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Abstract:

mTORCH1 is a master regulator of cell growth that responds to diverse
environmental inputs and is deregulated in human diseases, such as cancer and
epilepsy. One important input to this system is amino acids, such as leucine, which
require the Rag GTPases and its regulators, including GATOR1 and GATOR?Z, to
modulate mTORC1 activity. How amino acids, specifically leucine, are directly sensed,
however, was elusive for many years.

In this thesis, we first characterize the role of the Rag GTPases in follicular
lymphoma. We identify recurrent, mTORC 1-activating mutations in RRAGC, the gene
that encodes RagC, in a large portion of follicular ymphoma samples (17%). These
variants in RagC increase raptor binding and render cells partially insensitive to amino
deprivation, implying that mTOR inhibitors may be effective therapies for these patients.

In addition, we identify Sestrin2 as the long-sought leucine sensor for the
mTORC1 pathway. Sestrin2 acts as a negative regulator of the pathway that binds
GATORZ2 only under leucine deprivation. We find that Sestrin2 directly binds leucine at
concentrations consistent with those sensed by the pathway. Further, we find that the
leucine-binding capacity of Sestrin2 is required for leucine to activate mTORC1 in cells,
establishing Sestrin2 as a leucine sensor for the pathway.

Finally, we identify a four-membered complex, KICSTOR (for KPTN, ITFG2,
C120rf66, and SZT2-containing regulator of mMTORC1), which is necessary for targeting
GATORH1 to the lysosomal surface and for its interaction with its substrates, the Rag
GTPases, and its potential regulator, GATORZ2. Mutations in three of the components of
KICSTOR are found in patients with epilepsy or brain malformation disorders,
suggesting that rapalogs or other mTOR inhibitors could have some efficacy in these
patients.

Thesis supervisor: David M. Sabatini
Title: Member, Whitehead Institute; Professor of Biology, MIT
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CHAPTER 1

Introduction

Cell growth is an energy and resource dependent process that is highly
regulated. Cells must only grow in the presence of ample nutrients and growth factors
and in the absence of any cellular stresses. This process is controlled, at least in part,
by the mechanistic target of rapamycin complex 1 (mMTORC1). mTORCH1 is serine
threonine kinase that responds to a diverse set of environmental inputs. Under the
correct environmental conditions, mMTORC1 phosphorylates substrates that potentiate
anabolic processes, such as mRNA translation, and inhibit catabolic ones, such as
autophagy. This pathway is deregulated in a variety of diseases, including cancer,
epilepsy, and diabetes, and thus understanding the molecular underpinnings of this
pathway will be essential for potential therapeutic intervention for these and other

illnesses.

The discovery of mTOR

mTORC1 was originally identified as the target of rapamycin, a potent, lipophilic
macrolide. Rapamycin was isolated from a strain of Streptomyces hygroscopicus found
in a soil sample on Easter Island, also known as Rapa Nui, in the 1970s. Subsequent
antibiotic screening at Ayerst Research Laboratories revealed that rapamycin is a
potent antifungal growth agent, but does inhibit bacterial growth (Abraham and
Wiederrecht, 1996). Upon further testing it was found that rapamycin also has
antigrowth properties in mammalian cells, specifically human cancer and immune cells
(Eng et al., 1984), establishing it as an important antigrowth agent from yeast to
mammals.

Given the potent antiproliferative effects of rapamycin, many sought to identify its
molecular target. Rapamycin exhibits its antiproliferative effects in complex with FK506-
binding protein 12 (FKBP12), a peptidylprolyl cis-trans isomerase (PPlase). Two groups
used screens in yeast to find that mutations in the genes TOR1 and TOR2 participate in

sensitivity to rapamycin (named for Target of Rapamycin) (Heitman et al., 1991; Koltin



et al., 1991). Biochemical studies were performed to identify the mammalian protein
target of the FKBP12-rapamycin complex, named mTOR (mammalian target of
rapamycin) (Brown et al., 1994; Sabatini et al., 1994; Sabers et al., 1995). mTOR is the
only homologue of the two TOR1 and TOR2 genes in S. cerevisae.

mTORC1 and mTORC2

mTOR is a serine-threonine kinase that nucleates two separate complexes in
mammalian cells — mTORC1 and mTORC2. These two complexes have different drug

sensitivities, regulators, and downstream effectors.

mTORC2

mTORC?2 is the largely rapamycin-resistant mTOR-containing complex. It has
seven components, four of which are shared between the two mTOR complexes:
mTOR, mammalian lethal with sec-13 protein 8 (mLST8, also known as GBL), DEP
domain containing mTOR-interacting protein (DEPTOR), and the Tti1/Tel2 complex.
Three of its subunits, rapamycin-insensitive companion of mTOR (rictor), mammalian
stress-activated map kinase-interacting protein 1 (mSin1), and protein observed with
rictor 1 and 2 (protor1/2), are specific to mTORC2 (Laplante and Sabatini, 2012).
MmTORC2 is the mammalian counterpart of the complex nucleated by yeast TOR2,
named TORC2. TORC2 contains, along with TOR2, AVO1 (homologous to mSin1),
AVO2, and AVO3 (homologous to rictor) (Loewith et al., 2002). Depletion of TORC2 or
mTORC2 components leads to defects in the cytoskeleton (Jacinto et al., 2004).

mTORC2 acts as a serine threonine kinase for at least three distinct substrates:
protein kinase B (PKB, also known as Akt), serum- and glucocorticoid-induced protein
kinase 1 (SGK1), and protein kinase C-a (PKC-a). Akt is a serine-threonine kinase that
controls multiple aspects of cellular metabolism, notably growth-factor responsiveness
upstream of mMTORCH1. For years, it was known that Akt needed to be phosphorylated
on two sites, threonine 308 and serine 478, to fully induce its kinase activity.

Phosphoinositide-dependent kinase 1 (PDK1) phosphorylates Akt at threonine 308 in



response to growth factor availability downstream of phosphoinositide 3-kinase (PI3K),
while mTORC?2 is the kinase responsible for phosphorylating Akt at serine 478. This
finding established mTORC2 as an important growth-regulatory kinase, although how
PI3K signaling activates mTORC2 remains unclear (Sarbassov et al., 2005). Recent
work has shed insight into this question, and suggests that phosphatidylinositol-3,4,5-
trisphosphate (PIP3), the product of PI3K activity, binds to mSin1 and thereby releases
its inhibition of MTORC2 (Liu et al, 2015). In addition to Akt, mMTORC2 phosphorylates
and activates SGK1, a kinase involved in ion transport and growth (Garcia-Martinez and
Alessi, 2008), and PKC-qa, a kinase involved in cytoskeletal organization (Jacinto et al.,
2004; Sarbassov et al., 2004).

mTORC1

In comparison to mMTORC2, the regulation and outputs of mMTORC1 are much
better understood. Along with the four shared components with mTORC2, mTORCA1
also contains regulatory-associated protein of mammalian target of rapamycin (raptor)
and proline-rich Akt substrate 40 kDa (PRAS40) (Laplante and Sabatini, 2012).
mTORC1 is a master regulator of cell growth that controls a variety of downstream
outputs that lead to cell growth. mMTORC1 controls translation through phosphorylating
and activating eukaryotic translation initiation factor 4E (elF4E)-binding protein 1 (4E-
BP1) and S6 kinase 1 (S6K1). The phosphorylation of 4E-BP1 blocks its ability to bind
to and inhibit the cap-binding protein elF4E. This frees elF4E to form the elF4F complex
and initiate translation. Phosphorylation of S6K1 stimulates it to phosphorylate its
substrate, the ribosomal protein S6, thereby promoting translation initiation and
elongation (Laplante and Sabatini, 2012).

Another key process downstream of mMTORC1 is the control of lipid synthesis,
which is important for proliferating cells to make membranes. mTORC1 controls this
process primarily through the transcription factors sterol regulatory element-binding
protein 1/2 (SREBP1/2), which control the expression of fatty acid and cholesterol
synthesis genes. SREBP1/2 reside on the ER membrane in an inactive form, and with

certain stimuli are proteolytically cleaved such that an active form of the transcription
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factors can travel into the nucleus to stimulate transcription of target genes. Inhibition of
mTORCH1, such as low growth factor availability, leads to decreased expression and
proteolytic processing of SREBP1/2, thereby decreasing the expression of genes
involved in lipid synthesis (Laplante and Sabatini, 2009).

