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Rab27, a small GTPase, is generally recognized as an impor-
tant regulator of secretion that interacts with Rab27-specific
effectors to regulate events in a wide variety of cells, including
endocrine andexocrine cells.However, themechanismsgovern-
ing the spatio-temporal regulation of GTPase activity of Rab27
are not firmly established, and no GTPase-activating protein
(GAP) specific for Rab27 has been identified in secretory cells.
We previously showed that expression of EPI64, a Tre-2/Bub2/
Cdc16 (TBC)-domain-containing protein, in melanocytes inac-
tivates endogenous Rab27A on melanosomes (Itoh, T., and
Fukuda, M. (2006) J. Biol. Chem. 281, 31823–31831), but the
EPI64 role in secretory cells has never been investigated. In this
study, we investigated the effect of EPI64 on Rab27 in isopro-
terenol (IPR)-stimulated amylase release fromrat parotid acinar
cells. Subcellular fractionation and immunohistochemical anal-
yses indicated that EPI64 was enriched on the apical plasma
membrane of parotid acinar cells. We found that an antibody
against the TBC/Rab-GAP domain of EPI64 inhibited the
reduction in levels of the endogenous GTP-Rab27 in streptoly-
sin-O-permeabilized parotid acinar cells and suppressed amy-
lase release in a dose-dependentmanner.We also found that the
levels of EPI64 mRNA and EPI64 protein increased after IPR
stimulation, and that treatment with actinomycin D or anti-
sense-EPI64 oligonucleotides suppressed the increase of EPI64
mRNA/EPI64 protein and the amount of amylase released. Our
findings indicated that EPI64 acted as a physiological Rab27-

GAP that enhancedGTPase activity of Rab27 in response to IPR
stimulation, and that this activity is required for IPR-induced
amylase release.

Small GTPase Rabs are believed to play important roles in
intracellular membrane trafficking (reviewed in Refs. 1–4).
More than 60 distinct Rab isoforms have been identified in
humans and mice, and these proteins form a large subfamily of
the small GTPase superfamily (5–7). Rab activity is regulated by
theGDP/GTP cycle (1–4, 8), withGTP-Rab andGDP-Rab rep-
resenting active and inactive forms, respectively. Distinct indi-
vidual Rabs interact with a specific effector/regulator, and these
complexes regulate different steps of membrane trafficking in
cells, and they function as either an accelerator or a brake (9,
10). GTP bound to a particular Rab is hydrolyzed by intrinsic
GTPase activity, and this activity is enhanced by a specific
GTPase-activating protein (GAP)3 (11).

The TBC (Tre-2/Bub2/Cdc16) domain is a conserved pro-
teinmotif with�200 amino acids and is known to be present in
a variety ofmolecules in eukaryotic organisms (12). Because the
TBC domain of yeast, Gyps (GAP for Ypt proteins), has been
shown to function as a GAP domain for small GTPase Ypt/Rab,
TBC domain-containing proteins (referred to as TBC proteins
hereafter) in other species are also expected to function as spe-
cific Rab-GAPs. Humans and mice each have more than 40
TBC proteins, and substantial evidence has accumulated
recently indicating that some mammalian TBC domains func-
tion as a GAP domain for the Rab family small GTPases (11, 12)
(see also Table in Ref. 13). However, since the GAP activity of
most of the mammalian TBC proteins has been determined by
in vitro GAP assays or by forced overexpression of TBC pro-
teins in cultured cells, little is known about the Rab-GAP func-
tion of “endogenous” TBC proteins in mammalian cells.
Previously, we identified aTBCprotein, EPI64, as a candidate
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events in secretory cells and melanosome transport in melano-
cytes (reviewed in Ref. 14). EPI64 (also called TBC1D10A/
Rab27A-GAP�) was originally described as an EBP50-binding
protein (EBP50-PDZ interactor of 64 kDa) involved inmicrovil-
lar formation (15, 16).We showed that overexpression of EPI64
in cultured melanocytes caused dissociation of endogenous
Rab27A from mature melanosomes and induced peri-nuclear
aggregation of melanosomes as a result of the Rab27A inactiva-
tion (17). However, we have not determined whether endoge-
nous EPI64 protein functions as a Rab27-GAP in melanocytes
or secretory cells under physiological conditions.
In the present study, we investigated the subcellular localiza-

tion and Rab27-GAP function of EPI64 in regulated secretion
using isoproterenol (IPR)-induced amylase release from rat
parotid acinar cells as a secretionmodel.We showed that EPI64
enhanced theGTPase activity of Rab27 in response to IPR stim-
ulation, and that Rab27-GAP activity is required for IPR-in-
duced amylase release. We further found that both EPI64
mRNA and EPI64 protein levels increased following IPR stim-
ulation. Based on these findings, we discuss the possible regu-
latorymechanismof EPI64 during IPR-induced amylase release
from parotid acinar cells.

