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Aster-C coordinates with COP I vesicles to regulate
lysosomal trafficking and activation of mTORC1
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Abstract

Nutrient sensing by the mTOR complex 1 (mTORC1) requires its
translocation to the lysosomal membrane. Upon amino acids
removal, mTORC1 becomes cytosolic and inactive, yet its precise
subcellular localization and the mechanism of inhibition remain
elusive. Here, we identified Aster-C as a negative regulator of
mTORC1 signaling. Aster-C earmarked a special rough ER subdo-
main where it sequestered mTOR together with the GATOR2
complex to prevent mTORC1 activation during nutrient starvation.
Amino acids stimulated rapid disassociation of mTORC1 from
Aster-C concurrently with assembly of COP I vesicles which
escorted mTORC1 to the lysosomal membrane. Consequently, abla-
tion of Aster-C led to spontaneous activation of mTORC1 and disso-
ciation of TSC2 from lysosomes, whereas inhibition of COP I vesicle
biogenesis or actin dynamics prevented mTORC1 activation.
Together, these findings identified Aster-C as a missing link
between lysosomal trafficking and mTORC1 activation by revealing
an unexpected role of COP I vesicles in mTORC1 signaling.
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Introduction

The mechanistic target of rapamycin (mTOR) regulates eukaryotic

cell growth and metabolism by sensing changes in environmental

cues, including amino acids, glucose, cholesterol, growth factors,

and various forms of stress (Yuan et al, 2013). Although how

mTORC1 senses and integrates these diverse inputs remains poorly

understood, its interaction with both Rag GTPases and vacuolar-

type H+-ATPase (v-ATPase) play essential roles in sensing amino

acids. Accordingly, the Rag GTPases recruit mTORC1 from an

undefined subcellular location to the lysosomal membrane in

response to amino acid stimulation, triggering its activation in a

Ragulator and v-ATPase-dependent manner (Shaw, 2008). Upon

removal of amino acids, mTORC1 is rapidly released from Rag

GTPases, causing it to become cytosolic and inactive. This “on and

off” process is tightly regulated by a growing family of positive and

negative regulators of mTORC1 signaling, including the GATOR

complexes and a number of GATOR interacting proteins (Saxton &

Sabatini, 2017). In contrast to the “on” process, the molecular

mechanisms underlying the “off” process remain poorly understood,

including the precise subcellular localization of mTOR after its

dissociation from lysosomes (Betz & Hall, 2013). Likewise, little is

known about the mechanic force involved in the shuttling of the

mTOR protein between the cytoplasm and lysosomes.

Aster-C, also known as GRAMD1C (GRAM Domain Containing

1C), is a member of a highly conserved family of proteins that

contain both a GRAM domain and a steroidogenic acute regulatory

protein-related lipid transfer (StART) domain (Fig EV1A) (Besproz-

vannaya et al, 2018). The GRAM domain containing proteins are

known to regulate organelle contacts, whereas the StART domain

is implicated in redistribution of phospholipids to different orga-

nelles in yeast (Gatta et al, 2015). The GRAMD family of proteins

is highly conserved from yeast to humans, suggesting an important

functional role. The yeast orthologue of Aster-C, known as Ltc1,

was recently reported to be an ER-resident protein that regulates

sterol transport and organelle contacts (Besprozvannaya et al,

2018), but the function of mammalian GRAMD proteins remains

elusive. A recent paper also showed that the Aster family

members, including A, B, and C isoforms are involved in lipid traf-

ficking with a high specificity for cholesterol (Besprozvannaya

et al, 2018). Aster-B was specifically required for transport of HDL

cholesterol from the plasma membrane to the endoplasmic reticu-

lum (Sandhu et al, 2018). While we were characterizing proteins

with a StART domain for their lipid transporter activity, we unex-

pectedly identified a key role of Aster-C as a negative regulator of

mTORC1 during nutrient starvation, and revealed a surprising role

of COP I vesicles in lysosomal trafficking and activation of

mTORC1 in mammalian cells.
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Results

Aster-C deficiency leads to hyper-activation of mTORC1 and
defective autophagy

Using CRISPR/Cas9-mediated gene editing technique, we generated

stable C2C12 cells deficient in Aster-C expression to investigate its

function in lipid trafficking. The deletion of Aster-C, which was

confirmed by RT-PCR analysis (Fig EV1F), leads to mTORC1

hyper-activation, as evidenced by increased phosphorylation levels

of both S6K and 4E-BP1, the downstream targets of mTORC1

signaling (Fig 1A, quantified in Fig 1B and C). Surprisingly, abla-

tion of Aster-C also led to constitutive activation of mTORC1 and

resistance to nutrient starvation (Fig 1A and F). The hyper-activa-

tion of mTORC1 was prevented by restoration of Aster-C expres-

sion in the Aster-C KO cells (Fig 1F). Consistent with the findings,

Aster-C deficiency also significantly increased cellular size and

growth rate (Fig EV1B–E).

The mTORC1 complex plays a pivotal role in regulating autop-

hagy in response to changes in nutritional status. We reasoned that

constitutive activation of mTORC1 would impair cellular energy

homeostasis in Aster-C-deficient cells. Indeed, Aster-C deficiency

significantly inhibited autophagic degradation of lipids during star-

vation, leading to massive accumulation of lipid droplets in the lyso-

somes (Fig EV2A, green, highlighted by arrows). Accordingly,

treatment with rapamycin completely mitigated lysosomal lipids

accumulation (Fig EV2A). The defect is likely caused by defective

lysosomal degradation of autophagic cargos as a consequence of

hyper-activation of mTORC1, which is supported by the results from

lysosomal proteolytic degradation analysis (Fig EV2B). In support of

this notion, Aster-C deficiency also led to accumulation of LC3-II

during starvation (Fig EV2C). A recent study demonstrated

that mTORC1 directly inhibits AMPK signaling (Ling et al, 2020).

Consistent with the hyper-activation of mTORC1 in Aster-C KO cells,

the phosphorylation level of ULK1 at S555, a key phosphorylation

site by AMPK (Egan et al, 2011a,b), is significantly lower in Aster-C

KO cells during nutrient starvation (Fig EV2C). Since ULK1 at S555

phosphorylation is required for autophagic initiation, the results

suggest that hyper-activation of mTORC1 also caused defective

autophagy in Aster-C KO cells.

Aster-C coordinates with TSC2 to prevent lysosomal association
and trafficking of mTORC1 during nutrient starvation

As a hallmark of mTORC1 activation, mTOR becomes punctated

and translocated to the lysosomal membrane in response to amino

acid stimulation (Sancak et al, 2010). Consistent with this notion,

we showed that mTOR protein exhibited as a homogenous and cyto-

plasmic pattern during starvation, but quickly became punctated

and co-localized with the lysosomes in response to amino acids, as

shown by the results from confocal imaging analysis of immunoflu-

orescence-stained endogenous mTOR and LAMP1, a lysosome

marker (Fig 1D, arrows indicate the co-localization of mTOR and

LAMP1, and Pearson’s correlation coefficient of mTOR and LAMP1

was quantified in Fig 1E). The results were further confirmed in live

C2C12 cells transiently expressing YFP-mTOR and stained with

LysoTracker Red (Fig EV3A, arrows indicate the co-localization of

mTOR and lysosomes, and the Pearson’s correlation coefficient of

mTOR and lysosomes was quantified in Fig EV3B). In contrast,

ablation of Aster-C caused spontaneous mTORC1 puncta formation

and lysosomal association in nutrient-starved C2C12 cells (Figs 1D

and EV3A, quantified in Figs 1E and EV3B, respectively), further

confirming that mTORC1 was constitutively activated.

