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Rab27a Negatively Regulates Phagocytosis by Prolongation
of the Actin-coating Stage around Phagosomes™
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Rab27a, a Rab family small GTPase, is involved in the exocy-
tosis of secretory granules in melanocytes and cytotoxic T-
cells. Rab27a mutations cause type 2 Griscelli syndrome,
which is characterized by immunodeficiency, including uncon-
trolled macrophage activation known as hemophagocytic syn-
drome. However, the role of Rab27a in phagocytosis remains
elusive. Here, using macrophage-like differentiated HL-60
cells and C3bi-opsonized zymosan as a pathogen-phagocyte
model, we show that Rab27a negatively regulates complement-
mediated phagocytic activity in association with F-actin re-
modeling. We found that transfection of Rab27a shRNA into
HL-60 cells enhances complement-mediated phagocytosis. To
clarify the mechanisms underlying the elevated phagocytosis
in Rab27a knockdown cells, we analyzed the process of phago-
some formation focusing on F-actin dynamics: F-actin assem-
bly, followed by F-actin extension around the particles and the
subsequent degradation of F-actin, leading to internalization
of the particles enclosed in phagosomes. Microscopic analy-
sis revealed that these actin-related processes, including
F-actin coating and F-actin degradation, proceed more rap-
idly in Rab27a knockdown cells than in control HL-60 cells.
Both elevated phagocytosis and accelerated F-actin remod-
eling were restored by expression of rescue-Rab27a and
Rab27a-Q78L (GTP-bound form), but not by Rab27a-T23N
(GDP-bound form). Furthermore, an increased accumula-
tion of Coronin 1A surrounding F-actin coats was observed
in Rab27a knockdown cells, suggesting that the function of
Coronin 1A is related to the regulation of the F-actin coat-
ing. Our findings demonstrate that Rab27a plays a direct
regulatory role in the nascent process of phagocytosis by
prolongation of the stage of actin coating via suppression of
Coronin 1A. This study may contribute to an explanation of
the underlying mechanisms of excessive phagocytosis ob-
served in Griscelli syndrome.
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Rab27a is a member of the Rab family of small GTPase pro-
teins. The Rab GTPases control almost all membrane traffick-
ing processes, including vesicle budding, docking and fusion
to acceptor membranes, and exosome release (1, 2). Rab27a is
involved in the exocytosis of secretory granules in melano-
cytes and cytotoxic T lymphocytes. Mutations in Rab27a
cause type 2 Griscelli syndrome, which is characterized not
only by pigment dilution but also by defects in cytotoxic gran-
ule transport and by macrophage activation syndrome
(known as hemophagocytic syndrome) (3-5).

Efficient phagocytosis of pathogens is crucial for an im-
mune response, and macrophages are professional phagocytes
as well as neutrophils and dendritic cells. Macrophages ex-
press a variety of phagocytic receptors, such as the Fcry recep-
tor, C-type lectin receptors, and complement receptor 3, also
known as integrin M 32, which recognizes activated comple-
ment C3bi. Phagocytosis is triggered by an association be-
tween ligands on the surface of pathogens and receptors on
the membrane of phagocytes. Receptor clustering at the at-
tachment site generates phagocytic signaling that leads to lo-
cal actin polymerization and to phagosome formation. First,
transient assembly of F-actin occurs beneath the target parti-
cles. Subsequently, actin coating begins at the nascent phago-
cytic cup and extends around the phagosome (6). Once the
wrapping is completed, the actin coating rapidly disappears,
and the particles are then completely internalized (7). The
rapid collapse of the assembled F-actin is regulated by the
level of phosphatidylinositol 4,5-bisphosphate (PIP,),> which
is determined by the balance between the synthesis of PIP, by
phosphatidylinositol-4-phosphate 5-kinase and its degrada-
tion by phospholipase C (8, 9).

Rab27a has been reported to regulate phagosomal pH dur-
ing phagocytosis via mediation of the fusion of phagosomes
with NOX2-positive vesicles (10). The synaptotagmin-like
family proteins and the myosin family motor protein myosin
Va are well characterized downstream effectors of Rab27a in
melanocytes, but their role in Rab27a function in macro-
phages has not yet been demonstrated (11-14). Coronins are
actin-binding proteins that are involved in phagocytosis (15,
16), chemotaxis, and lamellipodial formation, and Coronin 1

2 The abbreviations used are: PIP,, phosphatidylinositol 4,5-bisphosphate;
pADb, polyclonal antibody.
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is believed to be a key regulator of actin disassembly whose
activity is regulated by PIP, (17).

