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Directional motility is a fundamental function of immune cells,
which are recruited to sites of pathogen invasion or tissue damage
by chemoattractant signals. To move, cells need to generate
lamellipodial membrane protrusions at the front and retract the
trailing end. These elementary events are initiated by Rho-family
GTPases, which cycle between active GTP-bound and inactive GDP-
bound states. How the activity of these "molecular switches" is
spatially coordinated is only beginning to be understood. Here,
we show that myosin IXb (Myo9b), a Rho GTPase-activating protein
(RhoGAP) expressed in immune cells, is essential for coordinating
the activity of Rho. We generated Myo9b-deficient mice and show
that Myo9b~'~ macrophages have strikingly defective spreading
and polarization. Furthermore, Myo9b—'~ macrophages fail to gen-
erate lamellipodia in response to a chemoattractant, and migration
in a chemotactic gradient is severely impaired. Inhibition of Rho
rescues the Myo9b~'~ phenotype, but impairs tail retraction. We
also found that Myo9b is important in vivo. Chemoattractant-
induced monocyte recruitment to the peritoneal cavity is substan-
tially reduced in Myo9b~'~ mice. Thus, we identify the "motorized
Rho inhibitor" Myo9b as a key molecular component required for
spatially coordinated cell shape changes and motility.

cell migration | knockout | Rho-family GTPases | signal transduction

M acrophages and neutrophils are the major functional units
of the innate immune system and are rapidly recruited to
sites of inflammation or tissue damage by chemoattractant signals
(1, 2). To migrate, these cells need to adopt and maintain a po-
larized morphology, and movement is achieved by coordinately
extending thin membrane protrusions (lamellipodia) at the front
and retracting the trailing end (1, 3). This basic two-step "amoe-
boid" type of movement is supported by an intermediate step, the
interaction of the protruding membrane with the substrate (1, 3).
However, a recent study using pan-integrin knockout leukocytes
showed that this intermediate step is not required for the migra-
tion of cells in 3D (interstitial) environments (4). Furthermore,
using the inhibitor blebbistatin (5), the authors deduced that
myosin II-dependent contractile activity was only required to
squeeze the rigid nucleus through narrow passages (4). Hence,
membrane protrusive activity alone appears to be sufficient to
drive migration. Whether one assumes a one-, two-, or three-step
model of cell motility, the actin dynamics must be tightly con-
trolled so that the dominant membrane protrusion (leading edge)
is confined to the direction of movement. This is achieved by
somehow coordinating the activity of the canonical Rho-family
GTPases Rac, Cdc42, and Rho, which regulate specific aspects of
the protrusion and retraction machinery (3, 6-10).

Rac and Cdc42 act through the Arp2/3 complex to induce the F-
actin polymerization driving membrane protrusions at the front,
whereas Rho stimulates nonmuscle myosin II-dependent retrac-
tion at the rear of migrating cells (6-10). The "on—off" state of
these monomeric GTPases is tightly regulated by large families of
structurally diverse guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs) (11, 12). In addition,
guanine nucleotide-dissociation inhibitors sequester and block
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Rho GTPases (12). GEFs "turn on" Rho GTPases by catalyzing
the exchange of GDP for GTP, whereas GAPs "turn off" Rho
GTPases by stimulating the hydrolysis of bound GTP. How the
activity of Rho GTPases is spatiotemporally regulated in the cell is
not well understood, and it is also unclear which GEFs and GAPs
are critically involved in regulating the cytoskeletal rearrange-
ments during movement.