The Aster family of proteins were recently shown to play an

important role in cholesterol trafficking from the plasma membrane

to the ER (Besprozvannaya et al, 2018). Since lysosomal cholesterol

is required for mTORC1 activation (Castellano et al, 2017), and the

ER-lysosome contact sites are signaling hubs that enable cholesterol

sensing by mTORC1 (Lim et al, 2019), we next investigated whether

Aster-C regulates mTORC1 activation through its projected role in

ER cholesterol trafficking (Sandhu et al, 2018). Remarkably, Aster-

C-deficient cells remained sensitive to the cholesterol depletion by

methyl-b-cyclodextrin (MCD) and cholesterol stimulation, as indi-

cated by the immunofluorescence analysis of mTOR and LAMP1

(Fig 1G, arrows indicate the co-localization of mTOR and LAMP1),

suggesting that the effect of Aster-C on mTORC1 activation is inde-

pendent from its potential role in cholesterol trafficking. This notion

is further supported by our observation that Aster-C deficient cells

were more sensitive to cholesterol-stimulated mTORC1 activation,

as evidenced by increased phosphorylation levels of both S6K and

4E-BP1 (Fig 1H). Aster-C deficiency also led to increased Akt phos-

phorylation (Fig EV1G), which is likely caused by hyper-growth of

the Aster-C-deficient cells (Fig EV1E). However, overexpression of

Aster-C did not significantly inhibit mTORC1 signaling (Fig EV1H),

suggesting that Aster-C is a negative regulator but not an inhibitor

of mTORC1 signaling.

The phenotype of Aster-C-deficient cells shares remarkable simi-

larity with that of cells deficient in tuberous sclerosis complex 2

(TSC2), an essential inhibitor of mTORC1 signaling (Demetriades

et al, 2014; Menon et al, 2014). TSC2 deficiency caused hyper-acti-

vation of mTORC1 by preventing the release of mTORC1 from the

lysosomes upon amino acid withdrawal (Demetriades et al, 2014).

We next determined a role of Aster-C in regulating the release of the

TSC2 complex in response to amino acid stimulation by confocal

imaging analysis of C2C12 cells immunostained with antibodies to

endogenous TSC2 and LAMP1. As shown in Fig EV4A, TSC2 co-

localized well with LAMP1 during amino acid starvation, but

quickly dissociated from lysosomes in response to amino acid stim-

ulation in C2C12 vector control cells. In contrast, Aster-C deficiency

prevented lysosomal association of TSC2 upon amino acid starva-

tion (Fig EV4A, quantified by Pearson’s correlation coefficient of

TSC2 and LAMP1 in Fig EV4B), further confirming that mTORC1

was hyper-activated by Aster-C deficiency. Consistent with the find-

ings, the phosphorylation level of TSC2 was also significantly higher

in Aster-C KO cells both under amino acid starvation and re-stimula-

tion (Fig EV4C). However, Aster-C did not directly interact with

TSC2, as evidenced by results from co-IP analysis when either

Aster-C or TSC2 was used as the “bait” in HEK293T cells transiently

expressing FLAG-tagged Aster-C (Fig EV4D and E), suggesting

Aster-C indirectly regulates lysosomal association of TSC2.

Aster-C sequesters mTORC1 with the GATOR2 complex at rough
ER during nutrient starvation

To uncover the cellular mechanisms by which Aster-C regulates

mTORC1 activation, we next determined the subcellular localization
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of Aster-C in live C2C12 (Fig 2A) and COS-7 cells (Appendix Fig S1)

transiently expressing GFP-tagged Aster-C and DsRed-ER, an ER

marker protein. The results showed that Aster-C is an ER-resident

protein whose subcellular localization was not regulated by amino

acids. The findings are consistent with a recent report that Ltc1, the

yeast ortholog of Aster-C, is localized at the ER (Murley et al, 2015).

It is widely accepted that mTOR is cytoplasmic during nutrient star-

vation and translocated to lysosomal membranes upon activation.

However, the precise subcellular localization of mTOR during nutri-

ent starvation remains poorly understood. We next carried out

subcellular fractionation analysis in HEK293T cells to determine

whether mTOR and Aster-C co-localize, and if so, whether the co-

localization is regulated by amino acids. HEK293T cells transiently

transfected with FLAG-tagged Aster-C were fractionated into the

cytosol, rough ER (RER), lysosomal, and microsomal fractions by

differential centrifugation, followed by Western blot analysis of

Aster-C, mTOR, WDR24, and Mios (two components of the GATOR2

complex). The blot was also probed with anti-Sec63, LAMP1, and

GAPDH antibodies as biomarkers for the RER, lysosomal, and

cytosolic proteins, respectively. The results showed that Aster-C is

exclusively localized at the RER (Fig 2B), which is consistent with

our findings from confocal imaging analysis (Fig 2A). These results

also indicated that the transiently expressed tagged Aster-C protein

were functional in cells, though it is better to directly detect

subcellular localization of the endogenous Aster-C or generate a cell

line stably expressing Aster-C by lentiviral transduction. Remark-

ably, both mTOR and the GATOR2 complex are predominantly

localized at the RER during amino acid starvation (Fig 2B). In

response to AA stimulation, both mTOR and GATOR2 complex, but

not Aster-C, translocated from the RER to lysosomes both in

HEK293T and C2C12 vector control cells (Fig 2B and C). In contrast,

Aster-C deficiency caused a significant shift of mTOR and WDR24

from the RER fraction to the lysosomal fraction during amino acid

starvation when compared with those in the vector control cells

(Fig 2C). In contrast to vector control cells, amino acids failed to

stimulate translocation of mTOR and WDR24 from the RER to lyso-

somes (Fig 2C).

The findings that Aster-C co-localized with mTOR and compo-

nents of GATOR2 at the RER during starvation prompted us to

investigate whether Aster-C interacts with mTORC1 and its

upstream regulators, including GATOR1 and GATOR2 complexes by

co-immunoprecipitation (co-IP) analysis. Using Myc/FLAG-tagged

Aster-C as the “bait”, we showed that Aster-C specifically interacted

with both the YFP-tagged mTOR transiently expressing in HEK293T

cells (Fig 2D) and the endogenous mTOR protein (Fig 2E and F).

The interaction was diminished in response to amino acid stimula-

tion. Aster-C also interacted with Raptor, but not Rictor, suggesting

that Aster-C specifically interacted with mTORC1, but not the

◀ Figure 1. Aster-C deficiency leads to hyper-activation of mTORC1.

A Western blot analysis of mTORC1 activity in C2C12-Vector (VC) and Aster-C KO (KO) cells in complete medium (CM) and in response to nutrient starvation or
stimulation with amino acids for 30 min.

B, C Statistical analysis of phosphorylated levels of S6K (B) and 4E-BP1 (C) in C2C12-Vector and Aster-C KO cells in CM, under nutrient starvation (�AA) and in response
to stimulation with amino acids (+AA) using ImageJ software. Data are represented as mean � SD (n = 3 biological replicates). *P < 0.05, **P < 0.01 by Student’s
t test.

D Immunostaining of endogenous mTOR and LAMP1 in C2C12-Vector and Aster-C KO cells under nutrient starvation (�AA) and in response to AA stimulation (+AA).
LAMP1 was immunostained as a lysosome marker. Arrows highlight the co-localization of mTOR with LAMP1. Scale bar, 40 lm (Row 1) and 10 lm (Rows 2, 3, 4).

E Statistical analysis of the Pearson’s correlation coefficient of mTOR and LAMP1 in Fig 1D (n = 12–15 cells per group). Data are represented as mean � SD.
***P < 0.001 by one-way ANOVA.

F Western blot analysis of mTORC1 activity in Aster-C KO cells stably re-expressing exogenous GFP-Aster-C under nutrient starvation and AA stimulation. Aster-C KO
cells were transfected with GFP-Aster-C and selected with G418 for 2 weeks.

