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ArfGAP1 inhibits mTORC1 lysosomal localization
and activation
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Abstract

The mammalian target of rapamycin complex 1 (mTORC1) inte-
grates nutrients, growth factors, stress, and energy status to regu-
late cell growth and metabolism. Amino acids promote mTORC1
lysosomal localization and subsequent activation. However, the
subcellular location or interacting proteins of mTORC1 under
amino acid-deficient conditions is not completely understood.
Here, we identify ADP-ribosylation factor GTPase-activating
protein 1 (ArfGAP1) as a crucial regulator of mTORC1. ArfGAP1
interacts with mTORC1 in the absence of amino acids and inhibits
mTORC1 lysosomal localization and activation. Mechanistically,
the membrane curvature-sensing amphipathic lipid packing sensor
(ALPS) motifs that bind to vesicle membranes are crucial for
ArfGAP1 to interact with and regulate mTORC1 activity. Impor-
tantly, ArfGAP1 represses cell growth through mTORC1 and is an
independent prognostic factor for the overall survival of pancreatic
cancer patients. Our study identifies ArfGAP1 as a critical regulator
of mTORC1 that functions by preventing the lysosomal transport
and activation of mTORC1, with potential for cancer therapeutics.
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Introduction

Multiple stimuli like amino acids, stress, growth factors, and energy

status regulate mTORC1 activity in order to control cell growth and

metabolism (Ben-Sahra & Manning, 2017; Gonzalez & Hall, 2017;

Meng et al, 2018). Importantly, hyperactivation of mTORC1 is often

involved in many human diseases like cancer, obesity, type 2

diabetes, and neurodegeneration (Blenis, 2017; Liu & Sabatini,

2020). When amino acids are limiting, mTORC1 is inactive and

dispersed throughout the cell at an unknown location. In contrast,

elevated amino acids increase mTORC1 lysosomal localization and

subsequent activation (Kim et al, 2008; Sancak et al, 2008).

mTORC1 is then activated downstream of growth factor signaling by

the lysosomal localized small GTPase Ras homolog enriched in

brain (Rheb) (Inoki et al, 2003; Tee et al, 2003; Zhang et al, 2003;

Yang et al, 2017). The last 15 amino acids with a CAAX

(C = cysteine, A = aliphatic, X = terminal amino acid) motif at the

C-terminus of Rheb anchors it to the lysosome (Sancak et al, 2010;

Menon et al, 2014; Yang et al, 2017).

Different amino acids can activate mTORC1 through distinct

signaling cascades and mechanisms. For example, leucine (Leu),

arginine (Arg), methionine (Met), and some other amino acids acti-

vate mTORC1 through the well-characterized Rag GTPase pathway

to mTORC1 (Hara et al, 1998; Kim et al, 2008; Sancak et al, 2008;

Bauchart-Thevret et al, 2010; Zoncu et al, 2011; Chantranupong et al,

2016; Wolfson et al, 2016; Gu et al, 2017; Meng et al, 2020). Four Rag

genes are in mammals (Kim et al, 2008; Sancak et al, 2008). RagA

and RagB are high in sequence similarity and functionally redundant,

whereas RagC and RagD are also highly related in sequence and

functionally redundant. RagA or RagB can form a heterodimer with

RagC or RagD, which is important for mTORC1 activation and the

protein stability of the Rag GTPases (Jewell et al, 2015). RagA or

RagB GTP-bound can interact with Raptor (mTORC1 component) at

the lysosome. In contrast, RagC or RagD GDP-bound forms a hetero-

dimer with the GTP-bound RagA or RagB. Rag GTPase guanine

nucleotide loading is controlled by guanine nucleotide exchange

factors (GEFs) and GTPase-activating proteins (GAPs). A pentameric

complex called the Ragulator and the amino acid transporter solute

carrier family 38 member 9 (SLC38A9) have been shown to act as

GEFs for RagA or RagB (Sancak et al, 2008; Sancak et al, 2010; Bar-

Peled et al, 2012). GATOR1 acts as a GAP for RagA or RagB (Bar-

Peled et al, 2013), whereas folliculin is a GAP for RagC or RagD

(Tsun et al, 2013). In addition, glutamine (Gln) and asparagine (Asn)

activate mTORC1 in a Rag GTPase-independent manner and require

the small GTPase ADP-ribosylation factor 1 (Arf1) (Jewell et al,

2015; Meng et al, 2020). The guanine nucleotide cycling of Arf1 is

important in the regulation of mTORC1 by Gln and Asn. However,

the mechanistic details are still unclear. The GEFs and GAPs involved

in this pathway have yet to be identified. Thus, amino acids activate

mTORC1 through two distinct pathways.
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The subcellular localization is critical for regulating mTORC1

activity (Sancak et al, 2010; Efeyan et al, 2012; Betz & Hall, 2013;

Terenzio et al, 2018). However, it has been a long-standing question

of where mTORC1 is when it is not at the lysosome and how

mTORC1 is trafficked throughout the cell (Betz & Hall, 2013;

Lawrence & Zoncu, 2019). Intracellular trafficking is tightly regulated

by a variety of proteins, with small GTPases being critical players

involved in this process (Itzen & Goody, 2011). Multiple small

GTPases like Rheb, Rags, Rab1A, Rab5, RalA, Rac1, and Arf1 have

been shown to alter mTORC1 lysosomal localization and activity

(Duran & Hall, 2012; Nguyen et al, 2017; Zhu & Wang, 2020). For

example, the Rag GTPases sense multiple amino acids and directly

bind to Raptor, anchoring mTORC1 to the lysosomal surface (Kim

et al, 2008; Sancak et al, 2008; Sancak et al, 2010). Rab1A was shown

to interact with mTORC1, promoting amino acid-induced mTORC1

activity at the Golgi (Thomas et al, 2014). Rab5 disruption leads to

mTORC1 retention on mixed early and late endosomes regardless of

amino acid availability (Flinn et al, 2010; Li et al, 2010). RalA regu-

lates mTORC1 through modulating the activity of phospholipase D in

response to nutrients (Maehama et al, 2008; Xu et al, 2011). Rac1

interacts with mTORC1 and regulates its subcellular localization

(Saci et al, 2011). Arf1 is required for Gln and Asn signaling to

mTORC1 (Jewell et al, 2015; Meng et al, 2020). Small GTPases cycle

between an active GTP-bound and inactive GDP-bound conformation

(Bos et al, 2007). GEFs activate G proteins by promoting the

exchange of GDP to GTP, whereas GAPs act antagonistically to deac-

tivate G proteins by increasing their intrinsic rate of GTP hydrolysis.

It is worth noting that the role of GEFs and GAPs are not solely “acti-

vators” or “inactivators” switches for small G proteins. For example,

GEFs and GAPs can also act as a scaffold or effector in signaling

transduction and cellular processes, extending their potential roles in

regulating cell signaling pathways (Donaldson & Jackson, 2011).

However, it is still not completely clear how mTORC1 localization

and activity are controlled by small GTPases and their regulators.

To further understand the molecular mechanisms by which

mTORC1 is trafficked to the lysosome and activated, we investigated

the role of ArfGAP1 in mTORC1 regulation. Under amino acid star-

vation conditions, ArfGAP1 binds to mTORC1 sequestering mTORC1

away from the lysosome and preventing mTORC1 activation. The

membrane curvature-sensing amphipathic lipid packing sensor

(APLS) motifs of ArfGAP1 are critical for mTORC1 activation.

Furthermore, ArfGAP1 plays a key role in mTORC1-mediated biology

and the overall survival of pancreatic cancer patients.

Results

ArfGAP1 interacts with mTORC1

To identify potential mTORC1-interacting proteins, we immunopuri-

fied the mTORC1 complex from cells using Flag-tagged Raptor. Mass

spectrometry analysis of anti-Flag immunoprecipitates identified

ArfGAP1 as a potential interacting partner of mTORC1. We con-

firmed that HA-tagged ArfGAP1 interacted with endogenous

mTORC1 by immunoprecipitation experiments in HEK293A cells

(Fig 1A). Moreover, immunoprecipitation of an endogenously C-

terminal GFP-tagged Raptor from the near-haploid HAP1 cell line

(Manifava et al, 2016) revealed an endogenous interaction between

ArfGAP1 and mTORC1 (Fig 1B). Thus, ArfGAP1 interacts with

mTORC1 in different cell lines.

Amino acids promote lysosomal localization and activation of

mTORC1 in Rag GTPase-dependent (Kim et al, 2008; Sancak et al,

2008; Sancak et al, 2010) and independent manner (Jewell et al,

2015; Meng et al, 2020). Because the Rag GTPases can directly inter-

act with mTORC1 via Raptor and anchor mTORC1 to the lysosome

(Sancak et al, 2008), we investigated whether the ArfGAP1-

mTORC1 interaction is dependent on the Rag GTPases. Utilizing

either wild-type or RagA/B GTPase knockout (KO) HEK293A cells

that were previously described (Jewell et al, 2015), Flag-tagged

Raptor or HA-tagged ArfGAP1 were overexpressed and immunopre-

cipitates were analyzed (Fig 1C–E). There are four Rag GTPases in

mammals: RagA, RagB, RagC, and RagD (Kim et al, 2008; Sancak

et al, 2008). RagA/B KO cells have depleted levels of RagC/RagD,

because RagC/RagD protein levels are stabilized by RagA/B-RagC/D

heterodimerization. Thus, RagA/B KO cells do not have intact Rag

GTPase complexes (Jewell et al, 2015). Interestingly, ArfGAP1 can

still confer interaction with mTORC1 in the absence of the Rag

GTPases. ArfGAP1 was the first Arf GAP that was cloned

▸Figure 1. ArfGAP1 and mTORC1 interact in cells.

A Human embryonic kidney 293A (HEK293A) cells were transfected with HA-tagged ArfGAP1 or HA-tagged RFP1 as a control for 24 h. Cell lysates were
immunoprecipitated with anti-HA beads. Immunoprecipitates (IP) or whole cell lysate (WCL) samples were probed for HA and the mTORC1 components (mTOR,
Raptor, and mLST8). Vinculin was probed as a control.

B Wild-type (Ctrl) or Raptor endogenously GFP-tagged (Raptor-GFP) HAP1 cells were immunoprecipitated with GFP antibody and protein A/G beads. IP or WCL samples
were probed for GFP and ArfGAP1.

C Flag-tagged Raptor was transfected with HA-tagged ArfGAP1 or HA-tagged RFP1 in wild-type (WT) or RagA/B knockout (KO) HEK293A cells for 24 h. Cell lysates were
immunoprecipitated with anti-Flag beads. IP or WCL samples were probed for HA-tagged ArfGAP1 or HA-tagged RFP1, Flag-tagged Raptor, RagA, RagB, and Vinculin
the loading control.

