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Abstract

Rab39a has pleiotropic functions in phagosome maturation, inflammatory activation and neuritogenesis. Here, we
characterized Rab39a function in membrane trafficking of phagocytosis and autophagy induction in macrophages.
Rab39a localized to the periphery of LAMP2-positive vesicles and showed the similar kinetics on the phagosome to
that of LAMP1. The depletion of Rab39a did not influence the localization of LAMP2 to the phagosome, but it
augments the autophagosome formation and LC3 processing by lipopolysaccharide (LPS) stimulation. The
augmentation of autophagosome formation in Rab39a-knockdown macrophages was suppressed by Atg5 depletion
or an inhibitor for phosphatidylinostol 3-kinase (PI3K). Immunoprecipitation analysis revealed that Rab39a interacts
with PI3K and that the amino acid residues from 34th to 41st in Rab39a were indispensable for this interaction. These
results suggest that Rab39a negatively regulates the LPS-induced autophagy in macrophages.
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Introduction

Rab GTPases localize to specific subcellular organelles and
regulate various membrane trafficking [1,2]. The roles of Rab
GTPases in endcytosis and exocytosis have been well studied
and their functions in phagocytosis and autophagy are also
being elucidated [3-6]. Recently, we screened and identified
Rab GTPases that regulate phagosome maturation in
macrophages [7]. One of these Rab GTPases, Rab39a was
involved in phagosomal acidification [7]. Rab39a has been also
demonstrated to be involved in the regulation of Caspase-1
activity [8] and the differentiation of neuron cells [9]. These
results together indicate that Rab39a has pleiotropic functions
in phagosome maturation, inflammatory activation and
neuritogenesis.

Toll-like receptors (TLRs) are pattern recognition receptors to
detect infection by recognizing the conserved pathogen-
associated molecular patterns such as lipopolysaccharide
(LPS) and trigger innate immune responses to defend invading
microbes [10,11]. However, if these innate immune responses

are dysregulated, it can lead to adverse systemic disorder,
sepsis syndrome. Sepsis syndrome is mainly caused by
excess inflammatory cytokines secreted from monocytes/
macrophages [12]. New immunotherapeutic agents that
modulate immune responses have been developing to control
sepsis syndrome [13].

In macrophages, the stimulation by LPS or other TLR ligands
induces a unique lysosomal degradation pathway for
cytoplasmic materials termed autophagy [14-19]. Autophagy
induced by LPS contributes to control the inflammatory immune
response because protein degradation by autophagy regulates
the secretion of inflammatory cytokines [20]. Autophagy
pathway is also triggered by invasion of intracellular pathogen
and contributes to the protection of host cells [21].

In this study, we characterized the functions of Rab39a in
membrane trafficking, phagocytosis and autophagy induction in
macrophages. We found that Rab39a interacts with class III
phosphatidylinositol 3-kinase (PI3K) and regulates autophagy
induced by various TLR stimulations. These results imply the
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possibility that Rab39a is a potent target molecule in the clinical
therapy for the sepsis syndrome.

Materials and Methods

Ethics statement
Animal experiments in this study were approved by the

Hamamatsu University School of Medicine Animal Care
Committees at the Center Animal Care facility (permit number:
2012074). Mice were sacrificed by cervical dislocation and all
efforts were made to minimize suffering.

Cells
Raw264.7 and HEK293T cells were obtained from ATCC

and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 25
μg/ml penicillin G and 25 μg/ml streptomycin. Bone marrow-
derived macrophages (BMM) were differentiated from bone
marrow cells of C57BL/6 mice by culturing in DMEM
supplemented with 30% L929-conditional medium, 10% FBS
and above antibiotics.

Plasmid construction
Construction of the plasmid for EGFP-Rab39a was described

previously [7]. PCR for Beclin1, Vps34, Atg14L, Rab39b or
Bcl2 was carried out using random-primed cDNA derived from
human peripheral blood mononuclear cells (Clonetech) as a
template and the primer sets listed in Table S1. For UVRAG,
PCR was carried out using pCI-HA-UVRAG [22] as a template.
PCR products were inserted into pCMV-Myc (Clonetech) or
pEGFP-C1 (Clonetech). pEGFP-Rab39a_M1 or pEGFP-
Rab39b_M1 was generated by PCR using primers listed in
Table S1 and pEGFP-Rab39a or pEGFP-Rab39b as a
template, respectively. The resulting PCR products were
incubated with T4 DNA ligase and Dpn I, followed by the
transformation. Transfection of Raw264.7 or HEK293T with
plasmid was performed using an MP-100 electroporator (Digital
Bio Technology) or X-tremeGENE 9 (Roche), respectively,
according to the manufacturer’s instructions.

