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DOCKS is an atypical guanine nucleotide exchange factor for
Cdc42, and its mutations cause combined immunodeficiency in
humans. Accumulating evidence indicates that DOCKS8 regu-
lates the migration and activation of various subsets of leuko-
cytes, but its regulatory mechanism is poorly understood. We
here report that DOCKS8-deficient macrophages exhibit a
migration defectin a 2D setting. Although DOCKS deficiency in
macrophages did not affect the global Cdc42 activation induced
by chemokine stimulation, rescue experiments revealed that the
guanine nucleotide exchange factor activity of DOCKS8 was
required for macrophage migration. We found that DOCKS8
associated with LRAP35a, an adaptor molecule that binds to the
Cdc42 effector myotonic dystrophy kinase-related Cdc42-bind-
ing kinase, and facilitated its activity to phosphorylate myosin IT
regulatory light chain. When this interaction was disrupted in
WT macrophages, they showed a migration defect, as seen in
DOCKS-deficient macrophages. These results suggest that, dur-
ing macrophage migration, DOCKS links Cdc42 activation to
actomyosin dynamics through the association with LRAP35a.

Cdc42 is a member of the small GTPases that function as
molecule switches by cycling between GDP-bound inactive and
GTP-bound active states (1). The stimulus-induced formation of
active Cdc42 is mediated by guanine nucleotide exchange factors
(GEFs),? and, when activated, Cdc42 binds to multiple effector
molecules (1). One such effector molecule is myotonic dystrophy
kinase-related Cdc42-binding kinase (MRCK), which stimulates
the phosphorylation of myosin II regulatory light chain (MLC2)
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and controls actomyosin dynamics (2—5). Cdc42 is known to act as
a master regulator of cell polarity in eukaryotic organisms ranging
from yeasts to humans (1). In addition, it has been shown that
Cdc42-deficient dendritic cells (DCs), a subset of antigen-present-
ing leukocytes, fail to migrate effectively within 3D extracellular
matrix scaffolds, whereas they exhibit only limited defects in a 2D
setting (6). Thus, Cdc42 plays a unique role in leukocyte migration.
DOCKS is a member of the evolutionarily conserved DOCK
family proteins that function as GEFs for the Rho family of
GTPases (7, 8). Although DOCKS8 does not contain the Dbl
homology domain typically found in GEFs, it does bind to
Cdc42 and mediates the GTP-GDP exchange reaction through
the DOCK homology region 2 (DHR2) domain (9). Recently,
substantial attention has been paid to the signaling and func-
tions of DOCKS, as it has been reported that Dock8 mutations
cause combined immunodeficiency syndrome in humans, with
morphological and functional abnormalities of leukocytes (10 —
15). The role of DOCKS in leukocytes was also demonstrated
using animal models. For example, the N-ethyl-N-nitrosourea-
mediated mutagenesis in mice has shown that DOCKS plays an
important role in B cell immunological synapse and long-last-
ing humoral immunity and also contributes to the development
or survival of memory CD8" T cells (15-17). Furthermore, by
generating DOCKS8-deficient (Dock8 ' ~) mice, we and others
have revealed that DOCKS is required for DCs to migrate effec-
tively within 3D, but not 2D, microenvironments (9, 18). How-
ever, DOCKS deficiency in DCs did not affect the global Cdc42
activation induced by chemokine stimulation (9). Therefore,
how DOCKS regulates leukocyte migration remains unclear.
Macrophages are a subset of leukocytes involved in innate
immune responses, and they play important roles in the induc-
tion of protective immunity to invading pathogens (19). We
found that, even in a 2D setting, Dock8 '~ macrophages exhib-
ited reduced motility with a defect in nuclear positioning.
Although DOCKS deficiency in macrophages also did not affect
global Cdc42 activation, rescue experiments revealed that the
GEF activity of DOCK8 was required for macrophage migra-
tion. In this study, we show that DOCKS8 associates with
LRAP35a, an adaptor molecule that binds to MRCK (4), and
facilitates MLC2 phosphorylation. Our findings suggest that,
during leukocyte migration, DOCKS links Cdc42 activation to
actomyosin dynamics through its association with LRAP35a.
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Results

DOCKS Regulates Macrophage Migration in 2D Environments—
To examine the role of DOCKS in macrophages, we first com-
pared the recruitment of macrophages to inflamed lungs
between Dock8"'~ and Dock8 '~ littermate mice. In response
to intratracheal LPS challenge, macrophages rapidly accumu-
lated in the alveolar cavity of Dock8"/~ mice (Fig. 1A4). How-
ever, such accumulation was impaired in Dock8 '~ mice (Fig.
1A). It is known that this recruitment of macrophages critically

depends on the chemokine CCL2 in alveolar tissues (20). To
compare the chemotactic response to CCL2 in vitro, we differ-
entiated macrophages from Dock8"/~ and Dock8 '~ bone
marrow (BM) cells in the presence of M-CSF. Irrespective of
DOCKS expression, these BM-derived macrophages exhibited
an adherent morphology (Fig. 1B), and the majority were
CD11c"CD11b"e" cells (Fig. 1C). These phenotypes were dif-
ferent from the DCs generated from BM cells with GM-CSF
(Fig. 1C). When Dock8*’~ macrophages were stimulated with
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CCL2 in an EZ-TAXIScan chamber, their leading edges effi-
ciently moved toward the chemokine source at a speed of 1.77
pm/min (Fig. 1D). Although DOCKS deficiency did not affect
the directionality and y-forward migration index during macro-
phage migration (Fig. 1E), the average speed of Dock8 '~ BM-
derived macrophages was reduced to 61.0% of the Dock8"'~
speed (Fig. 1D). Similar results were obtained when thioglycol-
late (TG)-elicited peritoneal macrophages were isolated from
Dock8*'~ and Dock8 '~ mice and analyzed for migration
speed (1.11 versus 0.61 wm/min, Fig. 1F). However, no such
defect was observed with Dock8 '~ BM-derived DCs in this 2D
setting (Fig. 1G), as reported previously (9).