EXPERIMENTAL PROCEDURES

Materials—Anti-EPI64-C and anti-EPI64-TBC antibodies
were generated by immunizing New Zealand White rabbits
with a C-terminal peptide (CAHHRSQESLTSQESEDTYL; an
artificial Cys residue is added to theN terminus for conjugation
of the peptide with keyhole limpet hemocyanin) and a TBC-
domain peptide (CGKVKLQQNPGKFDE), respectively, of
human EPI64. Each antibody was partially purified by ammo-
nium sulfate fractionation as described previously (18) and then
affinity-purified by exposure to antigenic peptide bound to
FMP activated-cellulofine beads according to the manufactur-
er’s instructions (SeikagakuCo., Tokyo, Japan). Anti-Rab27A/B
and anti-aquaporin 5 (AQP5) rabbit polyclonal antibodies were
purchased from Immuno-Biological Laboratories Ltd. (Taka-
saki, Japan) and Millipore (Billerica, MA), respectively. Anti-
Rab27A and anti-vesicle-associated membrane protein-2
(VAMP-2) mouse monoclonal antibodies were obtained from
Abcam (Cambridge, UK) and Synaptic Systems (Göttingen,
Germany), respectively. Anti-GDI rabbit polyclonal antibody
was obtained from Zymed Laboratories Inc. (San Francisco,
CA). Anti-Noc2 rabbit polyclonal antibody was prepared as
described previously (19). Horseradish peroxidase-conjugated
anti-T7 tag mouse monoclonal antibody was purchased from
Merck Biosciences Novagen (Darmstadt, Germany). Actino-
mycin D, PCR primers, and other chemical products were pur-
chased from Sigma-Aldrich. Protein kinase A inhibitor 5–24
was from Calbiochem Merck KGaA (Darmstadt, Germany).
Rat tissue cDNA QUICK-clone was from TAKARA Bio Inc.
(Kyoto, Japan). Locked nucleic acid (LNA) antisense oligonu-
cleotides (20), corresponding to rat EPI64 (5�-TCCTGGGAG-
CAAGAGCATA-3�) (EPI64 antisense LNA), were provided by
GeneDesign Inc. (Osaka, Japan).
Preparation of Total RNA and Subcellular Fractionation of

Parotid Acinar Cells—All animal protocols were devised and
performed in accordance with the Guidelines of the Nippon

Dental University for the Care and Use of Laboratory Animals.
Parotid acinar cells were prepared from parotid glands of male
Wistar rats (�10 weeks old) by enzyme digestion using trypsin
(Sigma-Aldrich) and collagenase (CLSPA; Worthington Bio-
chemical Co., Lakewood,NJ) as described previously (21). Total
RNA from parotid acinar cells was prepared with an RNeasy
Plus Mini kit (Qiagen GmbH, Hilden, Germany) according to
themanufacturer’s instructions. Subcellular fractionswere pre-
pared from the homogenate of the acinar cells as described
previously (22). Specifically, parotid acinar cells were homoge-
nized in a 20-fold volume of buffer A (5 mM HEPES-NaOH
buffer (pH 7.2) containing 50mMmannitol, 0.25mMMgCl2, 25
mM �-mercaptoethanol, 0.1 mM EGTA, 2 �M leupeptin, 2.5
�g/ml trypsin inhibitor, 0.1 mM 4-amidinophenylmethanesul-
phonyl fluoride hydrochloride (p-APMSF), 5 mM benzamidine,
and 2�g/ml aprotinin) using a glass homogenizer with a Teflon
pestle. Homogenate was centrifuged at 9,750 � g for 10 min at
4 °C. Supernatant was then re-centrifuged at 35,000 � g for 30
min at 4 °C, and further centrifuged at 100,000 � g for 1 h. The
precipitate was the intracellularmembrane (ICM) fraction, and
the supernatant was the cytosolic (Cyto) fraction. The 35,000�
g pellet was suspended in buffer A containing 10mMMgCl2 and
left on ice for 30 min. The suspension was centrifuged at
3,000� g for 15min, and the resultant precipitate was obtained
as the basolateral plasma membrane (BLM) fraction. The
resultant supernatant was re-centrifuged at 100,000� g for 1 h,
and the resultant precipitate was recovered as the apical plasma
membrane (APM) fraction. The APM and BLM fractions were
characterized by specific enzyme activities, �-glutamyl trans-
peptidase activity for the APM, and K�-stimulated p-nitrophe-
nyl-phosphatase activity for the BLM (23, 24). A secretory gran-
ule membrane (SGM) fraction was prepared by centrifugation
in 40% Percoll gradient (25). Protein assays were performed
using a protein assay kit (Bio-Rad).
IPR Stimulation of Parotid Acinar Cells—Suspensions of

parotid acinar cells or slices �1 mm3 in volume were equally
divided into three tubes. Preincubation was performed at 37 °C
for 10 min in 5 ml of Hanks’ balanced salt solution containing
0.5% bovine serum albumin. The cells or slices were then stim-
ulated with 1 �M IPR for 0, 5, or 30 min. After incubation, the
mediumwas immediately removed by centrifugation at 500� g
for 1 min at 4 °C. Acinar cells were washed twice with ice-cold
homogenization buffer A and subjected to preparation of total
RNA and subcellular fractions. Parotid slices were used for
immunohistochemistry as described below.
Immunoblotting—Sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) and immunoblot analysiswere
performed as described previously (26). Samples were sepa-
rated by 10% SDS-PAGE. Proteins in the gel were transferred to
Immun-Blot PVDF membranes (Bio-Rad) using a semi-dry
blotter. Membranes were probed with anti-EPI64-C polyclonal
antibody (1/500 dilution) or anti-Rab27 polyclonal antibody
(1/250 dilution). Membranes were washed and then incubated
with anti-rabbit immunoglobulin G (IgG) horseradish peroxi-
dase-conjugated secondary antibody (Sigma-Aldrich) (1/3000
dilution), followed again by washing. Immunoreactive bands
were visualized using an ECL or ECL plus detection system (GE
Healthcare Biosciences, Piscataway, NJ) according to the man-
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ufacturer’s instructions. The intensity of immunoreactive
bands on a film was quantified using Image Gauge (LAS-1000
software; Fuji Film, Tokyo, Japan).
Reverse Transcription (RT)-PCR and Real-time PCR—Pa-

