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SUMMARY

The regulationofRagAGTP is important for amino-acid-
inducedmTORC1 activation. AlthoughGATOR1 com-
plex has been identified as a negative regulator for
mTORC1by hydrolyzingRagAGTP, howGATOR1 is re-
cruited to RagA to attenuate mTORC1 signaling re-
mains unclear. Moreover, how mTORC1 signaling is
terminated upon amino acid stimulation is also un-
known. We show that the recruitment of GATOR1 to
RagA is induced by amino acids in an mTORC1-
dependent manner. Skp2 E3 ligase drives K63-linked
ubiquitination of RagA, which facilitates GATOR1
recruitment and RagAGTP hydrolysis, thereby pro-
viding a negative feedback loop to attenuatemTORC1
lysosomal recruitment andpreventmTORC1hyperac-
tivation. We further demonstrate that Skp2 promotes
autophagy but inhibits cell size and cilia growth
through RagA ubiquitination and mTORC1 inhibition.
We thereby propose a negative feedback whereby
Skp2-mediated RagA ubiquitination recruits GATOR1
to restrict mTORC1 signaling upon sustained amino
acid stimulation, which serves a critical mechanism
to maintain proper cellular functions.

INTRODUCTION

The mammalian target of rapamycin complex 1 (mTORC1)

signaling regulates cellular functions in response to various stim-
M

uli, such as growth factors, stress, and amino acids. Signal

from growth factor is sensed by the TSC1/TSC2 tumor

suppressor complex, which is a negative regulator of mTORC1

signaling through its role as a GTPase activation protein (GAP)

of Rheb, a small guanosine triphosphate (GTP) binding protein.

Growth factor stimulation inhibits the GAP activity of TSC1/

TSC2 complex to promote Rheb GTP binding, which activates

mTORC1 signaling (Sarbassov et al., 2005). In contrast, amino

acids stimulate mTORC1 signaling independent of TSC1/TSC2

complex (Nobukuni et al., 2005; Roccio et al., 2006; Smith

et al., 2005).

Deregulation of mTORC1 signaling leads to human disorders

from cancer and metabolic diseases to aging (Guertin and

Sabatini, 2007; Laplante and Sabatini, 2012; Zoncu et al.,

2011). To maintain proper mTORC1 signaling, the level of

mTORC1 signaling is precisely controlled by not only positive

regulators but also negative regulators under physiological

conditions in which sufficient nutrients could otherwise overacti-

vate mTORC1. For instance, negative feedback loops have

been identified to restrict growth factor-initiated Akt-mTORC1

signaling, partially through the phosphorylation and degradation

of insulin receptor substrate 1 (IRS1) (Laplante and Sabatini,

2012). However, it remains unknown how the mTORC1 signaling

upon sustained amino acid stimulation is regulated by negative

feedback loops.

Recent findings showed that amino acids initiate mTORC1

signaling through translocating the mTORC1 complex to lyso-

some surface where it interacts with Rheb and is activated

(Sancak et al., 2008, 2010). Multiple protein complexes associ-

ated with lysosome surface are required for the mTORC1 lyso-

some localization and activation upon amino acid stimulation.
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Among them, the Rags complex directly interacts with

mTORC1 and recruits mTORC1 to lysosome surface (Kim

et al., 2008; Sancak et al., 2008). The Rags complex is a

heterodimer of GTP binding proteins RagA or RagB with

RagC or RagD. RagA and RagB, similar to RagC and RagD,

are high homologs (Hirose et al., 1998; Sekiguchi et al.,

2001). Amino acids induce the RagA/B bound to GTP, which

is essential for mTORC1 recruitment and activation. RagA/B

mutant constitutively bound to GTP activates mTORC1

signaling regardless of amino acid starvation. On the contrary,

amino acid starvation increases RagA/B bound to guanosine

diphosphate (GDP), leading to the inhibition of mTORC1

signaling (Efeyan et al., 2013; Kim et al., 2008; Sancak et al.,

2008). Several regulators for RagA/B GTP/GDP nucleotide

binding have recently been identified. The Ragulator complex

with guanosine exchange factor (GEF) activity exchanges

GDP to GTP of RagA/B upon amino acid stimulation. Sestrins

were identified as the guanine nucleotide dissociation inhibitors

(GDIs) of RagA/B, therefore inhibiting amino-acid-induced

exchanging of GDP to GTP (Peng et al., 2014). The GATOR1

complex displays GAP activity to switch RagA/B-bound GTP

(RagA/BGTP) to GDP (RagA/BGDP) (Bar-Peled et al., 2012,

2013; Sancak et al., 2010). However, it is poorly understood

how amino acids regulate the activity of these regulators for

RagA/B nucleotide binding.

