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SUMMARY

mTORC1 plays a key role in autophagy as a negative
regulator. The currently known targets of mTORC1 in
theautophagypathwaymainly functionatearly stages
of autophagosome formation. Here, we identify that
mTORC1 inhibits later stages of autophagy by phos-
phorylating UVRAG. Under nutrient-enriched condi-
tions, mTORC1 binds and phosphorylates UVRAG.
The phosphorylation positively regulates the associa-
tion of UVRAGwith RUBICON, thereby enhancing the
antagonizingeffect ofRUBICONonUVRAG-mediated
autophagosome maturation. Upon dephosphoryla-
tion, UVRAG is released from RUBICON to interact
with the HOPS complex, a component for the late
endosome and lysosome fusion machinery, and en-
hances autophagosome and endosome maturation.
Consequently, thedephosphorylation ofUVRAG facil-
itates the lysosomal degradation of epidermal growth
factor receptor (EGFR), reduces EGFR signaling,
and suppresses cancer cell proliferation and tumor
growth. These results demonstrate that mTORC1 en-
gages in late stages of autophagy and endosome
maturation, defining a broader range of mTORC1
functions in the membrane-associated processes.

INTRODUCTION

Autophagy is an evolutionarily conserved process through which

eukaryotic cells degrade intracellular organelles and biomole-

cules in the lysosome. The intracellular degradation is important

to maintain the balance between synthesis, degradation, and re-

cycling of cellular constituents in response to changes in nutrient

levels and other cellular environments. At the cellular level, auto-

phagy is important to maintain the integrity of cellular structures

during differentiation and under stress conditions. At the organ-

ism level, autophagy is important for the normal physiology and

development of the body. Dys-regulation of autophagy has been

implicated in aging, innate immunity, and many human diseases
Mo
including cancers, neurodegenerative diseases, and immune

disorders (Levine and Kroemer, 2008; Mizushima et al., 2008).

Autophagy is negatively regulated by mechanistic target of

rapamycin (mTOR), the master controller of cell growth (Chang

and Neufeld, 2009; Ganley et al., 2009; Hosokawa et al., 2009;

Jung et al., 2009). mTOR forms a multiprotein complex called

mTORC1 by interacting with raptor, GbL, PRAS40, and DEPTOR

to regulate cell growth and autophagy in response to nutritional

conditions and growth factor stimulation (Jung et al., 2010; Kim

et al., 2002). A key event in the autophagy pathway regulated

by mTORC1 is phosphorylation of Unc51-like kinase 1 (ULK1),

a serine/threonine kinase that functions upstream in the auto-

phagy pathway (Ganley et al., 2009; Hosokawa et al., 2009;

Jung et al., 2009; Kim et al., 2011). Through phosphorylating

ULK1, mTORC1 inhibits ULK1 activation by AMP-activated

protein kinase (AMPK) (Egan et al., 2011; Kim et al., 2011; Shang

and Wang, 2011). mTORC1 also targets proteins other than

ULK1, such as Atg13 (Chang and Neufeld, 2009; Ganley et al.,

2009; Hosokawa et al., 2009; Jung et al., 2009), Atg14L (Yuan

et al., 2013), and Autophagy/beclin-1 regulator 1 (Ambra1) (Nazio

et al., 2013). These mTORC1 targets are mainly known to

function at early stages of autophagosome formation. Whether

mTORC1 regulates autophagy at later stages, such as autopha-

gosome maturation, remains unknown.

UV radiation resistance-associated gene product (UVRAG) is

a protein localized in the endoplasmic reticulum (ER) and endo-

somes (He et al., 2013; Itakura et al., 2008; Liang et al., 2008).

UVRAG is known to regulate autophagosome maturation (Liang

et al., 2008) as well as early stages of autophagy (He et al., 2013;

Liang et al., 2006; Takahashi et al., 2007). UVRAG regulates

autophagosome maturation by binding to the homotypic fusion

and vacuole protein sorting (HOPS) complex, which consists

of the class C Vps complex (Vps11-Vps16-Vps18-Vps33) and

two additional proteins (Vps39 and Vps41) (Liang et al., 2008).

UVRAG binding to the HOPS complex stimulates lysosomal

fusion with autophagosome and endosome (Liang et al., 2008;

Sun et al., 2010). The function of UVRAG to regulate the HOPS

complex is antagonized by RUN domain Beclin 1-interacting

and cysteine-rich containing protein (RUBICON) (Sun et al.,

2010). RUBICON also suppresses the UVRAG function in stimu-

lating the kinase activity of Vps34 that contributes to autophago-

some maturation (Sun et al., 2011).
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Figure 1. mTORC1 Binds to UVRAG and

Induces UVRAG Phosphorylation

(A) mTOR binds to the UVRAG-containing Vps34

complex. Myc-tagged proteins were transiently

expressed in HEK293T cells. Endogenous mTOR

recovered with myc immunoprecipitate (IP) was

analyzed by western blotting (WB).

(B) mTORC1 interacts with UVRAG. Myc-tagged

proteins were transiently expressed with HA-

UVRAG in HEK293T cells. UVRAG recovered with

myc IP was analyzed by WB. An irrelevant lane

in the middle was eliminated.

(C) Endogenous UVRAG recovered with

RUBICON, raptor, and control IgG IPwas analyzed

by WB.

(D) The UVRAG-mTORC1 interaction is negatively

regulated by Torin1 or HBSS, but not by rapamy-

cin. HEK293T cells were transiently transduced to

express myc-UVRAG and incubated in HBSS for

2 hr or treated with Torin1 or rapamycin for 1 hr.

Endogenous mTOR or raptor isolated with myc-

UVRAG was analyzed by WB.

(E) mTOR inhibition induces a mobility shift of

UVRAG band on SDS-PAGE. HEK293T cells were

incubated in DMEM or HBSS for 2 hr or treated

with Torin1 for 1 hr. Cells were also incubated in

leucine-deprived medium (�) and then supple-

mented with leucine (+).

(F) Deficiency of either TSC1 or TSC2 in MEFs

induces a mobility shift of UVRAG.