rotid cDNA was prepared from total RNA of rat parotid acinar
cells, and cDNA from other tissue wasmade using the QUICK-
clone system. Reverse transcription of total RNA from parotid
acinar cells was performed using a Transcriptor First Strand
cDNA Synthesis kit (Roche, Basel, Switzerland). Synthesized
cDNA was made from 1 �g of the total RNA preparation, and
1/20 of the reverse transcriptase reactionmix was used for PCR
or quantitative real-time PCR. PCR was performed with KOD-
plus DNA polymerase (TOYOBO, Osaka, Japan) and specific
primers corresponding to rat EPI64 (forward: 5�-CAGAATC-
CTGGAAAATTTGAT-3�; and reverse: 5�-TGGATTGCCTC-
CAGTTTCTC-3�) and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (forward: 5�-AACATCATCCCTGCATCC-
AC-3�; and reverse: 5�-GACAACCTGGTCCTCAG-
TGT-3�). Real-time PCR was carried out using a LightCycler
Carousel-Based System (Roche). A TaqManMaster kit (Roche)
withUniversal Probe Library (Roche) was used to evaluate gene
expression of EPI64, as a target, and TaqMan Gene Expression
Assays (Assay ID, Rn99999916_s1, Applied Biosystems) was
used to evaluate gene expression of GAPDH, as a reference, in
parotid acinar cells. PCR primers and probe (#65) for EPI64
(Tbc1d10a: NM_001015022.3) were designed with the Probe
Library Assay Design Center. EPI64 expression by real-time
PCR was normalized to GAPDH, an endogenous control. Rat
brain cDNA (QUICK-clone) was used as a standard.
Amylase Release from Permeabilized Parotid Acinar Cells—

Amylase release from streptolysin O (SLO)-permeabilized aci-
nar cells was measured as described previously (26). Lyophi-
lized SLO powder (Sigma-Aldrich) was dissolved in 10mM PBS
(pH 7.0) and was activated with 10 mM dithiothreitol for 1 h at
0 °C. Parotid acinar cells were washed twice with incubation
medium (20 mM HEPES-NaOH (pH 7.2), 140 mM KCl, 1 mM

MgSO4, 1 mM Mg-ATP, 0.1 mg/ml trypsin inhibitor, and 0.1%
bovine serum albumin). The effect of the anti-EPI64-TBC IgG
on IPR-induced amylase release was investigated as follows.
The cell suspension (100�l) was pipetted into a tube containing
2�l of 2500 units/ml SLO together with either anti-EPI64-TBC
IgG, normal rabbit IgG, or EPI64 antisense LNA, and incubated
at 37 °C for 5 min (for IgG) or 30 min (for antisense LNA). The
suspension was then stimulated with 1 �M IPR for 20 min. The
reaction mixture was added to 900 �l of incubation medium,
and was immediately filtered through glass filter paper to
remove acinar cells, and the filtrate, containing released amy-
lase, was used for the amylase assay. Total amylase activity was
assayed from centrifuged supernatant after acinar cells were
homogenized in 0.1% Triton X-100. Amylase activity was mea-
sured as described by Bernfeld (27). Namely, the activities were
indicated by the amount of maltose that was produced from
starch. Amylase release of 100% was represented as the differ-
ential amylase activities with and without IPR stimulation
under control conditions. Approximately 5% of the total amy-
lase was released by IPR stimulation under our experimental
conditions. To evaluate the effect of actinomycin D on IPR-
induced amylase release, we also prepared a saponin-permea-

bilized cell suspension (28) andmeasured amylase release in the
presence of actinomycin D, and without antibody or antisense
LNA, as described above.
GTP-Rab27Pull-downAssaywithGlutathione S-Transferase

(GST)-Synaptotagmin-like Protein Homology Domain (SHD) of
Slac2-b—The amount ofGTP-Rab27 in parotid acinar cells was
measured by affinity pull-down using the Slac2-b SHD as
described previously (29). Briefly, anti-EPI64-TBC IgG or con-
trol rabbit IgG was introduced into the SLO-permeabilized
parotid acinar cells. The cells were incubated for 20 min and
then stimulated with 1 �M IPR for 20 min. Membrane-associ-
ated proteins, including Rab27, were solubilized in buffer B (50
mM HEPES-KOH (pH 7.2), 80 mM KCl, 4 mM MgCl2, 0.2 mM

CaCl2, 2 mM EGTA, 1 mM dithiothreitol, 2 �M leupeptin, 2.5
�g/ml trypsin inhibitor, 0.1 mM p-APMSF, 5 mM benzamidine,
and 2�g/ml aprotinin) containing 0.5%TritonX-100 at 4 °C for
5 min followed by centrifugation at 100,000 � g for 10 min.
Supernatants were incubated with glutathione-Sepharose
beads (GE Healthcare Biosciences) coated with 10 �g of the
GST fusion proteinwith the SHD fromSlac2-b (simply referred
to as GST-SHD hereafter) at 4 °C for 30 min. The beads were
washed four times with buffer B containing 0.1% Triton X-100
and boiled in Laemmli SDS-sample buffer for elution. GTP-
Rab27 proteins bound to the beads were analyzed by immuno-
blotting with anti-Rab27 antibody as described above. GTP-
Rab35 pull-down assay was similarly performed by using a
specific Rab35 trapper, GST-RBD35 (Rab-binding domain spe-
cific for Rab35), that was recently developed (30).
Immunoprecipitation—Homogenate (500 �g of protein) of

parotid acinar cells was solubilized with 1% Triton X-100 at
4 °C for 1 h. Insolublematerialswere removed by centrifugation
at 15,000 � g for 10 min. Supernatant was incubated with anti-
EPI64-C IgG (10 �g/ml) at 4 °C for 1 h and with Dynabeads
M-280 sheep anti-rabbit IgG (Dynal Biotech, Oslo, Norway) for
1 h at 4 °C. After washing the beads five times with 50 mM