During the in vitro chemotaxis assay, we found that nuclear
positioning was different between Dock8"'~ and Dock8 '~
macrophages. Both Dock8"’~ and Dock8 '~ BM-derived
macrophages undergoing chemotaxis actively formed ring-like
structures at the leading lamella (Fig. 1B and supplemental
Movie 1). This was more clearly observed when cells were
stained with phalloidin (Fig. 1H). However, although the
nucleus was located immediately below the ring-like structure
in Dock8"/~ BM-derived macrophages, such localization of
the nucleus was hardly detected in Dock8 ’/~ macrophages
(Fig. 1, B and H, and supplemental Movie 1). Indeed, when the
relative positions of the nucleus within the cell (the distance
from the nucleus to the rear per whole cell length) were com-
pared 60 min after migration, the values of Dock8 "/~ BM-de-
rived macrophages were significantly lower than those of
Dock8*'~ BM-derived macrophages (0.68 versus 0.44) (Fig. 11).
Similar results were obtained when TG-elicited peritoneal
macrophages were analyzed (0.62 versus 0.47, Fig. 1)).

DOCKS8 Regulates Macrophage Migration through Cdc42
Activation—Having found that DOCKS regulates macrophage
migration, we next examined whether the GEF activity of
DOCKS is required for this process. By analogy of the DOCK9
DHR2 domain, which is also known to act as a Cdc42 GEF (21),
the valine residue at position 1986 of DOCKS8 was expected to
function as a nucleotide sensor. Indeed, biochemical analyses
revealed that the Cdc42 GEF activity of the recombinant
DOCKS8 DHR2 protein was completely abolished by mutating
this valine residue to alanine (VA mutant) despite the quality of
the purified proteins being unaffected. (Fig. 2, A-C). When the

Role of DOCK8 in Macrophage Migration

GFP-tagged WT and VA mutant were expressed in Dock8 '~
BM-derived macrophages using Amaxa Nucleofector™ II,
they showed comparable expression (Fig. 2D). However,
although the migration speed was restored in Dock8 '~ BM-
derived macrophages expressing WT DOCKS (Fig. 2E), the
expression of the GEF-dead VA mutant failed to rescue the
migration defect (Fig. 2E). These results indicate that DOCK8
regulates macrophage migration through Cdc42 activation.
However, as seen in Dock8 '~ DCs (9), DOCKS deficiency in
BM-derived macrophages did not affect the global Cdc42 acti-
vation induced by CCL2 stimulation (Fig. 2F), probably because
of functional compensation by other Cdc42 GEFs.

DOCKS8 Regulates Actomyosin Dynamics at the Leading
Lamella during Macrophage Migration—Nonmuscle myosin I
(NMII) is composed of two heavy chains, two essential light
chains, and two regulatory light chains (22). Although it is well
known that NMII mediates retraction of the rear during cell
migration (22, 23), several studies have indicated that NMII also
regulates leading edge motion (24 -27). To examine the local-
ization of NMII, we stained Dock8"*’~ and Dock8 '~ BM-de-
rived macrophages with antibody for NMIIA. Although the
staining pattern of NMIIA at the cell rear was unchanged
between Dock8"/~ and Dock8 '~ BM-derived macrophages,
the localization and accumulation of NMIIA at the leading
lamella were less evident in Dock8 '~ BM-derived macro-
phages (Fig. 3, A and B). When GFP-tagged MLC2 was retrovi-
rally expressed in Dock8*’~ and Dock8 '~ BM-derived macro-
phages (Fig. 3C), the migration speed was reduced, but a
difference still existed between Dock8'~ and Dock8™ '~
macrophages (1.43 versus 0.92 wm/min, Fig. 3D). More impor-
tantly, the dynamic movement of MLC2 was found at the lead-
ing lamella of Dock8"’~ but not Dock8 '~ BM-derived macro-
phages (Fig. 3C). The dynamics of actomyosin critically depend
on the phosphorylation status of MLC2 (22, 23). In response to
CCL2 stimulation, MLC2 was phosphorylated at the serine res-
idue of position 19 (Ser-19) in Dock8*/~ BM-derived macro-
phages (Fig. 3E). Immunofluorescence staining revealed that
phosphorylated MLC2 was localized at the leading lamella and
subnuclear region (Fig. 3F). However, such phosphorylation
was significantly reduced in Dock8 '~ macrophages (Fig. 3, E