Mammalian class IX myosins, consisting of myosin [Xa (Myo9a)
and myosin IXb (Myo9b), are single-headed molecular motors
containing a Rho-specific GAP domain in the tail region. Myo9a
(myr 7) is largely expressed in the testis and brain, and mice lacking
Myo9a have recently been reported to develop severe hydroceph-
alus (13). In contrast, Myo9b (myr 5) is predominantly expressed in
the immune system (14), and therefore this motorized RhoGAP is
a candidate signal molecule for regulating the rapid cell shape
changes and motility paramount for host defense. Structurally,
Myo9b additionally contains four "IQ" motifs (binding sites for
myosin light chains) in its neck region and a C1 (Zn** binding)
domain close to the RhoGAP domain (14-17). Sliding filament
assays indicate that Myo9b is a plus-end-directed processive motor
(18, 19), but see Inoue et al. (20). The mechanism by which single-
headed Myo9b moves appreciable distances along F-actin filaments
before it dissociates may involve F-actin tethering by the extended
loop 2 (21).

Here, we produced Myo9b-deficient (Myo9b~~) mice, and we
revealed that the RhoGAP Myo9% is a key upstream signaling
molecule in the control of membrane protrusions and retractions.
Myo9b~'~ macrophages have a "contracted" morphology charac-
terized by a paucity of lamellipodia and cytoskeletal polarization.
Rho signaling is overactive in these cells, and the morphological
phenotype can be dramatically rescued by treatment with a Rho
inhibitor. Functionally, the velocity of movement of Myo9b™/~
macrophages in a chemotactic gradient is very low, and a Rho-
specific inhibitor restores motility but prevents tail retraction.
Furthermore, we show that chemoattractant-induced recruitment
of monocytes to the peritoneum is abrogated in Myo9b~~ mice.
It is surprising that a single GAP plays such a decisive role in
coordinating membrane protrusions and retractions, although
Myo9b has the unique properties of being both a signal molecule
(RhoGAP) and an actin-based motor.
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Results

Generation of Myo9b-Deficient Mice and Myo9b~'~ Macrophage
Phenotype. Myo9b~~ mice were generated using the cre-loxP sys-
tem and homologous recombination in embryonic stem cells (Fig.
S1). We constructed a gene-targeting vector by positioning loxP
sites flanking exon 2 and by placing flippase recognition sites
ﬂankmg a neomycin-resistance gene. Heterozygous Myo9b™'~
mice, obtained by breeding chimeric mice with Flippase transgenic
mice and crossing the offspring with Cre-recombinase transgenic
mice, were interbred to generate Myo9b™'~ mice, which were sub-
sequently backcrossed onto a C57BL/6 background.

Consistent with the previously reported high Myo9b mRNA
expression in the immune system (14), we found that Myo9b
protein was expressed in WT, but not Myo9b~~, mouse spleen,
thymus, and isolated immune cells (Fig. S24). Us1ng lysates from
purified resident peritoneal macrophages (F4/80% cells), we
could detect the two known splice forms (22) of Myo9b (Fig.
14); myosin IXa (Myo9a) was not detected in either wild-type
(WT) or Myo9b-deficient macrophages (Fig. 14). Myo9a is
predominantly found in the brain (13, 23, 24) and accordingly we
used mouse brain as a positive control in our Western blot
analysis (Fig. 14). Confocal fluorescence microscopy indicated
that Myo9b is localized to the leading edge of polarized cells
(Fig. S2B), consistent with recent observations in mouse mela-
noma (B16/F1) cells (25).

Typically, resident macrophages freshly isolated from the mouse
peritoneum have a spherical morphology, but spread and polarize
during overnight incubation (Fig. 1B). Myo9b~~ macrophages,
however, failed to spread and polarize (Flg 1B), such that the
projected 2D area was only 130 + 4 pm* (n = 162) in knockout
versus 692 + 25 pm® (n = 79) in WT cells. We speculated that
decreased Rho-specific GAP activity was responsible for the
morphological phenotype in Myo9b-deficient cells. GST-pull
down assays revealed that active RhoA (RhoA-GTP) levels were
much higher (~6-fold) in Myo9b™~ than WT macrophages,
whereas there were no differences in Cdc42 and Racl activity
(Fig. 1C). Consistent with overactive Rho signaling (schematically
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illustrated in Fig. 1D) in Myo9b~~ macrophages, we found
that phosphorylated myosin light chain (p-MLC) was increased
2.7 + 0.4-fold (n = 4) and the inactive phosphorylated form of
cofilin (p-cofilin) was increased 2.9 = 0.3 fold (n = 4) in compar-
ison with WT cells (Fig. 1E).