In addition to stimulating protein and lipid synthesis, mTORC1 also suppresses
autophagy, the lysosomal-based degradative process required for recycling of cellular
components. mTORC1 directly phosphorylates and inhibits the kinase responsible for
initiating autophagy, ULK1/Atg13/FIP200 (unc-51-like kinase 1/mammalian autophagy-
related gene 13/focal adhesion kinase family-interacting protein of 200 kDa) (Ganley et
al., 2009; Hosokawa et al., 2009; Jung et al., 2009). In this way, when nutrients and
growth factors are abundant, mTORC1 inhibits the recycling of cellular materials.
Conversely, under nutrient deprivation, mMTORC1 is inhibited, which stimulates
autophagy and allows for the reuse of old organelles and other cellular materials under
these conditions.

Finally, inhibition of mMTORC1 also stimulates lysosomal biogenesis, along with
autophagy. mTORC1 controls the production of lysosomes by phosphorylating the
transcription factor EB (TFEB), which controls the expression of genes involved in
lysosomal function. This phosphorylation prevents TFEB entry into the nucleus, thereby
inhibiting lysosomal biogenesis when mTORC1 is active (Settembre et al., 2012).

Through phosphorylating substrates that potentiate anabolic processes, such as
mRNA translation and lipid synthesis, and inhibit catabolic ones, such as autophagy and
lysosomal biogenesis, mMTORC1 acts as a central controller of cell growth. It's activity,
however, must be coordinated in response to a variety of environmental inputs such that

cell growth only occurs under the proper conditions.
Upstream inputs to mTORC1

A variety of environmental signals, including nutrient levels, growth factor
availability, and cellular stresses, impinge on mTORCH1 to coordinate its activity. Most of

these, including growth factors and stresses, funnel through the tuberous sclerosis
complex (the TSC complex), which is composed of TSC1, TSC2, and TBC1D7 (Dibble
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et al., 2012). The TSC complex acts as a GTPase activitating protein (GAP) for the
small GTPase Ras homologue enriched in brain (Rheb), which resides on the lysosomal
surface and acts as an essential kinase activator for mTORC1 (Inoki et al., 2002;
Manning et al., 2002; Potter et al., 2002). How activity of the TSC complex is controlled
is most clear in the case of growth factor availability, but a variety of stresses appear to
feed in upstream of this complex as well.

Growth factors, such as insulin, first bind their receptors, which are receptor
tyrosine kinases, on the outside of the cell. This binding triggers the recruitment of
insulin receptor substrate 1 (IRS1), which activates PI3K, a heterotrimeric lipid kinase,
to the plasma membrane, where it comes into contact with its substrate, phospholipid
phosphatidylinositol-4,5- bisphosphate (PI-4,5-P,). PI3K catalyzes the phosphorylation
of its substrate to form phosphatidylinositol-3,4,5-trisphosphate (PIP3). An important
negative regulator of the pathway, phosphatase and tensin homolog deleted on
chromosome 10 (PTEN), reverses this reaction and therefore resets the PI3K signaling
pathway (Sengupta et al., 2010).

PIP3 on the inside of the plasma membrane recruits Akt to this subcellular
localization through binding its pleckstrin homology (PH) domain. Akt is activated by two
separate phosphorylation events mentioned previously. One of these events, at
threonine 308, is catalyzed by PDK1, another PH-domain containing kinase that is also
concentrated at the plasma membrane by PIP; (Sengupta et al., 2010). Additionally, Akt
is phosphorylated at serine 478 by mTORC2 (Sarbassov et al., 2005). Both of these
events are necessary for full activation of Akt. As mentioned previously, how mTORC2
is regulated downstream of PI3K is unclear.

Activation of Akt stimulates its kinase activity, and it phosphorylates its substrate,
TSC2, part of the TSC complex, which stimulates its translocation off the lysosomal
surface (Menon et al., 2014). With its GAP no longer localized to the lysosomal surface,
Rheb, which resides in this compartment, becomes GTP-loaded and, under this
conformation, can act as an essential kinase activator of mMTORC1, but only if mTORCA1
is properly localized to the lysosomal surface (Figure 1).

Beyond growth factors via the PI3K/Akt pathway, multiple other inputs control

mTORC1 activity upstream of the TSC complex. For example, growth factors also feed
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in via the Ras-Raf-MEK (Mitogen-activated protein kinase kinase) pathway to activate
extracellular signal-regulated kinase (ERK) and ribosomal s6 kinase (RSK) to directly
phosphorylate and inactive the TSC complex (Shaw and Cantley, 2006). In addition,
energy stress (i.e. inbalances in the ATP:ADP ratio caused by glucose deprivation or
mitochondrial inhibition) directly stimulate 5' AMP-activated protein kinase (AMPK) and
GSK3 to phosphorylate and activate TSC2, thereby inhibiting Rheb (Zoncu et al., 2011).
Other stresses, such as hypoxia and DNA damage, are thought to inhibit the pathway
upstream of the TSC complex, but the exact mechanisms are unknown. Unlike
phosphorylation of TSC2 by Akt in response to growth factors, how these other
phosphorylation events regulate the TSC complex is not entirely clear, and may not be
by controlling its subcellular localization.

Most of the environmental signals to mTORC1, such as growth factors and
cellular stresses, impinge on the TSC complex and thus control the nucleotide loading
state of Rheb, the essential kinase activator of mMTORC1. However, Rheb can only
activate mTORC1 if mTORCH1 is properly localized to the lysosomal surface, and this
localization is controlled by the availability of nutrients through the Ras-related GTPases
(Rags) (Sancak et al., 2008).

The Rags are unique GTPases that function as a heterodimer of the highly
related and functionally redundant RagA or B bound to RagC or D, which are also very
similar. The presence of nutrients, such as amino acids and glucose, renders RagA/B in
a GTP-loaded conformation, while RagC/D becomes GDP-loaded. This conformation of
the Rags stimulates mTORC1 translocation to the lysosomal surface, where it can come
into contact with its activator, Rheb. In this way, the Rag and Rheb GTPases establish
an elegant “coincidence detector” system, such that only in the presence of both
nutrients and growth factors is mTORC1 active, thereby stimulating cell growth (Sancak
et al., 2008) (Figure 1).

13



Amino acids

and glucose Growth factors

mTORC1
(inactive)

Ragulator

Figure 1: Model for amino acid and growth factor induced stimulation of

mTORC1. Growth factors activate mTORC1 through a signaling pathway that involves

PI3K, Akt, and the TSC complex. Amino acids and glucose activate mTORC1 through a

pathway that impinges on the Rag GTPases. When amino acids are present, RagA/B is

in a GTP-bound state and (in combination with RagC/D) recruits mTORC1 to the

lysosomal surface, where it can come into contact with its activator Rheb. GATOR1 acts

as a GAP for RagA/B.

The nutrient sensing pathway upstream of mTORC1

How nutrients, specifically amino acids, control mMTORC1 activity upstream of the

Rag GTPases has been an area of intense interest for the past decade.

Immunoprecipitation followed by mass spectrometry (IP/MS) by our lab and others has
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allowed for the identification of a number of regulators of the Rag GTPases. The
pentameric Ragulator complex, composed of p18, p14, HBXIP, C70rf59, and MP1, was
the first of these regulators identified (Sancak et al., 2010). The p18 component of
Ragulator has a lipidation modification that is necessary for docking the Rag GTPases
on the lysosomal surface (Sancak et al., 2010). In addition, Ragulator modulates the
nucleotide loading of the Rags, by acting as a guanine exchange factor (GEF) for the
Rag GTPases (Bar-Peled et al., 2012).

Ragulator also interacts with two transmembrane components, the vacuolar H'-
adenosine triphosphate ATPase (v-ATPase) and SLC38A9, both of which, like
Ragulator, act as positive regulators of the pathway (Wang et al., 2015; Zoncu et al.,
2011). The discovery of a lysosomal transmembrane complex, namely the v-ATPase,
as a positive regulator of the pathway led to the hypothesis that amino acids within the
lysosome may stimulate mTORC1 activity. Indeed, this is the case, as isolated
lysosomes can be loaded with amino acids and this is sufficient for recruitment of
mTORCH1 in vitro (Zoncu et al., 2011). Although it is clear that the ATPase activity of the
v-ATPase is necessary for mTORC1 activation by intra-lysosomal amino acids, the
molecular mechanism through which the v-ATPase controls mTORC1 activity remains
unknown (Zoncu et al., 2011) (Figure 1).