In this study, we investigated whether Rab27a is directly
involved in the process of phagocytosis in the complement-
mediated pathway. Our results show that Rab27a negatively
regulates phagocytosis by prolongation of the actin-coating
stage via suppression of Coronin 1A accumulation at F-actin
coats.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Zymosan A, Alexa Fluor 594-
conjugated zymosan A, Alexa Fluor 488-conjugated zymosan
A, Alexa Fluor 594-conjugated phalloidin, Alexa Fluor 488-
conjugated phalloidin, and a ViraPower lentiviral directional
TOPO expression kit were purchased from Invitrogen. RPMI
1640 medium and hygromycin were from Wako (Osaka, Ja-
pan), and puromycin was purchased from Sigma. Penicillin/
streptomycin mixed solution was from Nacalai Tesque
(Kyoto, Japan), and Polybrene was purchased from Millipore
(Bedford, MA). Rabbit anti-human Rab27a polyclonal anti-
body (pAb), mouse anti-FLAG monoclonal antibody M2
(mAb), and Cy3-conjugated mouse anti-FLAG mAb M2 were
purchased from Sigma. Mouse anti-human CD11b (C3bi re-
ceptor) mADb for flow cytometry was purchased from DAKO
(Glostrup, Denmark). Mouse anti-human LAMP-1 (lyso-
some-associated membrane protein 1) mAb was from BD
Biosciences, mouse anti-human LAMP-1 (H4A3) mAb was
from Santa Cruz Biotechnology (Santa Cruz, CA), and mouse
anti-human Coronin 1A mAb was purchased from Abcam
(Cambridge, UK).

Cells and Cell Culture—A human leukemia cell line (HL-
60) was maintained in RPMI 1640 medium supplemented
with 8% heat-inactivated FCS, 100 units/ml penicillin, and
100 pg/ml streptomycin in 5% CO,-humidified air at 37 °C.
The cells were induced to undergo differentiation to macro-
phages by seeding them on dishes at a concentration of 2 X
10° cells/100-mm dish or 1 X 10° cells/35-mm glass-based
dish (glass diameter, 12 mm) in the presence of 1077 M 1,25-
dihydroxycholecalciferol (vitamin D) and 10 ng/ml 12-O-
tetradecanoylphorbol-13-acetate and incubating for 3 days.
Cell differentiation was confirmed morphologically by evalu-
ating complement receptor 3 by flow cytometry. The study
dealing with the blood from healthy volunteers had been ap-
proved by the ethical committee of Himeji Dokkyo University,
and the samples were handled after informed consent. Hu-
man monocytes were collected using the magnetic cell sorting
system and microbeads conjugated with monoclonal mouse
anti-human CD14 antibody (Miltenyi Biotec, Bergisch Glad-
bach, Germany). Briefly, peripheral blood mononuclear cells
of healthy blood donors were isolated by density gradient cen-
trifugation using Ficoll-Paque (Pharmacia Biotech AB, Upp-
sala, Sweden). CD14-expressing cells were positively sepa-
rated by the magnetic cell sorting system according to the
protocol provided by the manufacturer.

Plasmids and Transfection—To inhibit Rab27A gene ex-
pression, a vector for shRNA incorporated in pLKO.1-puro
(Sigma, MISSION shRNA code TRCN 0000005294) was
transfected into HL-60 cells by the lentiviral system, and posi-
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tive clones were selected with 1 pug/ml puromycin. To support
the knockdown effects of Rab27A shRNA, we constructed
FLAG-rescue-Rab27a, FLAG-rescue-Rab27a-Q78L, and
FLAG-rescue-Rab27a-T23N expression vectors. Complemen-
tary DNA encoding human Rab27a was isolated and amplified
from the cDNA library of a human megakaryoblastic leuke-
mia cell line, CMK, with the following primer pair using Mi-
cro-FastTrack (Invitrogen): 1-26 sense primer, 5'-ATGTCT-
GATGGAGATTATGATTACCT-3'; and 640 — 666 antisense
primer, 5'-TCAACAGCCACATGCCCCTTTCTCCTT-3'.
The second amplification reaction was performed with sense
primer containing the BamHI restriction site and FLAG se-
quence and antisense primer containing the EcoRI site. The
amplified products were cloned into pcDNA4/TO (Invitro-
gen) and then subcloned into the pLenti6/V5-D-TOPO vector
(Invitrogen). FLAG-Rab27a-Q78L was constructed by two-
step overlap extension PCR. To amplify two fragments, we
used 64 —89 sense primer (5'-AAGAACAGTGTACTTTAC-
CAATATAC-3') and 49 - 87 antisense primer (5'-ATATTG-
GTAAAGTACACTGTTCTTCCCTACACCAGAGTC-3'),
presenting mutation 68C— A, in addition to the previous
primer set. Two fragments were combined by PCR. Similarly,
Rab27a-T23N was also constructed by two-step overlap ex-
tension PCR using 229 -255 sense primer (5'-AAGAACAGT-
GTACTTTACCAATATAC-3") and 214252 antisense
primer (5'-TAA GCTACGAAACCTCTCCAGCCCTGCT-
GTGTCCCATAAC-3'), presenting mutation 233A—T, in
addition to the previous primer set. These constructs were
verified using an Applied Biosystems 3130 genetic analyzer.
FLAG-rescue-Rab27a was introduced into Rab27A
shRNA/HL cells by electroporation or the lentiviral system,
and positive clones were selected with 5 ug/ml blasticidin for
pLenti6/V5-D-TOPO. The effects of shRNA on expression of
Rab27a and FLAG-rescue-Rab27a were confirmed by immu-
noblot analysis with mouse anti-FLAG mAb M2 and rabbit
anti-human Rab27a pAb. For transient expression of FLAG-
rescue-Rab27a, FLAG-rescue-Rab27a-Q78L, and FLAG-res-
cue-Rab27a-T23N, these vectors were transfected into
Rab27a shRNA/HL cells by the lentiviral system and induced
to undergo differentiation to macrophages as described
above.