The defective spreading and morphological polarization of
Myo9b~'~ macrophages was rescued by the TAT-C3 exoenzyme
fusion protein (50 pg/mL; TAT confers membrane permeability
and the Clostridium botulinum toxin C3 inhibits Rho), and to
a lesser extent by the downstream Rho kinase (ROCK) inhibitor
Y-27632 (10 pM) (Fig. 1 F and G, Movie S1, and Movie S2). Y-
27632 inhibits the two ROCK isoforms pl60ROCK (ROCKI)
and ROCKII by competitively inhibiting ATP binding (26), but
it has also been reported to inhibit PRK-2 (protein kinase C-
related protein kinase-2) with similar potency (27). In WT
macrophages, TAT-C3 and Y-27632 induced modest spreading
(Fig. 1G). C3 (and TAT-C3) ADP ribosylates and blocks all
three isoforms of Rho (RhoA, RhoB, and RhoC), but mouse
peritoneal macrophages express only RhoA and RhoB (28).
RhoA is probably the main isoform involved in motility, and both
purified native Myo9b and recombinant Myo9b GAP domain
have been shown in vitro to "turn off" RhoA (14, 15, 29).

Myo9b Deficiency Impairs Motility and Chemotaxis. To investigate
whether gradient sensing and motility are affected by genetic
deletion of Myo9b, we established a chemotaxis assay for mac-
rophages using the Ibidi p-slide chemotaxis chamber. Macro-
phages were seeded into the narrow channel separating the two
40-uL reservoirs, and the chemoattractant complement compo-
nent C5a (Mw ~ 9 kDa) was added to one of the reservoirs (final
concentration, 10 nM) to establish a spatially well defined che-
motactic gradient (Fig. 24). Alternatively, we added Alexa Fluor
488-conjugated dextran (Mw ~ 10 kDa) to one of the reservoirs
and measured the gradient in the narrow channel by confocal
laser scanning microscopy (Fig. 2B). At between 6 and 12 h,
a steep gradient could be detected, and we subsequently analyzed
macrophage migration in this period. WT macrophages migrated
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Fig. 1. Myo9b expression in macrophages and rescue of the Myo9b~'~ phenotype. (A) Myo9b, but not myosin IXa (Myo9a), was detected in resident
peritoneal F4/80* cells (F4/80 is a specific marker for mouse macrophages) by Western blot analysis. Neither Myo9b nor Myo9a expression could be detected in
Myo9b~'~ macrophages. (B) Live-cell differential interference contrast (DIC) and fluorescence images (100 x 100 pm) of WT and Myo9b~'~ macrophages after
overnight incubation. Cells were labeled with Alexa Fluor 488-conjugated anti-F4/80 antibodies. (C) Activity of Rho-family GTPases. GST-pull down and
Western blot analysis of RhoA, Rac1, and Cdc42 activities in WT versus Myo9b™~ macrophages. (D) Schematic diagram showing physiological (Myo9b) and
pharmacological (TAT-C3 and Y-27632) inhibition of the Rho signaling pathway. (E) Western blot analysis of phosphorylated cofilin (p-cofilin) and myosin
light chain (p-MLC) in macrophages. (F) Time-lapse DIC images (100 x 100 um) of Myo9b~'~ macrophages after the application of the Rho-specific inhibitor
TAT-C3 (50 pg/mL) or ROCK inhibitor Y-27632 (10 pM). (G) Mean 2D cell area of Myo9b~'~ and WT macrophages before and 60 min after applying TAT-C3 or
Y-27632. *P < 0.05 (before versus after treatment, paired t test) and data obtained from three to four independent paired experiments per group.
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Fig. 2. Impaired motility of Myo9b™~ macrophages. (A) Sche-
matic diagram of the p-slide chemotaxis chamber. Cells were
seeded in the narrow channel separating the two reservoirs, one
of which contained the chemoattractant C5a (10 nM). (B) Ki-
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with a mean velocity of 1.0 + 0.04 pm/min (n = 125) over 6 h,
and the chemotactic efficiency, indexed as chemotaxis index, was
0.47 + 0.03 (Fig. 2C and Movie S3). In contrast, Myo9b ™~ mac-
rophages migrated with a strikingly reduced velocity and impaired
chemotaxis efficiency: mean migration velocity was 0.3 + 0.02 pm/
min (n = 125) and the chemotaxis index was 0.18 + 0.03 (Fig. 2C
and Movie S4). There was no significant decline in migration
velocity during the analysis period (Fig. S3).