(G) mTOR phosphorylates UVRAG in vitro. GST-

tagged UVRAG fragments were prepared from

bacteria and incubated with the active mTOR

fragment in the presence of 32P-ATP. Incorporation

of 32P into UVRAG fragments was analyzed by

autoradiography. See also Figure S1.
In this study, we have identified that mTORC1 binds and

phosphorylates UVRAG at Ser498 under nutrient-enriched

conditions. We determined that the UVRAG phosphorylation

has a positive effect on the interaction between UVRAG and

RUBICON, whereas it has a negative effect on the kinase activity

of Vps34 and the interaction between UVRAG and the HOPS
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complex. Preventing the UVRAG phos-

phorylation increased autophagosome

maturation and lysosomal degradation

of EGFR, reduced EGFR signaling, and

suppressed cancer cell proliferation and

tumor growth in vivo. These results

demonstrate that mTORC1 has a broader

range of functions in autophagy and en-

dosomal pathways.

RESULTS

mTORC1 Interacts with UVRAG
under Nutrient-Enriched
Conditions
To understand the roles of mTOR in the

autophagy pathway, we tested several

autophagy proteins for their interaction
with mTOR. We found that endogenous mTOR is coimmunopre-

cipitated with Beclin 1, UVRAG, and RUBICON (Figure 1A).

mTOR also showed a relatively weak binding affinity toward

Vps34 and Vps15. We were not able to detect any interaction of

mTORwith its substrateS6K1or amembrane-associated control

protein PA-PLA, suggesting that the UVRAG-containing Vps34



complex might bind to mTOR relatively strongly compared to

S6K1 binding to mTORC1 in the experimental condition. mTOR

forms two distinct protein complexes, mTORC1 and mTORC2,

for which raptor and rictor are the representative components,

respectively (Kim et al., 2002; Sarbassov et al., 2004). UVRAG

wascoimmunoprecipitatedwith raptor (Figure 1BandFigureS1A

available online), but barelywith rictor. Consistently, rictor knock-

down did not affect the interaction between mTOR and UVRAG

(Figure S1B). We confirmed the interaction between raptor and

UVRAG at endogenous levels (Figure 1C). We were not able to

detect any interaction between UVRAG and RagB (Figure S1A),

indicating that mTORC1 might bind to UVRAG independently of

Rag GTPases that mediate amino acid-mTORC1 signaling on ly-

sosomes (Kim et al., 2008a; Sancak et al., 2008).

To clarify whether the interaction is regulated by conditions

that induce autophagy, we treated HEK293T cells with mTOR in-

hibitors, such as Torin1 or rapamycin, or incubated in nutrient-

deprived Hank’s balanced saline solution (HBSS). Torin1 or

HBSS disrupted the interaction between mTORC1 and UVRAG

(Figure 1D). Rapamycin moderately reduced the mTOR-UVRAG

interaction while drastically reducing the raptor-UVRAG interac-

tion.Thedrastic effect of rapamycinon the raptor-UVRAG interac-

tion might be because rapamycin disturbs the mTOR-raptor

interaction (Kim et al., 2002). mTOR required the full length of

UVRAG for their stable association, whereas all the tested frag-

ments except the C-terminal 501–699 fragment showed a weak

binding affinity toward mTOR (Figure S1C). This indicates that

the whole structural conformation of UVRAG might be important

for the stable interaction. Alternatively, multiple sites of UVRAG

scattered apart might be involved in the interaction with mTOR.

mTORC1 Induces UVRAG Phosphorylations
We observed that HBSS or Torin1, but not rapamycin, induced a

downshift of UVRAG band on a low percent polyacrylamide gel

(Figure 1E and Figure S1D). The downshift was also induced by

deprivation of leucine, a potent stimulator of mTORC1 activity,

in medium. Depletion of tuberous sclerosis complex 1 (TSC1)

or TSC2, which negatively regulates mTORC1, in mouse embry-

onic fibroblasts (MEFs) or overexpression of Rheb, a positive

regulator of mTORC1, in HEK293T cells caused an upshift of

UVRAG band (Figure 1F and Figure S1E), confirming that

mTORC1 is responsible for the mobility change. To determine

whether themobility shift is due to phosphorylation, we prepared

several truncated fragments of UVRAG using a bacterial expres-

sion system (Figure S1F) and incubated the fragments with

an active form of mTOR-containing residues 1,362–2,549 in the

presence of 32P-ATP. The active form of mTOR strongly induced

phosphorylation of a fragment containing residues 271–699 and

a fragment containing residues 401–699 (Figure 1G). mTOR also

weakly phosphorylated fragments containing residues 1–170, 1–

300, and 301–500, respectively. This result suggests that mTOR

might phosphorylatemultiple residuesonUVRAG that are spread

over thewhole area of the protein, especially near theC terminus.

Identification of mTORC1-Dependent Phosphorylation
Sites of UVRAG
To identify mTORC1-dependent phosphorylation sites of

UVRAG, we expressed myc-UVRAG with HA-Rheb in HEK293T
Mo
cells and isolated UVRAG by immunoprecipitation. As a control,

myc-UVRAG was isolated from HEK293T cells that were without

Rheb overexpression and treated with Torin1 for 1 hr. The immu-

noprecipitated UVRAG was resolved by SDS-PAGE, and the

UVRAG band was isolated from the gel. After trypsinization,

phosphorylated peptides were enriched and analyzed by mass

spectrometry. A total seven phosphorylation sites (S493, S498,

S508, S522, S549, S550, and S582) were identified with UVRAG

fromRheb-expressing cells but not fromTorin1-treatedcells. The

surrounding sequences of S498, S522, and S550 showed a

feature of the mTORC1 target consensus motifs (Kang et al.,

2013) (Figure 2A and Figure S2A). We were able to successfully

generate polyclonal antibodies that recognize the phosphory-

lated state of UVRAG S498 (Figures S2B and S2C).