Phagocytosis Assay—A complement-mediated phagocytosis
assay was performed as described previously (18). Briefly, to
opsonize zymosan with C3bi, the complement activation cas-
cade in serum was utilized. Zymosan A was incubated in 50%
human serum at 37 °C for 30 min and then washed with PBS
twice at 4 °C. C3bi-opsonized or non-opsonized zymosan was
added to macrophage-like differentiated HL-60 cells (ratio of
cells to zymosan particles of 1:10) and incubated for the indi-
cated times at 37 °C. For quantitative analysis of the phagocy-
tosis assay by flow cytometry, Alexa Fluor 594-conjugated
zymosan A was used similarly as described above and ana-
lyzed by flow cytometry (FACSCalibur, BD Biosciences). Mac-
rophage-like differentiated HL-60 cells were also pretreated
with 1 um jasplakinolide (Enzo Life Sciences) for 2 h before
quantitative analysis of the phagocytosis assay. To determine
whether zymosan particles exist inside or outside the cells,
Alexa Fluor 488-conjugated zymosan A was used, and a phago-
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cytosis assay was performed as described above; the cells were
then analyzed by fluorescence microscopy before and after
treatment with 0.2% trypan blue in PBS.

Immunofluorescence Microscopic Analysis—The cells were
washed three times with PBS after the phagocytosis assay and
fixed with 3.3% paraformaldehyde for 15 min. Cells were
washed twice with PBS containing 1 mm MgCl, and 0.1% BSA
(staining buffer), permeabilized with 0.2% Triton X-100 in
staining buffer for 3 min, and blocked with PBS containing 1
mMm MgCl, and 5% BSA for 30 min. To assess the distribution
of Rab27a, cells were incubated with rabbit anti-human
Rab27a pAb for 1 h and washed three times with staining
buffer. Then, cells were incubated with Alexa Fluor 488-con-
jugated secondary goat anti-rabbit IgG pAb (Invitrogen) for
30 min. To assess the distribution of Coronin 1A and F-actin,
a phagocytosis assay was started as described above, and the
cells were treated with C3bi-zymosan for 10 min at 37 °C. Af-
ter washing twice to remove unbound C3bi-zymosan parti-
cles, the treated cells were reincubated for the indicated times
at 37 °C and then fixed and permeabilized. Cells were incu-
bated with mouse anti-Coronin 1A mAb for 1 h and then with
Alexa Fluor 594-conjugated secondary goat anti-mouse IgG
pAb (Invitrogen) and Alexa Fluor 488-conjugated phalloidin.
To analyze the effects of transient expression of FLAG-res-
cue-Rab27a, FLAG-rescue-Rab27aQ78L, and FLAG-rescue-
Rab27aT23N on phagocytic activity, cells were incubated with
mouse anti-Coronin 1A mAb for 1 h and then with Alexa
Fluor 488-conjugated secondary goat anti-mouse IgG pAb
(Invitrogen) and mouse anti-FLAG M2-Cy3 mAb. Stained
cells were washed three times with staining buffer and ob-
served with a confocal laser-scanning microscope (LSM 510
META, Carl Zeiss, Oberkochen, Germany).

