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Abstract

The lysosome is the major catabolic organelle, is the site of activation of the
master growth regulator mTORC1 (mechanistic target of rapamycin (mTOR)
complex 1), and is often deregulated in common diseases, such as cancer. Given
the critical role of lysosomes in maintaining cellular homeostasis, a better
understanding of lysosomal function and metabolism and its relation to the mTOR
pathway is necessary.

Most components of the nutrient-sensing machinery upstream of mTORC1
localize to the lysosomal surface, and amino acids generated by lysosomes
regulate mTORC1 by promoting its translocation there, a key step in its activation.
Activation of mMTORC1 by the amino acid arginine requires SLC38A9, a poorly
understood lysosomal membrane protein with homology to amino acid
transporters. To study SLC38A9 function at the lysosome, we developed a novel
method for the rapid isolation of intact mammalian lysosomes suitable for
metabolite profiling. First, we validate that SLC38A9 is an arginine sensor for the
mTORC1 pathway, and we uncover a central role for SLC38A9 in amino acid
homeostasis. SLC38A9 mediates the transport, in an arginine-regulated fashion, of
many essential amino acids out of lysosomes to be used in growth-promoting
processes. Pancreatic cancer cells, which use lysosomal protein degradation as a
nutrient source, require SLC38A9 to form tumors. Thus, through SLC38A9,
arginine acts a lysosomal messenger to connect mTORC1 activation and the

release of the essential amino acids to drive cell growth.



Finally, by performing quantitative proteomic analyses of rapidly isolated
lysosomes, we find that ribosome degradation provides the lysosomal arginine that
promotes SLC38A9 activation. Lysosome degradation of ribosomes is mediated by
NUFIP1 (nuclear fragile X mental retardation—interacting protein 1). The starvation-
induced degradation of ribosomes via autophagy (ribophagy) depends on the
capacity of NUFIP1 to bind LC3B and promotes cell survival. Thus, the NUFIP1-
mediated degradation of ribosomes provides both the necessary substrate to
activate SLC38A9 and the nutrients needed to promote cell survival under
starvation. Altogether, this work provides insight into the regulation of lysosomal

nutrients and their role in cellular growth and survival.
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CHAPTER 1:

l. Introduction

Cell growth is defined by the accumulation of mass. This is a process that all
eukaryotic cells, both unicellular and multicellular alike, require in order to
proliferate, and as such, the ability to grow is a highly resource-intensive process.
Therefore, it is unsurprising that cells have evolved sophisticated systems that
detect when conditions are favorable for growth, and conversely, halt growth
promoting processes when growth factors, nutrient stores, or energy levels
deplete. Across eukaryotic organisms, the mechanistic target of rapamycin
complex 1 (mMTORC1) pathway has emerged as the major regulator of cell growth
(7). mTORC1 integrates a diverse set of signals, such as growth factor availability,
nutrients, energy status, and stress to regulate both anabolic processes, such as
protein, nucleotide, and lipid synthesis, as well as catabolic ones, such as
autophagy. Given mTORC1’s central role in cellular homeostasis, it is unsurprising

that is often deregulated in a multitude of human diseases, such as cancer and

aging.

Il. The mTOR Pathway
Rapamycin and the Discovery of mTOR

It is impossible to discuss the mTORC1 pathway without a discussion of
rapamycin. In the early 1970’s, with the goal of identifying novel antimicrobial
agents, Surendra Sehgal isolated rapamycin from Streptomyces Hygroscopicus in

a soil sample from Easter Island, also known as Rapa Nui from which rapamycin
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derives its name (7). Although lacking antibacterial activity, rapamycin was soon
found to have potent growth-inhibitory affects on yeast and these effects were soon
found to extend to human cells suggesting that the growth-inhibitory effects of
rapamycin were conserved from yeast to human (2). Subsequently, it was found
that rapamycin acts as a potent immunosuppressant in humans leading to its FDA
approval for the prevention of organ transplant rejection, and several
pharmaceutical companies further developed derivatives of rapamycin, known as
rapalogues (7). These derivatives are currently are in use as anti-restenosis agents
along with as chemotherapeutic agents in cancer.

Given its potent anti-fungal effects, many sought to identify its mechanism of
action. While many drugs bind and inhibit their target directly, rapamycin acts in
part by forming a gain of function complex with the peptidyl-prolyl-isomerase
FK506 binding protein 12 (FKBP12) (3, 4). Utilizing genetic screens in yeast, two
groups identified mutant alleles in three genes that are required to mediate the
affects of rapamycin: recessive mutations in FKBP12, and dominant mutations in
the TOR1 and TOR2 genes. FKBP12 loss did not recapitulate the growth arrest
seen with rapamycin treatment, however duel loss of TOR1/TOR2 phenocopied
the growth-inhibitory properties of rapamycin suggesting the gene products of
TOR1/TOR2 are the molecular target of rapamycin (5). The full mechanism of
action of rapamycin remained elusive until 1994, when biochemical studies
identified the mechanistic (formally “mammalian”) target of rapamycin (mTOR) as
the direct target of the rapamycin-FKBP12 complex in mammals, revealing it to be

the homolog of the yeast TOR genes that were previously identified in genetic
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screens (6-8). The discovery of mTOR lead to what has become a sprawling field

with connections to almost every aspect of human physiology and disease.

mTORC1 and mTORC2

mTOR is a serine-threonine kinase and work in both fungal and mammalian
systems it nucleates two distinct protein complexes, mTOR Complex | and mTOR
Complex Il (ImMTORC1 and mTORC2, respectively). Each complex is comprised of
a unique set of proteins and as such, each complex has distinct substrates and
modes of regulation. For instance, in response to growth factors and nutrient
availability, mTORC1 regulates key cell growth processes, such as protein, lipid,
and nucleotide synthesis, as well as autophagy. Conversely, mTORC2 is less well
understood but is considered part of the PISK-AKT pathway and responds to
growth factor signaling. While | will discuss briefly mTORCZ2, the focus on this

thesis will be on mTORC1.

mTORC2

Yeast TOR2, unlike TOR1, was found to have rapamycin-insensitive
downstream processes. While initially this remained a mystery, it was clarified with
the discovery of two distinct complexes containing the TOR protein. In yeast, the
TOR1 or TORZ2 gene products can associate with the rapamycin-sensitive TOR
complex 1 (TORC1), which consists of KOG1 (homologous to the human raptor)
and LST8 (homologous to the human GBL/mLST8). Conversely, only the TOR2
gene product is found in the TOR complex 2 (TORC2) protein complex, comprised

of AVO1 (homologous to human SIN1), AVO2, and AVO3 (homologous to the

12



human Rictor). In humans, there is only one mTOR protein and it is found in both
mTORC1 and mTORC2 protein complexes.

The function of the mTORC2 pathway has not been fully clarified however,
loss of TORC2 components in yeast or mTORC2 components in mammalian
systems leads to cytoskeletal defects. Intense interest in mTORC2 began when it
was found to be the elusive kinase for AKT activation. The PI3K/AKT pathway
mediates insulin signaling and is the most commonly mutated pathway in cancer.
AKT is a serine-threonine kinase that promotes cell growth, cell cycle progression,
glucose metabolism, and cellular survival, and for years it was known it required
phosphorylation of two distinct sites for full kinase activity, T308 and S473. Itis
now clear that PDK1 mediates T308 phosphorylation while mTORC2
phosphorylates S473. The identification of mMTORC2 as the S473 kinase
established mTORC2 as key growth-regulatory kinase and immediately connected
the mTOR pathway to insulin signaling (9). How PI3K signaling activates mTORC2
remains unclear, however recent work has suggested that the production of
phosphatidylinositol-3,4,5 trisphosphate (PIP3), the product of PI3K activation,
binds mSIN1 leading to its displacement and reliving its inhibition on mTORC2(70).
While the understanding of the mTORC2 pathway is incomplete, the regulation and
output of the mTORC1 pathway is far better understood and is the focus of this

thesis.

mTORCA1
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mTORC1 is composed of mTOR, as well as Raptor, Gbl/mLST8, and two
inhibitory subunits PRAS40 (Proline Rich AKT substrate of 40 Kd) and
DEPTOR(177-74). Interestingly, while the RAPTOR subunit is the defining
component of the mTORC1 complex it is not require for mTOR kinase activity in
vitro but is likely required for substrate recruitment. The mTORC1 pathway is the
primary regulator of mass accumulation through the regulation of many anabolic
and catabolic processes, such as protein, lipid, and nucleotide synthesis, as well
as energy metabolism, organelle biogenesis, and autophagy and proteasome
activity. The diverse mechanisms by which mTORC1 regulates these processes

are described in detail below.

Functions and Substrates of mTORC1

To have the ability to grow and divide, a cell must increase the production of
proteins, lipids, and nucleotides as well as suppress catabolic processes such as
autophagy and proteasome activity(75). mTORC1 plays a central role in regulating
all these processes by phosphorylating distinct substrates in order to control the

balance between anabolism and catabolism. Here | will review the critical mMTORC1
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substrates that contribute to cellular growth (Figure 1).

growth
Stress hutrients factors oxygen energy
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Figure 1: the mTORC1 pathway senses numerous nutritional and environmental cues
to increase growth-promoting processes, such as protein synthesis, lipid and
nucleotide synthesis, and inhibiting catabolic ones, such as autophagy.

Protein Synthesis

Active mTORCH1 drives protein synthesis primarily through two processes:
increasing the production of the protein synthesis machinery (ribosomes) and
increasing the efficiency of the rate-limiting step of translation (translation
initiation).

First, with the development of ATP-competitive inhibitors of mTOR, it
became clear that mTOR inhibition strongly reduces translation initiation as it
suppresses incorporation of 35S-Cys/Met into protein by 65% and dramatically
shifts ribosomes away from polysomes to monosomes(76). Translation initiation
inhibition occurs largely through mTORC1’s phosphorylation of two substrates, the
S6Ks and 4EBPs. Before the identification of mTOR, these key substrates were

known to be rapamycin-sensitive, however recent work has shown that certain
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4EBP1 phosphorylation sites are insensitive to rapamycin (77-79). mTORC1
directly phosphorylates S6K1 on its hydrophobic motif site, Thr389, which enables
subsequent phosphorylation and activation by PDK1. S6K1 activation leads to the
subsequent phosphorylation and activation several substrates that promote mRNA
translation initiation, such as elF4B, a positive regulator of the 5’cap binding elF4F
complex(75). S6K1 activation also leads to the degradation of PDCD4, an inhibitor
or elF4B, leading to the enhanced translation efficiency of spliced mMRNAs as well
as phosphorylation of S6, a subunit of the 40S ribosome, which permits its
association with the pre-initiation complex promoting translation(20). Loss of S6K1
causes a 20% size reduction relative to wild-type mice(27). The mTORC1
substrate 4EBP1 inhibits translation by binding and sequestering elF4E leading to
the prevention of elF4F complex assembly (22, 23). 4EBP1 contains multiple
mTORC1 phosphorylation sites that affect its dissociation from elF4F allowing
5’cap-dependent mRNA translation to occur (23).

mTORC1 promotes the production of ribosomes by regulation rRNA
synthesis through positively regulating RNA Polymerase | and RNA Polymerase lli
via the recruitment of transcription factors required for polymerase activity (24, 25).
Similarly, mTORC1 regulates a subset of MRNAs that all share 5’ terminal
oligopyrimidine (TOP) motifs, or a series of cytosine and uracil bases. These &’
TOP motifs occur frequently in the 5" UTR of many genes encoding ribosomal
proteins consistent with mTOR activity increasing ribosome abundance. The
regulation of these mMRNAs primarily occurs at the level of 4EBP as 4EBP loss
blocks the affects of mMTOR inhibition on the translation of these 5° TOP mRNAs

(16).
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Lipid Biosynthesis

Apart from an increase in protein abundance, in order for a cell to grow it
must have adequate lipids for membrane expansion and formation(75). mTORC1
increases lipid biosynthesis by promoting the processing of the transcription factor
sterol-regulatory-element-binding protein 1/2 (SREBP1/2), which is responsible for
increasing the expression of enzymes involved in lipid synthesis. SREBP1/2
resides on the ER membrane in an inactive form, and when sterol levels drop
SREBP1/2 moves to the golgi and is proteolytically cleaved into an active form that
acts as a transcription factor to stimulate transcription of genes necessary for lipid
synthesis(26-28). SREBP is canonically activated in response to low sterols; it also
can be activated independently through an S6K-dependnet mechanism as well as
through an additional mMTORC1 substrate Lipin1, which inhibits SREBP in the

absence of mMTORC1 activity (29).

Nucleotide Metabolism

Recent work has shown that mMTORC1 also promotes the synthesis of
nucleotides required for DNA replication. mMTORC1 stimulates ATF4-dependent
expression of MTHFDZ2, a key component of the mitochondrial tetrahydrofolate
cycle that provides one-carbon units for purine synthesis. SREBP activation by
mTORC1 also increases a number of genes in the pentose phosphate pathway
(PPP) leading to the biosynthesis of both purines and pyrimidines. Additionally,
mTORC1 directly phosphorylates the enzyme carbamoyl-phosphate synthetase 2

(CAD2), which is involved in the production of pyrimidines (30-32).
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Protein Turnover

The processes described above focuses on the role of mMTORC1 in
anabolism, or building of cellular mass. Conversely, mMTORC1 promotes cell growth
by also inhibiting protein catabolism, such as autophagy and proteasome activity,

which will be described below.

Autophagy

Autophagy is a key process in which cytoplasmic components, including
organelles, are captured by the autophagosome and delivered to the lysosome for
degradation and recycling of macromolecules that can be used for growth(33).
mTORC1 activity directly inhibits autophagy through phosphorylation of ULK1, a
kinase that is important in the early step of autophagy initiation. ULK1 forms a
complex with ATG13, FIP200, and ATG101 that promotes autophagosome
formation (34, 35). In essence, under conditions in which nutrients and growth
factors are present, mTORCH1 is active and inhibits the recycling of cellular
components. Conversely, when nutrients are low, mTORC1 is inhibited and
stimulates autophagy. Autophagy induction leads to the degradation and recycling
of cellular materials that over time can provide the necessary nutrients to stimulate
mTORC1 activity as well as survive nutrient starvation. Autophagy will be

discussed in depth later in this introduction.

Ubiquitin-Proteasome System
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Apart from autophagy, the Ubiquitin-Proteasome system (UPS) is the
second major pathway responsible for protein turnover. Proteins are targeted for
degradation by the 20S proteasome following covalent modification with ubiquitin.
Recently, it has been shown that acute mTORC1 inhibition rapidly increases
proteasome-dependent proteolysis either through a general increases in protein
ubiquitylation, or an increase in proteasome chaperone abundance(36).
Interestingly, another study has shown that genetic hyper activation of mMTORC1
via TSC1/2 loss also increases proteasome activity through an elevation of
proteasome subunit expression (36). Despite the discrepancy, the UPS is
responsible for a majority of cellular protein degradation; therefore, understanding

its regulation by mTORC1 will be an area of intense interest in the future.

Regulation of mMTORC1

A shift toward a growth-promoting program must only occur when there are
sufficient pro-growth signals as well as the necessary energy and chemical building
blocks needed for macromolecule synthesis. In mammals, these signals are largely
dependent on diet, wherein mTORC1 activity is promoted upon feeding and
inhibited upon fasting. Here will discuss the various upstream signals and how they

promote mTORC1 activation (Figure 2).
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Figure 2: Growth factors activate mTORC1 through a signaling pathway that
involves the TSC complex and RHEB GTPase. Nutrients, such as amino acids
and glucose, activate the mTORC1 through a pathway that impinges on the
Rag GTPases. When nutrients are present, the Rag GTPases recruit mTORC1
to the lysosomal surface where it can interact with its kinase activator Rheb.
In the presence of sufficient growth factors, Rheb can then activate mTORC1
kinase activity.

Growth Factors, Energy, Oxygen, and DNA Damage

While there are a variety of environmental signals that impinge on mTORCA1
to coordinate its activity, most of these, such growth factors, energy, oxygen, and
DNA damage, input through the tuberous sclerosis complex (TSC), which is
composed of TSC1, TSC2, and TBC1D7. The TSC complex acts as a GTPase
activating protein (GAP) for the small GTPase Ras homologoue enriched in brain
(Rheb), which is an essential activator of mMTORC1 kinase activity. Interestingly,
how exactly Rheb activates mTORCH1 is still unclear (37-41).

Growth factor pathways converge on the TSC complex, including the
insulin/insulin-like growth factor-1 (IGF-1) pathway, leading to the AKT-dependent
multi-site phosphorylation of TSC2(42). First, growth factors, such as insulin, bind
their cognate receptors on the plasma membrane. This binding leads to the
recruitment of insulin receptor substrate 1 (IRS1), which activates PI3K, a
heterotrimeric lipid kinase, to the plasma membrane where it comes in contact with
its substrate phosphatidylinositol-4,5 bisphosphate (PI-4,5-bisphosphate). PI3K
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then catalyzes the phosphorylation of its substrate to form phospohatidylinositol-
3,4,5-triphosphate (PIP3) (9). An important negative regulator of this pathway,
phosphatase and tensin homolog deleted on chromosome 10 (PTEN), reverses
this reaction and resets PI3K signaling. The creation of PIP3 on the inside of the
plasma membrane leads to the recruitment of AKT to this site through binding its
pleckstrin homology domain (PH)(9). As discussed previously, AKT is activated by
two independent phosphorylation events and both events are required for full
activation of AKT. The phosphorylation of threonine 308 is catalyzed by PDK1,
while the phosphorylation of serine 473 is catalyzed by mTORC2(9, 13, 43). How
PI3K regulates mTORCH1 is still unclear. Activation of AKT stimulates its kinase
activity leading to the phosphorylation of TSC2, a core member of the TSC
complex(42). This phosphorylation leads to its inhibition and dissociation from the
lysosomal surface(47). As the TSC complex acts as the GAP for Rheb, this
regulation is critical as when the TSC complex no longer resides at the lysosomal
surface, Rheb, which also resides at the lysosomal surface, become GTP-loaded
and is therefore capable of activating mTORCH1, as long as it is properly localized
to the lysosomal surface. Similarly, receptor tyrosine kinase-dependent Ras
signaling activates mTORC1 via the MAP Kinase Erk and its effector p9ORSK, both
of which phosphorylate TSC2; however, it has not been shown whether these
inputs control the localization of TSC or simply inhibit its GAP activity. Additional
growth factor pathways, such as Wnt and cytokine TNFalpha, activate mTORC1
via inhibition of TSC1 as well(44). Precisely how the TSC complex integrates these

diverse growth-factor signaling pathways is still unclear.
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Apart from growth factor availability, mTORC1 also responds to stresses
that are incompatible with growth promotion, such as low ATP levels, hypoxia, or
DNA damage. A reduction in cellular energy, typically modeled using glucose
deprivation, activates the 5’AMP-activated protein kinase (AMPK), which inhibits
mTORC1 indirectly, through the phosphorylation of TSC2, as well as directly,
through the phosphorylation of Raptor(45). Interestingly, mTORC1 also responds
to low glucose in a manner independent of AMPK, through the inhibition of the Rag
GTPases, how exactly is still an open question(46). Other cellular stresses, such
as low oxygen or DNA damage, are thought to inhibit the pathway similarly, via the
TSC complex. For instance, hypoxia inhibits mTORC1 in part through AMPK
activation, but also through the induction of REDD1 (Regulated in DNA damage
and development), which activates TSC(47). The DNA-damage response pathway
inhibits mMTORC1 through the induction of p53 target genes, such as AMPK
regulatory subunit (AMPKb), PTEN, and TSC2 itself, all of which lead to increased
TSC activity(48). It is clear the TSC complex is a critical node in the sensing of
many growth signals; however, whether they all affect TSC localization or strictly

TSC GAP activity is still unclear.

Amino Acids

While many environmental signals input into mTORC1 via the TSC complex
and Rheb activation, Rheb is only able to activate mTORCH1 if it is properly
localized to the lysosomal surface. This localization is controlled by the availability

of nutrients through the Ras-related GTPases (Rags)(49).
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The identification of the Rag GTPases was breakthrough in the
understanding of how nutrients were sensed by mTORC1. The Rags are obligate
heterodimers of RagA or B (A/B) bound to RagC or D (C/D) tethered to the
lysosomal surface by the Ragulator complex comprised of p18, p14, MP1, HBXIP,
and C70ORF59. In the presence of sufficient amino acids, the Rags convert to their
active nucleotide state, RagA/B in a GTP-loaded conformation while RagC/D is
GDP-loaded, which then binds the Raptor subunit of mMTORC1, leading to the
recruitment of mMTORC1 to the lysosomal surface where it can then interact with its
essential kinase activator Rheb(49-57). Therefore, the mTORC1 pathway is
constructed as an “AND-gate,” where mTORCH1 is only active when both the Rag
and Rheb GTPases are active; this leads to a simple understanding of why both
amino acids and growth factors are required for mTORC1 activity (Figure 3).

How amino acids control mMTORC1 activity upstream of the Rag GTPases
has been an area of intense research over the past decade. Our lab and others
have identified a number of regulators of the Rag GTPases and it is now clear that
mTORC1 senses both cytosolic and lysosomal amino acids. Amino acids inside
the lysosomal lumen signal to mTORC1 via a mechanism that is dependent on the
lysosomal v-ATPase, which interacts with the Rag-Ragulator complex(52).
Recently, we have identified the lysosomal amino acid transporter SLC38A9 as a
Rag-Ragulator interacting protein that is required for arginine to activate
mTORC1(53). Its function as a putative arginine sensor as well as the importance
of lysosomal nutrient sensing will be a focus of this thesis and will be discussed

later.
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Cytosolic leucine and arginine signal to mTORC1 through a distinct pathway
comprised of the GATOR1 and GATOR2 complexes. GATOR1, consisting of
DEPDCS5, Nprl2, and Nprl3, is a negative regulator of the mTORC1 pathway and
acts as a GAP for RagA/B. The KICStor complex, comprised of KPTN, ITFG2,
C120rf66, and SZT2, tethers GATOR1 to the lysosomal surface and similarly acts
as a negative regulator to the mTORC1 pathway. The GATOR2 complex is a
pentameric complex of unknown function, comprised of Mios, WDR24, WDR59,
Seh1l, and Sec13, and acts as a positive regulator of the mTORC1 pathway(54,
55). In the past three years, our lab has made an enormous progress into the
mechanism of cytosolic leucine and arginine sensing. First, the identification of
Sestrin2 as a GATOR?2 interacting protein that inhibits mMTORC1 signaling under
amino acid deprivation led to subsequent biochemical and structural analyses that
established Sestrin2 as a direct leucine sensor upstream of mMTORC1. Sestrin2
binds leucine and its affinity for leucine determines the sensitivity of mTORC1
signaling to leucine in cultured cells(56-60) (Figure 3). While it has remained to be
established whether tissues leucine concentrations fluctuate within the relevant
range to be sensed by Sestrin2 in vivo, this will an active area of research for years
to come. Interestingly, Sestrin2 has shown to be transcriptionally activated upon
long time amino acid deprivation via ATF4, suggesting a model that Sestrin2
functions both as an acute leucine sensor as well as an indirect sensor of long-
term amino acid deprivation. Similarly, cytosolic arginine signals to mTORC1 via
the CASTOR1 protein in a mechanism analogous to Sestrin2. Much like Sestrin2,
CASTOR1 binds and inhibits GATORZ2 in the absence of arginine and dissociates

upon arginine binding leading to mTORC1 activation(67, 62). The fact that two
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amino acid sensors to the mTORC1 pathway are centered on the inhibition of the
GATOR2 complex has established GATOR2 as a central node of amino acid
sensing; however its molecular function and how Sestrin2 and CASTOR1 inhibit
GATOR2 remain unknown (Figure 3).

Recently, our lab has also identified that methionine is sensed upstream of
mTORC1 via the surrogate metabolite S-adenosylmethionine (SAM). Utilizing
published IP-MS databases, C70orf60 was found to interact with the GATOR1 and
KICSTOR complexes and biochemical validation showed its function as a SAM
binding protein that signals methionine availability to mTORC1(63). This suggests
that many other sensors may exist, not only for amino acids but for other key
nutrients as well. Similarly, it is clear there are several other mechanisms by which
amino acids regulate mTORC1. For instance, the Folliculin/FNIP12 complex acts
as the GAP for RagC but its upstream regulation is still unknown(64) (Figure 3).
Also, studies have reported that the amino acid glutamine activates mTORC1

independent of the Rag GTPases through the related Arf family GTPases(65).
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Figure 3: A model for the activation of mMTORC1 by amino acids. The cytosolic
branch is comprised of the GATOR1, GATOR2, and KICSTOR complexes. Cytosolic
leucine and arginine signal to mTORC1 via the Sestrin and Castor family of proteins
in a GATOR2-dependent mechanism. Amino acids within the lysosome signal to
mTORC1 in an V-ATPase dependent mechanism. Lysosomal arginine (and lysine) signal
to mTORC1 via SLC38A9. SLC38A9, in an arginine-dependent mechanism, effluxes
the non-polar essential amino acids out of the lysosome for use in growth

promoting processes. Ragulator acts as a scaffold for the Rag GTPases at the
lysosome and has nucleotide exchange activity on the Rag GTPases.

mTORC1 pathway and cancer

Many mTORC1 pathway regulators are mutated in both sporadic cancers
and familial cancer syndromes. For instance, regulators of the growth factor
sensing branch, such as PI3Kinase or AKT, are two of the most commonly mutated
genes in a variety of cancer malignancies. Similarly, PTEN, a critical negative
regulator of the PI3Kinsae signaling pathway is a tumor suppressor that is

frequently mutated or lost in sporadic cancers (reviewed in (9). Germline mutations
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in AKT, PI3K, and PTEN are associated with familial overgrowth syndrome and
recent clinical work has shown the efficacy of PI3BK/mTOR inhibitors in the
treatment of these diseases(66).

Downstream of the growth factor signaling pathway, TSC1/2 has been
commonly recognized as tumor suppressor genes due to their association with
familial tumor syndrome tuberous sclerosis. These cancers are inherited in an
autosomal dominant fashion in which patients inherited one mutated allele of TSC1
or TSC2. Frequently, these cancers are associated with loss of heterozygosity, and
then inactivating mutations are found in the wild-type allele of the disease-causing
gene(67).

Apart from the growth factor/insulin signaling side of the mTORC1 pathway,
recently recurrent, sporadic mutations in MTOR have been found in a subset of
cancers, which have been biochemically characterized to activate mTORCA1
signaling in cell culture(68-70). Similarly, GATOR1 loss has been found in a low
percentage of sporadic ovarian cancers and gliobastomas. Biochemical follow-up
has shown that these cancers have constitutive mTORC1 signaling in absence of
nutrients, however, it is unclear if GATOR1 loss is critical to these cancers(55).
Recurrent mTORC1-activating RRAGC mutations were recently found in follicular
lymphoma, and biochemical follow-up found these RagC variants increased raptor
binding while rendering mTORC1 signaling resistant to amino acid deprivation.
Interestingly, more than half of the RRAGC mutations preferentially co-occurred
with mutations in ATP6V1B2 and ATP6AP1, which encode components of the

vacuolar H+-ATPase (V-ATPase) known to be necessary for amino acid-induced
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activation of mMTORC1. The functional outcome of these V-ATPase mutations still

require biochemical follow-up(77).

mTOR inhibitors as cancer therapy

As it is clear that mMTORC1 signaling plays a major role in tumorigenesis, the
development of specific mTOR inhibitors has been an area of intense interest and
has gathered promising pre-clinical data to support mTOR inhibition’s anti-tumor
effects. It is quite surprising though that rapamycin and its derivatives (rapalogues)
have currently shown limited use in cancer therapy. The best indication of the
efficacy of mTOR inhibition has been shown in blocking angiomyolipoma growth in
tuberous sclerosis patients, where hyperactive mTORC1 signaling is the basis of
the disease(72). Similarly, in a Phase Il clinical trial, treatment with a rapamycin
derivative, everolimus, showed a 42% response rate in reducing angiomyolipoma
size (73). So far, this has been the best-case scenario of the use of mMTOR
inhibitors in cancer.

Why rapalogues have currently proven less effective has been a topic of
intense debate. The simplest hypothesis would be that the outcome of mMTOR
inhibition, the inhibition of its downstream effectors, is just insufficient to kill cancer
cells despite these processes being necessary for growth, exerting a cytostatic
effect rather than cytotoxic. There is also evidence that mMTORC1 inhibition might
even enable more aggressive tumor growth rather than inhibit it. As mentioned
previously, mTORC1 activity negatively regulates AKT signaling, and rapalogue
treatment has been shown to activate AKT in colorectal carcinomas (74). Also, we

now appreciate that rapamycin and other rapalogues are only partial mTORCA1
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inhibitors and potentially catalytic mTOR inhibitors may have higher efficacy(75).
Also, it is clear that long-term rapamycin treatment, as would be seen in the clinic,
also inhibits mTORC2 via disruption of mMTORC2 assembly and it is possible the
response of cancer cells to rapamycin may be due to its affects on mTORC2
inhibition(76). Currently, there are no known mTORC2 selective inhibitors and

ATP-competitive inhibitors are currently not FDA-approved.

lll. Lysosome

Lysosomes are membrane-bound organelles that are classically known to
be the degradation center of the cell. They are also critically important in signal
transduction, specifically in nutrient-sensing by the mTORC1 pathway. They have
been most widely studied in their role in a class of rare metabolic diseases known
as lysosomal storage diseases and deregulated in common diseases, such as
cancer (as reviewed in (77)). The lysosome is a major location for producing and
sensing many metabolites, but our knowledge about lysosomal metabolism and
how it affects cellular homeostasis and signaling pathways is far less understood.

Here, | will review our basic understanding of lysosome physiology (Figure 4).
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Figure 4: Lysosomal Function
Structure

Lysosomes are organelles found in all eukaryotic cells that are critical to
maintain cellular health. They are well known as degradation centers and were
discovered in 1955 by the Christian de Duve. While studying the mechanism of
action of insulin, de Duve detected a biochemical fraction enriched in hydrolytic
activities toward proteins and lipids. With the advent of electron microscopy and
follow-up biochemical experiments, the lysosome was identified as a membrane-
bound compartment that specializes in the breakdown and recycling of cellular
components. The lysosome is defined by its acidic internal pH (~4.5-5.5) that is
established by the vacuolar H+ATPase (v-ATPase) and is aided by the counter
transport of other ions, such as CI-, Na+, and K+. The hydrolases located within
the lysosomal lumen function optimally at low pH and thus facilitates the
compartmentalization of the degradation of vast variety of macromolecules leading
to the production of free amino acids, sugars, and free fatty acids which can then

be utilized by the cell (as reviewed in (77-79)). Furthermore, the lysosome is the
30



end point of the main degradative process in the cell, autophagy, where
cytoplasmic macromolecules, damaged proteins, or even entire organelles are
captured and shuttled to the lysosome for degradation (33). Hence, it is
unsurprising the lysosome can be considered the quality control center of the cell
and is required for maintaining cellular homeostasis.

The shape, size, number, and function of lysosome vary across cell types
and species. For instance, metazoans cells contain hundreds of lysosomes that
range in size from 100 nm to 1 uM, while yeast and plants contain only one or few
lysosome-like structures, referred to as vacuoles, which range up to several
microns in diameter (as reviewed in (77)). Specialized cell types, such as
melanosomes in melanocytes or lytic granules in lymphocytes, share features with
lysosomes but differ in function and likely protein content. The lysosome is
composed of a single phospholipid bilayer decorated with transmembrane proteins;
the most abundant lysosome protein is the lysosome-assoicated membrane
proteins (LAMP) 1 and 2, which constitute nearly 80% of lysosomal membrane
proteins. Interestingly, the function of the LAMP proteins is still unclear. Residing in
the lysosomal lumen are ~60 resident acidic hydrolases that digest all classes of
macromolecules, such as proteins, lipids, nucleic acids, and sugars (80).