Antibody
Rat anti-mouse LAMP2 monoclonal antibody

(SouthernBiotech), rabbit anti-LC3 polyclonal antibody (MBL),
mouse anti-tubulin monoclonal antibody (Sigma-Aldrich), rabbit
anti-p62 antibody (MBL), mouse anti-ubiquitin antibody (MBL),
rabbit anti-Beclin1 antibody (MBL), rabbit anti-GM130 antibody
(MBL), mouse anti-EGFP monoclonal antibody (Clonetech), rat
anti-EGFP monoclonal antibody (Nacalai tesque) , mouse anti-
c-Myc antibody (Wako), rabbit anti-Vps34 antibody (CST),
mouse anti-UVRAG antibody (MBL) and rabbit anti-ATG14L
antibody (MBL) were used as primary antibodies. Alexa488- or
Alexa546-conjugated anti-IgG antibodies (Invitrogen) and
horseradish peroxidase-conjugated anti-IgG antibodies (Dako)
were used as secondary antibodies.

Fluorescence and thin-section electron microscopy
Immunofluorescence and thin-section electron microscopic

analyses were performed as described previously [23,24]. For
immunofluorescence microscopy, macrophages were stained
with anti-LAMP2 antibody (1:25 v/v), anti-LC3 antibody (1:25
v/v), anti-p62 antibody (1:25 v/v), anti-ubiquitin antibody (1:25
v/v), anti-Beclin1 (1:25 v/v) or anti-GM130 (1:10 v/v).

Fluorescence recovery after photobleaching analysis
Fluorescence recovery after photobleaching (FRAP) analysis

was performed as described previously [25]. Briefly,
transfected cells with plasmid expressing EGFP-Rab39a (3 ×
105 cells) grown on 35-mm glass dishes were allowed to
phagocytose latex beads for 2 h. FRAP analysis was
performed using an FV1000-D confocal microscope (Olympus)
with a 60×/1.4 numerical aperture oil-immersion objective lens.
The area of the phagosome surrounded by EGFP-Rab39a was
photobleached using a 410-nm laser at 15–20% power for 300
ms after pre-bleached images were acquired. Following
photobleaching, the recovery of fluorescence was monitored at
every 2 sec using a 488-nm laser at 1-2 % power for the
phagosomes containing latex beads. Fluorescence intensities
were quantified using the ImageJ (http://rsb.info.nih.gp/ij/).

RNA interference
siRNA duplexes were synthesized by Sigma-Aldrich as listed

in Table S2. siRNA designated as Rab39a#2 is an siGENOME
SMART pool of Mouse Rab39 purchased from Thermofisher
Science. The sequence of siRNA for Atg5 was described
previously [26]. Mission siRNA universal negative control
(Sigma-Aldrich) was used as control siRNA. Transfection of
macrophages with siRNA duplexes were performed using
Lipofectamine RNAiMAX (Invitrogen) according to the
manufacturer’s instructions. Real-time quantitative-PCR (RT-
qPCR) was performed using SYBR Premix Ex Taq (TaKaRa)
and the primer sets listed in Table S3.

Immunoblot and immunoprecipitation analyses
For immunoblot (IB) analysis, macrophages or HEK293T

cells were extracted with 8 M urea or immunoprecipitation (IP)
buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1
mM EDTA, and 1% Triton X-100, 1 mM phenylmethanesulfonyl
fluoride, 1 mM Na3VO4, and protease inhibitor cocktail (Roche),
respectively. Cell lysates were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
subjected to immunoblot analysis using anti-LC3 antibody
(1:500 v/v), anti-tubulin antibody (1:1000 v/v), anti-p62 antibody
(1:500 v/v), anti-c-Myc antibody (1:1000 v/v) and mouse anti-
EGFP antibody (1:1000 v/v).

IP analysis was performed as described previously [22]. For
IP of GFP, aliquots of 500 μl of cell lysates containing 500 μg
of proteins were immunoprecipitated by using 1 μg of rat anti-
EGFP antibody. For IP of endogenous Beclin1, Vps34, UVRAG
or Atg14L, an aliquot of 2 μg of the antibody against each
protein was used.
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Statistics
The paired or unpaired two-sided Student’s t-test was used

to assess the statistical significance of differences between the
two groups. To assess the proportions of cells with LC3-dot or
Beclin1-dot, three or four independent experiments were
conducted, and more than 200 cells were counted for each
condition. Fluorescence with more than 1 μm-diameter was
judged as LC3-dot or Beclin-1 dot.