Myo9b~"~ macrophage motility was dramatically rescued by
TAT-C3 but was little affected by the ROCK inhibitor Y-27632
(Fig. 2 D-G, Movie S5, Movie S6, Movie S7, and Movie S8). In
terms of velocity and chemotactic efficiency, Myo9b™~ + TAT-
C3 and WT + TAT-C3 cells were indistinguishable. However,
TAT-C3 induced extremely long branched tails and impaired
chemotaxis in both Myo9b™" and WT cells (Fig. 2G and Fig. S4).
In addition, Y-27632 induced elongated tails in WT macrophages
migrating in a chemotactic gradient (Movie S5). Long tails were
also observed in the subpopulation of Myo9b~'~ macrophages in
which motility was rescued by Y-27632 (Movie S6).

Myo9b Is Required for the Generation of Membrane Protrusions.
Myo9b~'~ macrophages migrated toward the chemoattractant
C5a with a poorly defined tail and a paucity of lamellipodia
(Movie S4), indicating that chemotactic cues are not being effi-
ciently translated into membrane protrusions. Using time-lapse
differential interference contrast (DIC) imaging, we found that
WT macrophages rapidly extended lamellipodia within 90 s of
applying C5a (Fig. 34 and Movie S9), such that 2D cell area in-
creased from 700 + 45 to 1039 + 64 pm? [n = 11 (Fig. 3B)]. The 2D
area of Myo9b~~ macrophages was increased to a lesser extent
(from 133 + 10 to 343 + 26 um% n = 26) by application of C5a
(Fig. 3 C and D and Movie S10). The most striking difference was
that Myo9b~~ cells did not generate the large sheet-like mem-
brane protrusions characteristic of lamellipodia (8). This could
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netics of gradient formation in the narrow chamber, measured
by confocal laser scanning microscopy when C5a was replaced
by Alexa Fluor 488-labeled dextran. (C—G) Chemotaxis assays. (C)
The migration tracks of 25 WT and 25 Myo9b™~ cells were
plotted after normalizing the start pointtox=0and y=0.They
axis represents the direction toward the source of chemo-
attractant. (D) Migration plots of WT and Myo9b~~ cells in the
presence of Y-27632. (E) Migration plots of WT and Myo9b~/~
cells in the presence of TAT-C3. (F) Summary plot of mean ve-
locity. (G) Summary plot of chemotaxis index. *P < 0.05 [Kruskal-
Wallis test and post hoc Nemenyi test (F and G); data obtained
from four to five independent experiments per group].

not be explained by impaired "chemoattractant-induced" Rac
activation because no differences in basal and C5a-induced Racl-
GTP (activated Racl) levels could be detected between WT and
Myo9b~'~ macrophages (Fig. S5).