The cataloging and identification of all resident lysosomal transmembrane
and luminal proteins as well as lysosomal associated proteins is far from complete.
With the development of differential centrifugation based techniques the isolation
specific organelle compartments has allowed the study of purified lysosomal

fractions; however, these techniques are dampened by their lack of specificity. In
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order to further understand function and regulation, development of rapid methods
for organelle isolation is required and will be discussed later in this thesis.
Lysosomes and Disease

The major feature of lysosomes is the production and release of simple
metabolites from inside the lysosomal lumen to the cytoplasm or other
compartments. Failure to degrade cargo or release lysosomal catabolites is the
underlying mechanism of the rare class of metabolite diseases called lysosomal
storage diseases (LSDs), whose cumulative incidence is 1 in 5,000. These
disorders display a wide variety of symptoms; most common are developmental
delays, neurological defects, and metabolic imbalances that lead to early death.
Currently, 60 different lysosomal storage diseases have been identified, and the
specific hydrolase or putative transporter that is defective dictates the nature of the
accumulated substance in the lysosomal lumen. The treatment of LSDs mainly
focuses on the restoration of lysosomal function and current efforts are focused on
gene therapy or enzyme replacement therapy(87).

A common outcome of lysosomal dysfunction is progressive
neurodegeneration, suggesting that neurons are highly susceptible to impaired
lysosomal activity. A clear instance of this is found in Niemann-Pick type C (NPC)
disease, caused by loss of cholesterol export via NPC1 or NPC2 and leading to
massive accumulation of un-esterified cholesterol within lysosomes(82). NPC
patients show progressive neuropathological features typically seen in Alzheimer’s
patients, including accumulation of neurofibrillary tangles and amyloid B-peptide in
absence of mutations in known alzheimer’s disease-related genes. Similarly,

Gaucher’s disease is the most common LSD, which results from homozygous loss-
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of-function mutations in the lysosomal enzyme B-glucocerebrosidase (GBA)
leading to the accumulation of glucosylceramide. Patients develop severe
neurodegeneration and have a five-fold increased risk in developing Parkinson’s
disease and an eight-fold risk in developing Lewy body dementia(83). Because of
this, heterozygous mutations in GBA are the most common risk factors for
Parkinson’s disease identified currently(84). Consistent with this, the autophagy-
lysosomal axis has been shown to have a protective role in the brain, as mice
harboring neuron-specific deletion of ATG5 leads to progressive
neurodegeneration in absence of any other disease-associated mutations(85).
However, whether mutations in lysosomal-related genes can be used as risk
factors for the development of neurodegenerative disorders is unclear, as well as
why neuronal populations are highly susceptible to lysosome dysfunction.

Apart from inherited diseases that disrupt lysosome function, it is clear the
lysosomal axis is deregulated in cancer progression. Because rapidly proliferating
cells have an enormous demand for the synthesis of new proteins, lipids, DNA, and
RNA, the ability to recycle and reuse intracellular stores of these necessary
metabolites becomes critically important for cancer cell survival. This becomes
important within the tumor microenvironment where nutrients and oxygen are low
and nutrient scavenging pathways, such as autophagy or endocytosis, converge
on the lysosome to generate the needed metabolites for survival and proliferation.
Cancers that harbor oncogenic KRAS mutations have been shown to highly
increase macropinocytosis, the process of bulk uptake of extracellular proteins and
subsequent lysosomal degradation of sequestered material, and utilize this

pathway as an important nutrient delivery source to fuel metabolism and
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biosynthetic reactions important for survival and proliferation(86, 87). Similarly,
studies in lung and pancreatic tumor models have shown that these tumors are
highly reliant on autophagy and the lysosome for growth. Moreover, recent work
has shown that increased autophagy is coordinated with increased lysosomal
biogenesis and is critical in pancreatic cancers (88). Specifically, the master
transcription factor for lysosomal biogenesis, MiT/TFE family of proteins are
increased in pancreatic cancer and their expression is necessary for the
maintenance of intracellular amino acids levels and likely to fuel metabolism and
biosynthetic pathways needed for growth in these cancers. The transcriptional
control of lysosomal function will be discussed in depth in the next section. The
reliance on the lysosomal-autophagy axis in certain cancers supports the need for
therapeutic interventions that target this pathway or to block the utilization of
lysosomal-derived nutrients; however, no known selective inhibitors exist and this

will be discussed further in this thesis.

The Lysosome as a regulatory hub for nutrient sensing

The lysosome is the epicenter for nutrient sensing through its physical and
functional association with the mTORC1 pathway. As discussed previously,
mTORC1 integrates both positive and negative signals from nutrient, growth
factors, and energy sources to initiate a growth program. A critical advance in the
mTORC1 field was the identification of the lysosome as the site of activation of the
mTORC1 pathway. As such, many of the nutrient and growth factor sensing
components are localized to the lysosomal surface and nutrient signals from within

the lysosomal lumen signal to mTORC1.
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The association of a growth-promoting pathway with a major degradative
organelle seems surprising at first; however, if one considers the lysosome as a
nutrient storage and recycling center, it suggests that the cell has organized its
ability to promote strategies that lead to cell growth with physically locating its main
growth regulator with a source of the substrates needed for growth. If considered in
evolutionary terms, the relation of the lysosome to the yeast vacuole provides clear
evidence why this is the case. Despite morphological differences, lysosomes and
vacuoles share many of the same components, such as hydrolases, transporters,
and the vacuolar proton pump. It has been appreciated that the vacuole represents
a large internal reservoir for ions such as phosphate, calcium, zinc, as well as
nutrients, such as amino acids, that are fundamental to fungi survival. During
starvation, the vacuole increases its nutrient pool via autophagy-mediated protein
degradation, which then is exported out of the vacuole via a number of vacuolar
permeases to be used in growth-promoting processes. As yeast typically live in an
external nutrient and osmotic environment that fluctuates heavily, the presence of a
large internal nutrient storage pool allows for sustained survival independent of
external nutrient inputs and ensures rapid recovery from non-proliferative states
caused by long-term nutrient starvation (as reviewed in (89)). In yeast, the TOR
kinase is also associated with the vacuolar surface(90). Thus, this provides an
elegant feedback mechanism by which upon localizing to the surface of the
lysosome or vacuole allows the mTOR pathway to directly integrate information
from inside the lysosome as well as from the surrounding cytoplasm to regulate
anabolic and catabolic processes. Likely, with the emergence of multicellular

organisms and systemic growth factors, the mTOR pathway has maintained its
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connection with the lysosome as it provides a critical nutrient resource to maintain

whole body homeostasis during periods of fasting.

Transcriptional Regulation of the Lysosome

The lysosome has been classically viewed as a static structure strictly to
function in a degradative dead-end. This view has been radically altered with the
discovery that entire classes of lysosome genes, including those encoding
hydrolases, membrane transporters, lysosome-associated proteins, and
autophagy-related factors, are under coordinated transcriptional control. Utilizing
bioinformatics analysis, shared E box-related consensus elements were identified
in promoter regions of many lysosomal genes, aptly named the CLEAR
(coordinated lysosomal expression and regulation) element. A family of basic helix-
loop-helix transcription factors known as the MiT/TFE proteins, whose members
include TFEB, TFEC, TFES, and MITF bind the CLEAR element motif (97).
Previously, MITF had been associated with the biogenesis of melanosomes, a
lysosome-related organelle, and is frequently amplified in melanoma, while the
function of TFEB/TFEC/TFE3 were less understood. Utilizing chromatin
immunoprecipitation (ChlIP), TFEB, as well as MITF and TFE3, directly binds
CLEAR elements and overexpression is sufficient to induce a dramatic expansion
of the lysosomal compartment(92).

Interestingly, TFEB activation also drives the expression of many proteins
involved in multiple steps of autophagy as well as expanding the lysosome
compartment. These include genes involved in autophagosome initiation (BECNT1,

NRBF2) or elongation (GABARAP), selective autophapgy (SQSTM1T), and
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autophagosome-lysosome fusion (UVRAG)(917). TFEB therefore acts as the master
transcriptional regulator of catabolism and coordinates the cells ability to capture
substrates for autophagic degradation and then degrade them in the lysosome.
Subsequent work in vivo indicates that TFEB in the liver strongly promotes lipid
catabolism via activation of PGC1-alpha and downstream fatty acid oxidation and
mitochondrial biogenesis; similarly, TFEB-deletion in the mouse liver leads to
weight gain and deregulation of fat metabolism, while TFEB overexpression led to
resistance to lipid accumulation in an autophagy-dependent manner(93).

Initial studies detected TFEB in both the cytoplasm and nucleus, and
nutrient withdrawal promotes TFEB strictly in the nucleus. A key discovery found
that the mTOR pathway had a major role in controlling the nuclear-cytoplasmic
shuttling of TFEB. Utilizing either acute mTOR inhibition with either nutrient
starvation of catalytic mTOR inhibitors (Torin1), TFEB rapidly concentrated in the
nucleus leading to the activation of target lysosomal-autophagy genes. Under full
nutrient conditions in which mTOR is activated, mTORC1 directly phosphorylates
TFEB on Serine 142 and Serine 211 leading to its retention in the cytoplasm at the
lysosomal surface(94). Collectively, these studies connect the nutrient sensing arm
of the master growth regulator of mMTORC1 to the cell’s ability to regulate its

catabolic compartment.

IV. Autophagy
The term autophagy is derived from the Greek “auto”, oneself, and “phagy”,
to eat. To summarize, it functions as the major intracellular degradation pathway by

which cytoplasmic materials are delivered to and degraded to their basic
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macromolecules in the lysosome for reuse in cellular processes. Autophagy is an
evolutionary conserved degradation pathway that is essential for survival,

differentiation, development, and cellular homeostasis (Figure 5). Given its central
role in maintaining cellular homeostasis, it is unsurprising it plays a role in diverse

disease pathologies such as infection, cancer, neurodegeneration, and aging (33).
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Figure 5: Autophagy as a nutrient resource and qualitity control mechanism. Various
critical signaling pathways regulate autophagy induction, with mTORC1 being the most
critical. Autophagy mediates the degradation of damaged organelles, protein aggregates,
cytoplasmic bacteria, and other cytoplasmic components. This can be thought of as both
a mechanism of clearing damaged compartments but also as a recycling system. The
formed autophagosome fuses with the lysosome (autophagolysosome) leading to the
degradation of its internalized contents to their basic consituents (amino acids, lipids,
sugars, and nucleosides) that can then be utilized in growth processes.

History

Apart from his central role in the identification and characterization of
lysosomes as discussed previously, Christian de Duve utilized newly developed
cell fractionation techniques to identify acid phosphatase-positive vesicles
containing degrading mitochondria, endoplasmic reticulum membranes, ribosomes,
and other cytoplasmic contents. de Duve proposed the term “autophagy” in order
to denote this function of lysosomes in the process of self-eating. Through the use
of electron microscopy, autophagosome-like structures (double-membrane
vesicles) were found to enriched in the developing kidney and during insect

metamorphosis. By the early 1960’s it was clear that autophagosome number
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increased upon periods of starvation in rat liver, and by the mid-1970’s, the
presence of nutrients and growth factors were found to suppress autophagosome
number (as reviewed in (95)). With these key early findings, the existence of
autophagy in mammals was established while its functionality remained merely
phenomenological.

By the early 1990’s, genetic studies in yeast propelled the existence
autophagosomes from just a morphological finding to a critical survival mechanism.
Utilizing protease-deficient yeast mutants, Ohsumi and colleagues described
“autophagic bodies” enriched in the vacuole when deprived of nutrients, which he
then used as a screening method to isolate mutants in what is now referred to as
autophagy-related (ATG) genes. Several laboratories took similar efforts, first to
isolate yeast deficient in protein uptake for degradation in the vacuole (aut
mutants) as well as mutants deficient in the delivery of a resident hydrolase from
the cytoplasm to the vacuole (cvt mutants). Taken together, the various
laboratories working in yeast identified genes encoding components that function
at each stage of autophagy, including initiation, phagophore expansion, and
maturation. It is now clear that autophagy-deficient mutants show decreased
viability during nitrogen starvation, and these findings ushered in the genetic era of
mammalian autophagy research, which has further been extended across all
eukaryotic organisms (as reviewed in (33)). These early studies followed up by
additional genetic and biochemical analyses in various model organisms have
shown very clearly that the autophagy machinery is crucial across almost all

aspects of cellular physiology, from differentiation and development, nutrient and
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energy homeostasis, stress adaptation, tumor suppression, immunity, protection

against disease, neurodegeneration, and aging.

Autophagy as an adaptive metabolic response

The primary physiological role of autophagy is likely to maintain cellular
homeostasis when nutrient or other metabolic supplies fall below a threshold.
Autophagy-deficient mutants are more sensitive to nutrient deprivation than wild-
type cells, and genetic loss of the essential components of the autophagy pathway
lead to death shortly after birth due to the inability to mobilize sufficient nutrient
reserves to survive the period of starvation that occurs when the placental supply
of nutrients is lost (96). Autophagy can be thought of as generally non-selective,
where random portions of the cytoplasm are engulfed in the autophagosome for
delivery to the lysosome, but recent evidence suggests specific cellular
compartments can be targeted in a regulated fashion. Selective autophagy will be
discussed further in the next section. Autophagy is key for not only an adaptive
response to starvation but also general cellular housekeeping via the removal of
damaged organelles, protein aggregates, or intracellular bacteria.

Typically, autophagy is induced by limitations in ATP availability or amino
acid deprivation and many mechanisms exist that promote autophagy under these
conditions. The energy charge of the cell, a function of intracellular ATP, ADP, and
AMP concentrations, is a potent inducer of autophagy. When ATP is not actively
made through glycolysis or oxidative phosphorylation, the energy charge
decreases with a concurrent increase in AMP leading to the stimulation of

autophagy via AMPK activation. Interestingly, these conditions occur both in cells
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that rely heavily on glycolysis or similarly via inhibition of the mitochondrial
respiratory chain. Similarly, nutrient deprivation leads to accumulation of NAD, an
essential substrate for multiple metabolic reactions, promoting autophagy upon
activation of the Sirtuin family of histone deacetylases(97). Also, amino acid
starvation leads to a significant decrease in cytosolic acetyl-CoA which can
potently stimulate autophagy as it is the sole donor of acetyl groups for acetyl
transferases, some of which regulate a variety of components of the autophagy
machinery at the post-translational level(98). Amino acid deprivation also directly
results in autophagy induction due to an accumulation of uncharged tRNA species,
which is sensed by the stress kinase eukaryotic translation initiation factor 2alpha
kinase 4 (EIF2AK4, also known as GCN2), leading to protein synthesis inhibition
and autophagy via activating transcription factor 4 (ATF4)(99). As described
earlier, amino acid deprivation is immediately sensed by mTORC1, which directly
regulates autophagy by ULK1 phosphorylation, the initial step in autophagosome
formation (35, 7100).

Apart from amino acid deprivation, autophagy can also be stimulated by the
accumulation of specific metabolites, such as fatty acids or ammonia or iron
deprivation. Iron is an essential co-factor for many enzymes that catalyze
intracellular redox reactions. Drops in free intracellular iron stores leads to the
immediate immobilization and degradation of ferritin oligomers in the lysosome by
an autophagic response, coordinated by nuclear receptor coactivator 4 (NCOA4),
termed “ferritinophagy” (707). Ammonia can potently induce autophagy; however,
the mechanism is unclear, as it appears to not rely on ULK1/ULK2 activation or

mTORC1 inhibition but rather by promoting ER stress(702). Finally, both saturated
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and unsaturated fatty acids can stimulate autophagy through distinct mechanisms.
Palmitate-induced, but not oleate-induced autophagy, requires EIF2AK2 and
mitrogen-activated protein kinase 8 (MAPKS8). Stearoyl-CoA desaturase, which
converts saturated lipids to their monounsaturated forms is required for starvation-
induced autophagy; however it is likely that this is due to their need in the formation
of autophagosome membranes rather than a nutrient need(703). Conversely,
dietary lipids stored in triglyceride-containing droplets can be mobilized by
autophagy to replenish lipid stores under starvation, but the mechanism is unclear

(104).

Cargo Recognition and degradation by selective autophagy

While the autophagic response is generally considered to result in bulk
degradation of cytosolic material, recent evidence has suggested that autophagy is
more selective than previously appreciated. For instance, types of stresses other
than nutrient deprivation, such as damaged organelles or aggregated proteins,
require selective sequestration of the specific cargo into the autophagosome. The
earliest described instance of selective autophagy was found in methylotrophic
yeast, which responds to a methanol substrate by increased synthesis of
peroxisomal enzymes leading to enlarged peroxisomes. When switched to glucose
rather than methanol as a carbon source, this yeast undergo a rapid loss of
peroxisomes with increased sequestration of peroxisomes in the vacuole for
degradation suggesting peroxisome loss during glucose supplementation is due to

a selective degradation of peroxisomes by autophagy.
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Selective autophagy is achieved via a defined autophagy receptor that can
couple cargo sequestration with association with the autophagosome membrane,
typically through an LC3-interacting region (LIR) but this is not a universal
characteristic. These LIR motifs generally interact with the ATG8- family proteins
LC3/GABARAP and allow the direct connection of the autophagy receptor to the
autophagosome membrane. In general, in order to be selective, three main criteria
must be met: the cargo must be specifically recognized, the cargo must be
effectively tethered to the nascent autophagosome, and non-cargo material has to
be excluded from the autophagosome(705).

In yeast, the cytoplasm to vacuole pathway (Cvt) has been used as the
defining example of selective autophagy. Specifically, the hydrolase
aminopeptidase |, prApe1, is synthesized in the cytoplasm as a zymogen with an
N-terminal propeptide; prApe1 monomers assemble in the cytoplasm into higher
order dodecamers that further assemble into higher order particles in a propeptide-
dependent manner. The Cvt pathway sequesters the prApe1 into a pre-formed
phagophore and delivers it into the vacuole where it is then activated. While the
Cvt pathway is an example of selective transport into the vacuole, currently
selective autophagy is considered a process for how to specifically degrade
unwanted material in the complex environment of the cytoplasm (706). Several
targets and receptors of selective autophagy have been identified thus far, such as
for aggregate proteins (aggrephagy), mitochondria (mitophagy), peroxisomes
(pexophagy), ribosomes (ribophagy), endoplasmic reticulum (reticulophagy),
glycogen, intracellular free iron (ferritinophagy), and pathogens (xenophagy) (95,

101, 104, 107-118). While the upstream signals to induce the formation of the
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autophagosome are quite clear and were discussed previously, the regulation of
the degradation of selective targets is still unknown and will be the goal of future

work.

Autophagy in vivo

The clearest example of the importance of autophagy in mammalian
physiology comes from genetic data that systematic deletion of ATG3, ATGS, or
ATG7 in mice leads to death immediately after birth during the neonatal starvation
period. Thus, the enhanced degradation of intracellular components by autophagy
is critical to survival during starvation periods. These results have been further
pursued using tissue-specific gene targeting and have revealed that autophagy is
critical to maintaining several differentiation lineages, such as adipocytes,
erythrocytes, T cells, and B-1a cells, as well as maintaining tissue homeostasis
and renovation(96, 119).

Regardless of nutritional status, the autophagy pathway monitors
cytoplasmic components to prevent accumulation of misfolded proteins and non-
functional organelles. This has been explored across various tissues in the body.
First, ATG7-loss in mouse hepatocytes causes accumulation of swollen and
deformed mitochondria as well as increased number of peroxisomes and lipid
droplets; accordingly, these mice exhibit severe hepatomegaly and hepatocytic
hypertrophy leading to hepatitis. Also, constitutive loss of autophagy in the
pancreas leads to reduction in beta cell mass, hypoinsulinemia, and an
accumulation of ubiquitinated proteins and organelles(779). Podocyte-specific

deletion of ATGS leads to glomeruolsclerosis and an increased susceptibility to
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proteinuric renal diseases(720). Mice lacking autophagy in the central nervous
system exhibit neurological defects with significant losses of pyramidal neurons in
the cerebral cortex and of Purkinje cells in the cerebellar cortex. Furthermore,
autophagy loss specific in the Purkinje cells leads to progressive axonal dystrophy
and degeneration of axon terminals followed by cell death(85). Autophagy appears
critical for maintaining size both skeletal and cardiac muscle, as autophagy
deficiency leads to sarcomere disruption and dysfunction, along with age-
dependent muscle atrophy (7271, 122). Crohn’s disease is one of the most common
inflammatory diseases and several studies have identified an association between
Crohn and a SNP of ATG16L1, potentially suggesting the importance of autophagy
in intestinal biology. Similarly, the autophagy pathway is critical in maintaining
normal function of intestinal Paneth cells (123).

In contrast to genetic loss of the autophagy pathway across different
tissues, the induction of autophagy varies widely across the body. For instance,
even under prolonged fasting conditions, the brain does not strongly induce
autophagosome number in nerve cells likely due to the supply of nutrients to the
brain from peripheral organs(724). However, recent studies have shown that
Purkinje cells and hypothalamic neurons are autophagy responsive during fasting,
and autophagy induction in the hypothalamus induces lipophagy and increases
food intake via upregulation of agouti-related peptide (AgRP) expression. Utilizing
transgenic models for measuring autophagic flux, the podocytes in the kidney
display high levels of basal autophagy implying its importance for their general
homeostasis. Similarly, the acinar cells of the pancreas appear to not require

autophagy for normal physiology. The skeletal muscle is composed of multiple fiber
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types, which interestingly range in their ability to induce autophagy upon fasting.
While the glycolytic fast twitch muscle fibers rapidly induce autophagy upon fasting,
the oxidative slow twitch muscle fibers appear strongly resistant (7124). The

mechanistic details behind these differences are not understood.

Autophagy and disease

Autophagy has been studied quite heavily in cancer as work has supported
both a tumor-suppressive role along with being a survival mechanism. Mild
inhibition of the autophagy pathway has been shown to lead to spontaneous
benign tumorigenesis in multiple contexts. For instance, systematic mosaic
deletion of ATGS in the liver leads to increased tumor formation (725). Similarly,
heterozygous disruption of ATG6 leads to increased cancer incidence, including
hepatocellular carcinoma, and increased incidence of liver tumors after infection
with hepatitis B virus (726-128). In contrast, apart from its apparent tumor-
suppressive function, autophagy appears critical as a pathway to supply cancer
cells with metabolic substrates needed for rapid proliferation. As cancer cells have
an increased metabolic demand, especially within a nutrient depleted
microenvironment, the role of autophagy to supply necessary substrates for growth
and proliferation becomes critical. One clear instance of this is the increased need
of lysosomal degradation in Ras-mutant pancreatic cancers. These cancers have
increased dependence on lysosomal lineage transcription factors for survival as
well as upregulate the process of macropinocytosis(86, 129). Because of this,

autophagy suppression has been proposed to be a viable cancer therapy, but no
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known therapies exist that specifically inhibits autophagy induction. This idea will
be explored further in this thesis.

While cancer suppression is a major focus of the autophagy field, across
multiple model organisms, it is clear that autophagy is critical in the aging process.
As autophagy is a major pathway regulating cellular renovation, suppression of
autophagy leads to age-dependent dysfunction in various organs. Genetic studies
in C. elegans have shown that autophagy-related genes are required for life-span
extension induced by inhibition of insulin/IGF-like signaling, caloric restriction, and
TOR inhibition, suggesting that autophagy is a common downstream mechanism in
various pro-life span-signaling pathways (730, 137). While it is not clear how
autophagy can mediate prolonged life span, the obvious hypothesis is the
reduction of toxic protein accumulation or clearance of damaged organelles.
Additionally, autophagy induction may have a non-cell autonomous role by

reducing inflammatory cytokine production.

V. Preface for work presented in this thesis

The mTORC1 pathway is the master regulator of cellular growth and
integrates a diverse set of environmental signals to stimulate growth only in the
appropriate context. Through a decade of work, it is clear that the mTORCA1
pathway integrates these signals at the lysosome surface, its site of activation. In
the presence of sufficient nutrients, mMTORC1 is recruited to the lysosomal surface
via the Rag GTPase where mTORCH1 is physically capable of interacting with its
kinase activator Rheb. The Rheb GTPase can then stimulate mTORC1 kinase

activity as long as there are sufficient growth factors present. Thus, regulation of
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mTORC1 kinase activity is comprised a lysosome-centric coincidence detector that

controls its kinase activity as well as its subcellular localization.

Lysosomal Amino Acid Sensing

While the upstream regulators of Rheb have been extensively
characterized, how nutrients activate the mTORC1 pathway is an active area of
research. It is now clear there are two separate branches (cytosolic and lysosomal)
of amino acid sensing that both impinge on the Rag GTPases to regulate mTORC1
activity. On the cytosolic side, the Sestrin and Castor family of proteins signal the
presence of cytosolic leucine and arginine, respectively, to mTORC1 in a
GATOR2-dependence manner, as discussed previously(56, 57, 61, 62). On the
other hand, how lysosomal amino acids are transmitted to mTORC1 is a major
focus of this thesis. Previous work has shown that amino acids can signal to
mTORC1 via the lysosome in an inside-out mechanism dependent on the V-
ATPase(52). In addition, we have previously identified a novel lysosomal
transmembrane protein SLC38A9, which has homology to amino acid transporters
that interacts with the core lysosomal nutrient-sensing components of the mTORC1
pathway(53). Based on follow-up biochemical characterization, we hypothesized
that SLC38A9 acts as a lysosomal arginine sensor upstream of mTORC1.

Our current work shows that SLC38A9 is far more interesting than initially
anticipated. Specifically, SLC38A9 transports, in an arginine-regulated fashion, the
essential amino acids out of the lysosome for their use in growth-promoting
processes. In essence, SLC38A9 couples the signaling of arginine to mTORC1 to

the release of essential nutrients out of the lysosome. SLC38A9 is required to
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reactivate mTORC1 after autophagy-dependent degradation of proteins, cementing
it as a critical link between autophagic-acquisition of amino acid and mTORC1.
Pancreatic cancers that rely heavily on the lysosome as a nutrient source require
SLC38A9 to form tumors. Thus, SLC38A9 forms a critical link between lysosomal

nutrients and growth control.

Emerging roles of Lysosomes in signal transduction and metabolism
Lysosomes are increasingly appreciated as a hub for signal transduction,
mainly for the mTORC1 pathway, due to their ability to produce and sense many
metabolites. It remains critical to understand its internal metabolite content and its
regulation under diverse conditions. Our work on SLC38A9 required the ability to
profile the internal contents of mammalian lysosomes in order for us to study how
SLC38A9 function impacts its physiological environment. Therefore, we developed
a simple method for the rapid purification of intact lysosomes for further analysis.
As many biochemical processes are compartmentalized within the cell,
organelle isolation has been of great interest in cell biology as it allows for the
specific study of the function of specific cellular compartments, whose functions
may be masked when measured at a whole cell level. Previous work has utilized
differential centrifugation based techniques, which are unsuitable for our purposes
as their lengthy time frames are unable to maintain what is likely a labile organelle
metabolite pool and utilize buffers that are incompatible with mass spectrometry
based metabolite profiling. Therefore, we developed an immunoprecipitation-based
isolation technique that allows for the rapid isolation of intact lysosomes in

conditions that are suitable for current metabolite profiling methods and we have
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made many interesting discoveries. For example, the concentration of metabolites
in lysosomes is very different than in whole cells, and while inhibition of the V-
ATPase, a key lysosomal protein complex necessary for maintaining the proton
gradient across the lysosomal membrane, increases the levels of most lysosomal
metabolites, the non-polar-essential amino acids are unaffected. Instead, nutrient
starvation regulates the concentration of these amino acids, an effect we traced to
regulation by the mTORC1 pathway. Acute inhibition of mMTORC1 strongly
increased lysosomal concentrations of these amino acids in an autophagy-
independent fashion revealing that the V-ATPase and mTORC1 regulate a distinct
set of lysosomal amino acids. With the development of this technique, we are now
able to globally profile the contents of mammalian lysosomes and understand its

metabolite pool under diverse conditions.

What is the source of lysosomal nutrients that are sensed by SLC38A97?

A major point that emerged from our work on SLC38A9 is that lysosomal
arginine acted is a messenger to coordinate the activation of mTORC1 with
essential amino acid efflux. What the source of lysosomal arginine that SLC38A9
sensed, however, was unclear. Given that ribosomal proteins are highly enriched in
arginine, we hypothesized that ribosome degradation supplies the lysosomal
arginine that is sensed by SLC38A9. By preforming quantitative proteomic
analyses of lysosomes rapidly isolated using the LysolP method, we found that
nutrient levels and mTOR activity dynamically modulate the lysosomal proteome,
and | have focused on NUFIP1, a protein that had previously been associated with

ribosome which, upon mTORC1 inhibition, redistributes from the nucleus to
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autophagosomes and lysosomes. Under these conditions, NUFIP1 interacts with
ribosomes and delivers them to autophagosomes by directly binding to LC3B. The
starvation-induced degradation of ribosomes via autophagy (ribophagy) depends
on the capacity of NUFIP1 to bind LC3B and promotes cell survival. Accordingly,
NUFIP1 is required for the reactivation of mTORC1 upon long-term starvation.
Thus, we conclude that NUFIP1 is a receptor for the selective autophagy of
ribosomes and provides the needed source that link lysosomal amino acid sensing
to mTORC1 and growth control.
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Abstract

The lysosome degrades and recycles macromolecules, signals to the
cytosol and nucleus, and is implicated in many diseases. Here we describe a
method for the rapid isolation of mammalian lysosomes and use it to quantitatively
profile lysosomal metabolites under various cell states. Under nutrient replete
conditions, many lysosomal amino acids are in rapid exchange with those in the
cytosol. Loss of lysosomal acidification through inhibition of the vacuolar
H+ATPase (V-ATPase) increased the luminal concentrations of most metabolites,
but had no effect on those of the maijority of essential amino acids. Instead, nutrient
starvation regulates the lysosomal concentrations of these amino acids, an effect
we traced to regulation of the mTOR pathway. Inhibition of mTOR strongly reduced
the lysosomal efflux of most essential amino acids, converting the lysosome into a
cellular depot for them. These results reveal the dynamic nature of lysosomal
metabolites and that V-ATPase- and mTOR-dependent mechanisms exist for

controlling lysosomal amino acid efflux.
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Lysosomes are membrane-bound organelles best known for their capacity
to degrade macromolecules and recycle their constituent metabolites, and for their
dysfunction in a group of rare metabolic disorders known as lysosomal storage
diseases (81, 132). Lysosomes also participate in signal transduction (92),
particularly in nutrient sensing by the mechanistic target of rapamycin complex 1
(mTORC1) pathway (57, 562), and are often deregulated in common diseases, such
as cancer (133). Given the critical roles of lysosomes in producing and sensing
many metabolites, a better understanding of lysosomal function requires
uncovering its metabolite content, and its regulation in diverse cell states.