Phagosome-Lysosome Fusion Assay—To study the degree of
phagosome-lysosome fusion, C3bi-opsonized Alexa Flour
488-conjugated zymosan A was added to macrophage-like
differentiated HL-60 cells (ratio of cells to zymosan particles
of 1:10), and the cells were incubated for 10 min, washed
three time with PBS, and further incubated for the indicated
times at 37 °C. After incubation, cells were washed three
times with PBS and then fixed and permeabilized. Cells were
incubated with anti-LAMP-1 antibodies and observed with a
confocal laser-scanning microscope. Phagosomes surrounded
by LAMP-1 were counted as fused lysosomes. More than 50
zymosan particles were counted, and the ratio of fused zymo-
san particles to attached ones was calculated.

Immunoblot Analysis—Cells were lysed with lysis buffer
(1% Triton X-100, 50 mMm Tris-HCI (pH 7.2), 100 mMm NaCl, 5
mM EDTA, and 1 mm phenylmethylsulfonyl fluoride). Pro-
teins were separated by SDS-PAGE and transferred to a poly-
vinylidene difluoride membrane (Millipore). The membrane
was blocked with 5% skim milk in T-TBS (0.1% Tween 20, 25
mM Tris-HCI (pH 8.0), and 150 mm NaCl) for 60 min at room
temperature and then incubated with the appropriate anti-
bodies. The membrane was washed three times with T-TBS
and incubated with horseradish peroxidase-conjugated goat
anti-rabbit or anti-mouse antibodies for 30 min, and specific
proteins were detected using an enhanced chemilumines-
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FIGURE 1. Rab27a is expressed in human phagocytic cells. A, Rab27a ex-
pression in HL-60 cells, macrophage-like differentiated (Diff) HL-60 cells
treated with vitamin D5 and 12-O-tetradecanoylphorbol-13-acetate for 3
days, and peripheral blood-derived monocytes were analyzed by immuno-
blotting with antibodies against human Rab27a and a-tubulin as a loading
control. B, a phagocytosis assay was performed using macrophage-like dif-
ferentiated HL-60 cells and C3bi-zymosan for 30 min as described under
“Experimental Procedures.” Distribution of Rab27a was analyzed by staining
with anti-Rab27a antibodies (left) and a differential interference contrast
image (right). Scale bar = 5 um. Arrowheads show C3bi-zymosan particles.
C, decreased expression of Rab27a by Rab27a shRNA transfer into HL-60
cells (clones 1 (cl.7) and 2 (cl.2)) and its recovery by FLAG-rescue-Rab27a
into Rab27a knockdown cells by immunoblotting with antibodies against
human Rab27a and a-tubulin as a loading control.

cence immunoblotting system and a Luminolmage analyzer
(LAS-3000, Fuji Photo Film, Tokyo, Japan).

Statistical Analysis—In some experiments, statistical signif-
icance was determined by Student’s £ test.

RESULTS

To investigate the role of Rab27a in phagocytic cells, we
first analyzed the expression level of Rab27a in HL-60 cells,
macrophage-like differentiated HL-60 cells (18, 19), and hu-
man peripheral blood-derived monocytes by immunoblot
analysis. Rab27a was clearly detected in all of these cells (Fig.
1A). We then examined the subcellular localization of Rab27a
during complement-mediated phagocytosis using macroph-
age-like differentiated HL-60 cells and serum-opsonized zy-
mosan (C3bi-zymosan) as described previously (18). After the
onset of complement-mediated phagocytosis, Rab27a was
accumulated around phagosomes with a vesicular structure
(Fig. 1B). These results suggest that Rab27a is involved in the
nascent phase of complement-mediated phagocytosis. To fur-
ther investigate the role of Rab27a in phagocytosis, Rab27a
knockdown HL-60 clones were established by transfecting
Rab27a previously into HL-60 cells using a lentiviral system
(Rab27a shRNA/HL). Transfection of Rab27a shRNA success-
fully reduced the expression of endogenous Rab27a protein in
HL-60 cells (clone 1 by an 80% decrease; clone 2 by an 82%
decrease), and transfection of FLAG-tagged Rab27a, which
was designed to be resistant to this shRNA, into Rab27a
shRNA/HL restored the expression of Rab27a (rescue-Rab27a
shRNA/HL) (Fig. 1C). Flow cytometric analysis showed that
the level of cell-surface expression of complement receptor 3
after macrophage-like differentiation induction was un-
changed among parental HL-60 cells and Rab27a shRNA/HL
and rescue-Rab27a shRNA/HL clones (data not shown).