HEPES-KOH (pH 7.2), 150 mM NaCl, and 0.5% Triton X-100,
the beads were boiled in Laemmli SDS-sample buffer. Immno-
blotting was performed as described above.
Immunohistochemistry—IPR-stimulated parotid slices were

immediately fixedwith 4% (w/v) paraformaldehyde dissolved in
0.07 M phosphate buffer (pH 7.3) for 8 h at room temperature.
Fixed specimens were then rapidly frozen in isopentane pre-
cooled to�35 °C. Frozen sections (6�m)were cut using a cryo-
stat, mounted on APS-coated glass slides (Matsunami Glass,
Osaka, Japan), and processed for the following immunostaining
procedures. Since both anti-EPI64-TBC and anti-AQP5 poly-
clonal antibodies were prepared from rabbits, we used a Zenon
Rabbit IgG Labeling kit (Molecular Probes, Eugene, OR) for
double immunostaining. The sectionswere incubated for 1–2 h
at room temperature with diluted Zenon labeling complexes
(Alexa Fluor 488-labeled anti-EPI64-TBC rabbit IgG: 1/200
dilution; Alexa Fluor 594-labeled anti-AQP5 rabbit IgG: 1/200
dilution) and treated as described in the manufacturer’s
instructions. The other sections were co-immunostained with
anti-EPI64-TBC rabbit antibody and anti-Rab27A (1/200 dilu-
tion) mouse monoclonal antibody followed by exposure to
Alexa Fluor 488- and 594-labeled secondary antibodies (each
1/100 dilution), respectively. Stained sections were examined
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and photographed under a confocal laser scanning microscope
(LSM 710; Carl Zeiss, Göttingen, Germany).
Treatment of Parotid Acinar Cells with Actinomycin D or

EPI64 Antisense LNA—Parotid acinar cells were washed twice
with incubation medium (20 mM HEPES-NaOH (pH 7.2), 140
mMKCl, 1mMMgSO4, 1mMMg-ATP, 0.1mg/ml trypsin inhib-
itor, and 0.1% bovine serum albumin). The effects of actinomy-
cin D or EPI64 antisense LNA on IPR-induced up-regulation of
EPI64 mRNA and EPI64 protein were investigated as follows.
The cell suspension (100�l) was pipetted into a tube containing
2 �l of 2500 units/ml SLO together with EPI64 antisense LNA
(final concentration; 50 nM), or 2 �l of 1 mg/ml saponin
together with actinomycin D (final concentration; 50 �g/ml)
and incubated at 37 °C for 20 min. The cell suspensions were
then stimulatedwith 1�M IPR for 30min.After the stimulation,
the cells were collected by centrifugation at 90 � g for 10 min,
resuspended in 100 �l of RNAlater (Ambion, Austin, TX) (or
homogenization buffer A) on ice, and subjected to preparation
of total RNA for RT-PCR analysis (or homogenate for SDS-
PAGE) as described above.

RESULTS

Expression and Subcellular Localization of EPI64 in Parotid
Acinar Cells—We previously showed that EPI64 is a candidate
Rab27-GAP, because its overexpression in melanocytes caused
inactivation of endogenous Rab27A molecules (17). To deter-
mine whether EPI64 actually functions as a physiological
Rab27-GAP, we chose amylase release from parotid acinar cells
as a secretion model for the following reasons. First, parotid
acinar cells are typical exocrine cells that contain many secre-
tory granules to which both Rab27A and Rab27B are localized
(31). These secretory granules undergo exocytosis in response
to IPR, a �-adrenergic stimulant (32–34), and their contents,
including amylase, are released. Functional blocking of Rab27
either with a specific antibody or by a specific Rab27 trapper
(i.e. GST-SHD (29, 35)) causes a reduction in the amount of
amylase release (31). Second, Rab27 effectors (e.g. Slp4-a/
granuphilin-a, Slac2-c/MyRIP, and Noc2) that regulate Rab27
in parotid acinar cells have been identified, and blocking the
function of these effectors also reduces amylase release (36–
38). Third, the behavior and the recycling of Rab27 proteins
after IPR stimulation is well documented in parotid acinar cells
(22). For the most part, GTP-Rab27 is present on secretory
granules under resting conditions, and it translocates to the
apical plasma membrane (APM) 5 min after IPR stimulation.
GTP-Rab27 is then inactivated and dissociation of the resulting
GDP-Rab from the APM is mediated by the activity of a Rab-
specific GDP dissociation inhibitor during 30 min after IPR
stimulation. We therefore think that amylase release from
parotid acinar cells is an ideal system inwhich to investigate the
involvement of EPI64 in the conversion of GTP-Rab27 toGDP-
Rab27 after IPR stimulation.
We first examined the expression of EPI64 mRNA in rat

parotid acinar cells by RT-PCR analysis. As shown in Fig. 1A,
EPI64 mRNA was detected in parotid acinar cells and in all
tissues tested. We then generated two anti-EPI64 antibodies
(anti-EPI64-C antibody and anti-EPI64-TBC antibody) to
assess the expression of EPI64 protein in parotid acinar cells.

The specificity of each antibody was assessed by immunoblot-
ting with recombinant T7-tagged TBC1D10 family members
expressed in COS-7 cells (Fig. 1B). Notably, both antibodies
specifically recognized EPI64/TBC1D10A (lanes 1 and 4 in Fig.
1B), but not two closely related proteins, TBC1D10B and
TBC1D10C/EPI64C (13, 39, 40). We then analyzed the EPI64
protein expression in rat parotid glands by immunoblotting
with anti-EPI64-C antibody (Fig. 1C). Consistent with the
results of the RT-PCR analysis, EPI64 was detected in all tissues
tested, but a high level of EPI64 expression was observed in the
kidney.
We further investigated the subcellular distribution of EPI64

in parotid acinar cells by subcellular fractionation (Fig. 1D).
Parotid acinar cells are typical exocrine cells and can be sepa-
rated into five different fractions, i.e. basolateral plasma mem-
brane (BLM), apical plasma membrane (APM), intracellular
membrane (ICM), secretory granule membrane (SGM), and
cytosol (Cyto), by ultracentrifugation (22) (see “Experimental
Procedures” for details). Interestingly, EPI64 protein had a
polarized distribution in parotid acinar cells. It was enriched in
the APM, where Rab27-bearing secretory granules are known
to fuse (31), and some EPI64 signal was also present in the
cytosolic fraction (lanes 2 and 5 in Fig. 1D).
Inhibition of Amylase Release by Anti-EPI64-TBC IgG—To

investigate the involvement of EPI64 in IPR-induced amylase
release from parotid acinar cells, we tested the effect of anti-
body against the TBC/Rab-GAP domain (anti-EPI64-TBC)
on IPR-induced amylase release from SLO-permeabilized
parotid acinar cells (Fig. 2). Interestingly, introduction of the
anti-EPI64-TBC IgG into SLO-permeabilized parotid acinar
cells caused a reduction in IPR-induced amylase release in a
dose-dependent manner (up to �50% of control IPR-in-
duced amylase release) (closed diamonds in Fig. 2). By con-
trast, control rabbit IgG had no effect on IPR-induced amy-
lase release under the same experimental conditions (open
squares in Fig. 2).
Effect of Anti-EPI64-TBC IgG on the GTP Binding Status of