G Immunostaining of endogenous mTOR and LAMP1 in C2C12-Vector and Aster-C KO cells under cholesterol depletion by treatment with 0.5% MCD for 2 h (�CHOL)
or cholesterol (50 lM) re-stimulation for 1 h (+CHOL). Arrows highlight the co-localization of mTOR with LAMP1. Scale bar, 40 lm (Row 1) and 10 lm
(Rows 2, 3, 4).

H Western blot analysis of mTORC1 activity in C2C12-Vector and Aster-C KO cells in CM, under starvation, cholesterol depletion by treatment with 0.5% MCD for 2 h
or cholesterol (50 lM) re-stimulation for the indicated time.

Data information: Data are representative of at least three independent experiments.

▸Figure 2. Aster-C regulates mTORC1 activity by selectively interacting with the GATOR2 complex.

A Confocal image analysis depicting the co-localization of Aster-C with the ER in C2C12 cells transiently expressing GFP-Aster-C and DsRed-ER under starvation and in
response to AA stimulation. Scale bar, 5 lm.

B Subcellular fractionation analysis of mTOR, GATOR2 complex, and Aster-C localization in HEK293T cells transiently expressing FLAG-Aster-C under starvation and in
response to AA stimulation. LAMP1, Sec63, and GAPDH were used as lysosomal (Lyso), rough ER (RER), and cytosol (Cyto) protein markers, respectively. Microsomal
fraction (Micro) was also used in the blot.

C Subcellular fractionation analysis of mTOR and GATOR2 complex in C2C12-Vector and Aster-C KO cells under starvation and in response to AA stimulation. LAMP1,
Sec63, and GAPDH were used as lysosomal (Lyso), rough ER (RER), and cytosol (Cyto) protein markers, respectively.

D Co-IP analysis of the interaction of Aster-C with exogenous mTOR in response to starvation and AA or insulin stimulation in HEK293T cells transiently expressing the
indicated proteins. Anti-Myc antibody was used for immunoprecipitation.

E Co-IP analysis of the interaction of Aster-C with endogenous mTOR and the GATOR2 complex using FLAG-Sestrin2 (SESN2) as a positive control in HEK293T cells
transiently expressing the indicated proteins. Anti-FLAG antibody was used for immunoprecipitation.

F Co-IP analysis of the interaction of Aster-C with mTOR, the GATOR2 complex, GATOR1 complex, and the Ragulator-Rag complex using FLAG-DEPDC5 as a positive
control in HEK293T cells transiently expressing the indicated proteins. Anti-FLAG antibody was used for immunoprecipitation. Black arrow indicates the RagC protein.

Data information: Data are representative of at least three independent experiments.
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mTORC2 complex (Fig 2E). Using DEPDC5 and Sestrin2 (SESN2) as

positive controls for the GATOR1 complex and the upstream inhi-

bitor of the GATOR2 complex, respectively, for the co-IP analysis,

we showed that Aster-C selectively interacted with multiple compo-

nents of the GATOR2 complex, including the endogenous Mios and

WDR24 (Fig 2E and F). Like mTORC1, these interactions were also

A D

E F

B

C

Figure 3.

6 of 18 EMBO reports 21: e49898 | 2020 ª 2020 The Authors

EMBO reports Jun Zhang et al



weakened by amino acid stimulation. In contrast, Aster-C did not

interact with any components of the GATOR1 complex or the Ragu-

lator-Rag complex, as represented by NPRL2 and RagC, respectively,

in the co-IP analysis (Fig 2F). Together, the findings confirmed the

results from subcellular fractionation analysis, indicating that Aster-

C prevents mTORC1 activation during nutrient starvation, in part,

by selectively interacting with the GATOR2 complex, the positive

regulator of mTORC1.

Aster-C selectively interacts with multiple components of
COP I vesicles

To gain mechanistic insights into how Aster-C regulates mTORC1

trafficking and activity, we next carried out proteomic analysis to

identify Aster-C binding proteins by mass spectrometric analysis.

Using Aster-C as the “bait” for the co-IP analysis and an empty

vector as the negative control, we identified more than 60 Aster-C-

specific binding proteins by mass spectrometric analysis (Table EV1

and Appendix Fig S2). Strikingly, the most abundant Aster-C-

binding proteins are those involved in COP I vesicle assembly and

trafficking, including multiple coatomer proteins (COPA, COPB1,

COPB2, COPE, COPG1, COPG2), non-muscle myosin heavy chain 10

(MYH10), and a family of cytoskeletal proteins involved in the

transport of COP I vesicles. Intriguingly, Aster-C also interacts well

with multiple components of the nuclear pore complex (NPC). NPC

shares its core architecture with that of vesicle-coating complexes,

such as COP I, COP II, and clathrin in budding yeast (Dokudovskaya

& Rout, 2015). Our findings are corroborated by a recent report that

NPC is a part of the SEA complex (Seh1-associated) which consists

of both GATOR1 and GATOR2 subcomplexes in yeast (Doku-

dovskaya & Rout, 2015).

The COP I vesicles mediate both anterograde and retrograde traf-

fic of cargoes between the cis-Golgi and the rough ER (Brandizzi &

Barlowe, 2013). The findings that Aster-C selectively interacts with

multiple components of COP I vesicles raised the question whether

COP I vesicles are also required for lysosomal trafficking and activa-

tion of mTORC1. To provide answers to this question, we first con-

firmed the specificity of the interactions by co-IP analysis. The

results showed that Aster-C indeed selectively binds to the endoge-

nous COPA and COPG (Fig 3A). In contrast, DEPDC5, a component

of the GATOR1 complex which was used as the negative control for

the co-IP analysis, did not bind to either endogenous COPA or COPG

in HEK293T cells transiently expressing FLAG-Aster-C or FLAG-

DEPDC5. Additionally, COPA also selectively interacted with

endogenous mTOR, which was enhanced in response to amino acid

stimulation (Fig 3B). Consistent with our proteomic data, GFP-

COPA also selectively interacted with endogenous COPG (Fig 3B),

suggesting that attachment of a GFP tag to COPA protein did not

affect its biological function. Consistent with these findings, we

further showed that endogenous COPA also specifically interacted

with endogenous mTOR, and the binding affinity was also signifi-

cantly enhanced by amino acid stimulation (Fig 3C). Strikingly,

Aster-C deficiency significantly enhanced the interaction of COPA

and mTOR during nutrient starvation (Fig 3C), suggesting a role for

COP I vesicle in lysosomal trafficking and activation of mTORC1. In

support of this notion, COPA also became punctated and co-loca-

lized well with lysosomes in response to amino acid stimulation, as

shown by the confocal imaging analysis of C2C12 cells transiently

expressing GFP-COPA and stained ER with ER-Tracker Red.

(Fig EV5A), and transiently expressing GFP-COPA and stained lyso-

somes with LysoTracker Red (Fig EV5B).

Aster-C couples COP I vesicles biogenesis with mTORC1
trafficking and activation on lysosomes

COP I-mediated protein traffic begins with vesicle budding, which is

catalyzed by ADP ribosylation factor-1 (ARF1), followed by vesicle

assembly with coatomer proteins, and finally transported by myosin

motors along the actin filaments (Beck et al, 2008). We next deter-

mined whether the binding of mTOR with COPA is required for the

translocation of mTORC1 to lysosomes in live C2C12 cells. Using

GFP-COPA as the surrogate for COP I vesicles, we showed that both

mTOR and COPA exhibited homogeneous and cytoplasmic distribu-

tion during nutrient starvation in live C2C12 cells transiently

expressing YFP-mTOR and GFP-COPA and stained with LysoTracker

Red (Fig 3D). In response to amino acids, COPA became punctated,

and completely co-localized with mTORC1 puncta on lysosomal

membranes, implicating a potential role of COP I vesicles in

mTORC1 trafficking and activation. In support of this notion, Aster-

C deficiency led to spontaneous formation of mTOR puncta which

co-localized with the COPA puncta on lysosomal membranes during

nutrient starvation (Fig 3D, highlighted by arrows, and Pearson’s

correlation coefficient of mTOR/lysosome and COPA/lysosome were

quantified in Fig 3E and F, respectively).