We next examined the effects of Rab27a knockdown on
phagocytic activity using fluorescence-labeled zymosan as
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FIGURE 2. Complement-mediated phagocytosis is enhanced in Rab27a knockdown cells. A phagocytosis assay was performed using HL-60 cells,
Rab27a shRNA/HL cells (clones 1 (c/.7) and 2 (c/.2)), and FLAG-rescue-Rab27a/Rab27a shRNA/HL cells. The cells that incorporated C3bi-labeled Alexa Fluor
594-conjugated zymosan shifted to the right by flow cytometry. A, representative data are shown. B, results of the phagocytosis assay are shown in histo-
grams. The data are means = S.D. from four independent experiments. *, statistically significant difference (p < 0.05).

described previously (18). As shown in Fig. 2 (4 and B), trans-
fection of Rab27a shRNA promoted the phagocytosis of C3bi-
opsonized zymosan, and this elevated phagocytic activity was
reversed by transfection of rescue-Rab27a. These results indi-
cate that Rab27a negatively regulates complement-mediated
phagocytosis in macrophage-like differentiated HL-60 cells.
To clarify the stage during which Rab27a regulates phagocytic
activity, a fluorescence quenching assay using trypan blue,
which can distinguish between zymosan particles inside and
outside the cell, was performed. We first analyzed the kinetics
in uptake of complement-opsonized zymosan at 5 min after
the onset of phagocytosis before the quenching assay and
confirmed that, before internalization, the uptake of zymosan
was equal to that of parental HL-60 cells. The percentage of
zymosan particles ingested into the cell in Rab27a knockdown
cells was ~50% higher than that in parental HL-60 cells at 30
min after the onset of phagocytosis (percentage of engulfed
zymosan, 33.7 = 9.7 in HL-60 cells and 56.4 = 10.0 in Rab27a
knockdown cells). These results show that the increased
phagocytosis of Rab27a knockdown cells was not due to in-
creased binding of C3bi-zymosan to complement receptor 3
but, instead, was due to rapid internalization of captured zy-
mosan particles.

To clarify the mechanisms by which Rab27a knockdown
promotes the engulfment of attached particles, actin remodel-
ing was monitored during the early stage of complement-me-
diated phagocytosis in parental and Rab27a knockdown
HL-60 cells using fluorescence microscopy. Ten min after the
onset of complement-mediated phagocytosis, non-attached
C3bi-zymosan particles were removed, and the cells were in-
cubated for the indicated times. Immediately after washing,
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actin was detected mainly as an accumulation beneath the
attached particles (Fig. 34, panel a). Ten or 20 min after
washing, there was an increase in the number of F-actin-
coated structures such as hemispheric actin cups (Fig. 34,
panel b) and spherical actin coats (panel c) around the zymo-
san particles. Occasionally, the spherical actin coat appeared
punctate (Fig. 34, panel d). Actin filaments were not detected
around phagosomes that were completely ingested (Fig. 34,
panel e), in accordance with previous reports regarding Fcy
receptor-mediated phagocytosis (7). To evaluate the effect of
Rab27a knockdown on actin remodeling during the process of
engulfment, F-actin structures around the zymosan particles
were classified into five categories based on the temporal
phases of actin remodeling (Fig. 34, panels a—e). As shown in
Fig. 3B, in Rab27a shRNA/HL cells, the process of actin reor-
ganization required to complete phagosome formation oc-
curred more quickly than in parental HL-60 cells. In other
words, the actin-coating process was shortened in Rab27a
knockdown cells, and rapid degradation of F-actin resulted in
effective internalization of zymosan particles. In addition, the
ratio of punctate actin was higher in Rab27a shRNA/HL cells
(Fig. 3B). These results suggest that the acceleration of F-actin
remodeling leads to a marked increase in phagocytosis in
Rab27a knockdown cells.

Because actin dynamics also has an important role in phago-
some-lysosome fusion during the phagocytic process, the ef-
fect of Rab27a knockdown on the velocity of phagosome-lyso-
some fusion was scored using LAMP-1 as a lysosomal
membrane marker (Fig. 4). The ratio of fused to non-fused
phagosomes with lysosomes in Rab27a knockdown cells was
significantly higher than that in parental HL-60 cells at 1 h
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FIGURE 3. Acceleration of actin remodeling leads to increased phagocytosis in Rab27a knockdown cells. A phagocytosis assay was performed using
C3bi-labeled Alexa Fluor 594-conjugated zymosan for 10 min. Treated cells were washed with PBS and further incubated for the indicated times. A, cells
were stained with Alexa Fluor 488-conjugated phalloidin and classified into actin accumulation beneath the attached particles (panel a), F-actin-coating
structure around the zymosan particles such as hemisphere actin cups (panel b), spherical actin coating (panel c), actin coating shredded in pieces (panel d),
and disappearance of actin filaments around phagosomes (panel e). Scale bars = 5 um. B, patterns of zymosan particles in the process of phagocytosis in
HL-60 and Rab27a shRNA/HL cells (clones 1 (c/.7) and 2 (cl.2)). Each zymosan particle was classified into five stages according to F-actin dynamics as indi-
cated. More than 100 zymosan particles were classified into five stages, and the proportion of the stages was changed with the indicated time course up to