More clarity into how amino acids within the lysosome are sensed by the
mTORC1 machinery on the cytosolic side of this organelle came with the identification
of SLC38A9 as a putative arginine sensor for the pathway (Wang et al., 2015).
SLC38A9 was a previously uncharacterized protein with weak hOmoIogy to amino acid
transporters that localizes specifically to lysosomal membranes. Unlike other
transporters in its class, SLC38A9 is unique in that it has a 119 amino acid extension on
its N-terminus, through which it interacts with Ragulator. Overexpression of full length
SLC38A9 or simply this 119 amino acid Ragulator binding domain is sufficient to render
cells insensitive to amino acid deprivation, establishing SLC38A9 as a positive regulator
of the pathway that likely controls mTORC1 signaling through this extension on its N-
terminus. Cells lacking SLC38A9 are defective in their activation of mMTORC1 signaling
in response to amino acids, specifically arginine. This led to the hypothesis that

SLC38A9 may function as an arginine sensor for the pathway. Indeed, SLC38A9 binds
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and transports arginine with a Michaelis constant (Km) of ~39 mM, and has some
selectivity for arginine (and similar amino acids) over others (Wang et al., 2015).
However, the arginine binding capacity of SLC38A9 has not been connected to its
effects on mTORC1 signaling, and thus, it remains a putative arginine sensor for the
pathway.

In addition to Ragulator, multiple other components have been identified that
modulate the nucleotide loading state of the Rag GTPases. Folliculin (FLCN), along with
its binding partners folliculin interacting protein 1/2 (FNIP1/2), have GAP activity for
RagC/D and therefore act as positive regulators of the pathway (Tsun et al., 2013). In
addition, the trimeric GATOR1 complex (which stands for GAP activity toward Rags),
composed of DEP domain containing protein 5 (DEPDCS5) and nitrogen permease-like
regulator 2 and 3 (Nprl2 and 3), acts as a GAP for RagA/B and important negative
regulator of the pathway (Bar-Peled et al., 2013). Finally, GATORZ2 is a GATOR1-
interacting, pentameric complex composed of missing in oocytes (Mios), WD-repeat
containing protein 24 (WDR24), WDR59, Seh1L, and Sec13. GATOR?2 acts a positive
regulator of the pathway in a manner that is epistatic to GATOR1, indicating that it acts
upstream or parallel to its interacting partner (Bar-Peled et al., 2013). The molecular
function of GATORZ2, however, is unknown.

For many years, a variety of regulators of this pathway were identified, but none
of these, with the exception of SLC38A9, had any amino acid binding capacity.
Additionally, although not all amino acids modulate the pathway to the same extent,
along with arginine, leucine was known to be of particular importance. The identity of

the leucine sensor, however, remained elusive.

Leucine sensing upstream of mTORC1

The connection between amino acids and mTORC1 has long been appreciated.
Early work was performed using single amino acid dropouts across multiple cell types
and, through monitoring S6K1 or 4E-BP1 phosphorylation, defined leucine and arginine
as being particularly important to the pathway (Blommaart et al., 1995; Hara et al.,

1998). Restimulation of adipocytes with various leucine analogues lead to the
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conclusion that leucine activated the pathway in a dose-dependent manner, that similar
amino acids such as isoleucine and valine did not have the same effects, and that the
stimulation by leucine was stereospecific (Fox et al., 1998). Interestingly, it was noted
that a-ketoisocaproate (a-KIC), a metabolite of leucine, could substitute for it, but only in
the presence of the enzyme that converts a-KIC to leucine, indicating that leucine may
indeed be the metabolite that is directly sensed by the pathway (Fox et al., 1998).
Further work identifying how leucine analogues activate the mTORC1 pathway helped
rule out the theory that leucyl-tRNA synthetase (LRS) was the elusive leucine sensor for
the pathway, as the mTORC1 pathway was responsive to leucine analogues that do not
bind LRS (Lynch et al., 2000). Thus, while it was clear for years the mTORC1 pathway

senses leucine, the molecular identity of the leucine sensor remained elusive.

Effects of leucine in vivo

Leucine and the other branched chain amino acids are unique in that the liver
lacks branched-chain aminotransferase (BCAT), the enzyme responsible for
metabolizing this group of amino acids, so blood levels of leucine fluctuate in response
to dietary intake of protein (Layman and Walker, 2006). Leucine is further known to
have a variety of physiological effects beyond simply acting as a proteogenic amino
acid. For example, dietary leucine supplementation has been shown to increase satiety
and decrease caloric intake (Potier et al., 2009). Further, leucine can directly stimulate
insulin release from pancreatic beta cells (Panten et al., 1974) and skeletal muscle
anabolism (Greiwe et al., 2001; Nair et al., 1992). Many of the physiological effects of
leucine are mediated through the mTORC1 pathway, and thus understanding how

leucine is directly sensed has been of great interest in the field.

mTORCH1 signaling in vivo

Rapamycin has now been used in the clinic under a variety of therapeutic

settings because it affects a number of organs. To better understand how mTOR
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impacts physiology, multiple mouse models have been created (Howell and Manning,
2011).

To explore the importance of mMTORC1 in vivo, some of the first mouse models
created that modulated the pathway were mTOR or raptor knockouts. Disruption of
either mTOR or raptor led to embryonic lethality at E5.5, immediately after implantation
(Gangloff et al., 2004; Guertin et al., 2006; Murakami et al., 2004). The MTOR”
embryos were developmentally delayed at E5.5 (Gangloff et al., 2004), and cells from
both embryonic and extraembryonic tissues displayed a proliferation defect in vitro
(Gangloff et al., 2004; Murakami et al., 2004).

Disruption of the mTORC1 pathway upstream of mMTORC1 itself also leads to
severe phenotypes. Loss of the Rag GTPases, specifically RagA, leads to embryonic
lethality at E10.5 (Efeyan et al., 2014), and loss of Rheb results in embryonic lethality at
midgestation (E11.5-12.5) (Goorden et al., 2011). The similar phenotypes between the
Rag-null and Rheb-null mice highlight the importance of both the nutrient and growth
factor sensing pathways upstream of mTORC1.

Disruption of negative regulators upstream of mTORC1, which lead to
hyperactive or constitutively active mTORC1 signaling, also display severe phenotypes
in vivo. Homozygous null alleles of TSC1 or TSC2 lead to embryonic lethality around
E9.5-11.5, and these embryos often display neurological developmental delays such as
open neural tubes (Kobayashi et al., 2001; Rennebeck et al., 1998). Constitutive
activation of the nutrient sensing pathway in vivo, using mutant alleles of RagA that are

GTPase defective (RagA®™c'"

), leads to perinatal lethality (Efeyan et al., 2013). This
phenotype mimics those seen with autophagy deficiency, in which there is a defect in
responding to the decreased nutrient supply during the perinatal period due to
separation from the placenta (Komatsu, 2005; Kuma et al., 2004). In wild-type embryos,
this period of glucose and amino acid starvation stimulates autophagy via the mTORC1
nutrient sensing pathway, which provides amino acids to stimulate gluconeogenesis.

However, RagAGTP/ GTP

or autophagy defective neonates cannot respond appropriately to
this sudden decrease in nutrients, leading to accelerated neonatal death (Efeyan et al.,
2013). These mouse models established the importance of mMTORC1 signaling in

development and in response to fasting during the perinatal period.

18



Deregulation of mTORC1 signaling in disease

The mTORCH1 signaling pathway is deregulated in a variety of human diseases,
from cancer to epilepsy. Evidence for this deregulation has come from germline
mutations in pathway components that lead to familial syndromes, sporadic mutations

leading to disease, and disease phenotypes in mouse models, as discussed below.
mTOR pathway component mutations in cancer

Many upstream regulators of mTOR are mutated in both sporadic cancers and
familial cancer syndromes. Regulators of the growth factor sensing branch, such as
PI3K and Akt, are well-established oncogenes that are mutated in a variety of
malignancies. PTEN, which acts as an important negative regulator of PI3K signaling, is
a tumor suppressor that is commonly mutated or lost in sporadic cancers. In addition,
germline mutations in Akt, PI3K, and PTEN are associated with familial overgrowth
syndromes (Proteus syndrome, PIK3CA Related Overgrowth Spectrum, and Cowden
Syndrome, respectively) (Keppler-Noreuil et al., 2016). Further, the Ras-Raf-MEK
pathway, which feeds in to activate mTORC1 signaling upstream of the TSC complex, is
one of the most frequently perturbed pathways in tumorigenesis (Xu et al., 2014).