It is generally believed that COPI vesicles are below the resolu-

tion of the conventional light microscopy, which raised an intriguing

question whether COPA puncta became visible only after their asso-

ciation with lysosomes. We answered this question by analyzing the

sequential events of the formation of COPA puncta, mTORC1

puncta, and their association with lysosomes by time-lapse confocal

◀ Figure 3. COP I vesicle assembly is required for the trafficking, activation and lysosomal association of mTORC1.

A Co-IP analysis of the interaction of Aster-C with COPA and COPG in response to starvation and AA stimulation using FLAG-DEPDC5 as a negative control in HEK293T
cells transiently expressing the indicated proteins. Anti-FLAG antibody was used for immunoprecipitation. Black arrow indicates the COPG protein.

B Co-IP analysis of the interaction of COPA with mTOR in HEK293T cells transiently expressing GFP-COPA in response to starvation and AA stimulation. Anti-GFP
antibody was used for immunoprecipitation. Black arrow indicates the COPG protein.

C Co-IP analysis of the interaction of COPA with mTOR in C2C12-Vector and Aster-C KO cells in response to starvation and AA stimulation. Anti-COPA antibody was
used for immunoprecipitation.

D Confocal imaging analysis depicting the co-localization of YFP-mTOR (yellow) with GFP-COPA (green) and lysosomes (red) in live C2C12-Vector and Aster-C KO cells
in response to nutrient starvation and re-stimulation by AA. Arrows highlight co-localization of mTOR, COPA, and lysosomes. Scale bar, 20 lm.

E, F Statistical analysis of the Pearson’s correlation coefficient of mTOR/Lysosome (E) and COPA/Lysosome (F) in Fig 3D (n = 10–12 cells per group). Data are represented
as mean � SD. ***P < 0.001 by one-way ANOVA.

Data information: Data are representative of at least three independent experiments.
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Figure 4. COP I vesicle moves with mTORC1 to the lysosome surface upon amino acid stimulation.

Time-lapse confocal imaging analysis of the co-localization of YFP-mTOR (red) with GFP-COPA (green) and lysosomes (blue) in live C2C12 cells under nutrient starvation
(0 min), and in response to AA re-stimulation for indicated time (0.5, 2, 6 and 8 min). Arrows highlight COPA puncta that were co-localized with mTOR or COPA puncta alone
prior to their association with mTOR and lysosomes. Scale bar, 5 lm.

Data information: Data are representative of two independent experiments.
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microscopy in live C2C12 cells transiently expressing GFP-COPA

and YFP-mTOR, and stained with LysoTracker Red. The results

showed that COPA promptly became punctated in response to

amino acid stimulation. It seems that a few COPA puncta formed

prior to their association with mTORC1 or lysosomes in the begin-

ning of amino acid stimulation (Fig 4, bottom panel, highlighted by

arrows). In contrast, mTORC1 puncta never appeared alone but

always associated with COPA. Moreover, a few mTORC1 puncta

already became visible prior to their lysosomal association, as

examined by time-lapse confocal imaging analysis in live COS-7

cells (Movie EV1). All COPA and mTORC1 puncta were fully associ-

ated with lysosomes at later stage of stimulation. Together, these

findings suggest that COPA formed puncta with mTORC1 prior to

their association with lysosomes.

COP I vesicle assembly is required for mTORC1 activation

During COP I vesicle-mediated protein transport, the assembly of

the coat complexes and the selection of cargo proteins must be

coordinated with the subsequent translocation of vesicles from the

donor to an acceptor compartment (Brandizzi & Barlowe, 2013).

ARF1 is a small GTPase that is required for the assembly of COP I

vesicles by inducing membrane curvature and polymerization of

coat proteins (Beck et al, 2008). A previous study showed that

ARF1 is also required for mTORC1 activation and lysosomal local-

ization by glutamine (Jewell et al, 2015). Intriguingly, ARF1 also

directly interacts with vacuolar v-GTPase, which is required for

mTORC1 activation in yeast (Dechant et al, 2014). Yeast vacuoles

are equivalent to mammalian lysosomes, raising the possibility that

ARF1 may coordinate COP I vesicle assembly with nutrient sensing

by mTORC1 on the lysosomal membranes. We tested this possibil-

ity by determining whether ARF1 is required for mTORC1 activa-

tion. Indeed, treatment of cells with brefeldin A (BFA) or Exo-2,

two small-molecule inhibitors of ARF1, significantly inhibited

mTORC1 activity, as evidenced by confocal imaging analysis of the

lysosomal association of mTOR in live C2C12 cells transiently

expressing YFP-mTOR (Fig 5A), and also by decreased phosphory-

lation of both S6K and 4E-BP1 (Fig 5B and C). These results were

consistent with the previous study in which BFA inhibited gluta-

mine induced mTORC1 activation and localization to the lyso-

somes (Jewell et al, 2015). We also generated ARF1 knockout

C2C12 cells by using CRISPR/Cas9 gene editing and investigated

the role of ARF1 in mTORC1 activation. ARF1 deficiency prevented

mTORC1 activation, as evidenced by decreased phosphorylation of

S6K and 4E-BP1 (Fig 5D), and decreased the co-localization of

mTOR with lysosomes (Appendix Fig S3) upon amino acid stimula-

tion. Consistent with the findings, inhibition of COP I vesicle

assembly by BFA or Exo-2 also prevented the COPA puncta forma-

tion and association with lysosomes, as evidenced by results from

confocal imaging analysis of C2C12 cells transiently expressing

GFP-COPA and stained with LysoTracker Red (Fig 5E, and the

Pearson’s correlation coefficient of COPA and lysosomes was quan-

tified in Fig 5F).

Aster-C coordinates with non-muscle myosin II to regulate mTOR
trafficking by COP I vesicles

MYH10, also known as non-muscle myosin IIB heavy chain, is

required for both COP I vesicle budding and retrograde actin flow

(Duran et al, 2003). MYH10 is one of the most abundant Aster-C-

binding proteins (Table EV1). Consistent with the finding, Aster-C

specifically interacted with the endogenous MYH10, as evidenced

by results from co-IP analysis in HEK293T cells transiently express-

ing FLAG-Aster-C (Fig 6A). The binding affinity was enhanced by

inhibition of COP I vesicle assembly with BFA, yet diminished by

inhibition of MYH10 with blebbistatin (BBS). Treatment with BFA

or BBS also significantly decreased the binding affinity of Aster-C

with WDR24 and MIOS (Fig 6A), further supporting the notion that

Aster-C serves as a potential docking site for COP I vesicles. Consis-

tent with this notion, the binding affinity of Aster-C with COPA is

not affected by either BFA or BBS (Fig 6A).

We next questioned whether the binding of Aster-C with

MYH10 is required for the sequestration of mTORC1 during starva-

tion. Using mouse embryonic fibroblasts (MEFs) from the MYH10

knockout mice (Takeda et al, 2003), we showed that MYH10 defi-

ciency caused mTORC1 hyper-activation, as evidenced by

increased S6K and 4E-BP1 phosphorylation in MEFs (Fig 6B).

Conversely, restoration of MYH10 expression in MYH10 KO MEF

cells normalized the mTORC1 activity in response to amino acid

stimulation (Fig 6C). Consistent with these findings, inhibition of

MYH10 by BBS caused spontaneous formation of mTORC1 puncta

which co-localized with those of COPA, as revealed by results from

confocal imaging analysis of live C2C12 cells transiently expressing

GFP-COPA and YFP-mTOR (Fig 6D, and the Pearson’s correlation

coefficient of mTOR and COPA was quantified in Fig 6E). Our find-

ings are consistent with the phenotype of the MYH10 knockout

mice which exhibited dilated cardiomyopathy and enlarged

cardiomyocytes size (Takeda et al, 2003), since mTORC1 hyper-

activation is implicated in various forms of dilated cardiomyopathy

(Sciarretta et al, 2014).