30 min. The data are means = S.D. from three independent experiments.

after washing, but the ratio of fusion in Rab27a knockdown
cells was equal to that in parental HL-60 cells at 2 h after
washing (Fig. 4). These results raise the possibility that the
prompt fusion observed in Rab27a knockdown cells at 1 h
reflects rapid actin remodeling; however, so far as we exam-
ined the LAMP-1-positive phagosomes, there were no signifi-
cant differences in the ratio of fused phagosomes at 2 h after
washing.

To elucidate the molecular mechanism by which actin
coating of phagosomes is prolonged by Rab27a, we explored
the role of signaling molecule(s) downstream of Rab27a dur-
ing complement-mediated phagocytosis. Actin dynamics is
regulated by actin-binding proteins, which are temporally and
spatially regulated by PIP,. We focused our analysis on Coro-
nin 1A because Coronin 1A is reported to bind both PIP, and
actin filaments (17) and is involved in phagocytosis in HL-60
cells (16). We first determined the expression level of Coronin
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1A in parental and Rab27a knockdown HL-60 cells by immu-
noblot analysis (Fig. 54). We next assessed the dynamics of
intracellular localization of Coronin 1A concurrently with
F-actin remodeling. As shown in Fig. 5B, 10 min after wash-
ing, zymosan particles either were surrounded only by F-actin
(panel a) or were surrounded in the linear form by both Coro-
nin 1A and F-actin (panel b). Thirty min after washing, punc-
tate colocalization of Coronin 1A and F-actin around particles
was increased (panel c), and phagosomes were formed inside
the cells, and at that time, neither Coronin 1A nor F-actin
surrounded zymosan particles (panel d). These results suggest
that actin coating occurs during the process of phagosome
formation, which is followed by Coronin 1A accumulation,
and, that coated F-actin disappears during the step of particle
engulfment. To evaluate the effect of Rab27a knockdown on
the interaction between Coronin 1A and F-actin remodeling,
the colocalization patterns of Coronin 1A and F-actin around
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FIGURE 4. Effects of Rab27a on lysosomal fusion with phagosomes.
Phagocytosis assay was performed using C3bi-labeled Alexa Fluor 594-con-
jugated zymosan for 10 min in HL-60 and Rab27a shRNA/HL cells (clone 1).
Treated cells were washed with PBS and further incubated for the indicated
times. Fusion of lysosomes with phagosomes was determined by staining
with anti-LAMP-1 antibodies. More than 50 zymosan particles were
counted, and the ratio of fused zymosan particles to attached ones was cal-
culated. The data are means = S.D. from three independent experiments. ¥,
statistically significant difference (p < 0.05).

zymosan particles were classified into five stages (Fig. 5C).
Rab27a knockdown significantly increased the punctate pat-
tern of colocalization of Coronin 1A and F-actin around pha-
gosomes at 10 min after washing, and particle engulfment was
markedly accelerated at 30 min after washing (Fig. 5C). These
results suggest that rapid accumulation of Coronin 1A in
Rab27a knockdown cells promotes rapid F-actin remodeling,
which leads to accelerated phagocytosis.

Finally, to examine the effects of Rab27a GTPase activity on
both phagosome formation and Coronin 1A accumulation,
FLAG-rescue-Rab27a (wild-type form), FLAG-Rab27a-T23N
(GDP-bound form), or FLAG-Rab27a-Q78L (GTP-bound
form) was transiently expressed in Rab27a knockdown cells.
As shown in Fig. 5D (left), phagocytosis was attenuated in
wild-type Rab27a- and Rab27a-Q78L-expressing cells (num-
ber of zymosan particles, 4.2 = 1.3 per Rab27a knockdown
cell, 2.5 = 1.8 per wild-type Rab27a-expressing cell, and
0.79 £ 1.3 per Rab27a-Q78L-expressing cell). In contrast,
phagocytosis occurred normally or was even enhanced in
Rab27a-T23N-expressing cells (6.7 = 1.5 per Rab27a-T23N-
expressing cell). The histograms indicate that the accumula-
tion of Coronin 1A around phagosomes is promoted in
Rab27a-T23N-expressing cells (Fig. 5D (right) and supple-
mental Fig. S1). In addition, we confirmed that transfer of
Coronin 1A shRNA prolongs the actin-coating stage in the
process of phagocytosis (supplemental Fig. S2). These results
suggest that the expression of GTP-bound Rab27a is essential
for negative regulation of phagocytosis and that conversion to
GDP-bound form promotes Coronin 1A-related actin
disassembly.