Downstream of these commonly mutated components, TSC1/2 have long been
recognized to be tumor suppressor genes due to their association with the familial tumor
syndrome tuberous sclerosis (Keppler-Noreuil et al., 2016). Tuberous sclerosis is an
autosomal dominant syndrome in which patients inherit one mutated allele of either
TSC1 or TSC2. The syndrome then results in overgrowth phenotypes in various organs,
classically including renal angiomyolipomas, subependymal giant cell astrocytomas,
and cardiac rhabdomyomas. These tumors are associated with loss of heterozygosity,
and thus inactivating mutations are found in the wild-type allele of the disease-causing
gene in the tumor cells (Keppler-Noreuil et al., 2016). Tuberous sclerosis is also

associated with epilepsy, as discussed below.
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Mouse models of tuberous sclerosis have been critical for validating the role of
TSC1/2 as tumor suppressors. As mentioned previously, homozygous loss of
expression of either TSC1 or 2 is lethal in mice. However, heterozygotes are viable. A
significant portion of TSC1*" mice develop renal and liver tumors by 15-18 months,
while TSC2" mice develop lung and liver tumors by around this time (Xu et al., 2014). A
number of mouse models have been generated in which TSC1/2 are conditionally
deleted in certain organs, which, in tissues such as liver and kidney, stimulates
tumorigenesis, further validating the role of the TSC complex as a tumor suppressor (Xu
et al., 2014).

Apart from upstream regulators that feed in to control mMTORC1 activity in
response to growth factors, a few other components of the pathway are mutated in
cancer. Recurrent, sporadic mutations in the gene MTOR, which encodes the mTOR
kinase itself, have been found in a subset of cancers, and these have been found to
activate mTORC1 signaling in cell culture (Grabiner et al., 2014). In addition, on the
nutrient sensing side of the pathway, loss of GATOR1 components occurs in a low
percentage of sporadic ovarian cancers and glioblastomas (Bar-Peled et al., 2013).
Cancer cell lines derived from these tumors have constitutive mTORC1 signaling in the
absence of amino acids (Bar-Peled et al., 2013), but whether loss of GATOR1

components are “driver” events in these cancers is unknown.
mTOR inhibitors as cancer therapy

Given the central role of the mTORC1 pathway in tumorigenesis, there has been
a lot of promise over targeting this pathway for therapy. Rapamycin and its analogs
(rapalogs) have, however, been effective only in a subset of cancers. The first of these
to enter clinic use was temsirolimus, which, in 2007, was approved for the treatment of
metastatic renal cell carcinoma (Chiarini et al., 2015). Another rapalog, everolimus, is
also approved for the treatment of advanced renal cell carcinoma, along with
subependymal giant cell astrocytomas in tuberous sclerosis patients and
neuroendocrine pancreatic tumors (Chiarini et al., 2015). These are the only FDA-

approved uses for rapalogs as cancer therapy, however, and given how commonly
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mutated the PI3BK-mTOR pathway is in cancer, the limited effectiveness of rapalogs for
treatment of cancer patients has been surprising. There are, however, a few
explanations for why this may be the case.

First, patients are often not screened for mutations in the pathway before being
given the treatment, especially in large trials. Thus, it may be the case that patients that
harbor mTORC1 pathway mutations would be particularly responsive. Recently, for
example, a small trial of everolimus in solid tumors uncovered a patient with
uroepithelial cancer who displayed an exquisite response to this drug. Targeted
sequencing revealed the patient’s tumor harbored two mutations in the mTOR kinase
gene which, based on cellular studies, led to activated mTORC1 signaling in vitro,
perhaps explaining the sensitivity of the tumor to mTOR inhibition (Wagle et al., 2014b).
The limitations of this treatment were displayed, however, in a separate patient who
suffered from a metastatic thyroid carcinoma. The patient also had an exquisite
response to everolimus, likely due to an inactivating mutation in TSC2. After 18 months
of response to the therapy, however, the patient relapsed with a tumor that was found,
in addition to the TSC2 mutation, to also harbor a mutation in the MTOR gene. This
mTOR mutant kinase was shown, in cell culture studies, to be resistant to allosteric
mTOR inhibitors, such as everolimus (Wagle et al., 2014a). These studies emphasize
the need for individual sequencing data on patients in order to better understand
therapies that will be effective for those patients.

A number of other reasons for why rapalogs have not been effective for the
treatment of cancers exist. First, mTOR inhibitors are cytostatic, rather than pro-
apoptotic, limiting their ability to kill cancer cells (Chiarini et al., 2015). In addition,
rapamycin in particular inhibits phosphorylation on some mTORC1 substrates less than
others, specifically having less of an effect on 4E-BP1 phosphorylation than on other
substrates (Kang et al., 2013). The effects of mMTORC1 on translation, specifically
through 4E-BP1, are thought to be crucial to its role in tumorigenesis, and thus having
less of an effect on this substrate may limit the effectiveness of these inhibitors
(Tamburini et al., 2009). Beyond these limitations, there are also a variety of negative
feedback loops controlled downstream of S6K1, an mTORC1 substrate, and thus

mTORC1 inhibition may paradoxically increase upstream signaling, such as through Akt
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(Chiarini et al., 2015). Finally, rapalogs have been shown to be relatively specific for
mTORCH1, having effects only on mTORC2 under long-term treatment (Lamming et al.,
2012). Thus, ATP-competitive mTOR kinase inhibitors, such as Torin, may prove more
effective for the treatment of cancer as a means for inhibiting both mTORC1 and
mTORC2 (and therefore Akt, as well) (Thoreen et al., 2009).

To circumvent the issue of feedback loops leading to activation of the mTORCA1
signaling pathway upstream of Akt with rapalogs, dual PI3K/mTOR inhibitors have
sparked interest. These inhibitors are currently in Phase | or |l trials and are showing
some promise for the treatment of both solid and hematological malignancies. Similarly,
ATP-competitive mTOR kinase inhibitors are being used to target both mTORC1 and 2
in cancer patients (Chiarini et al., 2015). As with all single therapy treatments, acquired
resistance has emerged relatively quickly, but many trials are currently underway to

combine these treatments with other chemotherapeutics.

mTORC1 pathway component mutations in epilepsy and other brain malformation

disorders

As mentioned previously, many of the genetic disorders caused by mutations in
components in the mTOR signaling pathway are not only associated with tumor
syndromes, but also associated with brain malformation disorders dr epilepsy (Figure
2). For example, in patients with tuberous sclerosis, a genetic disease due to
heterozygous inactivating mutations in TSC1/2, cortical tubers form, likely due to loss of
heterozygosity in neurons during development and subsequent overgrowth (Keppler-
Noreuil et al., 2016). These cortical tubers, or perhaps intrinsic hyper-excitability of
neurons lacking the TSC complex (Bateup et al., 2013), trigger the epilepsy observed in
tuberous sclerosis patients.

Much excitement came over the recent discovery of TBC1D7 as the third
member of the TSC complex, perhaps explaining the cause of tuberous sclerosis in
patients without mutations in TSC1/2. However, comprehensive sequencing efforts did
not reveal any mutations in TBC1D7 in patients with tuberous sclerosis (Dibble et al.,

2012). Despite this, two families were found that harbor homozygous mutations in
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TBC1D7 leading to macrocephaly, intellectual disability, and neuropsychological
disorders — phenotypes that are very reminiscent of deregulation of other mTORCA1
pathway components (Alfaiz et al., 2014; Capo-Chichi et al., 2013).

Neurodevelopment malformation disorders, like macrocephaly, are a common
feature of syndromes linked to mutations in this pathway. For example,
hemimegalencephaly, in which one hemisphere of the brain is overgrown in
development, has been associated with Proteus syndrome (mutations in Akt) and
tuberous sclerosis (Keppler-Noreuil et al., 2016). Further, somatic activating mutations
in the MTOR, AKT3, and PI3KCA genes have been found in sporadic
hemimegalencephaly in the affected brain region (Conti et al., 2015; Lee et al., 2012;
Mirzaa et al., 2016). Cowden syndrome (heterozygous inactivating mutations in PTEN)
patients often suffer from macrocephaly as well (Granados et al., 2013).

Finally, the components of GATOR1, specifically DEPDC5, are mutated in
patients with focal epilepsy or focal cortical dysplasia (FCD) (D'Gama et al., 2015). FCD
is another brain malformation disorder in which an area of the cortex overgrows during
development. Again, heterozygous, likely inactivating mutations in DEPDCS5, NPRLZ2, or
NPRL3 have been found in families with these disorders (Baulac, 2016), establishing
that deregulation of either the growth factor or nutrient sensing branches upstream of

mMTORC1 are sufficient to induce these diseases.
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Figure 2: mTORC1 pathway component mutations in human disease.
Schematic showing mTORC1 pathway components, mutations of which lead to the

human diseases indicated in the corresponding colors.