D RagA/B KO HEK293A cells (control or stably overexpressing Flag-tagged Raptor) were transfected with HA-tagged ArfGAP1 or empty vector for 24 h. Cell lysates were
immunoprecipitated with anti-Flag or anti-HA beads as indicated. IP or WCL samples were probed for HA-tagged ArfGAP1, Flag-tagged Raptor, and other mTORC1
components mTOR and mLST8.

E HEK293A cells were transfected with empty vector (EV) or Flag-tagged Raptor with or without HA-tagged ArfGAP1 for 24 h. Cell lysates were immunoprecipitated
with anti-Flag beads. IP and WCL samples were probed for Flag-tagged Raptor, HA-tagged ArfGAP1, mTOR, and the phosphorylation of mTOR at Serine 2481.

F Schematic of distribution and comparison of domains between human ArfGAP1, ArfGAP2, and ArfGAP3 proteins.
G RagA/B KO HEK293A cells were transfected with HA-tagged ArfGAP1, HA-tagged ArfGAP2, or HA-tagged RFP1 (control) for 72 h. Cell lysates were immunoprecipitated

with anti-HA beads. IP or WCL samples were probed for HA and mTORC1 components mTOR, Raptor, and mLST8. Vinculin was probed as a control.

Source data are available online for this figure.
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(Cukierman et al, 1995; Makler et al, 1995) and has to date been

reported to target and act as a GAP for Arfs 1-5 (Donaldson & Jack-

son, 2011) and leucine-rich repeat kinase 2 (LRRK2) (Stafa et al,

2012; Xiong et al, 2012). There are more than 30 human Arf GAPs,

with ArfGAP2 and ArfGAP3 having the highest sequence similarity

(~30%) to ArfGAP1 (Fig 1F) (Spang et al, 2010). However, co-

immunoprecipitation of HA-tagged ArfGAP2 was unable to interact

with mTORC1, revealing specificity of ArfGAP1 binding to mTORC1

(Fig 1G). Thus, ArfGAP1, but not ArfGAP2, binds to mTORC1 and

this interaction is not dependent on the Rag GTPases.

ArfGAP1 inhibits mTORC1 activation

Some amino acids activate mTORC1 through the Rag GTPase path-

way (Fig 2A left, Appendix Fig S1A and B) (Chantranupong et al,

2016; Wolfson et al, 2016; Gu et al, 2017). In contrast, our labora-

tory has established that Gln and Asn activate mTORC1 through a

Rag GTPase-independent pathway that requires Arf1 (Fig 2A right,

Appendix Fig S1C) (Jewell et al, 2015; Meng et al, 2020). mTORC1

activity is analyzed by the phosphorylation of the well-characterized

mTORC1 substrates S6K1, 4EBP1, ULK1, and the S6K1 substrate S6.

The phosphorylation of S6K1 and 4EBP1 promotes protein transla-

tion, whereas the phosphorylation of ULK1 inhibits autophagy (Bur-

nett et al, 1998; Kim et al, 2011; Jewell et al, 2013; Ben-Sahra &

Manning, 2017). ArfGAP1 has been shown to be a GAP for Arf1

(Donaldson & Jackson, 2011), and we previously reported that the

guanine nucleotide cycling of Arf1 is involved in Gln and Asn signal-

ing to mTORC1 (Jewell et al, 2015; Meng et al, 2020). However, the

mechanistic details of how Arf1 regulates mTORC1 are currently

unknown. Because both the guanine nucleotide cycling of Arf1

(Arf1 GTP-bound and Arf1 GDP-bound) and ArfGAP1 regulate Gln

and Asn signaling to mTORC1, it is possible that ArfGAP1 is

involved in this process. However, overexpression of Arf1, Arf1

GTP-bound, Arf1 GDP-bound, or a fast-cycling Arf1 mutant (Arf1

T161A) could not alter mTORC1 inhibition by ArfGAP1

(Appendix Fig S2A and B). Moreover, treatment with Brefeldin A

(BFA, an Arf1 GEF inhibitor) does not alter the mTORC1-ArfGAP1

complex, suggesting that the Arf1 activity is not involved in the

ArfGAP1-mTORC1 interaction (Appendix Fig S2C).

Because ArfGAP1 interacts with mTORC1, we tested if ArfGAP1

played a role in mTORC1 activation. HA-tagged ArfGAP1 and either

Myc-tagged S6K1 (Fig 2B and C) or Myc-tagged 4EBP1 (EV1A) were

overexpressed in HEK293A cells. Cells were starved of amino acids,

stimulated with different amino acids (Rag-dependent Leu, or Rag-

independent Gln and Asn), and Myc-tagged immunoprecipitates

were analyzed. Interestingly, overexpression of ArfGAP1 inhibited

amino acid-induced mTORC1 activation (Figs 2B and C, and EV1A

and B). Consistently, knocking down ArfGAP1 using short hairpin

RNAs (shRNAs) enhanced mTORC1 activation by Leu, Met, Arg,

Gln, and Asn (Figs 2D and EV1C and D). Following depletion of

▸Figure 2. ArfGAP1 regulates mTORC1 signaling.

A Model of Rag GTPase-dependent and Rag GTPase-independent pathways that signal to mTORC1. Alanine (Ala), arginine (Arg), histidine (His), leucine (Leu), methionine
(Met), serine (Ser), threonine (Thr), and valine (Val) promote mTORC1 lysosomal localization and activation through the Rag GTPase pathway. Glutamine (Gln) and
asparagine (Asn) promote mTORC1 lysosomal localization and activation independently of the Rag GTPases and require Arf1 through an unknown mechanism. Both
pathways require growth factor signaling resulting in Rheb GTP-bound allosterically activating mTORC1.

B Human embryonic kidney 293A (HEK293A) cells were co-transfected with HA-tagged ArfGAP1 or HA-tagged RFP1 (control), together with Myc-tagged S6K1. Cells were
starved of amino acids for 1 h (�AA), and then, 1 mM of leucine (+Leu), glutamine (+Gln), or asparagine (+Asn) was added for 2 h. Immunoprecipitates (IP) or whole
cell lysate (WCL) samples were probed for HA, Myc, and phosphorylated S6K1 at Thr 389 (pS6K1). Vinculin was a loading control.

C Wild-type (WT) or RagA/B knockout (KO) HEK293A cells were co-transfected with HA-tagged ArfGAP1 or HA-tagged RFP1 (control) with Myc-tagged S6K1. Cells were
starved of amino acids (�AA) for 2 h, and then, 4 mM of glutamine (+Gln) or asparagine (+Asn) was added for 2 h. Cell lysates were assessed for mTORC1 activity by
the phosphorylation of S6K1 at Thr 389 (pS6K1) and probed for HA, Myc, S6K1, RagA, RagB, and Vinculin.

D ArfGAP1 was stably knocked down in HEK293A cells using shRNAs against ArfGAP1 (shArfGAP1) or GFP (shGFP) control. Cells were cultured under normal condition
(NC; lanes 1 and 8) or starved of amino acids for 1 h (�AA 1h; lanes 2 and 9), followed by either maintaining in amino acid starvation media (�AA; lanes 3 and 10), or
addition of 1 mM of Leu (+Leu; lanes 4 and 11), Gln (+Gln; lanes 5 and 12), or Asn (+Asn; lanes 6 and 13) for 2 h. mTORC1 activity was analyzed similar to (C). Protein
levels of ArfGAP1 were confirmed by immunoblotting. S6K1 and actin were probed as controls.

E RagA/B KO HEK293A cells were co-transfected with HA-tagged ArfGAP1, HA-tagged ArfGAP2, or HA-tagged RFP1 (control) with Myc-tagged S6K1. Cells were starved of
amino acids (�AA) for 2 h, and then, 4 mM of Gln or Asn was added for 2 h. mTORC1 was analyzed similar to (B). IP or WCL samples were probed for HA, Myc, and
phosphorylated S6K1 at Thr 389 (pS6K1). Actin serve as a loading control.

F RagA/B KO HEK293A cells were transfected with HA-tagged ArfGAP1 for 24 h. Immunofluorescence assay was performed to stain HA-tagged ArfGAP1 (green) and pS6
at Serine 235/236 (red). A representative image of the staining of two channels is shown (scale bar, 20 µm). 8 fields were randomly chosen for quantification analysis,
and total cell numbers are summarized in the table (Fisher’s exact test P < 0.0001). Percentages of pS6-positive cells in each field for HA-tagged ArfGAP1-positive or
ArfGAP1-negative cell populations are illustrated in the bar plot (shown as Mean � SEM; Student’s t-test P = 2.1 × 10�6).

G ArfGAP1 was knocked out using CRISPR/Cas9 in RagA/B KO HEK293A cells. Expression levels of ArfGAP1 in two KO clones (KO-1 and KO-2) were confirmed by
immunoblotting, and mTORC1 activity was analyzed as in (C).

H RagA/B KO HEK293A or RagA/B KO ArfGAP1 KO HEK293A cells were starved of amino acids (�AA) for 2 h and stimulated with 4 mM Gln (+Gln) or Asn (+Asn) for 2 h.
Lysates were analyzed for mTORC1 activity as in (C), and phosphorylation of S6 at Serine 235/236 (pS6) was also analyzed. ArfGAP1 and Actin were probed for as
controls.

I RagA/B KO HEK293A or RagA/B KO ArfGAP1 KO HEK293A cells were starved of amino acids for 1, 2, and 4 h. NC denotes normal condition. Lysates were analyzed as in
(H). “s.e.” and “l.e.” denote short exposure and long exposure, respectively.

J RagA/B KO HEK293A cells (lanes 1, 2), RagA/B KO ArfGAP1 KO HEK293A cells (KO-1) (lanes 3, 4), RagA/B KO ArfGAP1 KO HEK293A cells with HA-tagged ArfGAP1
overexpressed for 24 h (lanes 5, 6) were cultured under normal condition (NC) or starved of amino acids (�AA) for 30 min. mTORC1 activity was analyzed as in (H).

K WT HEK293A cells were co-transfected with HA-tagged ArfGAP1 or HA-tagged RFP1 (control) with Myc-tagged S6K1. Cells were cultured under normal condition (NC),
or starved of serum (-Serum) for overnight and then treated with 100 nM insulin (+Insulin) for 30 min. mTORC1 activity was assessed similar to (C). Cell lysates were
probed for HA, S6K1, phosphorylated S6K1 at threonine 389 (pS6K1), mTOR, phosphorylated mTOR at Serine 2481 (pmTOR), and Vinculin.