◀ Figure 5. Inhibition of ARF1 attenuates the activation of mTORC1 by amino acid stimulation.

A Confocal imaging analysis depicting the lysosomal association of mTOR in response to AA stimulation in the presence or absence of BFA (10 lM) or Exo-2 (10 lM)
in live C2C12 cells transiently expressing YFP-mTOR and stained with LysoTracker Red. Scale bar, 20 lm.

B, C Western blot analysis of mTORC1 activity in C2C12 cells in CM, in response to nutrient starvation and AA stimulation in the presence or absence of BFA (10 lM)
(B) or Exo-2 (10 lM) (C).

D Western blot analysis of mTORC1 activity in C2C12-Vector and ARF1 KO cells in CM, in response to nutrient starvation and AA stimulation.
E Confocal imaging analysis depicting COPA puncta (green) formation and co-localization with lysosomes (red) in live C2C12 cells transiently expressing GFP-COPA

and stained with LysoTracker Red in response to nutrient starvation and AA stimulation in the presence or absence of BFA (10 lM) or Exo-2 (10 lM). Arrows
highlight co-localization of COPA with lysosomes. Scale bar, 5 lm.

F Statistical analysis of Pearson’s correlation coefficient of COPA and lysosomes in Fig 5E (n = 10–15 cells per group). Data are represented as mean � SD.
***P < 0.001 by one-way ANOVA.

Data information: Data are representative of at least three independent experiments.
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Disruption of actin filaments assembly prevents
mTORC1 activation

ARF1-dependent polymerization of actin is required for COP I vesi-

cle trafficking. Accordingly, nutrients stimulate robust formation of

actin filaments (Jacinto et al, 2004), whereas ablation of Rac1, a

member of the Rho GTPase family that coordinates with ARF1 in

cytoskeletal assembly, inhibits mTORC1 activation (Saci et al,

2011). These findings prompted us to test the hypothesis that actin

polymerization is also required for mTORC1 activation in response

A

D

E

B

C

Figure 6.
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to amino acid stimulation. The results showed that mTOR rapidly

became punctated, as expected, in response to amino acid stimula-

tion. However, most of the puncta were closely associated with the

actin filaments, suggesting a role of actin filaments in mTOR activa-

tion (Fig 7A, as shown by arrows). In support of this notion, treat-

ment with latrunculin-B (LA-B), an actin polymerization inhibitor,

not only disrupted actin filaments, but also prevented mTORC1

puncta formation (Fig 7A). Our findings are consistent with a previ-

ous report that rapamycin inhibits cytoskeleton reorganization (Liu

et al, 2010). The findings were further supported by results from

immunofluorescence analysis which showed LA-B treatment inhib-

ited mTORC1 activation and localization with lysosomes (Fig 7B),

as well as from Western blot analysis which showed that LA-B treat-

ment inhibited mTORC1 activity in both complete medium (CM)

and in response to amino acid stimulation after nutrient starvation,

as demonstrated by decreased phosphorylation of mTOR, S6K, and

4E-BP1 in C2C12 cells (Fig 7C). Furthermore, the binding affinity of

Aster-C with MYH10, but not COPA, was diminished by LA-B treat-

ment, as demonstrated by co-IP analysis (Fig 7D). Likewise, treat-

ment with cytochalasin D (Cyto-D), another cell-permeable and

potent inhibitor of actin polymerization, also disrupted interaction

of Aster-C with MYH10 (Fig 7D).

Discussion

In the present study, we identified Aster-C as a novel regulator of

mTORC1 signaling during nutrient starvation. Aster-C is a member

of a family of proteins that are recently implicated in cholesterol

trafficking from the cell membrane to the ER (Sandhu et al, 2018).

In the process, we also revealed an unexpected role for COP I vesi-

cles in lysosomal trafficking and activation of mTORC1, which is

supported by multiple lines of evidence. We showed that Aster-C

prevents mTORC1 activation during nutrient starvation by seques-

tering mTOR and the GATOR2 complex at the RER, and amino acids

stimulated translocation of mTORC1 from the RER to lysosomes. In

support of this notion, Aster-C deficiency led to retention of

mTORC1 at the lysosomes during nutrient starvation. The findings

are further supported by results from the co-IP experiment which

demonstrated that Aster-C directly binds to mTORC1 and multiple

components of the GATOR-2 complex during nutrient starvation,

and such bindings were diminished in response to amino acid stim-

ulation. Consequently, Aster-C deficiency resulted in constitutive

activation of mTORC1 and defective lipophagy which can be miti-

gated through inhibition of mTORC1 by rapamycin. Moreover, this

function of Aster-C is independent of its projected role of cholesterol

trafficking, since Aster-C-deficient cells remain highly sensitive to

cholesterol-stimulated mTORC1 activation. In further support of

Aster-C as a negative regulator of mTORC1, ablation of Aster-C also

prevented lysosomal association of TSC2, a hallmark of mTORC1

inactivation, during nutrient starvation.

One of the major unresolved issues in mTOR research is its precise

subcellular localization. The mTORC1 complex quickly dissociates

from lysosomes and becomes cytoplasmic in response to amino acid

depletion. However, its precise localization during nutrient starvation

remains elusive, although mTOR has been identified in various orga-

nelles, including the ER, mitochondria, Golgi, and nucleus (Betz &

Hall, 2013). We resolved this important issue in the present study by

identifying Aster-C as a key determinant for subcellular localization

of mTOR during nutrient starvation. Accordingly, we showed that

Aster-C is an ER-resident protein on the rough ER membrane where it

co-localized with mTOR and multiple components of the GATOR2

complex, the positive regulator of mTORC1, during nutrient starva-

tion. Amino acids potently stimulated the dissociation of mTORC1

together with the GATOR2 proteins from Aster-C as large puncta prior

to their translocation to the lysosomes. Our findings are further

corroborated by a recent report that the yeast Ltc1 protein, an ortho-

logue of Aster-C, also localized at a special ER membrane domain

that partitioned the upstream regulators of the TORC1 and TORC2,

although the precise role of Ltc1 in regulating mTOR signaling

remains poorly understood (Murley et al, 2017).

COP I vesicles are commonly recognized for their roles in mediat-

ing both anterograde and retrograde traffic of cargoes between the

cis-Golgi and the rough ER (Brandizzi & Barlowe, 2013). Emerging

evidence also supports a dynamic role of COP I vesicles in regulat-

ing protein and mRNA traffic to other organelles, including mito-

chondria, lysosomes, and lipid droplets (Gabriely et al, 2007).

However, the potential involvement of COP I vesicles in mediating

mTORC1 trafficking to lysosomes has not been reported. In this

study, we identified for the first time a key role of COP I vesicles in

lysosomal trafficking and activation of mTORC1 in response to

amino acid stimulation. Accordingly, we showed that mTORC1

became punctated only after its association with COP I vesicles,

which presumably allows COP I to escort mTORC1 to the lysosomal

surface. Consistent with this notion, we further showed that amino

acids potently stimulated the biogenesis of COPA puncta concur-

rently with translocation of mTORC1 to the lysosomal membrane.

These findings are consistent with the suggested role for cargo

proteins in directly stimulating COP I vesicle assembly (Gomez-

Navarro & Miller, 2016).

COP I vesicle biogenesis is controlled by ARF1, a small GTPase

of the Ras superfamily. In further support of COP I as the mediator

◀ Figure 6. Aster-C coordinates with non-muscle myosin to regulate mTORC1 trafficking and activation.

A Co-IP analysis of the interaction of Aster-C with COPA, MYH10, WDR24, and Mios in HEK293T cells transiently expressing the indicated proteins in response to
treatment with brefeldin A (BFA, 10 lM) and/or blebbistatin (BBS, 10 lM), inhibitors of ARFs and MYH10, respectively. Anti-FLAG antibody was used for
immunoprecipitation.