In this study, we identified that the interaction of GATOR1

and RagA is promoted by amino acids and therefore serves

as a negative feedback regulator to terminate mTORC1

signaling and prevent its hyperactivation in response to sus-

tained amino acid exposure. We found that amino acid

stimulation induces the K63-linked ubiquitination of RagA,

which recruits GATOR1 to hydrolyze RagAGTP and suppresses

mTORC1 lysosomal recruitment and activation. We further

identified that the Skp2 SCF E3 ligase is required for the

K63-linked ubiquitination RagA, GATOR1 recruitment, and

mTORC1 inhibition under amino acid stimulation. Loss of

Skp2 prolongs mTORC1 hyperactivation, enlarges cell size,

and enhances cilia growth but reduces autophagy. We thereby

reveal that Skp2-mediated RagA ubiquitination and GATOR1

recruitment serve as negative feedback regulators to terminate

mTORC1 signaling under physiological conditions. Deregula-

tion in this critical mechanism leads to disordered cellular

functions.

RESULTS

Amino Acids Promote the Interaction of RagA with
GATOR1 and RagA Ubiquitination
Given that negative feedback loops have been demonstrated to

attenuate growth-factor-mediated mTORC1 signaling, it is likely

that amino-acid-dependent mTORC1 signaling may be also

regulated by negative feedback loops. To test this possibility,

we examined the kinetic mTORC1 signaling upon sustained

amino acid stimulation in primary mouse embryonic fibro-

blasts (MEFs). Amino acids triggered mTORC1 activation during

short-term stimulation as determined by pS6K, pS6, and p4E-

BP1. However, under long-term amino acid stimulation up to

6 hr, the mTORC1 signaling significantly declined (see Figure S1
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available online), revealing that negative feedback regulation

mechanisms might be operated to restrict amino-acid-depen-

dent mTORC1 signaling.

The recent finding that GATOR1 complex removes GTP-

bound status of RagA/B to inactivate mTORC1 (Bar-Peled

et al., 2013) drives us to examine whether the negative regulation

of mTORC1 during amino acid treatment could be achieved by

the recruitment of GATOR1 complex to RagA/B. RagA and

RagB are highly homologous. Since RagA has been shown to

be expressed more abundantly and widely than RagB (Efeyan

et al., 2013), we therefore focused our study on the interaction

of RagA with GATOR1. We found, to our surprise, that amino

acid stimulation enhanced the interaction of endogenous

DEPDC5 and Nprl3, the components of GATOR1 complex,

with both ectopic expressed RagA (Figure 1A) and endogenous

RagA (Figure 1B).

To understand the mechanistic insight into how amino acids

promote the interaction between GATOR1 with RagA, we exam-

ined the posttranslational modification of RagA. Interestingly,

amino acids induced the ubiquitination of both ectopic ex-

pressed RagA (Figure 1C) and endogenous RagA (Figure 1D),

but not RagC, another component of the Rags complex RagA-

RagC (Figure 1E). We further demonstrated that amino acids

induced lysine (K) 63-linked ubiquitination of endogenous

RagA (Figure 1F).

Skp2 E3 Ligase Mediates Amino-Acid-Dependent RagA
Ubiquitination and GATOR1 Recruitment
To understand which E3 ligase mediates RagA ubiquitination,

we performed the E3 ligase screening using a panel of E3 li-

gases and identified Skp2 as a potential ubiquitin E3 ligase of

RagA (Figure 2A). Skp2 is an F box protein, which forms one

of the Skp1-Cul1-F box (SCF) ubiquitin E3 ligase complexes

to induce the ubiquitination of several protein substrates, such

as p27 and Akt (Chan et al., 2012; Nakayama et al., 2000,

2004), and displays oncogenic activity (Lin et al., 2009, 2010).

We found that ectopic expression of Skp2 promoted RagA ubiq-

uitination, while Skp2 LRR mutant devoid of its E3 ligase activity

compromised this ability (Figure S2A). We further demonstrated

that purified Skp2 SCF complex could directly induce RagA

ubiquitination in vitro (Figure S2B). Moreover, Skp2 triggers

ubiquitination of RagA through K63 linkage, but not K48 linkage

(Figure 2B). Importantly, Skp2 knockdown reduced amino-acid-

induced RagA ubiquitination (Figure 2C). Accordingly, our re-

sults suggest that Skp2 SCF complex is a direct E3 ligase for

K63-linked ubiquitination of RagA in response to amino acid

stimulation.

Since the Rags complex is localized in lysosome and medi-

ates mTORC1 lysosomal localization and activation, we next

determined whether Skp2 is also localized in lysosome. Immu-

nofluorescence assay showed that Skp2 partially colocalized

with Lamp2, a well-established lysosome marker (Figure 2D).

The biochemical fraction assay further confirmed that Skp2

protein was localized in lysosome, although it was also in other

compartments (Figure S2C). Skp2 could coimmunoprecipitate

with RagA and RagC (Figure S2D), and amino acid stimulation

further promoted the interaction between Skp2 and RagA

(Figure 2E).



Figure 1. Amino Acids Promote the

Interaction of RagA with GATOR1 and

RagA Ubiquitination

(A) Immunoprecipitation (IP) analysis of amino-

acid-dependent interaction between RagA and

GATOR1 components (DEPDC5 and Nprl3) in

HEK293T cells overexpressed with indicated

proteins. Triangle indicates annotated protein.

(B) IP analysis of amino-acid-dependent interac-

tion between endogenous RagA and GATOR1

components (DEPDC5 and Nprl3) in HEK293T

cells.