DISCUSSION

In this study, we aimed to clarify the role of Rab27a in the
process of phagocytosis and showed that Rab27a negatively
regulates phagocytosis due to prolongation of the stage of
actin coating via suppression of Coronin 1A. Although muta-
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FIGURE 5. Rab27a retains the actin-coating process by regulating Coro-
nin 1A movement into phagosomes during complement-mediated
phagocytosis. A, expression of Coronin 1A in HL-60 cells, Rab27a shRNA/HL
cells (clones 1 (cl.7) and 2 (cl.2)), and FLAG-rescue-Rab27a/Rab27a shRNA
cells by immunoblot analysis with antibodies against human Coronin 1A
and a-tubulin as a loading control. B, distribution of Coronin 1A together
with F-actin remodeling in the process of complement-mediated phagocy-
tosis. Ten min after washing, zymosan particles were surrounded only by
F-actin (panel a), and zymosan particles were surrounded in the linear form
by both Coronin 1A and F-actin (panel b). Thirty min after washing, a dotted
pattern of colocalization of Coronin 1A and F-actin around particles was
seen (panel c). Phagosomes were formed inside the cells, and zymosan par-
ticles were not surrounded with Coronin 1A or F-actin (panel d). Scale bars =
5 wm. C, patterns of colocalization of Coronin 1A and F-actin around zymo-
san particles in the process of complement-mediated phagocytosis were
counted in HL-60 and Rab27a shRNA/HL cells (clone 1). Patterns of colocal-
ization of Coronin 1A and F-actin around zymosan particles were classified
into five stages as indicated. More than 100 zymosan particles were classi-
fied into five stages, and the proportion of the stages was changed with the
indicated time course up to 30 min. The data are means = S.D. from three
independent experiments. D, costaining of Coronin 1A (green fluorescence)
and transiently expressed FLAG-tagged Rab27a visualized by Cy3-conju-
gated anti-FLAG antibody (red fluorescence) shown as wild-type Rab27a,
Rab27a-Q78L (GTP-bound form), or Rab27a-T23N (GDP-bound form) in
Rab27a shRNA/HL cells (clone 1) after phagocytosis assay for 30 min (left).
Scale bars = 10 um. The histograms indicate that the accumulation of Coro-
nin 1A around phagosomes is promoted in Rab27a-T23N-expressing cells
(right). Patterns of Coronin 1A accumulation around phagosomes were clas-
sified into four stages as indicated. More than 50 phagosomes were evalu-
ated per assay. The data are means = S.D. from three independent
experiments.

tions in Rab27a cause type 2 Griscelli syndrome associated
with hemophagocytic syndrome, the direct role of Rab27a in
macrophage function has not been clarified yet. Amigorena
and co-workers (10) demonstrated that Rab27a also contrib-
utes to microbial antigen cross-presentation by dendritic cells
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and that the recruitment of Rab27a to phagosomes regulates
phagosomal pH, rescues peptides against excessive degrada-
tion in acidic lysosomes, and allows efficient cross-presenta-
tion. In addition to these previous concepts, our present data
demonstrate that Rab27a plays a direct regulatory role in the
process of macrophage phagocytosis. Collectively, Rab27a
might play a regulating role in the phagocytic process: 1) deg-
radation in phagolysosomes and 2) internalization of phago-
somes. The former is physiologically important in cross-pre-
sentation in dendritic cells, and the latter prevents the
excessive or self-eating phagocytosis in macrophages. Fur-
thermore, the results of our study could contribute to deter-
mination of immunological phenotype, even though hyperac-
tivation of macrophages by itself cannot explain the loss of
self-recognition and attack of autologous cells that are ob-
served in hemophagocytic syndrome.