mTORC1 Induces UVRAG Ser498 Phosphorylation
Using the phospho-specific antibody we developed, we found

that UVRAG S498 phosphorylation is highly increased by

Rheb overexpression in HEK293T cells (Figure 2B). Treatment of

MEFs with Torin1 almost completely suppressed the phosphory-

lation of UVRAGat S497, themouse equivalent of humanUVRAG

S498 (Figure 2C). The phosphorylation was also completely

suppressedbyanAkt inhibitor orHBSS, theconditions that inhibit

mTORC1 (Figure 2C). By contrast, rapamycin barely suppressed

the phosphorylation even at high concentrations (Figure 2C and

Figure S2D). This indicates that Ser498 might be a rapamycin-

insensitive site, like a few other mTORC1 target sites (Kang

et al., 2013). Torin1 suppressed the induction of S498 phosphor-

ylationbyRheboraconstitutivelyactivemutantofAkt inHEK293T

cells (Figure 2D), confirming that the Ser498 phosphorylation

depends on mTORC1. Consistently, we found that deficiency of

AMPK, phosphatase and tensin homolog (PTEN), or TSC1, which

arenegative regulators ofmTORC1, inMEFs largely increased the

UVRAG phosphorylation, and the increase was suppressed

by Torin1 (Figure 2E and Figure S2E). Deficiency of ULK1, which

functions both upstream and downstream of mTORC1 (Dunlop

et al., 2011; Jung et al., 2011), in MEFs only marginally increased

the UVRAG phosphorylation (Figure S2F). The increase was

still suppressed by HBSS, indicating that mTORC1 induces the

UVRAG phosphorylation independently of ULK1.

mTORC1 Phosphorylates UVRAG Ser498
To determine whether mTOR phosphorylates UVRAG S498,

we conducted in vitro kinase assays. The active mTOR 1,362–

2,549 fragment induced a large increase of S498 phosphorylation

of UVRAG purified from bacteria (Figure 3A). We also found that

mTOR wild-type (WT), but not its kinase-dead (KD) mutant,

showed the kinase activity toward the UVRAG phosphorylation

in vitro (Figure 3B). Endogenous mTOR IP also largely increased

the phosphorylation of UVRAG 271–699 fragment in vitro (Fig-

ure 3C). mTOR or raptor IP induced multiple forms of UVRAG

harboring S498 phosphorylation, which showed different mobil-

ities on SDS-PAGE (Figure 3D), implying there might be other

mTOR-mediated phosphorylations. mTOR IP, relative to raptor

IP, induced more of slowly migrating UVRAG forms, implying that

mTOR IP might contain a molecular factor important for UVRAG

phosphorylations at sites other than S498. When rictor IP was

isolated from HeLa cells that express rictor highly, we were able
lecular Cell 57, 207–218, January 22, 2015 ª2015 Elsevier Inc. 209



Figure 2. UVRAG Ser498 Is an mTORC1-

Dependent Phosphorylation Site

(A) Alignment of the sequence surrounding UVRAG

S498 with those of the known mTORC1 target

sites.

(B) Rheb induces UVRAG S498 phosphorylation.

HA-Rheb was expressed with myc-UVRAG in

HEK293T cells. UVRAG S498 phosphorylation was

analyzed by WB.

(C) UVRAG phosphorylation in MEFs is inhibited

by Torin1, Akt inhibitor VIII, or HBSS, but not

by rapamycin. Immunoprecipitated UVRAG was

analyzed for the phosphorylation by WB.

(D) The S498 phosphorylation is enhanced by Akt

and Rheb. HA-UVRAG was transiently expressed

in HEK293T cells alone (�) or together with myc-

tagged constitutively active Akt mutant (cAkt)

or Rheb. Two days posttransfection, cells were

treated with vehicle (�) or Torin1 (+) for 1 hr.

(E) Deficiency of AMPK, PTEN, or TSC1 in MEFs

enhances UVRAG phosphorylation. MEFs were

treated with vehicle (�) or Torin1 (+) for 1 hr.

The UVRAG phosphorylation was analyzed by

immunoprecipitation followed by WB. See also

Figure S2.
to detect a marginal level of S498 phosphorylation but that was

much less than that induced by raptor IP (Figure 3D). Knockdown

of mTOR or raptor, but not rictor, in HEK293T cells drastically

reduced S498 phosphorylation (Figure 3E). The in vitro phosphor-

ylation of UVRAG by mTOR was not detected when S498 was re-

placed with alanine (S498A) or when Torin1 was added during the

reaction (Figure 3F and Figure S3). Combined, these results

demonstrate that mTORC1 phosphorylates UVRAG at S498.

UVRAG Ser498 Phosphorylation Positively Regulates
the UVRAG-RUBICON Interaction
To understand the functional consequence of the UVRAG

phosphorylation, we investigated whether the phosphorylation

status could regulate the mTORC1-UVRAG interaction. The

S498A mutation only marginally reduced the mTOR-UVRAG

interaction, and the interaction was still disrupted by Torin1 (Fig-

ure S4A). This indicates that S498 phosphorylation might not

be critical for the interaction but rather an event following

their association under nutrient-rich conditions. Next, we exam-

ined whether S498A mutation has an effect on the UVRAG-

RUBICON interaction. We expressed UVRAG WT, S498A, or

S498D (a mutant with replacement of S498 with aspartate) in

HEK293T cells where endogenous UVRAG was silenced by

shRNA targeting UVRAG mRNA 30 UTR (Figure S4B). S498A

mutant interacted with RUBICON with a weaker affinity

compared to WT (Figure 4A and Figure S4C). S498D mutant in-

teracted with RUBICON more strongly than S498A mutant.

However, S498D mutant could not fully recover the affinity of

WT, indicating that aspartate is not a perfect mimic of phospho-
210 Molecular Cell 57, 207–218, January 22, 2015 ª2015 Elsevier Inc.
serine at the residue. Combined, the re-

sults suggest that the dephosphorylation

state of S498 might disturb the UVRAG-

RUBICON interaction.
If S498 phosphorylation positively regulates the UVRAG-

RUBICON interaction, we predicted that Torin1 might suppress

the interaction. As predicted, Torin1 suppressed the UVRAG-

RUBICON interaction (Figure 4B). Similarly, leucine deprivation

in medium suppressed the UVRAG-RUBICON interaction (Fig-

ure 4C). Neither Torin1 nor leucine altered the interaction of

UVRAG or Atg14L with Beclin 1 (Figures 4B and 4C and Fig-

ure S4D). The S498A mutation also drastically suppressed the

RUBICON-Vps34 interaction (Figure 4D). These results suggest

that UVRAG S498 phosphorylation might facilitate binding

of RUBICON to the UVRAG-containing Vps34 complex. The

suppressive effects of Torin1 on the interactions of RUBICON

with UVRAG and Vps34 were still observed with S498A mutant

(Figure 4D). This suggests that there might be other mTOR-

dependent phosphorylations that regulate the interaction be-

tween RUBICON and the Vps34 complex.