Results

Rab39a localizes to lysosomes
To characterize the localization of Rab39a in macrophages,

Raw264.7 macrophages were transfected with EGFP-Rab39a
and immunostained with anti-LAMP2 antibody. Rab39a
specifically localized to the periphery of LAMP2-positive
organelles in the steady state condition (Figure 1A and Figure
S1A). In phagocytosis, Rab39a co-localizes with LAMP2 on E.
coli-containing phagosomes (Figure S1B). To assess the
motility of Rab39a on the phagosome, we next conducted
FRAP analysis on the latex bead-containing phagosomes in
Raw264.7 macrophages expressing EGFP-Rab39a. By FRAP
analysis, we can assess the state of activation of Rab39a on
the membrane, because the active GTP-bound forms of Rab
GTPases are stable on the membrane while the inactive GDP-
bound forms release from the membrane to the cytosol. After
the photobleaching of the phagosomes with EGFP-Rab39a
(Time 4 sec), fluorescence recovery was very weak (Figure 1B
and Movie S1). Quantitative analysis revealed that the recovery
rate of fluorescence is 14% of the original level and the
recovery half time for fluorescence is 7.1 sec (Figure 1C). The
kinetic of Rab39a on the phagosomes was similar to that of
LAMP1 [25]. These results suggest that Rab39a is a
component protein of lysosomal vesicles and resides on the
phagosomal membrane.

Rab39a depletion does not influence the trafficking of
LAMP2 to phagosomes

Since Rab39a functions in the acidification of phagosomes
[7], we hypothesized that Rab39a regulates the fusion of
lysosomes with phagosomes. To address the function of
Rab39a in phagolysosome biogenesis, we transfected
Raw264.7 macrophages with siRNA for Rab39a and first
confirmed the decrease of mRNA for Rab39a induced by the
transfection (Figure S2A, B). We next examined the trafficking
of LAMP2 to E. coli-containing phagosomes in these Rab39a-
knockdown (KD) macrophages. LAMP2 localized to the
phagosomes in Rab39a-KD macrophages as in control
macrophages (Figure S2C). Quantitative analysis revealed that
the proportion of LAMP2-positive phagosomes in Rab39a-KD
macrophages is not significantly different from that in control
macrophages (Figure S2D). These results suggest that
Rab39a depletion does not influence the localization of LAMP2
to the phagosome.

Rab39a depletion augments autophagy induced by LPS
Because we found that the infection of E. coli induces the

formation of LC3 punctuation in Rab39a-KD macrophages by
immunofluorescence microscopy (data not shown), we
examined the effect of Rab39a depletion on autophagy
induction. To investigate the effect of Rab39a depletion on
classical autophagy pathway, we treated Rab39a-KD
macrophages with rapamycin and found that Rab39a depletion
does not influence autophagy induced by rapamycin (Figure
S3). LPS stimulation is also reported to induce autophagy in
macrophages [14,18,19]. Therefore, we examined the
autophagosome formation and LC3 processing induced by LPS
in Rab39a-KD macrophages (Figure 2). Immunofluorescence
microscopic analysis revealed that the formation of LC3-
positive aggregations induced by LPS is augmented in
Rab39a-KD macrophages (Figure 2A, B). Thin-section electron
microscopic analysis also demonstrated that the LPS
stimulation induces the formation of electron dense-
aggregation in Rab39a-KD macrophages (Figure S4A) as
reported previously [15,27]. Immunoblot analysis showed that
LPS stimulation augments the processing of LC3 in Rab39a-
KD macrophages comparing with that in control macrophages
(Figure 2C). In BMM, depletion of Rab39a again augmented
the formation of the LC3-positive aggregation and processing
of LC3 in response to LPS stimulation (Figure S5). To evaluate
the lysosomal-dependent autophagic degradation (autophagy
flux), we treated Raw264.7 macrophages with LPS in the
presence of protease inhibitors, E64d and pepstatin A, and
examined the processing of LC3 (Figure 2D). Quantitative
analysis revealed that the treatment with protease inhibitors
augmented the processing of LC3 in response to LPS
stimulation in Rab39a-KD macrophages as well as in control
macrophages (Figure S6A). These results suggest that Rab39a
depletion does not influence autophagy flux. We also examined
the co-localization of LC3 or p62/ SQSTM1 (p62) with ubiquitin
in Rab39a-KD macrophages stimulated by LPS and found that
both LC3 and p62 co-localize with ubiquitin-positive
aggregation (Figure S4B), suggesting that depletion of Rab39a
augments the formation of LPS-induced selective
autophagosome in macrophages.