Source data are available online for this figure.
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ArfGAP1, mTORC1 activity is less sensitive to amino acid starvation

(Fig 2D; lane 2 versus lane 9). These results suggest that ArfGAP1

inhibits mTORC1 activity. Moreover, not only did ArfGAP2 not

interact with mTORC1 (Fig 1G), overexpression of ArfGAP2 did not

alter mTORC1 activation by amino acids (Figs 2E and EV1A).

mTORC1 activity can also be assessed by immunofluorescence

staining of phosphorylated S6, a S6K1 substrate (Jewell et al, 2015).

Overexpression of HA-tagged ArfGAP1 (green) in cells revealed no

phosphorylation of S6 (pS6) staining (red), whereas cells with high

pS6 did not have HA-tagged ArfGAP1 expressed (Fig 2F). Taken

together, ArfGAP1 regulates the activity of mTORC1.

To further investigate the role of ArfGAP1 in respect to mTORC1

activation, we utilized CRISPR/Cas9 technology and generated two

different clones of ArfGAP1 KO HEK293A cells. ArfGAP1 KO cells

were confirmed by immunoblotting (Fig 2G) and genomic DNA

sequencing (EV1E). Similar to the experiments where ArfGAP1 was

depleted by shRNA (Figs 2D and EV1D), amino acids enhanced

mTORC1 activity, and mTORC1 was resistant to amino acid with-

drawal in ArfGAP1 KO cells (Fig 2H and I). Put-back experiments

were performed re-introducing HA-tagged ArfGAP1 in ArfGAP1 KO

cells. Overexpression of HA-tagged ArfGAP1 in ArfGAP1 KO cells

decreased mTORC1 to similar levels as wild-type cells upon the

removal of amino acids (Fig 2J). As expected, similar to overex-

pression of ArfGAP1 inhibiting amino acid signaling to mTORC1,

overexpression of ArfGAP1 could also inhibit growth factor

(insulin)-induced mTORC1 activation (Fig 2K). mTOR autophos-

phorylation on S2481, which serves as a biomarker for mTORC1

catalytic activity (Soliman et al, 2010), did not appear to signifi-

cantly change after the overexpression of ArfGAP1 (Figs 1E and

2K). Taken together, ArfGAP1 appears to be a negative regulator of

mTORC1 activity.

ArfGAP1 and mTORC1 interact in the absence of amino acids

Increased intracellular amino acid concentrations promote mTORC1

lysosomal localization and subsequent activation from an unknown

location within the cell (Sancak et al, 2008; Betz & Hall, 2013; Lawr-

ence & Zoncu, 2019). Once mTORC1 is at the lysosome, it is acti-

vated allosterically by the small G protein Rheb, which is

downstream of growth factor signaling (Inoki et al, 2003; Tee et al,

2003; Zhang et al, 2003; Yang et al, 2017). Because ArfGAP1 and

mTORC1 interact and co-localize in cells (Figs 1 and 3A), we inves-

tigated whether ArfGAP1 and mTORC1 bound better in the absence

or presence of amino acids. Fluorescence lifetime imaging micro-

scopy (FLIM) combined with Förster resonance energy trans-

fer (FRET; FLIM/FRET) (Fig 3B and C) and Raster image cross-

correlation spectroscopy (ccRICS) (Fig 3D) were used to examine

the interaction between ArfGAP1 and Raptor in live-cells under dif-

ferent nutrient conditions. Specifically, endogenously GFP-tagged

Raptor (Raptor-GFP) via CRISPR/Cas9 and overexpressed mCherry-

tagged ArfGAP1 were observed for live-cell studies in wild-type or

RagA/B KO HAP1 cells. Live-cell FLIM/FRET and ccRICS of GFP-

tagged Raptor with mCherry-tagged ArfGAP1 indicated a small

amount (< 10%) of ArfGAP1-Raptor interaction in cells when amino

acids were present in the media (Fig 3B–D). In contrast, a signifi-

cant increase in the binding between ArfGAP1 and mTORC1 (~15–

35%) was observed in cells that were starved of amino acids

(Fig 3B–D). Thus, ArfGAP1 and mTORC1 appear to co-localize more

under amino acid-depleted conditions.

ArfGAP1 regulates the lysosomal localization of mTORC1

Elevated amino acids promote mTORC1 lysosomal localization and

subsequent activation (Sancak et al, 2008). Currently, it is unclear

where mTORC1 resides when it is not at the lysosome and amino

acids are limiting (Betz & Hall, 2013; Lawrence & Zoncu, 2019).

Because ArfGAP1 co-localizes with mTORC1 under amino acid star-

vation conditions (Fig 3), we hypothesized that ArfGAP1 may regu-

late mTORC1 lysosomal translocation. HA-tagged ArfGAP1 was

expressed in mouse embryonic fibroblasts (MEFs) and mTOR lyso-

somal localization was assessed (Fig 4A). The co-localization of

mTOR (green) and LAMP2 (red) were compared in cells expressing

HA-tagged ArfGAP1 (positive) versus cells not expressing HA-

tagged ArfGAP1 (negative). The expression of ArfGAP1 dramatically

decreased mTOR and LAMP2 co-localization. Consistently, we saw

a significant decrease in mTOR/LAMP2 co-localization in HEK293A

cells when we expressed HA-tagged ArfGAP1, but not HA-tagged

ArfGAP2 (Fig 4B). Consistently, knockdown of ArfGAP1 prevented

▸Figure 3. Live-cell quantification of ArfGAP1-Raptor interaction under different nutrient conditions.

A Left—HA-tagged ArfGAP1 was transfected in RagA/B knockout (KO) human embryonic kidney 293A (HEK293A) cells. Immunofluorescence images of HA-tagged ArfGAP1
(green) and mTOR (red) were assessed for co-localization (scale bar, 5 µm). Right—Line-scan analysis was performed. Yellow line (left) on image measures intensity
along line. Distance across the yellow line is measured in microns.

B Fluorescence lifetime imaging microscopy (FLIM) and Förster resonance energy transfer (FRET) analysis were performed in wild-type (WT, left) or RagA/B KO (middle)
HAP1 cells expressing mCherry-tagged ArfGAP1 and endogenously GFP-tagged Raptor. Cells either had amino acids (+AA) or were starved of amino acids (�AA). At
least 20 cells were analyzed in each group. Box plots show the percentage of pixels with ≥ 30% FRET efficiency of co-transfected cells. RFP1 was expressed and
analyzed as a negative control. The whiskers of the boxplot represent the minimum and maximum values, while the box covers the data between 25th and 75th

percentiles with a line in the middle plotted at the median. Right—Expression level of RagA/B was confirmed by Western blot analysis. Actin was used as a control.
C Phasor analysis was performed for the FLIM/FRET experiments described in (B) in WT (left) or RagA/B KO (right) HAP1 cells expressing mCherry-tagged ArfGAP1 and

endogenously GFP-tagged Raptor. Cells either had amino acids (+AA) or were starved of amino acids (�AA). For each condition, the first panel shows the fluorescence
signal of the green channel. The second panel shows the phasor distribution of GFP (black circle), GFP-tagged Raptor (green circle), and GFP-tagged Raptor plus
mCherry-tagged ArfGAP1 (red circle). The green line indicates where the GFP phasor would fall when containing autofluorescence. The third panel shows spatial
distribution of pixels associated with FRET. Scale bars: 9 µm for WT (left) and 5 µm for RagA/B KO (right) cells, respectively.

D Raster imaging correlation spectroscopy (RICS) analyses were performed for WT (left) or RagA/B KO (right) HAP1 cells expressing endogenously GFP-tagged Raptor
(green curves) with either mCherry-tagged ArfGAP1 (blue curves) or RFP1 as a control (red curves). Auto-correlation (AC) or cross-correlation (CC) curves are shown for
samples in conditions with amino acids (+AA, solid curve) or without amino acids (�AA, dashed curve).

Source data are available online for this figure.
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the dissociation of mTORC1 away from the lysosomes under amino

acid starvation conditions (Fig EV2). In addition, expression of

ArfGAP1 also reduced mTOR localization to lysosomes under dif-

ferent nutrient conditions, such as amino acid starvation and re-

stimulation (Fig 4B). Moreover, HA-tagged Raptor and endogenous

ArfGAP1 co-immunoprecipitated to a stronger extent in amino acid-

depleted conditions (Fig 4C). Based on these results and that deple-

tion of ArfGAP1 renders cells resistance to amino acid withdrawal

(Fig 2D and I), we reasoned that ArfGAP1 may sequester mTORC1

away from the lysosome, where mTORC1 could not become acti-

vated by Rheb. To support this, lysosome immunoprecipitations

(Lyso-IPs) were performed where we immunopurified lysosomes

from HEK293A cells expressing transmembrane protein 192

(TMEM192, lysosome localized protein) (Abu-Remaileh et al, 2017).

ArfGAP1 is not localized at the lysosome, like lysosomal-associated

proteins RagA and the Ragulator component p18 (LAMTOR1), in

amino acid-depleted cells or when cells have amino acids available

(Fig 4D). Forcing mTORC1 to the lysosome near Rheb could

perhaps bypass the inhibitory effect of ArfGAP1 on mTORC1.

Indeed, artificially targeting of mTORC1 to the lysosomal surface by

the addition of the C-terminal lysosomal targeting motif of Rheb

(last 15 amino acids including the CAAX box) to Raptor (Sancak

et al, 2010; Jewell et al, 2015) activated mTORC1 even when

ArfGAP1 was overexpressed (Fig 4E). Thus, ArfGAP1 appears to

play a role in the trafficking of mTORC1 to the lysosome and subse-

quent activation.

ArfGAP1 ALPS motifs are critical for mTORC1 regulation

Next, we investigated different ArfGAP1 regions in respect to inter-

acting with and regulating mTORC1. ArfGAP1 has a conserved Arg

(R50) in the N-terminal catalytic domain (Szafer et al, 2000) impor-

tant for GAP activity and two amphipathic lipid packing sensor

(ALPS) motifs that sense vesicle membrane curvature (Mesmin

et al, 2007) (Fig 5A). To investigate if the catalytic activity of

ArfGAP1 is required for the ArfGAP1-mTORC1 interaction, we

generated an inactive ArfGAP1 by mutating R50 to Lys (R50K)

(Szafer et al, 2000). Similar to the wild-type ArfGAP1, this catalytic

inactive HA-tagged ArfGAP1 (HA-ArfGAP1R50K) could still bind to

mTORC1 (Fig 5B). Next, to determine if ALPS motifs were impor-

tant for ArfGAP1-mTORC1 binding, we mutated the ALPS motifs at

Leu207 to Asp and Val279 to Asp (L207D/V279D). ALPS motifs of

ArfGAP1 are important for the recruitment of ArfGAP1 to vesicles

(Bigay et al, 2003; Bigay et al, 2005), and the L207D/V279D muta-

tion has previously been shown to decrease the interaction of

ArfGAP1 with liposomes in vitro (Mesmin et al, 2007). Interestingly,

the ArfGAP1 vesicle defective mutant (HA-ArfGAP1L207D/V279D) was

unable to interact with mTORC1 in cells (Fig 5C). mTORC1 compo-

nents (Flag-tagged mTOR, Flag-tagged Raptor, and Flag-tagged

mLST8) were immunopurified from cells, and in vitro binding

assays were performed with recombinant GST-tagged ArfGAP1 or

GST-tagged ArfGAP1 L207D/V279D protein (Fig 5D). Interestingly,

mTOR interacted the strongest with both ArfGAP1 and ArfGAP1

L207D/V279D, perhaps indicating a direct mTOR-ArfGAP1 interac-

tion. These results suggest that the membrane curvature-sensing

function, rather than the catalytic activity of ArfGAP1, is critical.