The 3D morphological features of membrane protrusions can-
not be quantitatively assessed by DIC imaging. Therefore, we used
atomic force microscopy (AFM) to %enerate high-resolution topo-
graphic images of WT versus Myo9b ™~ macrophages stimulated with
chemoattractant. WT and Myo9b~~ macrophages were fixed ~180 s
after C5a challenge and imaged in aqueous solution by AFM in
contact mode. Broad lamellipodia, defined as membrane protrusions
<200 nm height (8), dominated the landscape (55 + 1.5% of the top-
view area; n = 5) of C5a-stimulated WT cells (Fig. 3E). Membrane
waves (ruffles) could be easily distinguished by zooming in on topo-
graphic images, which are essentially 3D snapshots of cell dynamics.
In contrast to WT cells, only a narrow lamellipodial rim, accounting
for 7.9 + 1.9% of the top-view area (n = 6), could be detected in
Myo9b~'~ cells stimulated with chemoattractant (Fig. 3F). Instead of
large lamellipodia, Myo9b~~ macrophages generated transient thick
ruffles and flattened in response to chemoattractant (Fig. 3 C and F).

Ultimately, coordinated actin dynamics allow cells to change
shape and move. However, it is difficult to predict the effect of
Myo9b (RhoGAP) deficiency on actin polymerization and filament
assembly because Rho regulates a number of effectors, including
the actin-binding protein cofilin and members of the formin family,
such as mDia (7). We therefore imaged and quantified F-actin in
fixed and permeabilized macrophages using fluorescently labeled
phalloidin (Figs. S6 and S7). Conventional widefield fluorescence
images of WT macrophages revealed diffuse F-actin staining in WT
macrophages with actin enrichment in peripheral ruffles (Fig. S6A4).
In contrast, Myo9b~'~ cells typically displayed a cortical ring of
actin (Fig. S64). Super-resolution structured illumination micros-
copy (SR-SIM) of the same preparations using a prototype Elyra
microscope (Zeiss) provided greatly improved structural resolution
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(Fig. S6B). SR-SIM images of polarized WT macrophages revealed
stress fibers predominantly located at the rear of the cell and actin
enrichment at the leading edge (Fig. S6B). In contrast, actin-based
stress fibers could be identified running circumferentially in
Myo9b~'~ macrophages (Fig. S6B). Notably, WT and Myo9b~/~
macrophages treated with recombinant TAT-C3 lacked stress
fibers and contained similar amounts of F-actin (Fig. S7). Without
TAT-C3 treatment, the total F-actin content of cells (cell area x
fluorescence intensity) was higher in WT than in Myo9b~'~ mac-
rophages (Fig. S7C), although the mean (pixel) fluorescence in-
tensity was higher in knockout cells (Fig. S7D). Surprisingly, the cell
volumes of WT and Myo9b~~ macrophages, measured by AFM
(Fig. STE) or flow cytometry (Fig. S7F), were the same, as sche-
matically illustrated in Fig. S7G.

Impaired Monocyte Recruitment in Myo9b—'~ Mice. Taken together,
our in vitro studies show that Myo9b-deficient macrophages have
severe defects in morphological polarization, motility, and che-
motaxis. In particular, membrane protrusive activity, a major de-
terminant of migration efficiency in tissue (4), is defective in
knockout cells. To determine whether Myo% is important in
vivo, we examined mononuclear phagocyte recruitment using an
experimental model of C5a-induced peritonitis. Accumulation of
Gr-1"""F4/80"" cells (monocytes and macrophages) in the peri-
toneal cavity was severely reduced in Myo9b~~ mice in comparison
with WT animals (Fig. 4 A and B): 5.90 + 0.89 x 10° F4/80* cells
accumulated in WT mice (n = 6) compared with 1.26 + 0.23 x 10°
F4/80* cells in Myo9b~'~ mice (n = 6), a 79% reduction (Fig. 4B).