Traditional techniques for purifying lysosomes, such as density-based
centrifugation, are too slow to preserve what is likely a labile lysosomal
metabolome (“lysobolome”). To overcome this issue, we used insights from a
recently reported method for the rapid isolation of mitochondria (734) to develop an
analogous approach for lysosomes. Our “LysolP” method uses anti-human
Influenza virus hemagglutinin (HA) magnetic beads to immunopurify lysosomes
from human embryonic kidney (HEK-293T) cells expressing transmembrane
Protein 192 (TMEM192) fused to three tandem HA-epitopes (HA-Lyso cells) (Fig.
1A and B). TMEM192 is a transmembrane protein (735) that we find retains its
lysosomal localization upon overexpression better than other such proteins, like
lysosomal-associated membrane protein 1 (LAMP1). Starting with live cells, it
takes ~10 minutes to isolate lysosomes that are highly pure and intact, as judged
by the absence of markers for other cellular compartments (Fig. 1C), retention of
Cathepsin D activity (Fig. 1D), and capacity to take up radiolabeled arginine in vitro

(Fig. 1E). Moreover, tracking of either a lysosomal membrane protein (LAMP2), a
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luminal protein (Cathepsin D), or a small molecule (LysoTracker Red), yielded the
same value for the fraction of total cellular lysosomes purified (Fig. 1F), indicating
that the lysosomes do not leak soluble contents during the purification. Importantly,
the LysolP method uses buffers compatible with subsequent analyses of the
lysosomal metabolome by liquid chromatography and mass spectrometry (LC/MS).

Because the metabolite content of human lysosomes is not established, we
used LC/MS to determine the relative abundances of ~150 polar small molecules in
lysosomes versus control anti-HA immunoprecipitates from cells stably expressing
Flag-tagged TMEM192 (Control-Lyso cells) (Fig. S1A and Supplementary Table 1).
Of these, 57 were twice as abundant in the isolated lysosomes and thus deemed
lysosomal metabolites (Fig. S1A and Supplementary table 1). The lysosomes did
not contain metabolites characteristic of other compartments, such as the cytosolic
glycolytic intermediates fructose 1,6-bisphosphate and lactate or the
mitochondrially-enriched Coenzyme A (134) (Fig. S1B).

We quantified the concentrations of the 57 metabolites in lysosomal and
whole-cell samples using standard curves for each and the volumes of lysosomes
and intact cells (see methods). Lysosomal metabolite concentrations correlated
highly across biological replicates (* = 0.95; Fig. 1G) and even with those obtained
using the less preferable LAMP1-RFP-3xHA as the lysosomal antigen tag (7 =
0.95; Fig. S1C), mitigating concerns that expression of TMEM192, whose function
is unknown, might have effects on the lysosomal metabolome. In the proliferating
cells used in these experiments, the concentrations of metabolites tended to be,
with a few exceptions, lower in lysosomes than in whole cells (Fig. 1H,l and

Supplementary table 2). Two molecules previously predicted to be stored in
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lysosomes, cystine (the oxidized dimeric form of cysteine) and glucuronic acid
(736, 137), were indeed enriched in lysosomes, with concentrations 28- and 5.5-
fold greater than those of whole cells, respectively (Fig. 1H,I and Supplementary
table 2). All nucleosides (guanosine, adenine, cytidine, uridine, and inosine) were
lysosomally enriched (9 to 25 fold), consistent with the lysosome also being a
depot for these metabolites, at least in HEK-293T cells (Fig. 1H,l). The lysosomal
concentrations of proteinogenic amino acids varied widely and did not correlate
well with those in whole cells (Fig. 11), suggesting that while some lysosomal amino
acids are in equilibrium with the rest of the cell, others are either sequestered in a
different compartment or undergo preferred transport out of the lysosome, and thus
show higher concentrations in the whole-cell samples. Lysosomes also contained
metabolites that are not thought to result from the degradation of macromolecules,
and thus are likely transported into lysosomes (Fig. 11). These include non-
proteinogenic amino acids, like beta-alanine (20 uM), taurine (11 uM), and
hypotaurine (12 uM); cofactors and vitamins, like choline (7 uM) and
phosphocholine (94 uM); creatine (274 uM) and phosphocreatine (111 uM); and
multiple species of carnitines (Fig. 11). The metabolomic landscape of the human
lysosome is consistent with its role as a recycling center, but also indicates that the
transport of metabolites into lysosomes may influence lysosomal biology more than
is widely appreciated.

The multicomponent vacuolar H*-ATPase (V-ATPase) maintains the
lysosomal lumen at a pH of ~4.5 (79), which is thought to be required for the
optimal activity of lysosomal hydrolases and to set up a proton gradient with the

cytosol that provides energy for transporters to move metabolites across the
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lysosomal membrane. To directly ask how loss of the acidic pH impacts lysosomal
metabolites, we profiled lysosomes from cells acutely treated with the V-ATPase
inhibitors Bafilomycin A1 (BafA1) or Concanamycin A (ConA) (7138, 139), at
concentrations that do not inhibit mTORC1 signaling (52) (Fig. S2A). Although
neither had a major impact on the whole-cell metabolome, both caused large
changes in the metabolome of the lysosome (Fig. 2A and Fig. S2B). This
emphasizes the value of LysolP for studying an organelle that in HEK-293T cells
occupies only 2 to 3% of the total cell volume. V-ATPase inhibition caused the
accumulation of many metabolites in lysosomes (Fig. 2B and Supplementary table
3), and only the concentration of cystine dropped significantly (P < 0.01 in either
treatment, two-tailed t test) (Fig. S2C), consistent with in vitro work showing that
the lysosomal entry of cysteine requires the pH gradient (740). Although all the
non-essential amino acids accumulated in lysosomes upon V-ATPase inhibition
(Fig. 2C), with proline, alanine, and glycine being the most affected (Fig. 2C), 7 of
the 9 essential amino acids did not, with histidine and threonine being the
exceptions (Fig. 2D). Given that lysosomes harbor several well-characterized
proton-dependent amino acid transporters, such as lysosomal amino acid
transporter 1 (LYAAT-1) (741), lysosomal accumulation of the non-essential amino
acids caused by V-ATPase inhibition may result from their decreased efflux. We
therefore undertook pulse-chase experiments using ®N-labeled alanine, a
representative pH-dependent amino acid, and isoleucine, a non-pH-dependent one
(Fig. 2C-F). In live cells both entered lysosomes, with isoleucine doing so more
rapidly than alanine (Fig. 2E). ConA treatment slowed the efflux of alanine, but not

that of isoleucine, from lysosomes (Fig. 2F), consistent with proton-dependent

74



transporters mediating the efflux of this and other non-essential amino acids from
lysosomes. Furthermore, the failure of V-ATPase inhibition to impact the
lysosomal levels of most essential amino acids, particularly the non-polar ones,
raises the question of what, if anything, regulates their abundance.

To investigate this, we examined other conditions that might affect
lysosomal metabolites, including nutrient starvation. We starved cells of all amino
acids for 60 minutes and measured the concentrations of amino acids in
lysosomes and in whole cells. Concentrations of most non-essential amino acids
did not drop in either sample, consistent with the capacity of cells to synthesize
them. In contrast, the concentrations of most essential amino acids, including those
that were insensitive to V-ATPase inhibition, diminished in the whole-cell samples,
but most showed little if any change, in lysosomes (Fig. 3A and supplementary
table 4). Thus, amino acid starvation appears to inhibit the lysosomal egress of
many essential amino acids.

Given that a major consequence of amino acid starvation is inhibition of
mTORC1 (Fig. 3B) (72, 142), we asked if mTORC1 regulates the abundance of
amino acids in lysosomes. Consistent with this possibility, in cells that lack
functional GATOR1 (DEPDCS5 KO cells) and thus have amino acid-insensitive
mTORC1 signaling (55), amino acid starvation did decrease the concentrations of
lysosomal amino acids (Fig. 3A and 3B). Moreover, inhibition of the kinase activity
of mTOR with Torin1 (75) increased the lysosomal concentrations of 6 of the 7 V-
ATPase-insensitive amino acids (leucine, phenylalanine, isoleucine, tryptophan,
methionine and valine) and of tyrosine, while having small effects on most other

amino acids, including histidine and serine, as well as many additional metabolites
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(Fig. 3C, 3D, Fig. S3A and supplementary table 5). Torin1 also increased the
lysosomal concentrations of nucleosides, although in this case the effect was also
seen in whole cells (Fig. 3E). Of the 7 amino acids most strongly affected by
Torin1, all are non-polar and essential, with the exception of tyrosine, which is
generated from the essential amino acid phenylalanine (743). Importantly, other
chemically distinct ATP-competitive inhibitors of mTOR, including AZD8055 and
WYE-132 (144, 145), also increased the concentration of these 7 amino acids (Fig.
S3B) and mTOR inhibition had similar effects across multiple cell lines (Fig. S3C).
Although Torin1, AZD8055, and WYE-132, inhibit both mTORC1 and mTOR
Complex 2 (mTORC?2), inhibition of only mTORC1 with the allosteric inhibitor
rapamycin or with lower concentrations of Torin1 also increased the concentration
of these amino acids, albeit to smaller extents (Fig. S3B, Fig. S3D). mTORC1 is
essential for cell survival but it is possible to generate cells lacking rictor, a critical
mTORC2-specific component needed for phosphorylation of the protein kinase Akt
(43). Loss of rictor did not increase lysosomal amino acid concentrations, and,
importantly, Torin1 increased the abundance of the 7 amino acids in lysosomes
even more in cells lacking rictor than in wild-type cells (Fig. S3E). Thus, mTORC1
appears to mediate the effects of mTOR inhibition on lysosomal amino acids.
Because mTORCH1 inhibits autophagy (34, 35, 100, 146, 147), a potential
explanation for the effects of Torin1 is that it activates autophagic flux to such a
degree that the production of metabolites by lysosomal macromolecular
degradation exceeds the capacity of lysosomes to export them. We tested this
possibility in cells lacking ATG7 (Fig. S3F), which encodes a key component of the

autophagy machinery (119). For most metabolites, loss of autophagy almost
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completely eliminated the Torin1-induced increases in their lysosomal
concentrations, but it had only minor effects on those of the 7 strongly affected
amino acids (leucine, tyrosine, phenylalanine, isoleucine, tryptophan, methionine,
and valine) (Fig. 3D, 3E, Fig. S3G and supplementary table 5). mTOR inhibition
also activates the proteasome (748), but Bortezomib, a proteasomal inhibitor (749),
had no effect on the capacity of Torin1 to increase abundance of lysosomal amino
acids (Fig. 3F and Fig. S3H). Lastly, mTORC1 inhibition suppresses mRNA
translation (23), but the protein synthesis inhibitor cycloheximide did not mimic the
effects of the mTOR inhibitors on lysosomal amino acid levels, although it did
mildly increase whole-cell and lysosomal pools of the mTOR-regulated amino acids
(Fig. S3L). Thus, mTORC1 regulates the lysosomal concentrations of a largely
distinct set of amino acids from those affected by the V-ATPase (Fig. 3G) through
a mechanism that does not involve autophagy, the proteasome, or protein
synthesis (Fig. 3G).

Given that mMTORC1 does not impact the 7 amino acids through established
downstream processes, we considered the possibility that it controls their flux
across the lysosomal membrane. We used "°N-labeled amino acids to monitor the
transport of four of the mTOR-regulated amino acids (leucine, tyrosine,
phenylalanine, and isoleucine) and a control amino acid (serine) into lysosomes in
live cells. When added to the culture media the labeled amino acids rapidly
exchanged with the "N-containing amino acids already in lysosomes (Fig. 2E and
Fig. 4A). In cells treated with or without cycloheximide, Torin1 caused lysosomal
accumulation of "°N-labeled leucine, tyrosine, phenylalanine, and isoleucine, but

not serine (Fig. S4A, S4B and Fig. 4B), demonstrating that mTOR regulates the
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movement of free amino acids across the lysosomal membrane independently of
their incorporation into protein. Pulse-chase experiments revealed that mTOR
inhibition slows the efflux of leucine, tyrosine, phenylalanine, and isoleucine, but
not that of serine, from lysosomes but not from whole cells (Fig. 4C and Fig. S4C).

We recently identified the multi-pass protein SLC38A9 as a lysosomal
effluxer of many essential non-polar amino acids (Wyant GA, Cell, in press). Its
loss led to the accumulation in lysosomes of the 7 amino acids most impacted by
mTOR inhibition and greatly reduced their efflux from lysosomes (Fig. 4D and Fig.
S4D). In cells lacking SLC38A9, Torin1 did not boost the already high lysosomal
concentrations of the 7 amino acids (Fig. 4D). Thus, mTOR inhibition and loss of
SLC38A9 do not have additive effects on lysosomal amino acids, suggesting that
mTORC1 regulates the lysosomal abundance of amino acids through a
mechanism that involves SLC38A9. Loss of SLC38A9 greatly impaired the
capacity of cells to survive amino acid starvation, and of the GCN2 pathway, which
senses uncharged tRNAs, to return to baseline activity levels upon prolonged
starvation (Fig. 4E and Fig 4F). Thus, the efflux of the mTORC1-regulated
essential amino acids from lysosomes is important for the cellular response to
starvation.

Our data show that mTORC1 has a previously unknown role in promoting
the efflux of essential amino acids from the lysosome into the cytosol (Fig. 4G).
mTORC1 inhibition leads to the sequestration of these amino acids in the
lysosome by slowing their movement across the lysosomal membrane, in effect
converting it into a storage compartment for them. We speculate that this function

of mMTORC1 is important for preventing the inappropriate use of essential amino
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acids during amino acid starvation, a state in which lysosomal and proteasomal
protein degradation are thought to be a major source of amino acids (36, 148,

150). One can imagine the following scenario: early in a starvation period
mTORC1 becomes profoundly inhibited, which, by suppressing SLC38A9 and
perhaps other transporters, prevents the exit from lysosomes of essential amino
acids. Over time, as proteolysis partially restores amino acid levels, mTORC1
becomes sufficiently reactivated so that essential amino acids are released into the
cytosol at a faster rate to be used to execute the ongoing gene expression program
that cells induce to adapt to starvation (92, 150). In this regard, it is interesting that
Torin1, which completely inhibits mMTORC1, causes a greater accumulation of
amino acids in lysosomes than rapamycin, which only partially inhibits it (75, 1517-
153). This pattern is also true for several other processes downstream of
mTORCH1, such as autophagy and protein synthesis (75, 151-153), and may
indicate that the mechanisms through which mTORC1 regulates lysosomal amino
acid efflux, such as through SLC38A9, are also sensitive to the exact amount of
mTORC1 activity, allowing for distinct outcomes at different levels. How mTORC1
impacts SLC38A9 function is unknown and it may do so indirectly or directly.
Activated mTORC1 resides on the lysosomal surface (49, 57), so it has the correct
localization to control SLC38A9 or its regulators. The fact that SLC38A9 also
signals arginine levels to mTORC1 (563, 154, 155) suggests that SLC38A9 is part of
sophisticated system for coordinating mTORC1 activity and lysosomal amino acid
efflux with the concentrations of cytosolic and lysosomal amino acids. Our findings
provide an example of the utility of LysolP for uncovering a new function for

lysosomes—the sequestering of essential amino acids upon mTORC1 inhibition.
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The method we described may be useful for studying the emerging roles of
lysosomes and for probing the metabolic state of the lysosome in the various

diseases in which it is implicated.
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Figure legends

Fig. 1: LysolP method for rapid immunoisolation of intact lysosomes for
absolute quantification of their metabolite content

A) Localization of Tmem192-3xHA fusion protein to lysosomes. Tmem192-3xHA
and lysosomes were detected by immunofluorescence with antibodies to the HA
epitope tag and the lysosomal marker LAMPZ2, respectively. Scale bars, 10 um.
Insets represent selected fields that were magnified 3.24X.

B) Schematic of the workflow for the LysolP method. Control-Lyso and HA-Lyso
cells refer to cells stably expressing 2xFlag-tagged TMEM192 or 3xHA-tagged
Tmem192, respectively.

C) The LysolP method isolates pure lysosomes. Immunoblotting for protein
markers of various subcellular compartments in whole cell (whole-cell) lysates,
purified lysosomes, or control immunoprecipitates. Lysates were prepared from
cells expressing the 2xFlag-tagged TMEM192 (Control-Lyso cells) or 3xHA-tagged
Tmem192 (HA-Lyso cells). ER, endoplasmic reticulum.

D, E and F) Purified lysosomes are intact and retain their contents. (D) Cathepsin
D activity was measured in whole-cell lysates and lysosomes, and
immunoprecipitates from Control-Lyso cells served as a negative control (Control
IP) (mean = SEM, n=3). (E) Purified lysosomes take up radiolabeled arginine
(Arginine [°H]). Lysosomes treated with a detergent were used as a control (mean
+ SEM, n=3). (F) Calculations of the amounts of captured lysosomes (mean +
SEM, n=6, p > 0.05, N.S., not significant, ANOVA) were similar whether

determined by tracking a membrane protein (LAMP2), the activity of the lysosomal
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protease cathepsin D (CatD), or a lysosome-specific small molecule (LysoTracker).
Data are presented as the fraction of the material in the initial cell lysate.

G) Absolute quantification of lysosomal metabolites. Comparison of concentrations
of lysosomal metabolites across two biological replicates, with R-squared value
shown.

H) Metabolite concentrations in lysosomes and whole cells. Metabolites above the
dotted blue line are enriched in lysosomes. Cys, cystine; Uri, uridine; Gua,
guanosine; Ade, adenosine; Cyt, cytidine; Ino, inosine; GA, glucuronic acid.

I) Whole-cell and lysosomal concentrations of 57 metabolites in HEK-293T cells

(mean £ SEM, n=5). n indicates the number of independent biological replicates.
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Figure 2
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Fig. 2: The efflux from lysosomes of most non-essential, but not essential,
amino acids requires the proton gradient

A) Changes in metabolite concentrations in whole-cells and lysosomes upon V-
ATPase inhibition. Principal component analyses of changes in metabolite
concentrations in whole-cells (circle) or lysosomes (square) after treatment for 1
hour with 200 nM Bafilomycin A1 (BafA1, blue) or Concanamycin A (ConA, purple).
DMSO vehicle-treated cells were used as control (vehicle, green).

B) Most metabolites accumulate in lysosomes upon V-ATPase inhibition while their
levels in whole-cells are not affected. P-values are for comparisons between
metabolite concentrations in whole-cell (triangle) or lysosome (circle) samples
shown in (A) (n=3 for each treatment; dotted line represents p-value = 0.05). Lower
panel, heat map of fold changes (log) in metabolite concentrations after V-ATPase
inhibition relative to vehicle-treatment. Gray boxes indicate undetected metabolites.
C and D) Accumulation of most non-essential, but not essential, amino acids in
lysosomes upon V-ATPase inhibition. Fold changes in whole-cell and lysosomal
concentrations of amino acids in BafA1- or ConA-treated cells relative to vehicle-
treated cells (mean £ SEM, n=3, *p<0.05).

E) Tracing of exogenously added alanine and isoleucine in live cells. Cells were
incubated in medium containing '°N-labeled alanine and isoleucine for the
indicated time points and then subjected to LysolP. Data are presented as the
fraction of the total pool of the amino acid that is ">N-labeled in whole-cells (black)

or lysosomes (red) (mean = SEM, n=3 in each time point).
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F) Dependence of lysosomal efflux of alanine but not that of isoleucine on the
proton-gradient. Cells treated with or without ConA were incubated in medium
containing °N-labeled alanine and isoleucine for 1 hour (pulse period), which was
then replaced with medium containing the natural "N-containing isotope for the
indicated time points (chase period). The fold change in the fraction of ">N-labeled
amino acid remaining in the whole cells (circle) or lysosomes (square) was
measured (mean + SEM, n=3; k (in min™") is the rate constant for the decay of the
"®*N-labeled amino acid from the lysosome and * indicates non-overlapping 95%
confidence intervals of the calculated k values between the treatments). Two-tailed

t tests were used for comparisons between groups.
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Fig. 3: mTOR regulates the lysosomal levels of essential non-polar amino
acids in an autophagy-independent manner

A) mTORC1 regulates the abundance of amino acids in lysosomes upon amino
acid starvation. A heat map shows fold changes (logz) in amino acid (AA)
concentrations in whole cell samples or lysosomes of wild-type and DEPDC KO
cells after amino acid starvation for 60 minutes relative to cells cultured in medium
with all amino acids (n=2 for each time point).

B) Amino acid starvation inhibits mTORC1 signaling. Immunoblotting was used to
monitor the levels and phosphorylation state of S6 kinase (S6K1) in the same
samples as in (A). Raptor served as a loading control.

C) Pharmacological inhibition of mTOR leads to the accumulation of many
metabolites in lysosomes. Cells were treated with 250 nM Torin1 or DMSO
(vehicle) for 1 hour and the lysosomal metabolite concentrations were determined
and compared (n=3). Red lines indicate three-fold change in lysosomal
concentration in Torin1- relative to vehicle-treated cells.

D) Lysosomal accumulation of non-polar essential amino acids and tyrosine in an
autophagy-independent manner after mTOR inhibition. Fold changes in the whole-
cell and lysosomal concentrations of amino acids in wild-type and Atg7-null cells
treated with Torin1 relative to vehicle-treated cells (mean + SEM, n=3, *p<0.05;
N.S, non significant). Histidine and serine served as examples of autophagy-
dependent amino acids.

E) Upon mTOR inhibition, nucleosides accumulate in lysosomes in a mostly

autophagy-dependent manner. Fold changes in whole-cell and lysosomal
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concentrations of nucleosides in the same cells as in (D) (mean £ SEM, n=3,
*p<0.05).

F) Proteasome activity is dispensable for the lysosomal accumulation of amino
acids upon mTOR inhibition. Fold changes in the whole-cell and lysosomal
concentrations of amino acids in cells treated with 250 nM Torin1 or Torin1
together with 5 uM Bortezomib relative to DMSO- or Bortezomib-treated cells,
respectively (mean + SEM, n=3, *p<0.05; N.S, non significant).

G) Proteogenic amino acids can be divided into those whose lysosomal levels are
regulated by V-ATPase- or mTOR-dependent mechanisms.

Two-tailed t tests were used for comparisons between groups.
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Figure 4
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Fig. 4: mTOR controls the efflux of non-polar essential amino acids and
tyrosine from lysosomes

A) Tracing of exogenously added leucine, tyrosine, phenylalanine, and serine in
live cells. Cells were incubated in medium containing the indicated "°N-labeled
amino acids for various times and subjected to the LysolP method. Data are
presented as the fraction of the total pool of the amino acid in whole cells (black) or
lysosomes (red) that is "°N-labeled (mean + SEM, n=3 in each time point).

B) Independently of protein synthesis, mTOR inhibition leads to the accumulation
in lysosomes of leucine, tyrosine, phenylalanine, and isoleucine, but not serine.
Data are presented as the fold change in the whole-cell (black) and lysosomal (red)
abundance of the indicated "°N-labeled amino acid after Torin1-treatment relative
to the DMSO vehicle treatment. The experiment was performed as indicated in the
figure in the presence of 50 ug/mL cycloheximide (CHX) (mean + SEM, n=3,
p<0.005). This experiment was performed using Atg7-null cells.

C) mTOR controls the lysosomal efflux of non-polar essential amino acids as well
as tyrosine. Cells treated with 250 nM Torin1 or DMSO (vehicle) were incubated in
medium containing the indicated "*N-labeled amino acids for 1 hour (pulse period).
This medium was then replaced with media containing the natural “N-isotope of
the amino acid for the indicated time points (chase period). Data are presented as
the fold change in the fraction of "°N-labeled amino acid remaining in whole cells
(triangle) or lysosomes (circle) at each time point (mean + SEM, n23; k (in min™") is
the rate constant for the decay of the "°N-labeled amino acid from lysosomes and *
indicates non-overlapping 95% confidence intervals of the calculated k between

the treatments). This experiment was performed using Atg7-null cells.
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D) mTORC1 regulates the lysosomal abundance of essential non-polar amino
acids and tyrosine in an SLC38A9-dependent manner. Fold changes in the
lysosomal concentrations of indicated amino acids in wild-type and SLC38A9-null
cells treated with Torin1 relative to vehicle-treated wild-type cells (mean + SEM,
n=3).

E) Loss of SLC38A9 impairs the fitness of cells under starvation conditions. Wild-
type, SLC38A9-null, and SLC38A9-null addback (SLC38A9-null+SLC38A9) cells
were seeded in medium containing all amino acids (full media) or lacking leucine,
isoleucine, tyrosine, and phenylalanine (-LIYF) for 3 days at which point cell
numbers were measured (mean + SD, n=3, *p<0.001).

F) SLC38A9 is required for inhibiting the GCN2 pathway after a prolonged amino
acid starvation period. Immunoblotting was used to monitor the levels and
phosphorylation state of elF2a. Raptor served as a loading control. LIYF indicates
leucine, isoleucine, tyrosine, and phenylalanine.

G) A model proposing a role for mTORC1 in regulating the efflux of amino acids
from lysosomes.

Two-tailed t tests were used for comparisons between two groups.

Material and Methods
Reagents were obtained from the following sources: antibodies to LAMP2 and
CTSC, and HRP- and fluorophore-labeled anti-mouse and anti-rabbit secondary
antibodies, and Bortezomib from Santa Cruz Biotechnology; antibodies to
LAMP1, VDAC1, LC3B, ATG7, GOLGA1, CALR, CTSD, c-Myc, phospho-T389
S6K1, S6K1, phospho-S757 ULK1, ULK1, phospho-S65 4E-BP1, 4E-BP1,

phospho-S473 AKT1, AKT1, RICTOR, phospho-S51 elF2alpha, elF2alpha and
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HA epitope from Cell Signaling Technology; antibody to PEX19 from Abcam;
antibody to raptor from Millipore; LysoTracker Red DND-99, anti-HA magnetic
beads, and ECL western blotting substrate from Thermo Fisher Scientific;
Cathepsin D activity assay kit from Abcam; DMEM from SAFC Biosciences;

amino acid-free RPMI from US Biologicals; amino acids, Cycloheximide, and

Chloroquine from Sigma Aldrich; [3H]-Iabeled arginine from American
Radiolabeled Chemicals; 15N-labeled amino acid isotopes from Cambridge
Isotope Laboratories; XtremeGene9 and Complete Protease Inhibitor Cocktail
from Roche; inactivated fetal calf serum (IFS) from Invitrogen; and AZD8055,
Rapamycin and WYE-125132 (WYE-132) from Selleck Chemicals. Torin1 was

generously provided by Dr. Nathanael Gray (DFCI).

Cell culture

Hela, PA-TU-8988T and HEK-293T cells and their derivatives were cultured in
DMEM base media with 10% inactivated fetal calf serum supplemented with 2
mM glutamine, penicillin, and streptomycin. All cell lines were maintained at
37°C and 5% CO2. For all experiments using HEK-293T lines, cells were
cultured in RPMI base media supplemented with the relevant small molecule
inhibitors for one hour before processing. Experiments with both HeLa and PA-
TU-8988T cell lines were performed in full media containing 10% dialyzed

inactivated fetal calf serum. All cell lines were authenticated by STR profiling.

Cell lysate preparation and immunoblotting

Cell lysates were prepared in ice-cold lysis buffer (40 mM HEPES pH 7.4,1%
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Triton X-100, 10 mM B-glycerol phosphate, 10 mM pyrophosphate, 2.5 mM
MgCI2 and Complete EDTA-free Protease Inhibitor Cocktail (Roche)). The
soluble fractions from lysates were collected by centrifugation at 17,000 x g for
10 min in a cold centrifuge. Similar protocol was used to prepare protein lysates
from immunopurified lysosomes and control immunoprecipitates. Lysates were
then resolved by 12% SDS-PAGE at 120 V. Resolved proteins were transferred
for 2 hours at 40 V to ethanol-pretreated PVDF membranes to be further
analyzed by immunoblotting. Membranes were blocked with 5% nonfat dry milk
prepared in TBST (Tris-buffered saline with Tween 20) for 1 hour, then incubated
overnight with primary antibodies in 5% bovine serum albumin (BSA) in TBST at
4°C. All primary antibodies were used at (1:1000) dilution except for CTSC,
which was used at (1:250). Following incubation, membranes were washed with
TBST three times and each wash lasted 5 min and then incubated with the
appropriate secondary antibodies diluted 1:3000 in 5% milk for 1 hour at room
temperature. Membranes were then washed three times with TBST before being

visualized using ECL western blotting substrate.
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Immunofluorescence assays and lysosome volume quantification

~250,000 cells were seeded on fibronectin-coated glass coverslips in 6-well
tissue culture plates. After 24 hours, the coverslips were fixed with 4%
paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS) for 15 min at room
temperature (RT) and rinsed three times with PBS. Fixed cells were incubated
with Blocking Buffer (5% normal donkey serum with 0.3% Triton X-100 in PBS)
for 1 hour and then incubated overnight with primary antibodies against LAMP2
and HA (1:200 in antibody dilution buffer (1X PBS/1% BSA/0.3% Triton™ X-
100)) at 4°C. Cells were then washed three times with PBS for 5 min each and
incubated with the corresponding fluorophore-labeled secondary antibodies
(1:400) for 1 hour at room temperature in the dark. Coverslips were rinsed three
times with PBS for 5 min each, incubated with the Hoechst dye to visualize nuclei
(1:10,000) for 10 seconds, and then mounted on glass slides using Vectashield
mounting media. Z-Stacks, or cell images in the XY plane stacked along the Z-
axis, were captured with a 63x objective mounted on a spinning-disk confocal
microscope (Perkin Elmer). For volume quantification, z-stacks of more than 100
cells visualized at 63X magnification from multiple biological replicates for each

experimental condition were analyzed using Imaris Bitplane Software. The
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channel depicted the HA-tagged lysosomes was used as the source channel for
creating 3D projections representing lysosomal surfaces. To ensure consistency
when creating the 3D surfaces, the minimum and maximum intensity values of
were set to 109 and 2587, respectively, and the threshold setting for background
subtraction was set to automatic determination by the software for all fields of
cells. The average lysosomal volume per cell was calculated using the volume of
enclosed surfaces, generated by the software, divided by the number of cells
counted per each field of cells. Lysosomes occupied 3.1% of the volume of HEK-

293T cells under basal conditions and in cells treated with Torin1 for 1 hour.

However, in cells treated with Concanamycin A (ConA) or Bafilomycin A1
(BafA1) this fraction was reduced to 2.6% and 2.3%, respectively. These volume
changes were taken into account when calculating the concentrations of

metabolites under these conditions.

Cell volume calculations

In each experiment, cells were counted and their average volume determined
using a Beckman Coulter machine.

Plasmid construction

For production of cell lines stably expressing Tmem192-3xHA, Tmem192-
2xFlag, LAMP1-RFP-3xHA, or LAMP1-RFP-2xFlag at moderate levels,
constructs were cloned into the pLJC5 lentiviral vector containing the UBC
promoter (7). To produce pLJC5-Tmem192-3xHA and pLJC5-Tmem192-
2xFlag, the Tmem192 sequence was amplified using cDNA prepared from

HEK-293T cells using a common forward primer and Tmem192-HA-R or
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Tmem192-Flag-R reverse primers containing the corresponding epitope

sequence, respectively.

Forward:
TMEM192-F: CCACCGGTACCATGGCGGCGGGGGGCAGGATGGAGGAC

Reverse:

TMEM192-HA-R:
CCGGAATTCTTAGCCGCTCCCTCCAGCATAATCAGGCACATCATAAGGGTA
TCCGGCGCTGCCAGCGTAGTCAGGCACATCATAGGGGTAGGATCCTGTGC
CGGCGTAATCAGGCACGTCATAGGGATAACTACCTCCACCTCCCGTTCTAC
TTGGCTGACAGCCCA

TMEM192-Flag-R:
CCGGAATTCTTACTTGTCGTCATCGTCTTTGTAGTCCTTGTCGTCATCGTCTT
TGTAGTCACTACCTCCACCTCCCGTTCTACTTGGCTGACAGCCCA

To produce pLJC5-LAMP1-RFP-3xHA and pLJC5-LAMP1-RFP-2xFlag, LAMP1
and RFP (red fluorescent protein) sequences were amplified from previously
reported LAMP1-mRFP-FLAG plasmid (2) using a common forward primer and
LAMP1-HA-R or LAMP1-Flag-R reverse primers, respectively.