Rapalogs for tuberous sclerosis therapy

Rapalogs are the only mTOR inhibitors that have been tested for the treatment of
any patients with familial syndromes associated with mutations in mTOR pathway
components. Specifically, as was previously mentioned, rapalogs are approved therapy
for renal carcinomas and subependymal giant cell astrocytomas, both of which are
commonly associated with tuberous sclerosis (Keppler-Noreuil et al., 2016). In addition,
rapalogs have shown some success in early clinical trials for the treatment of refractory
epilepsy in these patients (Saxena and Sampson, 2015). Unfortunately, the long-term
developmental and cognitive effects of treating pediatric patients with mTOR inhibitors
is still unclear, limiting the promise behind these therapies (Jeong and Wong, 2016).
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Preface for work presented in this thesis

It has become clear that deregulation of the mTORC1 signaling pathway occurs
in a number of human diseases. Further, intense investigation into the architecture of
this pathway has identified many of the key players involved in transmitting amino acid
availability to the Rag GTPases. However, many open questions remain in the field, and

the work presented in this thesis will help address some of these issues.

1. Are mutations in components of the nutrient sensing machinery found in

cancer?

As mentioned previously, deregulation of mTORC1 signaling plays an important
role in tumorigenesis. Many regulators of the growth factor sensing branch upstream of
mTORCH1, including PI3K, PTEN, and Akt, are mutated in a number of human cancers
(Xu et al., 2014). On the nutrient sensing side of the pathway, however, recurrent
mutations in tumor samples have only been found in the components of GATOR1, and
these occur in a very low percentage of ovarian cancers and glioblastomas (Bar-Peled
et al., 2013). Thus, it is of great interest to understand if other components of the
nutrient sensing machinery are associated with human cancer.

To this end, we discovered that mutations in RRAGC, the gene that encodes
RagC, occur recurrently in follicular lymphoma samples, at a frequency of 17%. The
RagC mutant GTPases increased raptor binding and rendered cells unable to fully
inhibit mMTORC1 in the absence of amino acids. The presence of these mutations in the
dominant clone, their stability throughout disease progression, and their activation of
mTORC1 signaling in vitro implies that RagC may be acting as an oncogene in follicular
lymphoma. These exciting results may help identify another population of cancer
patients in which rapalogs or other mTOR inhibitors could be effective therapy, and
further establish that deregulation of the nutrient sensing pathway upstream of

mTORC1 may play a role in tumorigenesis.

2. What is the identity of the leucine sensor for the mTORC1 pathway?
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To identify novel regulators of the amino sensing pathway, we employed an
IP/MS approach using GATOR2 as the bait and identified the Sestrins, a family of three
previously poorly characterized growth regulators, Sestrin1-3, as GATOR2-interacting
proteins. We found that these proteins act as negative regulators of mTORC1 signaling
that interact with GATOR2 under leucine deprivation. Because leucine in vitro was
sufficient to disrupt the GATOR2-Sestrin2 interaction, we hypothesized that Sestrin2
may act as a leucine sensor for the mTORC1 pathway. Indeed, through showing the
Sestrin2 directly binds leucine at affinities consistent with those that are sensed by the
pathway and that the leucine-binding capacity of Sestrin2 is necessary for leucine
modulation of the mTORC1 pathway, we characterized Sestrin2 (and 1) as the elusive

leucine sensors for the mTORC1 pathway.

3. Are there other regulators of the nutrient sensing pathway that have not yet

been identified?

The discovery of Sestrin2 as a leucine sensor for the mTORC1 pathway
represented a major advance in understanding how amino acids are sensed. How
Sestrin2 inhibits the pathway, however, is unknown, as the function of GATOR2
remains elusive. GATOR2 acts as a positive regulator of the pathway either upstream or
parallel to GATORH1, but if other components regulate either of these complexes
remains unclear. To address this issue, we undertook IP/MS from cells in which a
component of GATOR1 was endogenously tagged. Through this, we identified
KICSTOR (for KPTN, ITFG2, C120rf66, and SZT2-containing regulator of mMTORC1), a
four-membered protein complex that acts as a negative regulator of the nutrient sensing
pathway. Further, we found that KICSTOR is necessary for targeting GATOR1, but not
GATORZ2, to the lysosomal surface, and is necessary for the interaction of GATOR1
with its substrate, the Rag GTPases, and with GATOR2. Moreover, disruption of SZT2
in vivo leads to hyperactive mTORC1 signaling in a number of tissues, and three of the

components of KICSTOR are mutated in human epilepsy or brain malformation
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disorders, arguing that KICSTOR, like many components of the mTORC1 signaling

pathway, plays an important role in human disease.
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ABSTRACT

For organisms to coordinate their growth and development with nutrient
availability they must be able to sense nutrient levels in their environment. Here, we
review select nutrient sensing mechanisms in a few diverse organisms. We discuss how
these mechanisms reflect the nutrient requirements of specific species and how they

have adapted to the emergence of multicellularity in eukaryotes.
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INTRODUCTION

All organisms have the capacity to sense the presence and absence of the
nutrients required to generate energy and the building blocks of cells. In this review we
survey a variety of nutrient sensing strategies and discuss how these mechanisms have

evolved to suit the particular needs and environments of diverse organisms.

We first illustrate how varied sensing mechanisms can be using examples from
unicellular organisms, including the sensing of amino acids by E. coli and of ammonium
and glucose by S. cerevisiae. We then shift our focus to sensing pathways conserved in
most eukaryotes, including those anchored by the AMPK, GCN2, and TOR kinases
(Figure 1). We emphasize how in multicellular organisms the architectures of these
core pathways has been adapted to respond to hormones in addition to nutrients and to
control feeding. Furthermore, we highlight how the emergence of subcellular

compartments in eukaryotes allows for new ways to store and sense nutrients.
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Figure 1: Nutrient sensing pathways throughout evolution. An overview of the

nutrient sensing pathways described in this review. Pathways specific to unicellular
organisms are denoted, followed by the sensing pathways that are conserved from

yeast to man. Black bars indicate the presence of the pathway within the denoted

species or organism.
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PROKARYOTES

Bacteria have evolved many interesting mechanisms for sensing diverse
nutrients, undoubtedly an adaptation to living in environments where the concentrations
and types of nutrients can vary unpredictably. We have chosen to discuss mechanisms
that serve as examples of important concepts, such as the use of enzymes or receptors
to detect molecules of interest, or the indirect sensing of a nutrient through the levels of
metabolites generated from it. The variety of post-translational modifications that
bacterial sensing pathways use, from phosphorylation to adenylylation and methylation,

is remarkable as is the concentration range over which some nutrients can be detected.

Chemoreceptors: Coupling extracellular nutrient concentrations to cell motility

Bacteria can face large fluctuations in the levels of nutrients in their environment
and so motile species couple nutrient sensing to taxis to bias their movements towards
higher nutrient concentrations. While we focus on nutrient-regulated chemotaxis in E.

coli, the process is conserved in many prokaryotes (Szurmant and Ordal, 2004).

E. coli swim by rotating their flagella, bundles of filaments localized at the pole
and powered by a rotary motor (Berg, 2008; Eisenbach, 1996). The motor is
bidirectional: counterclockwise rotation produces smooth swimming whereas clockwise
rotation leads to random tumbling due to dispersal of the flagellar filaments (Larsen et
al., 1974; Turner et al., 2000). The default rotation of the motor is counterclockwise, and
nutrients signal through transmembrane chemoreceptors to maintain this state to
promote directed movement along a nutrient gradient. The absence of nutrients triggers
a pathway that permits flagella to alternate between clockwise and counterclockwise
rotations so that cells forage their environment in a random walk (Berg and Brown,
1972; Sourjik and Wingreen, 2012).

E. coli express five dimeric, single pass transmembrane chemoreceptors, Tar,

Tsr, Tap, Trg, and Aer, which function as distinct nutrient sensors. In aggregate, they
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allow E. coli to detect and respond to a broad spectrum of extracellular molecules, with
aspartate, maltose, Co®" and Ni?* binding to Tar (Reader et al., 1979; Wang and D E
Koshland, 1980); ribose and galactose to Trg (Kondoh et al., 1979); flavin adenine
dinucleotide to Aer (Szurmant and Ordal, 2004); serine to Tsr; and dipeptides to Tap
(Hedblom and Adler, 1980; Manson et al., 1986). Of the five receptors, Tar and Tsr are
the most abundant (Sourjik and Berg, 2004). Remarkably, the chemoreceptors sense
ligand concentrations as low as 3 nM and function over a concentration range of five
orders of magnitude (Mesibov et al., 1973). This high sensitivity stems from the
clustering at the cell pole of the receptors into higher order arrays, enabling one ligand
binding event to affect multiple neighboring receptors and effectors (Bray et al., 1998;
Briegel et al., 2009; Kentner et al., 2006; Levit et al., 2002; Maddock and Shapiro, 1993;
Sourjik and Berg, 2004; Zhang et al., 2007), which presumably allows cells to detect

even highly dilute nutrient environments.