(C) IP analysis of amino-acid-dependent RagA

ubiquitination in HEK293T cells overexpressed

with indicated proteins.

(D) IP analysis of amino-acid-induced ubiquitina-

tion of endogenous RagA in HEK293T cells.

(E) IP analysis of RagC ubiquitination with or

without amino acid stimulation in HEK293T cells

overexpressed with indicated proteins.

(F) IP analysis of amino-acid-dependent K63-

linked ubiquitination of endogenous RagA. Cells in

(A)–(F) were starved for amino acids for 1 hr and

restimulated with amino acids for the indicated

time before lysis. See also Figure S1.
We next determined whether Skp2 is a critical regulator for the

recruitment of GATOR1 to the RagA complex. We found that

Skp2 overexpression promoted the interaction of GATOR1 com-

ponents DEPDC5 and Nprl3 with RagA (Figure 2F), whereas

Skp2 knockdown reduced this interaction during amino acid

treatment (Figure 2G). Interestingly, mTORC1 inhibitor rapamy-

cin abolished not only amino-acid-driven interaction between

RagA and GATOR1 components but also amino-acid-induced

RagA and Skp2 interaction (Figure 2H). These data collectively

suggest that Skp2 is required for the recruitment of GATOR1

to RagA under amino acid stimulation in a manner dependent

on mTORC1 activation.

Skp2-Mediated RagA-K15 Ubiquitination Recruits
GATOR1 and Inhibits RagA GTP Binding
K63-linked ubiquitination is thought to serve as a scaffold to

mediate protein-protein interaction, thereby regulating diverse

signal transduction events (Chan et al., 2012, 2013; Yang et al.,

2009). We speculated that Skp2-mediated K63-linked RagA

ubiquitination may account for the recruitment of GATOR1 and

negative regulation of mTORC1 signaling under amino acid

treatment. To test this notion, we first determined the ubiquitina-

tion site(s) of RagA induced by Skp2. To this end, we made a se-

ries of RagA mutant constructs by mutating all conserved lysine

(K) residues to arginine (R) and performed in vivo ubiquitination

assay. Among these RagA mutants, only RagA-K15R mutant

displayed substantial reduction in the basal ubiquitination
Molecular Cell 58, 989–10
compared to wild-type (WT) RagA (Fig-

ure 3A). We further showed that Skp2

promoted the ubiquitination of WT

RagA, but not RagA-K15R mutant (Fig-

ure 3B), suggesting K15 is a ubiquitination

site for Skp2.
We next determined whether Skp2 facilitates the interaction

betweenGATOR1andRagA throughpromotingRagAubiquitina-

tion. ComparedwithWTRagA, RagA-K15Rmutant bound less to

DEPDC5andNprl3 (Figure 3C).Our data therefore pinpointed the

critical role of Skp2-driven RagA ubiquitination at K15 in recruit-

ing GATOR1 to the RagA complex upon amino acid stimulation.

Interestingly, we also found that RagA-K15R displayed less inter-

action with Ragulator component p18 compared to WT RagA

(Figure 3C), consistent with the finding that Skp2 promoted the

interaction betweenRagA andp18 (Figure 2F). This phenomenon

might support a previously proposed model in which the loose

interaction between RagA and Ragulator may facilitate the

recruitment and activation of mTORC1 (Bar-Peled et al., 2012).

GATOR1 acts as a GAP to hydrolyze RagAGTP to RagAGDP.

Consistent with its role in promoting the GATOR1 and RagA

interaction, Skp2 overexpression dramatically reduced the

amount of RagAGTP (Figure 3D), whereas its knockdown signifi-

cantly enhanced it (Figure 3E). Similar to Skp2 knockdown, the

ubiquitination-deficient Rag-K15R mutant displayed much

higher GTP binding compared to WT RagA (Figure 3F). We

further showed that Skp2 inhibited the amount of RagAGTP by

promoting RagA ubiquitination at K15, as RagA-K15R mutant

abrogated the suppression effect of Skp2 on the GTP-bound

status of RagA (Figure 3G). Our data collectively suggest that

Skp2-driven RagA ubiquitination at K15 drives the interaction

between GATOR1 and RagA, leading to the reduction in GTP-

bound RagA.
00, June 18, 2015 ª2015 Elsevier Inc. 991



Figure 2. Skp2 E3 Ligase Mediates Amino-Acid-Dependent RagA Ubiquitination and GATOR1 Recruitment

(A) Screening for E3 ligases of RagA. In vivo ubiquitination assay of RagA cotransfected with E3 ligases with Flag or HA tags in HEK293T cells. Arrows indicate E3

ligases.

(B) InvivoubiquitinationassayofK63-linkedRagAubiquitinationbySkp2.His-ub,His-ubiquitin;WT,wild-type;Ni–nitrilotriaceticacid (NTA), nickelbeadprecipitates.

(C) IP analysis of amino-acid-dependent RagA ubiquitination in control (shLuc) and Skp2 knockdown (shSkp2) HEK293T cells.