We next addressed the augmentation effect of Rab39a
depletion in autophagy induced by other TLR ligands (Figure
3). We found that Pam3CSK4 (for TLR2) and R848 (for
TLR7/8) induce the autophagosome formation in macrophages
as described previously [14,19]. The depletion of Rab39a
augmented the autophagosome formation and the processing
of LC3 by stimulation of Pam3CSK4 or R848 (Figure 3A-C).
These results altogether indicate that Rab39a depletion also
augments autophagy induced by other TLR ligands.

We examined the effect of overexpression of Rab39a in
LPS-induced autophagy (Figure 4). Macrophages expressing
EGFP or EGFP-Rab39a were treated with LPS and
autophagosome formation was examined by
immunofluorescence microscopy. The formation of LC3-dot
decreased in macrophages expressing EGFP-Rab39a,
suggesting that Rab39a overexpression suppresses the LPS-
induced autophagy. Taken together, these results suggest that
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Rab39a negatively regulates the autophagy induced by TLR
ligands in macrophages.

Mechanism of autophagy augmentation induced by
LPS in Rab39a-KD macrophages

Since Rab39a binds Caspase-1 and regulates its activity [8],
it is possible that Rab39a-bound Capsase-1 regulates the
autophagy induced by LPS. We examined the effect of
Caspase-1 depletion on autophagosome formation and LC3
processing in LPS-stimulated Raw264.7 macrophages and

Figure 1.  Localization of Rab39a in macrophages.  (A) Immunostaining of Raw264.7 macrophages expressing EGFP-Rab39a
with anti-LAMP2 antibody. (B) Representative sequence images from FRAP analysis of EGFP-Rab39a on latex bead-containing
phagosomes. The region marked by a broken-line circle was photobleached at 4 sec, and the recovery of fluorescence was
monitored. (C) Temporal changes in fluorescence intensities on the bleached phagosomes. The relative intensity was defined as the
ratio of fluorescence intensity at each time point to that at 0 sec. Data represent means and standard errors of means (n=10).
doi: 10.1371/journal.pone.0083324.g001
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found no effect of Caspase-1 depletion on these events (Figure
5A). We also examined the expression level of p62 in Rab39a-
KD macrophages, because the increase of p62 expression
plays the pivotal role in LPS-induced autophagy [15]. However,
immunoblot analysis revealed that the expression level of p62
in LPS-stimulated Rab39a-KD macrophages does not
significantly change comparing with that in LPS-stimulated
control macrophages (Figure S7).

We examined the autophagy induction in macrophages
transfected with siRNA for Atg5 (Figure 5B). Atg5 depletion
decreased LC3 processing but did not influence the
autophagosome formation induced by LPS stimulation as
reported previously [15]. We found that Atg5 depletion
suppressed the augmentation of autophagy induction by LPS in
Rab39a-KD macrophages. These results suggest that Rab39a

Figure 2.  Augmentation of autophagy induced by LPS in Rab39a-KD macrophages.  (A) Immunostaining analysis of LPS-
induced autophagy in Rab39a-KD macrophages. Raw264.7 macrophages transfected with control or Rab39a siRNA were treated
with LPS for 24 h and immunostained with anti-LC3 antibody. An arrowhead indicates an LC3-dot fluorescence. (B) Proportion of
Raw264.7 macrophages with LC3-dots induced by LPS stimulation for 24 h. Data represent the mean and SD of three or four
independent experiments. *p < 0.05 (unpaired Student’s t-test). (C) Immunoblot analysis of LC3 processing in macrophages treated
with LPS. Raw264.7 macrophages transfected with control or Rab39a siRNA were treated with LPS for 24 h and subjected to
immunoblot analysis using indicated antibodies. (D) Autophagic flux in Rab39a-KD macrophages treated with LPS. Raw264.7
macrophages treated with control or Rab39a siRNA were treated with LPS in the absence or presence of protease inhibitors, E64d
and pepstatin A, for 24 h. Cell lysates were subjected to immunoblot analysis using indicated antibodies.
doi: 10.1371/journal.pone.0083324.g002
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regulates the classical autophagic pathway activated by LPS
stimulation.

Poteomic analysis demonstrated the interaction of Rab39a
with a class III PI3K [28] that regulates autophagy induction
[29]. To investigate whether PI3K activation is involved in
augmentation of autophagy induced by LPS in Rab39a-KD
macrophages, we treated transfected macrophages with a
PI3K inhibitor, 3-methyladenine (3-MA) [30] and examined the
autophagosome formation and LC3 processing in response to
LPS (Figure 5C). 3-MA treatment increased LC3 processing in
both control and Rab39a-KD macrophages stimulated by LPS.
This result is consistent with the previous report that prolonged

3-MA treatment increases LC3 processing [31]. However, 3-MA
treatment decreased the autophagosome formation induced by
LPS stimulation in Rab39a-KD macrophages but not in control
mcrophages, suggesting that the PI3K activation is involved in
this augmentation.

