaki,” Michael A. Frohman,® Yoshinori Fukui®?t

During chemotaxis, activation of the small guanosine triphosphatase Rac is spatially requlated
to organize the extension of membrane protrusions in the direction of migration. In neutrophils,
Rac activation is primarily mediated by DOCK2, an atypical guanine nucleotide exchange factor.
Upon stimulation, we found that DOCK2 rapidly translocated to the plasma membrane in a
phosphatidylinositol 3,4,5-trisphosphate—dependent manner. However, subsequent accumulation
of DOCK2 at the leading edge required phospholipase D—mediated synthesis of phosphatidic
acid, which stabilized DOCK2 there by means of interaction with a polybasic amino acid cluster,
resulting in increased local actin polymerization. When this interaction was blocked, neutrophils
failed to form leading edges properly and exhibited defects in chemotaxis. Thus, intracellular
DOCK2 dynamics are sequentially regulated by distinct phospholipids to localize Rac activation

during neutrophil chemotaxis.

hemotaxis regulates a wide range of bio-
‘ logical functions, including develop-

mental morphogenesis, wound healing,
and immune responses (/). During chemotaxis,
filamentous actin (F-actin) polymerizes asymmet-
rically at the leading edge of the cell, providing
the force necessary to extend membrane pro-
trusions in the direction of migration (/, 2). This
morphologic polarity is regulated by Rac, a mem-
ber of the small guanosine triphosphatases
(GTPases) that cycle between inactive guanosine
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diphosphate (GDP)-bound and active guano-
sine triphosphate (GTP)-bound states (3). Rac
is preferentially activated at the leading edge
(1, 4, 5), which is achieved in part by regulating
the subcellular localization of guanine nucle-
otide exchange factors (GEFs) (/. 3). The GEFs
contain a variety of localization motifs such as
pleckstrin homology (PH) domains and the
DOCK homology region (DHR)-1, both of which
bind to phosphatidylinositol 3,4,5-trisphosphate
(PIP5) (3, 6), a lipid product of phosphoinositide
3-kinases (PI3Ks). Upon stimulation, PIP; tran-
siently accumulates at the plasma membrane
edge facing the highest level of chemoattract-
ant (1, 2). However, a functional leading edge is
established even in neutrophils lacking PI3KYy, the
major generator of PIP; in this cell type (7, 8).
Thus, other factors may alternately suffice to lo-
calize Rac GEFs at the leading edge during neu-
trophil chemotaxis.

DOCK2 is a member of the CDM family of
proteins (Caenorhabditis elegans, CED-5; mam-
mals, DOCKI180; and Drosophila melanogaster,
Myoblast city) and is predominantly expressed
in hematopoietic cells (9). Although DOCK2 does
not contain the PH and Dbl homology domains
typically found in GEFs, DOCK2 can bind to

PIP; through its DHR-1 domain (/0) and medi-
ates the GTP-GDP exchange reaction for Rac
by means of its DHR-2 domain (//, /2). DOCK2
is a major Rac GEF that controls motility and
polarity during neutrophil chemotaxis (/0). In
response to chemoattractants, neutrophils po-
larize and accumulate DOCK2 at the plasma
membrane edge (fig. S1). To explore the mech-
anism controlling intracellular DOCK2 dynam-
ics, we first analyzed the role of PIP; by crossing
PI3Ky " mice with mice that had been made
by a “knock-in" strategy to express endogenous
DOCK2 as a fusion protein with green fluores-
cent protein (GFP) (10, 13). When neutrophils
from DOCK2-GFP mice were stimulated in sus-
pension with chemotactic factors such as N-
formyl-Met-Leu-Phe (fMLP) and C5a, DOCK2
rapidly translocated to the plasma membrane
at 15 s in the presence, but not in the absence,
of PI3Ky (fig. S2). Thus, the initial membrane
translocation of DOCK?2 is mediated by PIP;.
However, despite the absence of PI3Ky expres-
sion, DOCK2 and F-actin nonetheless still accu-
mulated preferentially at the pseudopod at later
time points (fig. S2).

