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SNAT7 regulates mTORC1 via macropinocytosis
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Mammalian target of rapamycin complex 1 (nTORC1) senses amino acids to control
cell growth, metabolism, and autophagy. Some amino acids signal to mTORC1
through the Rag GTPase, whereas glutamine and asparagine activate mTORCI1
through a Rag GTPase-independent pathway. Here, we show that the lysosomal gluta-
mine and asparagine transporter SNAT7 activates mMTORCI1 after extracellular protein,
such as albumin, is macropinocytosed. The N terminus of SNAT7 forms nutrient-
sensitive interaction with mTORCI1 and regulates mTORCI activation independently
of the Rag GTPases. Depletion of SNAT?7 inhibits albumin-induced mTORCI lysoso-
mal localization and subsequent activation. Moreover, SNAT7 is essential to sustain
KRAS-driven pancreatic cancer cell growth through mTORCI. Thus, SNAT7 links
glutamine and asparagine signaling from extracellular protein to mTORC1 indepen-
dently of the Rag GTPases and is required for macropinocytosis-mediated mTORC1
activation and pancreatic cancer cell growth.
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Cells have an inherent capability to sense nutrient availability and when this sensing
mechanism is disrupted, the results can be catastrophic to the organism. Nutrient sens-
ing is imperative to sustain normal cell growth and proliferation (1-4). One of the
most significant players in this process is the mammalian target of rapamycin (mTOR),
a conserved Ser/Thr protein kinase that is a key component of a multisubunit protein
complex called mTOR complex 1 (mTORC1). This complex is responsible for inte-
grating nutrients, such as amino acids and growth factors to regulate cell growth,
autophagy, and other mTORCI-mediated events. Importantly, hyperactivated
mTORCI is frequently observed in many human diseases including cancer, obesity,
type 2 diabetes, neurodegeneration, and metabolic disorders.

Multiple stimuli control mTORCI, like growth factors, amino acids, energy status,
and stress. Amino acids are the most potent and vital stimuli for mTORCI activation.
For example, growth factor signaling cannot effectively activate mTORC1 without
amino acids (5). Elevated amino acids promote mTORCI lysosomal localization. Once
mTORCI is at the lysosome, it is activated by the small G protein Ras homolog
enriched in brain (Rheb), which signals downstream of growth factors. The C-terminal
CAAX (C = cysteine, A = aliphatic, X = terminal amino acid) box of Rheb anchors it
to the lysosome surface (6, 7). Guanosine triphosphate (GTP)-bound Rheb binds to
mTORCI, causing a conformational change in the mTOR active site and allosteric
activation of the kinase (8). Growth factor signaling activates mTORCI1 via Rheb by
promoting tuberous sclerosis complex (TSC) dissociation from the lysosome and Rheb
(6). TSC acts as a GTPase activating protein (GAP) for Rheb, promoting the inactive
form of Rheb bound to guanosine diphosphate (GDP) (9-11). Thus, amino acid and
growth factor signaling at the lysosome unite to achieve optimal mMTORCI activation.

The discovery of the Rag GTPases was the first critical link that coupled amino acid
signaling to mMTORCI activation at the lysosome (5, 12). RagA or RagB forms a heter-
odimer with RagC or RagD, and this dimerization is important for mTORCI activa-
tion and Rag GTPase protein stability (13). There are four Rag genes in mammals:
RagA and RagB are high in sequence similarity and functionally redundant; likewise,
RagC and RagD are also highly related in sequence and functionally redundant. RagA
or RagB GTP-bound interacts with the mTORCI component Raptor at the lysosome.
RagC or RagD GDP-bound forms a heterodimer with the GTP-bound RagA or RagB.
Following the identification of the Rag GTPases, multiple components were identified
in the well-characterized Rag GTPase signaling pathway to mTORCI (7, 14-18).

Several amino acids have been implicated in mTORCI regulation such as leucine
(Leu) (5, 19, 20), arginine (Arg) (19, 21, 22), methionine (Met) (23), glutamine (Gln)
(13, 20, 24, 25), and asparagine (Asn) (26, 27). Leu, Arg, and Met require the Rag

PNAS 2022 Vol. 119 No.20 2123261119

https://doi.org/10.1073/pnas.2123261119

Significance

The mammalian target of
rapamycin complex 1 (mTORC1)
signaling pathway is frequently
elevated in human disease,
including cancer, type 2 diabetes,
metabolic disorders, and
neurodegeneration. We identify
SNAT7 as an important regulator
of mTORC1. We believe this
research will provide valuable
insight about mTORC1 biology and
may uncover novel therapeutic
targets for patients.

Author affiliations: ®Department of Molecular Biology,
University of Texas Southwestern Medical Center, Dallas,
TX 75390; PHarold C. Simmons Comprehensive Cancer
Center, University of Texas Southwestern Medical
Center, Dallas, TX 75390; ‘Hamon Center for
Regenerative Science and Medicine, University of Texas
Southwestern Medical Center, Dallas, TX 75390;
dChildren's Medical Center Research Institute, University
of Texas Southwestern Medical Center, Dallas, TX 75390;
and °Howard Hughes Medical Institute, University of
Texas Southwestern Medical Center, Dallas, TX 75390

Author contributions: D.M. and J.L.J. designed research;
D.M., QY. M.-HJ, AC, ST, CHM, T.D.L-S, HW,
M.H.-R, G.U,, LG.Z, C.L, and J.LJ. performed research;
RJ.D. contributed new reagents/analytic tools; D.M.,
S.T., CHM., TD.L-S., HW., MH.-R, CL, and J.LJ.
analyzed data; and D.M. and J.LJ. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
jenna.jewell@utsouthwestern.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2123261119/-/DCSupplemental.

Published May 13, 2022.

10f 10


https://orcid.org/0000-0003-4536-1427
https://orcid.org/0000-0003-3977-9886
https://orcid.org/0000-0003-2686-0722
https://orcid.org/0000-0003-2685-6475
https://orcid.org/0000-0002-8021-9453
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jenna.jewell@utsouthwestern.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123261119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123261119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2123261119&domain=pdf&date_stamp=2022-05-13

GTPases for mTORCI activation (13, 20, 22-25, 28-31).
Recently, the lysosomal solute like carrier (SLC) transporter
SNAT?9 (also referred to as SLC38A9) was identified as a Rag-
dependent Arg and essential amino acid transporter required
for mTORCI activation (32—35). In addition to SNAT9, other
SLC amino acid transporters such as SLC1A5, SLC7AS5,
SLC3A2, and SLC36A1 regulate mTORCI activity through
the Rag GTPases (13, 15, 20). SLC transporters comprise a
family of ~400 proteins that transport a wide array of sub-
strates across biological membranes (36, 37). Importantly, SLC
transporters are promising drug targets, with several classes of
marketed drugs already approved. In contrast to the well-
characterized Rag GTPase pathway, we previously discovered a
signaling pathway independent of the Rag GTPases, whereby
Gln and Asn signal to mTORCI in a manner that requires
ADP ribosylation factor-1 (Arfl) (13, 26). Consistently, at least
some of this Gln signaling pathway to TOR is conserved in
yeast (38, 39). However, SLCs and additional players in the
Rag-independent pathway in mammals have yet to be
identified.