Forward:
LAMP1-F: CCACCGGTACCATGGCGGCCCCGGGLGeeea

Reverse:
LAMP1-HA-R:
CCGGAATTCTTAGCCGCTCCCTCCAGCATAATCAGGCACATCATAAGGGTA

TCCGGCGCTGCCAGCGTAGTCAGGCACATCATAGGGGTAGGATCCTGTGC
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CGGCGTAATCAGGCACGTCATAGGGATAGGCGCCGGTGGAGTGGCGGCC
CT

LAMP1-Flag-R: CCGGAATTCTCACTTGTCGTCATCGTCTTTG

To generate autophagy-defective HEK-293T cells, the following sense (S) and
antisense (AS) oligonucleotides encoding the guide RNA against the Atg7 gene
were cloned into the pX330 vector.

sgAtg7_S: caccgATAGCTGGGCAGCAACGGGC

sgAtg7_AS: aaaacGCCCGTTGCTGCCCAGCTAT

To generate Rictor-null cells, the following oligonucleotides for a guide RNA

against the Rictor gene were cloned into the lentiCRISPR-v1 vector.

sgRictor_S: caccgCATTGGTCTTGCTCTCCCGG
sgRictor_AS: aaaacCCGGGAGAGCAAGACCAATG

A non-targeting control was previously described (3).

Lentivirus production and viral transduction

Lentiviruses were produced by transfecting HEK-293T with pLJC5-Tmem192-

3xHA, pLJC5-Tmem192-2xFlag, pLJC5-LAMP1-RFP-3xHA or pLJC5-LAMP1-

RFP-2xFlag constructs in combination with VSV-G and CMV- AVPR packaging
plasmids. Sixteen hours later, the media was changed to DMEM with 30% IFS.
Fifty hours after transfection, the virus containing supernatant was collected,
centrifuged at 1,000 x g to remove cells and then frozen at -80°C. To establish
stably expressing cell lines, 500,000 HEK-293T, HelLa or PA-TU-8988T cells were
plated in 6-well plates in DMEM with 10% IFS and 8 ug/mL polybrene and

infected with 250 pL of virus-containing media. Sixteen hours later, the media was
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refreshed and puromycin was added for selection. Stable cell lines were tested for
the proper localization of the lysosomal tag using immunofluorescence as

previously described.

LC/MS-based metabolite profiling

Analytical methodologies for metabolite profiling

LC/MS was used to profile and quantify the polar metabolite content of both
whole cell and IP samples as described previously (4). LC/MS-based
analyses were conducted on a QExactive benchtop orbitrap mass
spectrometer equipped with an lon Max source and HESI Il probe, which
was coupled to a Dionex UltiMate 3000 ultra-high performance liquid
chromatography system (Thermo Fisher Scientific, San Jose, CA). External
mass calibration was performed using the standard calibration mixture
every 7 days. Acetonitrile was LC/MS HyperGrade from EMD Millipore. All
other solvents were LC/MS Optima grade from Thermo Fisher Scientific.
The metabolite extraction mix (stored at -20°C) was made of 80:20 (v/v)
methanol:water, supplemented with a mixture of 17 isotope-labeled amino
acids at 500nM each as internal extraction standards (Cambridge Isotope
Laboratories, MSK-A2-1.2).

For chromatographic separation, 2.5uL of each whole cell or lysosomal IP
sample was injected onto a SeQuant ZIC-pHILIC Polymeric column (2.1 x 150
mm) connected with a guard column (2.1 x 20 mm). Both analytical and guard
columns are of 5 um particle size purchased from EMD Millipore. Flow rate was
set to 0.150 mL per minute, the column compartment was set to 25°C, and the

autosampler sample tray to 4 °C. Mobile Phase A consisted of 20 mM
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ammonium carbonate, 0.1% ammonium hydroxide. Mobile Phase B was 100%
acetonitrile. The chromatographic gradient was as follows: (1) 0-20 min: linear
gradient from 80% to 20% B; (2) 20-20.5 min: linear gradient from 20% to 80% B;
(3) 20.5-28min: hold at 80% B. The mass spectrometer was operated in full scan,
polarity switching mode with the spray voltage set to 3.0 kV, the heated capillary
held at 275°C, and the HESI probe held at 350°C. The sheath gas flow rate was
set to 40 units, the auxiliary gas flow was set to 15 units, and the sweep gas flow

was set to 1 unit. The MS data acquisition was performed in a range of 70-1000

m/z, with the resolution set to 70,000, the AGC target at 106, and the maximum
injection time at 20 msec.
To detect LysoTracker DND-99 and nucleosides with higher sensitivity,

additional tSIM (targeted selected ion monitoring) scans were performed, with

resolution set to 70,000, the AGC target at 105, and the maximum injection time
at 250 msec. The inclusion mass list for tSIM scan in positive mode was as
follows: 400.2115 (corresponding to Lysotracker DND-99); 268.1040
(corresponding to adenosine); 284.0989 (corresponding to guanosine); 269.0880
(corresponding to inosine); 244.0928 (corresponding to cytidine). The inclusion
mass for tSIM scan in negative mode was 243.0623 (corresponding to uridine).

The isolation window around each target mass was set to 1.0 m/z.

Metabolomics data processing and analyses

Metabolite identification and quantification were performed using XCalibur v4.0

software (Thermo Fisher Scientific) by matching accurate mass with a 5 ppm
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mass tolerance, and retention times of authentic standards within 0.5 min
retention time window. For relative quantification, the raw peak area for each
metabolite was divided by the raw peak area of the relevant isotope-labeled
internal standard to calculate the relative abundance. The amino acids were
normalized with their isotope-labeled counterparts, while for every other
metabolite, the internal standard with the closest retention time was used. For
absolute quantification, a set of external standards with nine final concentrations
(10 nM, 30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10 yM, 30 uM, and 100 uM) were
used to generate a calibration curve. The relative abundances obtained from the
calibration curve samples were fitted to a quadratic log-log equation, typically

2> 0.99, which was then used to calculate the concentration of the

with r
metabolite in each metabolite extract. The molar quantity of a metabolite in a

given whole cell or IP sample was then calculated from the sample concentration
and the corresponding sample volume. For the 57 metabolites that were
quantified in whole cell and lysosome samples, chemical standards were
obtained from commercial sources, except that C4- and C5-carnitines were a
kind gift of R. Pragani and M. Boxer (NCATS, NIH, Rockville, MD) and were
synthesized via a published procedure (Goel, Om P., SSV Therapeutics, Inc.,
USA; U.S. Patent Number 7777071, B2; Aug. 17, 2010). All standards were

validated via LC/MS to confirm that they produced a robust peak at the expected

m/z ratio, and were then grouped into five pools as in Chen et al (4).

Rapid method for the immunopurification of lysosomes (LysolP)

~35 million cells in 15 cm plates were used for each LysolP. Each sample was
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processed separately to ensure rapid isolation of lysosomes using equipment
and buffers (all prepared in Optima LC/MS water) that were pre-chilled on ice.
Control-Lyso cells expressing TMEM192-2xFlag were processed in every
experiment to subtract background signal. Cells were quickly rinsed twice with
PBS and then scraped in one mL of KPBS (136 mM KCI, 10 mM KH2PO4, pH
7.25 was adjusted with KOH, as previously described (4)) and centrifuged at
1000 x g for 2 min at 4°C. Pelleted cells were resuspended in 950 uL, and 25 uL
(equivalent to 2.5% of the total cells) was reserved for further processing of the
whole-cell fraction. The remaining cells were gently homogenized with 20 strokes
of a 2 ml homogenizer. The homogenate was then centrifuged at 1000 x g for 2
min at 4°C and the supernatant containing the cellular organelles including
lysosomes was incubated with 150 pL (similar results are obtained using 100-
200 uL beads) of KPBS prewashed anti-HA magnetic beads on a gentle rotator
shaker for 3 min. We noticed that extending incubation time to 15 minutes does
increase capturing efficiency without affecting the molar concentration of stable
metabolites like amino acids. However, we prefer a 3 minute incubation time to
minimize undesirable effects on potentially labile metabolites.
Immunoprecipitates were then gently washed three times with KPBS on a
DynaMag Spin Magnet. For metabolite extraction from lysosomes, beads with
bound lysosomes were resuspended in 50 uL ice-chilled metabolite extraction
buffer (80% methanol, 20% water containing internal standards), incubated for 5
min on ice and then the beads were removed with the magnet. The metabolite
extract (liquid fraction) was then centrifuged at 1000 x g for 2 min at 4°C. The

supernatant was collected and analyzed by LC/MS to determine the total moles
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of each metabolite. For the whole-cell sample, a 10X volume (225 uL) of
metabolite extraction buffer was added to it, which was followed by a brief
vortexing to extract cellular metabolites. After an incubation for 5 min, the
metabolite extract was centrifuged at 1000 x g for 2 min at 4°C and the
supernatant was then collected and analyzed by LC/MS to determine the total
moles of each metabolite. The background-corrected molar values were
obtained by subtracting the moles present in the Control-lyso IP from those
present in the HA-Lyso IP. The lysosomal concentration of each metabolite was
calculated by taking into consideration the total volume of captured lysosomes
as derived from the total volume of initially processed cells multiplied by the
capturing efficiency in each experiment and the fraction of lysosomal volume in
the same cell line as was previously determined using Imaris. Capturing
efficiency was calculated using LysoTracker abundance as measured by LC/MS.
For V-ATPase inhibitor experiments the average capturing efficiency in control
samples were used since drug treatments affect lysoTracker accumulation in
lysosome but not the capturing efficiency. The whole-cell concentration for each
metabolite was directly calculated using the total volume of cells used as 2.5%

input sample and the molar concentration derived from the LC/MS analysis.

Arginine uptake assay

The arginine uptake assay was adapted from Pisoni et al (5). Lysosomes were

isolated from ~35 million HEK-293T cells as described above. Immunopurified

lysosomes were incubated with 20 uM [3H] L-arginine in 700 uL KPBS-based
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buffer consisting of 0.125 M sucrose, 2 mM MgCI2, and 2 mM ATP at 4°cC.
Lysosomes were then transferred to a 37°C warm bath and fractions were
collected at the designated time points. Collected lysosomes were washed three
times with ice-cold KPBS on the magnet and then resuspended in 100 yL KPBS
and mixed with standard scintillation counting fluid. Control-Lyso IP and

lysosomes lysed in 1% TritionX-100 were used as controls.

Statistical analyses and heat map generation

All replicates in the manuscript are biological replicates. Entire experiments were
performed multiple times to ensure reproducibility. The two-tailed ¢ test was used
for comparisons between two groups unless indicated. All comparisons were
two-sided, and P values are indicated in figure legends. Principal component
analysis was performed using MetaboAnalyst v3.0 online software (6). Heat

maps were generated using Java TreeView (7).
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Supplementary figure legends
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Figure S1

A) Schematic diagram depicting the approach for determining which metabolites
are present in lysosomes.

B) Relative abundance of the indicated metabolites compared to internal
standards in whole cell or immunoprecipitates samples prepared from cells
expressing TMEM192-3xHA (HA-Lyso) or Tmem-2xFlag (Control-Lyso) (n=5 and

2, respectively). FPB, fructose 1,6-bisphosphate; N.D, not detected.

Left panel; immunofluorescence detection of LAMP1-RFP-3xHA and lysosomes
with antibodies to the HA epitope tag and the lysosomal marker LAMP2,
respectively. Scale bars, 10 um. Insets represent selected fields that were
magnified 3.24X. In the right panel, comparison of lysosomal concentrations of
metabolites generated using LAMP1-RFP-3xHA or Tmem192- 3xHA as the

lysosomal handle. The R square value shows a high correlation.
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Supplementary Figure 2
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Figure S2

A) Immunoblot analyses of the levels and phosphorylation state of S6K1 in cells
treated with increasing doses of Concanamycin A (ConA) or Bafilomycin A1
(BafA1). Raptor was used as loading control.

B) Comparison of fold changes (log2) in lysosomal metabolite concentrations
upon V-ATPase inhibition using 200 nM Bafilomycin A1 (BafA1) or
Concanamycin A (ConA) relative to DMSO-treated cells (vehicle) (n=3). R square
value shows a high correlation.

C) Fold changes in whole-cell and lysosomal concentrations of cystine in BafA1-
or ConA-treated cells relative to vehicle-treated cells (mean = SEM, n=3,

*p<0.05).

Two-tailed t tests were used for comparisons between groups.
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Supplementary Figure 3
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Supplementary Figure 3 (continued)
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Figure S3

A) Immunoblot analyses for the levels and phosphorylation states of S6 kinase
(S6K1) and ULK1 in the wild type cells analyzed in Figure 3C-E.

B) Immunoblot analyses for the levels and phosphorylation states of the indicated
proteins in cells treated with DMSO (vehicle), 250 nM Torin1, or 500 nM of
Rapamycin, AZD8055, or WYE-132 (top). In the bottom panel, fold changes in
the lysosomal concentrations of the indicated amino acids in cells treated with
the indicated inhibitors relative to vehicle-treated cells (mean + SEM, n=3,

*p<0.05).

C) Immunoblot analyses of the levels and phosphorylation states of the indicated
proteins in HeLa and PA-TU-8988T cells treated with 250 nM Torin1 or DMSO
(vehicle) (left). In the right panel, fold changes in the lysosomal concentrations of
the indicated amino acids in cells treated with Torin1 relative to vehicle-treated

cells (mean £ SEM, n=3, *p<0.05).

D) Immunoblot analyses for the levels and phosphorylation states of the
indicated proteins in cells treated with vehicle (DMSOQO) or escalating doses of
Torin1 (top). In the bottom panel, fold changes in lysosomal concentration of the
indicated amino acids in cells treated with the indicated Torin1 doses relative to
vehicle-treated cells (mean + SD, n=2 in each dose).

E) Immunoblot analyses for the levels and phosphorylation states of the indicated
proteins in wild-type cells expressing control sgRNA and Rictor-null HEK-293T
cells. In the right panel, fold changes in the lysosomal concentrations of the
indicated amino acids in cells treated with 250 nM Torin1 relative to vehicle-

treated cells of the same genotype (mean £ SEM, n=3, *p<0.01). In these
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experiments the data for valine were unreliable so are not included.

F) Characterization of the Atg7-null cells. Cells were treated with 250 nM Torin1
and/or 100 uM Chloroquine (CQ) for 1 hour followed by immunoblot analyses for
the levels and phosphorylation states of S6K1 and ULK1, as well as the levels of
ATG7, LC3B-I and the lipidated form of LC3B (LC3-B-Il).

G) Immunoblot analyses of the levels and phosphorylation states of S6K1 and
ULK1 in the Atg7-null cells used in figure 3D-E.

H) Immunoblot analyses of the levels and phosphorylation states of S6K1 and
ULK1 as well as the levels of total protein ubiquitination in samples used in figure
3F. Raptor was used as loading control.

L) Representative immunoblot analysis of the levels and phosphorylation states
of S6K1 and ULK1 as well as the levels of c-Myc (a short-lived protein) in cells
treated with 50 ug/ul Cycloheximide or ethanol (vehicle). Raptor was used as
loading control. On the right, fold changes in whole-cell and lysosomal
concentrations of the indicated amino acids in cells with the same treatments
(mean + SEM, n=3, *p<0.05).

Two-tailed t tests were used for comparisons between groups.

120



Supplementary Figure 4
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Figure S4

Immunoblot analyses of the levels and phosphorylation states of S6K1 and ULK1
as well as the levels of c-Myc in samples used in figure 4B. Samples not treated
with Cycloheximide (CHX) were used as a control for translation inhibition. Raptor
was used as loading control.

A) Immunoblot analyses for the levels and phosphorylation states of S6K1 and

ULK1 in cells treated with 250 nM Torin1 or DMSO (vehicle). On the right, fold

changes in whole-cell and lysosomal abundances of 15N-Iabeled isotope of the
indicated amino acids in cells with the same treatments (mean £ SEM, n=3,

*p<0.005). Treatments were as in figure 4B.

B) Fold changes in the fraction of 15N-Iabeled serine remaining in whole cells
(triangle) or lysosomes (circle) as in figure 4C (mean + SEM, n=3). Experiment

was performed using Atg7-null cells.
C) Fold changes (log2) in rate constants (k) for the decay of the 15N-Iabeled

amino acid from lysosomes in SLC38A9 cells relative to wild-type cells as
determined in experiments similar to those in figure 4C. * indicates non-
overlapping 95% confidence intervals of the calculated k values between the two
genotypes.

Two-tailed t tests were used for comparisons between groups.
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Summary

The mTORCH1 kinase is a master growth regulator that senses many
environmental cues, including amino acids. Activation of mMTORC1 by arginine
requires SLC38A9, a poorly understood lysosomal membrane protein with
homology to amino acid transporters. Here, we validate that SLC38A9 is an
arginine sensor for the mTORC1 pathway, and uncover an unexpectedly central
role for SLC38A9 in amino acid homeostasis. SLC38A9 mediates the transport,
in an arginine-regulated fashion, of many essential amino acids out of
lysosomes, including leucine, which mTORC1 senses through the cytosolic
Sestrin proteins. SLC38A9 is necessary for leucine generated via lysosomal
proteolysis to exit lysosomes and activate mTORC1. Pancreatic cancer cells,
which use macropinocytosed protein as a nutrient source, require SLC38A9 to
form tumors. Thus, through SLC38A9, arginine serves as a lysosomal
messenger that couples mMTORC1 activation to the release from lysosomes of

the essential amino acids needed to drive cell growth.
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Introduction

The mTORC1 protein kinase controls growth by balancing anabolic
processes, such as protein, lipid, and nucleotide synthesis, with catabolic ones
like autophagy and proteasomal activity. mTORC1 is deregulated in many
diseases, including cancer and epilepsy, and modulates the aging process in
multiple model organisms. Diverse environmental cues regulate mTORC1,
including growth factors, nutrients, and stress, presenting the challenge of
understanding how mTORC1 senses and integrates these various inputs to
coordinate a coherent growth program (reviewed in (15)).

Amino acids promote the interaction of mMTORC1 with the Rag GTPases,
which function as heterodimers of RagA or RagB bound to RagC or RagD and
localize to the lysosomal surface (49, 51, 156). In response to amino acids, the
Rag GTPases recruit mTORC1 to the lysosome, where Rheb, a distinct GTPase
that directly stimulates the kinase activity of mMTORC1, also resides. Growth
factors activate Rheb by inducing its inhibitor, the TSC tumor suppressor, to
leave the lysosomal surface (417). Thus, the Rheb and Rag GTPases form two
arms of a co-incidence detector that ensures that mTORC1 activation occurs
only when nutrients and growth factors are both present (49, 51, 157).

The amino acid sensing pathway is complicated, with several multi-protein
complexes regulating the Rag GTPases, each likely serving as the effector of a
distinct sensing branch of the pathway. Two such complexes are GATOR1,

which is a GTPase activating protein (GAP) for Rag A/B and inhibits the
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mTORC1 pathway, and GATOR2, a positive component of the pathway of
unknown molecular function that acts upstream of or in parallel to GATOR1 (55).
The best-characterized amino acid sensors, the Sestrin and CASTOR families of
proteins bind cytosolic leucine and arginine, respectively, and interact with and
suppress GATOR?2 in the absence of their cognate amino acids (56-62). A third is
the FLCN-FNIP complex, a GAP for Rag C/D, which translocates to the
lysosomal surface in the absence of amino acids, but for which the amino acid
sensing mechanism is unknown (64, 158). Lastly, a fourth is Ragulator, which
anchors the Rag GTPase heterodimer to the lysosomal surface and also
regulates its nucleotide state (50). SLC38A9, a lysosomal 11-transmembrane
segment protein with homology to amino acid transporters, binds the Rag
GTPase-Ragulator complex and is necessary for the full activation of mMTORC1
(53, 154, 155).

Here, we validate our previous proposal that SLC38A9 is an arginine sensor
for the mTORC1 pathway (53), and also uncover, using lysosomal metabolite
profiling, a surprisingly important role for SLC38A9 in amino acid homeostasis.
SLC38A9 is needed to transport, in an arginine-regulated fashion, most essential
amino acids out of lysosomes, including leucine, which mTORC1 senses through
the Sestrin1 and Sestrin2 proteins in the cytosol (56, 57). In vitro, arginine
promotes the leucine transport capacity of SLC38A9 as well as its interaction
with the Rag GTPase-Ragulator complex. The transport function of SLC38A9 is
required for leucine produced by lysosomal proteolysis to exit lysosomes and

activate mTORC1, and for the growth of pancreatic tumors that obtain amino
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acids from macropinocytosed extracellular protein. Thus, arginine stimulates
SLC38A9 to activate mTORC1 and efflux essential amino acids from lysosomes
to the cytosol, where they serve as the building blocks of mass.
Results
A mutant of SLC38A9 that does not interact with arginine cannot signal
arginine sufficiency to mTORC1

Two main findings led us to propose that SLC38A9 is a lysosomal arginine
sensor for the mTORC1 pathway: the activation of mMTORC1 by arginine requires
SLC38A9, and SLC38A9 can transport and thus interact with arginine (63). To
further support this possibility, two predictions should be met: (1) the capacity of
SLC38A9 to bind arginine should be necessary for the mTORC1 pathway to
sense arginine, and (2) the arginine concentration in lysosomes should be
sufficient for SLC38A9 to interact with arginine.

To test the first prediction it was necessary to identify a mutant of SLC38A9
that cannot interact with arginine. SLC38A9 has two distinct regions: an 11-
transmembrane segment domain that likely mediates amino acid transport, and
an ~110 amino acid cytosolic N-terminal domain that is necessary and sufficient
to interact with the Rag GTPase-Ragulator complex (Rag-Ragulator, for short)
(53, 164, 155). We sought to identify a mutant that does not transport arginine in
vitro because at the time it was the only known measure of the arginine-
SLC38A9 interaction we had. Mutations in residues conserved amongst
members of the SLC38 family of transporters did not strongly affect transport by

SLC38A9, so we searched for sequence elements in SLC38A9 shared with other
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classes of transporters. We noted that a GTS amino acid sequence in
transmembrane segment 1 of SLC38A9 aligns with the GSG motif in members of
the APC superfamily of Na*-coupled symporters (e.g., AdiC, CadB, and PotE),
which is known to be critical for binding amino acids (Figure 1A) (759, 160).
Mutation of the threonine in the GTS to tryptophan (T133W) eliminated in vitro
arginine transport by SLC38A9 without interfering with its capacity to traffic to
lysosomes or associate with Ragulator (as detected by its p14 and p18
components) or RagA or RagC in cells (Figure 1B, 1C, and S1). In contrast, the
previously identified I68A mutant that does not bind Rag-Ragulator (53)
transported arginine similarly to wild-type SLC38A9 (Figure 1B and 1C).

To test the capacity of these mutants to activate mTORC1, we took
advantage of HEK-293T cells engineered to lack SLC38A9. In these cells
activation of mTORC1 in response to arginine, but not leucine, is suppressed, as
detected by the phosphorylation of its substrate S6K1 (Figure 1D). In contrast to
wild-type SLC38A9, re-constitution of the null cells with either the 168A or T133W
mutant did not rescue the arginine-sensing defect (Figure 1E). Thus, to transmit
arginine sufficiency to mTORC1, SLC38A9 must interact with Rag-Ragulator as

well as arginine, fulfilling the first prediction set forth above.

Arginine, at concentrations found in lysosomes, promotes the interaction
of SLC38A9 with Rag-Ragulator
To test the second prediction we measured the lysosomal concentration of

arginine using a method we recently developed to rapidly purify lysosomes and
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profile their metabolites (Figure 2A). In HEK-293T cells starved of arginine for 50
minutes, lysosomal arginine drops to ~50 uM, and rises to ~250 uM after a 10
minute restimulation with arginine (Figure 2A). Across multiple cell lines, the
concentration of arginine in lysosomes ranges from 150-535 uM under nutrient
replete conditions (Figure 2A and S2A). These values are much less than the
Michaelis constant (K,) of ~39 mM for arginine in the SLC38A9 transport assay
(53), suggesting that at the concentrations present in lysosomes arginine does
not trigger the transport cycle of SLC38A9, but rather communicates with it
through a different mechanism. Indeed, using purified proteins we found that
arginine strongly promotes the interaction of full-length SLC38A9 with Rag-
Ragulator at a half-maximal concentration of 100-200 uM, which encompasses
the arginine concentrations in lysosomes (Figure 2B). At concentrations of 1
mM, no other amino acid besides lysine mimicked the effect of arginine on the
interaction of SLC38A9 with Rag-Ragulator (Figure 2C). Consistent with arginine
acting directly on SLC38A9, arginine did not promote the interaction of the
T133W mutant of SLC38A9 with Rag-Ragulator (Figure 2D). Lastly, the soluble
N-terminal domain of SLC38A9 interacted well with Rag-Ragulator (Figure S2C),
suggesting that the transmembrane domain of SLC38A9 normally suppresses
this interaction in the absence of arginine.

Thus, the arginine-sensitive interaction of SLC38A9 with Rag-Ragulator
reveals that SLC38A9 has an affinity for arginine that is compatible with
lysosomal arginine concentrations and much better than that indicated by the

transport assay. This finding, along with previous data, supports the conclusion
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that SLC38A9 can serve as a direct sensor of lysosomal arginine levels for the
mTORC1 pathway, and suggests that arginine transport is not required for
arginine sensing. That a small molecule binds and regulates a transporter, but
is not transported well, is an established concept in transporter biology, perhaps
best exemplified by certain ligands of the GAP1 amino acid transporter (167-
164). Future work, likely requiring high-resolution structures, will be needed to
understand how arginine promotes the binding of SLC38A9 to Rag-Ragulator
and how this interaction impacts Rag-Ragulator activity.

While lysine also promoted the interaction of SLC38A9 with Rag-Ragulator
(Figure 2C), it did so less potently than arginine, acting at a half maximal
concentration of 600-700 uM (Figure S2D), which is higher than that of lysine in
lysosomes (Figure S2B). Lysine starvation did not appreciably change lysosomal
lysine levels but did moderately inhibit mTORC1 signaling and loss of SLC38A9
partially suppressed its re-activation by lysine re-addition (Figure S2B and S2E).
These data suggest that lysine is a less physiologically relevant ligand for
SLC38A9 than arginine but that SLC38A9 does contribute to the sensing of

lysine by the mTORC1 pathway.

Many essential amino acids accumulate in lysosomes lacking SLC38A9

Given its homology to amino acid transporters, it seemed reasonable that,
in addition to signaling to mTORC1, SLC38A9 might also regulate lysosomal
amino acid levels. To explore this possibility, we measured amino acid

concentrations in lysosomes of wild-type and SLC38A9-null HEK-293T cells
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(Figure 3A). While loss of SLC38A9 had no effect on whole-cell amino acid
levels, it strongly boosted the lysosomal concentrations of several amino acids,
including leucine, while having minor effects on arginine levels (Figure 3B). Over-
expression of wild-type SLC38A9, but not a control protein, had the opposite
effect, reducing the lysosomal concentrations of many of the same amino acids
that most increased in lysosomes lacking SLC38A9 (Figure 3C). In subsequent
experiments we focused on the set of amino acids affected in both the loss and
gain of function experiments, which includes most non-polar, essential amino
acids (phenylalanine, leucine, isoleucine, tryptophan, and methionine) as well as
tyrosine.

To rule out that SLC38A9 loss increased the lysosomal levels of these
amino acids by partially inhibiting mTORC1, we expressed the I68A mutant of
SLC38A9 or a variant lacking the N-terminal domain (D110) in the SLC38A9-null
cells. Neither binds Rag-Ragulator or rescues mTORC1 signaling (Figure 1C,
1E, S3C, and S3D), but both reversed the increase in lysosomal amino acid
concentrations to the same degree as wild-type SLC38A9 (3D and S3B). In
contrast, expression of the transport mutant of SLC38A9 (T133W) or just the
soluble N-terminal Rag-Ragulator-binding domain of SLC38A9, did not decrease
the high concentrations of the amino acid in the lysosomes lacking SLC38A9
(Figure 3D and S3E). Thus, SLC38A9 controls the lysosomal concentrations of
most non-polar essential amino acids independently of its effects on mTORC1

signaling.
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SLC38A9 is a high affinity transporter for leucine

The simplest explanation for why loss of SLC38A9 causes leucine and the
other amino acids to accumulate in lysosomes is that SLC38A9 normally
transports them out of lysosomes. In previous work we were unable to assess
the capacity of SLC38A9 to transport leucine because the radiolabelled leucine
bound non-specifically to the SLC38A9-containing liposomes used in the in vitro
transport assay (53). Using a different lipid composition for the liposomes and a
purer preparation of SLC38A9 we developed an improved transport assay for
SLC38A9 (see methods). In this new assay the K, for arginine is ~4 mM, which
is substantially lower than the ~39 mM we obtained previously, but still much
higher than the ~100-200 uM arginine concentration in lysosomes (Figure 4A and
2A). In contrast, the K, for leucine in the transport assay is only ~90 uM, which is
much lower than that for arginine and compatible with the lysosomal leucine
concentrations of 60-80 uM (Figure 4B, 2A, and S4A). The T133W mutant of
SLC38A9, which we originally identified because of its inability to transport
arginine, was also unable to transport leucine in vitro (Figure S4B), indicating that
it is generally defective in amino acid transport. SLC38A9 also transported
leucine when the assay was run in the efflux format by placing leucine inside the
proteoliposomes (Figure S4C). Lastly, tyrosine, along with isoleucine, valine, and
phenylalanine, competed well with the transport of leucine, and tyrosine itself
was transported by SLC38A9 as detected using a radiolabelled version (Figure
S4D and S4E).

These findings—in intact cells and with purified SLC38A9—suggest that
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SLC38A9 is a major lysosomal effluxer for leucine, and likely other amino acids
such as tyrosine. In contrast, SLC38A9 loss had only minor effects on lysosomal
arginine concentrations, suggesting that SLC38A9 is less important for
transporting arginine out of lysosomes. This conclusion is consistent with the

high K, of SLC38A9 for arginine and with previous work identifying a different
transporter, PQLC2, as the major effluxer of arginine from lysosomes (165).
Interestingly, while it has been appreciated that a lysosomal protein must exist for
leucine efflux (166, 167), no such transporter had been identified. Recent work

identified SLC38A7 as an effluxer of glutamine from lysosomes (768).

Arginine regulates the lysosomal concentrations of many essential amino
acids via SLC38A9

Because arginine regulates the interaction of SLC38A9 with Rag-Ragulator,
we asked if it also impacts the capacity of SLC38A9 to transport leucine. Indeed,
the addition of 200 uM unlabeled arginine, but not glycine, to the transport assay
boosted leucine transport by SLC38A9, increasing its Vnax for leucine from ~220
to ~470 pmol min™" without significantly affecting its K (Figure 4C). Thus, at a
concentration that is much below its transport K, arginine has two effects on
SLC38A9: it stimulates its capacity to transport leucine and to interact with Rag-
Ragulator. In the same assay, 200 uM lysine had no effect and it only mildly
boosted leucine transport when added at a higher concentration (Figure S4F).