UVRAG Ser498 Phosphorylation Negatively Regulates
Vps34
Knowing that S498 phosphorylation positively regulates the

RUBICON-Vps34 interaction, we wondered whether the phos-

phorylation might regulate the kinase activity of Vps34. We ex-

pressed RFP-tagged 2xFYVE in WT or mutant UVRAG-reconsti-

tuted cells and monitored the formation of RFP-FYVE puncta,

which reflects the production of phosphatidylinositide-3-phos-

phate (PI3P) (Sun et al., 2011; Zhong et al., 2009). We observed

a higher induction of RFP-FYVE puncta in S498A cells compared

toWT cells (Figures 5A and 5B and Figures S5A–S5C). The FYVE

puncta formation was also increased in S498D cells but to a



Figure 3. mTORC1 Phosphorylates UVRAG

Ser498

(A) mTOR phosphorylates UVRAG S498 in vitro.

The active form of mTOR was incubated with pu-

rified UVRAG in the presence of ATP. Akt1 was

used as a negative control. UVRAG S498 phos-

phorylation was analyzed by WB.

(B) Myc-mTORWT or its kinase-dead mutant (KD),

transiently expressed in HEK293T cells, was iso-

lated by immunoprecipitation using anti-myc

antibody and incubated with UVRAG and ATP.

(C) Endogenous mTOR IP was isolated from

HEK293T cells, and its kinase activity was

analyzed using UVRAG 271–699 fragment as

substrate.

(D) mTOR, raptor, or rictor IPs were obtained from

HEK293T or HeLa cells, and the kinase reaction

was analyzed as in (C).

(E) The phosphorylation state of S498 was

analyzed for endogenous UVRAG isolated from

shRNA-transduced HEK293T cells.

(F) Torin1 inhibits UVRAG S498 phosphorylation

in vitro. The active fragment of mTOR was incu-

bated with UVRAG WT or S498A purified from

bacteria. The kinase reaction was performed in the

presence or absence of Torin1. See also Figure S3.
significantly less extent compared to S498A cells. Although we

could not observe any drastic change in the cellular distribution

patternof FYVEpuncta betweenWTandmutant cells, FYVE-pos-

itive areascostainedwith theendosomalmarkerproteins, suchas

Rab5 and Rab7, were highly increased in S498A cells compared

toWT cells (Figure S5D). Thismight be due to the higher accumu-

lation of FYVE puncta in the mutant cells compared to WT cells.

To clarify whether the increase of PI3P in cells is due to an in-

crease in the activity of Vps34, we analyzed the kinase activity

of Vps34 in vitro.We isolated Vps34 fromWT- andmutant-recon-

stituted HEK293T cells. The catalytic activity of Vps34 was

analyzed by measuring the amount of a p40 phox domain-con-

tainingpolypeptide that binds toPI3P following theprocedure es-

tablished previously (Farkas et al., 2011). Vps34 isolated fromWT

cells showed a higher production of PI3P compared to that from

empty vector-transduced cells (Figures 5C and 5D and Fig-

ure S5E). This result is consistent with the positive effect of

UVRAG on Vps34 as shown by other studies (Liang et al., 2006;

Sun et al., 2011). PI3P production was dramatically increased

with Vps34 isolated from S498A cells compared with that from

WT cells (Figures 5C and 5D and Figure S5E). By contrast,

Vps34 isolated from S498D cells showed an activity similar to

that from WT cells. This suggests that S498 phosphorylation
Molecular Cell 57, 207–218
might suppress the UVRAG-mediated

stimulation of the Vps34 kinase activity.

UVRAG Ser498 Phosphorylation Is
Important for the Suppressive
Effect of RUBICON on Vps34
Knowing that S498 phosphorylation has a

negative effect on the Vps34 activity, we

hypothesized that the phosphorylational
effect might be through enhancing RUBICON binding to

Vps34. Expression of RUBICON in WT-reconstituted HCT116

cells significantly reduced the number of FYVE puncta (Figures

5E and 5F and Figure S5F), a result consistent with the negative

role of RUBICON on Vps34 (Sun et al., 2011). Such a suppressive

effect of RUBICON was significantly attenuated in S498A cells

without any drastic change in the puncta sizes (Figures 5E

and 5F and Figures S5F and S5G). This result suggests that

RUBICON might depend on S498 phosphorylation to suppress

the Vps34 activity. We confirmed the result in vitro by observing

that the kinase activity of Vps34 isolated fromWT cells was dras-

tically reduced by RUBICON, while such a drastic reduction

was not observed with Vps34 isolated from S498A cells (Figures

5G–5I). Consistently, RUBICON knockdown largely increased

the kinase activity in WT cells but the knockdown effect was

reduced in S498A cells (Figures S5H–S5M). These results sug-

gest that S498 phosphorylation might play an important role in

RUBICON-mediated suppression of the Vps34 kinase activity.

UVRAG Ser498 Phosphorylation Negatively Regulates
the UVRAG-HOPS Interaction and Rab7
RUBICON is known to prevent UVRAG from binding to the HOPS

complex (Sun et al., 2010). Since S498A mutation suppressed
, January 22, 2015 ª2015 Elsevier Inc. 211



Figure 4. UVRAG Ser498 Phosphorylation Positively Regulates the

UVRAG-RUBICON Interaction

(A) S498 phosphorylation positively regulates the UVRAG-RUBICON interac-

tion. Myc-UVRAGWT ormutant was transiently expressed in UVRAG-silenced

HEK293T cells. Endogenous RUBICON recovered with myc-UVRAG IP was

analyzed by WB.