FIGURE 1. DOCKS regulates macrophage migration in 2D environments. A, comparison of alveolar macrophage accumulation between Dock8"/~ and
Dock8~’~ mice. The central lines and error bars on the scatterplots represent the mean and S.D., respectively. Data are collected from 5 mice/group. *, p < 0.05
(two-tailed Mann-Whitney test). B, phase-contrast images of Dock8"/~ and Dock8 /~ BM-derived macrophages migrating along the CCL2 gradient. The blue
arrow and red arrowhead indicate the leading edge and the nucleus, respectively. Scale bar = 10 um. Data are representative of fourindependent experiments.
C, BM-derived macrophages or DCs from Dock8*’~ and Dock8 /~ mice were analyzed for CD11cand CD11b expression. The numbers in the quadrants indicate
the percentage of cells in each quadrant. Data are representative of three independent experiments. D and E, comparison of migration of Dock8"/~ (n = 34)
and Dock8 '~ (n = 30) BM-derived macrophages in response to CCL2 stimulation on a 2D surface. The migration speed (D), directionality (), and y-forward
migration index (E) were calculated based on the movement of the leading edge. The central lines and error bars on the scatterplots represent the mean and
S.D., respectively. **, p < 0.01 (two-tailed Student’s t test). Data are representative of four independent experiments. F, comparison of migration of Dock8 ™"/~
(n = 30) and Dock8 /™ (n = 24) peritoneal macrophages in response to CCL2 stimulation on a 2D surface. The migration speed was calculated based on the
movement of the leading edge. The central lines and error bars on the scatterplots represent the mean and S.D., respectively. **, p < 0.01 (two-tailed
Mann-Whitney test). Data are representative of three independent experiments. G, comparison of the migration of Dock8"/~ (n = 30) and Dock8 /™ (n = 28)
BM-derived DCs in response to CCL21 stimulation on a 2D surface. The migration speed, directionality, and y-forward migration index were calculated based
on the movement of the leading edge. The central lines and error bars on the scatterplots represent the mean and S.D., respectively. Data are representative of
three independent experiments. H, immunofluorescent staining of chemotaxing Dock8*/~ and Dock8 /~ BM-derived macrophages with DAPI (1:5000) and
phalloidin (1:500). Scale bar = 10 um. Data are representative of three independent experiments. /, comparison of the relative position of the nucleus between
Dock8*’~ (n = 33) and Dock8 '~ (n = 30) BM-derived macrophages 60 min after migration. The central lines and error bars on the scatterplots represent the
mean and S.D., respectively. **, p < 0.01 (two-tailed Student's t test). Data are representative of four independent experiments. J, comparison of the relative
position of the nucleus between Dock8"/~ (n = 30) and Dock8 /~ (n = 24) peritoneal macrophages 60 min after migration. The central lines and error bars on
the scatterplots represent the mean and S.D., respectively. **, p < 0.01 (two-tailed Mann-Whitney test). Data are representative of three independent
experiments.
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FIGURE 2. DOCKS regulates macrophage migration through Cdc42 activation. A, proteins used for the assay. GST fusion Cdc42 and the His-SUMO-tagged
DOCK8 DHR2 domain (5 ug each, WT and VA mutant) were separated on a 10% SDS-polyacrylamide gel and stained with Coomassie Brilliant Blue. The position
and size (in kilodaltons) of the molecular weight markers (MW) are indicated. B, recombinant WT or mutant (VA) DOCK8 DHR2 proteins at final concentrations
of 0.015-1.5 um were analyzed for their GEF activities toward Cdc42 (10 um) using BODIPY-FL-GTP. RFU, relative fluorescence units. Data are representative of
fourindependent experiments. C, comparison of the GEF activities of WT and mutant (VA) DOCK8 DHR2 proteins. The initial slope during the first 10 s (in relative
fluorescence units/second) was calculated and plotted against the concentrations of DOCK8 DHR2 proteins. ¥, p < 0.05 (two-tailed Mann Whitney test). D, flow
cytometric analyses for BM-derived macrophages transfected with the pCI-GFP vector encoding WT or mutant (VA) DOCK8. The green lines indicate the profiles
of cells transfected with an empty vector. £, comparison of the migration speed of Dock8 /~ BM-derived macrophages with or without the expression of WT
or mutant (VA) DOCKS8. As controls, Dock8 "~ and Dock8/~ BM-derived macrophages transfected with pCI-GFP vector were simultaneously analyzed and are
indicated as (—). At least 20 cells were analyzed per category. The central lines and error bars on the scatterplots represent the mean and S.D., respectively. **,
p < 0.01 (two-tailed Mann-Whitney test). Data were collected from five to nine separate experiments. F, activation of Cdc42 in Dock8"/~ and Dock8 "/~
BM-derived macrophages stimulated with CCL2 (100 ng/ml) for 10 s. Cell lysates were subjected to pulldown assays using the GST-fusion Cdc42-binding
domain of PAK1 before immunoblotting with anti-Cdc42 antibody. Results were quantified by densitometry and are expressed as the ratio of the GTP-bound
form to the total protein after the normalization of the 10-s value of Dock8 "/~ macrophages to an arbitrary value of 1. Data are indicated as the mean =+ S.D.

of four independent experiments.

and F). These results suggest that DOCKS regulates the acto-
myosin dynamics during macrophage migration through
MLC2 phosphorylation.

DOCKS Links Cdc42 Activation to Actomyosin Dynamics
through LRAP35a Interaction—MRCKa is a Cdc42 effector
that mediates MLC2 phosphorylation at Ser-19 in collabora-
tion with the leucine-rich adaptor protein LRAP35a (2—5). Dur-
ing the search for binding partners of DOCKS, we found that
DOCK8 and LRAP35a were coimmunoprecipitated when
expressed in HEK-293T cells (Fig. 44). Similar results were
obtained when cell extracts of BM-derived macrophages were
pulled down with GST fusion LRAP35a (Fig. 4B). On the other
hand, BPIX (28), another Cdc42 GEF, did not show any binding
to LRAP35a (Fig. 4A4). A previous report indicated that the
N-terminal region of LRAP35a containing leucine repeats is
important for MRCK binding (4). In contrast, pulldown exper-
iments using recombinant proteins revealed that LRAP35a
associates with DOCKS8 through the C-terminal region (Fig.
4C). When LRAP35a expression was knocked down in
Dock8*'~ BM-derived macrophages using siRNA (Fig. 4D), the

2194 JOURNAL OF BIOLOGICAL CHEMISTRY

migration speed was reduced to the level of Dock8 '~ macro-
phages (Fig. 4E). Similar results were obtained by overexpress-
ing an LRAP35a N mutant that failed to bind to DOCKS (Fig.
4F). In addition, knockdown of either LRAP35a or MRCKa
suppressed MLC2 phosphorylation at Ser-19 (Fig. 4, G and H).
These results suggest that, during macrophage migration,
DOCKS acts as a signaling molecule to integrate Cdc4?2 activa-
tion and actomyosin dynamics through its interaction with
LRAP35a.

