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Background: The activity of myotubularin-related protein 6 (MTMR6) is regulated by an unknown mechanism.
Results: The cellular localization of MTMR6 was regulated by Rab1B via the GRAM domain. They were functionally related in
the early secretory and autophagic pathways.
Conclusion:MTMR6 is regulated by Rab1B via the conserved GRAM domain.
Significance:Our results reveal a novel regulatory mechanism of MTM phosphatases.

A large family of myotubularin phosphatases dephosphory-
lates phosphatidylinositol 3-phosphate and phosphatidylinosi-
tol 3,5-bisphosphate, which are known to play important roles
in vesicular trafficking and autophagy. The family is composed
of 16members, andunderstanding their regulatorymechanisms
is important to understand their functions and related genetic
diseases. We prepared anti-myotubularin-related protein 6
(MTMR6)monoclonal antibody and used it to study the regula-
tory mechanism of MTMR6. Endogenous MTMR6 was present
in the cytoplasm andwas condensed in the perinuclear region in
a microtubule-dependent manner. MTMR6 preferentially
interacted with GDP-bound Rab1B via the GRAM domain and
partly overlapped with Rab1B in the pericentrosomal and peri-
Golgi regions in normal rat kidney cells. Overexpression of
GDP-bound Rab1B and the reduction of Rab1B disrupted the
localization of MTMR6, suggesting that Rab1B regulates the
localization of MTMR6. The reduction of MTMR6 accelerated
the transport of vesicular stomatitis virus glycoprotein in which
Rab1B is involved. Furthermore, reductionofMTMR6orRab1B
inhibited the formation of the tubular omegasome that is
induced by overexpression of DFCP1 in autophagy. Our results
indicate that the cellular localization ofMTMR6 is regulated by
Rab1B in the early secretory and autophagic pathways.We pro-
pose a new regulatorymechanism ofmyotubularin phosphatase
by the small GTPase Rab1B.

MTM12 was first identified as the gene responsible for
X-linked myotubular myopathy, a severe or fatal muscle weak-
ness in male infants (1). Since then, 15 homologs, called myo-
tubularin-related proteins (MTMRs), have been identified in
the human genome (2, 3). MTM1, MTMR1–4, MTMR6–8,
and MTMR14 are phosphatidylinositol 3-phosphatasees that
dephosphorylate the D-3 position of PI(3)P and PI(3,5)P2 in
vitro (3, 4). The other members have been considered to be
enzymatically inactive because they lack a conserved cysteine
residue that is essential for enzyme activity. However, some of
them have been shown to bind to active members and increase
the resulting enzyme activity, suggesting that the inactivemem-
bers are both functional and related to the enzymatic reaction
in the cells (5–9). Additionally,MTMR15was shown to contain
DNA repair nuclease activity (10). As a result, although not all
of the so-called inactive members have been characterized as
yet, they are no longer regarded as merely substrate-trapping
proteins.
In addition toMTM1, the mutations of several otherMTMR

genes are involved in various diseases, and certain MTMR
knock-out mice display distinct phenotypes. Because MTMR2
forms a heterotetramer with MTMR13 (9), mutation in
MTMR2 and MTMR13 causes Charcot-Marie-Tooth disease
(types 4B1 and 4B2, respectively), a severe autosomal recessive
neuropathy in humans (11–13). MTMR5 is another binding
protein ofMTMR2, and its disruption results in impaired sper-
matogenesis and azoospermia in mice (14). Mutations of
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MTMR14 were found in centronuclear myopathy patients (4).
MTMR14 knock-out mice exhibit impaired Ca2� homeostasis
as well as muscle weakness and fatigue (15). Furthermore, it is
reported that single nucleotide polymorphisms (SNPs) in the
MTMR9 gene are related to the development of metabolic syn-
drome (16, 17). These diverse phenotypes strongly suggest that
the functions of mammalian MTM phosphatases are not
redundant and that they play an essential role in normal cell
functions. Interestingly, yeast express only oneMTMphospha-
tase, Ymr1p, and the mutant displays only an elevation of the
PI(3)P level (18).
One of the substrates of the MTM phosphatases, PI(3)P, is

known to be generated by several different enzyme reactions.
Class II PI 3-kinase C2� (PI3K-C2�) and PI3K-C2� are acti-
vated by insulin and lysophosphatidic acid, respectively, and
generate PI(3)P on the inner leaflet of the plasma membrane
(19, 20). Class III PI 3-kinase (VPS34) is involved in the forma-
tion of three protein complexes in mammals (21). The VPS34-
p150-Beclin1-UVRAG complex is probably the most abundant
species among them and generates PI(3)P on the early endo-
somal membrane. The VPS34-p150-Beclin1-Atg14L complex
generates PI(3)P on the omegasomemembrane and is involved
in the induction of macroautophagy (referred to hereafter as
autophagy). The function of the VPS34-p150-Beclin1-
UVRAG-Rubicon complex remains elusive (21). PI(3)P is also
formed by the dephosphorylation of PI(3,4)P2 and PI(3,5)P2 by
type I� inositol polyphosphate 4-phosphatase, 72-kDa 5-phos-
phatase, or FIG4 lipid phosphatase (22–24). The function of
PI(3)P is thought to be the tethering of proteins that contain the
FYVE or PX domain to specific membrane compartments (25).
PIKfyve binds to PI(3)P via its FYVE domain, phosphorylates
the D-5 position of PI(3)P and forms the other substrate of the
MTM phosphatases, PI(3,5)P2 (26). PI(3,5)P2 is a very low
abundance phosphoinositide that is increased by osmotic
stress, UV treatment, or interleukin-2 (27, 28). It is related to
vesicular trafficking and pH control in the endosomal lysosome
system (26). Recent reports revealed that it is also implicated in
the degradation step of autophagy in multicellular organisms
(29, 30). Considering these substrates are common to all of the
MTM phosphatases, the regulatory mechanisms are of consid-
erable interest in terms of understanding the role of eachMTM
phosphatase and the diverse phenotypes of the aforementioned
genetic alterations.
We analyzed MTMR7 to define the function of MTM phos-

phatases and found that MTMR7 interacts with the ostensibly
inactiveMTMR9 and further found that recombinantMTMR6
andMTMR9 formed a complex in cells (6).MTMR6 is reported
to be involved in the regulation of the Ca2�-activated K� chan-
nel KCa3.1 (31), apoptosis (32), and autophagy (33) inmamma-
lian cells. Furthermore,Caenorhabditis elegans andDrosophila
MTMR6 is related to the endocytoticmachinery (34, 35). These
reports suggest that although a mutation in MTMR6 has not
been reported in any human genetic diseases it has a pivotal role
in 3-phosphoinositide lipid metabolism in mammalian cells.
Nevertheless, although the substrates are known and various
biological functions have been proposed for MTMR6, its regu-
latory mechanism is still poorly understood. In the work pre-

sented here, we prepared an anti-MTMR6 monoclonal anti-
body and clarified the regulatory mechanism of MTMR6.