Here, we show that the SLC Gln and Asn transporter
SNAT7 regulates mTORCI in a Rag-independent manner.
SNAT7 localizes to the lysosome and exports Gln and Asn out
of the lysosome into the cytoplasm after extracellular protein,
such as albumin, is macropinocytosed (40-42). Macropinocyto-
sis is a regulated form of endocytosis that mediates the nonse-
lective uptake of solutes, nutrients, and antigens (43, 44).
Highly oncogenic Ras family small GTPases enhance macro-
pinocytosis through signaling cascades (45-50). Studies in
Ras-activated cancer cells reveal that when Gln is limiting,
extracellular proteins are internalized as a source of Gln to fuel
cell growth and proliferation (40, 48, 49, 51). We show that
SNAT?7 is required for mTORCI lysosomal localization,
mTORCI activation, and the growth of pancreatic cancer cells
from macropinocytosed extracellular protein. In addition, dele-
tion of SNAT7 in pancreatic cancer cells significantly hindered
macropinocytosis-mediated activation of mTORCI, cell size,
and cell proliferation. We anticipate that the results of this
work will lead to a better understanding of the molecular
mechanisms by which Gln and Asn signal to mTORCI.

Results

Lysosomal Localized SNAT7 Is Up-Regulated in the Absence of
the Rag GTPases. To study the Rag-independent pathway by
which Gln and Asn regulate mTORCI, we previously gener-
ated and characterized RagA/B knockout (KO) cell lines (13,
26). RagA/B KO cells have low levels of RagC/RagD, because
RagC/RagD protein levels are stabilized by the RagA/B-RagC/
D heterodimerization. Thus, RagA/B KO cells do not have
intact Rag GTPase complexes. As shown in previous studies,
stimulation of both wild-type and RagA/B KO cells with Gln
and Asn increase mTORCI signaling as measured by protein
immunoblotting using phospho-specific antibodies for the well-
defined mTORCI substrates: phosphorylation of S6K at
Thr389 (pS6K), phosphorylation of 4EBP1 at Thr37 and
Thr46 or the mobility shift of 4EBP1, and ULKI at Ser758
(pULK1) (SI Appendix, Fig. S1 A and B) (13, 26). S6K and
4EBP1 phosphorylation promote protein synthesis, and ULK1
phosphorylation inhibits autophagy (1, 52). Like Gln, Asn
signaling to mTORCI also requires ADP ribosylation factor
1 (Arfl) (ST Appendix, Fig. S1 Cand D). Thus, both Gln and
Asn can signal to mTORCl in the absence of the
Rag GTPases.
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To identify new players in the Rag-independent pathway, we
hypothesized that a SLC or multiple SLCs involved in trans-
mitting Gln and Asn availability to mTORCI may be
up-regulated in RagA/B KO cells to compensate for a decrease
in mTORCI activity (~30% decrease in mTORCI activity in
Rag-deficient cells) (13). We analyzed the expression of 35
SLCs, which are either annotated as or experimentally demon-
strated to be amino acid transporters, in wild-type and Rag A/B
KO MEF or HEK293A cells (Fig. 14 and SI Appendix, Fig.
S2A4) (36, 37). There was an approximate twofold and an
approximate elevenfold increase in the mRNA expression of
SNAT?7 (also known as SLC38A7) in RagA/B KO HEK293A
and MEEF cells, respectively (Fig. 1 A and B). SNAT?7 protein
levels were also increased in the absence of the Rag GTPases
(Fig. 10). Consistently, the reconstitution of Flag-tagged RagA
in RagA/B KO cells decreased SNAT?7 protein level (Fig. 1D).
Interestingly, overexpression of SNAT7, but not other tested
SLCs, increased mTORCI activity in amino acid depleted con-
ditions (SI Appendix, Fig. S2B). mRNA levels of the Rag-
dependent Arg and essential amino acid transporter SNAT9
(SLC38A9) and other SLC38 family transporters (Fig. 1 A and
B and SI Appendix, Fig. S2A) were not significantly (greater
than twofold) up-regulated in both RagA/B KO MEF and
HEK293A cells. Thus, we focused on the role of SNAT7 in
mTORCI signaling.

SNAT?7 is a lysosomal localized transporter which exports
Gln and Asn from the lysosomal lumen into the cytoplasm
(41). As expected, expression of HA-tagged SNAT7 (green)
colocalized with LAMP2-positive lysosomal membranes (red)
in Rag GTPase KO MEF cells (Fig. 1E) (40). Consistently,
subcellular fractionation data revealed SNAT7 to be in the
organelle fraction of cells containing lysosomes (Fig. 1F).
Amino acids can accumulate within the lysosome through dif-
ferent routes, one being macropinocytosis where protein (such
as albumin) is engulfed and subsequently proteolyzed (43, 44).
Oncogenic Ras mutation in cancer cells enhances macropinocy-
tosis, increases mitogen-activated protein kinases (MAPK) sig-
naling, and promotes tumorigenesis (43-50, 53). Recent
studies in Ras-activated cancer cells have revealed that when
Gln is limiting, extracellular proteins, such as albumin, are
internalized for a source of Gln to fuel cell growth and prolifer-
ation (40, 48, 49, 51). We starved wild-type and RagA/B KO
MEF cells of amino acids, stimulated them with 3% bovine
serum albumin (BSA), and observed mTORCI activation (Fig.
1 G and AH). Treatment of cells with the macropinocytosis
inhibitor ethylisopropylamiloride (EIPA), blocked BSA-
induced mTORCI1 activation (Fig. 1) (48). Human albumin
concentrations in serum range from 2 to 5% (49), and
increased mTORCI activation was garticularly observed in
pancreatic MIA PaCa-2 (KRAS®"?), colorectal HCT116
(KRASC'?P), and lung NCI-H2030 (KRAS"?%) carcinoma cell
lines upon BSA treatment (Fig. 1)) (40, 48). We observed a
modest increase in BSA-stimulated mTORCI activation when
HA-tagged SNAT7 was overexpressed in MIA PaCa-2 cells
(Fig. 1K). Elevated SNAT?7 expression did not alter mTORC1
activity under nutrient rich conditions (S Appendix, Fig. S3 A
and B). Moreover, BSA can also activate mTORCI in Rag A/B
KO cells (Fig. 1 G and L). Taken together, BSA stimulates
mTORCI signaling in the absence of the Rag GTPases, possi-
bly through lysosomal export of Gln and Asn by SNAT?7 after

extracellular protein proteolysis via macropinocytosis.