Rab27—If EPI64 actually functions as Rab27-GAP during IPR-
induced amylase release under physiological conditions, anti-
EPI64-TBC IgG should affect the GTP binding status of Rab27.
Therefore, we measured the amount of endogenous GTP-
Rab27 in SLO-permeabilized parotid acinar cells with or with-
out anti-EPI64-TBC IgG treatment using a GTP-Rab27 pull-
down assay with a GST-SHD bait (29, 35) (Fig. 3A). The results
of the pull-down assay clearly indicated that the amount of
endogenous GTP-Rab27 was significantly decreased in re-
sponse to IPR stimulation under control conditions (�50% of
the unstimulated conditions; compare lane 1 with lanes 3/5 in
Fig. 3B), whereas anti-EPI64-TBC IgG completely inhibited the
reduction of GTP-Rab27 to the level before the stimulation
(lane 4 in Fig. 3B). Based on this result, we concluded that the
anti-EPI64-TBC IgG inhibited the GAP activity of endogenous
EPI64molecules, which in turn inhibited the reduction ofGTP-
Rab27 following IPR stimulation.
Furthermore, EPI64 and its substrate Rab27 were co-local-

ized at the luminal sites of parotid acinar cells before and after
IPR stimulation (Fig. 4B), and the EPI64/Rab27A complex was
also detected before and after IPR stimulation (Fig. 4A and data
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not shown) by co-immunoprecipitation assays. These results
also supported our conclusion that EPI64 functions as a Rab27-
GAP in parotid acinar cells.
Redistribution and Increased Protein Expression of EPI64 in

Parotid Acinar Cells after IPR Stimulation—Although the
EPI64 protein was predominantly localized at the APM of
parotid acinar cells under resting conditions, the subcellular
localization of EPI64 may change following IPR stimulation, as
does Rab27 distribution (from secretory granules to the APM,
and then to the cytosol) in response to stimuli (22). To investi-
gate this possibility, we performed an immunohistochemical
analysis with the anti-EPI64-TBC antibody. Parotid slices were
incubated with 1 �M IPR for 5 min or 30 min, and each section
was immunostained with anti-EPI64-TBC antibody or anti-
AQP5 antibody (a marker for the APM (41)) (Fig. 5A, panels

a–i). Although EPI64 was observed at the APM before IPR
stimulation, consistent with the result of the subcellular frac-
tionation analysis (Fig. 1D), it appeared to translocate from the
APM to the cytosol after 30 min of stimulation. In addition,
immunostaining signals of EPI64 unexpectedly increased in the
cells after IPR stimulation (compare Fig. 5A, panels a and g). To
confirm whether increased EPI64 signals were attributable to
increased protein expression, a quantitative immunoblotting
analysis was performed. As anticipated, up-regulation of EPI64
protein expression was clearly observed after IPR stimulation
for 5–60 min (Fig. 5, B and C, total panels), and a �2-fold
increase in EPI64 protein expression was observed after stimu-
lation for 60 min. The results of the subcellular fractionation
analyses clearly showed that the amount of EPI64 protein at the
APMand the cytosolwas decreased and increased, respectively,

FIGURE 1. Expression and subcellular localization of EPI64 in rat parotid gland. A, mRNA expression of EPI64 in parotid acinar cells (Parotid), brain, testis,
kidney, and liver as revealed by RT-PCR analysis. GAPDH, a housekeeping gene, was used as a positive control for mRNA. RT-PCR products were detected as
319-bp and 237-bp bands for EPI64 and GAPDH, respectively. EPI64 mRNA was detected in parotid acinar cells and all other tissues. The size of the molecular
weight markers (bp, base pair) is shown at the left. B, specificity of anti-EPI64 rabbit polyclonal antibodies (anti-EPI64-TBC and anti-EPI64-C) used in this study.
Recombinant T7-tagged EPI64/TBC1D10A (lanes 1, 4, and 7), TBC1D10B (lanes 2, 5, and 8), and TBC1D10C (lanes 3, 6, and 9) were subjected to 10% SDS-PAGE
followed by immunoblotting with anti-EPI64-TBC antibody (lanes 1–3), anti-EPI64-C antibody (lanes 4 – 6), or anti-T7 tag antibody (lanes 7–9). Note that both
antibodies against EPI64 specifically recognized EPI64/TBC1D10A (lanes 1 and 4). The positions of the molecular mass markers (Mr in kilodaltons) are shown on
the left. C, rat brain, testis, kidney, and parotid lysates (each 5 �g of protein) were separated by 10% SDS-PAGE and analyzed by immunoblotting with
anti-EPI64-C antibody. EPI64 protein was detected in parotid acinar cells (lane 4, arrow) and all other tissues. The positions of the molecular mass markers (Mr
in kilodaltons) are shown on the left. D, subcellular localization of EPI64 in rat parotid acinar cells. Lanes are BLM, basolateral plasma membrane; APM, apical
plasma membrane; ICM, intracellular membrane; SGM, secretory granule membrane; and Cyto, cytosolic fractions. They (each 5 �g of protein) were processed
as described under “Experimental Procedures,” and proper fractionations were confirmed by immunoblotting with antibodies against several fractionation
markers, including AQP5 (a marker for the APM), VAMP-2, and Noc2 (markers for the SGM), and GDI (GDP dissociation inhibitor, a marker for the Cyto). Note that
EPI64 was enriched at the APM fraction (lane 2) and that some portions of EPI64 were also present in the cytosolic fraction (lane 5). The positions of the molecular
mass markers (Mr in kilodaltons) are shown on the left.
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after IPR stimulation (Fig. 5, B and C, APM and Cyto panels),
indicating that EPI64 protein translocates from the APM to the
cytosol.
Effect of IPR Stimulation on mRNA Expression of EPI64 in