Moreover, these results suggest that the ArfGAP1-mTORC1 complex

may reside on the surface of a vesicle.

The C-terminus of ArfGAP1 has been reported to interact with

two different types of coats involved in intracellular vesicle traf-

ficking, the COPI complex and adaptor protein complex 2 (AP-2)

(Yang et al, 2002; Lee et al, 2005; Bai et al, 2011). Specifically, it has

been reported that amino acids of rat ArfGAP1 301–400 (amino

acids 301–394 of human ArfGAP1) interact with AP-2 and 401–415

(amino acids 395–406 of human ArfGAP1) interact with COPI (Bai

et al, 2011) (Fig 5A). COPI is involved in retrograde transport,

where proteins are transported from the cis Golgi back to the rough

ER (Faini et al, 2013). In contrast, AP-2 is associated with clathrin

▸Figure 4. ArfGAP1 inhibits mTORC1 by preventing its lysosomal translocation.

A Mouse embryonic fibroblast (MEF) cells were transfected with HA-tagged ArfGAP1. Immunofluorescence staining was assessed for HA-tagged ArfGAP1 (blue), mTOR
(green), and LAMP2 (red, lysosomal marker). Left—A representative example of the immunofluorescence staining (scale bar, 10 µm). The top left image shows the
staining of HA-tagged ArfGAP1, with a white outline highlighting the region that is positive for HA-tagged ArfGAP1. This outline was overlaid with the mTOR channel
(top right) and the LAMP2 channel (bottom left). The mTOR and LAMP2 channels were then merged and processed using the Squassh segmentation algorithm (Rizk
et al, 2014; bottom right). The co-localization of mTOR and LAMP2 was analyzed for the region within the outline (HA-ArfGAP1 positive) and the region outside of the
outline (HA-ArfGAP1-negative), respectively. Right—In each microscopy field, the image was processed as described above, and the co-localization between mTOR and
LAMP2 was quantified and normalized by LAMP2-positive puncta using the Squassh algorithm (Rizk et al, 2014). The quantification was performed for the subgroups
of cells that are positively or negatively stained for HA-tagged ArfGAP1, respectively, and compared using Student’s t-test. Columns represent Mean � SEM (N = 3).

B Wild-type (WT) human embryonic kidney 293A (HEK293A) cells were transfected of HA-tagged ArfGAP1 or HA-tagged ArfGAP2 as a control. Cells were cultured under
normal conditions (NC) or starved of amino acids (�AA) for 2 h, and then stimulated with amino acids (+AA) for 1 h. Immunofluorescence analysis was performed for
HA-tagged ArfGAP1, HA-tagged ArfGAP2, mTOR, and LAMP2. In each microscopy field, the co-localization between mTOR and LAMP2 (normalized by the LAMP2-
positive puncta) was quantified for HA-tagged ArfGAP1-positive or -negative or HA-tagged ArfGAP2-positive or -negative cell populations, respectively. Bar plot shows
Mean � SEM (N = 8–10). P values were determined using Student’s t-test, and ns denotes for not significant.

C HEK293A cells were transfected with HA-tag or HA-tagged Raptor. Cells were cultured under normal condition (NC) or starved of amino acids (�AA) for 2 h.
Endogenous ArfGAP1 was immunoprecipitated. IP or whole cell lysate (WCL) samples were probed for HA, ArfGAP1, the phosphorylated S6K1 at threonine 389 (pS6K1),
S6K1, and Actin served as a loading control.

D MIA Paca-2 cells stably expressing Flag-tagged or HA-tagged TMEM192 were cultured under normal condition (NC) or starved of amino acids (�AA) and then
stimulated with 2 mM glutamine and asparagine (+Gln/Asn) for 2 h. HA-tagged TMEM192 was immunoprecipitated with HA beads and IP and WCL were probed for
ArfGAP1, HA, RagA, or p18 (LAMTOR1). Flag, pS6K1 at threonine 389 (mTORC1 activity), S6K1, and Vinculin were probed for as controls.

E RagA/B knockout (KO) HEK293A cells were co-transfected with HA-tagged ArfGAP1 or EGFP (control) with HA-tagged Raptor or HA-tagged Raptor fused with C-
terminus region of Rheb (HA-Raptor-C-Rheb), and Myc-tagged S6K1. Cells were starved of amino acids (�AA) for 2 h, and then, 4 mM of glutamine (+Gln) or
asparagine (+Asn) was added for 2 h. Cell lysate was immunoprecipitated with anti-Myc beads. IP or WCL samples were probed for HA, Myc, and phosphorylated
S6K1 at threonine 389 (pS6K1; mTORC1 activity). Actin served as a loading control.

Source data are available online for this figure.
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and is thought to be involved in endocytosis, forming vesicles at the

plasma membrane that are transported into early endosomes (Faini

et al, 2013). To investigate if binding to any of these coat proteins

may play a role in the ArfGAP1-mTORC1 interaction, we first

attempted to disrupt the AP-2 interaction function of ArfGAP1.

Previous work revealed that when rat ArfGAP1 was mutated at

Phe332Ala/Trp366Ala/Trp385Ala (FWW), ArfGAP1 was deficient in

binding to AP-2 but not COPI (Bai et al, 2011). Rat ArfGAP1 only

shares Phe332 and Trp367 with human ArfGAP1 (Fig EV3A), so we

mutated Phe332 to Ala and Trp367 to Ala (FW) in human ArfGAP1

and assessed the ability of HA-tagged ArfGAP1FW to bind to coat

proteins. As expected, wild-type ArfGAP1 conferred interaction with

both b-COP (a subunit of the COPI complex) and AP-2, whereas the

ArfGAP1 FW mutant did not bind to AP-2 (Fig EV3B). However,

ArfGAP1 FW also failed to interact with b-COP, with the reason

currently unclear. Because the C-terminus of ArfGAP1 (amino acids

395–406 of human ArfGAP1) interacts with COPI (Fig 5A) (Bai et al,

2011), we generated an HA-tagged ArfGAP1 missing the COPI-

interacting domain (HA-tagged ArfGAP11–394). As expected, co-

immunoprecipitation experiments revealed that HA-tagged

ArfGAP11–394 could still interact with AP-2, but not b-COP (Fig 5E).

To determine whether or not the COPI interaction was involved in

ArfGAP1-mTORC1 binding, HA-tagged ArfGAP11–394 was co-

immunoprecipitated and mTORC1 binding was assessed. ArfGAP11–

394 could still confer interaction with mTORC1 (Fig 5F). Thus, COPI

binding is not required for the ArfGAP1-mTORC1 interaction.

We tested if the catalytic activity, ALPS motifs, or COPI binding

domain were required for ArfGAP1 to regulate mTORC1 signaling.

Consistent with the requirement of the ALPS motifs for the

ArfGAP1-mTORC1 interaction, we found that the ALPS motifs are

also crucial for ArfGAP1 to repress mTORC1 signaling, as the

ArfGAP1 ALPS mutant (HA-ArfGAP1L207D/V279D) was unable to

inhibit mTORC1 activation (Figs 5G and EV3C). As for the catalytic

activity of ArfGAP1, expression of HA-tagged ArfGAP1 mutant

(ArfGAP1R50K) and the COPI defective binding mutant of ArfGAP1

(ArfGAP11–394) could still inhibit mTORC1, to some extent (Fig EV3C).

Taken together, the membrane curvature-sensing function is crucial

for ArfGAP1 to regulate mTORC1 signaling.

The membrane curvature-sensing ALPS motifs of ArfGAP1 play a

role in mTORC1 interaction and repression (Fig 5), suggesting that

ArfGAP1 might be on some vesicles when it inhibits mTORC1.

Because ArfGAP1 regulates AP-2 and clathrin-dependent endocyto-

sis (Bai et al, 2011), we investigated if AP-2 or clathrin played a role

in ArfGAP1-mediated mTORC1 repression. We reasoned that if AP-2

or clathrin were required for ArfGAP1 to function, deletion of AP-2

or clathrin would rescue the inhibition of mTORC1 by ArfGAP1

overexpression. However, effective knockdown of clathrin heavy

chain (CHC; Fig EV4A and B) or AP-2 µ subunit (AP2M1; Fig EV4C)

did not affect mTORC1 inhibition by ArfGAP1. Furthermore, knock-

down of other AP-2 subunits did not alter mTORC1 signaling

(Fig EV4D). Clathrin consists of 3 heavy chains and 3 light chains,

and forms the “cage” of vesicles through its triskelion-shape struc-

ture (Faini et al, 2013). AP-2 and other AP complexes are heterote-

tramers consisting of two large subunits or adaptins (a and b for

AP-2), one medium adaptin (µ), and one small adaptin (r) (Sanger
et al, 2019). Because there are multiple AP complexes and they

share similarity in sequences and structure (Sanger et al, 2019), we

tested if ArfGAP1 can also interact with other AP complexes

(Fig EV4E). HA-tagged ArfGAP1, but not HA-tagged ArfGAP2,

bound to five AP complexes (AP-1 to AP-5), indicating potential

involvement of AP complexes other than AP-2. Taken together, AP-

2 complexes do not appear to play a role in ArfGAP1’s ability to

inhibit mTORC1.

ArfGAP1 regulates pancreatic cancer cell growth and predicts
clinical outcomes

We next asked if ArfGAP1 plays a role in human diseases where

mTORC1 is hyperactivated. Given the critical role of mTORC1

signaling in cancer development and progression (Blenis, 2017;

Mossmann et al, 2018; Liu & Sabatini, 2020), we hypothesized that

alterations of ArfGAP1 might be involved in cancer. By analyzing

The Cancer Genome Atlas (TCGA) dataset, we found that ArfGAP1

is a predictive factor for pancreatic cancer. Patients with high levels

of ArfGAP1 have a significant favorable clinical outcome (median

overall survival (OS) = 22.7 months) compared with patients with

▸Figure 5. ALPS motifs are crucial for ArfGAP1 to interact with and inhibit mTORC1.