(D) Immunofluorescence (IF) assay of partial colocalization between Skp2 and lysosome marker Lamp2 in MDA-MB-231 cells. Arrows indicate Skp2 and Lamp2

colocalization. Percentage of colocalization of Skp2 with Lamp2 is 11.4% ± 3.7%. Quantitative data are represented as mean ± SD, p < 0.001.

(E) IP analysis of amino-acid-dependent interaction between Skp2 and RagA in HEK293T cells.

(F) IP analysis of the interaction between RagA and GATOR1 components (DEPDC5 and Nprl3) or Ragulator component p18 in Skp2 overexpression and empty

vector control HEK293T cells. Triangle indicates annotated protein.

(G) IP analysis of amino-acid-dependent interaction between RagA and GATOR1 components (DEPDC5 and Nprl3) in Skp2 knockdown (shSkp2) and scramble

control (shLuc) HEK293T cells.

(H) IP analysis of amino-acid-dependent interaction of RagA with Skp2 and GATOR1 components (DEPDC5, Nprl3, and Nprl2) in HEK293T cells treated

with DMSO or rapamycin. Cells in (C), (E), (G), and (H) were starved for amino acids for 1 hr and restimulated with amino acids for the indicated time before lysis.

See also Figure S2.
Skp2-Mediated RagA-K15 Ubiquitination Negatively
Regulates Amino-Acid-Dependent mTORC1 Lysosomal
Localization and Activation
As the GTP-bound RagA critically regulates the interaction

of Rags complex with mTORC1 and lysosomal localization of

mTORC1, leading to mTORC1 activation in response to amino

acids (Efeyan et al., 2013; Kim et al., 2008; Sancak et al., 2008),
992 Molecular Cell 58, 989–1000, June 18, 2015 ª2015 Elsevier Inc.
we hypothesized that Skp2-mediated RagA ubiquitination at

K15 under amino acid stimulation would serve as a negative

feedback loop to suppress the lysosomal localization and

activation of mTORC1. As expected, we found that Skp2

overexpression reduced amino-acid-dependent recruitment of

mTOR to lysosome (Figure 4A), whereas Skp2 knockdown

potentiated it (Figure 4B). Skp2 knockdown also enhanced



Figure 3. Skp2-Mediated RagA-K15 Ubiquitination Recruits GATOR1 and Inhibits RagA GTP Binding

(A) Screening for RagA ubiquitination sites. In vivo ubiquitination assay of RagA KR (lysine [K] mutated to arginine [R]) mutants. 3KR indicates the mutant with the

lysine at residues 7, 8, and 9 mutated to arginine.

(B) In vivo ubiquitination assay of WT RagA and RagA-K15R mutant by Skp2.

(C) IP analysis of the interaction between WT RagA or RagA-K15R mutant and GAPTOR1 components (DEPDC5 and Nprl3) or Ragulator component p18 in

HEK293T cells. Triangle indicates annotated protein.

(D) GTP binding assay of RagA in empty vector and Skp2 overexpressed HEK293T cells.

(E) GTP binding assay of RagA in control (shLuc) and Skp2 knockdown (shSkp2) HEK293T cells.

(F) GTP binding assay of WT RagA and RagA-K15R mutant in HEK293T cells.

(G) GTP binding assay of the WT RagA or RagA-K15R mutant in empty vector and Skp2 overexpressed HEK293T cells.
the interaction of RagA-RagC complex with mTORC1 (Fig-

ure S3A). However, the interaction between mTORC1 complex

components mTOR and Raptor was not affected by Skp2

(Figure S3B). Notably, we demonstrated that ectopic expres-

sion of RagA-K15R rescued the defect in mTOR lysosomal

recruitment upon Skp2 overexpression (Figure 4C), revealing

the critical role of RagA-K15 ubiquitination by Skp2 in the

repression of mTORC1 lysosomal localization upon amino

acid stimulation.

We then investigated whether Skp2 negatively regulates

amino-acid-dependent mTORC1 signaling. We examined the

kinetic mTORC1 signaling in WT and Skp2�/� primary MEFs.

mTORC1 signaling gradually increased upon amino acid

stimulation, but declined under long-term treatment in WT

MEFs. However, Skp2 deficiency not only enhanced initial

mTORC1 activation but also caused sustained mTORC1 acti-

vation, even under long-term amino acid treatment (Figure 4D).
M

We further demonstrated that Skp2 knockdown in various cell

lines enhanced mTORC1 activation (Figures 4E and S4A),

whereas Skp2 overexpression inhibited amino-acid-dependent

mTORC1 activation (Figures 4F and S4B). In contrast to the

wild-type (WT) Skp2, E3 ligase-deficient Skp2-LRR mutant

failed to inhibit mTORC1 signaling (Figure S4C). Notably,

ectopic expression of Rag-K15R mutant, but not WT RagA,

compromised Skp2’s suppressive effect on mTORC1 activity

(Figure 4G). Accordingly, our data suggest that Skp2 serves

as a negative feedback regulator for lysosomal localization

and activation of mTORC1 by promoting RagA ubiquitination

at K15.