We addressed the Beclin1 localization in LPS-treated
Rab39a-KD macrophages (Figure 6). Beclin1 interacts with
PI3K and regulates the initiation of autophagy [32]. Rab39a
depletion promoted the formation of Beclin1-dots during LPS-
induced autophagy (Figure 6A, B), suggesting that LPS
stimulation induces the formation of PI3K complex in Rab39a-
KD macrophages. We also found that Beclin1 localized to

Figure 3.  Autophagy induced by TLR2 or TLR7/8 ligand in Rab39a-KD macrophages.  (A) Immunostaining analysis of
Rab39a-KD macrophages stimulated by TLR2 or TLR7/8 ligand. Raw264.7 macrophages transfected with control or Rab39a siRNA
were treated with TLR2 ligand Pam3CSK4 at 10 ng/ml or TLR7 ligand R848 at 1 μg/ml for 24 h and immunostained with anti-LC3
antibody. (B) Proportion of Raw264.7 macrophages with LC3-dots induced by Pam3CSK4 or R848 for 24 h. (C) Immunoblot
analysis of LC3 processing in macrophages treated with Pam3CSK4 or R848. Raw264.7 macrophages transfected with control or
Rab39a siRNA were treated with Pam3CSK4 or R848 for 24 h and subjected to immunoblot analysis using indicated antibodies.
Data represent the mean and SD of three or four independent experiments. *p < 0.05 (unpaired Student’s t-test).
doi: 10.1371/journal.pone.0083324.g003
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ubiquitin aggregation (Figure 6C), suggesting that PI3K
localizes to autophagosome in LPS-induced autophagy in
Rab39a-KD macrophages. These results altogether suggest
that augmentation of LPS-induced autophagy in Rab39a KD
macrphages is caused by the increase of PI3K activity.

Rab39a interacts with PI3K
We finally examined the interaction of Rab39a with

components of PI3K for autophagy regulation (Figure 7A).
Rab39a co-immunoprecipitated with Beclin1, Vps34, UVRAG
and Atg14L in HEK293T cells, confirming that Rab39a interacts
with PI3K as reported previously [28]. Quantification analysis
revealed that Rab39a preferentially co-precipitates with Beclin1
(Figure S6B). We also found that endogenous Beclin1, not
Vps34, UVRAG or Atg14L interact with Rab39a (Figure S8A
and data not shown), suggesting that Rab39a interact with
PI3K complex via Beclin1. Bcl2 interact with Beclin1 and
regulates the PI3K activity [32]. We examined the interaction of
Rab39a with Bcl2 and found little association (Figure S8B).
Rab39b has a high sequence similarity with Rab39a and
localizes to the Golgi complex [33]. However, amino acid
sequence alignment showed that Rab39b lacks the amino acid
residues from 34th to 41st of Rab39a (Figure 7B). Therefore, we
constructed Rab39a_M1 that has the same amino acid
residues as found in Rab39b at this region and assessed the
effects of this conversion. We found that Rab39a_M1 shows
the similar localization of Rab39b in macrophages (Figure S9)
and localization of both proteins was different from that of

Rab39a (Figure S10); Rab39a_M1 and Rab39b did not
specifically localize to the periphery of LAMP2-positive
organelles but cover these organelles. We examined the
interaction of Rab39a_M1 with Beclin1 by IP analysis and
found that Rab39a_M1 and Rab39b show weaker interaction
with Beclin1 than Rab39a (Figure 7C). Furthermore, we
examined the interaction of Rab39b_M1, which has the amino
acid residues from 34th to 41st of Rab39a, with Beclin1 (Figure
S11). Quantitative analysis revealed that Rab39b_M1 shows
the stronger interaction with Beclin1 than Rab39b. These
results suggest that the amino acid residues from 34th to 41st in
Rab39a are important for its interaction with PI3K.

Discussion

Rab GTPases are conserved throughout eukaryotes and
regulate the membrane trafficking of intracellular processes.
Rab39 is also conserved in non-vertebrate and vertebrate
animals. In Caenorhabditis elegans, Rab39 homolog is
involved in oxidative stress response [34]. In Drosophila,
Rab39 homolog functions in lipid storage in adipose tissue [35].
In mammal, Rab39a is shown to be involved in distinct cellular
processes [7-9]. In this study, we performed the detail analyses
in the function of Rab39a in macrophages and found that
Rab39a regulates autophagy induced by LPS stimulation.