The N Terminus of SNAT7 Interacts with mTORC1. Sequence
alignment analysis of SNAT9 and SNAT7 revealed that
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HEK293A Rag A/B KO MEF Rag A/B KO
A Transporter Predicted Substrates (fold change, Pvalue) (fold change, P value)
SLC1A1 Glu, Asp, Cys 1.24,ns not detected
SLC1A2 Glu, Asp 0.89,ns not detected
SLC1A4 Ala, Ser, Cys, Thr 0.38, 0.008 1.24, ns
SLC1A5 Gin, Asn, Ala, Ser, Cys, Thr 0.42, ns 0.69, 0.007
SLC1A6 Glu, Asp not detected -
SLC1A7 Glu, Asp not detected 117, ns
SLC3A2 neutral amino acids 1.46, 0.008 1.34, <0.001
SLC7A2 cationic amino acids 1.71,0.003 5.40, <0.001
SLC7A3 cationic amino acids not detected 0.50, 0.042
SLC7A5 large neutral L-amino acids 1.08, ns 2.20, <0.001
SLC7A6 cationic, large neutral L-amino acids 2.75,0.001 3.22, <0.001
SLC7A7 cationic, Iarge neutral L-amino acids 0.23,0.014 2.13,0.008
SLC7A8 neutral amino acids 1.44, ns not detected
SLC7A9 cationic, large neutral L-amino acids 093, ns not detected
SLC7A10 neutral amino acids not detected not detected
SLC7ANM Cys, Glu 0.29, <0.001 0.44,0.010
SLC7A13 Asp, Glu not detected not detected
SLC36A1 Gly, Ala, Pro 2.19, 0.001 10.04, 0.001
SLC36A2 Gly, Pro, Ala, hydroxyproline not detected not detected
SLC36A3 Gly, Ala, Pro 1.05, not detected
SLC36A4 Trp, Pro, Ala 1 28, 0 CIDZ 1.79, 0.003
SLC38A1 Gly, Ala, Pro 1.28, 0.008 7.43, <0.001
SLC38A2 Gin 0.81,ns 3.60, <0.001
SLC38A3 Gin, His, Asn, Ala 0.45, ns not detected
SLC38A4 Ala, His, Cys, Asn, Ser, Gly, Val, Thr, GIn, Met 0.63, 0.006 0.77, 0.006
gtgggﬁg 8“" Asn, Ala, Ser, Gln, His Bogt:;:letected Boége(}euclngd
SNAT7 Gin, Asn, His, Ser, Ala 270, <0.001 11.16, <0.001
SLC38A8 Gin, Asn, His, Ala not detected not detected
SNAT9 Gln, Arg, His, Pro, Lys, Glu, Leu 1.43, 0.006 0.85, ns
SLC38A10 neutral amino acids 2.56,0.003 1.99, <0.001
SLC38A11 neutral amino acids not detected not detected
SLC43A1 L-BCAAs, amino alcohols - 8.24, 0.001
SLC43A2 L-BCAAs, amino alcohols not detected 1.72,0.044
SLC43A3 large neutral L-amino acids 0.73,ns 8.80, 0.003
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Fig. 1. SNAT7 is elevated and promotes mTORC1 signaling in the absence of the Rag GTPases. (4) Table summarizing mRNA levels of solute carrier trans-
porters in wild-type (WT) and RagA/B knockout (KO) human embryonic kidney 293A (HEK293A) and mouse embryonic fibroblast (MEF) cells. P values were
determined by Student's ¢ tests. P values greater than 0.05 were labeled as not significant (ns). Red text denotes increase in expression, whereas green text
denotes a decrease in expression. mMRNA levels that were not determined due to bad performance of primers were labeled as “-". (B) Expression of SNAT7
and SNAT9 in WT and RagA/B KO HEK293A and MEF cells. mRNA levels of SNAT7 and SNAT9 were determined in WT or RagA/B KO MEF or HEK293A cells by
real-time quantitative PCR. See (A) for P values. (C) SNAT7 expression is elevated in Rag A/B KO MEF cells. Protein levels of SNAT7 in WT or RagA/B KO MEFs
were determined by Western blotting. Vinculin was used as a loading control. (D) Protein levels of SNAT7 in WT, Rag A/B KO MEFs, or Rag A/B KO MEFs stably
expressing Flag-tagged Rag A were determined by Western blotting. RagA and Flag-tagged RagA were blotted for as controls. Vinculin was used as a loading
control. () SNAT7 localizes to the lysosome, shown by immunofluorescence analysis depicting HA-tagged SNAT7 (green) and the lysosomal marker LAMP2
(red). (F) Subcellular fractionation experiments in HEK293A cells were performed separating the organelle and cytoplasmic fraction. SNAT7, LAMP2 (lysoso-
mal marker), and Tubulin (cytoplasmic marker) were immunoblotted. (G) Bovine serum albumin (BSA) activates mTORC1 in the absence of the Rag GTPases.
WT or RagA/B KO MEF cells were starved of amino acids (—AA) for 2 h and then stimulated with 3% BSA for 2 h. mTORC1 activity was analyzed by immuno-
blotting for the phosphorylation status of S6K1 (pS6K1) at threonine 389. S6K, actin, and vinculin were used as loading controls. () mTORC1 is activated by
BSA. MIA PaCa-2 cells were starved of amino acids (—AA) for 2 h and then stimulated with different BSA (3%) for 4 h. mTORC1 activity was analyzed as
described in (G). (/) BSA activates mTORC1 through macropinocytosis. MIA PaCa-2 cells were starved of amino acids (—AA) for 2 h and then stimulated with
BSA (3%) for 4 h. Macropinocytosis inhibitor EIPA (25 pM) or DMSO as a control was maintained for the whole period of the starvation and stimulation pro-
cess. mTORC1 activity was analyzed as described in (G). (/) BSA activates mTORC1 in pancreatic, colon, and lung cancer cell lines. Pancreatic (MIA PaCa-2),
colon (HCT116), or lung (H2030) cancer Ras transformed cells were starved for amino acids (—AA) for 2 h followed by 3% BSA stimulation for 2 h (in HCT116)
or 4 h (in MIA PaCa-2 and H2030). mTORC1 activity was analyzed as described in (G). (K) Expression of SNAT7 enhances BSA-induced mTORC1 activation. WT
or HA-tagged SNAT7 stably expressed MIA PaCa-2 cells were starved of amino acids (—AA) for 2 h and then stimulated with 3% BSA for 4 h. mTORC1 activity
was analyzed as described in (G). S6K1 and vinculin were used as loading controls. HA-tagged SNAT7 overexpression was confirmed by Western blotting. (L) Albu-
min signals to MTORC1 in the absence of the Rag GTPases. MIA PaCa-2 cells were starved of amino acids (—AA) for 2 h and then stimulated with 3% BSA for 4 h.
mTORC1 activity was analyzed as described in (G). RagA/B levels were confirmed using Western blotting. Vinculin and S6K were used as loading controls.