Role of LRAP35a in DC Migration in 2D and 3D Environments—
Although Dock8 '~ BM-derived DCs migrate normally on 2D
surfaces, they fail to migrate effectively within 3D extracellular
matrix scaffolds such as collagen gels (9, 18). To examine the
role of LRAP35a in DC migration, we also knocked down
LRAP35a expression in Dock8"/~ BM-derived DCs (Fig. 5A).
Although knockdown of LRAP35a did not affect DC migration
in a 2D setting, it resulted in reduced motility of Dock8"'~
BM-derived DCs in collagen gels (Fig. 5B). Similar results were
obtained by overexpressing LRAP35a N mutant in Dock8™*/~
BM-derived DCs (Fig. 5C). These results indicate that the
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FIGURE 3. DOCKS8 regulates actomyosin dynamics at the leading lamella during macrophage migration. A, immunofluorescent staining of chemotaxing
Dock8"'~ and Dock8 '~ BM-derived macrophages with DAPI, phalloidin (1:500), and anti-NMIIA antibody (1:400). Scale bar = 10 um. Data are representative of three
independent experiments. B, fluorescence intensity of NMIIA and phalloidin staining in chemotaxing Dock8 "/~ and Dock8 /~ BM-derived macrophages. The intensity
was measured from the cell edge to the cell center. a.u,, arbitrary unit. Data are the average of 10 cells with 3 measurements/cell. C, MLC2 dynamics at the leading
lamella in chemotaxing Dock8*/~ and Dock8 '~ BM-derived macrophages after retroviral expression of MLC2-GFP. The white lines indicate the leading edge. Scale
bar = 10 um. As controls, Dock8 '~ and Dock8 '~ BM-derived macrophages were analyzed after expression of GFP alone. Data are representative of three indepen-
dent experiments. D, comparison of the migration speed of Dock8"/~ (n = 20) and Dock8 /~ (n = 20) BM-derived macrophages after retroviral expression of
MLC2-GFP. The central lines and error bars on the scatterplots represent the mean and S.D., respectively. **, p < 0.01 (two-tailed Student’s t test). Data were collected
from three separate experiments. E, comparison of CCL2-induced MLC2 phosphorylation at Ser-19 (phospho-MLC2) between Dock8"/~ and Dock8 /~ BM-derived
macrophages. Results were quantified by densitometry and are expressed as the ratio of the phosphorylated form to the total protein after normalization of the 2
min-value of control samples to an arbitrary value of 1. Data are indicated as the mean = S.D. of four independent experiments. ¥, p < 0.05 (two-tailed Mann-Whitney
test). MW, molecular weight. F, localization of phosphorylated MLC2 at Ser-19 (red, 1:400) and phalloidin (green, 1:500) in chemotaxing Dock8"'~ and Dock8 '~
BM-derived macrophages. Scale bar = 10 um. Data are representative of three independent experiments.
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DOCKS8-LRAP35a signaling axis also acts in DCs to promote
migration within 3D environments.

Identification of the DOCK8 Region Critical for LRAP35a
Association—To determine the region of DOCKS critical for
LRAP35a binding, we expressed WT or mutant DOCKS in

HEK-293T cells with LRAP35a and analyzed their interaction.
Although WT DOCKS and its mutant lacking the N-terminal
730 amino acid residues (DOCK8-ANADHRI1) comparably
bound to LRAP35a, such interaction was hardly detected when
the DOCK8 DHR2 domain was deleted (DOCK8-ADHR2,

A
DOCK8-HA — + + + + MRCKa-GFP — + + + + DOCK8-HA + — -
MRCKa-GFP + — + + — MW DOCK8-HA + — + + — MW BPIX-HA -+ - MW
LRAP3Sa-vs + + — + —(kDa)  |RaPasavs + + — + —(Da)  |@AP3Sa-V5 + + + (“3[;3)
LRAP35a LRAP35a o5 LRARS5a 5
-2
DOCKS 250 DOCK8 [W& 50
MRCKa
150
— MRCKa =0 BPIX 75
150 IP: HA (DOCKS8 or BPIX)
IP: GFP (MRCKa)37 iR Apssaz 37
LRAP35a 25
ERGFSod DOCKs = - 250
DOCK8
MRCKo 6PIX |
DOCKS Total cell lysate
B g ‘17e fl(7) @ rve QEJ
£E8 FEE
N X X N X X
<, i T &2 S 88
S A KN S8 S AN KK LRAP35a
S & & mw L o9 & & MW L& &8
(kDa) S 99 9T (kpa) 5 (kDa) LR1 LR2
250 OCK8 [ -~~-—[250 MRCKo [ = == | 250 TFL-COOH
150 150 150
75 - 75 75 LRAP35aN
s |_ 1
- =0 _— - - 50 - 50 (1-152)
CBB - 37 -.
o 5 .—37 37 LRAP35aC
-‘ (153-239)
- ~----25 - 25
D
siRNA: Control LRAP35a
L i 2
G Time (min): B 5 H Time (min): 0 2
cotsmn v = 7 - ot S
LRAP35a siRNA  — = = - - Z Mw
—_ —_ - —)— 4+/— +/— —/— +/— (kDa
TR, (k2|:(>)a) A= == = A~ |-+ (20)
Phospho—ML02—>| - Phospho-MLG2 —» — s
15
——— - — 20
T
15 15
% T~ 250
o MRCKo —p| s e
210 150
£08 _
5 3
=06 2 1.0
S04 Z 08
- 4 S o
Fo2 > 0.6
< 0 S 04
Control siRNA  + + - 2 02
LRAP35asRNA — — + < 0
= —l- - Control siRNA  + + -
MRCKo siRNA - —  +

2196 JOURNAL OF BIOLOGICAL CHEMISTRY

- = 4~

SASBMB

VOLUME 292-NUMBER 6+-FEBRUARY 10, 2017



Role of DOCK8 in Macrophage Migration

(¢}

A B 2D migration 3D migration 3D migration
. i <10 =2 =2 -
siRNA : Control  LRAP35a E E o E |
+— =~ 4— E g g M °
. ; gL d
@ o @ S
Q.
—— — : FEsw
0 0
SIRNA N
o
a§s 8
Iy I}
+/- -/~

FIGURE 5. The role of LRAP35a in DC migration in 2D and 3D environments. A, RT-PCR analysis for the expression of Lurap1 encoding LRAP35a in
BM-derived DCs transfected with siRNA or control oligonucleotide. B, effect of LRAP35a knockdown on the migration speed of Dock8"/~ BM-derived DCs on
a 2D surface (left panel) or in 3D collagen gels (right panel). As controls, Dock8 "/~ and Dock8/~ BM-derived DCs transfected with control oligonucleotide were
analyzed simultaneously. At least 30 cells were analyzed per category. The central lines and error bars on the scatterplots represent the mean and S.D.,
respectively. **, p < 0.01 (two-tailed Student’s t test). Data were collected from three separate experiments. C, effect of overexpression of the GFP fusion
LRAP35a N mutant on the migration speed of Dock8 "/~ BM-derived DCs in 3D collagen gels. As controls, Dock8 "/~ and Dock8 /~ BM-derived DCs transfected
with GFP alone were simultaneously analyzed. At least 20 cells were analyzed per category. The central lines and error bars on the scatterplots represent the
mean and S.D., respectively. **, p < 0.01 (two-tailed Student’s t test). Data were collected from three separate experiments.