EXPERIMENTAL PROCEDURES

cDNA Constructs—Mouse MTMR6 and MTMR9 cDNAs
were purchased from Invitrogen. Mouse MTMR3 and VSV-G-
ts045 (Addgene plasmid 11912 deposited by Dr. Jennifer Lip-
pincott-Schwartz) cDNAs were obtained from Thermo Fisher
Scientific and Addgene, respectively. Other cDNAs were
amplified by PCR using mouse brain Marathon-Ready cDNA
(Clontech) as the template. The cDNA sequences of DFCP1,
MTM1, MTMR2, MTMR3, MTMR6, MTMR7, MTMR9,
p40phox, Rab1A, Rab1B, and Rab11A corresponded to Gen-
BankTM accession numbers BC050015, NM_001164190,
NM_023858, BC081544, NM_144843, NM_001040699,
BC145946, FJ168470, NM_008996, NM_029576, and
NM_017382, respectively. The full-lengthMTMphosphatases,
MTMR6 �-GRAM (amino acids 142–617), MTMR6 �-coil
(amino acids 1–501), Rab1A, Rab1B, Rab11A, and DFCP1
cDNAs were subcloned into pEF-BOS-Myc, pEF-BOS-HA,
pCMV5-Myc, or pEGFP-C1 (Clontech) vectors for expression
in mammalian cells. N-terminal EGFP-tagged p40phox-PX
domain (amino acids 1–149)was ligated into a pEF4/Myc-His B
vector (Invitrogen). N-terminal EGFP-tagged DFCP1, DFCP1
�-N (amino acids 417–777), Rab1A, Rab1B, and C-terminal
Myc-tagged VSV-Gwere subcloned into pMXs-Puro retroviral
vector (Cell Biolabs, Inc.). To prepare the DFCP1 domain
mutant C651S/C770S; DFCP1 S653N/T665A; and Rab1A,
Rab1B, and Rab11Amutants, amino acid substitution was per-
formed with a QuikChange site-directed mutagenesis kit
(Stratagene). The whole cDNA sequence encoding the baculo-
virus glycoprotein 64 (gp64) was cut from pBACsurf-1 (Nova-
gen), a transfer plasmid for the baculovirus display system, and
ligated into pFastBac1 (Invitrogen) (pFastBac1-gp64). The N
terminus of MTMR6 (amino acids 1–100) was subcloned into
the multiple cloning sites of pFastBac1-gp64.
Cell Culture and Transfection—COS-7, C2C12, HeLa, NRK,

N1E-115, Platinum-E, and RAW 254.7 cells were cultured in
DMEM containing 10% FCS. NIH3T3 cells were maintained in
DMEM supplemented with 10% calf serum. All media were
supplemented with penicillin (100 units/ml) and streptomycin
(100 �g/ml), and cells were cultured at 37 °C in a humidified
atmosphere of 95% air and 5% CO2. Mammalian expression
constructs were transfected into cells using Lipofectamine
2000TM (Invitrogen) following the manufacturer’s protocol,
and cells were harvested or used for experiments 48 h after
transfection. StealthTM RNAi synthetic duplexes were pur-
chased from Invitrogen, and the sequences are: rat MTMR6
RNAi: sense, CCAAAUCUCAGAGAUUGACAGUCUU; anti-
sense, AAGACUGUCAAUCUCUGAGAUUUGG; rat Rab1B
RNAi: sense, CCGAAUAUGACUACCUGUUUAAGCU; anti-
sense, AGCUUAAACAGGUAGUCAUAUUCGG. A portion
of African green monkey MTMR6 cDNA was amplified from
COS-7 cell cDNA using mouse PCR primers and sequenced.
Based on the cDNA sequence, the following Stealth RNAi syn-
thetic duplexeswere designed and transfected intoCOS-7 cells:
GACUACAAGGCUGGCAGCUCAUUGA and UCAAU-
GAGCUGCCAGCCUUGUAGUC (Invitrogen). The Stealth
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RNAi Negative Control kit (Invitrogen) was used as a negative
control. All RNAi duplexes were transfected into cells using
Lipofectamine RNAiMAXTM (Invitrogen) following themanu-
facturer’s protocol. Retrovirus expression vectors were trans-
fected into Platinum-E packaging cells on a 100-mm dish, and
virus-containing medium was collected 72 h after transfection.
NRK cells were infected with the retrovirus in themedium sup-
plemented with 8 �g/ml Polybrene and incubated for 3 days.
Then the cells were plated on four 150-mm dishes and selected
for a week in themedium supplemented with 1 �g/ml puromy-
cin. For starvation, cells were washed three times with PBS,
supplemented with 0.9 mM CaCl2 and 0.49 mM MgCl2, and
incubated in Earle’s balanced salt solution.
Western Blot Analysis—Cells were harvested in a lysis buffer

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA) supple-
mented with a protease inhibitor mixture (Roche Applied Sci-
ence) and sonicated briefly. Mouse tissues were homogenized
in the same buffer with a Potter-Elvehjem homogenizer and
sonicated for 30 s on ice. All cell homogenates were centrifuged
at 10,000 � g for 20 min at 4 °C, and the supernatants were
collected. The protein concentration of the cell lysates was
measured (Bio-Rad) and adjusted to 2.5�g/�l with SDS sample
buffer.
Antibodies—To prepare the anti-MTMR6 monoclonal anti-

body, the N-terminal MTMR6 and gp64 fusion protein was
expressed on the baculovirus membrane, and the whole virus
was injected into a gp64 transgenic mouse as the antigen (36,
37). The commercially available antibodies used in this study
were monoclonal mouse anti-HA (Sigma); monoclonal mouse
anti-Myc, anti-EGFP, polyclonal rabbit anti-Rab1B, and poly-
clonal goat anti-actin (Santa Cruz Biotechnology, Inc.); poly-
clonal rabbit anti-�-COP (Calbiochem); monoclonal mouse
anti-EEA1 (BD Biosciences); polyclonal rabbit anti-�-tubulin
and anti-protein-disulfide isomerase (Cell Signaling Technol-
ogy Inc.); polyclonal rabbit anti-Atg16L and anti-LC3 (Medical
& Biological Laboratories Co., Ltd.); polyclonal rabbit anti-
DFCP1 (ProteinExpress Co., Ltd.); and Alexa Fluor 488 goat
anti-mouse IgG, Alexa Fluor 594 donkey anti-mouse IgG, and
Alexa Fluor 594 goat anti-rabbit IgG (Molecular Probes,
Eugene, OR).
Fluorescence Microscopy—Cells cultured on glass coverslips

were fixedwith 4%paraformaldehyde inPBS for 10min at room
temperature, washed three times with PBS, incubated for 5min
in 0.2% Triton X-100 in PBS, washed three times with PBS,
incubated with 2% BSA in PBS for 30 min, and then washed
again three times with PBS. Cells were then incubated with
primary antibody for 1 h. After three washes with PBS, the cells
were incubated for 30minwith fluorescently labeled secondary
antibody. The cells were washed three times with PBS and
mounted in Gel/MountTM (Biomeda Corp., Foster City, CA).
To visualize recycling endosomes, cells were incubated in FCS-
free medium for 1 h at 37 °C. Then the medium was replaced
with regular culture medium containing 25 �g/ml Alexa Fluor
594-conjugated human transferrin (Invitrogen) and further
incubated for 1 h at 37 °C. Fluorescence images were takenwith
a microscope (DM LB, Leica) equipped with a cooled charge-
coupled device camera (Cool SNAP HQ, Photometrics) and an
objective lens (HCX PL APO 63�/1.40–0.60 OIL CS, Leica).