Phosphatidic acid (PA) is a negatively charged
phospholipid that can function as a lipid an-
chor by binding directly to positively charged
sites on effector proteins (/4). In response to
many types of external stimuli, signaling pools
of PA are formed through hydrolysis of phos-
phatidylcholine (PC) by phospholipase D (PLD)
or phosphorylation of diacylglycerol (DAG)
by diacylglycerol kinase (DGK) (14, 15). Al-
though PLD has been implicated in migratory
responses of Dictyostelium discoideum, epi-
thelial cells, and neutrophils (/6-18), the mech-
anistic basis is largely unknown. To investigate
whether subcellular localization of DOCK2 is
influenced by PLD, GFP-tagged DOCK2 was
expressed in human embryonic kidney (HEK)
293T cells with or without coexpression of
PLD2, a PLD isoform that localizes primarily
to the plasma membrane (/9). DOCK2 was lo-
calized mainly in the cytosol when expressed
alone; however, it readily accumulated at the
plasma membrane when PLD2 was coexpressed
(Fig. 1, A and B). In contrast, the catalytically
inactive PLD2 mutant K758R in which Lys™®
is replaced by Arg (20) failed to alter DOCK2
localization (Fig. 1, A and B). Thus, coexpress-
ing PLD2 induces plasma membrane accumula-
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tion of DOCK2 through a mechanism dependent
on its catalytic activity.

Primary alcohols such as 1-butanol compete
with water in the hydrolysis of PC by PLD (735).
To examine whether PLD-generated PA is in-
volved in control of intracellular DOCK2 dy-
namics, we treated neutrophils of DOCK2-GFP
mice with 1-butanol and, as a control, with
2-butanol. In response to fMLP, C5a, and CXCL2,
25 to 35% of neutrophils treated with 2-butanol
exhibited polarized morphology with focused
distribution of DOCK2. However, treatment with
1-butanol significantly inhibited accumulation
of DOCK2 and F-actin at the pseudopods (Fig.
IC and fig. S3). Similar results were obtained
when neutrophils were treated with 5-fluoro-2-
indolyl des-clorohalopemide (FIPI), a PLD-specific
inhibitor (27) (Fig. 1D), but not with the DGK
inhibitor R59 022 (fig. S4). Although DOCK2
accumulated at the leading edge in control cells
in response to a point source of MLP, the ma-
jority of neutrophils treated with 1-butanol or FIP1
displayed aberrant morphology with extremely
thin lamellae and poorly focused DOCK2 distri-
bution (Fig. 1E and fig. S5). Moreover, treatment
with 1-butanol or FIPI impaired localization to
the pseudopods of a fluorescent probe that de-
tects activated Rac, the GFP-ltagged Rac-binding
domain (RBD) of p2l-activated kinase (PAK)
(22) (Fig. 1F and fig. S6). On the other hand,
neither 1-butanol nor FIPI inhibited the initial
membrane translocation of DOCK2 (Fig. 1, C
and D). Thus, PA acts selectively in the late phase
to control polarized DOCK2 localization during
neutrophil chemotaxis.

Exogenous PA added to culture medium is
rapidly incorporated into the plasma membrane
and can elicit cellular responses (23) (fig. S7).
Wild-type (WT) neutrophils treated with PA ex-
hibited polarized morphology with focused distri-
bution of F-actin (Fig. 2A). This morphological
change appeared to be mediated by PA itself,
because other phospholipids including lysophos-
phatidic acid (LPA) and DAG, the two major
metabolites of PA, failed to induce actin polym-
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erization (Fig. 2B and fig. S8). The effect of PA
was insensitive to pertussis toxin, an inhibitor of
G; and G, proteins (fig. S9), and PA addition did
not increase phosphorylation of Akt, a down-
stream effector of PI3Ks (fig. S10). However,
PA-induced DOCK2 accumulation and actin
polymerization were attenuated by treating neu-
trophils with the PI3K inhibitor wortmannin (Fig.
2C and fig. S11), and the ability of PA to stim-
ulate F-actin assembly and morphologic change
was almost totally lost for DOCK2 " neutrophils
(Fig. 2A). Thus, PA induces actin polymerization
in unstimulated neutrophils and makes “micro-
polarity” visible in a manner dependent on both
basal PI3K activity and DOCK2.

This finding led us to examine whether
DOCK2 physically interacts with PA. Although
no binding was found when HEK293T cell ly-
sates containing DOCK2 were incubated with
lipid vesicles composed solely of PC and

phosphatidylethanolamine (PE), DOCK2 bound
to PA-containing vesicles in a concentration-
dependent manner (Fig. 3A). The PA binding
was almost totally abolished by deleting the
C-terminal 214 amino acid residues (1615 to
1828) (DOCK2-AC) (Fig. 3A), and the C-terminal
fragment bound in vitro to lipid vesicles contain-
ing PA (Fig. 3B) but not to other acidic phos-
pholipids including PIPs;, phosphatidylserine
(PS), and phosphatidylinositol 4,5-bisphosphate
[P1(4,5)P;] (fig. S12). Thus, the C-terminal re-
gion of DOCK2 interacts directly and selective-
ly with PA.

