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The mammalian target of rapamycin complex 1 (mTORC1)
signaling pathway is activated by intracellular nutritional suf-
ficiency and extracellular growth signals. It has been reported
that mTORCI1 acts as a hub that integrates these inputs to
orchestrate a number of cellular responses, including trans-
lation, nucleotide synthesis, lipid synthesis, and lysosome
biogenesis. However, little is known about specific control of
mTORC1 signaling downstream of this complex. Here, we
demonstrate that Ragulator, a heteropentameric protein com-
plex required for mTORCI1 activation in response to amino
acids, is critical for inhibiting the nuclear translocation of
transcription factor EB (TFEB). We established a unique
RAW264.7 clone that lacked Ragulator but retained total
mTORCI1 activity. In a nutrition-sufficient state, the nuclear
translocation of TFEB was markedly enhanced in the clone
despite total mTORCI1 kinase activity. In addition, as a cellular
phenotype, the number of lysosomes was increased by tenfold
in the Ragulator-deficient clone compared with that of control
cells. These findings indicate that mTORCI1 essentially requires
the Ragulator complex for regulating the subcellular distribu-
tion of TFEB. Our findings also suggest that other scaffold
proteins may be associated with mTORC1 for the specific
regulation of downstream signaling.

mTORC1 is a kinase complex that integrates nutritional
sufficiency and growth hormone signals as inputs. Several
studies have reported that mTORC1 orchestrates multiple
cellular responses, including translation (1), organelle
biogenesis (1), lipid synthesis (2), and nucleotide synthesis
(3, 4). mTORC1 is implicated in numerous diseases, including
cancer, neurodegeneration, diabetes, and autoimmune diseases
(5, 6). Accumulating evidence supports the importance of
mTORC1 as an integrative hub for nutritional signaling;
however, little is known about the regulation mechanism for
specific downstream signaling molecules in the mTORC1
signaling pathway.
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Transcription factor EB (TFEB) is the master transcription
factor involved in lysosome biogenesis (7). The active
mTORCI1 directly phosphorylates TFEB, thereby suppressing
nuclear translocation (8), while unphosphorylated TFEB mi-
grates from the cytosol to the nucleus. TFEB promotes the
gene expression of lysosomal proteins, thereby increasing the
number of lysosomes. In a previous study, we observed that
the nuclear translocation of TFEB markedly increased in
Ragulator-deficient macrophages, although they retained half
the mTORCI1 activity of wild-type macrophages (9, 10). This
contrasting observation led us to hypothesize that Ragulator
is an essential scaffold for mTORCI1 in regulating the intra-
cellular localization of TFEB. We hypothesized that the
Ragulator complex not only activates mTORC1, but also in-
duces the mTORC1-mediated phosphorylation of the down-
stream substrate, TFEB, in situ (Fig. 1A). To this end, we
generated a unique Ragulator-deficient clone that possesses
total mTORCI activity. We observed that a more significant
proportion of the TFEB protein translocated to the nucleus in
the Ragulator-deficient clone, despite retaining total
mTORCI activity. We also observed a tenfold increase in the
number of lysosomes in the Ragulator-deficient clone
compared with the control cells. These data indicate that the
Ragulator complex not only acts as a scaffold for the activa-
tion of mTORCI1 but also contributes to the phosphorylation
of TFEB by mTORCI.