To understand if arginine regulates the transport function of SLC38A9 in

cells, we deprived cells of arginine, which lowered its levels in whole cells and in
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lysosomes and measured the concentrations of the amino acids that were most
affected by loss and gain of SLC38A9 (Figure 5A and S5A). As a control, we
starved cells for leucine, which suppressed mTORC1 signaling and induced
autophagy (as assessed by LC3B lipidation) to similar extents as arginine
deprivation (Figure 5B). Arginine, but not leucine, deprivation increased the
lysosomal concentrations of the SLC38A9-regulated amino acids, and 15
minutes of arginine re-addition restored them to normal levels (Figure 5C).
Consistent with arginine deprivation not acting through the modulation of
mTORCH1, it still increased lysosomal amino acid levels in cells lacking GATOR1,
which have amino acid-insensitive mTORC1 signaling (Figure S5B and S5C). In
contrast, arginine deprivation did not further boost the already high lysosomal
levels of the amino acids in cells lacking SLC38A9 or expressing the transport-
defective T133W mutant, indicating that arginine acts through the transport
function of SLC38A9 (Figure 5D).

As arginine starvation might have effects in intact cells that are hard to
control for, we sought to validate the effects of arginine on lysosomal amino acid
transport in a cell-free system. We purified lysosomes from wild-type and
SLC38A9-null cells and loaded them in vitro with radiolabeled leucine.
Stimulation of the lysosomes with arginine, but not several other amino acids,
caused the release of ~60% of the radiolabelled leucine in the lysosomes in a
fashion that completely depended on SLC38A9 and its transport capacity (Figure
5E and 5F). Stimulation of lysosomes with lysine also promoted the release of

radiolabeled leucine, but it did so less potently than arginine (Figure S5D).
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Collectively, these data reveal that arginine regulates SLC38A9-mediated
transport at the level of the purified protein, in a cell free system, and in intact
cells. Thus, arginine signals through SLC38A9 to link two processes: the
activation of mTORC1 and the efflux of many essential amino acids from
lysosomes. Consistent with arginine being a “lysosomal messenger,” in arginine-
stimulated cells arginine accumulates in lysosomes before the SLC38A9-
regulated amino acids drop in concentration (Figure 5C). Furthermore, arginine is
well-established to readily enter lysosomes (769, 170), which we verified in intact
cells using °N-arginine and in purified lysosomes using *H-arginine (Figure
S5E). Loss of SLC38A9 does not affect arginine entry into lysosomes (Figure

S5F).

SLC38A9 is required for leucine produced via autophagy to activate
mTORC1

Because SLC38A9 is important for many essential amino acids to exit
lysosomes, we asked if it has a special role in cells that obtain amino acids by
degrading proteins in lysosomes, such as cells deprived of free amino acids.
Leucine starvation acutely inhibits mMTORC1 signaling, but with time the pathway
reactivates because cells release endogenous leucine by activating autophagy to
increase protein degradation in lysosomes (150). In HEK-293T cells, the
removal of leucine from the media acutely inhibited mTORC1 signaling, but
within 8 hours the pathway reactivated in a fashion that depended on the key

autophagy component ATG7 (Figure 6A). Importantly, in the ATG7-null cells, the
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addition of free leucine to the cell medium reactivated mTORC1 signaling even
after the 8 hours of leucine starvation, indicating that the leucine sensing
mechanism remains functional even after long-term leucine deprivation (Figure
S6A). Remarkably, loss of SLC38A9, or just its transport activity or ability to
interact with Rag-Ragulator, mimicked that of ATG7 loss, and prevented the
reactivation of mMTORC1 that normally occurs after 8 hours of leucine starvation
in the wild-type cells (Figure 6B, 6C, and S6B). As in cells defective for
autophagy, free leucine reactivated mTORC1 in the SLC38A9-null cells starved
of leucine for 8 hours, showing that the leucine sensing mechanism is also intact
in these cells. Importantly, the SLC38A9-null cells do not have a defect in
autophagy activation, as assessed by LC3B lipidation (Figure S6C).

An explanation for these findings is that in cells lacking SLC38A9 the
leucine produced by lysosomal proteolysis remains trapped in lysosomes.
Indeed, while in wild-type cells long-term leucine starvation depletes leucine in
whole cells and lysosomes, in cells without SLC38A9, lysosomal leucine levels
do not drop despite its significant depletion in whole cells (Figure 6D).
Collectively, these results indicate that under long-term leucine starvation,
SLC38A9 transports the leucine generated through lysosomal proteolysis into the

cytosol, where it reactivates mTORC1 through cytosolic mechanisms.

SLC38A9 is required for macropinocytosed albumin to activate mTORC1

and support cell proliferation and for tumor growth

A faster way than autophagy induction to reactivate mTORC1 in leucine-
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starved cells is to feed them extracellular proteins, such as albumin, which are
engulfed via macropinocytosis and degraded into amino acids in lysosomes for
use in growth-promoting processes (771, 172). In leucine-starved HEK-293T
cells, which do not have high levels of macropinocytosis (773), the addition of 3%
albumin to the medium took about 4 hours to moderately restore mTORCA1
signaling, an effect that depended on SLC38A9 (Figure S7A).

Because oncogenic Kras signaling activates macropinocytosis, particularly
in pancreatic cancer cells (86, 171, 174, 175), we undertook similar experiments
in murine pancreatic KRAS®'?®*P537 tumor cells, and found that albumin fully
reactivates mTORC1 in 4 hours in these cells (Figure 7A). As in HEK-293T cells,
loss of SLC38A9 suppressed the arginine-induced activation of mMTORC1 and
prevented albumin from reactivating mTORC1 in leucine deprived cells, an effect
that was fully rescued by expression of wild-type SLC38A9, but not the T133W
mutant (Figure 7A, 7B, S7B).

Cells with activated Ras can proliferate using albumin as the sole
extracellular source of leucine, albeit at a slower rate than cells cultured in media
with free leucine (86, 171). While the murine pancreatic cancer cells lacking
SLC38A9 proliferated normally when cultured in traditional media, they
proliferated much more slowly than control cells in media containing albumin as
the leucine source (Figure 7C and S7C). We obtained very similar results in two
human pancreatic cancer cell lines that also carry oncogenic KRAS (Figure S7D
and S7E). In vivo, loss of SLC38A9 or its transport function, strongly inhibited

tumor formation by the murine KRAS®'??*P537 cells in an orthotopic allograft
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model of pancreatic cancer (Figure 7D and S7F). Immunohistochemical detection
of phospho-S6 in tumor sections showed decreased mTORC1 signaling in the
absence of SLC38A9 or its transport function (Figure 7E). Thus, under conditions
in which cells must obtain amino acids by degrading proteins delivered to
lysosomes by macropinocytosis, SLC38A9 plays a key role in the activation of

mTORC1 and in cell proliferation and tumor formation.

Discussion

Amino acid sensing by mTORC1 is complicated, with both cytosolic and
lysosomal signaling branches transmitting amino acid sufficiency to the Rag
GTPases. Here, we used similar criteria as we have for the Sestrin2 and
CASTORH1 sensors of cytosolic leucine and arginine, respectively, to establish
the lysosomal membrane protein SLC38A9 as a sensor of arginine. While
SLC38A9 almost certainly binds arginine in its transmembrane domain, it is very
difficult to determine if the sensed arginine comes from the luminal or cytosolic
side of the lysosomal membrane and likely both are possible. We favor that the
primary function of SLC38A9 is to sense luminal arginine produced in lysosomes
through the digestion of proteins, but it is clear that arginine itself can freely enter
lysosomes through a transporter (169, 170) or via macropinocytosis (see model
in Figure 7F). In our previous work, we found that SLC38A9 and the cytosolic
sensor CASTOR1 both contribute to arginine sensing by mTORC1 (63, 67), and
we hypothesize that different cell types use these sensing branches to varying

extents, depending on whether they obtain amino acids mostly in the free form or
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through the digestion of proteins. Recent work shows that SLC38A9 also has an
important role in cholesterol sensing upstream of mMTORC1 (176).

In addition to its role as an arginine sensor in the mTORC1 pathway, we
used a new method for lysosomal metabolomics to make the surprising finding
that SLC38A9 is also a major effluxer from lysosomes of leucine and most likely
several other non-polar, essential amino acids, as well as tyrosine. Mutants in
SLC38A9 can decouple the signaling and amino acid efflux functions of
SLC38A9, but normally they are linked and stimulated by arginine. Thus, at the
same time that arginine triggers mTORC1 activation it also stimulates the efflux
of most essential amino acids from lysosomes, where mTORC1-driven
processes, such as protein synthesis, can consume them. Why arginine but not
other amino acids would have a “lysosomal messenger” function is unclear.
Perhaps it reflects that many of the proteins degraded in lysosomes are
ribosomal proteins, which are highly basic because of their RNA binding capacity
(709, 110, 115, 177-179). In this regard it is interesting that lysine, albeit less
potently, also promoted the interaction of SLC38A9 with the Rag-Ragulator
complex, and we find that SLC38A9 has a role in signaling lysine levels to
mTORCA1. Also, perhaps the sensing of arginine at the lysosome evolved from
the capacity of its guanidinium group to serve as a storage form of nitrogen in the
vacuoles of lower organisms. SLC38A9 loss has minor effects on the
concentration of arginine in lysosomes and considering its low affinity for arginine
transport, it is unlikely that SLC38A9 has a major role in controlling lysosomal

arginine levels, at least in the HEK-293T cells we have studied the most.
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The fact that arginine promotes the transport of leucine by SLC38A9
raises the question of how many amino acid binding sites SLC38A9 may have.
Previous work suggests that the LeuT, SERT, NET, and DAT transporters, to
which SLC38A9 is distantly related, have two small molecule binding sites, one
for the transported metabolite and another for a molecule that allosterically
regulates transport (780-185). Our in vitro data suggest that arginine increases
the Vnax of SLC38A9 for leucine transport without affecting its K, for leucine. The
T133W mutant eliminates the capacity of SLC38A9 to transport leucine in vitro
and of arginine to induce the conformational change that promotes its interaction
with Rag-Ragulator. Thus, this mutant does not have a selective effect on the
arginine- or leucine-binding site, suggesting that these sites are either close to
each other so that the mutation disrupts both or that the mutation puts SLC38A9
into a “frozen” unresponsive state. To distinguish between these and other
possibilities it will be necessary to solve the structure of SLC38A9 in its various
conformations. Our attempts to measure the direct binding of amino acids to
purified SLC38A9 (rather than using transport into liposomes as a surrogate)
have been unsuccessful, likely because its affinity for amino acids is relatively
poor compared to that of transporters like LeuT, which has nanomolar affinity for
its transport substrates (7187, 186). It is also important to keep in mind that
because we produce SLC38A9 in human cells, it is always possible that proteins
that might co-purify with it can impact the activities we measure in vitro.

Pharmacologic inhibitors of mMTORC1 have a variety of clinical uses,

particularly in diseases with clear hyperactivation of the pathway (reviewed in
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(75)). Because SLC38A9 has an amino acid binding pocket(s), it may be possible
to develop small molecule inhibitors that specifically target the lysosomal amino
acid sensing arm of the mTORC1 pathway. These may be of particular value in
Ras-driven pancreatic cancers, which depend heavily on macropinocytosis to
sustain their amino acid levels, and for cell survival and proliferation (86, 175)
and which we find require SLC38A9 to form tumors in vivo. In this regard, it is
remarkable that SLC38A9 is as necessary as autophagy for protein-derived
amino acids to activate mTORCH1, revealing SLC38A9 as a key node between

lysosomal amino acids and growth control.
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Figure 1, see also Figure S1: A mutant of SLC38A9 that does not interact

with arginine cannot signal arginine sufficiency to mTORC1

(A) Schematic depicting domains of SLC38A9 and the location of the I68A and
T133W point mutations. Transmembrane segment 1 of SLC38A9 shares
sequence similarity with members of the APC superfamily of transporters.
F13H10.3 is likely the C. elegans homolog of SLC38A9.

(B) The T133W, but not the 168A, mutant of SLC38A9 is deficient in arginine
transport in vitro. SDS-PAGE and Coomassie-blue staining was used to analyze
recombinant proteins purified from HEK-293T cells.

(C) Interaction of wild-type SLC38A9 and the T133W mutant, but not the
Ragulator-Rag binding mutant I68A or the control protein metap2, with
endogenous Ragulator (p18 and p14) and Rag GTPases (RagA and RagC).
HEK-293T cells were transfected with the indicated cDNAs and lysates prepared
and subjected to anti-FLAG immunoprecipitation and analyzed by
immunoblotting.

(D) Loss of SLC38A9 inhibits activation of mTORC1 by arginine, but not leucine.
Cells starved of the indicated amino acid for 50 minutes were stimulated for 10
minutes with leucine or arginine and cell lysates analyzed for the specified
proteins and phosphorylation states.

(E) For arginine to activate mTORC1 signaling, SLC38A9 must be able to
interact with both arginine and Rag-Ragulator. Wild-type and SLC38A9-null cells

stably expressing the indicated proteins were analyzed as in (D).
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Figure 2, see also Figure S2: Arginine, at concentrations found in

lysosomes, promotes the interaction of SLC38A9 with Rag-Ragulator

(A) Whole-cell and lysosomal arginine and leucine concentrations. HEK-293T
cells were starved of the indicated amino acid for 50 minutes and re-stimulated
with it for 10 minutes. The RPMI condition represents the non-starved state.
Whole-cell and lysosomal arginine and leucine concentrations (mM) were
measured using the LysolP method described in methods. Bar graphs show
mean * SEM (n=3).

(B) In vitro, arginine promotes the interaction of SLC38A9 with the Rag-Ragulator
complex in a dose-dependent manner. Purified HA-GST-RagC/HA-RagB and
HA-Ragulator were immobilized on glutathione affinity resin and incubated with
FLAG-SLC38A9 in the presence of the indicated concentrations of arginine. HA-
GST-Rap2A was used as a control. Proteins captured in the glutathione resin
pull-down were analyzed by immunoblotting for the indicated proteins using anti-
epitope tag antibodies.

(C) Arginine and lysine, but not other amino acids, promote the interaction of
SLC38A9 with Rag-Ragulator in vitro. Experiment was performed as in (B),
except that all amino acids were at 1 mM.

(D) Arginine does not promote the interaction of SLC38A9 T133W with Rag-
Ragulator. The experiment was performed as in (B) except that arginine was

used at 500 mM.
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Figure 3, see also Figure S3: Many essential amino acids accumulate in

lysosomes lacking SLC38A9

(A) The rapid immuno-isolation method for lysosomes (LysolP) yields pure
lysosomes from wild-type and SLC38A9-null HEK-293T cells as monitored by
immunoblotting for protein markers of various subcellular compartments. Lysates
and immunoprecipitates were prepared from HEK-293T cells expressing
2xFLAG-TMEM192 (Control-Lyso cells) or 3XHA-TMEM192 (HA-Lyso cells) as
described in the methods.

(B) Many essential amino acids accumulate in the lysosomes of SLC38A9-null
HEK-293T cells. Fold changes are relative to concentrations in wild-type HEK-
293T cells and bar graphs show mean £ SEM (n=3; *p<0.05).

(C) Overexpression of SLC38A9, but not the control protein metap2, reduces the
lysosomal concentrations of most non-polar, essential amino acids
(phenylalanine, leucine, isoleucine, tryptophan, and methionine) as well as
tyrosine. Fold changes are relative to concentrations in the control metap2-
overexpressing HEK-293T cells and bar graphs show mean + SEM (n= 3;
*p<0.05).

(D) Expression of wild-type SLC38A9 or its Rag-Ragulator-binding mutant 168A,
but not the transport-deficient T133W mutant, reverses the increase in lysosomal
amino acid concentrations caused by loss of SLC38A9. Aspartate was used as a
control amino acid as it is unaffected by SLC38A9 loss. Lysosomes were

analyzed as in (B) and bar graphs are mean £ SEM (n=3; *p<0.05).
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Figure 4
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Figure 4, see also Figure S4: SLC38A9 is an arginine-regulated high affinity

transporter for leucine

(A) In vitro SLC38A9 transports arginine with a Kp, of ~4 mM in the improved
transport assay described in the methods. Experiment was repeated more than
three times with similar results, and a representative example is shown.

(B) In vitro SLC38A9 transports leucine with a K, of ~90 mM. Experiment was
repeated more than three times with similar results, and a representative
example is shown.

(C) Steady-state kinetic analysis of SLC38A9-mediated leucine transport in the
presence of 200 mM arginine, but not glycine, reveals an arginine-induced
increase in Vimax from ~220 to ~470 pmol min™". Velocity, as shown, was
calculated as a function of the leucine concentration. The experiment was

repeated three times, with a representative example shown.
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Figure 5, see also Figure S5: Arginine regulates the lysosomal

concentrations of many essential amino acids via SLC38A9

(A) Arginine, but not leucine, deprivation increases the lysosomal concentrations
of many of the same amino acids that are affected by loss of SLC38A9. Fold
changes are relative to concentrations in cells cultured in RPMI and bar graphs
show mean £ SEM (n=3, *p<0.05). HEK-293T cells were incubated in full RPMI
media or in RPMI lacking the indicated amino acid for 60 minutes and lysosomes
were purified and analyzed as described in methods. Cystine was used as a
control metabolite.

(B) Deprivation of arginine or leucine activates autophagy to similar extents.
HEK-293T cells were treated as in (A) in the absence or presence of chloroquine
and lysates were analyzed for LC3B processing.

(C) Arginine re-addition time-dependently reverses the increase caused by
arginine starvation in the lysosomal concentrations of the indicated amino acids.
HEK-293T cells deprived of arginine for 50 minutes were re-stimulated with
arginine for the indicated times. Fold changes are relative to concentrations in
cells cultured in RPMI and bar graphs show mean £ SEM (n=3, *p<0.05). Cystine
served as a control metabolite.

(D) In cells lacking SLC38A9 or expressing the transport-deficient T133W
mutant, arginine deprivation does not further increase the already high lysosomal
concentrations of the SLC38A9-regulated amino acids. Wild-type and SLC38A9-

null HEK-293T cells were analyzed as in (A) and fold changes are relative to
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cells cultured in RPMI. Bar graphs show mean + SEM (n=3, *p<0.05). Cystine
served as a control metabolite.

(E-F) In vitro, arginine, but not several other amino acids, promotes the release
of leucine from lysosomes in a fashion that requires SLC38A9 and its transport
function. (E) Purified lysosomes still attached to beads were loaded with
[’H]Leucine in vitro for 15 minutes and then stimulated with 500 mM of the
indicated amino acid for 10 minutes. The amount of [°H]Leucine released was
quantified and normalized to the total amount of [°H]leucine in lysosomes. This
amount was obtained in two ways that gave the same value: by measuring the
[’H]Leucine in the bead-bound lysosomes not simulated with an amino acid after
the 15 minute loading period or in the supernatant of lysosomes lysed with
distilled water (dH0 lysis). (F) Arginine does not induce leucine release in
lysosomes lacking SLC38A9 or containing the T133W mutant. The experiment

was performed as in (E) using lysosomes from the appropriate cell lines.
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Figure 6
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Figure 6, see also Figure S6: SLC38A9 is required for amino acids
produced via autophagy to activate mTORC1 and to support cell

proliferation

(A) Loss of ATG7 prevents the autophagy-mediated reactivation of mMTORC1 that
occurs after long-term leucine deprivation. Wild-type and ATG7-null HEK-293T
cells were deprived of leucine for either 50 minutes or the indicated time points,
and where specified, restimulated for 10 minutes with leucine. Cell lysates were
analyzed by immunoblotting for the total levels and phosphorylation states of the
indicated proteins.

(B) Loss of SLC38A9 prevents the autophagy-mediated reactivation of mMTORCA1
that occurs after long-term leucine deprivation. Wild-type or SLC38A9-null HEK-
293T cells were deprived of leucine for 50 minutes or the indicated time points
and, where indicated, re-stimulated with leucine for 10 minutes. Cell lysates were
analyzed by immunoblotting for the levels and phosphorylation states of indicated
proteins.

(C) mTORCH1 signaling does not reactivate after long-term leucine deprivation in
cells expressing the T133W SLC38A9 mutant. Wild-type or SLC38A9-null HEK-
293T cells stably expressing the indicated proteins were starved for leucine for
50 minutes or 8 hours and, where indicated, re-stimulated with leucine for 10
minutes. Lysates were analyzed as in (A).

(D) In cells lacking SLC38A9, lysosomal leucine concentrations do not drop upon

starvation for leucine despite its depletion at the whole-cell level. Metabolite
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profiling of lysosomes from wild-type and SLC38A9-null cells deprived of leucine
for the indicated times. Fold changes are relative to concentrations of cells in

cultured in RPMI. Bar graphs show mean £ SEM (n=3).
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Figure 7
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Figure 7: SLC38A9 and its transport function are required for albumin to
activate mTORC1 and support cell proliferation and for pancreatic tumor

growth

(A-B) Loss of SLC38A9 or just its transport capacity prevents the activation of

S¢120*p537 pancreatic

mTORC1 induced by extracellular protein. Murine KRA
cancer cells that are wild-type, null for SLC38A9, or SLC38A9-null and
expressing T133W SLC38A9, were deprived of leucine for 50 minutes and re-
stimulated with leucine for 10 minutes or 3% albumin for the times indicated. Cell
lysates were analyzed by immunoblotting for the levels or phosphorylation states
of indicated proteins.

(C) Loss of SLC38A9 inhibits the proliferation of pancreatic cancer cells cultured
in 3% albumin as the leucine source. Wild-type and SLC38A9-null murine
KRASC'2P*P537 pancreatic cancer cells were cultured for 3 days in media
lacking leucine, and supplemented, where indicated, with 3% albumin. Cells were
counted every 24 hours and bar graphs show mean + SD (n=3; *p<0.05).

(D) KRAS®'?P*P537 pancreatic cancer cells lacking SLC38A9 or expressing its
transport deficient T133W mutant have a severe defect in forming tumors in an
orthotropic allograft model of pancreatic cancer. SLC38A9-null KRAS®'?P*p537-
PaCa cells expressing the control protein metap2, SLC38A9, or SLC38A9
T133W were used to generate tumors. Each dot represents the calculated tumor

volume (mm?) of an individual tumor. The mean + SEM (n= 9-11, *p<0.0001) is

shown.
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(E) Tumors formed by KRAS®'??*P537 pancreatic cancer cells lacking SLC38A9
or expressing its transport deficient T133W mutant have decreased mTORC1
signaling. Tumors were analyzed by immunohistochemistry for S6 pS235/S236
levels and stained with hematoxyline and eosin (H&E) (10X and 40X
magnifications are shown, arrow defines pancreatic cancer cells shown in 40X
insets). Scale bars represent 100 mM (10X) and 20 mM (40X).

(F) A model depicting how arginine signals through SLC38A9 to promote
mTORC1 activation as well as the lysosomal efflux of essential amino acids like

leucine.
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Supplemental Figure 1
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Supplementary Figure 1. The SLC38A9 T133W mutant still localizes to

lysosomes, Related to Figure 1

Localization of wild-type and T133W SLC38A9 in HEK-293T cells. The T133W
mutation does not affect the lysosomal localization of SLC38A9. HEK-293T cells
stably expressing either wild-type or T133W FLAG-SLC38A9 were

immunostained for FLAG and LAMP2.
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Supplemental Figure 2
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Supplementary Figure 2. At higher concentrations than arginine, lysine
promotes the interaction between SLC38A9 and Rag-Ragulator in vitro, ,

Related to Figure 2

A) Whole-cell and lysosomal arginine concentrations in HeLa, KP4
pancreatic cancer cells, and P53 MEFs. Amino acid concentrations (mM)
were measured in lysosomes captured using the LysolP method
referenced in the methods. Bar graphs show mean £ SEM (n=3).

B) Whole-cell and lysosomal lysine concentrations. HEK-293T cells were
starved of the indicated amino acid for 50 minutes and re-stimulated with it
for 10 minutes. The RPMI condition represents the non-starved state.
Whole-cell and lysosomal lysine concentrations (mM) were measured
using the LysolP method described in methods. Bar graphs show mean +
SEM (n=3).

C) The soluble N-terminal domain of SLC38A9 interacts with purified Rag-
Ragulator in vitro. Purified HA-GST-Rag-Ragulator or HA-GST-RagC-HA-
RagB were immobilized on a glutathione affinity resin and incubated with
FLAG-SLC38A9 1-119. HA-GST-Rap2A was used as a control. Proteins
captured on the glutathione affinity resin were analyzed by immunoblotting
for the indicated proteins using anti-epitope tag antibodies.

D) In vitro, lysine promotes the interaction of SLC38A9 with the Rag-
Ragulator complex in a dose-dependent manner. Purified HA-GST-

RagC/HA-RagB and HA-Ragulator were immobilized on a glutathione
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affinity resin and incubated with FLAG-SLC38A9 in the presence of the
indicated concentrations of lysine. HA-GST-Rap2A was used as a control.
Proteins captured in the glutathione resin pull-down were analyzed by
immunoblotting using anti-epitope tag antibodies.

Lysine mildly regulates mTORC1 signaling. Cells starved of indicated
amino acid for 50 minutes were stimulated for 10 minutes with leucine or
lysine and cell lysates analyzed for the specified proteins and

phosphorylation states.
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Supplemental Figure 3
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Supplementary Figure 3. Mutants of SLC38A9 that do not interact with Rag-

Ragulator are still able to reverse the lysosomal accumulation of essential

amino acids caused by loss of SLC38A9, Related to Figure 3

A)

D)

Loss of SLC38A9 does not affect whole cell amino acid concentrations in
HEK-293T cells. Fold changes are relative to concentrations in wild-type
HEK-293T cells. Bar graphs show mean + SEM (n=3).

Expression of wild-type SLC38A9 or a variant lacking the N-terminal domain
(D110) in the SLC38A9-null cells reverses the increase in lysosomal amino
acid concentrations caused by loss of SLC38A9. Cystine was used as a
control metabolite as it is unaffected by SLC38A9 loss. Lysosomes were
analyzed as in Figure 3B and bar graphs show mean + SEM (n=3; *p<0.05).
Expression of a variant of SLC38A9 lacking the N-terminal domain (D110) in
the SLC38A9-null cells does not rescue the arginine-sensing defect. Wild-
type or SLC38A9-null cells stably expressing the indicated proteins were
deprived of arginine for 50 minutes and were stimulated for 10 minutes with
arginine and cell lysates were analyzed for the specified proteins and
phosphorylation states.

Wild-type SLC38A9, but not a variant lacking the N-terminal domain (D110) or
the control protein metap2, interacts with endogenous Ragulator (p18) and
the Rag GTPases (RagA and RagC). Lysates prepared from HEK-293T cells
stably expressing the indicated proteins were subjected to anti-FLAG

immunoprecipitation followed by immunoblotting for the indicated proteins.
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E) Expression of wild-type SLC38A9, but not of the soluble N-terminal Rag-
Ragulator binding domain of SLC38A9, in SLC38A9-null cells reverses the
increase in lysosomal amino acid concentrations caused by loss of SLC38A9.
Cystine was used as a control metabolite. Lysosomes were analyzed as in

Figure 3B and bar graphs show mean + SEM (n=3; *p<0.05).
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Supplemental Figure 4
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Supplementary Figure 4. Characterization of in vitro leucine transport by

SLC38A9, Related to Figure 4

A) Steady-state kinetic analyses of SLC38A9 leucine transport reveals a K, of
~90 mM for leucine. Transport over time of [°H]leucine (0.5 mM) in the
presence of increasing concentrations of unlabeled leucine.

B) The T133W mutant of SLC38A9 does not transport leucine in vitro. Each
point represents mean = SD (n=3).

C) Time dependent efflux of leucine from SLC38A9-containing proteoliposomes
loaded for 90 minutes with [*H]leucine (0.5 mM). Each point represents mean
+ SD (n=3).

D) Competition of SLC38A9-mediated [°H]leucine (0.5 mM) transport by 1 mM of
the indicated unlabeled amino acids. Bar graphs show mean £ SD (n=3).

E) SLC38A9 transports [*H]tyrosine (0.5 mM) in vitro. Each point shows mean +
SD (n=3).

F) At concentrations higher than arginine, lysine mildly increases in vitro leucine
transport by SLC38A9. Steady-state kinetic analysis of SLC38A9-mediated

leucine transport in the presence of 200 or 500 mM lysine.
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Supplemental Figure 5
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Supplementary Figure 5. The effects of arginine on the lysosomal levels of

many essential amino acids is not due to mTORC1 modulation, Related to

Figure 5

A)

B)

C)

Fold change in whole cell amino acid concentrations in HEK-293T cells
incubated in media lacking arginine or leucine relative to those cultured in full
RPMI. Bar graphs show mean + SEM (n=3; *p<0.05).

In cells lacking DEPDC5, a component of GATOR1, mTORC1 signaling is
insensitive to deprivation of all amino acids, leucine, or arginine as assessed
by the phosphorylation of S6K1. Wild-type and DEPDC5-null HEK-293T cells
were deprived of all amino acids or the indicated amino acid for 50 minutes
and restimulated with all amino acids or indicated amino acid for 10 minutes.
Cell lysates were prepared and analyzed by immunoblotting for the total
levels and phosphorylation state of S6K1.

In DEPDCS-null HEK-293T cells arginine deprivation increases the lysosomal
concentrations of many of the same amino acids affected by loss of SLC38A9
in wild type cells. Fold changes are relative to concentrations in full RPMI
media.

Lysine mildly promotes the release of leucine from lysosomes at higher
concentrations than arginine. Purified lysosomes still attached to beads were
loaded with [°H]leucine in vitro for 15 minutes and then stimulated with either
200 mM or 500 mM of the indicated amino acids for 10 minutes. Alanine at

500 mM was used as a negative control. The amount of [*H]leucine released
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F)

was quantified and normalized to the total amount of [°H]leucine in
lysosomes. This amount was obtained in two ways that gave the same value:
by measuring the [*H]leucine in the bead-bound lysosomes not simulated with
an amino acid after the 15 minute loading period or in the supernatant of
lysosomes lysed with distilled water (dH20 lysis).

Exogenously added arginine enters the lysosomes of live cells. Cells
incubated in media containing '°N-labeled arginine for various times were
subjected to the LysolP method. Data are presented as the fraction of the
total pool of arginine in whole cells (black) or lysosomes (red) that is "°N-
labeled (mean £ SEM, n=3 for each time point).

Lysosomes lacking SLC38A9 take up [H]arginine to the same extent as wild-
type lysosomes. Purified lysosomes from wild-type or SLC38A9-null cells still
attached to beads were loaded with [3H]arginine for indicated time. Control-
Lyso cells serve as negative control for background radioactive binding to

beads.
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Supplemental Figure 6
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Supplementary Figure 6, Reactivation of mTORC1 following long term

leucine deprivation requires ATG7, Related Figure 6

A) Wild-type and ATG7-null HEK-293T cells were deprived of leucine for
either 50 minutes or the indicated time points, and where specified,
restimulated for 10 minutes with leucine. Cell lysates were analyzed by
immunoblotting for the total levels and phosphorylation states of the
indicated proteins.

B) mTORC1 signaling does not reactivate after long-term leucine deprivation
in cells expressing the 168A SLC38A9 mutant. Wild-type or SLC38A9-null
HEK-293T cells stably expressing the indicated proteins were starved for
leucine for 50 minutes or 8 hours and, where indicated, re-stimulated with
leucine for 10 minutes. Lysates were analyzed as in (A).

C) Loss of SLC38A9 does not affect the activation of autophagy. Wild-type or
SLC38A9-null HEK-293T cells were deprived of leucine for the indicated
times in the presence or absence of chloroquine (30 mM) to assess LC3B
processing. Cell lysates were analyzed by immunoblotting for the

indicated proteins.