Skp2 Negatively Regulates Cell Size through mTORC1
Inhibition
The activation of mTORC1 promotes protein synthesis and in-

creases cell size (Sarbassov et al., 2005; Zoncu et al., 2011).
olecular Cell 58, 989–1000, June 18, 2015 ª2015 Elsevier Inc. 993



Figure 4. Skp2-Mediated RagA-K15 Ubiquitination Negatively Regulates Amino-Acid-Dependent mTORC1 Lysosomal Localization and

Activation

(A) IF assay of amino-acid-dependent colocalization of mTOR with lysosome marker Lamp2 in control (pBabe) and Skp2 overexpressed MDA-MB-231 cells.

Quantitative data are represented as mean ± SD.

(legend continued on next page)
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Figure 5. Skp2 Negatively Regulates Cell

Size through mTORC1 Inhibition

(A) Liver paraffin sections prepared from WT and

Skp2�/� mice were stained with pS6. Arrows

indicate the pS6-positive signals. The mice were

pretreated with rapamycin or vesicle for 1 month

before tissue collection.

(B) Representative H&E staining ofWT andSkp2�/�

liver paraffin sections. The mice were pretreated

with rapamycin or vesicle for 1 month before tissue

collection.

(C) Statistical analysis of the long diameters of the

liver cells in (B). Rapa, rapamycin. Quantitative data

are represented as mean ± SD; ***p < 0.001. See

also Figure S5.
As Skp2 initiates a negative feedback to restrict amino-acid-

induced mTORC1 signaling, we therefore examined whether

Skp2 may suppress cell size by inhibiting mTORC1 signaling.

Indeed, Skp2 knockdown in various cell lines enhanced cell

size (Figures S5A and S5B), and such effect was completely

abolished by rapamycin (Figures S5C and S5D). We further

found that there was no detectable pS6 signal in WT liver tissues

by immunostaining, while liver tissues from Skp2�/� mice dis-

played significant high pS6 expression (Figure 5A) and enlarged

cell size in hepatocytes, which was reversed by pretreatment of

the mice with rapamycin (Figures 5B and 5C). Thus, Skp2 nega-

tively regulates cell size in vitro and in vivo, at least in liver, by

inhibiting mTORC1.

Skp2-Mediated RagA Ubiquitination Promotes
Autophagy through mTORC1 Inhibition
While serving as a positive regulator of cell size, mTORC1

negatively regulates another pivotal cellular process termed

autophagy. Autophagy is a critical event that maintains cell

homeostasis, and deregulated autophagy is linked to various

human disorders, such as aging and cancer (Choi et al., 2013;

Hartleben et al., 2010). Consistent with mTORC1 activation,

Skp2 knockdown suppressed autophagy, as determined by

the decrease in the level of LC3-II, LC3-II/I ratio and reduction

of GFP-LC3 punctate foci, and such suppressive effect was

reversed by rapamycin (Figures 6A, 6B, and S6). As LC3-II

level may be decreased through lysosomal degradation (Klion-

sky et al., 2008), we further showed that Skp2 knockdown

decreased the LC3-II/I ratio both in the presence and absence

of lysosomal inhibitor Bafilomycin A1 (Figure 6C), confirming

that Skp2 knockdown reduced LC3-II/I ratio through suppress-

ing autophagy. Conversely, Skp2 overexpression promoted

autophagy, as demonstrated by the increase of LC3-II/I ratio
(B) IF assay of amino-acid-dependent colocalization ofmTORwith lysosomemark

Quantitative data are represented as mean ± SD; **p < 0.01.

(C) IF assay of amino-acid-dependent colocalization of mTOR with lysosome m

Quantitative data are represented as mean ± SD; **p < 0.01.

(D) IB analysis of amino-acid-dependent mTORC1 signaling in WT and Skp2�/�

(E) IB analysis of amino-acid-dependent mTORC1 signaling in control (shLuc) an

protein.

(F) IB analysis of amino-acid-dependent mTORC1 signaling in MDA-MB-231 cel

(G) IB analysis of amino-acid-dependent mTORC1 signaling in the cells overexpre

(G) were starved for amino acids for 1 hr and restimulated with amino acids for i

M

(Figure 6D). Remarkably, ectopic expression of RagA-K15R

mutant, but not WT RagA, abolished this promoting effect

(Figure 6D).

To further determine whether Skp2 regulates mTORC1

signaling and autophagy in vivo, we isolated diverse tissues

from WT and Skp2�/� mice for western blot analysis. Consis-

tently, mTORC1 activity was much higher in various Skp2�/� tis-

sues, such as in heart, liver, and kidney, accompanied by the

reduction in LC3-II/I ratio (Figure 6E). Altogether, these results

suggest that Skp2-mediated RagA ubiquitination serves as a

regulatory mechanism to induce autophagy through mTORC1

inhibition.