Results

Generation of Ragulator-deficient clone with total mTORC1
activity

The Ragulator protein complex comprises five proteins,
namely Lamtorl, Lamtor2, Lamtor3, Lamtor4, and Lamtor5
(11). The data from our previous study demonstrated that the
loss of Lamtor1 results in the loss of the four other proteins of
the Ragulator complex (10). We generated a Ragulator-
deficient RAW264.7 clone using a lentiviral vector express-
ing a short hairpin RNA (shRNA) to target Lamtorl. We
subsequently obtained a clone that completely lacked Lamtorl
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Figure 1. Generation of Ragulator-deficient clone with total mTORC1 activity. A, schematic representation of the findings of this study, depicting the
phosphorylation of the TFEB substrate by mTORC1 bound to the Ragulator-Rag scaffold. B, the results of Western blotting studies on ARagulator and
parental RAW264.7 cells. Lamtor1, Lamtor2, Lamtor3, Lamtor4, and Lamtor5 are components of the Ragulator complex; 3-actin served as the internal
control; mTOR and Raptor are components of mTORC1; RagC is necessary for the docking of TFEB to Ragulator. C, representative result of Western blotting
studies for determining the activity of mTORC1. The control RAW264.7 cells and ARagulator cells were cultured in nutrient-sufficient and serum-
supplemented DMEM. The phosphorylation of S6K in these cells was abolished following treatment with the mTOR kinase inhibitor, Torin1, at the indi-
cated concentrations for 1 h. D, the densities of the p-S6K and S6K bands in panel C were quantified. The ratio of densities of the p-S6K band to S6K band is
shown. Four independent experiments were performed. Bars indicate the median. Statistical significance was calculated using Mann-Whitney U test. E, the
results of Upstream Regulator Analysis, as determined using the web-based software, Ingenuity Pathway Analysis. The pathways with z scores less than —2
are significantly inactivated in the ARagulator cells, compared to the RAW264.7 cells. The z score for the TFEB pathway was >2, which indicates that TFEB is
significantly activated in the ARagulator cells than in the control RAW264.7 cells. F, the sizes of the ARagulator cells were larger than those of the parental
RAW264.7 cells. The cell sizes of 1 x 10* cells were estimated using flow cytometry. Statistical significance was calculated using Welch’s t test. G, Western
blotting for determining the phosphorylation of TSC2. Control RAW264.7 cells and ARagulator cells were cultured in nutrient-sufficient and serum-
supplemented DMEM. Three biological triplicates were examined. H, the densities of the p-TSC2 and the TSC2 bands in panel G were quantified. The
ratio of densities of the p-TSC2 band to TSC2 band is shown. Statistical significance was calculated using the Mann-Whitney U test. mTORC1, mammalian

target of rapamycin complex 1; TFEB transcription factor EB.

expression (Fig. 1B). The levels of the other Ragulator com-
ponents, Lamtor2, Lamtor3, Lamtor4, and Lamtor5, also
decreased in this clone (Fig. 1B, hereafter referred to ARagu-
lator). The levels of the proteins of the mTOR signaling
pathway, including mTOR, Raptor, RagC, Rheb, and Akt, were
not affected by the Lamtorl knockdown. The expression of
these proteins in the ARagulator cells was similar to that of the
parental RAW?264.7 cells (Fig. 1, B and C). In order to deter-
mine the kinase activity of mTORC1 in the ARagulator cells,
we determined the phosphorylation levels of p70 S6 kinase
(S6K) and 4E-binding protein 1 (4E-BP1). Interestingly, the
phosphorylation levels of S6K in the ARagulator cells were
higher than those of the control RAW?264.7 cells (Fig. 1, C and
D). Following a brief treatment with the mTOR inhibitor,
Torinl, the phosphorylation of S6K and 4E-BP1 was
completely abolished in the cells. Therefore, the increase in the
levels of these phosphorylated proteins indicated an increased
mTORC]1 activity in these cells (Fig. 1, C and D). In order to
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confirm that ARagulator has enhanced mTORCI activity, we
performed gene expression microarray analyses and investi-
gated the expression of the target genes of mTORCI. The
results of upstream regulator analysis preformed using
the Ingenuity Pathway Analysis application suggested that the
activity of mTORCI1 increased in the ARagulator clone.
Detailed analysis revealed that the z scores of the gene sets
“rapamycin,” “TSC1,” and “TSC2”, all of which are mTORC1
suppressors, were significant negative, indicating an increased
mTORCI activity (Fig. 1E). Additionally, the sizes of the
ARagulator cells were larger than those of the parental
RAW?264.7 cells, and this observation was consistent with the
increased mTORCI activity in the ARagulator cells (11)
(Fig. 1F). We found that phosphorylation of TSC2 was
increased in ARagulator cells (Fig. 1, G and H), which explains
why mTORC1 activity was maintained in these cells. This
finding was consistent with the result of upstream regulator
analysis, which indicated the suppressed activity of the
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negative mTORC1 regulator TSC1/TSC2 complex (Fig. 1E). We observed that TFEB localized exclusively in the cytosol
We therefore established a Ragulator-deficient clone in which under nutrient-sufficient conditions in the control
the activity of mTORC1 was higher than 100%. RAW264.7 cells (Fig. 2, A and B). More than half the quantity
of TFEB translocated to the nucleus following amino acid