A Schematic of domain distribution of wild-type human ArfGAP1 (amino acids 1-406) and the COPI defective mutant of ArfGAP1 (amino acids 1-394). Critical residues of
various domains are highlighted.

B RagA/B knockout (KO) human embryonic kidney 293A (HEK293A) cells were transfected with HA-tagged wild-type ArfGAP1, the HA-tagged ArfGAP1 R50K mutant, or
empty vector (EV, control) for 72 h. Cell lysates were immunoprecipitated with anti-HA beads. Immunoprecipitates (IP) or whole cell lysate (WCL) samples were
probed for HA and mTORC1 components (mTOR, Raptor, and mLST8). Vinculin was probed for as a control.

C RagA/B KO HEK293A cells were transfected with HA-tagged wild-type ArfGAP1, HA-tagged ArfGAP1 L207D/V279D, or RFP1 (control) for 24 h. Cell lysates were
immunoprecipitated with anti-HA beads and analyzed as in (B).

D Top—Input of GST, GST-tagged ArfGAP1, and GST-tagged ArfGAP1 L207D/V279D that was used in the in vitro binding assays. Bottom—Flag-tagged mTOR, Flag-tagged
Raptor, and Flag-tagged mLST8 were overexpressed in HEK293A cells. Cell lysates were immunoprecipitated with anti-Flag beads and incubated with either GST
(control), GST-tagged ArfGAP1, or GST-ArfGAP1 L207D/V279D. IP or WCL samples were probed for Flag or GST.

E RagA/B KO HEK293A cells were transfected with HA-tagged wild-type ArfGAP1, 1-394 truncation of ArfGAP1, or RFP1 as a control for 24 h. Cell lysates were
immunoprecipitated with anti-HA beads. IP or WCL samples were probed for HA, AP-2, or b-COP. Actin served as a loading control.

F RagA/B KO HEK293A cells were transfected with HA-tagged ArfGAP1, HA-tagged ArfGAP1 1–394, or RFP1 (control) for 24 h. Cell lysates were immunoprecipitated with
anti-HA beads. Cell lysates were analyzed as in (B).

G RagA/B KO HEK293A cells were co-transfected with HA-tagged ArfGAP1, HA-tagged ArfGAP1 L207D/V279D, or RFP1 (control) together with Myc-S6K1. Cells were
starved of amino acids (�AA) for 2 h, and then, 4 mM of Gln or Asn was added for 2 h. Cell lysate was immunoprecipitated with anti-Myc beads. IP or WCL samples
were probed for HA, Myc, and phosphorylated S6K1 at threonine 389 (pS6K1). Actin served as a loading control.

Source data are available online for this figure.
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lower levels of ArfGAP1 (median OS = 17.0 months) (Fig 6A).

Moreover, after adjusting clinical features that are known to be

associated with pancreatic cancer survival, such as age at diagnosis,

gender, primary tumor site, grade, resection extent, clinical stage,

lymph nodes, ArfGAP1 is still an independent prognosis predictor

for favorable overall survival (Table 1).

To further determine the role of ArfGAP1 in mTORC1-mediated

physiology (Blenis, 2017; Mossmann et al, 2018; Liu & Sabatini,

A

C D

B

Figure 6. ArfGAP1 is associated with more favorite clinical outcome of pancreatic cancer patients and suppresses pancreatic cancer growth.

A TCGA cohort of pancreatic cancer patients were divided into two groups according to the median level of ARFGAP1 mRNA expression. Overall survival was compared
between these two groups, as shown in Kaplan–Meier curves. Median survivals (in months) and log-rank P values are indicated.

B MIA Paca-2 cells were transfected with HA-tagged ArfGAP1 or RFP1 (control) for 4 days, and then, cell numbers were counted. Six replicated wells were counted each
group. Columns represent Mean � SEM. Student’s t-test *P = 0.028.

C Left—Expression levels of ArfGAP1 and phosphorylation of S6K1 (pS6K1) at threonine 389 (mTORC1 activity) were analyzed by immunoblotting in MIA Paca-2 cells
stably expressing short hairpin RNAs (shRNAs) against ArfGAP1 or GFP (control). Vinculin was a loading control. Right—MIA Paca-2 cells stably expressing short
hairpin RNAs (shRNAs) against ArfGAP1 or GFP as a control were treated with mTOR inhibitor Torin 1 (250 nM) or vehicle control for 24 h, and then, cell diameters
were determined using a particle size counter. The curves show the overall distribution of cell size in each group. Mean of average size � SD (N = 4): shGFP Vehicle
19.55 � 0.10, shGFP Torin 1 18.76 � 0.12, shArfGAP1 Vehicle 20.63 � 0.16, shArfGAP1 Torin 1 19.05 � 0.09. Student’s t-test P values: shGFP Vehicle versus shGFP
Torin 1 (P = 4.891E-05), shGFP Vehicle versus shArfGAP1 Vehicle (P = 2.546 E-05), shArfGAP1 Vehicle versus shArfGAP1 Torin 1 (P = 2.38 E-06), and shGFP1 Torin 1
versus shArfGAP1 Torin 1 (P = 0.007).

D MIA Paca-2 cells stably expressing shRNAs against ArfGAP1 or GFP (control) were plated and treated with mTOR inhibitor Torin 1 (250 nM) or vehicle control for 48 h
prior to cell counting. Columns represent Mean � SEM (N = 6). Student’s t-test shGFP Vehicle versus shGFP Torin 1 (P = 2.83 E-07), shGFP Vehicle versus shArfGAP1
Vehicle (*P = 0.025), shGFP Torin 1 versus shArfGAP1 Torin 1 (P = 0.139), and shArfGAP1 Vehicle versus shArfGAP1 Torin 1 (P = 1.22 E-07). “ns” stands for “not
significant”.

Source data are available online for this figure.
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2020) and pancreatic cancer, we expressed ArfGAP1 in HEK293A

cells, the human pancreatic cancer cell line MIA Paca-2, and the

mouse pancreatic cancer cell line mouse PaCa. Cell proliferation

and size was assessed for mTORC1 biology. Consistent with the fact

that mTORC1 promotes cell proliferation and cell size as previously

reported (Fingar et al, 2002; Fingar et al, 2004), we found that

expression of HA-tagged ArfGAP1 significantly reduced cell prolifer-

ation and size (Figs 6B and EV5A–C). In contrast, knockdown of

ArfGAP1 dramatically enhanced cell proliferation and cell size (Figs

6C and D, and EV5D). Treatment of cells with the mTOR inhibitor

Torin1 reversed these phenotypes (Fig 6C and D). Thus, ArfGAP1 is

crucial in the regulation of pancreatic cancer cell growth and is an

independent prognostic factor for clinical outcome of pancreatic

cancer.

Discussion

mTORC1, known as “the master regulator”, promotes protein

synthesis, lipid metabolism, and cell growth (Ben-Sahra & Manning,

2017; Gonzalez & Hall, 2017; Meng et al, 2018). The cellular local-

ization of mTORC1 is critical for its activation, and intracellular

membrane trafficking plays a role in mTORC1 trafficking to and

from the lysosome (Sancak et al, 2008; Flinn et al, 2010; Li et al,

2010; Betz & Hall, 2013; Jewell et al, 2015). Under amino acid-

depleted conditions, mTORC1 is dispersed in a diffused pattern

throughout the cell at an undefined location (Sancak et al, 2008;

Sancak et al, 2010; Bar-Peled et al, 2012). In contrast, in the pres-

ence of amino acids mTORC1 is shuttled to the lysosome where it

interacts with and is activated by Rheb (Sancak et al, 2008; Sancak

et al, 2010; Bar-Peled et al, 2012). How mTORC1 is trafficked to the

lysosome in response to amino acids, and where it is localized in

the cell in the absence of amino acids is currently unclear (Betz &

Hall, 2013).

In this study, we identified ArfGAP1 as a crucial component

involved in amino acid signaling to mTORC1. Our data reveal that

ArfGAP1 interacts with mTORC1 in the absence of amino acids

(Fig 7). Elevated levels of ArfGAP1 potently inhibit amino acid-

induced mTORC1 activation, likely by sequestering mTORC1 away

from the lysosome. Consistently, depletion of ArfGAP1 enhances

mTORC1 lysosomal localization, activation, and signaling. The ALPS

motifs of ArfGAP1, which are required for membrane curvature-

sensing, are critical in order for ArfGAP1 to interact with and regulate

mTORC1 activity. Importantly, ArfGAP1 appears to play a critical role

in mTORC1-mediated biology such as pancreatic cancer.

Rat ArfGAP1 was cloned as the first GAP for Arf proteins

25 years ago (Cukierman et al, 1995; Makler et al, 1995), and the

function of ArfGAP1 has been intensively studied. Most research on

ArfGAP1 is focused on COPI-mediated retrograde membrane traf-

ficking from the Golgi apparatus to ER, where ArfGAP1 serves as a

Table 1. Univariate and multivariate Cox proportional hazards regression models for overall patient survival of TCGA PDAC cohort.

Characteristics

Univariate cox regression Multivariate cox regression

HR (95% CI) P-value HR (95% CI) P-value

Age (Years) 1.02 (1.00–1.04) 0.048 1.03 (1.01–1.05) 0.006

Gender (Male versus Female) 0.77 (0.51–1.16) 0.208

Primary Tumor Site (Head versus Others) 1.76 (0.97–3.18) 0.061

Grade (G3/4 versus G1/2) 1.31 (0.85–2.01) 0.228

Resection (R1 versus R0) 1.71 (1.09–2.67) 0.019 1.58 (0.99––2.53) 0.056

T Stage (T3/4 versus T1/2) 1.20 (0.64–2.26) 0.572

N Stage (N1 versus N0) 1.84 (1.09–3.08) 0.021 1.34 (0.72–2.50) 0.356

Lymph Nodes (Positive versus Negative) 1.08 (1.02–1.14) 0.008 1.06 (0.98–1.14) 0.134

ArfGAP1 (High versus Low) 0.63 (0.41–0.95) 0.029 0.60 (0.39–0.95) 0.027

CI, confidence interval; HR, hazard ratio.
P-values less than 0.05 are considered statistically significant and shown in bold.

Figure 7. Model of ArfGAP1 suppressing mTORC1 lysosomal
translocation and activation.