Discussion

Since the milestone studies in 1992 (30, 31), Rho-family GTPa-
ses have emerged as master switches controlling the cytoskeletal
rearrangements underlying fundamental cell functions, including
polarization, contraction, and motility (32). However, identifying
the molecular components spatially regulating these switches has
been a major challenge (33). Here, we generated Myo9b ™'~ mice
and have shown that the RhoGAP Myo%b is essential for the
negative regulation of Rho. There is no compensatory expression
of Myo9a in Myo9b~'~ macrophages, and the total levels of the
canonical GTPases RhoA, Cdc42, and Racl remain essentially
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Fig. 3. Lack of membrane protrusive activity in Myo9b~'~
macrophages. (A) Time-lapse DIC images of WT macrophages
following the application of the chemoattractant C5a (Movie
S9). (B) 2D cell area before and 300 s after application of C5a
to WT cells (data from three independent experiments). (C)
Time-lapse DIC images of Myo9b™~ macrophages following
the application of C5a (Movie S$10). (D) 2D cell area before and
300 s after application of C5a to Myo9b™~ cells (data from four
independent experiments). (E and F) High-resolution 3D sur-
face plots of WT and Myo9b~~ macrophages fixed ~180 s after
C5a application. The cells were scanned by AFM in phosphate-
buffered solution. *P < 0.05 [paired t test (B and D)].

unchanged. Given the large estimate of Rho-family GAPs (~70)
expressed in mammals (12, 34, 35), we were surprised that RhoA-
GTP levels were markedly elevated in macrophages lacking
a single family member. Downstream of Rho, the ROCK-LIMK
and ROCK-MLCP signal pathways were overactive in Myo9b-
deficient macrophages, and the cells had a striking phenotype.
The Rho-specific inhibitor TAT-C3 rescued the aberrant round-
shaped morphology of Myo9b~~ macrophages more effectively
than the ROCK inhibitor Y-27632, suggesting that a ROCK-
independent pathway, such as mDia (36), may contribute to the
knockout phenotype.

Migration velocity was severely impaired in Myo9b~~ mac-
rophages, and individual cells moved with a paucity of lamelli-
podia. Although Y-27632 induced lamellipodia formation, this
inhibitor failed to restore motility. In contrast, TAT-C3 greatly
increased the velocity of Myo9b~~ macrophages, and the cells
had an exaggerated morphological polarity due to the deve-
lopment of extremely long and branched tails, frequently ex-
ceeding 100 pm in length. Long tails were also seen in WT cells
treated with TAT-C3. Despite impaired tail retraction, TAT-C3
increased the mean velocity of both Myo9b~'~ and WT cells to
a level ~40% faster than untreated WT cells. One interpretation
of these results is that TAT-C3, but not Y-27632, inhibits
a ROCK-independent Rho signaling limb that normally acts as
a "brake" on motility. Such a brake may prohibit the polarization
of cells. Because the exoenzyme C3 has been reported to induce
elongated trailing ends, but decrease motility, in human neu-
trophils (37), future studies are needed to explore the effects of
TAT-C3 (and Myo9b deficiency) on mouse neutrophil migration
in a chemotactic gradient.

Consistent with our findings, Pixley et al. (38) reported that bone
marrow-derived macrophages from BCL6-deficient mice have in-
creased Rho activity associated with impaired cell spreading and
motility, assessed using transwell (Boyden chamber) assays. We
additionally found that the chemoattractant complement compo-
nent C5a failed to induce morphological polarization in Myo9b~/~
macrophages. Similarly, it has been reported that the chemo-
attractant fMLP (N-formyl-methionyl-leucyl-phenylalanine) fails
to induce morphological polarization in neutrophils (differentiated
HL-60 cells) transiently expressing constitutively active Rho (10).
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Fig. 4. Impaired Myo9b™~ monocyte/macrophage recruitment in vivo and
schematic diagram of Myo9b signaling. (4) Flow cytometry of anti-Gr-1 and
anti-F4/80 stained cells harvested from the peritoneal cavity 16 h after i.p.
injection of C5a. Each dot plot is representative of six independent experi-
ments. Numbers in the quadrants indicate the percentage of cells. (B) Mean
number (n = 6 mice per group) of total and F4/80* cells isolated from the
peritoneal cavity of WT or Myo9b~'~ mice. *, P < 0.05 (unpaired t test). (C)
Proposed model by which the motorized RhoGAP Myo9b controls macro-
phage polarity and motility. Cells lacking myosin 1Xb (Myo9b™") have
globally active Rho (Rho-GTP), which decreases actin dynamics and promotes
contraction. In WT cells, Myo9b is recruited to the leading edge and cata-
lyzes the hydrolysis of Rho-GTP to its inactive Rho-GDP state.