Fig. 6A). Consistent with this, an association between DOCK8 Discussion
and LRAP35a was observed when the DOCK8 DHR2 domain
alone was co-expressed with LRAP35a (Fig. 6B), suggesting that
DOCKS associates with LRAP35a through the DHR2 domain.
This association seemed to be direct, as recombinant protein
encoding the His-SUMO-tagged DOCK8 DHR2 domain exhib-
ited definite binding to GST fusion LRAP35a but not the
LRAP35a N mutant in vitro (Fig. 6C).

The DHR2 domain is composed of three lobes: lobe A, lobe B,

Accumulating evidence indicates that DOCKS regulates the
migration and activation of various subsets of leukocytes
(9-18). However, how DOCKS regulates these processes has
been unclear. In this study, we showed that, in the absence of
DOCKS, macrophages exhibit a migration defect even in a 2D
setting. Although DOCKS deficiency did not affect global
Cdc42 activation, rescue experiments revealed that the Cdc42

and lobe C (21). Of these, lobe B of the DHR2 domain was found g{fiacuzlg (:[fll))oocclég 15 rfiqlnretﬁ forhmac;op}}a? ml%;j[t]i(g;
to be important for LRAP35a association (Fig. 6, D and E). ¢ founctha regulates the phosphory’ation o

Lobes B and C of DOCKS are known to mediate Cdc42 binding in chemotaxing macrophages. Mechanistically, DOCKS8 associ-
(9). To examine whether Cdc42 binding affects the interaction ates with LRAP35a and facilitates MLC2 phosphorylation by

between DOCKS and LRAP35a, we expressed full-length MRCKae. Interestingly, the association with LRAP35a was not
DOCKS with a VA mutation in the DHR2 domain. Although found with other Cdc42 GEFs, such as BPIX and DOCK? (28,
this mutant failed to bind to Cdc42, the VA mutation did not  29)- Therefore, it is likely that the interaction with LRAP35a
affect the interaction of DOCKS8 with LRAP35a (Fig. 6F). In makes DOCKS a special GEF that links Cdc42 activation to
addition, pulldown experiments using GST fusion Cdc42 actomyosin dynamics during macrophage migration (Fig. 7).

showed that DOCKS8, LRAP35a, and Cdc42 were able to form a The role of the DOCK8-LRAP35a signaling axis in other leu-
trimolecular complex (Fig. 6G). These results indicate that kocyte subsets is also important. In this study, we showed that
DOCKS associates with LRAP35a through lobe B of the DHR2  neither DOCKS8 nor LRAP35a deficiency affected the DC
domain, independent of Cdc42 binding. However, no associa- migration on 2D surfaces. Although the precise reason is cur-
tion with LRAP35a was found when lobe B of the DOCK7 rently unknown, this discrepancy is likely to result from differ-
DHR2 domain was analyzed (Fig. 6E). ences in the adhesiveness between macrophages and DCs.