Amino acids promote the translocation of mTORC1 to lysosomes. On lysosomal
surface, mTORC1 can be activated by the small GTPase Rheb downstream of
the growth factor signaling. In this study, we discovered that ArfGAP1 interacts
mTORC1, likely on some unknown membrane vesicles through its ALPS motifs
(not shown here), and inhibits the lysosomal translocation and activation of
mTORC1.
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GAP for Arf1. Importantly, ArfGAP1 appears to have many more

biological implications. For example, other than acting as a GAP for

Arf1, ArfGAP1 also serves as an effector protein, recruiting cargo

proteins as component of the coat complexes to form vesicles (Yang

et al, 2002; Lee et al, 2005). Second, besides the well-elucidated role

in Arf1 and COPI-mediated Golgi-ER transport, ArfGAP1 is involved

in other processes of membrane trafficking. ArfGAP1 was shown to

promote AP-2-dependent endocytosis, acting as an Arf6 regulator in

AP-2 transport (Bai et al, 2011). In addition, ArfGAP1 has also been

reported to be genetically associated with AP-3 complex in Droso-

phila (Rodriguez-Fernandez & Dell’Angelica, 2015). Third, the GAP

activity of ArfGAP1 is not restricted to Arf family proteins. ArfGAP1

can regulate the GTPase activity of other small GTPases such as

leucine-rich repeat kinase 2 (LRRK2), a critical multi-function

protein associated with Parkinson’s disease (Stafa et al, 2012; Xiong

et al, 2012).

This study shows for the first time that ArfGAP1 regulates

mTORC1 lysosomal localization and subsequent activation. Our

data show that the GAP activity of ArfGAP1 does not appear to be

required for mTORC1 regulation, whereas the ALPS motifs of

ArfGAP1 are critical for both the interaction and activity of

mTORC1. Moreover, altering the guanine nucleotide loading of

Arf1 does not rescue ArfGAP1-induced mTORC1 inhibition.

ArfGAP1 interacts with mTORC1 away from the lysosome in the

absence of amino acids, preventing lysosomal localization and acti-

vation. Unlike other ArfGAPs, ArfGAP1 specifically binds to

membranes on small vesicles through its two unique lipid packing

sensor (ALPS) motifs (Bigay et al, 2003; Bigay et al, 2005; Mesmin

et al, 2007). Mutations in these two ALPS motifs rendered ArfGAP1

unable to interact with and control mTORC1 activity. Thus,

membrane curvature recognition and binding appear to be crucial

for ArfGAP1 to recruit and repress mTORC1. Out of the ~30

mammalian ArfGAPs, ArfGAP1 is the only one that contains ALPS

motifs. ArfGAP2 and ArfGAP3 are closest to ArfGAP1 in sequence

similarity. However, ArfGAP2 and ArfGAP3 do not have ALPS

motifs and have to be recruited to membranes by other proteins

(Jackson & Bouvet, 2014).

Interestingly, a truncated ArfGAP1 (missing the C-terminus

region) that cannot bind to COPI (Rawet et al, 2010; Bai et al, 2011)

is still capable of repressing mTORC1 suggesting that the role of

ArfGAP1 in COPI transport is not required for mTORC1 regulation.

Our data also ruled out the involvement of AP-2 complex in

ArfGAP1’s regulation on mTORC1. However, ArfGAP1 could poten-

tially bind other type of AP complexes when it interacts with and

inhibits mTORC1. Thus, more mechanistic details of ArfGAP1’s role

in inhibiting mTORC1 warrant further investigation in the future.

For example, what specific type of vesicles ArfGAP1 recruits

mTORC1 to and what other proteins are involved. The biochemical

function of ArfGAP1 has been widely studied using in vitro assays.

However, our understanding of the involvement of ArfGAP1 in

physiological settings, particularly in respect to nutrient sensing,

mTORC1 regulation, and human diseases, is rather limited. Here we

found ArfGAP1 as a critical regulator of mTORC1 signaling, cell

growth, and pancreatic cancer. Importantly, expression levels of

ArfGAP1 are an independent prognostic factor for clinical outcome

of pancreatic cancer patients. Thus, our study may provide insights

into novel strategies to perturb mTORC1 activity in pancreatic

cancer treatment.

Materials and Methods

Antibodies and chemicals

The following antibodies were purchased from Cell Signaling Tech-

nology and used at the indicated dilution for Western blot analysis:

phospho-S6K1 (Thr389; #9234, 1:1,000), S6K1 (#9202, 1:1,000),

phospho-mTOR (Ser 2481; #2974, 1:1,000), mTOR (#2972, 1:1,000),

Raptor (#2280, 1:1,000), mLST8 (#3274, 1:1,000), DEPTOR (#11816,

1:1,000), PRAS40 (#2691, 1:1,000), RagA (#4357, 1:1,000), ARFGAP1

(#14608, 1:1,000), phospho-4EBP1 (Ser65; #9451, 1:1,000), Vinculin

(#4650, 1:1,000) and Actin (#3700, 1:100,000). Flag (#F3165,

1:10,000) and b-COP (#G2279, 1: 1,000) were obtained from Sigma.

AP-1 (#sc-398867, 1:1,000), AP-2 Adaptin 1/2 (#sc-17771, 1:2,000),

AP-3 (#sc-136277, 1:1,000), AP-4 (#sc-135835, 1:1,000), CHC (#sc-

12734, 1:1,000), HA (#sc-7392, 1:500) and Myc (#sc-40, 1: 1,000)

were obtained from Santa Cruz. AP-5 (#HPA035693, 1:1,000) anti-

body was obtained from Atlas Antibodies. GFP antibody (#632381,

1:2,000) was obtained from Clontech. Horseradish peroxidase (HRP)

linked secondary antibodies (#NXA931V anti-mouse or #NA934V

anti-rabbit, 1:4,000) were from GE Healthcare.

Antibodies used for the immunofluorescence microscopy experi-

ments: mTOR (#2983, 1:200) and phospho-S6 (Ser235/236) Alexa

Fluor 555 conjugate (#3985, 1:200) were purchased from Cell signal-

ing. HA (#sc-805-G, 1:200) and HA Alexa Fluor 488 conjugate (#s-805

AF488, 1:100) were obtained from Santa Cruz. Alexa Fluor 488 and

647 secondary antibodies (1:200) were obtained from Invitrogen.

Brefeldin A (#B6542), insulin (#I1507) and Torin 1 (#475991)

were from Sigma.

Cell lines and tissue culture

Human embryonic kidney 293A (HEK293A) cells, mouse embryonic

fibroblasts (MEFs), MIA Paca-2 human pancreatic cancer cells, and

mouse pancreatic cancer (mouse PaCa) cells were cultured in high-

glucose DMEM (#D5796 from Sigma). HAP1 human near-haploid

cells were cultured in IMDM (#I3390 from Sigma). All cells were

cultured in media supplemented with 10% FBS (#F2442 from

Sigma) and penicillin/streptomycin (#P0781 from Sigma, 100 units

penicillin and 100 lg streptomycin/ml), and maintained at 37°C

with 5% CO2. RagA/B KO MEFs and HEK293A cells were generated

previously(Jewell et al, 2015). MIA Paca-2 cell line was a generous

gift from Dr. Kim Orth at UT Southwestern Medical Center. The

mouse PaCa cell line is a primary line derived from a LSL-KrasG12D/

+; Trp53fl/fl; Pdx1Cre (KPfC) pancreatic cancer mouse model and was

a generous gift from Dr. Rolf Brekken at UT Southwestern Medical

Center. Wild-type HAP1 and HAP1 endogenously expressing Raptor-

GFP cell lines were generous gifts from Dr. Nicholas Ktistakis at

Babraham Institute (Manifava et al, 2016).

For the generation of RagA/B KO HEK293A cells stably express-

ing Flag-tagged Raptor, a retroviral vector (pQCXIP backbone)

encoding Flag-Raptor was transfected in HEK293A cells, together

with a packaging plasmid pCL10A, and the produced recombinant

retroviruses were collected from the medium 48 h after transfection.

RagA/B KO HEK293A cells were then infected with the recombinant

retroviruses with 5 lg/ml polybrene (TR-1003-G from Millipore),

followed by selection of infected cells using puromycin (5 lg/ml;

#ant-pr-1 from InvivoGen).
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Mouse Paca cells stably overexpressing HA-ArfGAP1 were gener-

ated similarly by infection of lentiviruses produced by co-

transfection of lenti-blast-HA-ArfGAP1 and packaging plasmids

pMD2.G and pSPAX2. Cells were selected using blasticidin (10 lg/
ml; #A1113903 from Thermo Fisher Scientific).

Plasmids and cDNA transfection

The cDNA for human ARFGAP1 (NM_018209.2) was obtained from

the McDermott Center for Human Genetics in UT Southwestern

Medical Center, amplified using Q5 high-fidelity DNA polymerase

(#M0492L from New England Biolabs) and subcloned into SalI and

EcoRI sites of pRK7. An HA tag was fused to the N terminus of the

protein product. HA-RFP1, HA-ArfGAP2, and truncation of HA-

ArfGAP1 were generated similarly. Mutations were introduced by

site-directed mutagenesis. HA-Raptor and HA-Raptor-C-Rheb (Rap-

tor fused to C-terminal of Rheb), HA-tagged wild-type and mutated

Arf1 (GTP-bound and GFP-bound) were previously generated

(Jewell et al, 2015). A Flag tag was fused to Raptor and subcloned

to pRK7 or pQCXIP backbones. All constructs used were verified by

DNA sequencing. HA-ArfGAP1 was subcloned into lentiCas9-Blast

(Addgene #52962 (Sanjana et al, 2014); a kind gift from Feng

Zhang) for lentivirus production and stable cell line generation.

Cells were transfected with plasmid DNA using PolyJetTM DNA

In Vitro Transfection Reagent (#SL100688 from SignaGen Laborato-

ries) according to manufacturer’s instructions. HEK293A cells were

seeded into culture dishes approximately 24 h prior to transfection.

For co-immunoprecipitation experiments, cells were plated in 10cm

dishes and transfected with 6 µg of HA-ArfGAP1 or other plasmids

as indicated. Fresh medium was replaced 6 h after the transfection,

and samples were harvested 24 h later. For co-transfection experi-

ment to test mTORC1 activity, cells were plated in 6-well plates and

co-transfected with 25 ng of Myc-S6K1 and 1–2 µg of HA-ArfGAP1

or other plasmids as indicated. Fresh medium was replaced 6 h after

the transfection. 72–96 h post-transfection, cells were starved of

amino acids and stimulated with indicated amino acids, and

samples were collected for immunoprecipitation.

Amino acid starvation and stimulation of cells

Amino acid-free medium was made following the Sigma (#D5796)

high-glucose DMEM recipe with the exception that all amino acids

were omitted. All experiments with amino acid starvation and stim-

ulation contained 10% dialyzed FBS (#F0392 from Sigma) instead of

regular FBS (#F2442 from Sigma). Amino acid starvation was

performed by replacing regular medium with amino acid-free

medium for indicated time. For amino acid stimulation experiments,

cells were first starved of amino acids for approximately 1–2 h.

Then amino acids were added with indicated concentration and time

points. All amino acids were obtained from Sigma.