Rab39a localized to the periphery of LAMP2-positive
vesicles (Figure 1) and was involved in the phagosomal
acidification in macrophages [7]. FRAP analysis revealed that

Figure 4.  Suppression of LPS-induced autophagosome formation by Rab39a overexpression.  (A, B) Raw264.7
macrophages expressing EGFP (A) or EGFP-Rab39a (B) were treated with LPS and immunostained with anti-LC3 antibody. (C)
Proportion of macrophages with LC3-dot expressing EGFP or EGFP-Rab39a induced by LPS stimulation for 24 h. Data represent
the mean and SD of three independent experiments. *p < 0.05 (unpaired Student’s t-test).
doi: 10.1371/journal.pone.0083324.g004
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Rab39a is active form and resides on the phagosome
membrane (Figure 1), suggesting that Rab39a interacts with
effector proteins to recruit on the phagosomal membrane and
regulate acidification during phagolysosome biogenesis.
However, we also found that LAMP2 localized to E. coli-
containing phagosomes in Rab39a-KD macrophages. Because
Huynh et al reported that LAMP1/2 localize to the phagosome
before Rab7 [36], the trafficking of LAMP1/2 to the phagosome
is supposed to precede that of Rab39a.

We investigated the mechanism by which Rab39a depletion
augments the autophagy in response to LPS. Rab39a is
reported to interact with Caspase-1 and regulate its activity [8].
Since inflammatory cytokines including IL-1β and IL-18
regulate autophagy [37], it is possible that the decrease of
Caspase-1 activity in macrophages influences the induction of
autophagy. However, we found that Caspase-1 depletion does
not mediate the augmentation of autophagy induced by LPS
(Figure 5A). We also found that Caspase-1 inhibitor Z-YVAD-
FMK does not influence the autophagosome formation induced

by LPS (data not shown). These results suggest that the
Caspase-1 activity is not involved in regulation of autophagy
induced by LPS in macrophages.

TLR stimulation activates nuclear factor (NF)-κB [38,39] that
is reported to bind to promoter of Beclin1 and up-regulate its
expression resulting in autophagy induction [40]. These results
suggest that autophagy induced by TLR stimulation is caused
by up-regulation of the classical autophagic pathway through
NF-κB activation. On the contrary, it is reported that the
classical autophagy pathway is dispensable for autophagy
induced by LPS, but up-regulation of p62 expression in
response to LPS stimulation plays the pivotal role in this
autophagy [15]. In this study, we found that Atg5 depletion
suppresses the effect of Rab39a depletion on LPS-induced
autophagy (Figure 5B), whereas Rab39a depletion itself does
not influence the classical autophagy induction (Figure S3). A
specific PI3K inhibitor, 3-MA, suppressed the autophagosome
formation by LPS stimulation in Rab39a-KD but not control
macrophages (Figure 5C). These results suggest that LPS

Figure 5.  Involvement of Caspase-1 and classical autophagy pathway in autophagy induced by LPS.  (A) Autophagy
induced by LSP in Caspase-1-KD macrophages. The proportion of macrophages with LC3-dot (upper panel) and immunoblot
analysis of LC3 processing (lower panel) are shown. (B) Autophagy induced by LSP in Atg5-KD macrophages. The proportion of
macrophages with LC3-dot (upper panel) and immunoblot analysis of LC3 processing (lower panel) are shown. (C) Autophagy
induced by LPS in the presence of a PI3K inhibitor, 3-MA. Transfected macrophages were stimulated by LPS in the presence or
absence of 3-MA at 10 mM for 24 h. The proportion of macrophages with LC3-dot (upper panel) and immunoblot analysis of LC3
processing (lower panel) are shown. Data represent the mean and SD of three or four independent experiments. *p < 0.05
(unpaired Student’s t-test).
doi: 10.1371/journal.pone.0083324.g005
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stimulation activates the classical autophagy pathway and that
Rab39a prevents its signaling.

Beclin1-Vps34 complex regulates distinct membrane
trafficking pathways by interacting with different regulatory
proteins [32,41]. It is also demonstrated that UVRAG or Atg14L
interacts with Beclin1 to exclude the other protein from its
complex [22,42-44]. Rab7 interacts with PI3K to regulate
endocytosis pathway and autophagosome maturation [45-47].
In this study, we found that Rab39a also interacts with Beclin1-
Vps34 complexes (Figure 7). We also found that UVRAG and
Atg14L are immunoprecipitated with Rab39a, suggesting that
Rab39a does not interfere the interaction of UVRAG or Atg14L
with Beclin1. Rab39a and Rab39b have highly sequence
similarities, but their subcellular localization is different; Rab39a
and Rab39b localizes to lysosomes (Figure 1) and the Golgi
complex [33], respectively. We examined the localization of
Rab39a and Rab39b with GM130, a Golgi-marker protein [48]

in Raw264.7 macrophages and found that Rab39b overlaps
where GM130 localizes, whereas Rab39a shows the
localization distinct from this region (Figures S9 and S10). We
also found that Rab39a interacts with Beclin1 at the specific
sequences lacked in Rab39b (Figure 7). Rab39a mutant
lacking this region showed similar localization of Rab39b and
impairment of its interaction with Beclin1 (Figures S9 and S10).
These results suggest that the unique sequence of Rab39a
responsible for the interaction with Beclin1 is also involved in
Rab39a localization to the periphery of lysosomes.