B Western blot analysis of mTORC1 activity in wild-type (WT) and MYH10 KO MEF cells cultured in CM, or in response to starvation and AA stimulation.
C Western blot analysis of mTORC1 activity in MYH10 KO MEF cells with stably re-expressed exogenous mCherry-MYH10 in response to starvation and AA stimulation.

MYH10 KO MEF cells were transfected with mCherry-MYH10 and selected with G418 for 2 weeks.
D Confocal imaging analysis depicting COPA puncta (green) formation and co-localization with mTOR (red) in live C2C12 cells transiently expressing GFP-COPA and

YFP-mTOR in response to nutrient starvation in the presence or absence of BBS (10 lM). Arrows highlight the co-localization of mTOR with COPA. Scale bar, 20 lm.
E Statistical analysis of the Pearson’s correlation coefficient of mTOR and COPA in Fig 6D (n = 10–12 cells per group). Data are represented as mean � SD.

***P < 0.001 by Student’s t test.

Data information: Data are representative of at least three independent experiments.
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Figure 7. Actin filament is required for the trafficking and activation of mTORC1.

A Confocal imaging analysis depicting mTOR puncta (green) formation on actin filaments (red) in COS-7 cells transiently expressing YFP-mTOR in response to AA
stimulation in the presence or absence of latrunculin B (LA-B, 100 nM). Actin filaments were stained using BODIPYTM 558/568-Phalloidin. Arrows indicate the
association of mTOR with actin filaments. Scale bar, 5 lm.

B Immunostaining of endogenous mTOR and LAMP1 in C2C12 cells under amino acid starvation (�AA), or in response to AA stimulation (+AA) in the presence or
absence of LA-B (100 nM). Scale bar, 20 lm.

C Western blot analysis of mTORC1 activity in C2C12 cells in CM, in response to nutrient starvation and AA stimulation in the presence or absence of LA-B (100 nM).
D Co-IP analysis of the interaction of Aster-C with COPA and MYH10 in the presence or absence of LA-B (100 nM) or cytochalasin D (Cyto-D, 250 nM) in HEK293T cells

transiently expressing FLAG-Aster-C. Anti-FLAG antibody was used for immunoprecipitation.

Data information: Data are representative of at least three independent experiments.
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of mTORC1 trafficking, we showed that inhibition of ARF1 not only

abolished COP I vesicle biogenesis, but also prevented mTORC1

activation and lysosomal association. The findings are consistent

with the previously reported role of ARF1 in glutamine-stimulated

lysosomal mTORC1 localization and activation (Li et al, 2010;

Jewell et al, 2015). Additionally, our proteomic analysis demon-

strated that Aster-C specifically binds to multiple coatomers of COP

I vesicles. The binding is postulated to prevent COP I vesicle biogen-

esis during nutrient starvation, since Aster-C deficiency leads to

constitutive COP I vesicle formation as well as spontaneous associa-

tion of mTORC1 with lysosomes. Moreover, Aster-C also binds to

multiple components of the NPC which is a part of the SEA complex

in yeast that consists of both GATOR1 and GATOR2 subcomplexes

(Dokudovskaya & Rout, 2015).

Vesicular trafficking is intrinsically linked to the activity of

myosin motors and actin dynamics, both of which are regulated by

ARFs. ARFs integrate COP I vesicle biogenesis with cytoskeleton

activity through remarkably diverse mechanisms, ranging from the

recruitment of effectors and coat proteins to the integration of vesicu-

lar transport with cytoskeleton assembly (Myers & Casanova, 2008).

Specifically, ARF1 integrates COP I vesicle budding with retrograde

actin flow (Duran et al, 2003). Inhibition of ARF1 by BFA not only

abolishes COP I vesicle biogenesis, but also profoundly affects non-

muscle myosin activity and F-actin remodeling (Le et al, 2013).

Consistent with the projected roles of ARFs, we further showed that

Aster-C specifically binds to MYH10. The binding is abolished by

inhibition of myosin II activity by BBS. Moreover, ablation of

MYH10 leads to spontaneous COPA puncta formation and mTORC1

activation. These defects are highly reminiscent of those caused by

Aster-C deletion, further implicating a role of MYH10 in regulating

mTORC1 trafficking by COP I vesicles.

COP I vesicle biogenesis is coordinately regulated by the assem-

bly of actin filaments, as ARFs are also important regulators of

actin cytoskeleton dynamics in a variety of actin-based processes.

In final support of COP I in regulating mTORC1 traffic, we showed

that amino acids stimulated the trafficking of mTORC1 concur-

rently with the remodeling of actin filaments. Disruption of actin

polymerization by latrunculin B also prevented phosphorylation of

S6K and 4E-BP1 proteins in response to stimulation by amino

acids. As latrunculin B is used for the treatment of various cancers,

it is interesting to note that Aster-C expression levels are negatively

correlated with the prognosis of human renal cancer (Appendix Fig

S4). The findings lend further proof to Aster-C being a negative

regulator of mTORC1, since mTORC1 hyper-activation is

commonly associated with the pathogenesis of most cancers.

Finally, our findings are corroborated by previous reports that

mTOR and actin dynamics are mutually regulated. Accordingly,

mTORC2 has been shown to control F-actin remodeling, whereas

inhibition of mTORC1 by rapamycin disrupts cytoskeleton reorga-

nization (Jacinto et al, 2004; Liu et al, 2010). Likewise, nutrients

stimulate robust formation of actin filaments (Jacinto et al, 2004),

whereas ablation of Rac1, a member of the Rho GTPase family that

cooperates with ARF1 in cytoskeletal assembly, inhibits mTORC1

activation (Saci et al, 2011).

Taken together, these findings support our hypothetical model that

Aster-C defines a special subdomain on the RER membrane where it

sequesters mTOR during nutrient starvation. Accordingly, amino acids

potently stimulate the dissociation of mTORC1 from Aster-C

concurrently with assembly of COP I vesicles which escort mTORC1

together with the GATOR2 complex to the lysosomal membrane.

Consequently, depletion of Aster-C or inhibition of retrograde traf-

ficking by non-muscle myosin IIB disrupts the cycling process, leading

to constitutive activation of mTORC1 on the lysosomal membrane.

Materials and Methods

Reagents

L-glutamine (#8540), L-leucine (#L8912), L-Isoleucine (#I7403), L-Argi-

nine (#A5131), Bafilomycin A1 (#B1793), Brefeldin A (#B6542), Insulin

(I1507), Rapamycin (#37094), phosphatase inhibitor cocktail 2

(#P5726) and phosphatase inhibitor cocktail 3 (#P0044) were from

Sigma. DSP (#22585), LysoTrackerTM Red DND-99 (#L7528), LysoTrack-

erTM Green DND-26 (#L7526), LysoTrackerTM Blue DND-22 (#7525),

Hoechst 33342 Solution (#62249), CellMaskTM deep red plasma

membrane stain (#C10046), SYBRTM green PCR master mix (#4309155).

DQTM red BSA (#D12051), and Protein A/G Agarose (#20421) were from

Thermo Fisher Scientific. Blebbistatin (#ab120425) and Fluoroshield

mounting medium with DAPI (#ab104139) was from Abcam. EDTA-

free protease inhibitors (#11873580001) and X-tremeGENETM HP DNA

transfection reagent (#6366236001) were from Roche. ViaFectTM trans-

fection reagent (#E4982) was from Promega.

peYFP-C1-mTOR (#73384), DsRed2-ER-5 (#55836), mCherry-

MyosinIIB-N-18 (#55107), pRK5-FLAG-DEPDC5 (#46340), and

pRK5-FLAG-Sestrin2 (#72595) were from Addgene. Myc/DDK-Aster-

C (#MR207298) and GFP-Aster-C (#MG207298) were from Origene.