The images were acquired usingMetaMorph imaging software
(v6.2, Molecular Devices).
Immunoprecipitation—The cells were harvested with lysis

buffer supplemented with 1% Triton X-100 and a protease
inhibitor mixture (Roche Applied Science), sonicated, and cen-
trifuged at 10,000 � g for 20 min at 4 °C. The supernatant was
mixed with antibody and rotated for 1 h at 4 °C followed by the
addition of protein G-Sepharose beads (GE Healthcare). After
rotation for 1 h at 4 °C, the beads were washed three times with
the same buffer containing 600 mM NaCl and then mixed with
SDS sample buffer.
Size Exclusion Chromatography—COS-7 cells were washed

with PBS and harvested with buffer (50 mM Tris-HCl, pH 7.5,
150 mMNaCl, 5 mM EDTA, 10% glycerol) supplemented with a
protease inhibitor mixture (Roche Applied Science) and soni-
cated briefly. Cell homogenates were centrifuged at 10,000 � g
for 20 min at 4 °C, and supernatant was collected. An HMW
Calibration kit (GE Healthcare) was used as the protein stand-
ard, and a 125 �g/ml concentration of each globular protein
was mixed with the cell lysate. Samples were applied at a flow
rate 0.3 ml/min to a Superdex 200 10/300 GL (GE Healthcare)
size exclusion column equilibrated with 50 mM Tris-HCl, pH
7.5, 150mMNaCl, 5mMEDTA, 10% glycerol. Fractions (250�l)
were collected, and 3 volumes of ice-cold acetonewere added to
precipitate the proteins at �20 °C for 2 h. After centrifugation
at 17,000� g for 5min at 4 °C, the precipitateswere dissolved in
SDS sample buffer and analyzed by Western blotting.
Proteomics Analysis—Proteomics analysis was carried out as

described by Daigo et al. (38) with certain slight modifications.
Control mouse IgG or anti-MTMR6 antibody was conjugated
to Dynabeads protein G (Invitrogen) at a final ratio of 20 mg of
antibody/mg of beads. HeLa cells were grown to confluence on
two 150-mm dishes and harvested with 10ml of lysis buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA) supple-
mented with 1% Triton X-100 and a protease inhibitor mixture
(Roche Applied Science). Eluted samples were separated by
SDS-PAGE and analyzed by tandem mass spectrometry. For
shotgun proteomics, HeLa cells were harvestedwith lysis buffer
supplemented with 0.1% Nonidet P-40 and analyzed as
described (38).
Transport Assay—The cells stably expressing VSV-G-Myc

were transfected with RNAi duplexes, incubated for 2 days, and
further incubated for 12 h at 40 °C. Then the temperature was
shifted to 32 °C, and protein synthesis was inhibited by the
addition of 100 �g/ml cycloheximide. The cells were harvested
with lysis buffer supplemented with 1% Triton X-100 and a
protease inhibitor mixture (Roche Applied Science) at each
time point and immunoprecipitatedwith anti-Mycmonoclonal
antibody. Afterwashing three timeswith the same buffer, beads
weremixed with 0.5% SDS, 40mMDTT solution and incubated
for 10 min at 100 °C. Samples were briefly centrifuged, and an
aliquot of supernatant was incubated overnight at 37 °Cwith or
without 625 milliunits/ml endo H (Roche Applied Science) in
50 mM sodium citrate, pH 5.5.
Live Cell Imaging—A stable NRK cell line expressing EGFP-

DFCP1 was cultured in Earle’s balanced salt solution buffered
with 20 mM HEPES, pH 7.5 instead of bicarbonate at 37 °C in
ambient atmosphere, and imageswere capturedwith a confocal
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microscope (Fluo View FV1000, Olympus) equipped with an
objective lens (PLAPON 60XO, 1.42 numerical aperture,
Olympus). For LysoTracker staining, 75 nM LysoTracker Red
DND-99 (Invitrogen)was supplemented to the Earle’s balanced
salt solution.
Electron Microscopy—The cultured cells were fixed with

1.5% glutaraldehyde, postfixed with 1% osmium tetroxide
(OsO4), dehydrated in a graded ethanol series, and embedded
in epoxy resin using a Poly/Bed 812 resin kit (Polysciences, Inc.,
Warrington, PA). Ultrathin sections were observed under elec-
tron microscopy (H-800, Hitachi, Tokyo, Japan) after staining
with uranyl acetate and lead citrate.
Quantification of the Autophagic and Tube-forming Cells—

For each condition, three independent cover glasses were pre-
pared. Undermicroscopy, fields containingmore than five cells
were randomly chosen, and 20 such images were captured from
each specimen. The cells that contained more than 10 EGFP-
DFCP1-positive dots were regarded as autophagic cells. The

cells that contained tubeswere excluded from the calculation of
the autophagic cells.
Real Time PCR—Each cell line was cultured on four dishes,

and total RNA was purified with an RNeasy Mini kit (Qiagen).
For reverse transcription, 0.5 �g of the total RNA was con-
verted to first strand complementary DNA in 25-�l reactions
using TaqMan reverse transcription reagents (Applied Biosys-
tems). Quantitative real time PCR assay was performed with
Power SYBRGreen PCRMasterMix (Applied Biosystems), and
the reactionwas run in aCFX96 real timePCRdetection system
(Bio-Rad). Relative expression levels were calculated usingCFX
Manager Software version 1.6 (Bio-Rad) using the comparative
��Ct method. To detect mouse and rat DFCP1 cDNA simul-
taneously, DNA sequences that were a perfect match between
two animals were chosen and used as PCR primers. The prim-
ers used for DFCP1 cDNA were GGCCTGGATGTCCCCT-
TATC (forward) and GGATTGTATGTCCTCGTTCCC
(reverse). Rat glyceraldehyde-3-phosphate dehydrogenase