The only motif known for PA-binding pro-
teins is the presence of one or more basic amino
acid residues (/4). Both mouse and human
DOCK2 encode the amino acid sequence Ser-
Lys-Lys-Arg (residues 1696 to 1699), which me-
diates PA binding for the yeast protein Opilp
(24). When the three basic residues were all mu-
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Fig. 3. DOCK2 binds to PA through the A
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**P < 0.01. (C) After expression of GFP-tagged DOCK2 constructs or GFP
alone, DOCK2™ neutrophils were allowed to migrate in an EZ-Taxiscan
chamber along an fMLP gradient (0 to 50 uM). The migration speed was
analyzed for at least 24 GFP-positive cells that moved more than 20 um over

tated to Ala (designated 3A), PA binding was
diminished, but only to a modest extent (Fig.
3B). However, by mutating six additional re-
sides to Ala (designated 9A), we found that
the binding capacity of the DOCK2 C-terminal
fragment to PA decreased to 20% of the WT level
(Fig. 3, B and C). Similar results were obtained
when full-length DOCK2 protein bearing the
9A mutations (DOCK2-9A) was assayed for
PA binding (Fig. 3D). Although the expression
of DOCK2-9A in HEK293T cells induced Rac
activation fully (fig. S13), the DOCK2-9A failed
to localize to the plasma membrane even when
PLD2 was coexpressed (Fig. 3, E and F). In
contrast, when the C-terminal region of DOCK?2
was replaced with a known PA-binding module,
the PH domain of Son of sevenless (SOS) (25)
(Fig. 3C and fig. S14), this chimeric molecule
(DOCK2-PH) accumulated effectively at the
plasma membrane in the presence of PLD2
(Fig. 3, E and F). Thus, PA controls subcellular
localization of DOCK2 by directly binding to
the C-terminal polybasic amino acid cluster.
We next examined whether the DOCK2-PA
interaction is functionally important by ex-

WT 9A PH GFP

(=]

DOCK2 ++ —— ++ +/+
Treatment - — DMSO FIPI

5 um.

pressing GFP-tagged DOCK2-WT, DOCK2-
9A, or DOCK2-PH in DOCK2 " neutrophils.
Although more than 85% of DOCK2 " neu-
trophils expressing DOCK2-WT or DOCK2-PH
extended lamellipodia containing accumulated
DOCK2 toward the fMLP source, the expres-
sion of DOCK2-9A only partially restored the
leading edge formation (Fig. 4A). Because GFP-
tagged SOS-PH localized to the leading edge
even in DOCK2™ neutrophils (fig. S15), this
defect appeared to result from the mability of
PA to tether DOCK2-9A. Indeed, DOCK2-9A
translocated normally to the plasma membrane,
but accumulated less effectively at the pseudo-
pods of WT neutrophils than did DOCK2-WT
and a DOCK2 mutant lacking DHR-1 domain
(DOCK2-ADHRI1; Fig. 4B). When DOCK2-
WT or DOCK2-PH was expressed in DOCK2™

neutrophils, the migration speed increased by
75% or 65%, respectively, compared with that
of the control expressing GFP alone (Fig. 4C).
However, the expression of DOCK2-9A failed
to significantly increase the motility of DOCK2 ™"
neutrophils (Fig. 4C). Consistent with this find-
ing, treatment of WT neutrophils with the PLD

15 min. **P < 0.01. (D) WT or DOCK2™" neutrophils were allowed to
migrate as in (C) in the presence or absence of FIPI (750 nM). The migration
speed was analyzed for at least 40 cells. **P < 0.01. Scale bar in (A) and (B),

inhibitor FIPI reduced the migration speed to a
level almost comparable to that of the DOCK2 "~
neutrophils (Fig. 4D).