The chemoreceptors signal through CheA, a homodimeric histidine kinase that
constitutively associates with the chemoreceptors and its adaptor protein, CheW
(Figure 2A). In the absence of a ligand, CheA phosphorylates the associated response
regulator, CheY (Borkovich et al., 1989; Hess et al., 1988; Hess et al., 1987; Stock et
al., 1988), which then diffuses to the flagellar motor to promote clockwise rotation (Dyer
et al., 2009; Sarkar et al., 2010; Scharf et al., 1998; Welch et al., 1993). Nutrients
diffuse into the periplasm through channels in the outer membrane and directly or
indirectly contact chemoreceptors to trigger a conformational change that inhibits CheA
and CheY (Ottemann et al., 1999), causing bacteria to swim in a positive direction for

longer periods of time.

A crucial aspect of chemotaxis is adaptation - the ability to restore prestimulus
behavior. Chemoreceptor methylation by the methyltransferase CheR and
demethylation by the methylesterase CheB facilitates adaptation (Anand and Stock,
2002; Bren and Eisenbach, 2000; Kondoh et al., 1979). In addition to phosphorylating
CheY, the CheA kinase phosphorylates and activates CheB, which demethylates the

chemoreceptor and reduces its capacity to activate CheA despite persistently low ligand
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concentrations. Conversely, sustained increases in nutrient concentrations lead to an
accumulation of receptor methylation over time as CheB is inactive and CheR
constitutively active. This enhances the ability of the chemoreceptor to stimulate CheA
despite constant high concentrations of attractant. Thus, CheB promotes adaptation to
decreasing levels of attractants while CheR promotes adaptation to increasing levels of
attractants. Methylation therefore resets the signaling state of the receptors so that E.
coli can adapt to the present environment and be poised to respond to subsequent
changes (Wadhams and Armitage, 2004; Weis and D E Koshland, 1988).

The capacity to couple motility to nutrient concentrations allows bacteria to
forage for limited resources. However, all bacteria, motile or not, must possess
mechanisms that relay nutrient levels to the metabolic systems that counteract nutrient
deficits so as to maintain the metabolites needed for viability and growth. One such
mechanism is the PIl protein pathway, which uses a cascade of posttranslational

modifications to control nitrogen assimilation.

Pll proteins: Controllers of nitrogen assimilation

Under nitrogen-limiting conditions, many prokaryotes increase nitrogen
assimilation by synthesizing nitrogen-containing organic molecules, such as amino
acids, from inorganic nitrogen compounds in the environment. Assimilation occurs via a
dedicated glutamine synthase (GS)/glutamate synthase (GOGAT) cascade that
generates glutamate from 2-oxoglutarate (2-OG; also known as a-ketoglutarate),
ammonium, and ATP. The first step of the process, catalyzed by GS, produces
glutamine, and thus its presence represents nitrogen sufficiency, while 2-OG, its
precursor, signals nitrogen deficiency (Forchhammer, 2007; Leigh and Dodsworth,
2007). The PIl proteins play a key role in sensing nitrogen deficiency and although they
vary greatly in structure and function they are found in most prokaryotes and plants
(Heinrich et al., 2004 )(Figure 1).
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Within the Pl superfamily of proteins the related GInB and GInK proteins in E.
coli have been particularly well studied (Leigh and Dodsworth, 2007). These proteins
have significant homology only to other Pl proteins and form homotrimeric complexes.
Their main function is to control the adenylylation of GS, which inhibits it and thus
reduces nitrogen assimilation (Figure 2B) (Leigh and Dodsworth, 2007). The PII
proteins exist in two forms: unmodified and uridylylated. Only when unmodified do they
bind to and activate the adenylyltransferase (ATase) enzyme (encoded by g/nE) to
adenylylate GS (Brown et al., 1971; Stadtman, 2001). The uridylylated form, on the
other hand, stimulates the deadenylylation activity of ATase (Jaggi et al, 1997).

How nitrogen is sensed is complex and involves two sensors, the Pl proteins
themselves as well as the uridylyltransferase (UTase) enzyme (encoded by g/nD) that
uridylylates the PII proteins. Under conditions of nitrogen excess, UTase directly binds
to and is inhibited by glutamine, which is at high levels when nitrogen is abundant (Jiang
et al, 1998a). The glutamine-bound UTase is unable to uridylylate GInB, which
accumulates in its unmodified form and therefore allosterically activates the
adenylylation activity of ATase (Adler et al., 1975; Mangum et al., 1973). This leads to
the accumulation of adenylylated, and therefore inactive, GS. During nitrogen
deprivation, however, 2-OG levels increase and the binding of 2-OG to unmodified GInB
allosterically inhibits its ability to activate adenylylation by ATase (Jiang et al, 1998c).
The GInB homotrimer has three 2-OG binding sites, the first of which binds 2-OG with
micromolar affinity, well below its physiological concentration of 0.1-0.9 mM. Because
the binding of 2-OG to GInB exhibits high negative cooperativity, the second and third
sites are occupied only at the high 2-OG concentrations that occur upon nitrogen
deprivation. Only upon binding multiple molecules of 2-OG does unmodified GInB adopt
a conformation in which it is unable to activate the adenylylation activity of ATase,
leaving GS unmodified and thus active (Jiang et al., 1998a; Jiang et al., 1998b, c) (Adler
et al., 1975; Mangum et al., 1973). While high levels of 2-OG inhibit the activity of
unmodified GInB, uridylylated GInB is unaffected by high levels of this metabolite. GInK,

a PIl protein that is highly similar to GInB, also regulates AmtB, an ammonia transporter,
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in response to nitrogen availability, by binding to and inhibiting the transporter under
high glutamine levels (Coutts, 2002; Hoving et al., 1996).

While we have focused on the implications of 2-OG binding to the PII proteins,
they are also well appreciated to bind ATP, which acts synergistically with 2-OG at low
concentrations and is necessary for both GInB and uridylylated GInB to be able to
stimulate the adenylylation and deadenylylation reactions, respectively, of ATase (Jiang
et al, 1998c). While GInB binds ATP with micromolar affinity and free ATP
concentrations in the cell can be as high as 1 mM (Jiang and Ninfa, 2007; Jiang et al.,
1998a), ATP binding, like that of 2-OG, displays negative cooperativity (Jiang and Ninfa,
2007). The first crystal structure of GInK in complex with AmtB showed that ADP could
bind in place of ATP (Conroy et al., 2007), leading to the hypothesis that Pll proteins
may also act as energy sensors by responding to the ratio of ADP to ATP. However,
more recent data suggest that additional work is needed to validate this hypothesis
(Bennett et al., 2009; Chapman et al., 1971, Huergo et al., 2013; Radchenko et al.,
2013; Zhang et al., 2009). In addition to roles in sensing nitrogen and perhaps energy,
some PIl proteins may also be carbon sensors (Feria Bourrellier et al., 2010; Huergo et
al., 2013).

For several reasons the sensing system anchored by the Pl proteins is
fascinating. First, two separate sensors detect two distinct metabolites, one that
represents nitrogen depletion (2-OG) and the other abundance (glutamine). Second,
because 2-OG binding exhibits negative cooperativity, the PIl proteins are sensitive to
differential flux through the nitrogen assimilation pathway rather than acting as binary
switches. Lastly, the PII protein pathway is a good example of a particular sensing
strategy: instead of directly sensing, like chemoreceptors, the nutrient of interest, it
senses metabolites involved in nitrogen assimilation, thus providing specificity to this

process over other ammonium-using reactions.
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Figure 2: Select sensing pathways in unicellular organisms.

A. Chemotaxis in E. coli: In the absence of nutrients, the chemoreceptor activates the
CheA kinase associated with CheW. CheA in turn phosphorylates and activates two
critical effectors: CheY, which promotes clockwise rotation in the flagellar motor and
random tumbling motions, and CheB, a demethylase involved in the adaptation process
which counteracts CheR, the constitutive methylase. Conversely, the presence of
nutrients suppresses this pathway and the default counterclockwise rotation of the rotor

ensues to yield smooth runs.
B. PII proteins in alpha-proteobacteria: This tightly regulated protein family serves to

control the adenylylation state and activity of glutamine synthase (GS). When nitrogen is
absent, the precursor of nitrogen assimilation reactions, 2-OG, accumulates, binds to,
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and inhibits the unmodified Pll protein GInB, which is unable to stimulate the
adenylylation reaction of ATase. The unmodified and active form of GS accumulates.
When nitrogen is abundant, glutamine levels are high, and this molecule binds and
inhibits UTase, which permits the unmodified form of GInB to accumulate and promote

GS inhibition, by activating the adenylylation of GS by ATase.