(B) Torin1 negatively regulates the UVRAG-RUBICON interaction. HEK293T

cells were treated with Torin1 for 4 hr. The interaction between endogenous

UVRAG and RUBICON was analyzed by immunoprecipitation and WB.

(C) Leucine deprivation reduces the UVRAG-RUBICON interaction. HEK293T

cells were incubated in medium with (+) or without leucine (�) for 2 hr.

Endogenous RUBICON recovered with UVRAG IP was analyzed by WB.

(D) S498Amutation has a negative effect on the interaction between RUBICON

and the UVRAG-containing Vps34 complex. The indicated proteins were

expressed in UVRAG-silenced HEK293T cells. Two days posttransfection, the

cells were treated with Torin1 as in (B). See also Figure S4.
the UVRAG-RUBICON interaction, we predicted that the muta-

tion might increase the UVRAG-HOPS interaction. As predicted,

higher levels of Vps39 and Vps16 of the HOPS complex were

coimmunoprecipitated with S498Amutant compared toWT (Fig-

ures 6A and 6B). Relative to S498A mutant, S498D mutant inter-

acted with Vps39 and Vps16 with a weaker affinity. The positive

effect of S498A mutation on the UVRAG-HOPS interaction was

mimicked by Torin1 (Figure 6C). Consistently, the colocalization

of UVRAGwith HOPSwas increased in S498A cells compared to

WT cells (Figure S6A). The colocalization was further increased

by Torin1 in both WT and S498A cells (Figure S6B), suggesting

that other mTOR-dependent phosphorylations might also be

involved in regulating the colocalization. RUBICON knockdown

largely increased the binding of Vps16 with WT but only margin-

ally with S498Amutant (Figure 6D and Figure S6C). Consistently,

RUBICON overexpression drastically suppressed the interaction
212 Molecular Cell 57, 207–218, January 22, 2015 ª2015 Elsevier Inc
of Vps39 with WT but not with S498Amutant (Figure S6D). Com-

bined, these results demonstrate that S498 phosphorylation is

important for RUBICON-mediated suppression of the UVRAG-

HOPS interaction.

UVRAG binding is known to enhance the HOPS activity as a

guanine nucleotide exchange factor (GEF) toward Rab7, a small

GTPase whose activation is important for autophagosome and

endosome maturation (Liang et al., 2008; Sun et al., 2010). We

assessed the active state of Rab7 by monitoring the recruitment

of Rab7-interacting lysosomal protein (RILP) to Rab7. We found

that the RILP-Rab7 interaction was largely increased in S498A

cells compared to WT or S498D cells (Figure 6E). Consistently,

a higher level of GTP-bound Rab7 was detected in S498A cells

(Figures 6F and 6G and Figure S6E). We also asked whether

S498 phosphorylation might regulate Rab7 via the Mon1-Ccz1

complex that was recently shown to act as a GEF toward Rab7

in yeast and plant cells (Cui et al., 2014; Nordmann et al.,

2010). We found that UVRAG interacts with Ccz1 and Mon1B

(Figures S6F and Figure S6G), but the interaction, unlike the

UVRAG-HOPS interaction, was not altered by S498 mutations.

Although the interaction implies a functional link between

UVRAG and the Ccz1 complex, our result suggests that S498

phosphorylation probably has specific effects on HOPS rather

than on the Ccz1 complex.

Prevention of UVRAG Ser498 Phosphorylation
Facilitates Autophagosome Maturation
Knowing that S498 phosphorylation negatively regulates Vps34

andHOPS,we predicted that the phosphorylationmight regulate

autophagosome maturation. To address this possibility, we

used the dual-tagged LC3 construct (mCherry-GFP-LC3) (Zhong

et al., 2009). The formation of mCherry-LC3 puncta, which may

reflect LC3 destined in autophagosomes or lysosomes, was

significantly increased in S498A cells compared toWT cells (Fig-

ures 6H–6J and Figures S6H–S6J). Torin1 induced the formation

of green and yellow LC3 puncta, which may reflect autophago-

somes, to similar extents betweenWT and S498A cells, whereas

Torin1 induced the formation of mCherry-LC3-only puncta to

a greater extent in S498A cells compared to WT cells (Figures

6H–6K and Figures S6H–S6J). The higher induction of

mCherry-LC3-only puncta in S498A cells compared to WT cells

in response to Torin1 might be due to a residual amount of WT

UVRAG that was not dephosphorylated at S498. Supporting

this, Torin1 could not completely suppress S498 phosphoryla-

tion of recombinant WT UVRAG (Figure 2D), and Torin1 induced

dephosphorylation of recombinant UVRAG S498 at a reduced

rate relative to endogenous UVRAG (Figures S6K and S6L). Rele-

vant to this, Torin1 more drastically impaired the interactions

mediated by UVRAG for binding to RUBICON and mTOR when

S498 was mutated to alanine (Figure 4D and Figure S4A).

Thus, S498A mutation might somehow facilitate Torin1-induced

changes in the protein interactions involved in UVRAG-mediated

autophagosome maturation. It is possible that those additional

phosphorylations of UVRAG that we identified (Figure S2A)might

be involved in the Torin1 effects.

To further confirm that S498 phosphorylation negatively regu-

lates UVRAG-mediated autophagosome maturation, we con-

ducted an autophagy flux assay. Lysosomal inhibitors increased
.



Figure 5. UVRAG Ser498 Phosphorylation Is Important for the Inhibitory Effect of RUBICON on Vps34

(A) Prevention of S498 phosphorylation increased the accumulation of PI3P in HeLa cells. RFP-tagged 2xFYVE, transiently expressed in WT or mutant UVRAG-

reconstituted HeLa cells, was monitored by fluorescence microscope. Scale bar, 10 mm.

(B) Quantitative analysis of FYVE puncta formation. Results are represented as means ± SD (*p < 0.05 versus WT; **p < 0.01 versus WT; #p < 0.01; n R 17).

(C) Prevention of S498 phosphorylation increased the kinase activity of Vps34. HA-Vps34 was expressed alone or together with myc-UVRAG in UVRAG-depleted

HEK293T cells. HA-Vps34 IP was obtained and incubated with phosphatidylinositol (PI) and ATP in the presence or absence of wortmannin (200 nM). The amount

of PI3P was analyzed as described in Experimental Procedures.