FIGURE 1. Tissue distribution and cellular localization of MTMR6. A, Western blot analysis of the MTMR6 protein. In the kidney and testis, the extra bands are
indicated by the arrow and arrowhead, respectively. B, COS-7 cells stained with an anti-MTMR6 antibody. As a negative control, MTMR6 was knocked down by
RNAi. The efficiency of RNAi was confirmed by Western blotting (right panel). C, COS-7 cells expressing EGFP-PX stained with an anti-MTMR6 antibody. D, COS-7
cells were labeled with an Alexa Fluor 594 conjugate of transferrin and the recycling endosome was visualized. MTMR6 was stained with an anti-MTMR6
antibody. The insets show the magnified perinuclear region. E, COS-7 cells treated with DMSO or wortmannin (100 nM) for 1 h at 37 °C were stained with
anti-MTMR6 or anti-EEA1 antibody. F, COS-7 cells treated with DMSO or BFA (2 �g/ml) for 1 h at 37 °C were co-stained with anti-MTMR6 and anti-�-COP
antibodies. The arrowheads indicate the partial overlap of MTMR6 and �-COP. G, COS-7 cells were treated with DMSO or nocodazole (100 �M) for 1 h at 37 °C.
The cells were co-stained with anti-MTMR6 and anti-�-tubulin antibodies. The arrowheads indicate the partial overlap of MTMR6 and a microtubule bundle. In
each lane, 100 �g of protein was loaded. Bars, 10 �m.
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(GAPDH) was used as a reference gene. The primers for
GAPDH cDNA were ATGGTGAAGGTCGGTGTGAA (for-
ward) and GATGGGTTTCCCGTTGATG (reverse).
Image Analysis—Densitometric analyses ofWestern blotting

were performed using the gel analysis macro in ImageJ 1.43u.
All fluorescence images were captured at the same instrument
settings for quantification and analyzed using ImageJ 1.43u. To
determine the amount of MTMR6, the integrated density was
measured. Accumulation of MTMR6 was measured by sub-
tracting the threshold density from the integrated density. The
appropriate threshold intensity for depicting the peri-Golgi-
accumulated MTMR6 was obtained from the images of the
control cells.
Statistical Analysis—Statistical significance was determined

using a two-tailed unpaired t test as performed in Excel soft-
ware unless otherwise indicated. Comparisons of multiple
groups were performed using a two-way analysis of variance
followed by post hoc testing using the Holm-Sidak method in
SigmaPlot software (Systat Software, Inc.).

RESULTS

Tissue Distribution and Cellular Localization of MTMR6—
We prepared anti-mouse MTMR6 monoclonal antibodies
using a baculovirus expressing an N-terminal MTMR6 and
gp64 fusion protein as the antigen (36, 37). We first analyzed
the tissue and cellular distribution ofMTMR6byWestern blot-
ting. Amonoclonal antibody (clone Y67002) detected a 71-kDa
band byWestern blotting, and MTMR6 was expressed in all of
the mouse tissues and cell lines examined (Fig. 1A and supple-
mental Fig. S1A). The extra band in the testis was thought to be
a splicing isoform of MTMR6 because we found mRNA con-
taining an insertion from mouse testis (GenBank accession
number AB517623) (supplemental Fig. S1B). The kidney extra
band has not yet been identified.
To gain insight into the regulatory mechanism of MTMR6,

the intracellular localization was analyzed by immunofluores-
cence. When COS-7 cells were stained with an anti-MTMR6
antibody, a strong signal was observed in the perinuclear
region, and the cytosol was also faintly stained (Fig. 1B).
MTMR6 RNAi resulted in the disappearance of these signals,
confirming that the signals showed the actual localization of the
endogenousMTMR6 in cells (Fig. 1B). As shown in Fig. 1C, the
dense perinuclear MTMR6 was partially overlapped with
PI(3)P-positive granules that were visualized with EGFP-PX. It
was also partly overlappedwith the recycling endosomemarker
transferrin in the perinuclear region (Fig. 1D). However, the
staining pattern ofMTMR6was not granular, andMTMR6was
not observed at these transport vesicles (Fig. 1, C and D, inset).
The GRAM domain is conserved between mammalian MTM
phosphatases and has been shown to bind to several 3-phos-
phoinositide lipids on the membrane (39–41). When COS-7
cells were treated with a relatively high dose of the PI 3-kinase
inhibitor wortmannin (100 nM), perinuclear localization of
MTMR6 was not disrupted, although the PI(3)P-rich EEA1-
positive granules were aberrantly vacuolated (Fig. 1E). The
cluster of MTMR6 was partially overlapped with the Golgi
marker �-COP but was resistant to the Golgi-disrupting rea-
gent brefeldin A (BFA) (Fig. 1F). The cluster of MTMR6 was

also closely overlappedwith themicrotubule bundle at the peri-
nuclear region (Fig. 1G). When COS-7 cells were treated with
the microtubule-disrupting reagent nocodazole, the MTMR6
cluster completely disappeared, coincident with the disruption
of the microtubule network (Fig. 1G). These data show that
MTMR6 is a ubiquitously expressed cytosolic enzyme, which
condenses in the pericentrosomal region in a microtubule-de-
pendent manner.
Characterization of theMTMR6 Enzyme Complex—The cel-

lular localization of MTMR6 prompted the speculation that
MTMR6 forms a protein complex and that its binding protein
accumulates the enzyme in that region. Hence, endogenous
MTMR6 was immunoprecipitated from HeLa cell lysate and
analyzed by SDS-PAGE.When the gel-separated proteins were
stained with SYPRORuby, two anti-MTMR6 antibody-specific
bands were clearly evident in the gel (Fig. 2A, left panel). These
bands were identified as MTMR6 and MTMR9 by Western
blotting and liquid chromatography-tandemMS (LC/MS/MS)
(Fig. 2A, right panel, and supplemental Fig. S2, A and B). These
results show that endogenousMTMR6 interacts withMTMR9
and that MTMR9 is the major binding protein of MTMR6.
Deletion of the coiled coil domain abolished the association of
Myc-MTMR6 and HA-MTMR9, indicating that they interact
via the coiled coil domain (Fig. 2B). To estimate the size of the
complex, the cell lysate expressing HA-MTMR6 and
HA-MTMR9was separated by size exclusion chromatography.
As shown in Fig. 2C,upper panel, their complexwas soluble and
mainly found in fraction 15, which contained the 158-kDa
marker aldolase. When the cell lysate containing only
HA-MTMR9 was separated, the main peak was found near the
75-kDa marker (Fig. 2C, lower panel), confirming that the pro-
teins found in fraction 15 are the complex. The deducedmolec-

FIGURE 2. Characterization of the MTMR6 enzyme complex. A, isolation of
the MTMR6 enzyme complex. Endogenous MTMR6 was immunoprecipitated
from HeLa cell lysate with an anti-MTMR6 antibody. Left, SYPRO Ruby stain-
ing. Right, Western blotting with the anti-MTMR6 antibody. The numbers
depicted on the left are molecular mass markers. B, identification of the
MTMR9-binding domain of MTMR6. Myc-tagged MTMR6 and MTMR6 �-coil
were co-expressed with HA-tagged MTMR9 in COS-7 cells. Myc-tagged pro-
teins were immunoprecipitated with an anti-Myc antibody. C, size exclu-
sion chromatography of MTMR6-MTMR9 complex. COS-7 cell lysates that
expressed HA-tagged proteins were separated by a size exclusion column.
Each fraction was analyzed by Western blotting with an anti-HA antibody.
The molecular weight standards shown in the figure are ferritin (Mr �
440,000), aldolase (Mr � 158,000), and conalbumin (Mr � 75,000). IP,
immunoprecipitation.
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ular mass of the MTMR6-MTMR9 heterodimer is 134-kDa,
and their complex is estimated to be a heterodimer. Hence, the
soluble MTMR6-MTMR9 complex is a heterodimer and does
not contain the stable binding protein that determines the cel-
lular localization of the complex.
Identification of the LowAffinity Binding Protein forMTMR6—

