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Autophagy is an evolutionarily conserved catabolic mechanism
that targets intracellular molecules and damaged organelles to
lysosomes. Autophagy is achieved by a series of membrane
trafficking events, but their regulatory mechanisms are poorly
understood. Here, we report small GTPase Rab12 as a new type
of autophagic regulator that controls the degradation of an
amino-acid transporter. Knockdown of Rab12 results in inhibition
of autophagy and in increased activity of mTORC1 (mammalian/
mechanistic target of rapamycin complex 1), an upstream
regulator of autophagy. We also found that Rab12 promotes
constitutive degradation of PAT4 (proton-coupled amino-acid
transporter 4), whose accumulation in Rab12-knockdown cells
modulates mTORC1 activity and autophagy. Our findings reveal a
new mechanism of regulation of mTORC1 signalling and
autophagy, that is, quality control of PAT4 by Rab12.
Keywords: amino-acid transporter; autophagy; mTORC1;
recycling endosome; Rab12
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INTRODUCTION
Macroautophagy (referred to here as autophagy) is a catabolic
process conserved among all eukaryotes. Autophagy not only
functions as a nutrient supplier in response to the cellular energy
concentration but is also involved in quality control of
cellular molecules and organelles, cell defence against infection,
embryonic development and various diseases [1]. Autophagy is
achieved by a series of dynamic membrane trafficking events,
including isolation membrane/phagophore elongation, auto-
phagosome formation, and fusion between autophagosomes and
lysosomes [1,2]. However, even though many genes that are
essential for autophagy have been identified over the past decade,

little is known about the mechanisms that regulate the membrane
trafficking involved in autophagy. Small GTPase Rab is a
common regulator of membrane traffic in all eukaryotes [3], and
several members of the Rab family have been reported to be
involved in autophagy, for example, involvement of Rab11
(or Rab11-positive recycling endosomes) in autophagosome
formation and maturation [4,5]. However, the functional
relationships between individual members of the mammalian
Rab family and autophagy remain largely unknown.

In this study, we comprehensively screened for Rabs that are
involved in autophagy by using RNA-mediated interference
technologies and found that Rab12 is a new autophagic regulator.
We showed that Rab12 regulates activity of mTORC1 (mammalian/
mechanistic target of rapamycin complex 1), an upstream
autophagic regulator, through controlling the degradation
of amino-acid transporter PAT4 (proton-coupled amino-acid
transporter 4). Possible mechanisms of Rab12-mediated regulation
of mTORC1 activity and autophagy are discussed on the basis
of our findings.

RESULTS AND DISCUSSION
Screening for Rabs that are involved in autophagy
To comprehensively screen for Rabs that regulate mammalian
autophagy, we generated effective short interfering RNAs (siRNAs)
targeting each mouse Rab isoform (supplementary Fig S1A,B
online; supplementary Table S1 online) and proceeded to use
these siRNAs to perform screening in two steps. In the first step of
our screening procedure, we searched for Rabs, whose knock-
down in mouse embryonic fibroblasts (MEFs) altered the amount
of LC3-II, a lipidated form of LC3/Atg8 that specifically associates
with autophagosomes, under starved conditions (Fig 1A;
supplementary Fig S1C online) [6,7]. Of the 58 Rabs we tested,
4 Rab siRNAs (Rab1A, 1B, 6A and 11A) significantly increased the
amount of LC3-II in comparison with the control siRNA, and 7 Rab
siRNAs (Rab9B, 12, 17, 18, 32, 40B and 40C) significantly
decreased it (Fig 1A). If these candidate Rabs were actually
involved in autophagy, the amount of an autophagic substrate
should also be affected by the same siRNAs. In the second step of
our screening procedure, we therefore investigated whether
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knockdown of the candidate Rabs identified in the first step
influenced the amount of p62 protein, a specific substrate for
autophagic degradation, under starved conditions [8]. As shown in
Fig 1B and supplementary Fig S1D online, six Rab siRNAs (Rab1A,
1B, 11A, 12, 18 and 40B) significantly increased the amount of
p62 protein, but the other five Rab siRNAs had no effect. It should
be noted that some of the final candidate Rabs, for example, Rab1
and Rab11, have previously been reported to be involved in
autophagy, thereby validating our two-step screening procedure.
In the present study, we focused on Rab12, whose knockdown
resulted in the greatest increase in the amount of p62 protein
among the final candidates identified (Fig 1B).