(D) Quantitative analysis of Vps34 kinase activity. Results are represented as means ± SD (*p < 0.01 versus empty vector; #p < 0.01; NS, nonsignificant; n = 3).

(E) RUBICON depends on S498 phosphorylation to suppress UVRAG-induced production of PI3P. RFP-2xFYVE expressed alone (�) or together with RUBICON

in empty vector- or UVRAG-transduced HCT116 cells was analyzed as described in (A). Scale bar, 5 mm.

(F) Quantitative analysis of PI3P puncta formation. The error bars represent means ± SD (#p < 0.01; n = 20).

(G and H) RUBICON depends on S498 phosphorylation to suppress UVRAG-mediated stimulation of Vps34 kinase activity. UVRAG-reconstituted HEK293T cells

were transiently transfected with empty vector or RUBICON construct. The in vitro kinase assay was conducted as in (C). The graph is representative of two

independent experiments.

(I) Vps34 recovered with Vps34 IP was analyzed by WB. See also Figure S5.
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Figure 6. Prevention of UVRAG Ser498 Phosphorylation Facilitates Autophagosome Maturation

(A) S498 phosphorylation negatively regulates the UVRAG-Vps39 interaction. HA-Vps39 was transiently expressed in UVRAG-reconstituted HEK293T cells, and

their interaction was analyzed by immunoprecipitation and WB.

(legend continued on next page)
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the LC3-II level to a greater extent in S498A cells compared to

WT cells either in nutrient-rich or Torin1-treated conditions (Fig-

ures 6L and 6M and Figures S6M and S6N). This result, in accor-

dance with those from the analysis of LC3 puncta, suggests that

autophagosomal maturation might be facilitated in mutant cells.

The higher increase of LC3-II levels in mutant cells compared to

WT cells in response to Torin1 could be interpreted as above

where we interpreted the results of the higher accumulation of

LC3 in autolysosomes in S498A mutant cells compared to WT

cells. Consistent with no significant difference in autophago-

some formation between WT and S498A cells (Figures 6H and

6I), S498Amutation did not have any significant effect on the for-

mation of DFCP1 and WIPI2 puncta (Figures S6O–S6Q). Thus,

the effects of S498A mutation are unlikely due to upregulation

of early steps of autophagy.

Prevention of UVRAG Ser498 Phosphorylation
Facilitates UVRAG-Mediated Endosome-Lysosomal
Degradation of EGFR and Reduces EGFR Signaling
UVRAG positively regulates the endosome-lysosomal fusion

through enhancing the HOPS activity (Liang et al., 2008; Sun

et al., 2010). A consequence of the enhanced endosomal matu-

ration is a facilitated degradation of EGFR in lysosomes (Liang

et al., 2008). Since S498A mutation enhanced the UVRAG-

HOPS interaction and the active state of Rab7, we predicted

that S498A mutation might facilitate the endosome maturation

and the lysosomal degradation of EGFR. Reconstitution of

WT UVRAG in HEK293T cells enhanced EGFR degradation in

response to EGF (Figures 7A and 7B). The degradation of

EGFR was significantly increased in S498A cells compared to

WT cells (Figures 7A and 7B and Figure S7A). The level of

EGFR was lower in S498A cells compared to WT cells before

EGF treatment, suggesting that the phosphorylation might also

affect the basal endosome-lysosomal degradation of EGFR.

The facilitated degradation of EGFR was accompanied by

reduction in EGF-stimulated phosphorylations of ERK1/2 and

AKT (Figure 7C and Figure S7B). Similarly as S498A mutation,

Torin1 increased EGF-stimulated degradation of EGFR and

reduced the level of EGFR even before cells were treated with

EGF (Figures S7C–S7F), suggesting that mTORC1 inhibition
(B) S498 phosphorylation negatively regulates the UVRAG-Vps16 interaction. M

by WB.

(C) Torin1 enhances the UVRAG-Vps39 interaction. HEK293T cells transiently ex

HA-Vps39 recovered with myc-UVRAG IP was analyzed by WB.

(D) RUBICON knockdown enhances the UVRAG-Vps16 interaction in WT cel

shRNA-transduced HEK293T cells was analyzed by WB.

(E) S498 phosphorylation negatively regulates the Rab7-RILP interaction. Rab7 re

was analyzed by WB.

(F) S498 phosphorylation negatively regulates Rab7. The GTP-bound Rab7 was

(G) Quantitative analysis of (F). Data are represented as means ± SD (n = 2).

(H) S498 phosphorylation negatively regulates autophagosome maturation. mChe

cells. Cells were treated with Torin1 or vehicle. LC3 was monitored by fluoresce

(I and J) Quantitative analysis of GFP puncta (I) and mCherry puncta (J) (*p < 0

horizontal bar.

(K) Quantitative analysis of mCherry-only puncta (*p < 0.01 versus empty vector

(L) S498A mutation enhances autophagy flux. HEK293T cells reconstituted wi

of Bafilomycin A1 (exp1) or E-64/Pepstatin A (exp2).

(M) Quantitative analysis of the fold increase of LC3-II level induced by the lyso

(*p < 0.05; n = 5). See also Figure S6.

Mo
might enhance the basal endosome maturation. The reduction

of EGFR by Torin1 was marginal in S498A cells compared to

WT cells (Figures S7G and S7H), supporting our interpretation

that S498 dephosphorylation might contribute to Torin1-stimu-

lated EGFR degradation. The further reduction of EGFR by

Torin1 in mutant cells implies other mTORC1-dependent mech-

anisms involved in EGFR downregulation. Despite other poten-

tial mechanisms, the decreased basal level of EGFR in S498A

cells might be due to facilitated endosome-lysosomal fusion.