Cell lysis and immunoprecipitation

Cells were rinsed with ice-cold PBS and lysed in ice-cold CHAPS

lysis buffer [40 mM HEPES pH 7.5, 10 mM pyrophosphate, 10 mM

glycerophosphate, 2.5 mM MgCl2, 0.3% CHAPS, and EDTA-free

protease inhibitors (#11873580001 from Roche; one tablet per

25 ml)] for the co-immunoprecipitation experiment, or Triton lysis

buffer (1% Triton X-100 instead of 0.3% CHAPS for the above

recipe) for the Myc-S6K1 co-transfection experiment. The soluble

fractions from cell lysates were isolated by centrifugation at 21,000

g for 10 min in a microfuge at 4°C. 50 ll of cell lysate was taken as

an input control. For immunoprecipitations in HEK293A cells,

around 30 ll of anti-HA (#PI88836 from Thermo Fisher Scientific),

Flag (#A2220 from Sigma), or Myc (#20168 from Thermo Fisher

Scientific) beads were added to each sample and incubated with

rotation for 2 h to overnight at 4°C. For HAP1 cells expressing

endogenous Raptor-GFP, GFP antibody was added at 1:85 dilution

at 4°C overnight, followed by 4-h incubation of 40 ll of protein A/G

beads (#PI88802 from Thermo Fisher Scientific). Immunoprecipi-

tates were washed three times with lysis buffer (containing 150 mM

NaCl or 500 mM NaCl for Myc-S6K1 experiment). Immunoprecipi-

tated proteins were denatured by adding around 50 ll of sample

buffer and boiling for 5–10 min, resolved by 10–15% SDS–PAGE,

and analyzed via Western blot analysis.

Lysosome immunoprecipitation

Mia Paca-2 cells stably expressing Flag-tagged or HA-tagged TMEM192

were plated in 2 of 15cm plates for the following conditions: normal

condition (NC), amino acid starvation (�AA), or amino acid starva-

tion plus glutamine/asparagine (+Gln/Asn). Complete media was

used to normalize the cells for 1 h before starvation. Cells were then

starved for 2 h or starved then stimulated with 2 mM Gln/Asn each.

Cells were then collected and immunoprecipitated using HA beads

(Thermo Fisher Scientific, #88836) overnight in CHAPS lysis buffer.

More details for the immunoprecipitation of lysosomes (Lyso-IP) can

be found here (Abu-Remaileh et al, 2017).

Protein purification

The human ArfGAP1 (or ArfGAP1 L207D/V279D) coding sequence

was cloned into a pGEX4T-1 vector containing an N-terminal GST-

tag. Rosetta (BL21 derivative) competent cells were transformed

with either WT pGEX4T-1 ArfGAP1 or a double mutant pGEX4T-1

ArfGAP1 plasmid and plated on LB agar plates containing ampi-

cillin. Plates were incubated overnight at 37°C. The following day,

cells were scraped into a 1 L LB culture containing 100 µg/ml ampi-

cillin and shaken at 220 rpm and 37°C to an OD600 of approximately

0.6 abs units. The cultures were induced with Isopropyl-b-d-1-
thiogalactopyranoside (IPTG) to a final concentration of 400 lM
and shaken for 4 h at room temperature. Cells were pelleted by

centrifugation at 3,000× g for 15 min at 4°C. Resulting pellets were

resuspended in 30 ml of a buffer containing 50 mM Tris–HCl pH

7.5, 150 mM NaCl, 1 mM dithiothreitol (DTT), and 1 mM phenyl-

methylsulfonyl fluoride (PMSF). The resuspended cells were

subjected to lysis via sonication on ice for a total process time of

2 min and 30 s in 30-s pulse intervals with 60 s of rest in between.

The resulting lysate was pelleted by centrifugation at 30,000× g for

30 min at 4°C. The soluble fraction was taken and mixed with

approximately 500 µl of packed Glutathione (GST) beads pre-

washed once with dH2O and once with the resuspension buffer. The

mixture was rocked at 4°C for 30 min. The beads were pelleted by

centrifugation at 800× g for 5 min. The supernatant was aspirated,

and pelleted beads were resuspended in 50 ml of resuspension

buffer for washing. The mixture was rocked at 4°C for 15 min. The
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beads were subsequently pelleted as before, and the wash buffer

was removed. Beads were finally resuspended in 5 ml of an elution

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

DTT, and 12 mM reduced glutathione. The mixture was loaded onto

a column, and the elution was collected. Resulting protein was

concentrated using a 10 kDa centrifugal concentrator, flash-frozen

in liquid nitrogen, and stored at �80°C for future use.

For GST binding assays, HEK293A cells were plated in 3 of

15 cm plates. 5 mg of FLAG-tagged mTOR or Flag-tagged Raptor

plasmid was transiently overexpressed per plate for 24 h. Trans-

fected cells or HEK293A cells stably overexpressing FLAG-tagged

mLST8 were then collected and immunoprecipitated with FLAG

beads (Sigma, #A2220) overnight using CHAPS lysis buffer. Beads

were then washed once in CHAPS lysis buffer and incubated for 1 h

with 1 mg of GST-EV, GST-ArfGAP1 wild type, or GST-ArfGAP1

L207/V279D mutant, then washed twice more in CHAPS lysis

buffer, and Western blot analysis was performed.

Western blot

Cells were rinsed with PBS and lysed with Laemmli sample buffer

(50 mM Tris pH 6.8, 2% SDS, 0.025% Bromophenol Blue, 10% glyc-

erol, 5% BME) and boiled for 5–10 min before separation by 10–15%

SDS–PAGE and transfer to polyvinylidene difluoride membranes

(#162-0177 from Bio-Rad). Blots were then blocked in 5% milk for

1 h, probed with primary antibodies and horseradish peroxidase

(HRP) conjugated secondary antibodies, and developed with SuperSig-

nalTM West Dura Substrate (#34075 from Thermo Fisher Scientific).

Immunofluorescence microscopy

HEK293A cells were seeded in 24-well plates on coverslips (VWR

#89015-725) 1 day prior to experimentation. Coverslips were

pretreated with 5 lg/ml of fibronectin (#F4759 from Sigma) at 37°C

for 1 h, with a quick phosphate-buffered saline (PBS) wash prior to

cell seeding. Cells were transfected with HA-tagged ArfGAP1 for

24 h. For immunofluorescence staining, cells were first briefly

washed with PBS and fixed with 4% paraformaldehyde (#15710

from Electron Microscopy Sciences) in PBS for 20 min, followed by

washing with PBS three times for 5 min each. Cells were then

permeabilized with 0.2% Triton X-100 in PBS for 10 min and

blocked in 2% BSA in TBS-Tween (TBST) for 1 h, followed by

washing with TBST three times for 5 min each. Cells were incubated

for 1 h with primary antibodies (diluted in PBS) and washed with

PBS three times for 5 min each. Cells were incubated for 1 h with

secondary antibodies or primary antibody conjugated with fluores-

cent probe (diluted in PBS), followed by PBS (twice for 5 min each)

and double distilled water wash (twice for 5 min each). Coverslips

were then mounted onto microscope slides (#12-550-15 from

Thermo Fisher Scientific) using ProLong Gold Antifade Reagent with

DAPI (#P36931 from Thermo Fisher Scientific). Images were

captured with a Zeiss LSM 800 confocal microscope. Images

depicted in figures were exported from Zeiss ZEN imaging software.

Individual channels were pseudo-colored using ImageJ prior to

assembling figures. Co-localization analysis was performed using

ImageJ. For Fig 4A and B, the co-localization of mTOR and LAMP2

was analyzed using the Squassh segmentation and analysis algo-

rithm in ImageJ (Rizk et al, 2014).

Lifetime imaging and fluctuation analysis of
Raptor-ArfGAP1 interaction

Fluorescence lifetime imaging microscopy (FLIM) and raster imag-

ing correlation spectroscopy (RICS) data were collected using an

Alba fluorescence correlation spectrometer (ISS, Champaign, IL),

connected to a Nikon TE2000-U inverted microscope (Nikon,

Melville, NY) with x-y scanning mirror and a PlanApo VC 60 × 1.2

NA water objective as previously described (Goo et al, 2018;

Nguyen et al, 2019). Two-photon excitation was provided by a

Chameleon Ultra (Coherent, Santa Clara, CA) tuned to 920 nm for

FLIM data collection, while 1,000 nm was used for RICS experi-

ments to obtain optimal excitation of both fluorophores (laser power

> 1 mM at plane of excitation). Cells were imaged using a tempera-

ture and humidity-controlled stage at 37°C with an objective wrap

heater (Tokai Hit, Fujinomiya, Shizuoka, Japan) to mimic the envi-

ronment of the incubator and minimize temperature drift.

FLIM measurements were obtained with an ISS A320 FastFLIM

box with photomultiplier detector joined to the Ti:Sapphire laser

that created 80 fs pulses at a repetition rate of 80 MHz (H7422P-40,

Hamamatsu, Hamamatsu City, Japan). A 680 nm short-pass filter

(FF01-680; Semrock, Rochester, NY) and dichroic mirror (500/40×,

535lpxr, 645/65 m Chroma, Bellows Falls, VT) was used to spec-

trally filter the emission of the fluorophores with separate photo-

multiplier tubes. Fluorescein, in 0.1 M NaOH, and purified EGFP in

a filtered 5% BSA/PBS solution was used for standardizing lifetimes

(4.0 and 2.95 ns, respectively). Using this method, the fluorescence

lifetimes associated with each pixel are analyzed using the phasor

plot data(Digman et al, 2008). If energy transfer occurs, the GFP

pixels will move into the universal circle due to a shortening of the

donor lifetime. During co-transfection experiments, a control plas-

mid (RFP1) was co-transfected with the Raptor-GFP to establish that

the interaction was not due to the fluorescent protein interacting

with our protein of interest.

RICS was also used to examine the potential alterations in

protein dynamics(Digman et al, 2005; Digman et al, 2008). In short,

we selected 12.8 lm (50 nm/pixel) regions of interest (ROI) for

each cell that encompassed the majority of the cytosol while

attempting to avoid the cell nucleus and plasma membrane. Each

cell analyzed consisted of a frame size of 256 × 256 pixels, a pixel

sampling time of 12.5 ls, and measurement of 100 frames (approxi-

mately 1 min of sampling time per cell). Beam waist (x0) calibra-

tion was performed daily before each experiment by utilizing the

GFP solution standard and was consistently recorded around 0.35–

0.4 lm. SimFCS (obtained from the Laboratory for Fluorescence

Dynamics) was used to analyze all data obtained from the above-

described experiments. Descriptive details on analysis via these soft-

ware packages have been previously described (Digman et al, 2008;

Rossow et al, 2010).