Skp2-Mediated RagA Ubiquitination Suppresses Cilia
Growth through mTORC1 Inhibition
Cilia are microtubule cellular organelles, which are induced from

the centrioles and play a role in chemical sensation, signaling

transduction, and cell growth control. Defects of cilia growth

lead to a group of human disorders, termed ciliopathies (Nigg

and Raff, 2009; Sang et al., 2011), and may be involved in

cancer development (Nigg and Raff, 2009). Recently, two

studies suggest there is a potential crosstalk between cilia and

autophagy (Pampliega et al., 2013; Tang et al., 2013). As Skp2

regulates autophagy and cancer development, we examined

whether Skp2 is a regulator of cilia formation. We found that

Skp2 knockdown increased the average length of cilia, as

determined by assessing the acetylated tubulin (Ac-Tubulin),

which was reversed by Rapamycin treatment (Figures 7A and

7B). In contrast, stable overexpression of Skp2 reduced cilia

length. Notably, the inhibitory effect of Skp2 on cilia length was

completely abrogated by the introduction of RagA-K15Rmutant,

but not by that of WT RagA (Figures 7C, 7D, and S7). These re-

sults suggest that Skp2-mediated RagA ubiquitination at K15
er Lamp2 in control (shLuc) and Skp2 knockdown (shSkp2)MDA-MB-231 cells.

arker Lamp2 in MDA-MB-231 cells overexpressed with indicated proteins.

primary MEFs.

d Skp2 knockdown (shSkp2) MDA-MB-231 cells. Triangle indicates annotated

ls transfected with indicated vectors.

ssed with indicated proteins. Triangle indicates annotated protein. Cells in (A)–

ndicated time before lysis. See also Figures S3 and S4.

olecular Cell 58, 989–1000, June 18, 2015 ª2015 Elsevier Inc. 995



Figure 6. Skp2-Mediated RagA Ubiquitina-

tion Promotes Autophagy through mTORC1

Inhibition

(A) IB analysis of LC3-II level using LC3B antibody

and mTORC1 signaling in control (shLuc) and

Skp2 knockdown (shSkp2) MDA-MB-231 cells

treated with DMSO or rapamycin. Rapa indicates

rapamycin. Triangle indicates annotated protein.

(B) Imaging of GFP-LC3 foci in GFP-LC3 overex-

pressed control (shLuc) and Skp2 knockdown

(shSkp2)MDA-MB-231 cells treatedwith DMSOor

Rapamycin.

(C) IB analysis of LC3-II/I ratio using LC3B anti-

body in control (shLuc) and Skp2 knockdown

(shSkp2) HEK293T cells treated with 100 nM Ba-

filomycin A1 (Bafi) and DMSO for 1 hr.

(D) IB analysis of LC3-II/I ratio using LC3B anti-

body in the MDA-MB-231 cells overexpressed

with indicated proteins.

(E) IB analysis of LC3-II/I ratio using LC3B antibody

and mTORC1 signaling in the lysates of isolated

WT and Skp2�/� mouse tissues. See also Fig-

ure S6.
serves as a negative regulator of cilia growth through mTORC1

inhibition. Our data also indicate that mTORC1 has a positive

role in cilia size control in mammalian cells, consistent with a

recent finding that TORC1 signaling positively regulates cilia

size in zebrafish (Yuan et al., 2012).

DISCUSSION

It is well recognized that amino acid treatment promotes

mTORC1 lysosomal localization and activation (Sancak et al.,

2008, 2010). However, the negative feedback regulators of pre-

venting mTORC1 signaling hyperactivation driven by sustained

amino acid stimulation have so far not been reported. We here

identify a critical negative feedback regulatory mechanism by

which mTORC1 signaling is shut off during continuous amino

acid exposure (Figure 7E). mTORC1 signaling is restricted by

the negative feedback loop even in the early time point of amino

acid stimulation. We show that amino acids induce mTORC1

activation and then drive an mTORC1-dependent negative feed-
996 Molecular Cell 58, 989–1000, June 18, 2015 ª2015 Elsevier Inc.
back loop through recruiting the GATOR1

complex to RagA to terminate mTORC1

signaling and thus prevent mTORC1 hy-

peractivation. Amino acids elicit K63-

linked ubiquitination of RagA, which

is mediated by Skp2 E3 ligase and

serves as a crucial event to recruit the

GATOR1 complex to RagA and hydrolyze

RagAGTP, thereby inhibiting the localiza-

tion of mTORC1 to lysosome and

mTORC1 activation. This finding provides

the molecular insight into how mTORC1

signaling is restricted by a negative feed-

back loop upon amino acid exposure.

The GATOR1 complex is known to

inhibit mTORC1 signaling by serving as
a GAP for RagAGTP hydrolysis (Bar-Peled et al., 2013). How-

ever, how GATOR1 is recruited to the RagA remains unknown.

We show that amino acids are physiological stimuli to drive the

recruitment of GATOR1 and demonstrate that GATOR1 recruit-

ment serves as a negative feedback regulator to terminate

mTORC1 signaling under continuous amino acid stimulation.

We further reveal that Skp2 SCF E3 ligase serves as an essen-

tial regulator for this process by inducing RagA ubiquitination,

which facilitates the interaction of GATOR1 with RagA to hy-

drolyze RagAGTP. Our finding therefore provides the molecular

clue for to how GATOR1 is recruited to RagA to inhibit

mTORC1 signaling during amino acid stimulation.