Prevention of UVRAG Ser498 Phosphorylation
SuppressesCancerCell Proliferation andTumorGrowth
Knowing that S498A mutation facilitates EGFR degradation and

reduces EGFR signaling, we asked whether the mutation would

suppress cancer cell proliferation. WT UVRAG expression in

HCT116 colon cancer cells reduced cell proliferation (Figures

7D and 7E). This result is consistent with the known tumor sup-

pressor function of UVRAG (Liang et al., 2006). The suppressive

effect of UVRAG became greater when S498A mutant was ex-

pressed instead of WT. The proliferation rate of S498A cells

was about 5 and 2.9 times lower than empty-vector-transduced

cells andWT cells, respectively (Figure 7D). Expression of S498A

mutant in HCT116 cells dramatically suppressed colony forma-

tion (about 70% and 54% reduction in the number of colonies

compared to empty-vector-transduced cells and WT cells,

respectively) in a clonogenic assay (Figure 7F and Figure S7I).

Furthermore, the colonies of S498A cells were much smaller in

size compared with those of empty-vector-transduced cells

and WT cells (Figure S7I).

To address whether the suppressive effect of S498A mutation

on cell proliferation could be recapitulated in vivo, we conducted

a xenograft experiment. We subcutaneously injected WT or

S498A HCT116 cells into the flank of immunity-deficient Balb/c

mice and analyzed the sizes of tumors. The sizes of tumors

formed by S498A cells were significantly smaller than those

formed byWT cells (Figure 7G and Figure S7J). The average vol-

ume of S498A cell-derived tumor was about 47.3% of that of WT

cell-derived tumor (Figure 7G). Tumor weight, relative to the

whole body weight, was significantly reduced by S498A muta-

tion (Figure 7H and Figures S7K and S7L). This result suggests
yc-Vps16 recovered with GFP-UVRAG IP from HEK293T cells was analyzed

pressing HA-Vps39 and myc-UVRAG were treated with Torin1 or vehicle (�).

ls but not in S498A cells. GFP-Vps16 recovered with myc-UVRAG IP from

covered with HA-RILP fromWT or mutant UVRAG-reconstituted HEK293T cells

detected as described in Experimental Procedures.

rry-GFP-LC3 was expressed in empty vector- or UVRAG-transduced HCT116

nce microscope. Scale bar, 5 mm.

.01 versus empty vector; #p < 0.01; NS; n R 35). Mean value is shown as a

; #p < 0.01; n R 35). Mean and SD are shown as horizontal bars.

th UVRAG constructs were treated with Torin1 in the presence or absence

somal inhibitors in Torin1-treated cells. Data are represented as means ± SD
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Figure 7. Prevention of UVRAG Ser498

Phosphorylation Enhances EGFR Degra-

dation, Reduces EGFR Signaling, and

Suppresses Cancer Cell Proliferation and

Tumor Growth

(A) S498A mutation enhances EGFR degradation.

HEK293T cells stably transduced by empty vector

(�) or UVRAG construct were starved of serum

overnight and treated with EGF. EGFR level in cell

lysate was analyzed by WB.

(B) EGFR level was presented relative to that at

time zero. Data are represented as means ± SD

(n = 4).

(C) S498A mutation suppresses EGFR signaling.

HEK293T cells, transduced as in (A), were serum

starved overnight and treated with EGF. pERK1/2

(Thr202/Tyr204) or pAKT (Thr308) were analyzed

by WB.

(D) S498A mutation suppresses cancer cell pro-

liferation. HCT116 cells stably transduced by

empty vector (�) or UVRAG construct were

cultured in DMEM. The number of viable cells was

counted by hemacytometer. Data are represented

as means ± SD (n = 3).

(E) Viable cells were assayed using MTT. Data are

represented as means ± SD (n = 3).

(F) S498Amutation significantly inhibits anchorage-

independent growth of cancer cells. HCT116 cells

prepared as in (D) were used. Data are shown

as mean ± SD (*p < 0.01 versus empty vector; #p <

0.01; n = 3).

(G) S498A mutation significantly inhibits tumor

growth in mice. Values represent means ± SD

(*p = 0.012; n = 5).

(H) Tumor weight relative to the whole body

weight was analyzed. Values represent mean ±

SD (*p < 0.01; n = 5).

(I) Regulatory function of UVRAG S498 phos-

phorylation in autophagosome and endosome

maturation. See also Figure S7.
that Ser498 phosphorylation status might be important for the

tumor suppressive function of UVRAG.

DISCUSSION

In this study, we have determined that mTORC1 phosphorylates

UVRAG at Ser498 and thereby regulates late stages of auto-

phagy and endosomal maturation. The mTORC1-mediated

UVRAG phosphorylation may depend on the ability of mTORC1

to interact with UVRAG. With this regard, it is noteworthy that

mTOR is localized to late endosomes and lysosomes in

nutrient-enriched conditions (Sancak et al., 2008). The nutrient-

regulated localization of mTOR fits our model that mTOR inhibits

autophagosomal and endosomal maturation by binding and

phosphorylating UVRAG in association with the HOPS complex,

which also localizes to late endosomes and lysosomes (Itakura

et al., 2008; Pols et al., 2013). According to our results, the phos-

phorylation positively regulates the UVRAG-RUBICON interac-

tion and suppresses the UVRAG functions in autophagosome

and endosome maturation (Figure 7I). Although our results sup-

port the role of S498 phosphorylation in regulating the lysosomal

fusion machinery, we do not rule out a possibility that the effect
216 Molecular Cell 57, 207–218, January 22, 2015 ª2015 Elsevier Inc
of S498A mutation on autophagy could be secondary to a

change in the lysosome function due to disturbance of the endo-

cytic pathways.

Hyperactivation of mTORC1 is frequently found in many can-

cers (Laplante and Sabatini, 2012). The contribution of mTORC1

to cancer is mainly attributed to increases in protein synthesis.

Our study suggests that mTORC1 might contribute to cancer

by phosphorylating UVRAG and thereby protecting EGFR

from the lysosomal degradation. Many genetic mutations that

suppress the lysosomal degradation of EGFR have been impli-

cated in oncogenesis and tumor progression (Grandal and Mad-

shus, 2008; Kuan et al., 2001). Thus, mTORC1 inhibition might

contribute to suppression of tumor growth at least in part through

facilitating the lysosomal degradation of EGFR, although the

extent of the contribution might vary depending on cancer types.