We showed here, during neutrophil chemo-
taxis, that intracellular DOCK2 dynamics were
sequentially regulated by two distinct phospho-
lipids: Although the plasma membrane transloca-
tion of DOCK2 was initially mediated by PIP;,
PA acted at a late phase to focus DOCK2 local-
ization and to stabilize the leading edge. This two-
step regulation fits well with the kinetics of these
phospholipids in response to chemoattractants
(fig. S16). Lamellipodia formation in epithelial
cells is mediated by DOCK 180, another GEF, and
is inhibited by 1-butanol (17, 26). The C-terminal
region of DOCK 180 also bound to PA (fig. S17),
which suggested a common mechanism for its
recruitment. Thus, PA may be involved in spatial
regulation for Rac activation in varied biological
settings by controlling localization of GEFs.
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Rare Variants of /IFIH1, a Gene
Implicated in Antiviral Responses,
Protect Against Type 1 Diabetes

Sergey Nejentsev,i'z* Neil Walker,® David Riches,® Michael Eghclm,3 John A. Todd*

Genome-wide association studies (GWASs) are regularly used to map genomic regions contributing
to common human diseases, but they often do not identify the precise causative genes and
sequence variants, To identify causative type 1 diabetes (T1D) variants, we resequenced exons
and splice sites of 10 candidate genes in pools of DNA from 480 patients and 480 controls and
tested their disease association in over 30,000 participants. We discovered four rare variants
that lowered T1D risk independently of each other (odds ratio = 0.51 to 0.74; P = 1.3 x 10> to
2.1 x 107) in IFIH1 (interferon induced with helicase C domain 1), a gene located in a region
previously associated with T1ID by GWASs. These variants are predicted to alter the expression
and structure of IFIH1 [MDA5 (melanoma differentiation-associated protein 5)], a cytoplasmic
helicase that mediates induction of interferon response to viral RNA. This finding firmly establishes
the role of /IFIH1 in T1D and demonstrates that resequencing studies can pinpoint disease-causing
genes in genomic regions initially identified by GWASs.

enome-wide association studies (GWASs)
Gof common multifactorial diseases have
identified dozens of loci harboring discase-
causing sequence variants (/, 2). However, be-
cause the human genome contains regions of
strong linkage disequilibrium, a disease-associated
locus sometimes encompasses several genes and
multiple tightly associated polymorphisms, making
it difficult to pinpoint the causal variant by asso-
ciation mapping. Moreover, in many instances,
the single nucleotide polymorphisms (SNPs) show-
ing the most significant disease association map
to genomic regions with no obvious function, thus
providing few clues as to how causal variants
affect the disease gene.
One way to overcome this limitation is to
search for sequence variants that are rare in the
population (frequency < 3%) but that reside in
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exons and other genomic regions of known func-
tion to identify polymorphisms that alter expres-
sion of the gene and/or function of the protein
product (3). If rare disease-associated variants with
obvious functional effects are found in a candidate
gene that harbors a common disease-associated
variant, then the gene is likely to be causal. Recent
technological advances in high-throughput se-
quencing (4) provide an opportunity to resequence
multiple genetic regions in hundreds of partici-
pants and discover rare sequence variants (5-7).
We used 454 sequencing (8) to search for rare
variants in 10 candidate genes and to study their
association with type 1 diabetes (T1D), previously
known as insulin-dependent diabetes mellitus
(IDDM). T1D is a common disorder that devel-
ops as a result of a complex interaction of genetic
and environmental factors leading to the immune-
mediated destruction of the insulin-producing
pancreatic B cells. To date, 15 loci associated
with T1D have been identified in the human ge-
nome (9-13).

Of the 10 genes that we selected, 6 contain
common T1D-associated polymorphisms: PTPN22,
PTPN2, IFIHI, SH2B3, CLECI64, and IL2RA

(10, 11, 14-16). We also studied two genes that con-
tain rarc mutations causing monogenic syndromes
that may include immune-mediated diabetes: (i)
FOXP3, which is responsible for X-linked syn-
drome of immunodysregulation-polyendocrinopathy-
enteropathy [Online Mendelian Inheritance in Man
(OMIM) 304790], and (ii) A/RE, which is respon-
sible for the autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy syndrome (OMIM
240300). Finally, we studied KCNJ/! because
mutations in this gene cause permanent neonatal
diabetes, an insulin-dependent diabetes of the non-
immune etiology that can be misdiagnosed as TID
in young children (/7). We also studied IAN4L]
because the ortholog of this gene is associated with
immune-mediated diabetes in the rat model of
TID (18, 19).