Searching for low affinity binding proteins forMTMR6, we fur-
ther used a shotgun proteomics approach to analyze all of the
proteins immunoprecipitated with the anti-MTMR6 antibody.
As a result, several Golgi-related proteins were identified in the
immunoprecipitate. A small GTPase, Rab1B, was one of the
candidates for the MTMR6-interacting protein, and the amino
acid fragments detected in the immunoprecipitate are shown in
Fig. 3A. The amino acid sequence of Rab1B is similar to that of
Rab1A, but the Rab1A-specific fragment was not detected by
LC/MS/MS analysis. Because Rab1A and Rab1B are similar
proteins and Rab11A localizes in the pericentrosomal region
(42), the binding of these proteins and their GTP- (Rab1A
Q70L, Rab1B Q67L, and Rab11A Q70L) and GDP-restricted
mutants (Rab1A S25N, Rab1B S22N, and Rab11A S25N) to
MTMR6 was examined. MTMR6 associated with Rab1A and
Rab1B and preferentially bound to the Rab1B S22N mutant

(Fig. 3B).MTMR6was scarcely bound toRab11Aor itsmutants
(Fig. 3B). These results were reproducible, and therefore,
Rab1B is a prime candidate for a low affinity binding protein for
MTMR6. Deletion of the GRAMdomain abolished the binding
of Rab1B S22N and MTMR6, indicating that Rab1B binds to
MTMR6 via the GRAM domain (Fig. 3C). Because the GRAM
domain is conserved in mammalian MTM phosphatases, the
binding of Rab1B S22N and otherMTMphosphatases was fur-
ther analyzed by immunoprecipitation.As shown in Fig. 3D, the
signals of MTM phosphatases, except for MTMR3, were
detected in the immunoprecipitate. Comparison of the ratios of
the Myc-tagged proteins in the immunoprecipitate and cell
lysate suggests that the phylogenetically close MTMR6 and
MTMR7 are preferentially bound by Rab1B S22N.
These results suggest that Rab1B is either weakly or tran-

siently associatedwithMTMR6via theGRAMdomain and that
its interaction toMTMR6 is regulated byGDP/GTP nucleotide
exchange. In addition to MTMR6, MTMR7 may be associated
with Rab1B in cells.
Cellular Localization of MTMR6 and Rab1B—Because the

interaction of MTMR6 and Rab1B protein had been confirmed
by immunoprecipitation, the cellular localization of MTMR6

FIGURE 3. Identification of the low affinity binding protein for MTMR6. A, the amino acid sequence of tryptic peptides of human Rab1B identified by
shotgun proteomics. For comparison, the corresponding region of human Rab1A is aligned. Asterisks indicate amino acids homologous between hRab1A and
hRab1B. B, interaction of MTMR6 and several Rab proteins. Myc-tagged MTMR6 was co-expressed with HA-tagged Rab proteins in COS-7 cells and immuno-
precipitated with an anti-HA antibody. Densitometric Myc/HA ratios of immunoprecipitate are shown under the blot. C, identification of the Rab1B-binding
domain of MTMR6. Myc-tagged MTMR6 and MTMR6 �-GRAM were co-expressed with HA-tagged Rab1B S22N in COS-7 cells. The HA-tagged protein was
immunoprecipitated with the anti-HA antibody. D, interaction of several MTM phosphatases and Rab1B S22N. Myc-tagged MTM phosphatases were co-ex-
pressed with HA-tagged Rab1B S22N in COS-7 cells and immunoprecipitated with the anti-HA antibody. The arrow indicates MTM1. The numbers depicted on
the right are molecular mass markers. Densitometric Myc/HA ratios of immunoprecipitate and cell lysate are shown under the blot. IP, immunoprecipitation.
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and Rab1B was further analyzed.When NRK cells were stained
with the anti-MTMR6 antibody, a dense cluster ofMTMR6was
observed at the cell center (Fig. 4A). The cells were also stained
in the peri-Golgi region and the cytosol (Fig. 4A). Rab1B was
observed at the cell center, at the peri-Golgi region, and as
peripheral dots (Fig. 4A). At the cell center and the peri-Golgi
region, theMTMR6 and Rab1B staining patterns were partially
overlapped, and their size and shape were correlated (Fig. 4A).
Marie et al. (43) reported that Rab1A is observed at the Golgi
apparatus and close to the ER exit site, and a Rab1A-containing
membrane cluster is frequently separated from the Golgi appa-
ratus in NRK cells. Such a membrane cluster is located around
the microtubule-organizing center and sometimes observed
below the nucleus. They showed that the cluster mediates ER-
Golgi trafficking and termed it the “pericentrosomal domain of
the intermediate compartment” (pcIC). The staining pattern of
MTMR6 and Rab1B was very similar to that of Rab1A, and the
dense cluster of MTMR6 is reminiscent of the pcIC. When a
stable NRK cell line expressing EGFP-Rab1A was stained with
an anti-MTMR6 antibody, the signals were partially overlapped
at the cell center, confirming that MTMR6 is highly concen-
trated in the pcIC region along with Rab1B (Fig. 4,A and B). To
further characterize the localization of MTMR6 and Rab1B in

the pcIC, NRK cells were treated with BFA, and the effect on
each protein was compared. As shown in Fig. 4C, MTMR6 was
resistant to BFA in the pcIC and the peri-Golgi regions. Rab1B
was diffuse but retained by BFA treatment in both regions in
sharp contrast to �-COP (Fig. 4C). Therefore, their localization
is resistant to BFA in these compartments, and this is consistent
with Rab1A (43). These results show that the localization pat-
terns of MTMR6 and Rab1B are closely related in the pcIC, the
way station of ER-Golgi membrane trafficking.
Effect of Rab1B Mutants on the Localization of MTMR6—As

shown in Fig. 3B, the affinity of Rab1B toMTMR6was different
depending on the GDP and GTP state of Rab1B. Therefore,
Rab1B, Rab1B Q67L, or Rab1B S22N was overexpressed in
NRK cells, and their effect on the localization of MTMR6 was
further examined. Rab1B andRab1BQ67Lwere localized at the
pcIC and the peri-Golgi regions, and Rab1B Q67L increased
peri-Golgi vacuoles inNRK cells (Fig. 5A). Their expression did
not show an apparent effect on the localization of MTMR6. By
contrast, Rab1B S22N was observed in the cytosol as reported
(44), and the accumulation of MTMR6 was abolished in the
cells expressing Rab1B S22N (Fig. 5A). These data suggest that
GDP-bound Rab1B interacts with MTMR6 in cells and can
change the localization of MTMR6.
To confirm the results of ourmicroscopic observation, stable