Parotid Acinar Cells—IPR-induced up-regulation of EPI64
protein expression may be caused by up-regulation of the
EPI64 mRNA level or by increased translational activity. To
determine the primary cause of the up-regulation of EPI64
protein expression, IPR-induced gene expression of EPI64
was quantified by real-time PCR (Fig. 6). EPI64 mRNA
expression was increased �2-fold by IPR stimulation for 30
min, which closely corresponds to the 2-fold increase in

EPI64 protein expression described above (Fig. 5C, total
panel). Therefore, we concluded that IPR stimulation rapidly
induced EPI64mRNA levels and consequently EPI64 protein
levels.
Effects of Actinomycin D Treatment and Antisense Oligonu-

cleotides on Expression of EPI64 and Amylase Release—Finally,
we assessed whether up-regulation of EPI64 protein expression
was essential for IPR-induced amylase release. Parotid acinar
cells were treated with actinomycin D, an RNA synthesis inhib-
itor. In the presence of actinomycin D (50 �g/ml for 50 min),
up-regulation of the level of both EPI64mRNA and EPI64 pro-
tein was completely abolished (Fig. 7, A and B, respectively).
Interestingly, treatment of parotid acinar cells with actinomy-
cin D inhibited IPR-induced amylase release to �60% of that of
the control cells (Fig. 7C). To rule out the possibility that acti-
nomycin D suppressed the expression of genes other than
EPI64 that were essential for amylase release, we further tested
the effect of EPI64 antisense LNA on IPR-induced amylase
release from SLO-permeabilized parotid acinar cells. The
results showed that the antisense LNA significantly inhibited
both up-regulation of EPI64 mRNA/EPI64 protein (Fig. 7, D
and E) and IPR-induced amylase release (Fig. 7F), suggesting
that increased EPI64 protein after IPR stimulation also contrib-
utes to amylase release.

FIGURE 2. Inhibition of amylase release by anti-EPI64-TBC IgG. The effect
of purified antibody against the TBC/Rab-GAP domain (anti-EPI64-TBC IgG)
on IPR-induced amylase release from SLO-permeabilized parotid acinar cells
was investigated as described under “Experimental Procedures.” Amylase
release is represented as the percentage of that without the antibody
(means � S.E. of four independent experiments, performed in triplicate).
100% amylase release corresponds to 5.80 � 0.46% of the total amylase activ-
ity (100.1 � 11.8 mg maltose/0.1 ml cell suspension). Data were analyzed by
two-way ANOVA, followed by Williams’ post hoc test. *, p � 0.025; **, p �
0.005. Note that the anti-EPI64-TBC IgG (closed diamonds) inhibited IPR-in-
duced amylase release from SLO-permeabilized parotid acinar cells in a dose-
dependent manner, whereas control rabbit IgG (open squares) had no effect.

FIGURE 3. Effect of anti-EPI64-TBC IgG on the GTP-binding status of
Rab27. The amount of GTP-Rab27 in SLO-permeabilized parotid acinar cells
with or without anti-EPI64-TBC IgG treatment was measured using a GTP-
Rab27 pull-down assay with GST-SHD. A, GTP-Rab27 trapped by GST-SHD was
detected by immunoblotting using anti-Rab27 antibody. Typical data from
five independent experiments are shown. B, intensity of Rab27 bands in A was
measured. Bars indicate means � S.E. of five independent experiments. *, p �
0.01 (Student’s unpaired t test). Note that the amount of endogenous GTP-
Rab27 was significantly decreased after IPR stimulation under control condi-
tions (lanes 3 and 5), whereas such reduction was not observed in the
presence of anti-EPI64-TBC IgG (lane 4). These results indicated that the anti-
EPI64-TBC antibody inhibited the GTPase activity of Rab27, possibly through
inhibition of Rab27-GAP activity of EPI64.

FIGURE 4. Interaction between EPI64 and Rab27 in parotid acinar cells.
A, endogenous interaction between EPI64 and Rab27 as revealed by co-im-
munoprecipitation assays. Cell homogenate of 1 �g of protein was applied to
lane 1. Immunoprecipitates with control rabbit IgG and anti-EPI64-C IgG were
loaded on lanes 2 and 3, respectively. B, co-localization between EPI64 and
Rab27A at the luminal sites of parotid acinar cells. Parotid gland slices were
incubated without (a– c) and with 1 �M IPR for 5 min (d–f). Each section was
co-immunostained with anti-EPI64-TBC antibody (a and d; green) and anti-
Rab27A antibody (b and e; red). Merged images are shown in c and f. Arrow-
heads represent acinar luminal sites. The insets show magnified views of the
boxed area. Scale bars, 5 �m.
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DISCUSSION