SNAT7 is lacking a large part of the N-terminal domain of  P-40 lysis buffer revealed that SNAT7 does not appear to inter-
SNATY, including critical residues required for interaction act with the Rag GTPases or other components involved in the
with the Rag GTPases (32—-34). Previous immunoprecipitation ~ Rag-dependent signaling pathway (33). Immunoprecipitation
and subsequent mass spectrometry studies using 1% Nonidet  studies using 0.3% CHAPS in wild-type cells show that
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HA-tagged SNAT7 can pull down multiple proteins localized
to the lysosome including the Rag GTPases (Fig. 24). CHAPS
(0.3%) is typically used when performing immunoprecipitation
experiments to preserve the mTORCI1 component interaction
(54). When performing HA-tagged SNAT7 immunoprecipita-
tions using 1% Triton X-100, SNAT?7 did not interact with
the Rag GTPases (SI Appendix, Fig. S4). In both conditions,
(0.3% CHAPs and 1% Triton X-100) SNAT7 interacts with
mTORCI. SNAT7 and mTORCI both localize to the lyso-
some; however, it is currently unclear if the SNAT7-mTORCI
interaction is direct or indirect. Interestingly, HA-tagged
SNAT?7 interacts with mTORC1 in the absence of Rag
GTPases (Fig. 2B). Moreover, SNAT7 does not bind to
mTORC2 indicating specificity in the SNAT7-mTORCI1
interaction (Fig. 2A). Arfl did not bind to SNAT7 or
mTORCI, and inhibition of Arfl activity does not alter mac-
ropinocytosis (Fig. 24 and SI Appendix, Fig. S5 A and B). Anal-
ysis of anti-GFP immunoprecipitates from RagA/B KO haploid
cell line (HAP1) with Raptor endogenously labeled with GFP
also revealed that there is an SNAT7-mTORCI1 complex (Fig.
2C) (55). In the presence of amino acids, anti-Raptor-GFP or
HA-SNAT?7 immunoprecipitates contained SNAT7, suggesting
that the SNAT7-mTORCI interaction is at the lysosome (Fig.
2 C and D). Because BSA activates mTORC1 and SNAT7
binds to mTORC1 (Figs. 1 G-L and 2 A-D), we tested if the
SNAT7-mTORCI interaction corresponds with the time frame
in which BSA induces mTORCI activation. MIA PaCa-2 cells
were starved of amino acids and treated with BSA for different
time points (Fig. 2£). BSA activated mTORCI and promoted
SNAT7-mTORCI1 binding as early as 15 min (Fig. 2F), and the
SNAT7-mTORCI interaction was sustained for at least 4 h (Fig.
2G). Thus, SNAT7 and mTORCI interact under amino acid
rich conditions or BSA stimulation regardless of Rag GTPases.

SNAT7 is predicted to have 11 transmembrane domains,
with a cytosolic N-terminal region of 55 amino acids (Fig.
2H). Because the N terminus of SNAT7 is exposed to the
cytoplasm where mTORCI resides, we tested whether the N
terminus is involved in the SNAT7-mTORCI interaction.
Overexpression of a cytosolic N-terminal segment (residues
1-150) of SNAT7 was sufficient to bind to mTORCI1 (Fig. 2 /
and /), and potently inhibited mTORCI signaling, possibly by
disrupting the endogenous SNAT7-mTORCI interaction (Fig.
2K). Moreover, removal of the first 20 amino acids of SNAT7
prevented SNAT7-mTORCI interaction (Fig. 2 L and M).
Thus, the N terminus of SNAT7 is necessary for the SNAT7-
mTORCI interaction.

SNAT7 Regulates Albumin-Induced mTORC1 Lysosomal Locali-
zation and Activation. To further investigate the role of SNAT7
in macropinocytosis mediated mTORCI activation, we gener-
ated SNAT7 KO MIA PaCa-2 cells via CRISPR-Cas9 genome
editing. We starved wild-type and SNAT7 KO cells of amino
acids, stimulated them with BSA, and analyzed mTORCI activ-
ity (Fig. 3 A and B). Remarkably, loss of SNAT?7 significantly
reduced albumin-induced mTORCI activation. However,
depletion of SNAT7 had no effect on Gln- or Asn-induced
mTORCI activation, suggesting that SNAT7 exports Gln and
Asn out of the lysosome to activate mTORCI1 following macro-
pinocytosis, and is dispensable for free Gln and Asn signaling to
mTORCI (8] Appendix, Fig. S6 A-C). Expression of SNAT7
can slightly increase Gln and Asn signaling to mTORCI, per-
haps by increasing the export of lysosomal Gln/Asn further
increasing mTORCI activity (SI Appendix, Fig. S6.D). Because
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a previous study showed that SNAT7 can export Gln and Asn
out of the lysosome in vitro using biochemical assays with Gln
and Asn esters (40), we tested if Gln and Asn esters could acti-
vate mTORCI in cells (87 Appendix, Fig. S6E). Gln and Asn
esters were able to activate mTORCI in both wild-type and
SNAT?7 KO cells. It is thought that amino acid esters freely dif-
fuse across membranes at neutral pH due to the low pK, of the
amino group, where they are hydrolyzed by esterases into native
amino acids within the lysosome (56). Then the free amino
acid cannot diffuse back out of the lysosome due to its high
polarity, becomes trapped, and accumulates to high concentra-
tions within the lysosome (56). However, we were unable to
see the accumulation of Gln and Asn esters in lysosomes after
the isolation of lysosomes (SI Appendix, Fig. S6 F~H). SNAT7
protein levels did not change under different nutrient condi-
tions (SI Appendix, Fig. S7). Moreover, depletion of SNAT7
did not alter lysosomal function (S/ Appendix, Fig. S8A) or
macropinocytosis (SI Appendix, Fig. S8 B and O). To confirm
that the loss of mMTORCI activation by albumin is due to the
deletion of SNAT7, we stably overexpressed HA-tagged
SNAT7 in three different SNAT7 KO MIA PaCa-2 cell lines
and found that HA-tagged SNAT7 in SNAT7 KO cells can
rescue mMTORCI activation when compared to wild-type cells
(Fig. 3C). However, overexpression of the transporter-defective
HA-tagged SNAT7 mutant (Asn-62 mutated to Histidine 62,
N62H) was not able to restore mTORCI activation by albu-
min. SNAT7 Asn-62 is crucial for amino acid transport and
the SNAT7 N62H mutant prevents Gln and Asn export out of
the lysosome (40, 57, 58). Overexpression of the SNAT7 with
the deleted cytosolic N-terminal segment (HA-tagged
SNAT7*"“) of SNAT7 was also unable to fully restore
mTORCI activity. Collectively, these results demonstrate that
SNAT7 controls albumin-induced mTORCI activation via
macropinocytosis.