RNA interference

Dicer-substrate short interfering RNAs (DsiRNAs) against ARFGAP1

were obtained from IDT (#hs. Ri.ARFGAP1.13). DsiRNAs were

delivered into Mia Paca-2 cells using Lullaby transfection reagent

(#LL71000 from OZ Biosciences) according to manufacturer’s

instructions. To achieve optimal knockdown efficiency, cells were

transfected again 48 h after first transfection. 24 h after the second

16 of 20 The EMBO Journal 40: e106412 | 2021 ª 2021 The Authors

The EMBO Journal Delong Meng et al



transfection, cells were harvested and analyzed via Western blot

analysis, or split for cell proliferation assays.

For RagA/B KO HEK293A cells and Mia Paca-2 cells, ARFGAP1

was also stably knocked down by short hairpin RNAs (shRNAs).

pLKO lentiviral vectors containing ARFGAP1 shRNAs (from Sigma)

were transfected into HEK293A cells together with packaging plas-

mids pMD2.G and pSPAX2, and the produced recombinant lenti-

viruses were collected from the medium 48 h post-transfection,

followed by 0.45 lm filtering. RagA/B KO HEK293A or Mia Paca-2

cells were then infected with the recombinant lentiviruses with

8 lg/ml polybrene (TR-1003-G from Millipore), followed by selec-

tion of infected cells using puromycin (5 lg/ml; #ant-pr-1 from Invi-

voGen).

Sequences of these DsiRNAs and shRNAs are shown below:

siArfGAP1-1 duplex:

siArfGAP1-1 duplex:

rArUrUrUrGrArCrCrCrArArGrArArUrCrArGrCrArArCrUGC

rGrCrArGrUrUrGrCrUrGrArUrUrCrUrUrGrGrGrUrCrArArArUrGrG

siArfGAP1-2 duplex:

rCrArGrUrUrCrArCrUrArCrGrCrArGrUrArUrCrUrCrUrGGG

rCrCrCrArGrArGrArUrArCrUrGrCrGrUrArGrUrGrArArCrUrGrGrC

siArfGAP1-3 duplex:

rGrCrCrArGrUrUrCrArCrUrArCrGrCrArGrUrArUrCrUrCTG

rCrArGrArGrArUrArCrUrGrCrGrUrArGrUrGrArArCrUrGrGrCrCrG

shArfGAP1-1 (TRCN0000047322):

CCGGGTGCAGGATGAGAACAACGTTCTCGAGAACGTTGTTCTCATC

CTGCACTTTTTG

shArfGAP1-2 (TRCN0000293964):

CCGGGCCAGTTCACTACGCAGTATCCTCGAGGATACTGCGTAGTGA

ACTGGCTTTTTG

RNA extraction, reverse transcription, and real-time PCR

Cells were washed with cold PBS and subjected to RNA extraction

using a RNeasy Plus mini kit (#74104 from Qiagen). RNA samples

(1 lg) were reverse-transcribed to complementary DNA using

iScript Reverse Transcription Supermix (#1708841 from Bio-Rad).

Complementary DNA was then 10× diluted and used for quan-

tification (with GAPDH gene as an internal control) by real-time

PCR, which was performed using iTaq Universal SYBR Green Super-

mix (#172-5121 from Bio-Rad) and the CFX96 real-time PCR system

(Bio-Rad) using predesigned primers from Sigma Aldrich.

Cell proliferation assays

Cells were seeded in 6-well plates or 12-well plates in complete

media. Cell number was counted at indicated time points using an

automated cell counter (Bio-Rad #TC-20). 3–6 replicated wells were

counted per group.

Specifically, MIA Paca-2 cells were transfected with HA-ArfGAP1

or HA-RFP1 as a control in 12-well plates for 4 days prior to cell

counting. 6 replicated wells were counted per group. MIA Paca-2

cells with ArfGAP1 stably knocked down, and control cells were

seeded in 6-well plates at 2 × 104 cells/well and counted at the indi-

cated timepoint. 6 replicated wells were counted per group. After

24 h, cells were treated with either DMSO or 250 nM Torin1 and

again after 48 h and counted on day 2. MIA Paca-2 cells were

doubly transfected with siRNAs against ARFGAP1 and seeded in 12-

well plates at 105 cells/well and counted at 24, 48, and 72 h. 4 repli-

cated wells were counted per group. Mouse PaCa cells stably over-

expressing ArfGAP1 or control cells were seeded in 12-well plates at

3 × 104 cells/well and counted at 24, 48, and 72 h. 6 replicated

wells were counted per group. HEK293A cells were transfected with

HA-ArfGAP1 or HA-RFP1 as a control in 6-well plates, and cells

were counted at 48 and 96 h. Three replicated wells were counted

per group.

Cell size

Wild-type or ArfGAP1 stable knockdown Mia Paca-2 cells were seeded

into 6 cm plates. For ArfGAP1 overexpression, HEK293A cells were

seeded into 6 cm plates and transfected with 4 lg of HA-ArfGAP1 or

HA-RFP1 as a control for 48 h. Cells were harvested by trypsinization

and resuspended in 1 ml PBS, diluted 1:50 with counting solution (iso-

ton, Beckman Coulter), and cell diameters were determined using a

particle size counter (Coulter Z2, Beckman Coulter) with Coulter Z2

AccuComp software. Four replicates were tested for each condition.

Generation of ARFGAP1 knockout cells using CRISPR/Cas9
genome editing

The 20 nucleotide guide sequences targeting human ARFGAP1 were

designed using a CRISPR design tool (Hsu et al, 2013) and cloned

into a bicistronic expression vector (pX459) containing human

codon-optimized Cas9 and the RNA components(Ran et al, 2013)

(Addgene #62988). The guide sequences targeting exon 4 of human

ARFGAP1 are shown below.

Guide1: 50- AGGAGGATTACGATCCTTGC �30

Guide2: 50 -CAGAGCCGCGGCCCTCTTTA �30

The single guide RNAs (sgRNAs) in the pX459 vector (1 lg) were

transfected into RagA/B KO HEK293A cells using PolyJetTM DNA In

Vitro Transfection Reagent according to manufacturer’s instructions.

24 h post-transfection, cells were treated with 5 lg/ml puromycin

(#ant-pr-1 from InvivoGen) for another 24 h until all the untrans-

fected control cells died. Cells were allowed to recover for couple

days prior to single cell sorting into 96-well plate format with

DMEM containing 30% FBS by FACs (UT Southwestern; Flow

Cytometry Core). Single clones were expanded and screened for

ArfGAP1 by protein immunoblotting. Genomic DNA (gDNA) was

purified from clones using the Quick-gDNA prep kit (#D3007 Zymo

Research), and the region surrounding the guide RNA targeting

region was amplified with Q5 high-fidelity DNA polymerase

(#M0492L from New England Biolabs) using the following primers

(linkers containing EcoRI and XhoI restriction sites are underlined):

Forward, CCGGAATTCctgcttgctgtgtctaattctcag;

Reverse, CCGCTCGAGaataaacggtcacagctgctttc.

PCR products were purified using the DNA Clean and Concentra-

tor Kit (#D4006 from Zymo Research) and cloned into pBluescript II

KS+. To determine the indels of individual alleles, at least 10 bacte-

rial colonies were expanded and the plasmid DNA purified and

sequenced.
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Mass spectrometry analysis

For mass spectrometry identification of Raptor-interacting proteins,

Flag-Raptor was immunoprecipitated with the FLAG M2 affinity gel

(#A2220 from Sigma) from RagA/B KO HEK293A cells stably

expressing Flag-tagged Raptor. Four 15 cm plates were collected

and cells lysed in 4 ml of lysis buffer. After centrifugation, cell

lysates were incubated with 50 ll anti-Flag M2-Agarose slurry

(which was pre-blocked with BSA and washed with lysis buffer

before use) for 2 h. After five times of wash with lysis buffer,

immunoprecipitated proteins were eluted with 40 ll of 3XFlag

peptide (#F3290 from Sigma) for 1 h. Elution was repeated and

eluted proteins were pooled, boiled in SDS loading buffer, and

briefly run on 4–15% precast SDS-PAGE gels (#4561094 from Bio-

Rad). Full samples were excised from the gel and analyzed by

mass spectrometry. Samples were reduced with DTT and alkylated

with iodoacetamide, and then digested with trypsin (MS grade)

overnight at 37°C. Tryptic peptides were de-salted via solid-phase

extraction (SPE) prior to mass spectrometry analysis. LC-MS/MS

experiments were performed on a Thermo Scientific EASY-nLC

liquid chromatography system coupled to a Thermo Scientific Orbi-

trap Fusion Lumos mass spectrometer. To generate MS/MS spec-

tra, MS1 spectra were first acquired in the Orbitrap mass analyzer

(resolution 120,000). Peptide precursor ions were then isolated and

fragmented using high-energy collision-induced dissociation (HCD).

The resulting MS/MS fragmentation spectra were acquired in the

ion trap. MS/MS spectral data were searched using Proteome

Discoverer 2.1 software (Thermo Scientific) against entries

included in the Human Uniprot protein database. Carbamidomethy-

lation of cysteine residues (+57.021 Da) was searched as a static

modification and oxidation of methionine (+15.995 Da) and acety-

lation of peptide N-termini (+42.011 Da) were searched as dynamic

modifications. Precursor and product ion mass tolerances of

15 ppm and 0.6 Da were used, respectively. Peptide spectral

matches were adjusted to a 1% false discovery rate (FDR), and

additionally, proteins were filtered to a 5% FDR. The experiment

was performed one time, and there were 245 protein hits. ArfGAP1

was selected to further explore, and we validated ArfGAP1 as a

mTORC1-interacting protein through immunoprecipitation experi-

ments from cells.

Statistical analysis

Statistical analyses were conducted using Prism 7 (GraphPad) and

R. Two-tailed Student’s t-tests were used for comparison between

two groups. Fisher’s exact test (two-sided) was used to analyze the

correlation between HA-ArfGAP1 overexpression and phosphoryla-

tion of S6 in confocal images. For survival analysis of ArfGAP1

expression, RNA-seq data and clinical information of TCGA pancre-

atic cancer cohort were obtained from cBioPortal (http://www.cb

ioportal.org/public-portal/). ARFGAP1 mRNA levels were dichoto-

mized to high and low according to the median expression. Overall

survival (OS) was defined as the elapsed time between diagnosis

and death or the last follow-up. Survival curves were plotted by the

Kaplan–Meier method and compared by the log-rank test. Hazard

ratio (HR) and 95% confidence intervals (CI) were also estimated.

P < 0.05 were considered as statistically significant. Figures were

plotted using Prism 7 (GraphPad).

Data availability

The mass spectrometry data from this study are available at PRIDE

with the accession number PXD024603 (https://www.ebi.ac.uk/

pride/archive/projects/PXD024603).

Expanded View for this article is available online.
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