We resequenced 144 target regions that cov-
ered exons and regulatory sequences of the 10 genes,
31 kbin total (table S1 and T1DBase: www.tldbase.
org/page/PosterView/454Resequencing), in DNA
of 480 T1D patients and 480 healthy controls from
Great Britain arranged in 20 DNA pools (20). We
generated 9.4 million reads with an average length
of 250 bases and identified a total of 212 SNPs
(20). We classified 33 of them as common because
their estimated minor allele frequency (MAF) was
>3% (table S2), and we categorized 179 as rare
because their estimated MAF was <3%. Of the
179 rare SNPs, 156 were previously unseen (table
S3). In the pooled samples, it was impossible to
distinguish rare insertion/deletion polymorphisms
from sequencing errors; thus, we studied nucleo-
tide substitutions only.

Our goal was not only to discover previously
unseen rare variants but also to test their asso-
ciation with T1D in the same experiment, com-
paring allele frequency in DNA pools of patients
and controls. Therefore, it was important that se-
quence reads generated from the DNA pools
estimated accurately allele frequency among indi-
viduals that contributed DNA to these pools. To test
this, we analyzed eight SNPs from the sequenced
regions that had been genotyped previously. We
found good correlation between allele frequency in
the individual samples and its estimate in the DNA
pools (correlation coefficient » = 0.99) (fig. S1),
demonstrating that high-throughput sequencing of
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CELL BIOLOGY

Two Lipids That Give Direction

Jean-Frangois Coté' and Kristiina Vuori?

eutrophils are highly motile cells of
Nthe human immune system that spe-

cialize in clearing pathogens from
infected tissue. Achievement of this task is no
small feat: A neutrophil must relentlessly
track its moving target (such as a bacterium) in
a full-speed race, abruptly changing direction
as needed before closing in on its prey. All this
requires that neutrophils sense very small
amounts of chemicals, known as chemoattrac-
tants, which are released by the escaping
pathogens. Receptors on the surface of neu-
trophils recognize these attractants and initiate
cascades of intracellular signaling events that
ultimately polarize cell movement in the
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Preparing to move. As a nonpolarized neutrophil senses a gradient of
chemoattractant (such as a cytokine), signaling events lead to the localization
of DOCK? at the cell’s leading edge in two stages, each dependent upon a dif-

direction of the pathogen. On page 384,
Nishikimi et al. (1) report that two phospho-
lipids initiate this cellular polarization.

The morphological changes that allow a
neutrophil to alter its direction of movement
requires polarized remodeling of the actin
cytoskeleton. At the center of these changes is
Rac, a member of the Rho family of small
guanine nucleotide (GTP)-binding proteins
(GTPases), whose activation induces rapid
actin polymerization. This event supports
physical extension of the cell’s plasma mem-
brane (as a pseudopod) toward the pathogen
(2). Previous studies have highlighted an
important role for the atypical guanine
exchange factor (GEF) DOCK2 in neutrophil
polarization and migration (3). DOCK2 be-
longs to a family of Rho GTPase regulators
that lack a canonical GEF signaling motif
(Dbl-PH). Instead, these DOCK-related pro-

attractant gradient.

Precise and sequential intracellular signaling
events involving two phospholipids direct

an immune cell toward an attractant
molecule gradient.

teins use a DOCK homology region—2 (DHR-
2) domain to mediate activation of target Rho
GTPases (4-6). In addition, all DOCK pro-
teins harbor a DHR-1 domain that binds to the
phospholipid phosphatidylinositol 3,4,5-
trisphosphate (PIP,) (7). PIP, is generated at
membranes by the phosphorylation of phos-
phatidylinositol 4,5-bisphosphate, a phospho-
lipid component of membranes (&). Both the
DHR-1 and -2 domains are required for prop-
erly localizing the activation of Rho GTPases
by DOCK proteins (9). Kunisaki et al. showed
that neutrophils lacking DOCK2 demonstrate
impaired Rac activation, and consequently,
fail both to polarize and display chemotaxis in
response to chemoattractant (3).

How do neutrophils initiate polarization?
PIP, is rapidly produced by phosphoinositide
3-kinases (PI 3-kinases) in response to acti-
vated chemoattractant receptors, and accu-

Directed cell movement

Pseudopod
formation

Actin polymerization

ferent phospholipid—PIP, and phosphatidic acid (PA). This refinement of
DOCK?2 localization ensures rapid neutrophil movement toward the chemo-
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