In a previous study, we identified EPI64 as a candidate
Rab27-GAP because overexpression of EPI64, but not a catalyt-
ically inactive EPI64 mutant, in cultured melanocytes induced

inactivation of endogenous Rab27A molecules, and EPI64
exhibited Rab27A-GAP activity in vitro (17). However, whether
EPI64 actually functions as a physiological Rab27-GAP in
secretory cells was not investigated. In the present study, we
investigated the biological function of EPI64 and its regulatory
mechanism in secretory vesicle exocytosis using rat parotid aci-
nar cells as a secretionmodel, because these parotid acinar cells
express both Rab27A/B and their effectors, Slac2-c, Slp4-a, and
Noc2, and because they have been shown to participate in amy-
lase release (22, 31, 37). We found that EPI64 was expressed
endogenously in rat parotid acinar cells, and that it was
enriched in theAPMand less abundant in the cytosol of parotid
acinar cells at rest (Fig. 1). We noted that EPI64 was not local-
ized on the secretory granulemembranes, where Rab27 is local-
ized under resting conditions (31). SuchAPM-specific localiza-
tion of EPI64, together with our previous observations of IPR
stimulation-dependent redistribution of Rab27 (from secretory
granules to the APM, and to the cytosol) (22), prompted us to
hypothesize that EPI64 on the APM promotes the GTPase
activity of Rab27, which is translocated from secretory granules
to the APM after exocytosis. Moreover, we suggested that the
inactivated GDP-Rab27 is released from the APM due to the
function of a GDP dissociation inhibitor (22). This hypothesis
was strongly supported by our finding that the introduction of
an antibody against the TBC/Rab-GAP domain of EPI64 in
SLO-permeabilized parotid acinar cells completely inhibited
the stimulation-dependent reduction in GTP-Rab27 (Fig. 3). In
addition, the redistribution of Rab27 in saponin-permeabilized
parotid acinar cells (particularly themove from the APM to the

FIGURE 5. Redistribution and increased protein expression of EPI64 in
parotid acinar cells after IPR stimulation. A, redistribution of EPI64 protein
was observed after IPR stimulation by immunohistochemistry. Parotid gland
slices were incubated with 1 �M IPR for 5 min or 30 min. Each section was
co-immunostained with anti-EPI64-TBC antibody (a, d, and g; green) and anti-
aquaporin 5 antibody (AQP5, an APM marker; b, e, and h; red). Merged images
are shown in c, f, and i. Arrowheads represent acinar luminal sites. Scale bars, 5
�m. B, increased expression of EPI64 protein in parotid acinar cells after IPR
stimulation as revealed by immunoblotting using anti-EPI64-C antibody
(Total panel). Alteration of EPI64 protein in the APM fraction (APM panel) and
cytosolic fraction (Cyto panel) was also demonstrated by using quantitative
immunoblotting. Typical data from four independent experiments are
shown. C, intensity of EPI64 bands in B was measured. Bars indicate means �
S.E. of four independent experiments. Data were analyzed by two-way
ANOVA, followed by Williams’ post hoc test. *, p � 0.025; **, p � 0.005.

FIGURE 6. Effect of IPR stimulation on the mRNA expression of EPI64 in
parotid acinar cells. IPR stimulation-dependent increase in the level of EPI64
mRNA as revealed by RT-PCR analysis (A) and real-time PCR analysis (B). The
acinar cells were stimulated with 1 �M IPR for 5 or 30 min, and PCR analyses
were performed as described under “Experimental Procedures.” Typical data
from four independent experiments are shown in A. The size of the molecular
weight markers (bp, base pair) is shown at the right in A. Bars in B indicate
means � S.E. of four independent experiments. *, p � 0.01 (Student’s
unpaired t test). Note that EPI64 mRNA expression was dramatically increased
by IPR stimulation.

EPI64 Functions as a Rab27-GAP in Rat Parotid Acinar Cells

33860 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 39 • SEPTEMBER 30, 2011



cytosol) following IPR stimulation was inhibited by treatment
with GTP�S, a non-hydrolyzable analog of GTP (supplemental
Fig. S1). Therefore, theGTPase activity of Rab27was likely to be

required for dissociation of Rab27 from the APM. Although
GAP is generally thought to be a negative regulator that termi-
nates GTPase signaling, the anti-EPI64-TBC antibody attenu-
ated IPR-induced amylase release in a dose-dependent manner
(Fig. 2). This result may not be surprising in light of a recent
report showing that the GTPase activity of Rab27 is not
required for exocytosis itself in platelets, and that the GTPase
activity of Rab27 occurs only after exocytosis (29). Therefore,
we speculate that a Rab27 must undergo a proper GTP-GDP
cycle for amylase release, and that inhibition of the cycle by the
specific antibody, i.e. the accumulation of GTP-Rab27 on the
APM, would inhibit amylase release by reducing the number of
Rab27 molecules available to mediate the next round of exocy-
tosis, preventing sustained amylase release.
Another important but unexpected finding was that both the

EPI64 mRNA level and EPI64 protein level were increased by
stimulation with IPR (Figs. 5 and 6), and that suppression of
increases in EPI64mRNAby actinomycin D or EPI64 antisense
LNA inhibited IPR-induced amylase release (Fig. 7). Currently,
the exact mechanism by which IPR induced transcription of
EPI64 mRNA is unknown, but IPR stimulation is known to
increase the cAMP level in parotid acinar cells as a result of
activation of adenylate cyclase (28). Because a candidate CREB
(cAMP response element-binding) protein binding site(s) (half
site; TGACG) was identified in the human and mouse
TBC1D10A/EPI64 genes by the CREBTarget GeneDatabase, it
is highly possible that the transcription of EPI64 mRNA was
activated by CREB protein through protein kinase A (PKA)
phosphorylation. In fact, EPI64 mRNA expression was sup-
pressed by the protein kinase A inhibitor 5–24 (supplemental
Fig. S2). Because treatment of parotid acinar cellswithEPI64 anti-
sense LNA significantly reduced the amount of amylase released,
cytosolic EPI64 increase after IPR stimulation is also likely to reg-
ulate the biogenesis and/or recycling of secretory granules (e.g.
transport of secretory granules to the apical region), in which
Rab27 may be involved (42, 43). A proper GTP-GDP cycle of
Rab27 is presumably required for these processes.
It has been very recently reported that members of the