RagA GTP binding is essential for mTORC1 lysosomal locali-

zation and activation. We reveal that Skp2 is a negative regulator

of RagA GTP binding by recruiting GATOR1 to hydrolyze

RagAGTP. Interestingly, Sestrins have also been identified as

RagA GTP binding negative regulators. Sestrins act as the

GDIs of RagA/B and inhibit the exchange of GDP to GTP upon

amino acid stimulation (Peng et al., 2014). Although both Skp2



and Sestrins inhibit RagA GTP binding and mTORC1 signaling,

Skp2 functions through a negative feedback loop to remove

GTP on RagA and terminate mTORC1 signaling, while Sestrins

inhibit the initial mTORC1 induction through inhibiting the disso-

ciation of GDP. These two mechanisms, theoretically nonover-

lapping, may work together to prevent the hyperactivation of

amino-acid-dependent mTORC1 signaling.

We identify Skp2 E3 ligase as a critical negative regulator of

amino-acid-dependent mTORC1 signaling. It remains to be

determined how mTORC1 promotes Skp2-RagA interaction and

subsequent RagA ubiquitination, thereby eliciting the negative

feedback loop for mTORC1. Previous studies demonstrate that

both mTORC1 and its downstream kinase S6K1 induce nega-

tive feedback regulation of growth-factor-dependent mTORC1

signaling through directly phosphorylating IRS1 (Hartman et al.,

2009; Tzatsos and Kandror, 2006; Um et al., 2004). It is likely

that Skp2 may be phosphorylated through an mTORC1-depen-

dent manner, as Skp2 activity has been shown to be regulated

by protein phosphorylation (Lin et al., 2009). We therefore specu-

late that Skp2 may represent a substrate of an mTORC1-depen-

dent kinase, such as mTOR itself, S6K1, or kinase regulated by

mTORC1, and such phosphorylation may serve as a molecular

switch to initiate amino-acid-dependent negative feedback of

mTORC1.

mTORC1 deregulation leads to cellular abnormalities

including defects in autophagy, cilia growth, and cell size. The

fine-tune control of mTORC1 activity is of significance in main-

taining cellular homeostasis. Our study suggests that Skp2-

mediated K63-linked ubiquitination of RagA may serve as such

a controller. Indeed, we show here that Skp2 deficiency cells

also display enlarged cell size, enhanced cilia growth, and auto-

phagy inhibition, and such phenotypes can be rescued by rapa-

mycin treatment. Our study therefore establishes that Skp2 is a

negative regulator for cell size and cilia formation but serves as

a positive regulator for autophagy through mTORC1 inhibition.

While our study identifies mTORC1 signaling inhibition as a

critical mechanism for Skp2-mediated cell size, clila growth,

and autophagy control, we cannot rule out the possibility that

other pathways regulated by Skp2 may be involved in these

cellular processes. It was shown that Skp2-mediated p27 degra-

dation is also involved in cell-size regulation (Kossatz et al.,

2004). Therefore, it is interesting to understand how these two

pathways may coordinate to regulate Skp2-mediated cell-size

control.

In summary, our study reveals that Skp2-mediated K63-linked

ubiquitination of RagA upon amino acid stimulation serves as a

negative feedback loop to prevent mTORC1 hyperactivation

and to regulate autophagy, cell size, and cilia growth by promot-

ing the recruitment of GATOR1 to the RagA complex. This regu-

latory mode may be globally deregulated in human disorders,

such as age-related syndromes and cancers.
EXPERIMENTAL PROCEDURES

Mouse Models

Genetic Skp2 knockout mice have been described previously (Lin et al., 2010).

For the pretreatment of mice with rapamycin, rapamycin was dissolved in the

solution containing 5% Tween 80 plus 5% PEG400 and injected peritoneally
M

into mice (4 mg/kg) three times per week for 1 month. For histology analysis,

the mouse tissues were fixed in 10% formalin and then embedded in paraffin

before processing via hematoxylin and eosin (H&E) staining, immunohisto-

chemistry staining by standard procedure.

Cell Culture and Materials

HEK293T, MDA-MB-231, PC3, and NIH 3T3 cells were cultured in DMEM

medium supplied with 10% FBS. Primary MEF cells were isolated from day

13.5 mouse embryo and cultured in DMEM medium supplied with 10%FBS.

HA-RagA and HA-RagC plasmids were modified from previous described

constructs (Sancak et al., 2008). Flag-Skp2, pBabe-Skp2, Skp2 LRR mutant,

and His-ubiquitin WT, K48R mutant, and K63 mutant were described previ-

ously (Chan et al., 2012; Yang et al., 2009). RagA-K15R mutant was generated

by site mutagenesis. Antibody to Skp2 is from Invitrogen; antibodies to RagA,

RagC, mTOR, Raptor, phospho-S6K T389 (pS6K), S6K, phospho-S6 S235/

236 (pS6), S6, phospho-4E-BP1 T37/T46 (p4E-BP1), 4E-BP1, LC3B, p18,

and acetylated tubulin are from Cell Signaling; antibody to g-tubulin is from

Abcam; antibody to Nprl3 is from Atlas Antibodies; antibodies to DEPDC5,

Nprl2, ubiquitin, and HRP-conjugated anti-mouse and anti-rabbit secondary

antibodies are from Santa Cruz; antibody to lys63-specific ubiquitin is from

Millipore; antibody to Flag is from Sigma; antibody to HA is from Convance.