Amino acids promote mTORCI lysosomal localization and
subsequent activation (5). Because SNAT?7 interacts with
mTORCI at the lysosome under amino acid sufficient and
BSA stimulated conditions (Fig. 2 A-D and F-G), we tested if
SNAT7 may regulate mTORCI lysosomal translocation. We
examined the colocalization of mTOR and LAMP2 in SNAT7
KO cells. Interestingly, SNAT7 depletion significantly
decreased (~36%) mTORCI lysosomal localization with or
without the Rag GTPases (Fig. 3D). Based on these results, we
reasoned that SNAT7 may be important for mTORCI lysoso-
mal localization and subsequent activation by Rheb. Forcing
mTORCI to the lysosome near Rheb could perhaps rescue
BSA-induced mTORCI activation when SNAT?7 is depleted.
Indeed, artificially targeting of mTORCI to the lysosomal sur-
face by the addition of the C-terminal lysosomal targeting
motif of Rheb (last 15 amino acids including the CAAX box)
to Raptor (7, 13), rescued BSA-induced mTORCI activation
even when SNAT7 was depleted (Fig. 3£). BSA stimulates the
translocation of mTORCI to the lysosome (49), and SNAT7
depletion inhibited BSA-induced mTORCI lysosomal translo-
cation (Fig. 3F). HA-tagged SNAT7 overexpression in SNAT7
KO MIA PaCa-2 rescued BSA-induced mTORCI lysosomal
localization when compared to wild-type cells, whereas HA-
tagged SNAT7 N62H and HA-SNAT7 21-C did not fully res-
cue mTORCI lysosomal localization. In contrast, SNAT7
depletion had no effect on Gln- or Asn-induced mTORCI
lysosomal localization (Fig. 3G). Thus, SNAT?7 plays a role in
the recruitment of mTORCI to the lysosome and subsequent
activation.
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Fig. 2. SNAT7 interacts with mTORC1 at the lysosome. (A) Overexpressed SNAT7 interacts with mTORC1. MIA PaCa-2 cells overexpressing HA-tagged SNAT7
or HA-tagged RFP (control) were immunoprecipitated with anti-HA beads, and then analyzed for indicated proteins (mTOR, Raptor, mLST8, Rictor, Sin 1,
RagA, RagC, LAMTOR1-4, Arf1, VOC, VOD, V1A, SNAT9, SNAT7, LAMP2, and TMEM 192). (B) Overexpressed SNAT7 interacts with mTORC1 in the absence of
the Rag GTPases. RagA/B knockout (KO) human embryonic kidney 293A (HEK293A) cells were transfected with HA-tagged RFP1 or HA-tagged SNAT7 for 24 h.
Under normal culturing conditions (with amino acids present), anti-HA lysates were analyzed for mTORC1 components (mTOR, Raptor, and mLST8) via West-
ern blot analysis. HA-tagged SNAT7, HA-tagged RFP1, and vinculin were probed for as controls. IP, immunoprecipitation; WCL, whole cell lysate. (C) Endoge-
nous SNAT? interacts with mTORC1. RagA/B KO HAP1 cells with an endogenously tagged GFP on Raptor were used to detect an endogenous interaction
between mTORC1 and SNAT7 under normal culturing conditions. Anti-GFP immunoprecipitates were probed for GFP-tagged Raptor, mTOR and SNAT7 by
Western blot analysis. (D) SNAT7 forms a nutrient sensitive complex with mTORC1. HA-tagged SNAT7 stably overexpressed RagA/B KO HEK293A cells were
starved of amino acids (—AA) for 4 h or not starved (NC), and anti-HA lysates were analyzed for mTORC1 components (mTOR and Raptor). Phosphorylation
status of S6K1 (pS6K1) at threonine 389 was assessed for mTORC1 activity by Western blot. S6K were probed for as loading controls. NC, normal culturing
conditions. (E) BSA activates mTORC1. MIA PaCa-2 cells were starved of amino acids (—AA) for 2 h and then stimulated with BSA for 15 mins, 30 mins, 1 h, or
2 h. mTORC1 activity was analyzed as in (D). (F) Albumin regulates SNAT7-mTORC1 binding. HA-tagged SNAT7 stably overexpressed in MIA PaCa-2 cells were
starved for amino acids (—AA) for 2 h followed by 3% bovine serum albumin (BSA) stimulation for 15 mins or (G) 4 h, and anti-HA lysates were analyzed for
mTORC1T components (MTOR and Raptor). mTORC1 activity was analyzed as in (D). (H) A schematic of the 11-transmembrane protein SNAT7 on lysosomal
membrane. “N” and “C" denote N terminus and C terminus, respectively. Number ranges indicate amino acid sequences of corresponding regions of this
protein. (/) The N terminus of SNAT7 interacts with mTORC1. RagA/B KO HEK293A cells were transfected with GFP-tagged HA, or GFP-HA-tagged SNAT7
1-150 for 24 h. Proteins were immunoprecipitated with HA beads, and probed for mTOR, Raptor, mLST8, and SNAT7. (/) HA-tagged SNAT7 or HA-tagged
SNAT7 1-150 (green) was overexpressed in HEK293A RagA/B KO cells for 24 h. Colocalization of HA-tagged SNAT7 or HA-tagged SNAT7 1-150 and the lysoso-
mal protein (LAMP2, red) was analyzed via confocal microscopy. (K) Overexpression of the N terminus of SNAT7 inhibits mTORC1 signaling. RagA/B KO
HEK293A cells were transfected with GFP-HA or GFP-HA-tagged SNAT7 1-150 for 24 h. (Left) Overexpression of HA-tagged SNAT7 1-150 truncation was con-
firmed by Western blot and Vinculin was probed for as control. (Right) Cells were then starved of amino acids (—AA) and stimulated with 3% BSA for 4 h.
mTORC1 activity was determined as described in (D). Vinculin was probed for as a loading control. (L) The N terminus (amino acids 1-20) of SNAT7 is
required to interact with mTORC1. RagA/B KO HEK293A cells were transfected with HA-tagged RFP1, HA-tagged SNAT7, and HA-tagged SNAT7 missing amino
acids 1-20 (HA-tagged SNAT7 21-C) for 24 h. Proteins were immunoprecipitated with HA beads, and probed for mTOR, Raptor, mLST8, and HA. WCL were
probed for mTOR, Raptor, mLST8, HA, and vinculin as controls. (M) Deletion of the N terminus (amino acids 1-20) does not alter SNAT7 lysosomal localiza-
tion. HA-tagged SNAT7 21-C (green) was overexpressed in HEK293A RagA/B KO cells for 24 h. Colocalization of HA-tagged SNAT7 21-C and the lysosomal pro-
tein (LAMP2, red) was analyzed via confocal microscopy.
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SNAT7 Is Essential for Pancreatic Cancer Cell Growth through  assessed SNAT7 protein levels (87 Appendix, Fig. S9A4). SNAT7
mTORC1. SNAT?7 is widely expressed in multiple cell lines (59) protein levels were not increased with the expression of KRAS
and is altered (mutated or amplified) in several human cancers mutants, and SNAT7 mRNA levels are not up-regulated in
(60, 61). Because oncogenic Ras mutations enhance macropi- other cancers with KRAS mutations (lung adenocarcinoma) (87
nocytosis and are present in PDAC, we overexpressed two dif-  Appendix, Fig. S9B). Cancer cells require high levels of
ferent KRAS mutants (KRAS G12D or KRAS G12V) and nutrients, especially Gln, for cell growth and proliferation
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(51, 62, 63). When extracellular Gln is limiting, Ras trans-
formed cells initiate the uptake of extracellular proteins, which
are proteolyzed in the lysosome and supply the cell with amino
acids (40, 48, 49, 51). Because SNAT7 is a lysosomal trans-
porter, we investigated whether SNAT7 was required for the
extracellular protein-dependent proliferation of pancreatic can-
cer cells. We and others observe that MIA PaCa-2 cells rely on
free extracellular Gln, and the supplement of albumin under
low Gln conditions can increase MIA PaCa-2 cell growth (Fig.
4A4) (40, 48). The mTOR inhibitor Torin 1 prevented
albumin-induced MIA PaCa-2 cell growth under low Gln con-
ditions. In contrast, in MIA PaCa-2 SNAT7 KO cells, albumin
was unable to significantly increase cell proliferation in low Gln
conditions. HA-tagged SNAT?7 overexpression in SNAT7 KO
MIA PaCa-2 cells rescued BSA-induced cell proliferation under
low GIn conditions. In contrast, HA-tagged SNAT7 N62H
and HA-tagged SNAT7 21-C could not rescue cell prolifera-
tion to the level of wild-type cells. Moreover, depletion of
SNAT? significantly impaired other mTORCI-mediated biol-
ogy, such as cell size (Fig. 4B). Reconstitution of HA-tagged
SNAT?7 rescued cell size in SNAT7 KO cells compared to
wild-type, whereas HA-tagged SNAT7 N62H and HA-tagged
SNAT?7 21-C only partially rescued. Overexpression of Raptor
fused to the C terminus of Rheb (Flag Raptor-C-Rheb)
increased cell proliferation in SNAT7 KO cells (Fig. 4C), and
partially rescued cell size in SNAT7 KO cells (Fig. 4D).
SNAT7 did not appear to alter Gln starvation induced
mTORCI reactivation through autophagy (S/ Appendix, Fig.
S10 A and B). Importantly, RNA sequencing data indicate that
SNAT?7 is significantly up-regulated in pancreatic adenocarci-
noma (PDAC), whereas SNATO is not (Fig. 4E). We assessed
the protein levels of SNAT7 in a cohort of paired PDAC
patient samples by immunohistochemistry (IHC) staining.
SNAT?7 protein levels are significantly elevated in PDAC tumor
samples when compared to benign control tissues (Fig. 4F).
Taken together, SNAT7 is essential for mTORCI activation and
the growth of pancreatic cancer cells from macropinocytosed
extracellular protein.