starvation or treatment with Torinl (Fig. 2, A and B). In

Nuclear translocation of TFEB occurs regardless of total contrast, the nuclear localization of TFEB was markedly
mTORC1 activity in ARagulator cells increased in the ARagulator cells cultured in a nutrition-
The ARagulator cells enabled us to investigate the role of sufficient medium (Fig. 2, A and B). The nuclear/cytosolic
the Ragulator complex as a scaffold for the phosphorylation ratio of TFEB in the ARagulator cells grown under nutrition-
of TFEB, in the absence of the kinase activity of mTORC1. sufficient conditions was higher than that of the control

A RAW  ARagulator B p=0.02 (o4 5
AA starvation: - + - - + - p=0.77 & &
in1: - - - - = =0.02 N o 4
Torin1: + + S p=0. o & Q &
Lamtor] e s e —20 2 4 & v &
—15 S . 2200 50 & W
P-S6K e Be _. 3F 4 . z
S6K e - Bl - &
ST g2 : £ 1100 25
TFEB(cytosol) w8 .. we 538 2 . T
—60 23 . . 5
TFEB(nucl @
(nucleus) o & ® & ® — 831 . ® . .
LL L]
B-aCHN w e v e s e — 50 [= : RagC RagD
) 0 2 -
Lamin B == e e= w= == = _c, AAstarvaton: - + - - F 1000 P
D Torint: - - + - : :
Ragulat - _
Ry eer RAW ARagulator &
E L]
2 . p0.18
< 2 100 :
g 2 8
o T :
2 : °
o
p<0.01 . 8
o o
10
0 5(|)K ‘IC:OK 15:I)K 20‘0K 25I0K $ \é $ \d
intensity (SSC) & ’b@)\’b & fb@)\’b
SO & &
LA ARagulator v v
3 Ve Lysosome  Mitochondoria
&
Y~
N
g
G S
NN
N iy
TFEB ™ « _g,
IP: FLAG 2
Lamtor1 & 32
TFEB ™= w=_4,
input