Several recent studies have raised a question about the func-

tion of UVRAG in the autophagosome-lysosome fusion (Farré

et al., 2010; Jiang et al., 2014; Takáts et al., 2014). UVRAG

participates in early autophagy events, such as recruitment of

Bif-1 (N-BAR domain-containing protein) to the Beclin 1-Vps34

complex, which promotes the membrane curvature necessary

for autophagosome formation (Takahashi et al., 2007). UVRAG
.



also plays a role in coordinating the Golgi-ER retrograde and

autophagic membrane trafficking in early stages of the auto-

phagy processes (He et al., 2013). However, since UVRAG

S498A mutation did not alter the formation of omegasome and

phagophore, S498 phosphorylation is unlikely involved in the

early processes of autophagy. UVRAG also has a nonautophagic

function, such as the maintenance of the chromosomal stability

(Zhao et al., 2012). It remains to be explored whether mTORC1

regulates the nonautophagic function of UVRAG via the

phosphorylation.

Our finding defines the mTORC1-UVRAG pathway as an

important regulatory axis through which cells coordinate auto-

phagy and the endosome-lysosomal degradation pathway.

The coordinate regulation might be important to maintain normal

cellular physiology under changing environments of growth

factors and nutrients. Some cancer cells might disturb the coor-

dination by reducing the level of UVRAG and suppressing the

endosomal degradation pathway as implicated by frequent alter-

ations of theUVRAG gene locus in breast, colorectal, and gastric

cancers (Kim et al., 2008b; Knævelsrud et al., 2010). Alterna-

tively, cancer cells might maintain a favorable cell growth condi-

tion through the mTORC1-mediated UVRAG phosphorylation.

Elucidating further mTORC1-regulated interactions and phos-

phorylations in the membrane processes may shed light on

the molecular network that coordinates autophagy and the

endosomal pathway and provide insight into how the network

is disturbed in cancers and other diseases.

EXPERIMENTAL PROCEDURES

Identification of UVRAG Phosphorylation Sites

Myc-UVRAGwas expressed with HA-Rheb in HEK293T cells and immunopre-

cipitated using anti-myc antibody. As a control, myc-UVRAG was expressed

alone and treated with Torin1 for 1 hr. Immunoprecipitated UVRAG was

resolved bySDS-PAGE.UVRAGbandwas subjected to trypsinization followed

by enrichment of phosphorylated peptides. Eluted fractions of tryptic digests of

peptides were analyzed bymass spectrometry. A detailed procedure for mass

spectrometry is described in the Supplemental Experimental Procedures.

Plasmids

Human UVRAG cDNA (IMAGE: 6186851) and its DNA fragments were cloned

into pRK5 vector by PCR amplification. pLKO.1 vector was used to knock

downUVRAGor RUBICON.CSII-EF-MCSwas used to stably expressUVRAG.

The cDNAs for UVRAG, Vps16, Rab5a, Rab7, DFCP1, and WIPI2 were cloned

into pEGFP-N3 and/or pmCherry-C1 (Clontech Lab) for cell-imaging experi-

ments. The mCherry-GFP-LC3 and the RFP-2xFYVE constructs were kindly

provided by T. Johansen and N. Mizushima, respectively. All other constructs

have been previously described (Jung et al., 2009; Vander Haar et al., 2007).

Cell Image Analysis

Autophagosomematuration, omegasome and phagophore formation, and the

protein colocalization were analyzed by monitoring the fluorescence protein-

tagged constructs using a Deltavision fluorescence microscope. A detailed

procedure is described in the Supplemental Experimental Procedures.

In Vitro Assay of UVRAG Phosphorylation by mTOR

The mTOR kinase activity toward UVRAG phosphorylation was analyzed

in vitro using immunoprecipitatedmTOR or a purified form ofmTOR containing

residues 1,362–2,549 (Millipore). As substrates, UVRAG fragments and its

full-length WT or S498A were purified using the ArcticExpress system (Strata-

gene). The kinase reaction was performed as described previously (Jung et al.,

2009).
Mo
In Vitro Assay of Vps34 Kinase Activity

The Vps34 kinase activity was assayed as described previously (Farkas et al.,

2011). Briefly, Vps34 complex obtained by immunoprecipitation was incu-

bated with PI and ATP. The amount of PI3P produced from the reaction was

analyzed by use of GST-tagged p40 phox domain-containing polypeptide

that binds to PI3P. A detailed procedure is described in the Supplemental

Experimental Procedures.

Autophagy Flux Assay

HEK293T cells stably expressing UVRAG WT or S498A were treated with

Torin1 (250 nM) for 4 hr in the presence or absence of Bafilomycin A1

(100 nM) or E-64/Pepstatin (10 mg/ml). The amounts of LC3-I and LC3-II in

cell lysate were analyzed by WB.

Analysis of EGFR Degradation and EGFR Signaling

Endocytic degradation of EGFR was assayed as described previously (Liang

et al., 2008; Sun et al., 2010). Briefly, cells starved of serum overnight were

treated with EGF (100 ng/ml) for the indicated periods of time and lysed in

0.3% Chaps-containing lysis buffer. To analyze the activity of EGFR signaling,

we stimulated serum-starved HCT116 or HEK293T cells with EGF for 10min at

20 ng/ml or 10 ng/ml, respectively. The phosphorylation states of ERK1/2 and

AKT were analyzed by WB.

Xenograft Analysis of Tumor Formation

WT and S498A HCT116 stable cells were injected subcutaneously into the flank

of athymic nude male mice. Three weeks after the injection, tumors were

removed and weighed. Tumor volume was evaluated by measurement of the

lengthandwidthof the tumormass inmillimetersusingelectronicverniercalipers.

Adetailedprocedure isdescribed in theSupplementalExperimentalProcedures.

Other Experimental Procedures

Other experimental procedures, including materials, cell culture, transfection,

mutagenesis, immunoprecipitation, western blotting, lentiviral preparation,

stable cell generation, preparation of recombinant proteins, cell proliferation

assay, analysis of Rab7 active state, colony formation assay, and statistical

analysis, are described in the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.molcel.2014.11.013.
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