C. SPS pathway in S. cerevisiae: Extracellular amino acids bind directly to Ssy1, a
transceptor with homology to amino acid permeases but lacking transport activity, to
activate the SPS (Ssy1-Ptr3-Ssy5) pathway. Amino acids bind to Ssy1 to stimulate a
conformational change in Ssy5, resulting in the phosphorylation and subsequent
ubiquitin-mediated degradation of its inhibitory pro-domain. Ptr3 acts as an adapter to
mediate this process. Release of the catalytic domain of Ssy5 permits it to cleave the
latent transcription factors Stp1 and Stp2, which translocate to the nucleus to activate
transcription of genes involved in amino acid transport and metabolism. (Figure adapted
from Conrad et al, 2014).
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EUKARYOTES
Nutrient sensing systems unique to yeast

In this section we discuss several pathways that sense extracellular nutrients
and are specific to yeast, including those controlled by Ssy1, MEP2, Snf3, and Rgt2.
Like bacterial chemoreceptors, these transmembrane proteins sense a diverse set of
nutrients including amino acids, ammonium, and glucose. They connect the status of
the external world to varied intracellular processes - from the expression of transporters
to the formation of pseudohyphae. Unlike bacterial chemoreceptors, Ssy1, MEP2, Snf3,
and Rgt2 are homologous to nutrient transporters and are an important class of sensors
sometimes termed transceptors. Many of these transceptors play key roles in allowing
yeast to decide which nutrient to uptake and utilize when many are available and thus

ensure an optimal growth rate.
MEP2: A putative extracellular ammonium sensor

Yeast evaluate and respond to a diverse set of nitrogen-containing compounds,
and have a hierarchical preference for nitrogen sources. In a process termed nitrogen
catabolite repression, the presence of desired sources such as ammonium and
glutamine represses the transcription of genes involved in scavenging and metabolizing
poor sources such as proline (Zaman et al., 2008). Yeast can utilize ammonium as their
sole source of nitrogen and assimilate it via biochemical reactions akin to those
described in prokaryotes: glutamate dehydrogenase transaminates a-ketoglutarate to
produce glutamate, which glutamine synthase uses with ammonium to make glutamine
(Marini et al., 1994).

S. cerevisiae trigger a dimorphic transition under limiting ammonium conditions.
Diploid cells form pseudohyphae that extend from the colony into the surrounding
medium (Gimeno et al., 1992), permitting normally sessile yeast colonies to forage for

nutrients at a distance from their colonization point (Gimeno et al., 1992). For this
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metamorphosis to take place, the lack of ammonium outside the cell must be sensed
and transduced to downstream signaling pathways that control filamentous growth.
MEPZ2 is proposed to mediate the sensing role in this pathway (Lorenz and Heitman,
1998).

The MEP (methylamine permease) proteins are members of a family of
ammonium channels conserved from bacteria to animals (Marini et al., 1997a; Siewe et
al., 1996), although their role in physiology has diverged in metazoans, as discussed
below. In yeast, there are three MEP proteins, the most divergent being MEP2 (Marini
et al., 1997b; Marini et al., 1994), and all three can uptake extracellular ammonium ions
into cells. Of the three, MEP2 has the highest affinity with a K, of 1-2 uM which
contrasts with that of MEP3, which is 1-2 mM (Marini et al., 1997b). Given the dual role
of MEP2 in detecting low ammonium concentrations in the environment and scavenging
it for use as a nitrogen source, it makes sense that the highest affinity transporter of the
three evolved to be the sensor. Under low or absent ammonium, MEP2 is essential for
pseudohyphal growth and expressed on the plasma membrane (Dubois and Grenson,
1979; Rutherford et al., 2008) (Figure 2C). When ammonium is plentiful, MEP2 is
internalized and targeted for degradation (Marini et al., 1997b; Zurita-Martinez et al.,
2007).

Substantial evidence supports the notion that MEPZ2 is an ammonium sensor that
controls pseudohyphal growth upon ammonium deprivation (Lorenz and Heitman,
1998). First, MEP2, but not MEP1 or MEP3, is required for pseudohyphal formation
under these conditions, and its first intracellular loop is critical for this action (Lorenz and
Heitman, 1998). Later mutagenesis studies revealed that a transport deficient MEP2
prevents pseudohyphal growth despite proper localization and expression (Marini et al.,
2006). However, transport is necessary but not sufficient for ammonium sensing as
there are transport proficient but signaling defective MEP2 mutants (Rutherford et al.,
2008). The identity of the proteins that MEP2 engages to induce signaling remains
unknown. Current evidence points to the involvement of GPA2, a G protein alpha

subunit, and RAS2, in increasing cAMP levels to activate protein kinase A (PKA) in
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response to the absence of ammonium (Gimeno et al., 1992; Kubler et al., 1997; Lorenz
and Heitman, 1997; Lorenz and Heitman, 1998; Van Nuland et al., 2006).

As a transceptor, passage of ammonium through MEP2 is likely to induce a
conformational change that enables it to interact with downstream effectors that signal
pseudohyphal growth. Conformational changes have been observed in the bacterial
homologue of MEP2, AmtB, but these remain to be linked to ammonium sensing
(Andrade et al., 2005; Khademi et al., 2004; Zheng et al., 2004).

While ammonium is a valuable nitrogen source for bacteria, fungi, and plants, at
high levels it is cytotoxic to animals (Biver et al., 2008). Therefore, in animals
ammonium transport is essential for its excretion, and MEP-like proteins have persisted
throughout evolution (Marini et al., 1997a). Reflecting their functional conservation,
human orthologs of MEP2, the erythroid specific Rh(rhesus)-type proteins, can transport
ammonium in yeast (Marini et al., 2000; Marini et al., 1997a). Proteins of the Rh family
are expressed in various organs and play critical roles in physiology. For instance, renal
cortex cells excrete ammonium into urine via an Rh transporter (Biver et al., 2008;
Garvin et al., 1988; Knepper et al., 1989). A role for these proteins as ammonium

sensors has not been ascertained.
Extracellular amino acid sensing: The SPS pathway

Yeast coordinate signals from several major pathways to detect amino acids and
alter gene expression and developmental decisions. While the GCN2 and TOR
pathways discussed later respond to intracellular amino acids, the Ssy1-Ptr3-Ssy5
(SPS) pathway senses extracellular amino acids (Klasson et al., 1999). The SPS
pathway is conserved in other yeast, such as Candida albicans, but not in higher
eukaryotes (Davis et al., 2011), which have evolved distinct pathways for sensing
extracellular amino acids (Conigrave et al., 2000; Cummings and Overduin, 2007)

(Figure 1).
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Ssy1 is a transporter-like protein in the plasma membrane of S. cerevisiae that
functions, like MEP2, as a transceptor. Although it has sequence homology to amino
acid permeases (AAP), it lacks transport activity, and, unlike other AAPS, possesses a
long N-terminal extension that is important for transmitting the availability of nutrients to
downstream signaling elements (Bernard and Andre, 2001; Iraqui et al., 1999; Forsberg
and Ljungdahi, 2001). Ssy1 forms a complex with Ptr3 and Ssy5 that, when amino acids
are present, activates a signaling pathway that enhances the transcription of amino acid

transport and metabolism genes (Iraqui et al., 1999).