Lamtor1 3. :%g

Figure 2. Nuclear translocation of TFEB occurs in Ragulator-deficient cells, regardless of total mTORC1 activity. A, representative result of Western
blotting for determining the activity of mTORC1 and subcellular distribution of TFEB. The nuclear translocation of TFEB increased in the ARagulator and
RAW264.7 cells after 1 h of amino acid starvation and treatment with 250 nM of Torin1. The internal controls for the cytosolic and nuclear fractions were 3
actin and Lamin B, respectively. The quantities of S6K, phospho-S6K, and Lamtor1 were determined from the cytosolic fraction, which contained the ly-
sosomes. B, the density of the TFEB band in panel A was quantified. The ratio of nuclear to cytosolic TFEB is shown. Four independent experiments were
performed. Bars indicate the median. Statistical significance was calculated using the Mann-Whitney U test. C, gene expression microarray revealed that
expression levels of RagC and RagD genes in ARagulator cells were higher than those in control RAW264.7 cells. D, the intensity of SSC for the ARagulator
and RAW264.7 cells were obtained by flow cytometric analysis of 1 x 10 cells. A high intensity of SSC is indicative of increased intracellular complexity, such
as an increase in the numbers of organelles. Statistical significance was calculated using Welch's t test. E, the images obtained by transmission electron
microscopy of ARagulator cells and parental RAW264.7 cells are depicted. The cells were cultured in nutrient-sufficient and serum-supplemented DMEM for
1 day, and then fixed immediately. The representative images of the cells obtained by transmission electron microscopy are provided. The yellow arrows
indicate the lysosomes. The scale bar represents 2 um. F, the number of lysosomes and mitochondria in the cells were quantified from the images obtained
by electron microscopy. Each of the dots represents a single cell. Statistical significance was calculated using the Mann-Whitney U test. G, immunopre-
cipitation using the anti-FLAG antibody. A RAW264.7 clone that stably expressed the Lamtor1-3xXFLAG protein was used for the immunoprecipitation
studies, along with the parental RAW264.7 cells. The high-molecular-weight Lamtor1 protein in the input sample was Lamtor1-3XFLAG, while the low-
molecular-weight band represents the endogenous Lamtor1. The results proved the occurrence of a mechanistic association between TFEB and Lam-
tor1. DMEM, Dulbecco’s modified Eagle’s medium; mTORC1, mammalian target of rapamycin complex 1; TFEB transcription factor EB.
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RAW264.7 cells treated with Torinl. It was comparable with
RAW?264.7 cells grown under amino-acid-starved conditions
(Fig. 2B). We performed a transcriptomic analysis for inves-
tigating the transcriptional activity of TFEB in the ARagulator
cells. The z score of the “TFEB” gene set, determined by
upstream regulator analysis, was significantly positive, which
indicated that the activity of TFEB is higher in ARagulator
cells than in RAW264.7 cells (Fig. 1E). Activation of TFEB
increases the expression of RagC and RagD genes to promote
mTORC1 activation (12). Consistent with the previous
finding, transcription levels of RagC and RagD genes
increased in ARagulator cells, compared with RAW264.7 cells
(Fig. 2C). It may also explain why mTORCI activity was
maintained in ARagulator cells. We next examined the lyso-
somal biogenesis in ARagulator cells. The results of the flow
cytometric analyses revealed that the intensity of side scatter
(SSC) in ARagulator cells was higher than that of the parental
RAW?264.7 cells, suggesting that ARagulator contained a
significantly higher number of lysosomes than the control
RAW264.7 cells (Fig. 2D). This was corroborated by the
transmission electron microscopy results, which revealed that
the ARagulator contained a higher number of lysosomes than
the control cells (Fig. 2E). Subsequent quantification revealed
that the number of lysosomes in the ARagulator cells was
tenfold that of the parental RAW?264.7 cells (Fig. 2F). Finally,
the results of immunoprecipitation studies revealed that
TFEB was mechanistically associated with Lamtorl1 (Fig. 2G).
It confirms that the Ragulator complex serves as a specific
scaffold for TFEB.