TBC1D10 family, including EPI64, function as GAPs for Rab35
(39, 40, 44), which is known to regulate a variety of cellular
events, including recycling of T-cell receptor and oocyte yolk
protein (40, 44, 45), cytokinesis (46), neurite outgrowth (47, 48),
actin bundling (49, 50), and exosome secretion (39). However,
Rab35 protein is expressed at very low levels in parotid acinar
cells relative to those in the rat brain (supplemental Fig. S3A,
lane 6), and we detected Rab35 in the SGM-rich fraction of
parotid acinar cells (supplemental Fig. S3A, lane 8). The
involvement of Rab35 in IPR-induced amylase release was also
investigated by using a Rab35-specific trapper (GST-RBD35)
that we have recently developed (30). However, GST-RBD35
had no effect on IPR-induced amylase release from SLO-per-
meabilized parotid acinar cells (supplemental Fig. S3B), in con-
trast to the inhibitory effect of GST-SHD, a Rab27-specific
trapper, as previously reported (31), suggesting that Rab35 itself
may not be directly involved in amylase secretion (51). More-
over, the level of endogenous GTP-Rab35 monitored by GST-
RBD35 was increased by IPR stimulation (supplemental Fig.
S3C, compare lanes 2 and 5), in contrast to the decreased level

FIGURE 7. Down-regulation of EPI64 expression caused a significant
reduction in the amount of amylase release from parotid acinar cells.
A, effect of actinomycin D, an RNA synthesis inhibitor, on mRNA expression of
EPI64. Actinomycin D treatment and real-time PCR analyses were performed
as described under “Experimental Procedures.” The control is represented by
EPI64 mRNA expression of untreated parotid acinar cells. Bars indicate
means � S.E. of four independent experiments. *, p � 0.01 (Student’s
unpaired t test). B, effect of actinomycin D on the protein expression of EPI64
was investigated by immunoblotting with anti-EPI64-C antibody. Note that
IPR stimulation-dependent up-regulation of EPI64 protein was completely
inhibited by treatment with actinomycin D (lane 4). C, effect of actinomycin D
on IPR-induced amylase release from parotid acinar cells was investigated.
Parotid acinar cells were incubated with actinomycin D for 30 min and then
stimulated with 1 �M IPR for 20 min. Amylase release is represented as the
percentage of that without actinomycin D (means � S.E. of four independent
experiments, performed in duplicate). 100% amylase release corresponds to
5.45 � 0.41% of the total amylase activity (60.7 � 4.6 mg maltose/0.1 ml cell
suspension). Data were analyzed by Student’s unpaired t test. *, p � 0.01.
Actinomycin D inhibited IPR-induced amylase release from parotid acinar
cells. D, effect of EPI64 antisense LNA on EPI64 mRNA expression in parotid
acinar cells. Antisense LNA treatment and real-time PCR analyses were per-
formed as described under “Experimental Procedures.” SLO-permeabilized
parotid acinar cells were incubated with 50 nM antisense LNA for 20 min and
then stimulated with 1 �M IPR for 30 min. The control is represented by EPI64
mRNA expression of untreated parotid acinar cells. Bars indicate means � S.E.
of three independent experiments. Data were analyzed by Student’s
unpaired t test. *, p � 0.05. **, p � 0.01. E, effect of EPI64 antisense LNA on the
protein expression of EPI64 was investigated by immunoblotting with anti-
EPI64-C antibody. Note that IPR stimulation-dependent up-regulation of
EPI64 protein was also completely inhibited by treatment with EPI64 anti-
sense LNA (lane 4). F, effect of EPI64 antisense LNA on IPR-induced amylase
release from parotid acinar cells. Parotid acinar cells were incubated with 50
nM antisense LNA for 30 min and then stimulated with 1 �M IPR for 20 min.
100% amylase release corresponds to 3.44 � 0.66% of the total amylase activ-
ity (52.6 � 10.0 mg maltose/0.1 ml cell suspension). Data were analyzed by
Student’s unpaired t test. *, p � 0.05. Note that both EPI64 mRNA/EPI64 pro-
tein expression and IPR-induced amylase release from the acinar cells were
inhibited by EPI64 antisense LNA.
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of GTP-Rab27 (Fig. 3). However, since the addition of the anti-
EPI64-TBC IgG into parotid acinar cells increased the amount
of GTP-Rab35 regardless of the presence of IPR stimulation
(supplemental Fig. S3C, lanes 3 and 4), EPI64 is also likely to
function as a Rab35-GAP (39, 40, 44). Because the addition of
the anti-EPI64-TBC IgG alone increased the amount of GTP-
Rab35, but had no effect on the basal amylase secretion (data
not shown), GTP-Rab35 is unlikely to be directly involved in
amylase secretion. Rab35 may contribute to recycling of mem-
brane proteins (e.g. �-adrenergic receptor) (40, 44, 45, 52)
and/or biogenesis of new amylase-containing vesicles (53). Fur-
ther extensive research is needed to determine the molecular
mechanism by which EPI64 regulates two distinct small
GTPases, Rab27 and Rab35, during amylase release from
parotid acinar cells.
In summary, we have demonstrated that EPI64 protein

enhanced the GTPase activity of Rab27 (and also Rab35) in
parotid acinar cells, and that IPR-induced amylase release was
regulated by EPI64 expression and Rab27-GAP activity. To our
knowledge, this is the first report to demonstrate that endoge-
nous EPI64 has Rab27-GAP activity under physiological condi-
tions. EPI64 is expressed ubiquitously (15), and inactivation of
Rab27 has been shown to occur after exocytosis in other secre-
tory cells (29); therefore, we propose that EPI64 functions as a
Rab27-GAP that regulates secretion events in a variety of secre-
tory cells, similar to its role in parotid acinar cells. Our findings,
together with previous reports on the function of EPI64 in
microvillar formation (15) and in exosome secretion (39), indi-
cate that EPI64 is a multifunctional protein that regulates
Rab27/35 through its GAP activity and microvillar formation
independent of its GAP activity (16).
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