Discussion

Amino acid sensing by mTORCIL is crucial in regulating cell
growth, metabolism, and other mTORCI1-mediated biology.
Like Gln, Asn signals to mTORCI in a Rag GTPase-
independent pathway and requires Arfl (26). We identified a
poorly characterized SLC, referred to as SNAT7, that links
Gln and Asn sensing by mTORCI at the lysosome via macro-
pinocytosis (Fig. 4G). This pathway is important in Ras
transformed cells, where macropinocytosis fuels cells with extra-
cellular nutrients resulting in mMTORCI activation and pancre-
atic cancer cell growth. SNAT?7 exports Gln and Asn out of the
lysosome (40), and our results suggest that Gln and Asn exported
out of the lysosome by SNAT?7 activate mTORCI and fuel pan-
creatic cancer cell growth. Cytosolic Gln and Asn do not require
SNAT?7 to activate mTORCI. The precise mechanisms by which
GlIn and Asn signal to and activate mTORC1, and whether Gln
and Asn sensors exist, await discovery.

Many mechanistic details have been revealed for how Leu,
Arg, and Met can regulate mTORCI activity through the Rag
GTPases (5, 19-23). For example, protein sensors have been
identified for Leu and Arg as Sestrin2 and CASTORI, respec-
tively (22, 28-31). CASTOR1 has ACT domains, evolution-
arily conserved ancient domains that function as small molecule
binding modules for diverse ligands, including amino acids and

PNAS 2022 Vol. 119 No.20 2123261119

nucleotides (64-66). Only a few ACT-containing proteins to
date have been identified and characterized in mammals and
other amino acid sensors involved in the mTOR pathway may
contain these ACT domains (65-70). GInD is a bifunctional
uridylyltransferase/uridylyl-removing enzyme that senses Gln
levels through its C-terminal ACT domains in Escherichia coli
(71); however, there is no clear eukaryotic homolog. In addi-
tion, a recent study reveals aminoacyl-tRNA synthetases (ARSs)
transfer amino acids to other proteins (72). Leu can modify
RagA at lysine 142 and promote mTORCI activity. Intriguingly,
these findings suggest protein modification via amino acids may
regulate mTORCI signaling. Gln and Asn sensors, or proteins
modified by Gln and Asn involved in mTORCI signaling have
yet to be discovered. Given the structural similarity between Gln
and Asn, it is possible that they have the same sensor.

Amino acid transporters play a major role in mTORCI1
regulation. Plasma membrane localized SLCs like SLC3A2,
SLC7A5, SLC1A5, SLC38A2, and SLC38A5 modulate
mTORCI1 by facilitating amino acid transport across the
plasma membrane (20, 73, 74). Lysosomal localized SLCs,
such as SLC36A1, also modulate mTORCI activity by releas-
ing lysosomal amino acids into the cytoplasm (75). Further-
more, the lysosomal localized transporter SNAT9 is an Arg and
essential amino acid transporter required for mTORCI activa-
tion in a Rag-dependent manner (32-34). Recently, SNAT9
has been shown to transport several essential amino acids in an
Arg-regulated fashion (35). Moreover, depletion of SNAT9
in Ras-transformed pancreatic cancer cells lines decreased
macropinocytosis-induced pancreatic tumor growth. Our
results show that the Gln and Asn transporter SNAT7 is essen-
tial for mTORCI1 activation independently of the Rag GTPases
and is crucial for the growth of pancreatic cancer cells from
macropinocytosed extracellular protein. Because depletion of
SNAT?7 in pancreatic cancer cells maintained a small degree of
mTORCI activation, we suspect that both SNAT9 and
SNAT?7 play a role in albumin-induced pancreatic cancer cell
growth (Fig. 34). Other SLCs involved in macropinocytosis
and mTORCI regulation have yet to be discovered.