193



Supplemental Figure 7
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Supplementary Figure 7, SLC38A9 and its transport function are required
for albumin to reactivate mTORC1 and support proliferation in culture and

tumor formation in vivo, Related to Figure 7

A) Loss of SLC38A9 blocks the moderate reactivation of mMTORC1 induced by
3% albumin in HEK-293T cells deprived of leucine. Wild-type or SLC38A9-
null HEK-293T cells were deprived of leucine for 50 minutes, or the indicated
time points, were restimulated with either free leucine for 10 minutes or 3%
albumin for 1 or 4 hours. Cell lysates were analyzed by immunoblotting for the
total levels and phosphorylation states of the indicated proteins.

B) SLC38A9-null murine KRAS®'??*P537 pancreatic cancer cells do not
reactivate mTORC1 in response to arginine. Wild-type or SLC38A9-null cells
stably expressing the indicated proteins were analyzed by immunoblotting for
the total levels and phosphorylation states of the indicated proteins.

C) Proliferation of wild-type and SLC38A9-null murine KRAS®'2P*p53"-
pancreatic cancer cells cultured in full media (mean £ SD, n=3 for each time
point).

D) Proliferation of wild-type and sgSLC38A9 human 8988T and Mia-PaCa
pancreatic cancer cells cultured in full media (mean £ SD, n=3 for each time
point).

E) Loss of SLC38A9 inhibits the proliferation of human pancreatic cancer cells
cultured in 3% albumin as the leucine source. Wild-type and sgSLC38A9

8988T and Mia-PaCa pancreatic cancer cells were cultured for 3 days in
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media lacking leucine, which was supplemented, where indicated with 3%
albumin. Cells were counted every 24 hours and bar graphs show mean + SD
(n=3, *p<0.05).

F) Estimated weights (mg) of tumors formed by SLC38A9-null KRAS®'2P*p53-
PaCa cells expressing SLC38A9, SLC38A9 T133W, or a control protein

metap2. Data are presented as mean + SEM (n=9-11, *p<0.05).
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Methods

Detailed methods are provided in the online version of this paper and include the
following:

Experimental Model and Subject Details

-Cell lines

-Cell Culture Conditions

Method Details

-Cell Lysis, Immunoprecitpitations, and cDNA transfections

-Generation of cells lacking SLC38A9

-Generation of cells stably expressing cDNAs

-Purification of wild-type and mutant FLAG-SLC38A9

-In vitro binding of SLC38A9 to the Rag-Ragulator Complex
-Proteoliposome reconstitution and transport Assay

-Method for rapid purification and metabolite profiling of lysosomes (LysolP)
-Radiolabeled amino acid uptake by purified lysosomes
-Immunofluorescence assays

- Orthotopic implantation of cells in the mouse pancreas and tumor analyses

Quantification and statistical analyses

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed
to and will be fulfilled by the Lead Contact, David M. Sabatini

(Sabatini@wi.mit.edu)
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Experimental Model and Subject detail

Cell Lines

The following cell lines were kindly provided by: Mia-PaCa, KP4, and 8988T, Dr.
Rushika Perera (UCSF); Kras G12D/+ P53-/- mouse PaCa cells, Dr. Matt Vander
Heiden (MIT). Remaining cell lines (HEK-293T, HelLa) were purchased from the
ATCC. Cell lines were verified to be free of mycoplasma contamination and the
identities of all were authenticated by STR profiling.

Cell Culture Conditions

HEK-293T, HeLa, MIA-PaCa, 8988T, KP4, P53" MEFs, and KRAS®'?®"* p53 -
mouse PaCa cells and their derivatives were maintained at 37°C and 5% CO;in
DMEM supplemented with 10% inactivated fetal calf serum, 2 mM glutamine,
penicillin, and streptomycin. For experiments involving amino acid starvation or
restimulation, cells were treated as previously described (53). For experiments
involving amino acid stimulation, wells were incubated in RPMI base media
lacking the indicated amino acid for 50 min and then stimulated with indicated
amino acid at RPMI concentrations for 10 min. For all experiments involving
lysosomal purifications, cells were changed to fresh RPMI base media 1 hr prior
to the start of the experiment.

Method Detail

Cell lysis, immunoprecipitations, and cDNA transfections

Cells were first rinsed with chilled PBS and lysed immediately on ice with Triton

X-100 lysis buffer (1% Triton, 10 mM B-glycerol phosphate, 10 mM
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pyrophosphate, 40 mM HEPES pH 7.4, 2.5 mM MgCl,) supplemented with 1
tablet of EDTA-free protease inhibitor (Roche) per 25 mL buffer. Lysates were
kept at 4°C for 15 min and then clarified by centrifugation in a microcentrifuge at
13,000 rpm at 4°C for 10 min. For anti-FLAG immunoprecipitations, the FLAG-
M2 affinity gel was washed with 1 mL lysis buffer three times and 30 uL of a 50%
slurry of the affinity gel was then added to the clarified lysate and incubated with
rotation at 4°C for 90 min.

For transfection-based experiments in HEK-293T cells, 2 million cells were
plated in 10 cm culture plates. After twenty-four hours, cells were transfected
using the polyethylenimine method using pRK5-based cDNA expression vectors
as indicated (787). The total amount of transfected plasmid DNA in each
transfection was normalized to 5 mg using the empty pRK5 plasmid. After thirty-

six hours, cells were lysed and analyzed as described above.

Generation of cells lacking SLC38A9

HEK-293T SLC38A9-null cells are clonal populations generated previously (53).
sgSLC38A9 8988T and Mia-PaCa cell lines were made using the pLenticrispr
system utilizing the same guides as described previously (63). For the generation
of the SLC38A9-null murine KRAS®'?P*P53 7~ PaCa cells, the following guide
sequence targeting the first exon of SLC38A9 were designed and cloned into the
px459 crispr vector.

Sense: ATGCTATGTGTATAGTCCAT

Antisense: ATGGACTATACACATAGCAT
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Generation of cells stably expressing cDNAs

The following lentiviral expression plasmids were used: pLIM1-FLAG-metap2,
pLJM60-FLAG-SLC38A9 and subsequent mutants, pLJC5-FLAG-SLC38A9 and
subsequent mutants. For lysosomal purifications, pLJC5-3XHA-TMEM192 and
pLJC5-2XFLAG-TMEM192 or pLJC6-3XHA-TMEM192 and pLJC6-2XFLAG-
TMEM192. Lentiviruses were produced by transfection of HEK-293T cells with
plasmids indicated above in combination with the VSV-G and CMV DVPR
packaging plasmids. Twelve hours post transfection, the media was changed to
DMEM supplemented with 30% IFS. Thirty-six hours later, the virus containing
supernatant was collected and frozen at -80°C for 30 min. Cells to be infected
were plated in 12-well plates containing DMEM supplemented with 10% IFS with
8 mg ml™" polybrene and infected with the virus containing medium. Twenty-four
hours later, the cell culture medium was changed to media containing puromycin

or blasticidin for selection.

Purification of wild-type and mutant FLAG-SLC38A9

For isolation of active SLC38A09, it was important to isolate FLAG-SLC38A9 from
stably expressing cells rather than from those transiently expressing it. We also
developed an optimized purification strategy to enrich for properly folded and
membrane inserted SLC38A9. In brief, HEK-293T cells stably expressing FLAG-
SLC38A9 were harvested from 15 cm cell culture plates by gentle scraping in

Buffer A (20 mM HEPES pH 7.4, 150 mM NaCl, 2 mM DTT) containing protease
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inhibitors. Harvested cells were collected and disrupted by douncing 30 times on
ice with douncers that were pre-chilled. Unbroken cells and the nuclear fraction
were removed by centrifugation at 10,000 g for 20 min. The supernatant from the
first centrifugation was then centrifuged at 150,000 g for 90 min to 2 hr to pellet
the membrane fraction. The pellet was solubilized using Buffer B (20 mM HEPES
pH 7.4, 500 mM NaCl, 2 mM DTT, and 1% DDM) for at least 4 hours to overnight
with rotation at 4°C. Following solubilization of the membrane fraction, a
supernatant was prepared by centrifuging at 20,000 g to pellet any insoluble
material. FLAG-affinity beads (equilibrated in Buffer B) were added to the
supernatant followed by a 3 hr immunoprecipitation at 4°C. FLAG-affinity purified
SLC38A9 protein was then washed 3 times in Buffer C (20 mM MES, 500 mM
NaCl, 2 mM DTT, and 0.1% DDM) and eluted in Buffer C without NaCl containing
1 mg/ml FLAG peptide with rotation at 4°C for 1 hr. The eluted protein was
concentrated using Amicon centrifuge filters to ~1 mg/ml, and if necessary,
purified SLC38A9 was snap-frozen in Buffer C without NaCl supplemented with

glycerol in liquid nitrogen and stored at -80°C.

In vitro binding of SLC38A9 to the Rag-Ragulator Complex

Purifications of GST-tagged Rag GTPases and Ragulator for in vitro binding
assays were performed as previously described (50) with the following

modifications. In brief, 4 million HEK-293T cells were plated in 15 cm culture
dishes. For proteins produced via transient expression, after 48 hr cells were

transfected with following amounts of cDNAs in the pRK5 expression vector
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using the PEI method (787): 5 mg HA-GST-Rap2a; or 2 mg HA-GST-RagC, 8 mg
of HA-RagB, 8 mg of HA-p18, 8 mg of HA-p14, 8 mg of HA-MP1, 8 mg of HA-
HBXIP, and 8 mg of HA-c70rf59. For isolation of Ragulator/Rag GTPase
complexes, it was critical to purify them using HA-GST-tagged Rag components
rather than HA-GST-tagged Ragulator components. Thirty-six hours post
transfection, cells were lysed as indicated above. After clearing of cell lysates,
200 mL of 50% slurry of immobilized glutathione affinity resin equilibrated in lysis
buffer was added to lysates expressing GST-tagged proteins. Recombinant
proteins were incubated with the affinity resin for 2 hr at 4°C with rotation. Each
sample was washed 3 times in binding buffer consisting of 0.1% TX-100, 2.5 mM
MgClz, 20 mM HEPES pH 7.4, and 150 mM NacCl.

The purification of SLC38A9 is described above. For the purification of the
FLAG-SLC38A9 1-119 fragment, HEK-293T cells were prepared as above and
transfected with 10 mg of FLAG-SLC38A9 1-119 in the pRK5 expression vector.
Following cell lysis as described above and clearing of the lysate, 100 mL of a
50% slurry of immobilized FLAG affinity resin equilibrated in lysis buffer was
added and the immunoprecipitation proceeded for 2 hr at 4°C with rotation. The
immunoprecipitated protein was washed 3 times in binding buffer and eluted in
same buffer containing 1 mg/ml FLAG peptide by rotation at 4°C for 1 hr.

For in vitro protein-protein interaction studies, GST-purified complexes
were first resuspended in 160 mL binding buffer and 20 mL of this resuspension
was incubated with 5 mg of FLAG-SLC38A9 or FLAG-SLC38A9 1-119 and

supplemented with 2 mM DTT and 1 mg/mL BSA in a final volume of 50 mL for 2
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hours at 4°C with rotation. When required, arginine or specified amino acids was
added to the binding reactions at the indicated concentrations. To terminate the
binding reactions, samples were washed three times in 1 mL of chilled binding

buffer followed by the addition of 50 mL of SDS-containing sample buffer.

Proteoliposome reconstitution and transport assay

The reconstitution and transport assay was previously described in (63) and used
here with the following modifications. Chloroform-dissolved phosphatidylcholine
or E. coli lipids (PC or EC, 50 mg) were evaporated dry under nitrogen in a round
bottom flask and desiccated at least 2 hr to overnight under vacuum. Lipids were
hydrated in inside buffer (20 mM MES pH 5, 90 mM KCI, and 10 mM NacCl) at 50
mg/ml with light sonication in a chilled water bath. Clarified lipids were aliquoted
into 100 mL aliquots in Eppendorf tubes and then extruded through a 100 nm
membrane with 15-20 passes (Avanti 6100).

Because the [°H]labeled leucine bound non-specifically to the PC
proteoliposomes we used previously, E.coli lipids were utilized for transport
assays utilizing [°H]labeled leucine or tyrosine as they achieve low background
binding, while [*H]labeled arginine transport assays were performed using PC
lipids. In brief, the reconstitution reaction was set up containing 15 mg FLAG-
SLC38A9, 80-60:1 ratio of lipid to protein (w/w), 6:1 ratio of detergent (DDM) to
lipid, and 1 mM DDT in inside buffer in a volume of 700 mL. The reconstitution
was initiated by rotation at 4°C for 60 min. After, in order to remove the

detergent, the proteoliposomes were incubated 3 times in succession with bio-
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beads. First, bio-beads (50 mg/reaction) were activated by washes of 1 mL once
in methanol, 5 times in dH,0O, and twice in inside buffer. After activation,
proteoliposome reactions were incubated with 50 mg bio-beads as follows: 1 hr
at 4°C with rotation, followed by transfer to fresh bio-beads for overnight
incubation, and then once more for 1 hr at 4°C with rotation the following
morning. In all transport assay experiments, a liposome only control was also
prepared where glycerol-supplemented inside buffer was used in lieu of
SLC38A9 and the background binding to these liposomes was subtracted from
those containing SLC38A9. All transport experiments were preformed using a pH
gradient across the proteoliposome membrane to mimic the pH gradient across
the lysosomal membrane. The lumen of the proteoliposome was buffered to pH

5.0 and the external buffer was at pH 7.4.

Method for the rapid purification (LysolP) and metabolite profiling of lysosomes

The method is described in Abu-Remaileh et al. (In press). LysolP is a method
for the immunoprecipitation-based isolation of TMEM192-3XHA expressing
lysosomes, which we developed using insights from the recently reported method
for the rapid isolation of mitochondria (7134). The LysolP method utilizes anti-HA
magnetic beads to immunopurify lysosomes from HEK-293T cells expressing the
transmembrane protein 192 (TMEM192) fused to 3XHA epitopes. Starting from
live cells, isolation of intact lysosomes takes ~10 min and results in highly pure

and intact lysosomes. The method uses buffers compatible with metabolite
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profiling and metabolites are extracted at the end of the procedure and analyzed
via LC/MS.

On average, ~35 million HEK-293T cells are used for each LysolP with
each sample processed individually in order to ensure rapid isolation. Cells are
initially washed with chilled PBS and then scraped in 1 mL of KPBS (136 mM
KCI, 10 mM KH,PQOy4, pH 7.25 was adjusted with KOH) and centrifuged at 1000 x
g for 2 min at 4°C. The supernatant is aspirated and the pelleted cells are
resuspended in 950 uL and 25 uL of resuspension is saved for processing of
whole-cell fraction. The remaining cell suspension is then homogenized with 20
strokes of a 2 mL dounce homogenizer. The homogenized sample is then
centrifuged at 1000 x g for 2 mins at 4°C and the supernatant incubated with 100
uL of KPBS prewashed anti-HA magnetic beads on rotation at 4°C for 3 min.
Immunocaptured lysosomes are then gently washed three times with 1 mL KPBS
with a DynaMag spin magnet. Metabolites are then extracted from captured
lysosomes after the third wash; beads were resuspended in 50 ulL ice-cold
metabolite extraction buffer (80% methanol, 20% water containing internal
standards). The metabolite extract is then centrifuged at 1000 x g for 2 min at
4°C. The supernatant is then collected and analyzed by LC/MS to determine the
total moles of each metabolite. In order to control for the non-specific background
binding of metabolites to the anti-HA magnetic beads, TMEM192-2XFlag
expressing HEK-293T cells are processed similarly to those expressing

TMEM192-3XHA.
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Radiolabeled amino acid uptake by purified lysosomes

The amino acid uptake assay was adapted from previously published work
(769). Lysosomes were isolated from ~35 million HEK-293T cells using the
LysolP method. Lysosomes were incubated with 20 uM [*H]leucine or
[*H]arginine in 700 uL KPBS-based buffer consisting of 0.125 M sucrose, 2 mM
MgCly, and 2 mM ATP at 4°C (Lyso Buffer). Lysosomes were then transferred to
a 37°C warm bath for 30 min. Collected lysosomes bound to the magnet were
washed three times with ice-cold KPBS and resuspended in 100 uL KPBS and
mixed with standard scintillation counting fluid. Control-Lyso IP scintillation
counts were subtracted and lysosomes lysed in dH,O were used to determine
the maximal amount of labeled leucine that could be released. Where lysosomes
were stimulated with the indicated amino acid, [*H]leucine-loaded lysosomes
were washed 3 times in the Lyso buffer and then incubated in Lyso buffer
containing the indicated amino acid for 10 min prior to collection of supernatant

and scintillation counting.

Immunofluorescence assays

HEK-293T cells were plated on fibronectin-coated glass coverslips in 6-well cell
culture dishes at 300,000 cells/well. After 12 hr, the coverslips were washed once
in PBS and subsequently fixed and permeabilized in a single step using 1 mL of
ice-cold methanol at -20°C for 15 min. The coverslips were then washed twice in
1 mL PBS and then incubated with primary antibody (FLAG CST 1:300 dilution,

LAMP2 SCBT 1:400 dilution) in 5% normal donkey serum for 1 hr at room
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temperature. After incubation with the primary antibody, the cover slips were
rinsed 4 times in PBS and incubated with secondary antibodies (1:400 dilution in
5% normal donkey serum) for 45 min at room temperature in the dark. The
coverslips were then washed 4 times with PBS and once in dH,O. Coverslips
were mounted on slides using Vectashield containing DAPI (Vector Laboratories)

and imaged on a spinning disc confocal system (Perkin Elmer).

Orthotopic implantation of cells in the mouse pancreas and tumor analyses

Male C57BL/6J mice aged 6-8 weeks at the start of the study were used
for all pancreatic tumor studies. Recipient mice were first anesthetized with
inhaled 2% isoflurane-oxygen mixture; an incision was then made in the
abdomen at the left mid-clavicular line, and 50 mL of PBS containing 50,000 cells
was injected into the tail of the pancreas. The tumors were grown for 2 weeks
before the mice were sacrificed; the resulting tumors were dissected and
measured using a caliper for length, width, and height. Tumor weight (mg) was
also measured. Tumor volume was calculated for a modified ellipsoid shaped
tumor using the following equation: Tumor volume=
(4/3)p(length/2)(width/2)?

Tumors were fixed in formalin and processed for S6 pS235/S236

immunohistochemistry as described (7188).

Quantification and statistical analyses
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A two-tailed t-test was used for comparison between two groups. All comparisons

were two-sided, and P values are indicated in figure legends.
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Abstract

The lysosome degrades and recycles macromolecules, signals to the master
growth regulator mTORC1, and is associated with human disease. Here, we
performed quantitative proteomic analyses of lysosomes rapidly isolated using
the LysolP method and find that nutrient levels and mTOR dynamically modulate
the lysosomal proteome. We focus on NUFIP1, a protein that upon mTORC1
inhibition redistributes from the nucleus to autophagosomes and lysosomes.
Upon these conditions, NUFIP1 interacts with ribosomes and delivers them to
autophagosomes by directly binding to LC3B. The starvation-induced
degradation of ribosomes via autophagy (ribophagy) depends on the capacity of
NUFIP1 to bind LC3B and promotes cell survival. We propose that NUFIP1 is a

receptor for the selective autophagy of ribosomes.
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The capacity of lysosomes to degrade macromolecules is necessary for
cells to clear damaged components and to recycle nutrients for maintaining
homeostasis upon starvation. In the context of disease, lysosomes are best
known for their dysfunction in the rare lysosomal storage diseases, but also play
roles in neurodegeneration and cancer as well as the aging process (reviewed in
(81, 132, 189)). Over the last decade it has become apparent that mTOR
Complex 1 (mTORC1), the major nutrient-sensitive regulator of growth (mass
accumulation), has an intimate relationship with lysosomes (reviewed in (75)).
Most components of the nutrient sensing machinery upstream of mTORCA1
localize to the lysosomal surface, and nutrients generated by lysosomes regulate
mTORC1 by promoting its translocation there, a key step in its activation. In turn,
mTORC1 regulates the flux of macromolecules destined for lysosomal
degradation by controlling autophagosome formation as well as lysosomal
biogenesis through the TFEB transcription factor (75).

Using our recently developed LysolP method to rapidly isolate highly pure
lysosomes (190) we profiled the dynamics of the lysosomal proteome under
conditions that inhibit mTORC1 signaling. We identify NUFIP1, a protein not
previously associated with lysosomes, as necessary for the starvation-induced
degradation of ribosomes and show that it fulfills multiple criteria for being an

autophagy receptor for ribosomes.

mTORC1 and nutrients regulate the lysosomal proteome
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To define the mTORC1-regulated lysosomal proteome, we used high-
resolution quantitative proteomics to analyze lysosomes isolated from HEK-293T
cells cultured in nutrient-replete media (full media), starved of nutrients (amino
acids and glucose), or treated with the mTOR inhibitor Torin1 for one hour (Fig.
1A and S1A). Nutrient starvation and Torin1 both inhibit mMTORC1 signaling (Fig.
S1A) but will have distinct effects because Torin1 inhibits mMTORC1 more
strongly than nutrient deprivation and there are mTORC1-independent
mechanisms for sensing nutrients. Nutrient starvation and Torin1 did not impact
the abundance of most proteins associated with the purified lysosomes, but even
a cursory view of the datasets revealed many proteins affected by one or both
treatments (Fig. 1B). Gratifyingly, these included proteins with established
nutrient- and Torin1-sensitive associations with lysosomes (49, 64, 94, 158, 191,
192), including components of mMTORC1 (mTOR, Raptor, and mLST8) and the
Folliculin complex (FLCN, FNIP1, and FNIP2) (Fig. 1B and C) as well as the
TFEB, MITF, and TFES3 transcription factors (Fig. 1B). Proteins previously
connected to lysosomes but not known to have regulated associations with them
were also identified. For example, Torin1 decreased and amino acid starvation
increased the lysosomal abundance of SPG11 and ZFYVEZ26 (Fig. 1B and 1C
and Table S1), which are associated with Hereditary Spastic Paraplegia and
interact with each other as well as the Adaptor-5 complex (7193, 194), whose
components (AP5B1, AP5SM1, AP5S1 and AP5Z1) behaved similarly in the

datasets (Table S1) (194).
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Although these examples hinted at the utility of the proteomics data for
discovery, we needed a way to a priori designate a protein as associated with
lysosomes upon mTOR inhibition and/or nutrient deprivation as the set of such
proteins has not been previously defined. To do so we generated a control
dataset of proteins that bind non-specifically to magnetic beads coated with
antibody to hemagglutinin (HA), used in the immune-isolation of the lysosomes.
We defined as “lysosomal” any protein that was more abundant in purified
lysosomes than on the control beads by a factor of at least 1.5 (at a significance
value of g<0.1; Fig. 1A and 1D). We arrived at this value using a sliding-window
method to identify a relative change that captured a protein set significantly
enriched for those annotated as lysosomal in the UniProt database (Fig. S1B).
This approach yielded a total of 828 unique proteins as associated with
lysosomes in any of the three experimental conditions (Fig. 1D), with 343

proteins designated as lysosomal under all conditions (Fig. 1D and Table S2).

NUFIP1-ZNHIT3 accumulates on autophagosomes and lysosomes upon
mTORC1 inhibition

Of the many proteins whose lysosomal abundance increased upon Torin1
treatment (Tables S1), Nuclear fragile X mental retardation-interacting protein 1
(NUFIP1) piqued our interest because previous work indicates that while NUFIP1
is largely a nuclear protein it has also been observed in the cytoplasm of some
cell types (795). NUFIP1 forms a heterodimer with a smaller protein, Zinc finger

HIT domain-containing protein 3 (ZNHIT3) (196, 197), whose lysosomal
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abundance also increased upon Torin1 treatment (Tables S1 and S2), albeit to a
lesser extent. Similar to the behavior of many constitutively interacting proteins,
CRISPR-Cas9-mediated loss of NUFIP1 caused the concomitant loss of ZNHIT3
(Fig. S2A).

Previous work implicates NUFIP1-ZNHIT3 in the assembly of the box C/D
snoRNP (798-200). Consistent with such a role, NUFIP1 co-immunoprecipitated
ZNHIT3 but also snoRNP core components such as Fibrillarin (FBL), NOP58,
SNU13/15.5K, and NOP17/PIH1D1 (Fig. S2B). In addition, its loss caused
modest reductions in the interaction of FBL with NOP58, and SNU13/15.5K as
well as the expression of small nucleolar RNAs (snoRNAs) of the box C/D (U3
and U14), but not H/ACA (U19) or U4, class (Fig. S2, C and D). Although these
results confirm a role for NUFIP1 in the function of the box C/D snoRNP, it was
intriguing that none of its core components were in our proteomics data,
suggesting that NUFIP1-ZNHIT3 might have a previously unappreciated role
involving lysosomes.

Acute inhibition of mMTORC1 in HEK-293T cells, by either via Torin1
treatment or amino acid starvation, strongly increased the lysosomal abundance
of NUFIP1 and ZNHIT3 (Fig. 2A). mTORC1 inhibition did not change the total
cellular amount of NUFIP1 or ZNHIT3, so we reasoned that it must affect their
subcellular localization. Indeed, upon Torin1 treatment and amino acid starvation
NUFIP1-ZNHIT3, but not SNU13/15.5K, redistributed from the nuclear fraction to
the post-nuclear supernatant (PNS) that contains lysosomes (Fig. 2B). Imaging

studies using HEK-293T cells stably expressing FLAG-NUFIP1 confirmed that
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Torin1 caused NUFIP1 to translocate from the nucleus to LAMP2-positive
lysosomes (Fig. 2C). Consistent with this shift in localization, Torin1 reduced the
amount of NUFIP1-ZNHIT3 that co-immunuprecipitated with FBL, a C/D snoRNP
component, without impacting the FBL-SNU13/15.5K interaction (Fig. S2E).
Thus, mTOR inhibition promotes the lysosomal accumulation of NUFIP1-ZNHIT3
at the expense of its interaction with the nuclear C/D snoRNP.

Because mTORCH1 inhibition strongly induces autophagy, we
hypothesized that NUFIP1-ZNHIT3 may travel to lysosomes through an
association with incipient autophagosomes. Indeed, NUFIP1 and ZNHIT3 were
absent from lysosomes isolated from cells lacking the ATG7 protein (Fig. 2D),
which is necessary for the formation of autophagosomes (779), and in Torin1
treated cells FLAG-NUFIP1 co-localized with LC3B-positive autophagosomes

(Fig. 2E).

NUFIP1-ZNHIT3 interacts with LC3B

Sequence analyses predict that NUFIP1, but not ZNHIT3, has four
potential LC3B-interacting regions (LIR) (Fig.2F). LIRs are found in autophagy
receptors that physically link their cargo to the autophagosomal membrane
through an LC3B/ATG8-binding domain that contains the Trp/Phe-X-X-
Leu/lle/Val sequence motif (reviewed in (705)). Consistent with the presence of
LIRs in NUFIP1, endogenous LC3B co-immunoprecipitated endogenous NUFIP1
and ZNHIT3 from detergent lysates of HEK-293T cells cultured in full media and,

to a much greater extent, in cells treated with Torin1 or starved of amino acids
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(Fig. 2G). Even when overexpressed, ZNHIT3 did not co-immunoprecipitate with
LC3B in cells lacking NUFIP1 (Fig. S3A). In vitro, purified NUFIP1-ZNHIT3 bound
to purified LC3B but not to GABARAP, another autophagosome-associated
protein, or to the Rap2A control protein (Fig. 2H).

We sought a NUFIP1 mutant that dissociates its function in the nuclear
C/D snoRNP from its capacity to bind LC3B. We generated NUFIP1 mutants with
point mutations in each of the four potential LIRs and identified one, W40A
NUFIP1, which no longer interacts with LC3B (Fig. 21). When expressed in
NUFIP1-null cells, neither NUFIP1 W40A nor ZNHIT3 associated with
lysosomes, whether or not mTORC1 was inhibited (Fig. S3B). The W40A
NUFIP1 mutant was indistinguishable from the wild-type protein in its capacity to
co-immunoprecipitate FBL and reverse the modest reductions in U3 and U14
snoRNA expression caused by NUFIP1 loss (Fig. S3,C-D). Thus, NUFIP1
interacts with LC3B and the W40A mutant distinguishes between the role of
NUFIP1 in C/D snoRNP function and its capacity to bind LC3B and localize to

lysosomes.

NUFIP1-ZNHIT3 associates with ribosomes in a nutrient-dependent manner
Because NUFIP1 binds to LC3B we hypothesized that it might serve as a
selective autophagy receptor for an unknown cargo in the cytoplasm. Given its
role in modifying ribosomal RNA and its reported co-localization with ribosomes
in some cell types (795), we considered the possibility that NUFIP1-ZNHIT3 can

associate with ribosomes. We began by fractionating cell lysates to determine
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the amount of NUFIP1-ZNHIT3 that co-migrates with ribosomes pelleted through
a 50% sucrose cushion. In lysates from control cells, NUFIP1-ZNHIT3 did not
enter the sucrose cushion, but in those from cells treated with Torin1 or deprived
of amino acids both proteins shifted markedly to the ribosome-containing pellet
(Fig. 3A and Fig. S4A). Consistent with this finding, amino acid starvation
increased the amount of ribosomes, as monitored via small (40S) and large
(60S) ribosomal subunit proteins, that co-immunoprecipitated with NUFIP1 (Fig.
3B). To probe which ribosomal subunit NUFIP1-ZNHIT3 might associate with, we
took advantage of the capacity of EDTA to dissociate ribosomes into their 40S
and 60S subunits. When lysates of amino acid starved cells were fractionated
through a 10 to 45% sucrose gradient, endogenous NUFIP1 and ZNHIT3 co-
migrated with monosomes (80S) and polysomes. The addition of EDTA to the
same lysates increased the amount of NUFIP1-ZNHIT3 that migrated with the
large ribosomal subunits (Fig. S4B). Collectively, these results suggest that upon
mTORC1 inhibition NUFIP1 binds to LC3B and associates with the ribosome,
likely through its large subunit.

Given that mMTORC1 inhibition increases the interaction of NUFIP1-
ZNHIT3 with ribosomes, we considered the possibility that an mTORC1-
dependent modification of either NUFIP1-ZNHIT3 or ribosomes regulates the
interaction. To test this, we purified ribosomes or NUFIP1-ZNHIT3 from cells
cultured in full media or treated with Torin1 and examined their capacity to
interact with each other in vitro. Interestingly, only ribosomes from Torin1-treated

cells bound strongly to NUFIP1-ZNHIT3, while the source of NUFIP1-ZNHIT3 did
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not impact the strength of the interaction (Fig. 3,C and D). These results suggest
that mTOR inhibition leads to a stable alteration of ribosomes that promotes their
interaction with NUFIP1-ZNHIT3. In contrast, the in vitro interaction of NUFIP1-
ZNHIT3 with LC3B was unaffected by the source of either (i.e., control or Torin1-
treated cells) (Fig. S4C). Taken together, these data suggest that the loss of
nuclear NUFIP1 and the increase in the LC3B-NUFIP1 interaction caused by
mTORC1 inhibition results from the binding and trapping of NUFIP1 by modified
ribosomes in the cytoplasm. We cannot exclude the possibility that an mTORC1-
dependent modification of NUFIP1 also regulates its nuclear entry or exit, but we

have failed to identify mTORC1-regulated phosphorylation sites on NUFIP1.