cell lines expressing EGFP-tagged Rab1B or its mutants were
prepared, and their effect on the accumulation of MTMR6 was
quantitatively analyzed using image analysis. As shown in Fig.
5B, the accumulation ofMTMR6was unequivocally reduced in
EGFP-Rab1B S22N-expressing cells in accordance with the
results of microscopic observation. Quantitative analysis fur-
ther revealed that EGFP-Rab1BQ67L also significantly reduced
MTMR6 accumulation. The total amount of MTMR6 was
slightly reduced in the cells expressing Rab1Bmutants. A slight
reduction in MTMR6 was also detected byWestern blotting in
cells expressing EGFP-Rab1B S25N (Fig. 5C). However, the
extent of reductionwas very small comparedwith the reduction
in accumulation (Fig. 5B). Consequently, our results indicate
that Rab1B mutants disrupt the accumulation of MTMR6. In
our stable cell lines, expression levels of EGFP-Rab1B and
Rab1BQ67L were comparable with that of endogenous Rab1B,
but that of EGFP-Rab1B S22N was quite low (Fig. 5C). These
data suggest that the balance of GDP- and GTP-bound Rab1B
protein is important for the efficient accumulation of MTMR6
and that GDP-bound Rab1B plays a major role in the localiza-
tion of MTMR6.
Interaction of MTMR6 and Rab1B in the Early Secretory

Pathway—To gain further insight into the interaction of
MTMR6 and Rab1B, the expression of endogenous proteins
was reduced by RNAi, and the effects were analyzed. When
Rab1B was knocked down, the cluster of MTMR6 was diffused
in the pcIC region, and the peri-Golgi MTMR6 was also dis-
persed into the cytosol (Fig. 6A). This observation was con-
firmed by quantitative image analysis (Fig. 6B). The expression
of MTMR6 was slightly reduced by Rab1B RNAi, but its influ-
ence on our results was considered to be small (Fig. 6D). These
results show that Rab1B regulates the localization of MTMR6
in the pcIC and the peri-Golgi regions.

FIGURE 4. Cellular localization of MTMR6 and Rab1B in NRK cells. A, immu-
nostaining of NRK cells with anti-MTMR6 and anti-Rab1B antibodies. The
arrowheads indicate MTMR6 and Rab1B concentrated at the cell center. The
arrows indicate the peri-Golgi-localized MTMR6 and Rab1B. The insets show
an enlarged view of the magnified boxed regions. It should be noted that the
size and shape of the MTMR6 and Rab1B stainings are correlated in these
three cells even if they are not completely overlapped. B, stable NRK cell line
expressing EGFP-Rab1A was stained with anti-MTMR6 antibody. The arrow-
heads indicate EGFP-Rab1A and MTMR6 concentrated in the pericentrosomal
region. C, NRK cells treated with DMSO or BFA (2 �g/ml) for 1 h at 37 °C were
stained with anti-MTMR6 and anti-Rab1B antibodies or anti-�-COP antibody,
respectively. Bars, 10 �m.
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Rab1B regulates ER-Golgi and intra-Golgi trafficking (45).
We therefore knocked down levels ofMTMR6 inNRK cells and
examined the effect on the ER-Golgi transport of VSV-G.There
was no effect on the accumulation of VSV-G in the ER by
MTMR6 RNAi (Fig. 6C, 0 min). At the 15-min time point, the
ratio of the endo H-resistant VSV-G protein was significantly
higher in MTMR6 siRNA-treated cells than in control cells. At
the 30-min time point, the difference became small, but the
ratio was still significantly higher in MTMR6 siRNA-treated
cells, indicating that the transport of VSV-G from the ER to the
Golgi was accelerated byMTMR6 siRNA. The expression level
of Rab1B was not altered by MTMR6 RNAi (Fig. 6D). These
results indicate that MTMR6 is involved in the secretory path-
way with Rab1B and negatively regulates ER-Golgi protein
transport.
Involvement of MTMR6 and Rab1B in Regulation of the

Omegasome—Rab1B is observed in the autophagosome, and
MTMR6 and Rab1B have been suggested to be involved in
autophagy (33, 46, 47). Therefore, to further define the func-
tional relationship between MTMR6 and Rab1B, their relation
to autophagywas examined. The omegasome is a donut-shaped
ring structure that is generated on the ER in the autophagic
condition and enriched with PI(3)P (48). Some sort of autopha-
gosome is generated fromomegasomes. EGFP-DFCP1 is able to
detect PI(3)P on the omegasome and has been utilized as an
autophagosomemarker in recent reports (47–50). Therefore, a
stable NRK cell line expressing EGFP-DFCP1was used tomon-
itor autophagy.
First, the cells were treated with control, MTMR6, or Rab1B

RNAi, and the number of autophagic cells was counted under
normal and starved conditions. The number of autophagic cells
was not affected byMTMR6 or Rab1B RNAi in this experiment
(Fig. 7A). Instead, we found that DFCP1-positive long tubes
were unexpectedly induced by starvation of the cells, and inter-
estingly, either MTMR6 or Rab1B RNAi significantly inhibited
their formation (Fig. 7A). These results indicate that MTMR6
and Rab1B are involved in tube formation. Because such pecu-
liar long tubes had not been previously reported, the tubes were
further characterized to clarify the significance of our findings.
Intriguingly, when autophagic cells expressing EGFP-DFCP1

were stained with the antibody against the isolation membrane
markerAtg16L, several Atg16L-positive granuleswere found in

FIGURE 5. The effect of the GDP- and GTP-restricted forms of Rab1B on
the localization of MTMR6. A, NRK cells were transiently transfected with
EGFP-tagged Rab1B, Rab1B Q67L, or Rab1B S22N and stained with an anti-

MTMR6 antibody. B, left, amount of MTMR6 accumulated in the cell. Right,
total amount of MTMR6 in the cell. The stable cell lines were stained with
anti-MTMR6 antibody, and the relative fluorescence intensity of each cell was
determined by image analysis. Non-infected NRK cells were used as a control.
Each cell line was cultured on four cover glasses, and 10 images were acquired
from each specimen. The average fluorescence intensity/cell was determined
for each image, and the data from 40 images were analyzed for each cell line.
The bar graph shows the average of three independent experiments. The
values were normalized to the mean intensity of the control. All asterisks
indicate a significant difference from the control (mean � S.E. (error bars); n �
120; *, p � 0.001). C, the expression levels of MTMR6, Rab1B, and EGFP-tagged
Rab1B proteins were compared between the stable cell lines expressing
EGFP-tagged Rab1B and its mutants by Western blotting. Quantification was
performed in duplicate, and 100 �g of protein was loaded in each lane. The
bands were quantified by densitometry, and actin was used as a loading
control. Because the affinity of anti-Rab1B antibody to EGFP-Rab1B S25N was
lower than that to other Rab1B proteins, the amount of EGFP-tagged proteins
detected with anti-EGFP antibody was normalized to that of EGFP-Rab1B
detected with anti-Rab1B antibody. Non-infected NRK cells were used as a
control. Bar, 10 �m.
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the tubes (Fig. 7B). The granules were also positive for LC3 (Fig.
7C). Additionally, some tubes were also faintly positive for LC3,
whereas in others, it was hard to observe the signal (Fig. 7C).
The tubes did not contain the ER marker enzyme protein-dis-
ulfide isomerase, indicating that they are distinct from ER (Fig.
7D). Furthermore, as shown in Fig. 7E, the tubes were Lyso-
Tracker-negative and void of an acidic compartment. From
these results, we hypothesized that the omegasome function is
disrupted by the overexpression of DFCP1 and that elongated
tubular omegasomes containing multiple immature autopha-
gosomes are generated.
When the autophagic cells expressing EGFP-DFCP1 were