Fluorescence-conjugated (Alexa 488 or Alexa 555) anti-mouse and anti-rabbit

secondary antibodies are from Invitrogen. g-aminohexyl-GTP-Sepharose

bead suspension is from Jena bioscience; Ni, nitrilotriacetic acid (NTA); nickel

bead suspension is from Invitrogen; protein agarose A/G bead suspension is

from Santa Cruz.

Amino Acid Starvation and Stimulation

For amino acid starvation, the cells were washed with PBS and replaced with

amino-acid-free RPMI 1640 for 1 hr. For amino acid stimulation, the starvation

mediumwas replacedwith normal RPMI 1640 without FBS for indicated times.

Immunoblotting, Immuoprecipitation, and Immuofluorescence

Cells or mouse tissues were lysed in RIPA buffer in the presence of proteinase

inhibitor cocktail and phosphatase inhibitors (10 mM Na-pyrophosphate,

10 mM Na-glycerophosphate, 50 mM Na-fluoride) and subjected to immuno-

blotting (IB) by indicated antibodies. For immunoprecipitation, the lysates were

incubated with primary antibodies overnight, followed by incubation with pro-

tein agarose A/G beads for 3 hr rotating at 4�C. The beads were washed four

times with lysis buffer and analyzed by IB. For lys63-specific immunoprecipi-

tation, cells were lysed and sonicated in 6M urea buffer containing 50mM Tris,

300 mMNaCl, 0.5%NP40 in the presence of proteinase inhibitor cocktail. The

lysate was then diluted to 4M urea before performing immunoprecipitation. For

the analysis of interactions between RagA, GATOR1, Ragulator, and Skp2, the

cells were treated with crosslinker DSP before lysis as previously described

(Bar-Peled et al., 2012, 2013). For immunofluorescence, cells were fixed for

10 min with 4% PFA, permeabilized for 10 min with 0.3% Triton, blocked for

1 hr with 2%BSA, and incubated with primary antibodies overnight at 4�C, fol-
lowed by incubation with fluorescence-conjugated secondary antibodies for

1 hr at room temperature. The cells were then comounted with DAPI, and all

pictures were taken with confocal microscope. The colocalization percent-

ages of Skp2 and mTOR with Lamp2 were calculated using ImageJ plug-in

JACoP.

In Vivo and In Vitro Ubiquitination Assay

In vivo and in vitro ubiquitination assayswere described previously (Chan et al.,

2012; Yang et al., 2009). For the in vivo ubiquitination assay, HEK293T cells

were transfected with the indicated vectors. After 48 hr, cells were lysed in

the denatured buffer (6M guanidine-HCl, 0.1 M Na2 HPO4/NaH2PO4,

10 mM imidazole) and incubated with NTA, nickel beads for 3 hr rotating at

room temperature, followed by bead washing and IB analysis. For the

in vitro RagA ubiquitination assay, Flag-Skp2 SCF complex and HA-RagA

were purified by immunoprecipitation followed by elution with Flag or HA pep-

tides from HEK293T cells transfected with Flag-Skp2 and HA-RagA, respec-

tively. Purified Flag-Skp2 SCF and HA-RagA were incubated at 37�C for 3 hr

along with E1 (UBE1) and E2 (UbcH5c, UbcH7 and Ubc13/Uev1) in the 20 ml

reaction buffer (20 mM HEPES [pH 7.4], 10 mM MgCl2, 1 mM DTT, 59 mM
olecular Cell 58, 989–1000, June 18, 2015 ª2015 Elsevier Inc. 997
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ubiquitin, 1 mM ATP, 30 mM creatine phosphate, and 1 U of creatine kinase)

and subjected to IB analysis.

GTP Binding Assay

The GTP binding assay was performed as previously described (Stafa et al.,

2012; West et al., 2007; Xiong et al., 2010). Briefly, cells were lysed in the lysis

buffer (13 PBS, 1% Triton) supplied with protein inhibitor cocktail. The lysates

were incubated with g-aminohexyl-GTP-Sepharose beads for 2 hr rotating at

4�C, followed by washing four times with lysis buffer and subjection to analysis

by IB.

Cilia Length Measurement

The 2 3 105 NIH 3T3 cells were seeded in a well of a 2-well chamber slide

(NUNC). From the following day, cilia were induced by serum starvation for

24 hr. Cells were treated with or without 100 nM rapamycin during serum star-

vation. After serum starvation, cells were fixed for 5 min with cold methanol

and blocked for 1 hr with 3% BSA. The cells were then incubated with mouse

anti-acetylated tubulin and rabbit anti-g-tubulin overnight at 4�C, followed by

incubation with anti-mouse and anti-rabbit secondary antibodies conjugated

with Alexa 488 or Alexa 555. Cilia pictures were taken by confocal microscope,

and cilia length was measured by ImageJ software.

Statistic Analysis

Statistical significance was identified by Student’s t test. p values of less than

0.05 were considered statistically significant; **p < 0.01.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and can be found with this

article at http://dx.doi.org/10.1016/j.molcel.2015.05.010.
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