FIGURE 4. DOCK8 regulates macrophage migration through LRAP35a interaction. A, following the expression of DOCK8-HA, BPIX-HA, MRCKa-GFP, and/or
LRAP35a-V5 in HEK-293T cells, cell extracts were immunoprecipitated (/P) with anti-HA antibody or anti-GFP antibody forimmunoblotting. Data are represen-
tative of at least three independent experiments. MW, molecular weight. B, cell extracts from BM-derived macrophages were pulled down with GST alone or
GST-fusion LRAP35a, and the bound proteins and total lysate control were probed by immunoblot with anti-DOCK8 antibody. The recombinant proteins used
in this assay were detected with Coomassie Brilliant Blue (CBB) staining. Data are representative of three independent experiments. C, following the expression
of DOCK8-HA or MRCKa-GFP in HEK-293T cells, cell extracts were pulled down with GST fusion LRAP35a or its mutants. Data are representative of three
independent experiments. D, RT-PCR analysis for the expression of Lurap1 encoding LRAP35a in BM-derived macrophages transfected with siRNA or control
oligonucleotide. E, effect of LRAP35a knockdown on the migration speed of Dock8"/~ BM-derived macrophages. As controls, Dock8*’~ and Dock8 '~
BM-derived macrophages transfected with control oligonucleotide were analyzed simultaneously. At least 40 cells were analyzed per category. The central lines
and error bars on the scatterplots represent the mean and S.D., respectively. **, p < 0.01 (two-tailed Mann-Whitney test). Data were collected from three
separate experiments. F, effect of expression of the LRAP35a N mutant on the migration speed of Dock8 ™/~ BM-derived macrophages. As controls, Dock8™*/~
and Dock8 '~ BM-derived macrophages transfected with GFP alone were analyzed simultaneously. At least 20 cells were analyzed per category. The central
lines and error bars on the scatterplots represent the mean and S.D., respectively. **, p < 0.01 (two-tailed Student’s t test). Data were collected from five separate
experiments. G, effect of LRAP35a knockdown on CCL2-induced MLC2 phosphorylation at Ser-19 (phospho-MLC) in Dock8 ™/~ BM-derived macrophages. As
controls, Dock8"/~ and Dock8 /~ BM-derived macrophages transfected with control oligonucleotide were analyzed simultaneously. Results were quantified
by densitometry and are expressed as the ratio of the phosphorylated form to total protein after normalization of the 2-min value of control samples to an
arbitrary value of 1. Data are indicated as the mean = S.D. of four independent experiments. *, p < 0.05 (two-tailed Mann-Whitney test). H, effect of MRCKa
knockdown on CCL2-induced MLC2 phosphorylation at Ser-19 (phospho-MLC) in Dock8*’~ BM-derived macrophages. As controls, Dock8*/~ and Dock8 ™/~
BM-derived macrophages transfected with control oligonucleotide were analyzed simultaneously. Results were quantified by densitometry and are expressed
as the ratio of the phosphorylated form to total protein after normalization of the 2-min value of control samples to an arbitrary value of 1. Data are indicated
as the mean = S.D. of four independent experiments. *, p < 0.05 (two-tailed Mann-Whitney test).
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FIGURE 6. DOCK8 associates with LRAP35a through lobe B of the DOCK8 DHR2 domain. A, following the expression of WT DOCK8-HA or its mutants
(DOCK8-ANADHR1-HA or DOCK8-ADHR2-HA) with LRAP35a-V/5 in HEK-293T cells, cell extracts were immunoprecipitated with anti-HA antibody for immuno-
blotting. Data are representative of three independent experiments. B, following expression of GFP-tagged DOCK8-DHR2 (amino acid residues 1633-2071),
DOCK8-DHR1 (amino acid residues 561-730), or GFP alone with LRAP35a-V5 in HEK-293T cells, cell extracts were immunoprecipitated (/P) with anti-GFP
antibody for immunoblotting. Data are representative of three independent experiments. MW, molecular weight. C, recombinant protein encoding the
His-SUMO-tagged DOCK8 DHR2 domain (20 .g) was incubated with GST alone, GST fusion LRAP35a, or its mutant (10 n.g each) for pulldown assays. Data are
representative of three independent experiments. CBB, Coomassie Brilliant Blue. D, following expression of GFP-tagged lobe A (amino acid residues 1633-
1808), lobe B (amino acid residues 1764 -1976), or lobe C (amino acid residues 1936 -2076) of the DOCK8 DHR-2 domain with LRAP35a-V5 in HEK-293T cells, cell
extracts were immunoprecipitated with anti-GFP antibody for immunoblotting. Data are representative of three independent experiments. E, following
expression of GFP-tagged DOCK8-DHR2-lobe B, DOCK8-DHR1, or DOCK7-DHR2-lobe B (amino acid residues 1769-1981) with LRAP35a-V5 in HEK-293T cells,
cell extracts were immunoprecipitated with anti-GFP antibody for immunoblotting. Data are representative of three independent experiments. F, following
expression of WT DOCK8-HA or its VA mutant with LRAP35a-V5 in HEK-293T cells, cell extracts were immunoprecipitated with anti-HA antibody for immuno-
blotting. Data are representative of three independent experiments. G, following expression of WT DOCK8-HA or its VA mutant with LRAP35a-V5 in HEK-293T
cells, cell extracts were pulled down with GST fusion Cdc42 or GST alone. Data are representative of three independent experiments.
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FIGURE 7. Schematic of the role of DOCKS8 in leukocyte migration. In this
model, DOCK8 functions not only as a Cdc42 GEF but also as a scaffold protein
that links Cdc42 activation to actomyosin dynamics through its interaction
with LRAP35a. KIM, kinase inhibitory motif; CRIB, Cdc42/Rac-interactive bind-
ing site.
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However, we found that the migration speed of Dock8 /= DCs
in collagen gels was also reduced to the level of Dock8 '~ DCs
when LRAP35a expression was knocked down. Recent evi-
dence indicates that NMII-mediated contractility is required
for leukocytes to squeeze their nucleus through narrow gaps
such as endothelial cell-cell junctions during extravasation and
dense extracellular matrix scaffold during interstitial migration
(30, 31). Therefore, our results suggest that the DOCKS-
LRAP35a axis also regulates interstitial DC migration by con-
trolling actomyosin dynamics.

In conclusion, we showed here that DOCKS regulates leuko-
cyte migration by linking Cdc42 activation to actomyosin
dynamics through LRAP35a interaction. Our findings provide
novel insights into the mechanism of how DOCKS8 regulates
leukocyte migration.

Experimental Procedures

Mice—Dock8 '~ mice have been described previously (9).
Mice were maintained under specific pathogen-free conditions
in the animal facility of Kyushu University. All experiments
were performed in accordance with the guidelines of the Com-
mittee of Ethics of Animal Experiments, Kyushu University.

Cell Preparation—For preparation of BM-derived macro-
phages, BM cells were cultured for 7 days in complete RPMI
medium containing 10% heat-inactivated FCS (Nichirei Biosci-
ence), 50 uM 2-mercaptoethanol (Nacalai Tesque), 2 mM L-glu-
tamine (Life Technologies), 100 units/ml penicillin (Life Tech-
nologies), 100 ug/ml streptomycin (Life Technologies), 1 mm
sodium pyruvate (Life Technologies), and MEM non-essential
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amino acids (Life Technologies) plus M-CSF (20 ng/ml, Pepro-
Tech). To generate BM-derived DCs, BM cells were cultured
for 7 days in complete RPMI medium supplemented with GM-
CSF (10 ng/ml, PeproTech) and purified with anti-CD11c anti-
body-conjugated microbeads (Miltenyi Biotec). To isolate alve-
olar macrophages, mice were challenged with intratracheal
instillations of Escherichia coli LPS (20 ug/mouse). Mice were
then killed 96 h later, and the bronchoalveolar lavage fluid was
collected as described previously (32). For preparation of TG-
elicited peritoneal macrophages, Dock8"'~ or Dock8 '~ mice
were injected intraperitoneally with 200 ul of sterile 3% TG
broth solution (Nissui) to elicit an inflammatory response and
recruit the peritoneal macrophages. Mice were sacrificed 96 h
later by cervical dislocation, and peritoneal exudate cells were
harvested and maintained in complete RPMI medium at 37 °C.
Three hours later, the adherent cells were collected and used as
peritoneal macrophages.