analyzed by transmission electron microscopy, membrane
structures containing multiple autophagosome-like granules
were observed in the cell (Fig. 7F). Furthermore, autophago-
some-like granules that were surrounded by the elongated
membrane were also observed (Fig. 7F). Such structures were
not observed in autophagic NRK cells not expressing EGFP-
DFCP1. These results are consistent with the immunofluores-
cence analysis and support our hypothesis.
The Dynamics of the Long Tubular Omegasomes—The long

tubular omegasomes were further analyzed with time lapse
confocal microscopy. This revealed that the tubes were highly
mobile and elastic and elongated in an apparently random fash-
ion (Fig. 7G, arrows and insets, and supplemental Video 1). Fur-
thermore, the tubes were unstable and degraded within a cer-
tain brief period (Fig. 7G, arrowhead, and supplemental Video
1). Of note, the fusion of vesicular omegasomes was not
observed. Similar tubes were also observed in a stable NIH3T3
cell line expressing EGFP-DFCP1, indicating that such tube for-
mation is not exclusive to NRK cells (supplemental Video 2).
These results suggest that the long tubular omegasomes were
unstable structures in cells and that they were formed by the
aberrant elongation of the omegasome in EGFP-DFCP1-ex-
pressing cells.
The Mechanism of Tubular Omegasome Formation—To

address the mechanism of tubular omegasome formation, two
DFCP1 mutants were expressed in NRK cells (Fig. 8A). The
ER-targeting and FYVEdomains are reported to be essential for
the localization of DFCP1 to the omegasomes (48). DFCP1
�-N, which contained only these two domains, was sufficient to
form the tubular omegasomes (Fig. 8A). In contrast, the double
FYVEdomainmutantDFCP1did not exhibit long tubular ome-
gasome formation (Fig. 8A). Therefore, the PI(3)P binding
activity of DFCP1 is essential for tube formation. When the
amount of DFCP1mRNAwas determined using real time PCR,
�80 times more DFCP1 mRNA was detected in our stable cell
line than in NRK cells (Fig. 8B). Moreover, EGFP-DFCP1 pro-
teinwas detected byWestern blotting in our stable cell linewith
anti-DFCP1 antibody that recognizes mouse and rat DFCP1
(Fig. 8C and supplemental Fig. S1C). However, endogenous
DFCP1 protein was undetectable in NRK cells (Fig. 8C). When
the amount of cell lysate was reduced to 25 �g, the signal of
EGFP-DFCP1was very faint but still detectable (Fig. 8C). These

FIGURE 6. The localization of MTMR6 is regulated by Rab1B, and MTMR6
is related to the secretory pathway. A, the effect of Rab1B knockdown on
the localization of MTMR6. Rab1B was knocked down by RNAi in NRK cells and
stained with an anti-MTMR6 or anti-Rab1B antibody. B, the fluorescence
intensity of accumulated MTMR6 staining was quantified by image analysis.
The asterisk indicates a significant difference from the control (mean � S.E.
(error bars); control siRNA, n � 114; Rab1B siRNA, n � 68; *, p � 0.001). C,
sensitivity of VSV-G to digestion by endo H. NRK cells stably expressing Myc-
tagged VSV-G were treated with control or MTMR6 siRNA for 2 days. The cells
were then incubated for 12 h at 40 °C. The cells were collected at each time
point after the temperature was changed to 32 °C. The VSV-G was immuno-
precipitated, treated with or without endo H, and detected with an anti-Myc
antibody by Western blotting. Graph, the bands of the VSV-G protein were
quantified by densitometry, and the ratios of the endo H-resistant VSV-G pro-
tein were calculated. A two-way analysis of variance was performed. The
asterisks indicate a significant difference from the control at each time point
(mean � S.E. (error bars); n � 3; *, p � 0.05). D, the effect of MTMR6 or Rab1B
RNAi on the amount of MTMR6 and Rab1B was analyzed by Western blotting.
The bands were quantified in duplicate, and 100 �g of protein was loaded in

each lane. The bands were quantified by densitometry, and actin was used as
a loading control. Bar, 10 �m.
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data indicate that expression of DFCP1 protein is at least
10-fold higher in our stable cell line than in original NRK cells.
Taken together, these results suggest that the binding of

excess EGFP-DFCP1 to PI(3)P induces the formation of abnor-
mally long tubular omegasomes. Namely, a decrease in func-
tional PI(3)P in the omegasome causes tube formation.
MTMR6orRab1BRNAi significantly inhibited tube formation,
indicating that MTMR6 and Rab1B regulate the amount of
PI(3)P in the omegasome.

DISCUSSION
Here we have analyzed the cellular localization of endoge-

nous MTMR6 and shown that MTMR6 is present in the cyto-
plasm and in a condensed form in the pcIC and the peri-Golgi
regions (Figs. 1 and 4). Searching for the proteins that regulate
the localization ofMTMR6, Rab1Bwas identified as a low affin-
ity or transiently interacting protein that interacts with
MTMR6 via the GRAM domain (Fig. 3). The GRAM domain is

thought to interact with PI(3)P, PI(5)P, and PI(3,5)P2 and to
regulate the enzyme activity and cellular localization of several
MTM phosphatases (32, 39, 40, 41, 51, 52). On the issue of
interaction withMTMR6, two groups examined the lipid bind-
ing activity of the GRAM domain. However, the specificity of
the binding was not consistent, and its lipid binding activity
thus remains elusive (32, 52). In our study, the cellular localiza-
tion of MTMR6 was disrupted by Rab1B RNAi but not wort-
mannin, indicating that the MTMR6 GRAM domain is a pro-
tein-protein-interacting module that regulates the cellular
localization of MTMR6 (Figs. 1E and 6A). Rab1B associates
with the membrane by means of the GDP/GTP cycle, and its
guanine nucleotide exchange factor is localized on the Golgi
membrane (53). MTMR6 preferentially associated with GDP-
bound Rab1B (Fig. 3B), and expression of EGFP-Rab1B S25N
significantly reduced the accumulation of MTMR6 (Fig. 5B).
MTMR6 was not found on the membrane in cells (Figs. 1D,