Rab12 regulates the efficiency of autophagy
The impact of Rab12 knockdown on autophagy was further
evaluated by several independent approaches [9] in which two
different Rab12 siRNAs were used. Both siRNAs clearly reduced
the number of dots that were positive for LC3 and dots that
were positive for Atg16L1 (an isolation membrane marker)
under both nutrient-rich conditions and starved conditions
(supplementary Fig S2 online; Fig 1C,D). Similarly, the amount
of p62 protein was increased by these siRNAs under both
conditions (Fig 1E,F). It should be noted, however, that starvation
still increased the number of LC3-positive and Atg16L1-positive
dots and reduced the amount of p62 protein even in the Rab12-
depleted cells in comparison with nutrient-rich conditions, the
same as in the control cells (Fig 1C–F). In addition, Rab12
knockdown did not affect autophagic flux as revealed by
LC3 turnover assays (Fig 1G) [9], indicating that Rab12
knockdown did not affect lysosomal functions. Moreover,
monomeric strawberry (mStr)-tagged Rab12 did not colocalize
with Atg16L1 or LC3 at all (Fig 1H). Taken together, these results
suggested that Rab12 modulates the signals involved in initiation
of autophagy.

To determine the mechanism by which Rab12 regulates
initiation of autophagy, we first focused on mTORC1, a well-
known upstream negative regulator of autophagy [10–15],
because several Rab isoforms, including Rab5, have been shown
to regulate mTORC1 localization and/or activity [16,17]. Under
nutrient-rich conditions, mTORC1 is targeted to the lysosomal
surface by a Ragulator–Rag GTPases complex and activated by
Rheb GTPase, and its activation regulates growth and metabolism
as well as inhibits autophagy [18–24]. As we previously found that
Rab12 regulates a membrane traffic pathway from recycling
endosomes to lysosomes to degrade transferrin receptor (TfR, a
recycling endosome marker) [25], we investigated whether the
lysosomal targeting of mTORC1 is influenced by Rab12
knockdown (Fig 2A). However, the results showed that under
nutrient-rich conditions, Rab12 knockdown did not affect the
lysosomal targeting of mTOR, although the signals of mTOR
targeting to lysosomes were clearly increased in Rab12-depleted
cells in comparison with the control cells under nutrient-rich
conditions. This result led us to consider two possibilities: the
possibility that Rab12 knockdown leads to increased mTORC1
activity and the possibility that Rab12 knockdown increases the
amount of mTOR protein itself, and we performed immunoblot-
ting analyses to determine whether either one of them was
correct (Fig 2B). The results showed that Rab12 knockdown
increased phosphorylation of ribosomal protein S6 kinase, a

readout of mTORC1 activity, without affecting the total amount of
mTOR protein. Interestingly, dissociation of mTOR from
lysosomes and decreased mTORC1 activity as a result of
starvation seemed to occur normally in Rab12-depleted
cells (Fig 2A,B), and treatment with rapamaycin, an mTORC1
inhibitor, reduced mTORC1 activity and induced autophagy (that
is, p62 degradation and LC3-dot formation) even in the Rab12-
depleted cells (supplementary Fig S3 online). By contrast, over-
expression of a constitutive active mutant of Rab12 (Rab12-QL)
reduced mTORC1 activity (supplementary Fig S4 online).
These results taken together indicated that Rab12 functions
upstream of mTORC1.

We also found that Rab12 knockdown increased mTORC1
activity independent of Akt activity (Fig 2C–E). As mTORC1 is
activated by certain amino acids independent of the PI3K-Akt
signalling pathway [19,26–28], we hypothesized that Rab12
knockdown increases the intracellular amino-acid concentration.
To test our hypothesis, we measured the intracellular L-amino-acid
concentration in Rab12-depleted cells with an L-Amino-Acid
Quantitation Kit (supplementary Fig S5 online). As predicted in
our hypothesis, the intracellular L-amino-acid concentration was
much higher in the Rab12-depleted cells than in the control cells,
suggesting that Rab12 regulates mTORC1 activity through
modulation of the intracellular amino-acid concentration.