SNAT?7 regulates mTORCI through macropinocytosis. How-
ever, SNAT7 does not appear to alter autophagy-dependent
reactivation of mTORCI following glutamine starvation (87
Appendix, Fig. $10). This is somewhat surprising because macro-
pinocytosis and autophagy are both thought to result in the
release of amino acids (such as glutamine) from the lysosome.
SNAT?9 has previously been shown to play a role in autophagy
(35). Glutamine starvation may trigger autophagy where Arg or
other amino acids are exported out of the lysosome by SNAT9
resulting in mTORCI activation. Perhaps macropinocytosis
results in higher export of Gln from the lysosome, than that of
autophagy. Alternatively, long-term glutamine starvation may ini-
tiate de novo glutamine synthesis leading to mTORCI reactiva-
tion independently of SNAT?7. Studies have previous showed that
glutamine starvation can promote de novo glutamine synthesis
(76, 77). Last, glutamine starvation (to some extent) could result
in activation of GCN2-ATF4 pathway promoting extracellular
amino acid uptake and subsequent mTORCI reactivation (78).

Both Gln and Asn are implicated in tumorigenesis and can-
cer. Multiple tumor cell lines display increased rates of Gln
consumption to support macromolecular biosynthesis and cell
proliferation (51, 62, 63). For example, Gln drives the tricar-
boxylic acid cycle, activates mTORCI, and contributes to the
synthesis of lipids, nucleotides, and nonessential amino acids.
Interestingly, previous studies show Asn is capable of rescuing
cancer cell growth in the absence of Gln (79). Asn is important
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Fig. 4. SNAT7 regulates pancreatic cancer cell growth through mTORC1. (A) SNAT7 depletion inhibits BSA-induced mTORC1 activation and cell proliferation
in pancreatic cancer cell lines. Relative cell proliferation was determined for WT MIA PaCa-2 cells, SNAT7 KO, SNAT7 KO MIA PaCa-2 cells expressing
HA-tagged SNAT7VT, HA-tagged SNAT7V®2", or HA-tagged SNAT72"°C in low glutamine (GIn) with or without Torin, or low GIn + 3% BSA with or without Torin
for 24 h. P values: WT GIn vs. WT GIn + BSA, P < 0.001; WT GIn vs. SNAT7 KO GIn, P < 0.001; WT GIn vs. SNAT7 KO GIn + BSA, P < 0.05; WT GIn vs. HA-
SNAT7"T Gln, not significant; WT GIn vs. HA- SNAT7"T GIn + BSA, P < 0.01; WT GIn vs. HA-SNAT7N®?" Gin, P < 0.01; WT GIn vs. HA-SNAT7V®?H GIn + BSA, not
significant; WT GIn vs. HA-SNAT72'¢ GIn, not significant; WT Gln vs. HA-SNAT72"°¢ GIn + BSA, not significant; WT GIn + BSA vs. SNAT7 KO Gln + BSA, P <
0.0071; WT GIn + BSA vs. HA- SNAT7"T GIn + BSA, not significant; WT GIn + BSA vs. HA-SNAT7N%2" GIn + BSA, P < 0.001; WT Gln + BSA vs. HA-SNAT7%" GIn
+ BSA, P < 0.05; SNAT7 KO GlIn vs. HA-SNAT7"T GIn, P < 0.001; SNAT7 KO GIn vs. HA-SNAT7N®?" GIn, P < 0.01; SNAT7 KO GIn vs. HA-SNAT7%"C GIn, P <
0.001; SNAT7 KO GIn + BSA vs. HA-SNAT7"T GIn + BSA, P < 0.001; SNAT7 KO GIn + BSA vs. HA-SNAT7N?" GIn + BSA, not significant; and SNAT7 KO GIn +
BSA vs. HA-SNAT72""¢ GIn + BSA, P < 0.01. (B) SNAT7 depletion inhibits cell growth in pancreatic cancer cell lines. The cell size of control, SNAT7 KO, SNAT7
KO expressing HA-tagged SNAT7"T, SNAT7 KO expressing HA-tagged SNAT7N®?H, or SNAT7 KO expressing HA-tagged SNAT72'¢ MIA PaCa-2 cells were
analyzed after 48 h in low glutamine with 3% BSA condition. P values: control vs. SNAT7 KO, P < 0.001; control vs. HA-SNAT7"T, not significant; control vs.
HA-SNAT7N®?H, p < 0.01; control vs. SNAT7 KO, P < 0.01; SNAT7 KO vs. HA- SNAT7"'T P < 0.001; SNAT7 KO vs. HA-SNAT7N?", p < 0.001; and SNAT7 KO vs.
HA-SNAT72"¢, P < 0.01. (C) Targeting mTORC1 to the lysosome rescues cell proliferation when SNAT7 is depleted. Cell proliferation was analyzed in WT MIA
PaCa-2 cells (control), SNAT7 KO, or SNAT7 KO cells expressing Flag-tagged Raptor-Rheb. P values: control vs. SNAT7 KO, P < 0.01 and SNAT7 KO vs. SNAT7
KO expressing Flag-tagged Raptor-Rheb, P < 0.01. (D) Targeting mTORC1 to the lysosome partially rescues cell size when SNAT7 is depleted. Cell size was
measured for WT MIA PaCa-2 cells (control), SNAT7 KO, or SNAT7 KO cells expressing Flag-tagged Raptor-Rheb 48 h after seeding. P values: control vs.
SNAT7 KO, P < 0.01 and SNAT7 KO vs. SNAT7 + Flag-Raptor-Rheb, P < 0.05. (E) Expression of SNAT7 is elevated in pancreatic adenocarcinomas. mRNA
expression of SNAT7 or SNAT9 in pancreatic adenocarcinomas was analyzed at the GEPIA platform based on TCGA and GTEx dataset. TPM, transcripts per
million. *q < 0.001, ANOVA analysis followed by Benjamini and Hochberg false discovery rate correction. (F) SNAT7 protein expression is up-regulated in
pancreatic ductal adenocarcinoma tissues. SNAT7 protein expression was analyzed by immunohistochemistry (IHC) staining in 20 pairs of pancreatic ductal
adenocarcinoma tissues. (Left) Immunoreactivity scores (H-score) was calculated based on percentage and intensity of staining (see Materials and Methods
for details). Statistical analysis was performed by paired Student's t test. P < 0.0001. (Right) Representative staining images of IHC and corresponding hema-
toxylin and eosin staining are also shown for tumor and normal samples as indicated. (G) Working model of glutamine (GIn) and asparagine (Asn) signaling
pathway to mTORC1. Macropinocytosis engulfs proteins, such as albumin where it is targeted to the lysosome and degraded by proteolysis. Then lysosomal
amino acids, specifically GIn and Asn, are exported out of the lysosome into the cytoplasm by SNAT7. Cytosolic GIn and Asn (from macropinocytosis or intra-
cellular/extracellular stores) can then activate mTORC1 through an unknown sensor(s). Growth factors activate mTORC1 through tuberous sclerosis complex
(TSC)-Rheb signaling axis. ? denotes that another protein may bridge the SNAT7-mTORC1 interaction.
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for tumor growth, due to the effectiveness of treating low-ASNS
expressing leukemia with asparaginase (80). Asparaginase is effec-
tive as a therapeutic for cancers that obtain most of their Asn
from their extracellular environment. Asn bioavailability also con-
tributes to metastatic breast cancer, and asparaginase treatment
reduces this metastasis (81). We anticipate that the findings pre-
sented here will have a significant impact on understanding
mTORCI activation in cancer. Furthermore, SNAT7 may repre-
sent a new target for Gln- and Asn-related anticancer therapies.