In summary, our results suggest that TLR stimulation
induces autophagy via the activation of two distinct pathways,
i.e., increase of p62 expression and activation of class III PI3K.
Rab39a could interact with PI3K and negatively regulate its
activity in induction of autophagy by TLR stimulation.
Therefore, Rab39a depletion resulted in the augmentation this
type of autophagy. Our results also imply the possibility that

Figure 6.  Beclin1-dot formation in LPS-induced autophagy.  (A) Control or Rab39a-KD macrophages were treated with LPS for
12 h and immunostained with anti-Beclin1 antibody. An arrowhead indicates a Beclin1-dot. (B) The proportion of control or Rab39a-
KD macrophages with Beclin-dot in LPS-induced autophagy is shown. Data represent the mean and SD of three independent
experiments. (C) Localization of Beclin1-dot. Rab39a-KD macrophages were treated wtih LPS for 12 h and immunostained with
anti-Beclin1 (red) and anti-ubiquitin (green) antibodies.
doi: 10.1371/journal.pone.0083324.g006
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Rab39a is a potent target molecule to control the sepsis
syndrome because Rab39a regulates the inflammatory
responses by controlling Caspase-1 activity and autophagy
induction in response to LPS stimulation.

Supporting Information

Figure S1.  Rab39a localizes to lysosomes. (A) Projection of
focal planes with y-z and x-z side views of Figure 1A is shown.
(B) Localization of Rab39a in macrophages infected with E.

Figure 7.  Interaction of Rab39a with Beclin1.  (A) HEK293T cells were transfected with plasmids for Myc-Beclin1, Myc-Vps34,
Myc-UVRAG or Myc-Atg14L and EGFP-Rab39a or EGFP. Whole cell lysates (WCL) were used for immunoprecipitation (IP) with
anti-GFP antibody, followed by immunoblot analysis (IB) with anti-Myc antibody. For detection of input, aliquots of 15 μg of WCL
were used. (B) ClustalW alignment of the amino acid sequences of Rab39a, Rab39a_M1 and Rab39b is shown. (C) HEK293T cells
were transfected with plasmids for Myc-Beclin1 and EGFP-Rab39a, EGFP-Rab39a_M1, EGFP-Rab39b or EGFP. WCL were used
for IP with anti-GFP antibody followed by IB with anti-Myc antibody. For detection of input, aliquots of 15 μg of WCL were used.
doi: 10.1371/journal.pone.0083324.g007
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coli. Raw264.7 macrophages expressing EGFP-Rab39a were
infected with Alexa-405 labeled E. coli for 2 h and
immunostained with anti-LAMP2 antibody. An arrowhead
indicates a Rab39a-positive, LAMP2-positive E. coli-containing
phagosome.
(TIF)

Figure S2.  LAMP2 localization to phagosomes in Rab39a-
KD macrophages. (A) RT-PCR analysis of Raw264.7
macrophages transfected with siRNA duplexes for Rab39a. (B)
Quantitative analysis of Rab39 transcription. Rab39a mRNA
level was assessed by RT-qPCR using GAPDH mRNA as a
control. (C) Localization of LAMP2 to E. coli-containing
phagosomes in Rab39a-KD macrophages. Raw264.7
macrophages transfected with siRNA for Rab39a were
incubated with TexasRed-labeled E. coli for 2 h and were
immunostained with anti-LAMP2 antibody. (D) The proportion
of LAMP2-positive phagosomes in Rab39a-KD macrophages.
Data represent the mean and SD of three independent
experiments. *p < 0.05 (unpaired Student’s t-test).
(TIF)

Figure S3.  Rapamycin-induced autophagy in Rab39a-KD
macrophages. Raw264.7 macrophages transfected with
control or Rab39a siRNA were treated with rapamycin at 50
μg/ml for 2 h. (A) Cells were fixed and immunostained with anti-
LC3 antibody. (B) Cell extracts were subjected to immunoblot
analysis for anti-LC3 antibody.
(TIF)