Rab12 controls the degradation of PAT4
As the intracellular amino-acid concentration is regulated by
amino-acid transporters, we hypothesized that Rab12 regulates
lysosomal localization or degradation of amino-acid transporters.
To test this hypothesis, we focused on the PAT family, because
two members of the PAT family that are ubiquitously expressed,
PAT1/Slc36a1 and PAT4/Slc36a4, have been shown to affect
mTORC1 activity [29–32]. PAT1, in particular, is specifically
localized at lysosomes (supplementary Fig S6A online) and has
been reported to regulate mTORC1 activity through export of
amino acids from the lysosome lumen into the cytosol [29,30].
However, detailed colocalization analyses in MEFs indicated that
PAT1 only partially colocalized with Rab12 (supplementary Fig
S6B online), whereas PAT4 colocalized well with Rab12 and TfR
but it did not colocalize with Lamp-1 (Fig 3A,B). We therefore
selected PAT4 as the prime candidate for the cargo of Rab12. As
both TfR and PAT4 are localized at recycling endosomes, it
appeared highly possible that PAT4 cycles between the plasma
membrane and recycling endosomes, the same as TfR does. As
anticipated, surface biotinylation assays revealed that PAT4 is
actually present in the plasma membrane (Fig 3C). However, as
Rab11A knockdown, which inhibited the recycling pathway to the
plasma membrane, clearly resulted in a reduction in the amount of
plasma membrane-localized TfR protein but did not affect
the amount of plasma membrane-localized PAT4 protein
(supplementary Fig S7 online), unlike TfR protein, PAT4 is not
actively recycled back to the plasma membrane by Rab11.
Although PAT4 was originally described as a proton-coupled
amino-acid transporter, recent evidence indicated that when
expressed in Xenopus laevis oocytes [33], PAT4 is most functional
at neutral pH, not at low pH, suggesting that PAT4 imports
extracellular amino acids into cells through the plasma
membrane. As Rab12 regulates lysosomal degradation of TfR
through the pathway from recycling endosomes to lysosomes
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Fig 2 | Effect of Rab12 knockdown on mTORC1 activity. (A) Control and Rab12-knockdown MEFs were cultured under nutrient-rich or starved

conditions, fixed and then immunostained with the antibodies indicated. Scale bar, 20 mm. (B) Control and Rab12-knockdown MEFs were

cultured as in (A), and their lysates were analysed by immunoblotting with the antibodies indicated. (C) Lysates of MEFs that had been transfected

with control or Rab12 siRNA were analysed by immunoblotting with the antibodies indicated. (D,E) Quantification of the phospho-S6K levels

and phospho-Akt levels shown in (C). MEFs, mouse embryonic fibroblasts; N, nutrient-rich; S, starved; siRNA, short interfering RNA. *Po0.05;

**Po0.01.

Fig 1 | Rab12 regulates autophagy. (A) Quantification of the amount of LC3-II protein in mouse Rab-knockdown cells. Representative blots are shown in

supplementary Fig S1C online. Error bars represent the means and s.e.m. of three independent experiments. (B) Quantification of the amount of p62

protein in candidates Rab-knockdown cells. Representative blots are shown in supplementary Fig S1D online. Error bars represent the means and s.e.m.

of three independent experiments. (C,D) Control and Rab12-knockdown MEFs were cultured under N or S conditions, fixed and then immunostained

with the antibodies indicated. Representative images are shown in supplementary Fig S2 online. The mean numbers of LC3-positive (C) or Atg16L1-

positive (D) dots per cell are shown. Error bars represent the means and s.e.m. of representative data (nZ80) from three independent experiments.