Chemotaxis Assay—BM-derived macrophages or peritoneal
macrophages were allowed to migrate under a CCL2 (10 pg/ml,
Wako) gradient in an EZ-TAXIScan chamber (Effector Cell
Institute). Phase-contrast images of chemotaxing cells were
acquired at 1-min intervals over 60 min. To assess the migra-
tion of BM-derived DCs, phase-contrast images of cells migrat-
ing toward CCL21 (250 pg/ml, R&D Systems) were acquired at
30-s intervals over 30 min. EZ-TAXIScan chemotaxis assays
were performed as described previously (9, 33). TAXIScan-FL
(Effector Cell Institute) was used when cells were transfected
with a plasmid encoding the GFP fusion protein or Block-iT
fluorescent oligo (Invitrogen). Images were imported as stacks
to the Image] software program (National Institutes of Health).
The velocity, directionality, and y-forward migration index
were analyzed using manual tracking and the chemotaxis and
migration tools. 3D collagen gel chemotaxis assays were per-
formed with u-Slide Chemotaxis®" (Ibidi) as described previ-
ously (9). Briefly, cells were mixed with 1.65 mg/ml of collagen
type I (Corning) in RPMI medium supplemented with 4% FCS
and cast in the chamber before assays. After polymerization of
the lattice, images of cells migrating toward CCL21 (10 pg/ml)
were taken in a heated chamber every 2 min using an IX-81
inverted microscope (Olympus) equipped with a cooled char-
ge-coupled device camera (CoolSNAP HQ, Roper Scientific),
an IX2-ZDC laser-based autofocusing system (Olympus), and
an MD-XY60100T-Meta automatically programmable XY
stage (Sigma KOKI). Images were taken, and velocities were
calculated with the manual tracking feature in the MetaMorph
software program.

Immunofluorescence Microscopy—BM-derived macrophages
migratinginan EZ-TAXIScan chamber were fixed with 4% para-
formaldehyde and permeabilized with 0.2% Triton X-100 in
PBS. Cells were then stained with Alexa Fluor 546-conjugated
phalloidin (1:500, Invitrogen), DAPI (1:5000, Dojindo), and
anti-NMIIA antibody (1:400, PRB-440P, Covance). To stain
activated myosin, cells were fixed in 4% paraformaldehyde, per-
meabilized with 0.1% Triton X-100, and incubated with the
phosphorylation-specific antibody against Ser-19 of MLC2
(1:400, 3671, Cell Signaling Technology) and Alexa Fluor 488-
conjugated phalloidin (1:500, Invitrogen) for 1 h. After being
washed with PBS, sections were incubated with appropriately
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labeled secondary antibodies. A microscopic analysis was per-
formed with a laser-scanning confocal microscope (LSM 510
Meta, Carl Zeiss) with Plan-Apochromat X63/1.4 oil objective
at room temperature. The acquisition software program AIM
(Carl Zeiss) was used. In some experiments, fluorescence inten-
sity was measured from the cell edge to the cell center using the
Image] software program. The averages from multiple cells
were calculated and plotted against distance from the leading
edge.

FACS Analysis—Before staining, cells were preincubated for
10 min at 4 °C with anti-Fcy [I/II receptor (BD Biosciences) to
block Fc receptors. Single cell suspensions were stained with
biotinylated anti-F4/80 (TONBO Biosciences), FITC-conju-
gated anti-CD11b (BD Biosciences), and phycoerythrin-conju-
gated anti-CD11c (BD Biosciences) antibodies, followed by
allophycocyanin-conjugated streptavidin (BD Biosciences).
Flow cytometric analyses were performed on a FACSCalibur
(BD Biosciences).

Plasmids and Transfection—The genes encoding DOCKS,
DOCK7, LRAP35a, MRCKg, and BPIX and their mutants with
appropriate tags were created by PCR and subcloned into the
pcDNA (Invitrogen) or pCI (Promega) vector. These plasmids
were transfected into HEK-293T cells with polyethylenimine.
The pMX vector was used to generate the plasmid encoding
GFP or GFP-tagged MLC2. The pMX-MLC2-GFP or pMXs-
GEFP vector was transfected into platinum-E packaging cells
with FUGENE 6 transfection reagent (Promega). 48 h after
transfection, the cell culture supernatants were harvested and
supplemented with Polybrene (5 ug/ml) and M-CSF (20 ng/ml)
to infect macrophages. The pCI-GFP vector encoding DOCKS,
LRAP35a, and/or their mutants was transfected into macro-
phages or DCs by using Amaxa Nucleofector ™ II (Lonza) in
accordance with the instructions of the manufacturer. The
genes encoding the DOCK8 DHR2 domain (residues 1633—
2071) and its mutant were subcloned into the pET-SUMO vec-
tor to express fusion proteins with the His tag at their N termini
(9). The GST fusion recombinant Cdc42, LRAP35a, and its
mutants were expressed with the pGEX6P-1 vector (GE
Healthcare).