Discussion

In this study, we demonstrated that the Ragulator complex
is essential for suppressing the nuclear translocation of TFEB.
Previous studies have demonstrated that the nuclear trans-
location of TFEB increases in Lamtorl-knockout (9) and Rag
GTPase-knockout cells (13). However, this phenomenon was
attributed to the reduction in mTORCI activity in these
knockout cells. A recent study revealed that phosphorylation
of TFEB by active mTORCI essentially requires amino acids,
active RagC/D, and RagC/D-activator folliculin (FLCN); in
contrast, only TSC-Rheb-mTORC]1 axis activation is required
for S6K and 4E-BP1 phosphorylation (14). In order to elucidate
the role of the amino acid sensing machinery Ragulator
complex in the regulation of TFEB localization, we established
a unique ARagulator clone of RAW264.7 cells. Using the
ARagulator clone, we demonstrated that a fully active
mTORCI1 is not sufficient for regulating the nuclear trans-
location of TFEB. Therefore, in addition to the previously
known role of the Ragulator complex as a lysosomal scaffold
for the activation of mTORC1 (15), we identified that the
Ragulator complex functions as a specific scaffold for the
mTORCI1-mediated phosphorylation of TFEB. Integrating our
findings with the previous report (14), we propose a model in
which the Ragulator-RagC/D complex is the essential scaffold
for the phosphorylation of TFEB by activated mTORC1
(Fig. 1A4).
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Our findings suggest that the Ragulator complex is an
excellent target for the treatment of lysosomal storage dis-
eases (LSDs). In LSDs, the mutation of lysosomal enzymes
results in the accumulation of substrates in the lysosome (16).
The aberrant accumulation of metabolites leads to the
disruption of several lysosomal functions. Recently, re-
searchers have proposed that LSDs can be treated by inducing
the activation of TFEB (16, 17). The activation of TFEB
ameliorates lysosomal abnormalities in LSDs via two mech-
anisms. First, TFEB increases the expression of lysosomal
proteins, which helps overcome the reduction in enzymatic
activity. The second mechanism involves the induction of
lysosomal exocytosis by TFEB, which results in the excretion
of lysosomal contents into the extracellular space. Recent
studies have demonstrated that trehalose moderately in-
creases TFEB activity during the treatment of murine models
of LSDs (18, 19). In this study, we observed a marked increase
in the nuclear translocation of TFEB and a tenfold increase in
the number of lysosomes in the Ragulator-deficient clone,
ARagulator, compared with that of the control cells. There-
fore, molecules that mechanistically interfere with the
endogenous Ragulator-RagC/D-TFEB interactions can serve
as novel therapeutic agents for LSDs, by inducing the nuclear
translocation of TFEB and increasing the number of lyso-
somes in LSDs.

In conclusion, the results of this study demonstrated that
the Ragulator complex functions as a substrate-specific scaf-
fold for mTORC1 and regulates the nuclear translocation of
TFEB.

Experimental procedures
Generation of ARagulator Lamtor1-knockdown clone

RAW?264.7 cells were purchased from ATCC. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
#08458-45, Nacalai Tesque) supplemented with 10% fetal
bovine serum and 100 mg/ml penicillin-streptomycin. After
two passages, the RAW264.7 cells were transfected with a
commercial lentiviral vector expressing an shRNA targeting
Lamtorl (sc-108727-V, Santa Cruz Biotechnology). The len-
tiviral vector was a mixture of two vectors targeting the murine
Lamtorl mRNA. After 2 days of vector infection, the cells were
cloned using the limiting dilution method. The clones that
lacked Lamtorl were screened by Western blotting.

Generation of stable Lamtor1-3xFLAG expressing clone

A plasmid vector encoding Lamtorl-3xFLAG was con-
structed using the C57BL/6] mouse Lamtorl cDNA and
p3xFLAG-CMV-14 plasmid (Sigma-Aldrich). The Lamtorl-
3xFLAG sequence was confirmed by Sanger sequencing. The
plasmid vector was introduced into RAW264.7 cells using the
FuGENE HD Transfection Reagent (Promega), according to
the manufacturer’s protocol. The stable clones were selected
using G418 (#ant-gn-1, InvivoGen), and the limiting dilution
method was used for subsequent cloning. The clones that
expressed the highest amount of Lamtorl-3xFLAG were
selected by Western blotting.

SASBMB
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Preparation of cell lysate and Western blotting

The whole cell lysates were prepared using lysis buffer A
(50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 5%
glycerol, 2% n-octyl-B-D-glucopyranoside, and 1% Nonidet P-
40) as previously reported (20). We used NE-PER Nuclear and
Cytoplasmic Extraction Reagents (#78833, Thermo Fisher
Scientific) for preparing the cytosolic and nuclear fractions.
Successful fractionation using this reagent has been confirmed
in a previous report (9). For Western blotting, the reduced
protein samples for SDS-PAGE were prepared by boiling 1:1
mixtures of cell lysates and 2x Laemmli sample buffer
(#1610737, Bio-Rad Laboratories) containing 2-mercaptoe
thanol. For Western blotting, the antibodies against S6K
(#2708), p-S6K (T389, #9234), Akt (#4691), p-Akt (Serd73,
#4060), 4E-BP1 (#9644), p-4E-BP1 (#2855), Lamtorl (#8975),
Lamtor2 (#8145), Lamtor3 (#8168), Lamtor4 (#12284), Lam-
tor5 (#14633), mTOR (#2983), p-mTOR (Ser2448, #5536),
Raptor (#2280), RagC (#9480), Rheb (#13879), TSC2 (#4308),
and p-TSC2 (Thr1462, #3617) were purchased from Cell
Signaling Technology; while the antibodies against Lamin B
(sc-6216), LAMP-1(clone 1D4B) and B-actin (clone AC-15)
were purchased from Santa Cruz Biotechnology. The anti-
body against TFEB (A303-673A) was purchased from Bethyl
Laboratories. The horseradish-peroxidase-conjugated anti-
rabbit and anti-mouse IgG antibodies were purchased from GE
Healthcare.