GFP-COPA was a gift kindly provided by Dr. Masayuki Matsushita

(University of the Ryukyus, Japan).

Anti-phospho-S6K (T389, #9205), S6K (#9202), phosphor-mTOR

(S2448, #2971), mTOR (#2972), mTOR (#2983), phosphor-4E-BP1

(T37/46, #2855), 4E-BP1 (#9644), Sestrin2 (#8487), RagA (#4357),

RagC (#9408), MIOS (#13557), MYH10 (#8824), phosphor-Akt (S473,

#4060), phosphor-Akt (T308, #13038), Akt (#9272), phosphor-TSC2

(T1462, #3611), TSC2 (#4308), phosphor-ULK1 (S555, #5869), ULK1

(#8054), Raptor (#2280), Rictor (#2114), and b-actin (#4967) antibod-

ies were from Cell Signaling. Anti-COPA (#ab18122), anti-Arf1

(ab58578), anti-LAMP1 (#ab25245), and anti-Sec13 (#ab168824) anti-

bodies were from Abcam. Anti-GAPDH (#sc-32233) antibody was from

Santa Cruz. Anti-c-Myc agarose affinity gel antibody (#A7470) and

FLAG antibody (#F3165) were from Sigma. Anti-Sec63 antibody was

from Novus Biologicals (#NBP2-30405). Anti-Myc antibody was a gift

kindly provided by Dr. Zhijie Chang (Tsinghua University, China).

Secondary antibodies used in Western blots and immunofluorescent

staining: HRP-conjugated Goat anti-Rabbit IgG Fc secondary antibody

(#31463) and HRP-conjugated Goat anti-Mouse IgG (H+L) secondary

antibody (#31430) were from Thermo Scientific. HRP-conjugated

mouse monoclonal SB62a anti-rabbit IgG light chain (#ab99697) was

from Abcam. CyTM3 affinity Pure donkey anti-rat IgG (H+L) (#712-165-

150) and FITC affinity Pure donkey anti-rabbit IgG (H+L) (#711-095-

152) were from Jackson ImmunoResearch.

Cell lines and tissue culture

C2C12, HEK293T, and COS-7 cells were maintained at 37°C with

5% CO2, cultured in high-glucose DMEM (Sigma, Cat#D5796)
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supplemented with 10% FBS (Atlanta Biologicals, Cat#S11550H)

and 50 lg/ml penicillin/streptomycin (Invitrogen Cat#15140122).

Wild-type and Myosin IIB knockout MEF cells were kindly provided

by Dr. Robert S. Adelstein (NIH/NHLBI) and cultured in high-

glucose DMEM supplemented with 10% FBS, 1× MEM amino acids

(Invitrogen, Cat#11130051), 1× MEM non-essential amino acids

(Invitrogen, Cat#11140050) and 50 lg/ml penicillin/streptomycin.

Generation of Aster-C KO and Arf1 KO cells using CRISPR/Cas 9
gene editing

Aster-C or Arf1 genes were knocked out in C2C12 cells by transfect-

ing CRISPR/Cas9 mouse plasmids from Santa Cruz (#sc-424667 and

#sc-424667-HDR for Aster-C, Cat#419186-KO-2 and Cat#419186-

HDR-2 for Arf1) using Viafect Transfection Reagent (Promega,

Cat#E4982), and then purified through GFP and RFP fluorescence by

the UT Health San Antonio Flow Cytometry Core. Cells were then

kept under selection with 5 lg/ml puromycin (Santa Cruz, Cat#sc-

205821). Vector control cells were created by transfecting C2C12

cells with an empty pBABE-puro vector backbone (Addgene, plamid

ID: 1764,) and selected and kept in culture medium with 10 lg/ml

puromycin.

RNA extraction, reverse transcription, and real-time PCR

Aster-C gene expression in C2C12-Vector and Aster-C KO cells was

measured by quantitative real-time PCR. In brief, cells were

seeded on 6-well plates for 24 h and then washed once with ice-

cold PBS. Total RNA was then extracted using TRIzol reagent

(Invitrogen, Cat#15596018). 2 lg of total RNA was reverse-tran-

scribed to complementary DNA (cDNA) using SuperScript IV

reverse transcriptase (Invitrogen, Cat#18090010). cDNAs were

then used as templates for quantification of Aster-C gene expres-

sion by real-time PCR analysis, which was performed using SYBR

green PCR master mix (Thermo Fisher Scientific, Cat#4309155)

and the 7300 Real-Time PCR System (Applied Biosystems).

GAPDH was used as the internal control. The primers used in

PCR are shown below:

Aster-C: Forward: 50-CCACAGATTTGGGCTTCGAG-30

Reverse: 50-CACATTCAGCAGAACGAGCA-30

GAPDH: Forward: 50-GACTTCAACAGCAACTCCCAC-30

Reverse: 50- TCCACCACCCTGTTGCTGTA-30

Cell treatment, nutrient starvation, and re-stimulation

For nutrient starvation, C2C12, HEK293T, COS-7, and MEFs cells

were starved in a standard Krebs Ringer Phosphate HEPES medium

(KRPH, 140 mM NaCl, 2 mM Na2HPO4, 4 mM KCl, 1 mM MgCl2,

1.5 mM CaCl2, 10 mM HEPES, pH 7.4) for 1 h unless otherwise

indicated. For insulin stimulation experiments, cells were stimulated

with 100 nM of insulin in complete medium, or starved in KRPH for

1 h first and then stimulated with 100 nM of insulin for 30 min. For

amino acid stimulation experiments, cells were starved in KRPH for

1 h unless otherwise indicated and then stimulated with 2× MEM

amino acids (50× MEM amino acids were diluted to 2× in KRPH

with 8 mM of L-glutamine and adjusted pH back to 7.4), or a

mixture of L-leucine (800 lM), L-glutamine (4 mM), and L-arginine

(400 lM) in KRPH for 30 min (for Western blot and co-immunopre-

cipitation experiments) or 10 min (for live cell confocal imaging

experiments). For cholesterol depletion, cells were incubated with

DMEM containing 0.5% methyl-beta cyclodextrin (MCD) supple-

mented with 0.5% fatty acid free BSA for 2 h. For cholesterol re-

stimulation, the sterol-depleted cells were incubated with DMEM

containing 50 lM cholesterol pre-complexed with 0.1% MCD for

indicated time. For Rapamycin treatment, cells were treated with

100 nM of Rapamycin under normal culture conditions for 30 min,

or starved in KRPH for 1 h prior to the addition of 100 nM of Rapa-

mycin for 30 min. For brefeldin A (BFA) treatment, cells were first

starved in KRPH for 30 min and then treated with 10 lM BFA for

1 h, followed by stimulation with or without amino acids as

described above for 30 min. For Exo-2 treatment, cells were

cultured in as stated previously or subjected to nutrient starvation

for 1 h, followed by stimulation with amino acids in the presence or

absence of 10 lM Exo-2 for 30 min.

Cell transfection

COS-7 and HEK293T cells were transfected with plasmid DNA

using X-tremeGENE HP DNA transfection reagent, while C2C12

cells were transfected using ViaFect transfection reagent in

antibiotic free medium according to the manufacturer’s instruc-

tions. For transfection, cells were plated in either 6-cm culture

dishes (for Western blot and confocal imaging experiments) or

10-cm culture dishes (for co-immunoprecipitation experiments).

24 h later cells were transfected with either individual or a

combination of plasmids as indicated in each experiment, and a

total of 2.5 or 10 lg of plasmid DNA was transfected into cells

cultured in 6-cm dishes or 10-cm dishes, respectively. Fresh

medium was added 6 h after transfection. For Western blot and

co-immunoprecipitation experiments, cells were treated as indi-

cated in each experiment after 48 h of transfection. For confocal

imaging experiments, cells were sub-cultured and plated on

35 mm glass bottom imaging dishes (Fluorodish, Cat#FD35) after

24 h of transfection and cultured for another 24 h prior to

confocal imaging.