(E) MEFs that had been transfected with the control siRNA or Rab12 siRNA were cultured as in (C,D), and their lysates were analysed by

immunoblotting with the antibodies indicated. (F) Quantification of (E). (G) Control and Rab12-knockdown MEFs were cultured under N or S

conditions in the absence or presence of 100mM bafilomycin A1 for 1 h. Cell lysates were analysed by immunoblotting with the antibodies indicated,

and the intensity of the LC3-II band was quantified. The normalized amount (arbitrary units) of LC3-II in lanes 1, 2, 3, 4, 5 and 6 is 1.0, 2.3, 4.3, 0.9, 1.6

and 3.8, respectively. (H) MEFs transiently expressing mStr-Rab12 were cultured under starved conditions and immunostained with the antibodies

indicated. Scale bar, 20mm. MEFs, mouse embryonic fibroblasts; N, nutrient-rich; S, starved; siRNA, short interfering RNA. *Po0.05; **Po0.01;

***Po0.005.
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without affecting lysosome function [25], we wondered whether
Rab12 also regulates PAT4 degradation. Rab12 knockdown was
found to dramatically increase the amount of HA-PAT4 protein in
MEFs stably expressing HA-PAT4 (Fig 3D,E) without affecting the
PAT4 messenger RNA concentration (Fig 3F). Furthermore, the
results of exposure to a lysosomal inhibitor showed that PAT4 is
constitutively degraded in lysosomes (supplementary Fig S6C
online) and that PAT4 trafficking to lysosomes is inhibited by
Rab12 knockdown (supplementary Fig S6D online), indicating
that Rab12 regulates constitutive degradation of PAT4 in
lysosomes. It was particularly noteworthy that Rab12 knockdown
increased the amount of plasma membrane-localized PAT4
(Fig 3G), which is likely to contribute to the rise in the intracellular
amino-acid concentration, and thereby result in upregulation of
mTORC1 activity and inhibition of autophagy.

Rab12 regulates mTORC1 activity and autophagy
If accumulation of PAT4 in Rab12-depleted cells is the primary
cause of the increased mTORC1 activity and decreased autopha-
gic activity, overexpression of PAT4 should mimic Rab12
deficiency. As anticipated, increased phosphorylation of S6K
and fewer LC3-positive dots were also observed in
HA-PAT4-overexpressing cells (supplementary Fig S8A–D online).
Conversely, increased phosphorylation of S6K and a reduced
number of autophagosomes, both of which were induced by
Rab12 knockdown, were completely rescued by simultaneous
knockdown of PAT4 (Fig 4A–C), although PAT4 knockdown alone
had little effect on mTORC1 activity or autophagy under our
experimental conditions (supplementary Fig S8E–J online).
Furthermore, addition of certain L-amino acids, for example, Pro
and Trp, both of which have been found to be high-affinity
substrates of PAT4 when expressed in Xenopus oocytes [33], to
Rab12(QL)-overexpressing MEFs restored phosphorylation of S6K
(supplementary Fig S4C,D online). These results allowed us to
conclude that Rab12 regulates mTORC1 activity and autophagy
through trafficking of PAT4.

The results of this study revealed an unexpected role of Rab12
in the regulation of mTORC1 activity and autophagy:
Rab12 regulates constitutive degradation of amino-acid transpor-
ter PAT4, which indirectly modulates mTORC1 activity and
autophagy through uptake of amino acids (see the schematic
model in Fig 4D). As mTORC1 activity induces translation of cell-
division-related genes and inhibits programmed cell death,
upregulation of mTORC1 (and/or autophagy dysfunction) is
closely associated with cancer/tumour [34–36]. Intriguingly,

PAT4 is broadly expressed in many cancer cell lines [30].
Hence, the Rab12-regulating mechanism that controls mTORC1
activity and autophagy through quality control of PAT4 that we
discovered in this study might provide a new target for the
treatment of cancer and tumorigenesis.