Immunoprecipitation studies

The cells of the stable Lamtorl-3xFLAG clone were har-
vested and lysed with buffer previously described (13). Briefly,
the lysis buffer consisted of 25 mM HEPES (pH 7.4), 150 mM
NaCl, 5 mM EDTA, and 1% Triton X-100. After 30 min of
incubation on ice, the cells were mechanically broken and
subsequently centrifuged at 16,000¢g for 10 min at 4 °C. The
supernatant was immunoprecipitated at 4 °C, 30 min on a
rotary shaker, using anti-DDDDK-tag mAb-magnetic agarose
(M185-10, Medical & Biological Laboratories) for immuno-
precipitation. After washing four times with Tris-buffered sa-
line (50 mM Tris-HCI, 150 mM NaCl, pH 7.5), elution was
performed with 8 M urea buffer by shaking at 37 °C for
10 min. For Western blotting, a 1:1 mixture of the eluted
sample and 2x Laemmli sample buffer (Bio-Rad Laboratories)
containing 2-mercaptoethanol was prepared, and the mixture
was boiled for 5 min at 95 °C.

Amino acid starvation

Amino-acid-free DMEM (048-33575, Fujifilm) was used for
amino acid starvation. DMEM (#08458-45, Nacalai Tesque)
was used as the control culture medium in the control setup.
Fetal calf serum was not added to either the control or star-
vation media for the amino acid starvation experiments.

RNA extraction and gene expression microarray analysis

The total RNA was extracted from the ARagulator and
control RAW?264.7 cells, using the RNeasy Mini kit (#74104;
QIAGEN). For microarray analysis, 200 ng of the total RNA
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was reverse-transcribed into double-stranded c¢cDNA using
AffinityScript multiple temperature reverse transcriptase
(Agilent Technologies). The resulting complementary RNAs
were labeled with cyanine-3 (PerkinElmer) using a Low Input
Quick-Amp Labeling kit (Agilent Technologies). The hybrid-
ization experiments were performed using Agilent Whole
Mouse Genome Microarray 4x44K ver.2 kit (design ID
026655). The GeneSpring GX software, version 14.9.1, from
Agilent, was used for calculations.

Transmission electron microscopy

The cells were cultured on a polystyrene Cell Desk cover-
slip (Sumitomo Bakelite) and fixed with 2% formaldehyde and
2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH
7.4). The cells were then washed thrice for 5 min in the same
buffer and subsequently in 0.1 M sodium phosphate buffer
(pH 7.4) containing 1% osmium tetroxide and 1% potassium
ferrocyanide for 1 h. The cells were then dehydrated in a
graded ethanol series and embedded in Epon 812 (TAAB
Laboratories Equipment). Ultra-thin sections (80 nm) of the
specimens were stained with saturated uranyl acetate and lead
citrate solutions. The electron micrographs were obtained
using a JEM-1400 Plus transmission electron microscope
(JEOL).

Flow cytometry

The cells were analyzed using a FACSCanto II system
(Becton, Dickinson and Company). The intensities of forward
scatter (FSC) and SSC, which are indicative of cell size and
intracellular complexity, respectively, were determined using a
blue laser.

Data availability

The microarray data have been deposited in NCBI-GEO
under accession number GSE171357.
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