NUFIP1 is required for ribosomal degradation induced by nutrient
starvation

While it is known that the proteasome degrades ribosomal proteins that do
not incorporate into ribosomal subunits, which we verified (Fig. S5, A to C), how
intact ribosomes are degraded is less understood, particularly in mammalian
cells (111, 115, 201-203). Upon amino acid deprivation or Torin1 treatment,
ribosomal proteins decreased in a time-dependent manner in a fashion that
depended on ATG7 and a low lysosomal pH (Fig. 4A and S6, A and B), in accord
with previous work in yeast showing that intact ribosomes are degraded via
autophagy (770). In GATOR1 mutant (DEPDCS5 KO) cells that have nutrient-

insensitive mMTORC1 signaling, amino acid starvation did not reduce the
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abundance of ribosomal proteins while Torin1 still did (Fig. S6C). Thus, mTORC1
likely mediates the loss of ribosomal proteins caused by mTOR inhibition.

Given that NUFIP1 binds LC3B and also makes an mTORC1-regulated
association with ribosomes, we hypothesized that NUFIP1 is required for the
degradation of ribosomes via autophagy, a process that has been termed
ribophagy in yeast (7170). Indeed, in multiple cell types, loss of NUFIP1 prevented
the depletion of ribosomal proteins caused by nutrient deprivation or Torin1
treatment (Fig. 4B and S6, D to G).

Loss of NUFIP1 had no impact the induction of autophagy, as assessed
by LC3B lipidation, nor on the degradation of ferritin, another selective autophagy
substrate, whether it was induced by nutrient starvation or iron chelation (Fig. 4B
and S6H). NUFIP1 loss also blocked the Torin1-induced depletion of ribosomal
RNA (rRNA) (Fig. 4C). Re-expression at levels near that of the endogenous
protein of wild-type NUFIP1, but not of the W40A mutant deficient in LC3B
binding, restored the capacity of NUFIP1-null HEK-293T and 8988T cells to
degrade ribosomes upon nutrient depletion (Fig. 4, D and E and S6l). As
assessed by electron microscopy, autophagosomes in HEK-293T cells lacking
NUFIP1 or just its LC3B-binding capacity contained many fewer ribosomes than
those from control cells (Fig. 4F and S6, J and K). Loss of NUFIP1 did not affect
the morphology of the ER, mitochondria, or Golgi (Fig. S6L).

To test the role of the subcellular localization of NUFIP1 in the induction of
ribosome degradation, we generated NUFIP1 mutants lacking either a nuclear

localization (NLS) or export (NES) signal and expressed them in NUFIP1-null
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cells. The NLS mutant localized to the cytoplasm even in cells in full media, but
this did not cause ribosome loss. The NLS mutant colocalized to a greater extent
with LAMP2 upon Torin1 treatment and restored the capacity of the null cells to
degrade ribosomes upon amino acid starvation (Fig. S7, A and B). The NES
mutant was constitutively nuclear and did not support ribosome degradation even
upon nutrient starvation (Fig. S7, B and C). Loss of ATG7 or LC3B did not affect
the nuclear exit of wild-type NUFIP1 (Fig. S7, D and E). Thus, in cells in full
media, the presence of NUFIP1 in the cytoplasm is not sufficient to induce
ribosome degradation, presumably because mTORC1 inhibition is still needed to

promote the interaction of NUFIP1 with ribosomes.

NUFIP1 is important for cells to survive starvation

Because NUFIP1 is required for starvation-induced ribophagy and
ribosomes constitute a major fraction of the total cell mass (204-206), we asked
whether NUFIP1 is important for the cellular response to nutrient deprivation.
Indeed, loss of NUFIP1 or just its LC3B-binding ability reduced the capacity of
multiple cell types to survive nutrient starvation, as measured in clonogenic
survival assays or via direct cell counting (Fig. 5, A and B and Fig. S8, A to C).
These results suggest that the NUFIP1-mediated degradation of ribosomes
supplies metabolites needed for survival during starvation. Consistent with this
possibility, loss of either ATG7 or NUFIP1 suppressed the large increase in
nucleoside levels (including inosine, which is generated by the deamination of

adenosine in lysosomes (207)), caused by mTOR inhibition that we recently
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described (790), which suggests that most of this increase results from the
lysosomal degradation of rRNA (Fig. 5C) (32). The addition of nucleosides to the
starvation media rescued the survival defect of the NUFIP1-null cells, and, as
previously shown (729), of cells lacking the canonical autophagy pathway (Fig.
5D and E and S8D).

Starvation of single amino acids acutely inhibits mMTORC1 signaling, but
over time it reactivates because of the release of endogenous amino acids by the
autophagic degradation of proteins. Analysis of the human proteome annotated
in the UniProt database (which includes isoforms) revealed that ribosomal
proteins are amongst the most highly enriched for arginine and lysine (Fig. 5F).
Because mTORC1 senses lysosomal arginine (and likely lysine) through
SLC38A9 (208), ribophagy might be important for generating the amino acids
necessary for mTORC1 re-activation. Indeed, loss of NUFIP1 severely
diminished the reactivation of mMTORC1 normally observed after long-term
arginine deprivation (Fig. 5G). Thus, NUFIP1-mediated ribophagy contributes

significantly to the cellular response to nutrient starvation.

Conclusions

NUFIP1 has several properties suggesting it functions as an autophagy
receptor for ribosomes during starvation-induced ribophagy: (i) it is required for
nutrient deprivation to degrade ribosomes, (ii) it binds LC3B and ribosomes, and
(iif) a NUFIP1 mutant that does not bind LC3B cannot support ribosomal

degradation upon autophagy induction. We propose that NUFIP1 cycles in and
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out of the nucleus (7195) (Fig. 2C and S7, A and C), and, upon nutrient starvation,
accumulates in the cytoplasm because it binds to ribosomes that acquire an
mTORC1-regulated alteration. In the cytoplasm, NUFIP1 transports its ribosome
cargo to autophagic vesicles by directly binding LC3B in a fashion that is likely
not directly regulated by nutrients and mTORC1. Our NUFIP1 findings suggest
that our dataset of lysosomal proteins can serve as a resource for future
discoveries.

Many questions remain. Our in vitro data indicate that the ribosome is
likely altered upon mTORC1 inhibition in a fashion that strengthens its interaction
with NUFIP1-ZNHIT3, but the nature of this alteration—whether a post-
translational modification, such as the addition of ubiquitin, or the binding of a
protein to the ribosome—is unknown. As NUFIP1-ZNHIT3 most likely interacts
with the 60S ribosomal subunit and the atomic structure of the human ribosome
is available (209), it should be possible to determine where NUFIP1-ZNHIT3
interacts. Note that that NUFIP1-ZNHIT3 may not bind directly to an established
ribosomal protein or the rRNA; other currently unknown proteins may be involved
in mediating the interaction.

Our identification of NUFIP1 as an autophagy receptor for ribosomes in
mammalian cells adds to the growing list of selective autophagy receptors,
including for ferritin, mitochondria, peroxisomes, endoplasmic reticulum, and
bacteria (101, 107, 108, 113, 116-118, 210). We find that ribophagy is an
important source of nutrients (particularly nucleosides) upon starvation, and that

loss of NUFIP1 decreases the survival of cells under low nutrient conditions. As
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RNA-binding proteins, most ribosomal proteins have a high content of basic
amino acids, and we find that NUFIP1 is required for the reactivation of mMTORC1
that occurs after prolonged arginine starvation. This result suggests that a key
role for SLC38A9, which senses lysosomal basic amino acids upstream of
mTORC1 (208), is to signal the successful degradation of ribosomes in
lysosomes to mTORC1.

In the human and mouse cells we have examined, loss of NUFIP1
prevents starvation-induced ribosome degradation but it is possible that other
ribosome receptors or mechanisms for ribosome degradation also exist. For
example, recent work suggests that ribosomes can be degraded via bulk
autophagy at longer starvation times (24 hours) than those we have examined
(211). In yeast, it has been proposed that the ubiquitin protease Ubp3p/Brebp is
required for the selective degradation of ribosomes, but it is unclear if its
homologues play such a role in animals (770). As it is estimated that in growing
cells ribosomes account for ~50% and ~80% of total cellular protein and RNA
(204-206), respectively. Our work identifies a key link between starvation and

one of the most abundant nutrient sources in cells.
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Fig. 1: Regulation of the lysosomal proteome in response to nutrient

starvation and mTOR inhibition

(A) Schematic depicting the workflow for the LysolP-proteomics method. HA-Lyso
and Control-Lyso cells refer to cells stably expressing 3xHA-tagged
TMEM192 or 2xFlag-tagged TMEM192, respectively.

(B) Nutrient starvation and mTOR inhibition regulate the lysosomal proteome.
The scatter plot shows relative (fold) changes in protein abundances in
lysosomes captured from the HA-Lyso cells starved for one hour of nutrients
(amino acids and glucose) or treated for one hour with 250 nM Torin1 versus
lysosomes from cells cultured in nutrient-replete media (full media). For each
condition, three independent isolations were compared. Colors indicate
proteins mentioned in the text. The dots denote the 5339 unique proteins
detected amongst all the pre-filtered samples. The majority of these are in the
immunoprecipitates from both the HA-Lyso and Control-Lyso cells. TFEB was
detected only in the Torin1/Full media comparison and assigned an arbitrary
log, fold change of 0 in the Starved/ Full media comparison.

(C)Validation of changes observed in the lysosomal abundances of the some of
the proteins highlighted in Figure 1B. The immunoblot shows analyses for
indicated proteins in whole cell lysates or lysosomes purified from HEK-293T
cells subjected to the indicated treatments for 1 hour. ER, endoplasmic

reticulum.
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(D)Venn diagram representation of the number of proteins defined as lysosomal
in each of the three conditions. A protein was deemed lysosomal if it had a
significant (q <0.1) enrichment value of 1.5 fold (> 0.58, log,). Proteins not

detected at all on the control beads were also classified as lysosomal.
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Fig. 2: Upon starvation NUFIP1-ZNHIT3 accumulates at lysosomes in an

autophagosome-dependent manner

(A)NUFIP1-ZNHIT3 accumulates at lysosomes upon mTORC1 inhibition.
Lysates and immunoprecipitates were prepared from HEK-293T cells cultured
in full media, or deprived of amino acids or treated with 250 nM Torin1 for 1
hour as described in the supplementary materials.

(B) Upon mTORCH1 inhibition NUFIP1-ZNHIT3 shifts from the nuclear fraction to
the post-nuclear supernatant that contains lysosomes. HEK-293T cells were
fractionated after being deprived of amino acids or treated with 250 nM Torin1
for 1 hour and the amounts of endogenous NUFIP1 and ZNHIT3 analyzed by
immunoblotting. RagA and LAMP1 are lysosome-associated proteins; histone
H3 and SNU13 are nuclear.

(C)mTOR inhibition shifts NUFIP1 from the nucleus to LAMP1-positive
lysosomes. HEK-293T cells stably expressing FLAG-NUFIP1 were treated
with 250 nM Torin1 for 1 hour and analyzed as described in the
supplementary materials. Scale bar, 10 mm.

(D)Loss of ATG7 greatly decreases the amount of NUFIP1-ZNHIT3 on
lysosomes. Wild-type and ATG7-null HEK-293T cells stably expressing the
HA-Lyso tag were deprived of amino acids or treated with 250 nM Torin1 for 1
hour and the amounts of NUFIP1 and ZNHIT3 on lysosomes and in total cell
lysates were analyzed as in (A).

(E) mTOR inhibition shifts NUFIP1 from the nucleus to LC3B-positive puncta.

HEK-293T cells stably expressing FLAG-NUFIP1 were treated with 250 nM
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Torin1 for 1 hour and processed as in (C).

(F) Schematic depicting the localization of the four putative LC3B-binding regions

(LIRs) in NUFIP1.

(G) mTORCH1 inhibition increases the interaction between endogenous LC3B and

NUFIP1-ZNHIT3. Anti-LC3B immunoprecipitates were prepared from HEK-
293T cells deprived of amino acids or treated with 250 nM Torin1 for 1 hour
and lysates and immunoprecipitates were analyzed for the indicated proteins.
Immunoprecipitates prepared with an antibody to GSKb were used as

negative controls.

(H) NUFIP1-ZNHIT3 interacts with LC3B in vitro. Purified HA-GST-LC3B

(1)

immobilized on a glutathione affinity resin was incubated with the purified
FLAG-NUFIP1-HA-ZNHIT3 complex. HA-GST-Rap2a and HA-GST-
GABARAP were used as negative controls. Proteins captured in the
glutathione resin pull-down were analyzed by immunoblotting for the indicated
proteins using anti-epitope tag antibodies. GST, glutathione S-transferase.
Identification of a NUFIP1 mutant that does not bind LC3B. Wild-type (WT)
FLAG-NUFIP1 or a series of point mutants in its putative LIR motifs were co-
expressed with HA-ZNHIT3 and HA-LC3B. HA-Rap2A was used as a
negative control. FLAG-immunoprecipitates and lysates were prepared and

analyzed by immunoblotting.
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Fig. 3: NUFIP1-ZNHIT3 interacts with ribosomes in an mTORC1-dependent

fashion

(A) mTOR inhibition increases the amount of NUFIP1-ZNHIT3 that co-migrates
with ribosomes. HEK-293T cell lysates prepared from cells in full media or
treated with 250 nM Torin1 were fractionated over a 50% sucrose cushion.
Fractions were collected and the indicated proteins analyzed by
immunoblotting.

(B) Amino acid deprivation increases the amount of ribosomes that co-
immunoprecipitates with NUFIP1. HEK-293T cells stably expressing FLAG-
NUFIP1 were deprived of amino acid for 1 hour. Lysates and FLAG
immunoprecipitates were prepared and analyzed for the indicated proteins by
immunoblotting. FLAG-Rap2A was used as a negative control.

(C)In vitro, purified NUFIP1-ZNHIT3 binds to ribosomes and the interaction is not
affected by whether or not NUFIP1-ZNHIT3 was obtained from cells with
inhibited mTOR. The FLAG-NUFIP1-HA-ZNHIT3 complex was purified from
HEK-293T cells in full media or treated with 250 nM Torin1 for 1 hour and
immobilized on a FLAG affinity resin. Equal amounts of ribosomes obtained
from cells in full media were added to the immobilized FLAG-NUFIP1-HA-
ZNHIT3 complex and the proteins captured analyzed by immunoblotting.
Ribosomes were purified as described in the supplementary materials.
Purified HA-METAP was used as a negative control.

(D)In vitro, ribosomes purified from cells with mTOR inhibition bind better to

NUFIP1-ZNHIT3 than those from cells in full media. Ribosomes were purified
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from HEK-293T cells in full media conditions or treated with 250 nM Torin1 for
1 hour. The FLAG-NUFIP1-HA-ZNHIT3 complex was immobilized on FLAG
affinity beads and equal amounts of ribosomes were added. Proteins
captured by the FLAG affinity beads were analyzed by immunoblotting. HA-

METAPZ2 served as a negative control.
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Fig. 4: NUFIP1 is required for ribophagy

(A)ATG7 loss suppresses the degradation of ribosomes caused by amino
acid starvation. Wild-type or ATG7-null HEK-293T cells were deprived of
amino acids for the indicated time points. Cell lysates were analyzed by
immunoblotting for the total levels and phosphorylation states of the
indicated proteins.

(B) Loss of NUFIP1 inhibits the degradation of ribosomes caused by amino
acid starvation. Wild-type or NUFIP1-null HEK-293T cells were deprived of
amino acids for the indicated time points. Cell lysates were analyzed by
immunoblotting for the total levels and phosphorylation states of the
indicated proteins.

(C)Loss of NUFIP1 inhibits the loss of 28S and 18S rRNA caused by mTOR
inhibition. Wild-type and NUFIP1-null 8988T cells were treated with 250
nM Torin1 for 10 hrs and total RNA was extracted and analyzed on a
formaldehyde agarose gel. RNA from equal numbers of cells was loaded
in each lane.

(D)For amino acid starvation to cause ribosomal degradation, NUFIP1 must
be able to interact with LC3B. Wild-type or NUFIP1-null HEK-293T cells
stably expressing the indicated proteins were deprived of amino acids for
10 hours and analyzed for the total levels and phosphorylation states of
the indicated proteins.

(E) For amino acid starvation to cause ribosomal degradation, NUFIP1 must

interact with LC3B. Wild-type or NUFIP1-null 8988T cells stably
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expressing the indicated proteins were treated as in (B).

(F) Autophagosomes from HEK-293T cells lacking NUFIP1 or expressing the
LC3B-binding W40A mutant contain fewer ribosomes than those from
control cells. NUFIP1-null HEK-293T cells expressing the control protein
metap2, NUFIP1, or NUFIP1 W40A were treated with Torin1 and
ConcanamycinA for 4 hours and analyzed by electron microscopy.
Autophagosomes were identified by the presence of a double membrane.
Red arrows indicate ribosomes inside an autophagosome. Blue arrows

indicate ribosomes present in the cytoplasm. Scale bar, 500 nm
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Fig. 5: NUFIP1 is important for cells to survive starvation

(A) Loss of NUFIP1 or just its capacity to interact with LC3B impairs cell
survival upon nutrient starvation. Wild-type or NUFIP1-null 8988T cells
stably expressing the indicated proteins were deprived of nutrients by
culturing them in Hank’s Balanced Salt Solution (HBSS); after the
indicated times the surviving cells were stained and imaged.

(B) Loss of NUFIP1 or just its capacity to interact with LC3B impairs cell
survival upon nutrient starvation. Wild-type or NUFIP1-null HEK-293T cells
stably expressing the indicated proteins were deprived of nutrients by
HBSS, and after 48 hours the number of surviving cells was quantified
using cell counting. Values are normalized relative to cell numbers at the
start of the starvation period and are mean +/- SD (*P<0.05; n=3).

(C)Loss of NUFIP1 or ATG7 inhibits the increase in nucleosides caused by
mTOR inhibition. Data represent relative change in whole-cell
concentrations of nucleosides in wild-type, ATG7-null, and NUFIP1-null
HEK-293T cells treated with 250 nM Torin1 for 1 hour. Values are mean -
[+ SEM (*P<0.05; n=3)

(D)Nucleoside supplementation rescues the survival defects of ATG7-null
and NUFIP1-null HEK-293T cells. Indicated cells were deprived of
nutrients by culturing in HBSS with or without the indicated nucleosides (2
mM each). After 48 hours, the number of surviving cells was quantified.
Values were normalized relative to cell numbers at the start of the

starvation period and are mean +/- SD (*P<0.05; n=3).
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(E) Nucleoside supplementation rescues survival defect of ATG5-null, ATG7-
null, and NUFIP1-null 8988T cells. Wild-type, ATG5-null, ATG7-null, or
NUFIP1-null cells were deprived of nutrients by culturing in HBSS with or
without the indicated nucleosides (2 mM each). After 48 hours the
surviving cells were stained and imaged.

(F) Ribosomes are highly enriched for arginine and lysine. Protein sequences
in the UniProt database (including isoforms) were ranked based on their
fraction content of arginine and lysine. Ribosomal proteins are shown in
red; all other proteins are shown in blue. Mitochondrial ribosomal proteins
were not designated as ribosomal in this analysis.

(G) Loss of NUFIP1 suppresses the reactivation of mTORC1 that occurs after
long-term arginine deprivation. Wild-type or NUFIP1 HEK-293T cells were
deprived of arginine for 50 mins (first lanes of each set) or the indicated
times and, where indicated, re-stimulated with arginine for 10 mins. Cell
lysates were analyzed by immunoblotting for the levels and

phosphorylation states of the indicated proteins.
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Fig. S1.

(A) Immunoblot analyses of the levels and phosphorylation state of S6K1 in
cells used to prepare the lysosomal samples for the proteomics analyses
described in Figure 1. Raptor was used as the loading control.

(B) A sliding window approach for determining a cut-off value for defining
lysosomal proteins. The enrichment score (logz) of each protein was
determined by comparing the intensity of all the peptides unique to the
protein in purified lysosomes versus their intensity on the control beads.
The UniProt database was used as the source of the lysosomal

annotation.
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Fig. S2

(A)NUFIP1-loss decreases the expression of ZNHIT3 in HEK-293T cells. Cell
lysates were prepared from wild-type and NUFIP1-null HEK-293T cells
and total levels of the indicated proteins were analyzed by immunoblotting.

(B) NUFIP1-ZNHIT3 interacts with the core members of the C/D snoRNP
complex. Anti-NUFIP1 immunoprecipitates were prepared from HEK-293T
cells and lysates and immunoprecipitates were analyzed for the indicated
proteins. Anti-GSKb was used as a negative control.

(C)NUFIP1-loss partially disrupts the C/D snoRNP complex. Anti-FBL
immunoprecipitates were prepared from wild-type and NUFIP1-null HEK-
293T cells and immunoprecipitates and lysates were analyzed for the
indicated proteins as in (B). Anti-GSKb was used as a negative control.

(D)NUFIP1-loss reduces the expression of C/D but not H/ACA box or U4
snoRNAs.

(E) mTOR inhibition reduced the amount of NUFIP1-ZNHIT3 associated with
FBL. Anti-FBL immunoprecipitates were prepared from HEK-293T cells
treated with 250 nM Torin1 for 1 hour and immunoprecipitates and lysates
were analyzed for the indicated proteins. mTOR inhibition does not reduce
the interaction between core members of the C/D box snoRNP as shown

by the SNU13-FBL interaction. Anti-GSKb was used as a negative control.
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Fig. S3

(A) In the absence of NUFIP1, ZNHIT3 does not interact with endogenous
LC3B. Wild-type or NUFIP1-null cells stably expressing FLAG-ZNHIT3
were deprived of amino acids for 1 hour and lysates and anti-LC3B
immunoprecipitates were prepared and analyzed for the indicated
proteins. As in (B), anti-GSKb immunoprecipitates were used as a
negative control.

(B) The NUFIP1 W40A mutant that cannot bind to LC3B can still interact with
ZNHIT3, but is not found at lysosomes under any condition, including
mTORC1 inhibition. Immunoprecipitates and lysates were prepared from
NUFIP1-null HEK-293T cells stably expressing the HA-Lyso tag and
transiently expressing the indicated proteins. LAMP1 and LAMP2 are
established lysosomal proteins.

(C)In NUFIP1-null expression of the NUFIP1 W40A mutant rescues the
modest drop in expression of the C/D box snoRNAs U3 and U14 caused
by loss of NUFIP1 loss as well as expression of wild-type NUFIP1.

(D)A NUFIP mutant (W40A) that cannot bind LC3B can still associate with the
C/D box snoRNP. Anti-FBL immunoprecipitates were prepared from wild-
type or NUFIP1-null HEK-293T cells stably expressing the indicated
proteins and analyzed by immunoblotting for the core C/D box snoRNP

components SNU13 and NOP58. GSKb was used as a negative control.
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Fig. S4

(A) Amino acid deprivation increases the total amount of NUFIP1-ZNHIT3 that
co-fractionates with ribosomes. HEK-293T cell lysates prepared from cells in
full media or deprived of amino acids for one hour were fractionated over a
50% sucrose cushion. Fractions were collected and the indicated proteins
analyzed by immunoblotting.

(B) NUFIP1-ZNHIT3 co-fractionates with the 60S subunit of the ribosome. HEK-
293T cells deprived of amino acids for 1 hour were fractionated over a 10-
45% sucrose gradient. Lysates were also prepared in the presence of EDTA
to dissociate the 40S and 60S subunits and fractions were collected and
indicated proteins analyzed by immunoblotting.

(C)The in vitro interaction of LC3B with NUFIP1-ZNHIT3 is unaffected by
whether or not the proteins were obtained from cells with mTOR inhibition.
Purified HA-GST-LC3B was immobilized on a glutathione affinity resin and
incubated with FLAG-NUFIP1-HA-ZNHIT3. NUFIP1-ZNHIT3 was purified
either from cells in full media or treated with 250 nM Torin1 for one hour.
Proteins captured in the glutathione resin pull-down were analyzed by

immunoblotting for the indicated proteins using anti-epitope tag antibodies.
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Fig. S5

(A) Overexpressed recombinant FLAG-RPL27 does not incorporate into
ribosomes. HEK-293T cell lysates stably expressing FLAG-RPL27 were
fractionated over a 50% sucrose cushion. Fractions were collected and
the indicated proteins were analyzed by immunoblotting.

(B) The degradation of overexpressed recombinant RPL27 requires
proteasome activity. HEK-293T cells stably expressing FLAG-RPL27 were
treated with Bortezomib (56 mM), MG132 (5 mM), or Concanamycin A (2.5
mM) for 1 hour. Lysates were prepared and the levels of the indicated
proteins analyzed by immunoblotting.

(C)Free ribosomal proteins are degraded via the proteasome. Depletion of
ribosomal RNA by Actinomycin D treatment leads to the degradation of
ribosomal proteins, which requires proteasomal activity but not the
acidification of the lysosome. HEK-293T cells were treated overnight with
Actinomycin D (10 ng/mL) in the presence of Bortezomib (500 nM) or
Concanamycin A (500 nM) and lysates were prepared and total levels of

indicated proteins analyzed via immunoblotting.
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Fig. S6

(A) Long term mTOR inhibition leads to the depletion of ribosomal proteins but
not proteins that serve as markers of other compartments. HEK-293T cells
were treated with 250 nM Torin1 for indicated time points and cell lysates
were analyzed by immunoblotting for total levels of the indicated proteins.

(B) Pharmacological inhibition of the lysosomal pH but not the proteasome
prevents the degradation of ribosomes caused by amino acid deprivation
for 10 hours. HEK-293T cells treated with 1 uM Concanamycin A or 5 uM
Bortezomib were deprived of amino acids for 10 hours and cell lysates
analyzed by immunoblotting for the total levels and phosphorylation states
of the indicated proteins.

(C) mTORCH1 regulates ribosomal protein abundance upon nutrient
starvation. Wild-type or GATOR1-null (DEPDC5-null) HEK-293T cells
were deprived of amino acids or treated with 250 nM Torin1 for 10 hours
and cell lysates were prepared and total levels and phosphorylation states
of indicated proteins were analyzed by immunoblotting.

(D)NUFIP1-loss suppresses the degradation of ribosomes caused by mTOR
inhibition. Wild-type or NUFIP1-null HEK-293T cells were treated with 250
nM Torin1 for 10 hours and cell lysates were prepared and total levels of
indicated proteins were analyzed via immunoblotting.

(E)NUFIP1-loss suppresses the degradation of ribosomes induced by total
nutrient starvation. Wild-type or NUFIP1-null HEK-293T cells were starved

of all nutrients using Hank’s Balanced Salt Solution (HBSS) for indicated
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time points and cell lysates were prepared and total levels of indicated
proteins were analyzed via immunoblotting.

(F) NUFIP1-loss suppresses the degradation of ribosomes induced by
nutrient starvation in P53 MEFs. P53 MEFs stably expressing sgRNAs
using the pLentiCrispr system that target the control AAVS1 locus or
NUFIP1 were deprived of amino acids for the indicated times and cell
lysates were prepared and total protein levels analyzed via
immunoblotting.

(G)NUFIP1-loss suppresses the degradation of ribosomes induced by
nutrient starvation in human Mia-PaCa cells. Mia-PaCa stably expressing
sgRNAs using the pLentiCrispr system that target the control AAVS1 locus
or NUFIP1 were deprived of amino acids for the indicated times and cell
lysates were prepared and total protein levels analyzed via
immunoblotting.

(H)NUFIP1-loss does not impact the degradation of ferritin. Wild-type or
NUFIP1-null HEK-293T cells were incubated overnight with FAC to induce
Ferritin expression and then treated for 4 hours with iron chelator DFO
(7017). Lysates were prepared and protein levels analyzed via
immunoblotting.

() In NUFIP1-null HEK-293T cells wild-type NUFIP1 or the W40A mutant is
expressed at levels near those of the endogenous protein. Lysates were
prepared and protein levels analyzed via immunoblotting.

(J) Autophagosomes from HEK-293T cells lacking NUFIP1 contain fewer
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ribosomes. Wild-type or NUFIP1-null HEK-293T cells were treated with
Torin1 and ConcanamycinA for 4 hrs and analyzed by electron
microscopy. Autophagosomes were identified by the presence of a double
membrane and the red arrows indicate ribosomes internalized in
autophagosomes. Blue arrows indicate ribosomes present in the
cytoplasm but not in autophagosomes. Two representative images are
shown for wild-type cells while four representative images are shown for
NUFIP1-null HEK-293T cells. Scale bar = 500 nm

(K) Quantification of ribosome numbers in autophagosomes in Torin1-treated
HEK-293T cells lacking NUFIP1 or expressing the W40A mutant.
Ribosome numbers were determined as described in the methods.
Autophagosomal section areas were calculated using Imaged software.
Mean +/- SEM, *P<0.0001, is shown.

(L) NUFIP1-loss does not affect the morphology of several organelles. Wild-
type or NUFIP1-null HEK-293T cells were treated with Torin1 and
ConcanamycinA for 4 hours and analyzed by electron microscopy.

Representative images for the Golgi, ER, and mitochondria are shown.
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Fig. S7

(A)NUFIP1 lacking its nuclear export sequence does not exit the nucleus upon
mTOR inhibition. Imaging study shows that a NUFIP1 NES mutant does not
translocate out of the nucleus to LAMP2-positive lysosomes upon Torin1
treatment. HEK-293T cells stably expressing FLAG-NUFIP1 NES were
treated with 250 nM Torin1 for 1 hour and analyzed as described in the
methods. Scale bar = 10 mm.

(B) For NUFIP1 to degrade ribosomes upon nutrient starvation, NUFIP1 must exit
the nucleus. Wild-type or NUFIP1-null HEK-293T cells stably expressing the
indicated proteins were deprived of amino acids for 10 hours and cell lysates
were prepared and analyzed for phosphorylation states and total levels of
indicated proteins.

(C)NUFIP1 lacking its nuclear localization sequence does not enter the nucleus
and colocalizes to a greater extent with lysosomes upon mTOR inhibition. In
HEK-293T cells stably FLAG-NUFIP1 NLS is constitutively cytoplasmic and
upon mTOR inhibition cololocalizes with LAMP2-positive lysosomes. Cells
were treated as in (A).

(D)In cells lacking ATG7, NUFIP1 can translocate out of the nucleus but does
not localize with lysosomes. ATG7-null HEK-293T cells stably expressing
FLAG-NUFIP1 were treated with 250 nM Torin1 for 1 hour and analyzed as in
(A).

(E)In cells lacking LC3B, NUFIP1 can exit the nucleus but does not localize with

lysosomes. LC3B-null HEK-293T cells stably expressing FLAG-NUFIP1 were
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treated with 250 nM Torin1 for 1 hour and analyzed as in (A).
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Fig. S8

(A) Loss of NUFIP1 or just its capacity to interact with LC3B impairs cell
survival upon nutrient starvation. Wild-type or NUFIP1-null HEK-293T cells
stably expressing the indicated proteins were deprived of amino acids and
after 48 hours the number of surviving cells was quantified. Values are
normalized relative to cell numbers at the start of the starvation period and
are mean +/- SD (*P<0.05; n=3).

(B) Loss of ATG7 or NUFIP impairs cell survival upon nutrient starvation.
Wild-type, ATG7-null, or NUFIP1-null 8988T cells were deprived of
nutrients for 48 hours by culturing them in Hank’s Balanced Salt Solution
(HBSS) and the number of surviving cells was quantified. Values are
normalized relative to cell numbers at the start of the starvation period and
are mean +/- SD (*P<0.05; n=3).