Immunoprecipitation, Pulldown Assays, and Immunoblotting—
The following antibodies were used to examine the association
of DOCKS8 (WT or its mutant) or BPIX with LRAP35a or
MRCKe: anti-GFP antibody (sc-9996, Santa Cruz Biotechnol-
ogy), anti-HA antibody (11867423001, Roche), anti-V5 anti-
body (R961-25, Invitrogen), and anti-His antibody (CP15165,
Thermo Fisher Scientific). After expression of DOCKS, BPIX,
MRCKe, and/or LRAP35a with the appropriate tags in
HEK-293T cells, cell extracts were immunoprecipitated with
the relevant antibodies and analyzed by SDS-PAGE for
immunoblotting. For pulldown assays, cell extracts from
BM-derived macrophages and HEK-293T cells expressing HA-
tagged DOCKS or GFP-tagged MRCKa and recombinant pro-
tein encoding His-SUMO-tagged DOCK8 DHR2 domain were
incubated with GST-fusion recombinant protein encoding
LRAP35a or its mutants. In some experiments, HEK-293T cell
extracts expressing HA-tagged WT or mutant DOCKS8 and
V5-tagged LRAP35a were subjected to pulldown assays using
GST fusion recombinant Cdc42. The bound proteins were ana-
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lyzed by SDS-PAGE. The blots were probed with anti-HA anti-
body (1:1000), anti-GFP antibody (1:1000), anti-V5 antibody
(1:4000), or anti-His antibody (1:1000). The polyclonal anti-
body against DOCKS8 was produced by immunizing rabbits
with keyhole limpet hemocyanin-coupled synthetic peptide
corresponding to the C-terminal sequence (RDSFHRSS-
FRKCETQLSQGS, residues 2081-2100; 1.88 ug/ml) of human
and mouse DOCKS8. To assess the phosphorylation status of
MLC2, BM-derived macrophages were lysed on ice in lysis
buffer containing PhosSTOP phosphatase inhibitor mixture
(Roche). Cell extracts were then analyzed by SDS-PAGE, and
blots were probed with phosphorylation-specific antibody
against Ser-19 of MLC2 (1:1000, 3671, Cell Signaling Technol-
ogy) and anti-myosin light chain antibody (1:1000, M4401, Sig-
ma-Aldrich) as a control.

RT-PCR—The cells were homogenized in Isogen (Nippon
Gene). The RNA was extracted with chloroform, precipitated
with isopropanol, and washed with 75% ethanol. The resulting
RNA was resolved in diethyl pyrocarbonate-treated water.
RNA samples were treated with RNase-free DNase I (Invitro-
gen), reverse-transcribed with oligo(dT) and SuperScript III
reverse transcriptase (Invitrogen), and then amplified by PCR
with specific primers.

Knockdown of LRAP35a and MRCKa—The siRNA Mm_
1520402A15Rik_1 (Qiagen, SI00791763) was transfected into
BM-derived macrophages or DCs to knock down LRAP35a
expression in accordance with the instructions of the manufac-
turer. The irrelevant oligonucleotide SI03650318 was used as a
control. 48 h after transfection, cells were harvested for a che-
motaxis assay and/or immunoblotting. The knockdown effi-
ciency was checked by RT-PCR. The following primers were
used: LRAP35a, 5'-ATGGAGGGGACCGCGGAGT-3" and
5'-GCCCTGTCCTCAGTGGGGATA-3’; actin, 5'-TGGA-
ATCCTGTGGCATCCATGAAAC-3" and 5'-TAAAACGC-
AGCTCAGTAACAGTCCG-3'. For knockdown of MRCKa
expression, the siRNA Mm_Cdc42bpa_3 (Qiagen, SI02771769)
was transfected into BM-derived macrophages in accordance with
the instructions of the manufacturer. The irrelevant oligonucleo-
tide SI03650318 was used as a control. 36 h after transfection, cells
were harvested for immunoblotting. The knockdown efficiency
was checked by immunoblotting using anti-MRCKea antibody
(sc-374568, 1:1000, Santa Cruz Biotechnology).

In Vitro GEF Assay—The genes encoding the DOCK8 DHR2
domain and its mutant were expressed in E. coli Arctic Express
(Stratagene) as fusion proteins with the His-SUMO tag at their
N termini for purification with nickel-nitrilotriacetic acid-aga-
rose chromatography (Qiagen). The GST fusion Cdc42 and
GST alone were expressed in BL21 (Agilent Technologies)
and purified on glutathione-Sepharose™ 4B (GE Healthcare)
immediately before use. The assays consisted of GST fusion
Cdc42 (10 um), BODIPY-FL GTP (2.4 uMm, Invitrogen), and the
His-SUMO tagged recombinant WT DOCK8 DHR2 domain
(residues 1633-2071) or its VA mutant (specified concentra-
tions) in reaction buffer (20 mm MES-NaOH, 150 mMm NaCl, 10
mM MgCl,, and 20 um GDP (pH 7.0)). For this purpose, GST-
fusion Cdc42 (15.56 um) was loaded with GDP by incubation in
reaction buffer in a total volume of 96.4 ul on ice for 30 min and
then mixed with BODIPY-FL GTP (0.1 mwm, 3.6 ul) and allowed
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to equilibrate at 30 °C for 3 min. Recombinant DOCK8 DHR2
protein was equilibrated in reaction buffer in a total volume of
50 wl for 30 min at room temperature. The reaction was initi-
ated by mixing GDP-loaded Cdc42/BODIPY-FL GTP (100 wl)
and the recombinant DOCK8 DHR2 domain (50 wl) in a final
volume of 150 ul and incubating at 30 °C. The change in the
BODIPY-FL-GTP fluorescence (excitation, 488 nm, emission,
514 nm) was monitored for 20 min using an EnSpire multimode
plate reader (PerkinElmer Life Sciences). Data were fitted using
the curve fitting function in the GraphPad Prism 5 software
program (GraphPad Software), and the initial slope during the
first 10 s (in relative fluorescent unit [RFU] per second) was
calculated and used for comparison of the GEF activity.

Cdc42 Activation Assays—BM-derived macrophages sus-
pended in Hanks’ balanced salt solution were stimulated with
CCL2 (100 ng/ml). Aliquots of the cell extracts were kept for
total lysate controls, and the remaining extracts were incu-
bated with the GST fusion Cdc42-binding domain of PAK1
(Merck Millipore) at 4 °C for 60 min. The bound proteins
and the total lysate control were analyzed by SDS-PAGE, and
the blots were probed with anti-Cdc42 antibody (1:1000,
610928, BD Biosciences).

Statistical Analyses—Statistical analyses were performed
using the GraphPad Prism software program. We first calcu-
lated the Gaussian distribution of the data using the Kolmogo-
rov-Smirnov test. When two groups were compared, two-tailed
Student’s ¢ test (Gaussian distribution) or Mann-Whitney test
(no Gaussian distribution) was used. p < 0.05 was considered
significant.
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