The authors additionally reported that fMLP fails to induce Racl in
these cells. In contrast, we found that C5a similarly increased Racl
activation in WT and Myo9b ™/~ macrophages, and no differences in
the Racl activity of resting WT and Myo9b~~ (overactive Rho)
could be detected. The extent and mechanism of mutual antago-
nism between Rac and Rho are controversial, although recent
advances in the spatiotemporal imaging of Rho GTPase activities
should help resolve these issues (39—41). Surprising in relation to
our results, constitutively active Rho has been shown to increase the
transendothelial migration of monocytes (NR8383 cells) (42). Al-
though we found that CSa-induced monocyte recruitment to the
peritoneum is markedly impaired in Myo9b~~ mice, it would be
useful to explore how Myo9b deficiency (and increased Rho ac-
tivity) affects monocyte migration across different structures, in-
cluding the endothelium and basement membrane.

In simple models of motility, Rac drives membrane protrusions
at the front, whereas Rho acts at the back of the cell to retract the
trailing end (1, 3). Consistent with this basic scheme, photo-
activation of a Racl analog on the edge of cells has recently been
shown to induce local membrane protrusions, and repeated light-
induced activation enabled control of cell direction (39). Fur-
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thermore, inhibition of Rho with TAT-C3 severely impairs tail
retraction, underscoring a critical role for Rho in retraction.
Hence, coordinated activation of Rac at the front and Rho at the
back of migrating cells can explain the elementary events of the
protrusion-retraction cycle. Superimposed on this model, a com-
plex spatiotemporal coordination of Racl, Cdc42, and RhoA
activation has been shown to control the contours of the leading
edge (40, 41). Missing from these models are molecular mecha-
nisms to switch the Rho-family GTPases "on" and "off." The lack
of membrane protrusions in Myo9b-deficient cells, the long tails
associated with global Rho inhibition, and the anti-Myo9b label-
ing at the leading edge (25) suggest that Myo9b plays a pivotal role
in shape control and motility, as illustrated in Fig. 4C. In basic
terms, Myo9b "turns off" Rho at the front, allowing membrane
protrusions, and the absence of Myo9b at the back leaves Rho
"turned on," thereby promoting tail retraction. PDZRhoGEF
may contribute to the fine tuning of Rho activity at the back of
migrating cells (43). During motility, the motor protein Myo9b
probably moves toward the plus-end of polymerizing actin fila-
ments and catalyzes the hydrolysis of membrane tethered Rho-
GTP as it goes.

The rapid recruitment of phagocytic cells to inflammatory "hot
spots" is a basic function of the innate immune system. Given the
profound effect of Myo9b deficiency on membrane protrusive ac-
tivity and motility, it would be reasonable to expect that monocyte
recruitment is impaired in vivo. Indeed, we found that the accu-
mulation of monocytes and macrophages in the peritoneal cavity of
Myo9b~'~ mice intraperitoneally injected with the chemoattractant
C5a was severely blunted. Hence, Myo9b clearly has an important
function in innate immune responses. Another essential function of
professional "big eaters" such as macrophages is phagocytosis. Rho-
family GTPases are intimately involved in controlling the cyto-
skeletal dynamics during phagocytosis (44), and we would predict
that Myo9b is also important for the local coordination of mem-
brane extensions and particle internalization.