Figure S4.  Characterization of LPS-induced
autophagosome formation in Rab39a-KD macrophages. (A)
Thin-section electron micrograph of Rab39a-KD macrophages.
Raw264.7 macrophages transfected with control or Rab39a
siRNA were treated with LPS at 10 ng/ml for 24 h and
observed by thin-electron microscopy. An arrowhead indicates
the electron dense-aggregation. (B) Co-localization of LC3 or
p62 and ubiquitin in Rab39a-KD macrophages treated with
LPS. Raw264.7 macrophages transfected with Rab39a siRNA
were treated with LPS for 24 h and immunostained with anti-
LC3 or anti-p62 and anti-ubiquitin antibodies.
(TIF)

Figure S5.  Augmentation of autophagy induced by LPS in
Rab39a-KD BMM. (A) Immunofluorescence analysis of LC3
distribution. BMM transfected with control or Rab39a siRNA
were treated with LPS for 24 h and immunostained with anti-
LC3 antibody. (B) Immunoblot analysis of LC3 processing in
BMM treated with LPS. Raw264.7 macrophages transfected
with control or Rab39a siRNA were treated with LPS for 24 h
and subjected to immunoblot analysis using indicated
antibodies. *, non-specific band.
(TIF)

Figure S6.  (A) The quantification of band intensity for LC3-
II in Figure 2B is shown. The ratio of band intensity for LC3-II/
tubulin at each condition to that in control macrophages is
shown. Data represent the mean and SD of three independent

experiments. *p < 0.05 (paired Student’s t-test). (B) The
quantification of band intensity for immunoprecipitated proteins
with EGFP-Rab39a in Figure 7A is shown. The ratio of band
intensity of each protein for immunoprecipitation (IP)/whole cell
lysate (WCL) to that of Beclin1 is shown. Data represent the
mean and SD of three independent experiments. *p < 0.05
(paired Student’s t-test).
(TIF)

Figure S7.  Expression level of p62 in Rab39a-KD
macrophages. Raw264.7 macrophages transfected with
control or Rab39a siRNA were treated with LPS for 24 h. Cell
extracts were subjected to immunoblot analysis for anti-p62
antibody.
(TIF)

Figure S8.  Interaction of Rab39a with Beclin1 or Bcl2. (A)
HEK293T cells were transfected with plasmid for EGFP-
Rab39a or EGFP-Rab39b. Whole cell lysates (WCL) were
used for immunoprecipitation (IP) with anti-Beclin1 antibody,
followed by immunoblot analysis (IB) with anti-GFP antibody.
For detection of input, aliquots of 5 μg of WCL were used. (B)
HEK293T cells were transfected with plasmids for Myc-Bcl2
and EGFP-Rab39a or EGFP-Rab39b. WCL were used for IP
with anti-GFP antibody, followed by IB with anti-Myc antibody.
For detection of input, aliquots of 5 μg of WCL were used.
(TIF)

Figure S9.  Subcellular localization of Rab39b and
Rab39a_M1 in macrophages. Raw264.7 macrophages were
transfected with the expression plasmid for EGFP-Rab39a,
EGFP-Rab39b or EGFP-Rab39a_M1 and immunstained with
anti-LAMP2 antibody (A, B) or anti-GM130 antibody (C, D, E).
(TIF)

Figure S10.  Enlarged images of Figures 1A and S5.
Quantification for the fluorescence intensities across the arrows
in right panels is also shown.
(TIF)

Figure S11.  Amino acid residues from 34th to 41st of
Rab39a is important for interaction of Rab39a with Beclin1.
(A) ClustalW alignment of the amino acid sequences of
Rab39a, Rab39b, Rab39a_M1 and Rab39b_M1 is shown. (B)
HEK293T cells were transfected with plasmids for Myc-Beclin1
and EGFP-Rab39a, EGFP-Rab39b, EGFP-Rab39a_M1 or
EGFP-Rab39b_M1. WCL were used for IP with anti-GFP
antibody followed by IB with anti-Myc antibody. For detection of
input, aliquots of 15 μg of WCL were used. (C) Quantification of
band intensity for immunoprecipitated Beclin1. Band intensity
of Beclin1 for IP/WCL in Figure S11B is shown. Data represent
the mean and SD of three independent experiments. *p < 0.05
(paired Student’s t-test).
(TIF)

Movie S1.  FRAP analysis of EGFP-Rab39a on the
phagosome. This movie corresponds to Figure 1B. The
phagosome surrounded by EGFP-Rab39a was photobleached
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at 4 sec, followed by monitoring the fluorescence recovery at 2
sec intervals.
(MOV)

Table S1.  Primer list for plasmid constructions.
(XLS)

Table S2.  siRNA list for gene silencing.
(XLS)

Table S3.  Primer list for real time-quantitative PCR.
(XLS)
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