(C)Loss of ATG7 or NUFIP impairs cell survival upon nutrient starvation.
Wild-type, ATG7-null, or NUFIP1-null Mia-PaCa cells were deprived of
nutrients by culturing them for 48 hours in Hank’s Balanced Salt Solution
(HBSS) and the number of surviving cells was quantified. Values are
normalized relative to cell numbers at the start of the starvation period and
are mean +/- SD (*P<0.05; n=3).

(D)Nucleoside supplementation rescues the survival defect of ATG7-null and
NUFIP1-null cells or of wild-type cells treated with VPS34 inhibitor SAR-
405 (1 uM). Wild-type, ATG7-null, or NUFIP1-null Mia-PaCa cells, or wild-

type Mia-PaCa cells treated with VPS34 inhibitor, were deprived of
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nutrients by culturing them in HBSS with or without the indicated
nucleosides (2 mM each) and after 48 hours the surviving cells were
stained and imaged.
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Materials and Methods

Materials

Reagents were obtained from the following sources. Antibodies to LAMP2,
NOP17, and HRP-labeled anti-mouse and anti-rabbit secondary antibodies from
Santa Cruz Biotechnology; to PEX19 from Abcam; to NUFIP1 from Protein Tech;
to ZNHIT3 from Bethyl Laboratories; to raptor from EMD Millipore; to S6K1
phospho-T389, S6K1, GSKb, LAMP1, LC3B, Histone H3, mTOR, RagA, VDAC,
Calreticulin, Golgin-97, GAPDH, ZFYVE26, Catalase and the FLAG and HA
epitopes from Cell Signaling Technology (CST); to SPG11 from Proteintech; to
SNU13, NOP58, FBL, RPL7, RPS15A, RPL21, RPL23, and RPL26 from Bethyl
Laboratories; and to RPS23 from Thermo. SAR405 from Selleck; RPMI and Flag-
M2 affinity gel was obtained from Sigma Aldrich. DMEM from SAFC Biosciences;
leucine-, arginine-, and lysine-free RPMI from US Biologicals; HBSS without
glucose was used to maintain pH and osmotic balance; adenosine, guanosine,
uridine, and inosine from Sigma; Giemsa stain from Sigma; XtremeGene9 and
Complete Protease Cocktail from Roche; Alexa-488- and -568-conjugated
secondary antibodies and inactivated fetal bovine serum (IFS) from Invitrogen;
anti-HA magnetic beads, and ECL western blotting substrate from Thermo Fisher
Scientific; Protein G Agarose beads from Pierce; and Actinomycin D from Tocris.

Torin1 was generously provided by Dr. Nathanael Gray (DFCI).

Cell Culture
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HEK-293T, MIA-PaCa, 8988T, and P53 MEFs and their derivatives were
maintained at 37°C and 5% CO,in DMEM supplemented with 10% inactivated
fetal calf serum, 2 mM glutamine, penicillin, and streptomycin_ For experiments
involving amino acid starvation, cells were incubated in RPMI base media lacking
the indicated amino acid for 60 min or the indicated time points. For experiments
involving analysis of ribosomal protein levels, experiments were preformed at no
greater than 50% confluency to ensure active proliferation. As the abundance of
ribosomes is extremely high, typically 2 ul of dilute lysate was analyzed via
immunoblotting to ensure ribosome protein signal did not saturate and stayed
witihin linear range. For all experiments involving lysosomal purifications, the
media on the cells was changed to fresh RPMI base media 1 hr prior to the start

of the experiment.

Cell lysis, immunoprecipitations, and cDNA transfections

Cells were rinsed with chilled PBS and lysed immediately on ice with a Triton X-
100-based lysis buffer (1% Triton, 10 mM B-glycerol phosphate, 10 mM
pyrophosphate, 40 mM HEPES pH 7.4, 2.5 mM MgCl,) supplemented with 1
tablet of EDTA-free protease inhibitor (Roche) per 25 mL buffer. Lysates were
kept at 4°C for 15 min and then clarified by centrifugation in a microcentrifuge at
13,000 rpm at 4°C for 10 min. For anti-FLAG immunoprecipitations, the FLAG-
M2 affinity gel was washed with 1 mL lysis buffer three times and 30 uL of a 50%
slurry of the affinity gel was then added to the clarified lysate and incubated with

rotation at 4°C for 90 min. In order to reduce non-specific binding of ribosomes in
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anti-FLAG immunoprecipitations, low protein binding tubes were used to reduce
non-specific binding of ribosomes. Further, the beads were washed for 15 min
three times in lysis buffer containing 500 mM NaCl on rotation at 4°C.
Immunoprecipitated proteins were denatured by the addition of 50 uL of sample
buffer and boiling for 5 min.

For transfection-based experiments in HEK-293T cells, 2 million cells were
plated in 10 cm culture plates. After twenty-four hours, cells were transfected
using the polyethylenimine method using pRK5-based cDNA expression vectors
as indicated (787). The total amount of transfected plasmid DNA in each
transfection was normalized to 5 mg using the empty pRK5 plasmid. After thirty-

six hours, cells were lysed and analyzed as described above.

Clonogenic Survival Assays

Indicated cells were seeded in 12-well plates in normal growth medium (RPMI).
The following day, when cells reached ~50% confluence, RPMI was removed
and replaced with HBSS or supplemented with 2 mM nucleosides for the
indicated time points. Cells were then returned to normal media for 72 hours,

fixed with cold methanol for 10 min, and stained with Giemsa.

Lysosome immunopuirification (LysolP)

LysolP was performed largely as previously described (790). Briefly, ~35 million
cells were used for each replicate. Cells were rinsed twice with pre-chilled PBS

and then scraped in one mL of PBS containing protease and phosphatase
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inhibitors and pelleted at 1000 x g for 2 min at 4°C. Cells were then resuspended
in 950 pL of the same buffer, and 25 uL (equivalent to 2.5% of the total number
cells) was reserved for further processing to generate the whole-cell sample. The
remaining cells were gently homogenized with 20 strokes of a 2 ml dounce-type
homogenizer. The homogenate was then centrifuged at 1000 x g for 2 min at 4°C
to pellet the cell debris and intact cells while cellular organelles including
lysosomes remained in the supernatant which was incubated with 150 pL of anti-
HA magnetic beads prewashed with PBS on a rotator shaker for 3 min.
Immunoprecipitates were then gently washed three times with PBS on a
DynaMag Spin Magnet. Beads with bound lysosomes were resuspended in 100
ML ice-chilled 1% Triton X lysis buffer to extract proteins. After 10 min incubation
on ice the beads were removed with the magnet. For proteomics experiments all
the steps were performed using low protein binding tubes (LoBind, Eppendorf) to

minimize variability between samples and maximize the recovery of proteins.

MS data acquisition

Sample preparation for mass spectrometry (MS)

Samples were solubilized by the addition of 20% (w/v) SDS to a final
concentration of 2% followed by sonication in a Bioruptor Plus (Diagenode) (5
cycles: 1 min on, 30 sec off, 20°C) at the highest settings. Samples were spun
down at 20,800x g for 1 min and the supernatant transferred to fresh tubes.
Reduction was performed with 2.9 yL DTT (200 mM) for 15 min at 45°C before

alkylation with 200 mM IAA (5 pL, 30 minutes, room temperature, in the dark).
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Proteins were then precipitated with 4 volumes ice cold acetone to 1 volume
sample and left overnight at -20°C. The samples were then centrifuged at
20,800x g for 30 min at 4°C. After removal of the supernatant, the precipitates
were washed twice with 500 pL 80% (v/v) acetone (ice cold). After each wash
step, the samples were vortexed, then centrifuged again for 2 min at 4°C. The
pellets were then allowed to air-dry before being dissolved in digestion buffer (50
gL, 3M urea in 0.1 M HEPES, pH 8) containing 0.1 pg of LysC (Wako), and
incubated for 4 h at 37°C with shaking at 600 rpom. Then the samples were
diluted 1:1 with milliQ water (to reach 1.5 M urea) and incubated with 0.1 pg
trypsin (Promega) for 16 h at 37 °C. The digests were then acidified with 10%
trifluoroacetic acid and then desalted with Waters Oasis® HLB uElution Plate
30um in the presence of a slow vacuum. In this process, the columns were
conditioned with 3x100 uL solvent B (80% (v/v) acetonitrile; 0.05% (v/v) formic
acid) and equilibrated with 3x 100 pL solvent A (0.05% (v/v) formic acid in milliQ
water). The samples were loaded, washed 3 times with 100 uL solvent A, and
then eluted into PCR tubes with 50 pL solvent B. The samples were then dried in
a Speed-Vac and resuspended in 10 yL reconstitution buffer (5% (v/v)

acetonitrile, 0.1% (v/v) TFA in water) prior to MS analysis.

Peptides were spiked with retention time HRM kit (Biognosys AG), and analyed
using the nanoAcquity UPLC system (Waters) fitted with a trapping (nanoAcquity
Symmetry C18, 5 um, 180 um x 20 mm) and an analytical column (nanoAcquity

BEH C18, 2.5 um, 75 um x 250 mm). The outlet of the analytical column was
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coupled directly to an Orbitrap Fusion Lumos (Thermo Fisher Scientific) using the
Proxeon nanospray source. Solvent A was water, 0.1% (v/v) formic acid and
solvent B was acetonitrile, 0.1% (v/v) formic acid. Approx. 1 ug of peptides were
loaded for each sample with a constant flow of solvent A at 5 uL/min, onto the
trapping column. Trapping time was 6 min. Peptides were eluted via the
analytical column at a constant flow of 0.3 yL/min, at 40°C, via a non-linear
gradient from 0% to 40% in 90 min. Total runtime was 115 minutes, including
clean-up and column re-equilibration. The RF lens was set to 30%. For spectral
library generation, 4 pooled samples were generated by mixing equal portions of
each sample belonging to a biological condition, and each pool was injected in
triplicate (12 runs in total), and measured in Data Dependent Acquisition (DDA)
mode. The conditions for DDA data acquisition were as follows: full scan MS
spectra with mass range 350-1650 m/z were acquired in profile mode in the
Orbitrap with resolution of 60000. The filling time was set at maximum of 50 ms
with limitation of 2 x 10° ions. The “Top Speed” method was employed to take the
maximum number of precursor ions (with an intensity threshold of 5 x 10%) from
the full scan MS for fragmentation (using HCD collision energy, 30%) and
quadrupole isolation (1.4 Da window) and measurement in the Orbitrap
(resolution 15000, fixed first mass 120 m/z), with a cycle time of 3 seconds. The
MIPS (monoisotopic precursor selection) peptide algorithm was employed but
with relaxed restrictions when too few precursors meeting the criteria were found.
The fragmentation was performed after accumulation of 2 x 10°ions or after filling

time of 22 ms for each precursor ion (whichever occurred first). MS/MS data
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were acquired in centroid mode. Only multiply charged (2* - 7%) precursor ions
were selected for MS/MS. Dynamic exclusion was employed with maximum
retention period of 15s and relative mass window of 10 ppm. Isotopes were
excluded. For data acquisition and processing of the raw data Xcalibur 4.0

(Thermo Scientific) and Tune version 2.1 were employed.

For the Data Independent Acquisition (DIA) data the same gradient conditions
were applied to the LC as for the DDA and the MS conditions were varied as
follows: full scan MS spectra with mass range 350-1650 m/z were acquired in
profile mode in the Orbitrap with resolution of 120000. The filling time was set at
maximum of 20ms with limitation of 5 x 10° ions. DIA scans were acquired with
34 mass window segments of differing widths across the MS1 mass range. HCD
fragmentation (30% collision energy) was applied and MS/MS spectra were
acquired in the Orbitrap with a resolution of 30000 over the mass range 200-
2000 m/z after accumulation of 2 x 10°ions or after filling time of 70 ms
(whichever occurred first). lons were injected for all available parallelizable time.

Data were acquired in profile mode.

MS data analysis

For library creation, the DDA data was searched using the Pulsar search engine
(version 1.0.15764.0, Biognosys AG). The data were searched against a human
database (Swiss-Prot entries of the Uniprot KB database release 2016_01,

20198 entries). The data were searched with the Biognosys default settings with
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the following modifications: Carbamidomethyl (C) and Oxidation (M)/ Acetyl
(Protein N-term) (Variable). A maximum of 2 missed cleavages were allowed.
The identifications were filtered to satisfy FDR of 1 % on peptide and protein
level. The library contained 70796 precursors, corresponding to 5401 protein
groups using Spectronaut protein inference. DIA data were then searched
against this library. Precursor matching, protein inference and quantification was
performed in Spectronaut (version 11) using default settings(272). Peptide and
protein level FDR for DIA data were controlled to 1% (213). Differential protein
expression was evaluated using a pairwise t-test performed at the precursor level
followed by multiple testing correction according to (274). The data (candidate
table, Supplementary Tables 1 and 2) was exported from Spectronaut and used

for further data analyses.

Generation of cells lacking NUFIP1, ATG7, or ATG5

To generate HEK-293T cells lacking NUFIP1, sgRNAs targeting the first exon of
NUFIP1 were designed and cloned into the px459 CRISPR vector using the
following olignucleotides.

Sense: AGGGGAGACTGGGCGTCGAA

Antisense: TTCGACGCCCAGTCTCCCCT
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To generate HEK-293T cells lacking ATG5, sgRNAs targeting ATG5 were
designed and cloned into the px459 CRISPR vector using the following
olignucleotides.

Sense: GATCACAAGCAACTCTGGAT

Antisense: ATCCAGAGTTGCTTGTGATC

sgNUFIP1 Mia-PaCa cell lines were made using the pLenticrispr system utilizing
the same sgRNAs as described above. sgNUFIP1 P537 MEFs were generated
using the pLenticrispr system utilizing sgRNA sequences targeting the first exon
of murine NUFIP1. HEK-293T cells lacking ATG7 were described previously

(190).

Generation of cells stably expressing cDNAs

The following lentiviral expression plasmids were used: pLIM1-FLAG-metap2,
pLJM60-RAP2A, pLIM60-FLAG-NUFIP1 and subsequent mutants. For
lysosomal purifications, pLJC5-3XHA-TMEM192 and pLJC5-2XFLAG-TMEM192
or pLJC6-3XHA-TMEM192 and pLJC6-2XFLAG-TMEM192 were used to tag the
lysosome. Lentiviruses were produced by transfecting HEK-293T cells with the
plasmids indicated above in combination with the VSV-G and CMV DVPR
packaging plasmids. Twelve hours post transfection, the media was changed to
DMEM supplemented with 30% IFS. Thirty-six hours later, the virus-containing
supernatant was collected and frozen at -80°C for 30 min. Cells to be infected

were plated in 12-well plates containing DMEM supplemented with 10% IFS with
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8 mg/ml polybrene and infected with the virus containing medium. Twenty-four
hours later, the cell culture medium was changed to media containing puromycin

or blasticidin for selection.

Immunofluorescence assays

HEK-293T cells were plated on fibronectin-coated glass coverslips in 6-well cell
culture dishes at 300,000 cells/well. After 12 hr, the coverslips were washed once
in PBS and subsequently fixed and permeabilized in a single step using 1 mL of
ice-cold methanol at -20°C for 15 min. The coverslips were washed twice in 1 mL
PBS and then incubated with primary antibody (FLAG (CST) 1:300 dilution, LC3B
(CST) 1:200 dilution, LAMP2 (SCBT) 1:400 dilution) in 5% normal donkey serum
for 1 hr at room temperature. After incubation with the primary antibody, the
cover slips were rinsed 4 times in PBS and incubated with secondary antibodies
(1:400 dilution in 5% normal donkey serum) for 45 min at room temperature in
the dark. The coverslips were then washed 4 times with PBS and once in dH,0.
Coverslips were mounted on slides using Vectashield containing DAPI (Vector
Laboratories) and imaged on a spinning disc confocal microscopy system (Perkin

Elmer).

In vitro binding of NUFIP1-ZNHIT3 to LC3B

In brief, 4 million HEK-293T cells were plated in 15 cm culture dishes. For
proteins produced via transient expression, after 48 hr cells were transfected with

following amounts of cDNAs in the pRKS expression vector using the PEI method
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(187): 5 mg HA-GST-Rap2a; 10 mg HA-GST-GABARAP; 10 mg HA-GST-LC3B.
For isolation of heterodimeric NUFIP1-ZNHIT3: 4 mg FLAG-NUFIP1; 10 mg HA-
ZNHIT3.

Thirty-six hours post transfection, cells were lysed as indicated above.
After clearing of cell lysates, 200 mL of 50% slurry of immobilized glutathione
affinity resin equilibrated in lysis buffer was added to lysates expressing GST-
tagged proteins. Recombinant proteins were incubated with the affinity resin for 2
hr at 4°C with rotation. Each sample was washed 3 times in binding buffer
consisting of 0.1% TX-100, 2.5 mM MgCl,, 20 mM HEPES pH 7.4, and 150 mM
NaCl.

When transiently expressed FLAG-NUFIP1-HA-ZNHIT3 was purified from
Torin1 treated HEK-293T cells, cells were first treated with 250 nM Torin1 for 1
hour prior to the purification. For experiments involving in vitro binding to purified
ribosomes, low protein binding tubes were used to reduce background signal
from ribosomes. Similarly, each sample was washed 3 times for 15 mins each in
binding buffer supplemented 500 mM NaCl. In order to reduce non-specific

background signal, great care must be taken to wash the walls of the tube.

Cell fractionations

Isolation of nuclear and post-nuclear supernatant fractions was preformed as in
(97) with the following modifications. Confluent 15 cm plates were deprived of
amino acids or treated with 250 nM Torin1 prior to isolation. Cells were lysed in

PNS buffer containing 0.01% TritionX-100, 10 mM B-glycerol phosphate, 10 mM
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pyrophosphate, 40 mM HEPES pH 7.4, and 2.5 mM MgCl,. After 15 min the
lysate was clarified by centrifugation at top speed. The supernatant represented
the cytosolic fraction containing lysosomes. The pellet (nuclear fraction) was
washed twice in PNS buffer containing 500 mM NaCl and lysed for 1 hour with

DNase |I.

Isolation of ribosomes using a sucrose cushion

Two 15 cm plates of confluent HEK-293T cells were lysed in freshly prepared
lysis buffer as described above with the addition of RNAsin (Promega) and
300mM NaCl in DEPC treated water. After a 30 min lysis at 4° C, the lysate was
clarified at maximum speed in a microcentrifuge for 10 min to remove debris,
nuclei, and mitochondria. The supernatant was collected and loaded onto a 50%
sucrose cushion prepared in Buffer A consisting of 40 mM HEPES pH 7.4, 2.5
mM MgCl,, and 150 mM KCI in DEPC treated water and ultracentrifuged for 16-
18 hr at 100,0009 to obtain the ribosome-containing pellet. While loading the
lysate on top of the cushion, great care must be taken to not disturb the sucrose
by the very slow addition of the lysate onto the 50% sucrose. A translucent pellet
at the bottom of the ultracentrifuge tube represents the ribosomes. Fractions
were collected and homogenized gently using a dounce homogenizer,
precipitated, adjusted to 0.5% SDS, and heated in boiling water for 5 min prior to
SDS-PAGE followed by immunoblotting.

When HEK-293T cells were first deprived of nutrients or treated with

Torin1, two 15 cm plates of HEK-293T cells were deprived of amino acids or
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treated with 250 nM Torin1 for 1 hour prior to lysis. For experiments involving in
vitro binding of NUFIP1-ZNHIT3 to purified ribosomes, the resulting ribosome

pellet is washed once in Buffer A. prior to use.

Ribosome analysis using a sucrose gradient

Prior to lysis, cell were treated with 100 mg/ml cycloheximide for 5 minutes,
washed in ice-cold PBS with 100 mg/ml cycloheximide, and then lysed as
described above in freshly prepared lysis buffer with the addition of RNAsin
(Promega) in DEPC treated water. After a 30 min lysis at 4°C, the lysate was
clarified at maximum speed in microcentrifuge for 10 min to remove debris,
nuclei, and mitochondria. When EDTA was used, 50 mM EDTA was added
during the preparation of the sucrose gradient and to lysis buffer. Lysates were
normalized by protein content using the Bradford reagent (Bio-rad) and layered
onto an 11 mL 10-45% sucrose gradient made in 40 mM HEPES, 7.5 mM MgCly,
100 mM KCI, 2 mM DTT, 100 mg/ml cycloheximide, RNAsin. Lysates were
ultracentrifuged at 40,000 RPM using a SW-41 Ti rotor at 4°C for 3 hr and 1 mL
fractions were collected, precipitated, adjusted to 0.5% SDS, and heated for 5

min in boiling water prior to SDS-PAGE followed by immunoblotting.

LC/MS-based metabolomics and quantification of metabolite abundances

LC/MS-based metabolomics were performed and analyzed as previously
described using 500 nM isotope-labeled internal standards(790). Briefly, a 80%

methanol extraction buffer containing 500 nM isotope-labeled internal standards
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was used for whole cell metabolite extractions. Samples were briefly vortexed
and dried by vacuum centrifugation. Samples were stored at -80°C until analysis.
Upon analysis, samples were resuspended in 100 mL of LC/MS grade water and
the insoluble fraction was cleared by centrifugation at 15,000 rpm in a
microcentrifuge. The supernatant was then analyzed as previously described by

LC/MS (190).

Electron Microscopy

In brief, NUFIP1-null HEK-293T cells expressing wild-type NUFIP1 or the W40A
mutant were grown to 60% confluency in 10 cm plates and incubated with Torin1
(250 nM) and Concanamycin A (500 nM) for 4 hr. The cells were fixed with 2%
gluteraldehyde + 3% paraformaldehyde + 5% sucrose in Sodium Cacodylate (pH
7.4) followed by osmication and uranyl acetate staining, ethanol dehydration, and
the samples were then embedded in Epoxy resin. Sections were cut on formvar-
coated grids, stained once more with uranyl acetate and lead citrate and imaged
with a FEI Tecnai Spirit Transmission Electron Microscope. Autophagosomal
sections in which ribosomes could be clearly enumerated were analzyed to
determine the number of ribosomes per autophagosome. The number of
ribosomes inside autophagosomes were determined by counting and normalized
to the area of the autophagosomal section (# of ribosomes/autophagosomal

area) as measured using ImagedJ.
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CHAPTER 5

Future Directions and Discussion

I. Regulation of lysosomal amino acid pools by the mTOR pathway

The development of our LysolP technique has provided a means to
specifically monitor changes in lysosomal metabolite pools under distinct cellular
states; measurements that were previously impossible using whole-cell
metabolite profiling. And to our surprise, our data show that mMTORC1 has a
previously unknown role in promoting efflux of essential amino acids from the
lysosomal to the cytosol. mTOR inihibition leads to a sequestration of these
amino acids in the lysosome by blocking their efflux across the lysosomal
membrane, an effect we traced to the lysosomal arginine sensor SLC38A9.
Collectively, these results inform our understanding of the regulation of the
mTOR pathway during starvation. Specifically, we can imagine that acute nutrient
depletion leads to mTOR inhibition that suppresses SLC38A9 function. SLC38A9
inhibition will prevent the release of essential amino acids into the cytoplasm to
ensure they are not used for growth promoting processes in a setting when
nutrient stores are low. Over time, increased lysosomal proteolysis restores
lysosomal amino acid pools thereby reactivating mTORC1 and SLC38A9
promoting the release of essential amino acid into the cytosol so they can be
used to execute the necessary processes in order to adapt to starvation.

Mechanistically, this creates an interesting model where SLC38A9 acts upstream
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of mMTORC1 as a positive regulator of the nutrient sensing pathway, while also
functioning downstream of mMTORC1.

How mTORC1 impacts SLC38A9 function is unknown and it may be either
through a direct mechanism or via an unidentified interacting protein. Given that
activated mTORC1 resides at the lysosomal surface via its interaction with the
Rag GTPases, it is at the correct location to control SLC38A9 function. It is
possible that SLC38A9 is a direct mMTORC1 kinase substrate and mTORC1-
dependent SLC38A9 phosphorylation regulates its transport function, but we
have failed to identify any putative phosphorylation sites that affect its transport
activity. Similarly, recent evidence shows that SLC38A9 cannot interact with Rag
GTPases when they are bound to mTORC1, the state in which mTORC1 is
active. This suggests a mutual exclusive binding mode of SLC38A9-Rag and
Rag-mTORC1 and detachment of SLC38A9 from the Rag GTPases is an
essential step in mTORC1 activation. It remains possible that active mTORC1
regulates an unknown component of the nutrient sensing machinery that thereby
impacts SLC38A9 function. It will be necessary to first understand how the
interactions of SLC38A9 with the known nutrient sensing components impacts its
transport activity, and using our in vitro transport system it will be possible to
investigate this.

Il. Compartmentalized Metabolism in cellular physiology

A defining characteristic of eukaryotic life is membrane-bound organelles

that compartmentalized specialized biochemical pathways within the cell. This

unique characteristic allows for the spatial and temporal separation of otherwise
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incompatible biochemical processes. Mitochondria, for instance, carry out many
essential metabolic processes, such as ATP generation by the respiratory chain,
while peroxisomes provide a detoxifying center for hydrogen peroxide. Related to
the body of work presented above, the lysosome is critical organelle known for its
degradative capacity that requires maintenance of a low pH environment. With
the development of our LysolP method, we have provided a feasible strategy to
isolate intact lysosomes suitable for current mass-spectrometry based metabolite
profiling techniques and have allowed for the study of the dynamics of lysosomal
metabolite pools, a compartment that represents ~2% of cellular volume.

In our study, we have been able to quantify in absolute amounts the
concentrations of ~60 metabolites in both whole cell and lysosome samples
providing an initial assessment of the lysosomal metabolome. This study is far
from exhaustive and is only limited by the availability of pure mass spectrometry
standards. With the ever-improving development of untargeted metabolite
profiling, it will be possible to not only expand and catalog all lysosomal
metabolites across diverse cellular states de novo, but also allows for the
possibility to de-orphan lysosomal genes of unknown function that regulate
lysosomal metabolism. Our study on SLC38A9 is the first case of the latter,
providing an initial example of the power of studying the impact of a lysosomal
protein at its physiological environment and whose phenotype would be masked
using traditional whole-cell metabolite profiling methods.

Apart from its use in lysosomal metabolites, the development of our

method provides a means to study dynamic changes in the lysosome proteome.
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Given the rapid nature of our technique, we are able to capture not only core
lysosomal proteins but also ones that associate only transiently either with the
lysosomal surface or are shuttle to the lysosome with the incipient
autophagosome. In our initial studies under conditions of which we inhibit the
mTOR pathway, it is clear that the lysosomal proteome is far more dynamic than
initially appreciated providing an example that supports studying this organelle
under diverse cellular states. We have since begun to move our studies of the
lysosomal proteome in vivo with the development of a LysoTag mouse, providing
a means to studying intact lysosomes across diverse tissues and cell types.

We believe this method can be adapted for the study of all organellar
compartments. Indeed, it has already been shown for mitochondria, from which
we gained a lot of insight in our initial development. With the burgeoning
excitement in the field of organellar contacts and crosstalk, it will be quite
interesting to utilize our method to begin to understand how the function of
individual organelles impacts the function of others.

lll. Autophagy and lysosome regulation in therapy: Potential strategies and
applications

Autophagy is a catabolic pathway that leads to nutrient recycling via the
sequestration of cellular proteins and damaged organelles and their ultimate
degradation via the lysosome. Alterations to this pathway are both positively and
negatively associated with human health and are also causal for multiple human
diseases. As an example, many cancers are known to up-regulate flux through

autophagy as well as increase expression of many lysosomal genes in order to
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increase the benefits of nutrient scavenging to tumors. On the other hand, many
potent autophagy inducers, such as mTOR inhibition as well as caloric restriction,
are the most consistently shown interventions proven to extend life span across
multiple model organisms. Importantly, genetic loss of autophagy blocks the life-
span extension seen with mTOR inhibition in worms, suggesting that autophagy-
mediated degradation is required for life span extension. Collectively, the need
for activators of the autophagy-lysosomal axis as well as inhibitors is potentially
an unexplored therapeutic intervention for multiple human diseases.

Currently, there are no known specific autophagy-modifying drugs. mTOR
inhibitors, which promote autophagy activation, have been discussed previously
for their potential in cancer therapy. Recent pre-clinical studies have shown
mTOR inhibition, although growth inhibitory, can also lead to increased
lysosomal catabolism of proteins enhancing cellular proliferation during nutrient-
depleted conditions. Similarly, autophagy in stromal cells can promote tumor cell
metabolism by feeding amino acids (alanine) to neighboring tumor cells. These
results suggest mTOR inhibition may actually be pro-tumorigenic in a nutrient-
depleted tumor microenvironment and lysosomal inhibition may be a viable
treatment strategy to disrupt a critical nutrient source in cancers.

Human trials have focused on the use of chloroquine or
hydroxychloroquine as a strategy for autophagy and lysosome inhibition in
cancer. However, these have performed to only mixed benefit likely due to their
lack of specificity and tolerance as lysosomal function is critical in all cells. The

question is then can we identify potential targets in cancer that may provide a
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strategy to block autophagy-derived nutrients while leaving normal cells
unaffected? Our work on SLC38A9 and NUFIP1 has provided potential
therapeutic strategies that fit these criteria. Loss of SLC38A9 or inhibition strictly
of its transport function blocks the use of essential amino acids derived from the
lysosome as well as inhibits the growth promoting activities of mMTORC1.
Similarly, NUFIP1 loss disrupts the degradation of likely the cell’s most abundant
nutrient resource, the ribosome, which provides both an amino acid source to
promote protein synthesis as well nucleosides to support DNA and RNA
synthesis. SLC38A9 loss severely blocked tumor formation in a pancreatic
cancer mouse model. More importantly, SLC38A9 or NUFIP1 loss has no effect
on cell growth when nutrients are plentiful, but rather only when cells are required
to utilize the lysosomal axis for nutrient stores. These results suggest SLC38A9
or NUFIP1 inhibition may spare normal cells that do not rely as heavily on the
lysosome but may only be detrimental to tumor cells residing in a nutrient-
depleted environment. Because SLC38A9 has amino acid-binding capabilities, it
may be possible to develop small molecule inhibitors that specifically target the
lysosomal nutrient axis. However, this will require further structural studies.
Conversely, the interest in autophagy inducers has mainly been
associated with longevity and inhibition of age-associated diseases. Currently,
most work has been focused on modulators of the mTORC1 pathway (such as
pharmacologic inhibitors like rapamycin or caloric restriction) as mTOR inhibition
is the most consistent life span inducer across all eukaryotic model organisms.

Interestingly, even short-term mTOR inhibition late in life can provide
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improvement on age-related disease phenotypes in model organisms. While it is
unclear whether autophagy activation is the major mechanism of increased life
span upon mTOR inhibition, multiple lines of evidence suggest it plays a major
role. For instance, systematically boosting autophagy using a transgenic mouse
model that promotes Beclin1 function prolongs lifespan in mammals and almost
completely rescues a mouse model of genetic predisposition to premature aging.
Also, in mice overexpressing ATG5, enhanced autophagy as well as lifespan
extension and improvements in metabolic outcomes such as insulin sensitivity
were observed. These results provide further rationale for the development of
specific autophagy-inducing compounds.
Concluding Remarks

Over the past decade, we have witnessed exciting advances in our
understanding of how cells interpret their nutrient environment and utilize those
signals to promote cellular growth. This field has grown to identify the direct
nutrient sensors for the mTOR pathway and also emerged with a intimate and
functional relationship with the major degradative compartment within the cell.
Althought we are far from having a complete understanding of growth control by
the mTOR pathway and its impact on cell physiology, future efforts will expand
our understanding of lysosome function and will clarify our understanding of

growth control and how it becomes deregulated in disease settings.
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