FIGURE 7. MTMR6 and Rab1B are related to the regulation of the omegasome. A, a stable NRK cell line expressing EGFP-DFCP1 was starved for 60 min, and
the number of the autophagic cells that contained more than 10 DFCP1-positive vesicles was counted (left panel). The cells that contained the long tubes were
excluded from this counting. The cells that contained DFCP1-positive tubes were also counted in the same specimens (right panel). Each bar indicates the mean
ratio of the cells from three independent cover glasses. On each cover glass, more than 100 cells were counted. The asterisks indicate a significant difference
from control (mean � S.E. (error bars); n � 3; *, p � 0.001; **, p � 0.01). B–D, immunostaining of the stable cell line under the autophagic condition. The cells were
starved for 120 min and stained with an anti-Atg16L (B), -LC3 (C), or -protein-disulfide isomerase (PDI) (D) antibody, respectively. Arrows indicate the tubes that
contain Atg16L-positive granules (B). Arrowheads indicate the tubes that contain LC3-positive granules. A part of the lower tube is faintly positive to LC3 (paired
arrows) (C). E, a stable NRK cell line expressing EGFP-DFCP1 was starved for 60 min in Earle’s balanced salt solution supplemented with a LysoTracker probe.
F, transmission electron microscopy of the tubular omegasomes. Two autophagosome-like granules are included in one membrane structure (dashed box 1).
The autophagosome-like granule is surrounded by the elongated membrane structure (dashed box 2). G, a stable NRK cell line expressing EGFP-DFCP1 was
starved for 60 min, and DFCP1-positive tubes were analyzed by time lapse confocal microscopy. Arrows indicate the tips of the elongating tubes. The arrowhead
indicates a degrading tube. The insets show an enlarged view of the magnified boxed regions. This granule repeated the elongation and retraction and then
faded. The frames corresponding to the tubes are depicted in supplemental Video 1. Bars, 10 �m in B–E and G and 1 �m in F.
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inset, and 4A, inset). We propose that MTMR6 is recruited to
themembranewithGDP-boundRab1B, dephosphorylates sub-
strates there, and ultimately is released into the cytosol after the
GDP/GTP exchange of Rab1B.
We further found that other GRAM domain-containing

MTMphosphatases also interact with GDP-bound Rab1B (Fig.
3D). MTMR6 and MTMR7, which have a close phylogenetic
relationship, preferentially bound to Rab1B S22N (Fig. 3D).We
have previously reported thatMTMR7 is condensed at the peri-
nuclear region in N1E-115 neuroblastoma cells (6). Therefore,
Rab1B might recruit MTMR7 to that same region in neuronal
cells. In addition, although the affinity of the otherMTMphos-
phatases to Rab1B S22N was lower than that of MTMR6 and
MTMR7, it is possible that they interactwith otherRabs and are
concentrated to certain specific regions in cells. The substrate
specificity of MTM phosphatases is considered to be highly
similar, and the disruption of each enzyme results in a different

phenotype (1, 3, 4, 11–14). Therefore, we think it is highly likely
that specific Rab proteins transiently bind to the GRAM
domain and regulate the localization of each MTM phospha-
tase in cells.
MTMR6 was condensed in the pcIC and the peri-Golgi

regions and overlapped with certain endosomal and Golgi
markers (Figs. 1, C, D, and F, and 4, A and B). The early endo-
somes move along the microtubule toward the microtubule-
organizing center, and in most cells (e.g. late endosomes, recy-
cling endosomes, and lysosomes), they are observed in close
proximity to the nucleus (54–56). In the case of autophagy,
autophagosomes are formed at the cell periphery, move along
the microtubule toward the microtubule-organizing center,
and are fused with lysosomes in the perinuclear region (57).
Therefore, many kinds of transport vesicles seem to be able to
utilize the activity of MTMR6 to dephosphorylate the 3-phos-
phoinositide lipids on their membrane.We identified Rab1B as
a regulator of the localization of MTMR6 and demonstrated
that it concentrated MTMR6 to the pcIC and the peri-Golgi
regions (Fig. 6,A andB).MTMR6 is particularly highly concen-
trated in the pcIC, which is also referred as the “endoplasmic
reticulum-Golgi intermediate compartment.” The interaction
of MTMR6 with Rab1B in these regions strongly suggests that
MTMR6 is related to the secretory pathway because Rab1B is
known to play a key role in ER-Golgi and intra-Golgi transport
(45). Although PI(3)P and PI(3,5)P2 have not been reportedly
detected on the pcIC and Golgi membranes, PI3K-C2� and
VPS34 have been observed in the Golgi area (58, 59). The local-
ization of PI 3-kinases and PI 3-phosphatase suggests the exist-
ence of 3-phosphoinositide lipid metabolism in the vicinity of
theGolgi. The reduction in the level ofMTMR6 accelerated the
transport of VSV-G, indicating that MTMR6 is related to the
secretory pathway and negatively regulates protein transport.
Our results do not rule out a relationship ofMTMR6with other
transport pathways, and further analysis is essential to clarify in
detail the 3-phosphoinositide lipid metabolism in the Golgi
area.
We found thatMTMR6 andRab1BRNAi significantly inhib-

its the aberrant elongation of the omegasomemembrane; this is
caused by a decrease in functional PI(3)P in the omegasome.
We assume that MTMR6 and Rab1B RNAi increases the local
PI(3)P level on the omegasome membrane and might restore
the binding of regulatory proteins, thereby inhibiting aberrant
tubular omegasome formation. Consequently, we propose that
Rab1B concentrates MTMR6 on the omegasome and regulates
the PI(3)P level and that these functions are both related to the
proper regulation of the omegasome membrane.
In addition to MTMR6, MTMR3 and MTMR14 are also

reported to be involved in autophagy, and their knockdown
resulted in autophagosome formation even in a nutrient-rich
condition (33, 49). For MTMR6, we did not observe the induc-
tion of autophagy after a reduction in MTMR6 in normal
growth medium (Fig. 7A). We showed that the binding of
MTMR3 to Rab1B was undetectable by immunoprecipitation
(Fig. 3D) and thatMTMR14 lacks theGRAMdomain (33). This
evidence suggests that the function ofMTMR6 is different from
that of the otherMTMphosphatases and thatMTMR6dephos-
phorylates the specific pool of PI(3)P in the case of autophagy.

FIGURE 8. The mechanism of tubular omegasome formation. A, domain of
DFCP1 responsible for tubular omegasome formation. Stable NRK cell lines
expressing EGFP-DFCP1, EGFP-DFCP1 �-N, and EGFP-DFCP1 (domain mutant
(DM)) were starved for 120 min and observed with fluorescence microscopy.
The diagrams show the structure of the constructs. CS, mutated FYVE domain.
B, comparison of the amount of DFCP1 mRNA. The amount of DFCP1 mRNA
was quantified by real time PCR. As our stable cell line expresses both EGFP-
tagged recombinant mouse and endogenous rat DFCP1, PCR primers were
designed to amplify both cDNA fragments (mean � S.E. (error bars); n � 4). C,
comparison of the amount of DFCP1 protein. Cell lysates were analyzed with
anti-DFCP1 and EGFP antibodies by Western blotting. The numbers at the top
indicate the amount of protein loaded, and the numbers on the right are
molecular mass markers. Actin was used as a loading control. Bar, 10 �m.
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Very recently, Zou et al. (60) reported that the MTMR8-
MTMR9 complex is also involved in autophagosome forma-
tion. Because rodents do not possess the MTMR8 gene,
MTMR6 may compensate for some functions of MTMR8 in
rodents.
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