Immunofluorescence

C2C12-Vector and Aster-C KO cells were starved for 1 h in KRPH

buffer and then stimulated with amino acids 30 min. Cells were

then washed with 1× PBS and fixed by neutral buffered 10% forma-

lin solution. After permeabilization with 0.1% Triton X-100 in PBS,

cells were blocked in 1% BSA in PBS with 5% normal donkey

serum for 1 h at RT, and then incubated with anti-mTOR (Cell

Signaling, Cat#2983) or anti-TSC2 (Cell Signaling, Cat#4308) and

anti-LAMP1 (Abcam, Cat#ab25245) primary antibodies overnight at

4°C. Cells were then washed again with 1× PBS 3 times and incu-

bated with the FITC donkey anti-rabbit IgG (Jackson ImmunoRes,

Cat#711-095-152) and CyTM3 donkey anti-rat IgG (Jackson Immu-

noRes, Cat#712-165-150) secondary antibodies for 1 h at RT. After

wash with 1× PBS for 3 times, the cell nucleus were stained with

mounting medium with DAPI (Abcam, Cat#ab104139). For

immunostaining of exogenous Aster-C in COS-7 cells, cells trans-

fected with GFP-COPA and FLAG-Aster-C were fixed, permeabilized
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and blocked as above. Cells were incubated with anti-FLAG anti-

body (Sigma, Cat#F3165) overnight at 4°C and then incubated with

CyTM3 donkey anti-mouse IgG (Jackson ImmunoRes, Cat#715-165-

150) secondary antibody for 1 h at RT. Cells were imaged using

Zeiss LSM710 confocal microscope. Zeiss ZEN Blue was used for

image processing and analysis.

Live cell fluorescence labeling and confocal imaging

For live cell confocal imaging analysis, cells were plated on 35-mm

glass bottom imaging dishes. On the day of the experiments, cells

were stained with the appropriate dyes as indicated. In summary,

nuclei were labeled with 500 nM Hoechst 33342 for nuclei; lyso-

somes were labeled with either LysoTrackerTM Red DND-99

(100 nM), LysoTrackerTM Green DND-26 (100 nM), or LysoTrackerTM

Blue DND-22 (100 nM); Lipid droplets were stained using BODIPYTM

650/665-X (ThermoFisher, Cat#D10001) according to the manufac-

turer’s instructions. A Zeiss LSM710 confocal microscope with a 63×

oil inverted objective was used for live cell imaging. For nutrient

starvation and amino acid stimulation, cells were starved for 1 h in

2 ml of KRPH and then treated with 1 ml KRPH containing a 3×

concentration of amino acids (2.4 mM of L-leucine, 12 mM of L-

glutamine and 1.2 mM of L-arginine), which brought the final

concentration of AA to 1×. Following the addition of amino acids,

confocal images were acquired either immediately, after 10 min, or

for the indicated times in the case of time-lapse. For actin staining,

cells were fixed in 10% neutral formalin solution and then stained

using BODIPYTM 558/568-Phalloidin (ThermoFisher, Cat#B3475)

according to the manufacturer’s instructions. Zeiss ZEN Blue and

ImageJ software (NIH, RRID:SCR_003070) were used for image

processing and analysis.

Subcellular fractionation

HEK293T and C2C12 cells were collected and re-suspended in

hypotonic extraction buffer (10 mM HEPES, pH 7.8, 1 mM EGTA,

and 25 mM KCl) for 20 min on ice. Cells were then homogenized

in isotonic extraction buffer (10 mM HEPES, pH 7.8, 250 mM

sucrose, 1 mM EGTA, and 25 mM KCl) and centrifuged at 800 g

for 10 min at 4°C. The post nuclear supernatants were centrifuged

at 12,000 g for 15 min at 4°C. The supernatants, which were the

post mitochondrial fraction (PMF), were incubated with 8 mM

CaCl2 for 15 min on ice and then centrifuged at 8,000 g for 10 min

at 4°C. The pellets were the rough ER (RER) fractions, and the

supernatants were centrifuged at 20,000 g for 30 min at 4°C. The

pellets were the lysosome fractions, and the supernatants were

further centrifuged at 100,000 g for 1 h at 4°C to get the cytosol

fractions (supernatants) and the microsome fractions (pellets).

Equal amount of total protein in each fraction was loaded to SDS-

PAGE for immunoblot analysis.

Cell lysis and immunoprecipitation

HEK293T cells were transfected with plasmids as indicated in each

experiment using X-tremeGENETM HP DNA transfection reagent

according to the manufacturer’s instructions. After 48 h of trans-

fection, cells were starved, re-stimulated with amino acids, or

treated with BFA or BBS as described above. Cells were then

rinsed twice with ice-cold PBS and lysed in ice-cold NP-40 lysis

buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,

0.5% NP-40, 1 mM PMSF, and one tablet of EDTA-free protease

inhibitors per 50 ml). The soluble fractions from cell lysates were

isolated by centrifugation at 13,000 g for 10 min at 4°C. Protein

concentration was measured using PierceTM BCA protein assay kit

(Thermo Fisher, Cat#23225). For immunoprecipitations, primary

anti-Myc or anti-FLAG antibody was added to an equal amount of

total protein from each lysate and incubated with rotation for 2 h

at 4°C. 30 ll of a 50% slurry of protein A/G sepharose beads was

added and continuously incubated with rotation at 4°C overnight.

The immunoprecipitates were then washed five times with lysis

buffer, and 30 ll SDS sample buffer was added to the precipitates

and boiled for 5 min to denature the proteins. The eluates were

then resolved by 10% SDS-PAGE and analyzed by Western blot

analysis.

Lysosomal proteolytic degradation assay

C2C12-Vector and Aster-C KO cells were treated with DQ-red-BSA

(10 lg/ml) at 37°C for 2 h. After the extracellular DQ-red-BSA was

removed, cells were nutrient starved in KRPH buffer for 4 h. The

DQ-red-BSA exhibited red fluorescence upon cleavage and was

detected by fluorescent spectrophotometer and normalized by total

protein.

Stable re-expression of exogenous Aster-C in C2C12-Aster-C KO
cells and MYH10 in MYH10 KO MEF cells

C2C12-Aster-C KO cells and MYH10 KO MEF cells were transfected

with GFP-Aster-C or mCherry-MYH10 expressing plasmids, respec-

tively. Cells were then selected with G418 (200 lg/ml) for 2 weeks.

The selected colonies were expanded and the exogenous protein

expression was verified by Western blot analysis.

Protein mass spectrometry

HEK293T cells were transfected with Myc/DDK-Aster-C or Vector

plasmids as described above. After 48 h of transfection, cells were

starved in KRPH for 1 h. Cell lysates were prepared as described

above. 50 ll of anti-c-Myc agarose affinity gel beads were added to

an equal amount of total protein of each lysate and incubated with

rotation overnight at 4°C. The beads were then washed five times

with lysis buffer. The immunoprecipitates were eluted off the anti-

c-Myc antibody affinity beads by adding 50 ll SDS sample buffer

and boiled for 5 min, resolved on 4–12% NuPage gels (Invitrogen),

and stained with Blue Silver stain (Invitrogen). Each lane in a gel

was sliced into 6 pieces, and the proteins in each gel slice were

digested overnight with trypsin. The resulting digests were then

analyzed by mass spectrometry at the UT Health San Antonio Mass

Spectrometry Core.

Quantification and statistical analysis

Data were routinely represented as mean � SD. Statistical signifi-

cance was assessed by Student’s t test or one-way ANOVA using

GraphPad Prism 6.0. Differences were considered statistically signif-

icant at P < 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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Data availability

No data were deposited in a public database.

Expanded View for this article is available online.
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