METHODS
Materials. Rab12 rabbit polyclonal antibody, anti-LC3 rabbit
polyclonal antibody and anti-Atg16L1 rabbit polyclonal antibody
were prepared as described previously [25,37,38]. All other
commercially available materials are described in the
supplementary information online.
siRNA-mediated knockdown. The siRNAs against mouse
Rab1B43, which are summarized in supplementary Table S1
online, and against mouse PAT4#1 (target sequence: 50-CCAAT
CAGCCTTGTGTTTA-30) and PAT4#2 (target sequence: 50-GCA
CGCCGATTGTTTCAAA-30) were chemically synthesized by
Nippon EGT (Toyama, Japan). MEFs were cultured for
48 h (to screen for Rabs involved in autophagy) or 72 h (for
PAT4 knockdown). For double knockdown of Rab12
and PAT4, MEFs were first transfected with control or PAT4
siRNA and, 24 h later the cells were transfected with
control or Rab12 siRNA. After 48 h, the cells were harvested
for immunoblotting or starved to induce autophagy for the
immunofluorescence analyses.
Immunofluorescence and image analyses. Immunostaining was
performed essentially as described previously [39]. In brief,
cultured cells were fixed with 4% paraformaldehyde and stained
with specific antibodies. The stained cells were examined for
fluorescence with a confocal fluorescence microscope (Fluoview
1000; Olympus, Tokyo, Japan) through an objective lens (� 100
magnification, NA 1.45; Olympus) and with Fluoview software
(version 2.1c; Olympus). For quantitative analysis, images of the
cells were captured at random with the confocal microscope, and
the number of the fluorescent dots (for example, LC3 dots and
Atg16L1 dots) was counted with the ImageJ software (version
1.42q; NIH, Bethesda, MD).
Quantification of the intracellular L-amino-acid concentration.
Control and Rab12-knockdown MEFs grown on 6-cm
dishes were rinsed three times with ice-cold PBS and lysed with
the lysis buffer. The lysates were analysed by using
an L-Amino-Acid Quantitation Kit (BioVision, Milpitas, CA)
according to the manufacturer’s note to determine their
intracellular L-amino-acid concentration. The values were
divided by the number of cells that had been cultured under
the same conditions.

Fig 3 | Rab12 regulates constitutive degradation of amino-acid transporter PAT4. (A) MEFs transiently co-expressing Myc-PAT4 and mStr-Rab12 were

immunostained with anti-Myc antibody. (B) MEFs transiently expressing Myc-PAT4 were immunostained with the antibodies indicated. Scale bars,

20 mm. (C) Total cell lysates and surface biotinylated proteins from MEFs stably expressing HA-PAT4 were analysed by immunoblotting with the

antibodies indicated. (D) Lysates of MEFs stably expressing HA-PAT4 that had been transfected with control or Rab12 siRNAs were analysed by

immunoblotting with the antibodies indicated. (E) Quantification of (D). ***Po0.005. (F) PAT4 mRNA levels from MEFs transfected with control or

Rab12 siRNA as revealed by reverse-transcription PCR analyses. Gapdh was used as an internal control. (G) Total cell lysates and surface biotinylated

proteins from MEFs stably expressing HA-PAT4 that had been transfected with control or Rab12 siRNA were analysed by immunoblotting with the

antibodies indicated. Note that the amounts of plasma-membrane-localized PAT4 protein and TfR protein were higher in Rab12-knockdown MEFs,

whereas the total amounts of EGFR protein and plasma membrane-localized EGFR protein in these cells were slightly lower, but the mechanisms

responsible for these changes are unknown. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MEFs, mouse embryonic fibroblasts; PAT4,

proton-coupled amino-acid transporter 4; siRNA, short interfering RNA.
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Statistical analysis. The statistical analyses were performed by
using Student’s unpaired t-test, and P-values o0.05 were considered
statistically significant.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Fig 4 | Rab12 regulates mTORC1 activity and autophagy by controlling the PAT4 protein concentration. (A) Lysates of MEFs transfected with the

siRNAs indicated were analysed by immunoblotting with the antibodies indicated. (B) Quantification of the phospho-S6K levels shown in (A).

(C) MEFs transfected with the siRNAs indicated were cultured under nutrient-rich (N) or starved (S) conditions and were immunostained with anti-

LC3 antibody. The mean numbers of LC3-positive dots per cell are shown. (D) A schematic model of inhibition of autophagy followed by increased

activation of mTORC1 in Rab12-depleted cells. MEFs, mouse embryonic fibroblasts; N, nutrient-rich; PAT4, proton-coupled amino-acid transporter 4;

S, starved; siRNA, short interfering RNA. *Po0.05; **Po0.01; ***Po0.005.
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