In this study, we focused on the role of Rab27a in actin re-
modeling during the process of phagocytosis. Phagocytosis
proceeds as follows: 1) capture of target particles by associa-
tion between ligands and phagocytic receptors, 2) phagosome
formation, 3) internalization, and 4) fusion between lyso-
somes and phagosomes. First, we found that knockdown of
Rab27a increases phagocytic activity, especially during engulf-
ment (Fig. 2, A and B). In other words, Rab27a negatively reg-
ulates phagocytosis during the process of pathogen internal-
ization. We then assessed the role of Rab27a in the process
from phagosome formation to internalization using Rab27a
knockdown cells. The importance of actin remodeling during
the process of phagocytosis has been reported previously (6,
20). The rapid collapse of the actin coat around phagosomes
creates a force that leads to internalization of the target parti-
cles (7). In fact, we confirmed that pretreatment with the ac-
tin-stabilizing agent jasplakinolide clearly inhibits comple-
ment-mediated phagocytosis in macrophage-like
differentiated HL-60 cells (percentage of the cells that incor-
porated C3bi-opsonized zymosan was 25 = 1.5% of control
cells).

In this study, we showed that Rab27a delays the collapse of
F-actin around phagosomes via suppression of Coronin 1A
accumulation at these sites and prolongs the entire process of
phagocytosis (Figs. 3 and 5, A and B). What is the significance
of this delay in internalization? One possibility is that pro-
longed actin coating gives an opportunity to and a platform
for macrophages to recognize the pathogen via known or un-
known self-recognition receptors such as the CD47 receptor
Signal Regulatory Protein Alpha (SIRP«) (21, 22). Whatever
the cause, the mechanism by which Coronin 1A enhances
phagocytosis by inducing the rapid collapse of the actin coat
might explain the mechanism of non-Griscelli syndrome (type
2), i.e. non-hereditary hemophagocytic syndrome.

The critical role of Coronin 1A in actin cup formation dur-
ing phagocytosis downstream of protein kinase C has been
evaluated in a previous report (16). Moreover, it has been re-
ported that a Coronin family protein, Coronin 3, acts as a
Rab27a effector molecule in the insulin secretion system (23).

A recent study by Kimura et al. (24) demonstrates reduced
membrane localization of Coronin 3 in Rab27a knockdown
cells and that Coronin 3 associates with GDP-Rab27a. How-
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ever, we could not detect increased accumulation of Rab27a-
T23N only by transfection at the resting stage (before phago-
cytosis; data not shown), but rescue of Rab27a knockdown
cells by Rab27a-T23N clearly promoted the accumulation of
Coronin 1A around phagosomes with various colocalization
patterns of Rab27a and Coronin 1A on phagosome mem-
branes (supplemental Fig. S1). However, focusing only on co-
localization, we observed colocalization of Rab27a and Coro-
nin 1A in the early phase of phagosome formation, even in the
case of rescue by wild-type Rab27a (Fig. 5D, left). Our data
indicate that rescue of Rab27a knockdown cells by Rab27a-
T23N promotes the serial process of accumulation and disso-
ciation of Coronin 1A on phagosome membranes. The study
is the first to propose the hypothesis that Coronin 1A is an
effector molecule of Rab27a during phagocytosis. Further-
more, rescue expression of Rab27a-Q78L (GTP-bound form),
but not Rab27a-T23N (GDP-bound form), in Rab27a knock-
down cells completely abrogated both elevated phagocytosis
and increased accumulation of Coronin 1A around phago-
somes induced by Rab27a knockdown (Fig. 5D).

Hence, we can raise some possibilities about the relation
between Rab27a and Coronin 1A as follows: 1) GTP-Rab27a
inhibits Coronin 1A function; 2) GDP-Rab27a promotes Co-
ronin 1A function; 3) switching from GTP-Rab27a to GDP-
Rab27a releases the inhibition of Coronin 1A function; and 4)
Rab27a-T23N exerts a dominant-negative effect on the small
amount of wild-type Rab27a remaining in Rab27a knockdown
cells, and wild-type Rab27a cannot function. Jayachandran et
al. (25) reported that the absence of Coronin 1 in J774 macro-
phages using siRNA does not affect phagocytosis. In contrast,
our results showed that Coronin 1A promotes and accelerates
phagocytosis, and such a function is regulated by Rab27a. In
addition, transfection of Coronin 1A shRNA clearly inhibited
the disassembly of F-actin-encapsulating phagosomes and led
to a delayed engulfment of particles in macrophage-like dif-
ferentiated HL-60 cells (supplemental Fig. S2). There seemed
to be some differences in cell types and in assay conditions.
Further studies are necessary to identify the mechanism by
which Rab27a regulates Coronin 1A during the process of
actin remodeling during phagocytosis. In conclusion, we have
investigated whether Rab27a plays a direct role in the process
of phagocytosis, and we have shown that Rab27a negatively
regulates phagocytosis by prolongation of the actin-coating
stage via suppression of Coronin 1A accumulation at these
sites.
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