In summary, the small GTPase Rho is one of the "big bosses"
controlling cell shape and motility. This study identifies the
"motorized signal molecule" Myo9b as a key negative regulator of
Rho. Myo9b-deficient cells have overactive Rho signaling path-
ways, an aberrant rounded phenotype, and severely impaired
motility. Inhibition of Rho with recombinant TAT-C3 restores
membrane protrusive activity and motility, but prevents tail re-
traction. Hence, the RhoGAP Myo9b is required for spatially
coordinated membrane protrusions and retractions, the elemen-
tary events underlying shape changes and directional motility.
Future studies are needed to delineate the signal-transduction
mechanisms linking extracellular signals to the motor and GAP
activities of Myo9b.

Materials and Methods

Myosin IXb (Myo9b) Knockout Mice. The generation of Myo9b~'~ mice is de-
scribed in S/ Materials and Methods.

Isolation of Resident Peritoneal Macrophages. Mice were killed by an overdose
of the volatile anesthetic isoflurane, and resident cells were obtained by
lavage of the peritoneal cavity with ice-cold HBSS via a plastic catheter. More
details are provided in SI Materials and Methods.

Purification of Macrophages. Macrophages were labeled with rat Alexa Fluor
488-conjugated anti-mouse F4/80 antibodies, and F4/80* cells were isolated
using a FACSCalibur flow cytometer (BD Biosciences).

Western Blot Analysis. Proteins were extracted from tissues or cells using lysis
buffer and separated by SDS polyacrylamide gel electrophoresis before trans-
fer onto poly(vinylidene difluoride) membranes. After blocking, membranes were
probed with primary antibody overnight. Horseradish peroxidase-conjugated
secondary antibodies and SuperSignal West Pico chemiluminescence substrate
were used for detection. More details are provided in S/ Materials and Methods.
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Live-Cell Imaging. Fibronectin-coated p-slide | or p-slide chemotaxis chambers
(Ibidi) were placed on the stage of an inverted AxioObserver microscope
(Zeiss) fitted with a temperature-controlled incubator. Macrophages were
imaged via a 63x/1.4 oil-immersion objective, and time-lapse images were
made using Zeiss AxioVision software.

Confocal Microscopy. Fixed and permeabilized macrophages were labeled
with anti-Myo9b antibodies, and confocal fluorescence images were obtained
via a 63x/1.4 oil-immersion objective using an LSM 510 microscope (Zeiss).

Superresolution Structured lllumination Microscopy. The distribution and
quantity of fluorescently labeled F-actin in fixed and permeabilized macro-
phages was investigated by conventional widefield fluorescence and super-
resolution structured illumination microscopy (SR-SIM) using a prototype high-
resolution Elyra microscope (Zeiss). More details are provided in S/ Materials
and Methods.

Bone Marrow-Derived Macrophages. To obtain high cell numbers for the
analysis of Rho-family GTPase levels and activity, macrophages were derived
from bone marrow cells. Details of the isolation and the culture of bone
marrow-derived cells is provided in SI Materials and Methods.

Analysis of Rho-Family GTPases. The determination of total and active levels of
RhoA, Cdc42, and Rac1 are provided in S/ Materials and Methods.
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Chemotaxis Assays. Macrophages were seeded into the narrow chamber of an
Ibidi p-slide chemotaxis chamber. Chemoattractant (complement component
C5a) was added to one of the two 40-pL reservoirs and time-lapse images of
the cells were made over 14 h. Cell migration tracks between 6 and 12 h
were analyzed using ImageJ (National Institutes of Health) and the Che-
motaxis Tool plug-in from lbidi. More details are provided in S/ Materials
and Methods.

Atomic Force Microscopy. Topographical scans of fixed macrophages were
made in phosphate buffer solution using BioScope Catalyst and BioScope I
atomicforce microscopes (Veeco Instruments, Inc.) coupledtoaLeicaDMI6000B
inverted microscope (Leica Microsystems). More details are provided in S/
Materials and Methods.

In Vivo Monocyte Recruitment Assay. Complement component C5a was
injected into the peritoneal cavity of WT and Myo9b™~ mice. After 16 h, cells
were obtained by peritoneal lavage, labeled with fluorescent anti-Gr-1 and
anti-F4/80 antibodies, and analyzed by flow cytometry.
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