Materials and Methods

Amino Acid Starvation and Amino Acid or BSA 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 experi-
ments with amino acid starvation and amino acid or BSA stimulation contained
10% dialyzed FBS (#F0392 from Sigma) instead of regular FBS (#F2442 from
Sigma) unless otherwise indicated. Amino acid starvation was performed by
replacing regular medium with amino acid-free medium for 2 h prior to amino
acid or BSA stimulation unless otherwise indicated. For all amino acid stimula-
tion experiments, amino acids were used with indicated concentration and time
points, and "+AA" denotes replacement of regular media containing amino
acids. For BSA stimulation, cells were starved of amino acids for 2 h, followed by
replacement of starvation media containing 3% BSA for the indicated times.

Immunofluorescent Microscopy. Cells were seeded in 24-well plates on cov-
erslips (VWR #89015-725) one day prior to experimentation [similar procedure
as previous reported (82)]. Coverslips were pretreated with 5 zg/mL of fibronec-
tin (#F4759 from Sigma) at 37 °C for 1 h, with a quick phosphate-buffered saline
(PBS) wash prior to cell seeding. The following steps were performed at room
temperature: cells were briefly washed with PBS and fixed with 4% paraformal-
dehyde (#15710 from Electron Microscopy Sciences) in PBS for 20 min, followed
by washing with PBS three times for 5 min each. Cells were permeabilized with
0.01% saponin in PBS (for MEF cells) or 0.2% Triton-X100 in PBS (for HEK293A
and MIA PaCa-2 cells) for 10 min. Cells on coverslips were blocked in 2% BSA in
TBS-Tween (TBST) for 1 h, followed by washing with TBST three times (5 min
each). Cells were incubated for 1 h with primary antibodies diluted in PBS, fol-
lowed by washing with PBS three times (5 min each). Cells were incubated for
1 h with secondary antibodies diluted in PBS, followed by washing with PBS
twice (5 min each), then washed with double distilled water twice (5 min each).

For LysoTracker experiments, cells were treated with 100 nM LysoTracker Red
DND-99 1 h prior to fixation. For dextran-TMR experiments, cells were treated
with 1 mg/mL dextran-TMR 30 min prior to fixation.

Coverslips were 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 pseudocolored
using ImageJ prior to assembling figures. For Fig. 3 D, F, and G, the colocali-
zation of mTOR and LAMP2 was analyzed using the Squassh segmentation
and analysis algorithm in ImageJ (83).

Lysosomal-Immunoprecipitation and Metabolite Extraction for Liquid
Chromatography-Mass Spectrometry. Wild-type (WT) and SNAT7 KO MIA
PaCa-2 cells stably expressing Flag-tagged or HAtagged TMEM192 were plated
in 15-cm plates for the following conditions: amino acid starvation (—AA),
glutamine/asparagine (2 mM) stimulation, and glutamine ester/asparagine ester
(2 mM) stimulation. Cells were then starved for 2 h or stimulated with either
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+glutamine/asparagine or +glutamine/asparagine esters. Samples were proc-
essed separately on ice or 4 °C. Cells were rinsed with ice cold 1x PBS and then
scraped in 1 mL KPBS (136 mM KCL, 10 mM KH,PO,, and pH —7.25 was
adjusted with KOH). Further processing of samples was done according to (35).

Cell Proliferation. A total of 5 x 10* MIA PaCa-2 cells were seeded in triplicate
in 12-well plates. After 48 h, cells were trypsinized for the counting. Cells were
placed on the counting slide (Bio-Rad, #145-0011) and counted using a Bio-Rad
TC20 Automated Cell Counter (Bio-Rad, #1450102). For SNAT7 WT, SNAT7 KO,
HA-SNAT7™T, HA-SNAT7M?H, and HA-SNAT7?™C cell proliferation, 5 x 10* cells
were plated in triplicate in 12-well plates. After 24 h, cells were stimulated in
0.2 mM glutamine (Sigma, #G3126) medium (Thermo Fisher Scientific,
#11960069) with or without 3% BSA (Sigma, #A1470) and 500 nM Torin
(Sigma, #475991) and were incubated for 48 h. Then, cells were washed three
times with 1x PBS and stained with 0.5% crystal violet (Sigma, #C6158) in 20%
methanol. For measuring absorbance at 590 nm, stained cells were resolved in
ethanol. Cells incubated for 24 h in low glutamine were used as a basal level.

Cell size. A total of 5 x 10* WT or SNAT7 KO MIA PaCa-2 cells, HA-SNAT7*,
HA-SNATZN? or HA-SNAT7*" were seeded into 12-well plates and were cul-
tured in low glutamine medium (0.2 mM glutamine). After 48 h, cells were
lifted by 0.25% Trypsin-EDTA solution (Sigma, #5642) and then resuspended
with 1% PBS. Cell size was measured by using a Z2 Coulter Particle Count and
Size Analyzer (Beckman Coulter) and processed by 22 Accucomp software (Beck-
man Coulter).

Forty-eight hours later, the cells were harvested by trypsinization and resus-
pended in 1 mLPBS, diluted 1:50 with counting solution (isoton, Beckman Coul-
ter), and cell diameters determined using a particle size counter (Coulter 72,
Beckman Coulter) with Coulter 2 AccuComp software.

Statistical Analysis. Statistical analyses were conducted using Prism 7 (Graph-
Pad). Student's ¢ tests were used for comparison between two groups and P val-
ues less than 0.05 were considered as statistically significant. Paired t test was
performed for immunohistochemistry scores in paired patient samples.

Detailed material and methods for cell lines, tissue culture, antibodies, chem-
icals, plasmids, cDNA transfection, RNA interference, GFP nanobody purification,
cell lysis, cell immunoprecipitation, subcellular fractionation, Western blot, real-
time PCR, generation of stable cell lines, generation of KO cells using CRISPR/
Cas9 genome editing, patient issue samples, immunohistochemistry, and immu-
nohistochemistry scoring are available in S/ Appendix, Materials and Methods.

Data Availability. All study data are included in the article and/or S/ Appendix.
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