Ssy5 is an endoprotease composed of an inhibitory pro-domain and a catalytic
domain (Abdel-Sater et al., 2004; Andreasson, 2006). Amino acid binding to Ssy1 on
the extracellular side of the plasma membrane induces a conformational change in
Ssy5 that leads to the phosphorylation and ubiquitin-mediated degradation of its pro-
domain (Abdel-Sater et al., 2011; Pfirrmann et al., 2010; Forsberg and Ljungdahli,
2001). This relieves the inhibition of the catalytic domain of Ssy5, which can cleave and
activate Stp1 and Stp2, transcription factors that translocate into the nucleus to activate
relevant genes. Ptr3, the third subunit of SPS, is essential for Ssy5 activation, and is an
adaptor that helps transduce conformational changes from Ssy1 to Ssy5 upon amino
acid binding, and to bring the prodomain of Ssy5 into proximity with its kinase to
facilitate its phosphorylation (Omnus and Ljungdahl, 2013; Forsberg and Ljungdahl,
2001). Evidence that SPS acts as a direct sensor of amino acids came from
mutagenesis experiments demonstrating that certain Ssy1 mutants can alter the
sensitivity of the SPS complex to extracellular amino acids (Poulsen et al., 2008).
Interestingly, S. cerevisiae which harbor mutations in either Ptr3 or Ssy1 have increased
vacuolar pools of basic amino acids (Klasson et al., 1999). This observation suggests
that in the absence of a signal relaying the presence of extracellular amino acids, yeast
attempt to increase their vacuolar stores of amino acids, perhaps allowing them to be
more independent of extracellular amino acid availability. Ssy1 is an interesting variant
of the transceptor class of sensors because, unlike MEPZ2, it does not retain transport

activity.
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Snf3 and Rgt2: Extracellular glucose sensors

In addition to sensing extracellular amino acids, S. cerevisiae also detect
extracellular glucose. Fermentation of this hexose yields the energy and carbon
precursors needed to fuel growth, and glucose rapidly stimulates restructuring of the
transcriptome to permit yeast to take full advantage of its presence (Zaman et al.,
2008). In a process termed carbon catabolite repression, glucose and fructose repress
processes involved in the metabolism of less preferred carbon sources, with this
repression occurring primarily at the transcriptional level (Gancedo, 1998; Santangelo,
2006). Here, we discuss the glucose-sensing pathway that regulates Rgt1, a
transcription factor, and is necessary for glucose utilization. In the absence of glucose
the Snf1 (AMPK) pathway discussed later is essential for the use of less preferred

carbon sources (Zaman et al., 2008)

Under glucose limitation, Rgt1, in complex with the Ssn6-Tup1 repressor and the
Mth1 and Std1 co-repressors, binds to the promoters of hexose transporter genes
(HXT) and inhibits their transcription (Kim et al., 2003; Lakshmanan et al., 2003; Ozcan
and Johnston, 1995; Polish, 2005; Theodoris et al., 1994; Tomas-Cobos and Sanz,
2002). Glucose binds to two transporter-like glucose sensors, Snf3 and Rgt2, which are
needed to activate HXT expression. Snf3 senses low glucose concentrations and
elevates the transcription of high affinity hexose transporter genes while Rgt2 senses
high glucose levels and promotes low-affinity hexose transporter expression (Bisson et
al., 1987; Ozcan et al., 1996). Glucose binding to Snf3 and Rgt2 recruits Mth1 and Std1,
through an unknown mechanism, to the plasma membrane, where théy are
subsequently phosphorylated, ubiquitylated, and degraded (Flick, 2003; Kim et al.,
2006; Moriya and Johnston, 2004; Schmidt et al., 1999). Without its co-repressors,
Ssn6-Tup1 also dissociates from Rgt1(Roy et al., 2013), leaving it free to be
phosphorylated by the cAMP-dependent protein kinase (PKA) and to become a

transcriptional activator of the HXT genes (Jouandot et al., 2011).
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The Snf3/Rgt2 pathway represents yet another example of a nutrient sensing
pathway controlled by transceptors. In addition, analogous to the regulation of the PII
proteins by 2-OG, the Snf3/Rgt2 pathway senses varied glucose levels rather than
behaving like an on-off switch. Unlike the PIl proteins, which use negative cooperativity
between 2-OG binding sites to allow for graded responses, the Snf3/Rgt2 pathway

utilizes two separate sensors, with different affinities for the nutrient of interest.

Nutrient sensing pathways conserved from yeast to mammals

In this section we highlight the AMPK, GCN2, and TOR pathways, which are
conserved, at least in part, from yeast to man. In multicellular organisms, evolution has
adapted the architectures of these pathways so they can sense hormonal cues in
addition to the nutrients that the pathways detect in yeast. Given their roles in sensing
essential nutrients, like amino acids and glucose, it is perhaps not surprising that the

three pathways regulate feeding behavior.

Lastly, we briefly discuss how the emergence of the vacuole/lysosome in
eukaryotes and its use as a storage depot for nutrients in fungi (Klionsky et al., 1990; Li
and Kane, 2009), and likely mammals, has led to a need to sense its contents, which is

a recently appreciated obligation of the TOR pathway.

AMPK: A eukaryotic fuel gauge

A key event in the emergence of eukaryotes and their diversification and
increase in complexity was the engulfment of oxidative bacteria, the predecessors of
mitochondria. It has been argued that prokaryotes lack the energetic resources to
maintain large amounts of regulatory DNA, but that the acquisition of mitochondria
nearly 4 billion years ago alleviated the pressure to remove excess DNA and permitted

eukaryotes to explore hundreds of thousands-fold more genes (Lane and Martin, 2010).
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Eukaryotes must sense their cellular energy balance and relay it to mitochondria
and other parts of the cell that help maintain energy homeostasis (Hardie et al., 2012).
A key energy sensor is the serine/threonine-directed AMP-activated protein kinase
(AMPK), which regulates many catabolic and anabolic processes in response to energy
levels (Gowans and Hardie, 2014).

AMPK was initially discovered in mammals as a kinase that phosphorylates and
inactivates acetyl-CoA carboxylase (ACC) and HMG-CoA reductase, rate-limiting
enzymes in fatty acid and cholesterol synthesis, respectively (Carling et al., 1989;
Carling and Hardie, 1986). The S. cerevisiae homolog of AMPK, Snfl (sucrose
nonfermenting), had been found earlier in a screen for yeast that failed to grow on
nonfermentable carbon sources, but it was not recognized as a homolog of AMPK until
later (Carlson et al., 1981; Mitchelhill et al., 1994; Woods et al., 1994). AMPK orthologs
have also been identified in plants and are referred to as SNF-1 related kinases
(SnRK1). SnRK1 from rye endosperm can complement yeast snf1 mutants, highlighting
the conserved function of AMPK (Alderson et al., 1991).

In response to decreasing energy levels, AMPK and Snf1 phosphorylate
substrates that activate processes that generate ATP and inhibit those that consume it.
The conservation of the pathway throughout evolution is apparent in the high degree of
similarity between the key effectors of AMPK and Snf1. For instance, both AMPK and
Snf1 control glucose-linked processes. Snf1 inactivates the Mig1 transcriptional
repressor, relieving glucose-repressed genes (Chronakis et al., 2004). Analogously,
AMPK stimulates glucose uptake and glycolysis and inhibits glycogen synthesis (Yuan
et al., 2013). Additional key effectors include the TORC1 and mTORC1 complexes,
which function as master regulators of growth in yeast and mammals, respectively, and
are discussed below. By regulating mTORC1 and TORC1, AMPK and Snf1 govern the
switch between anabolism and catabolism to maintain metabolic homeostasis. In
mammals, AMPK inhibits mTORC1 via two mechanisms. First, it phosphorylates and
activates the TSC2 GTPase activating protein, a major inhibitor of the pathway (Inoki et
al., 2003b). Second, it phosphorylates raptor, a subunit of mMTORCA1, resulting in 14-3-3
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binding and inhibition of MTORC1 kinase activity (Gwinn et al., 2008). Likewise, Snf1
has also been proposed to phosphorylate critical subunits of TORC1 (Braun et al.,
2014). Aside from these well-characterized targets, AMPK and Snf1 likely have
hundreds of additional substrates that control a wide range of processes (Hardie et al.,
2012; Mihaylova and Shaw, 2011).

How do energy levels regulate AMPK? AMPK binds adenine nucleotides to
sense the ratio of ADP or AMP to ATP, a critical barometer of the energy state of the
cell. In times of nutrient abundance, this ratio is low. Upon energetic stress, the ratio
rises as ATP levels drop with a concomitant rise in ADP, which is converted to AMP due
to high cytosolic adenylate kinase activity (Hardie and Hawley, 2001). As opposed to
ATP levels, AMP and ADP levels are more sensitive indicators of energy status; a 2-fold
drop in ATP levels reflects a 50-fold drop in AMP (Hardie and Mackintosh, 1992).
Furthermore, despite the millimolar concentrations of cellular ATP, a significant
proportion of it is in complex with Mg?* and does not bind well to AMPK (Xiao et al.,
2011).

The mechanism of adenine nucleotide regulation of AMPK has been extensively
characterized. AMPK is a trimeric complex composed of a kinase, 3 carbohydrate
binding, and y regulatory subunits (Kemp, 2004; Scott et al., 2004). There are
theoretically four nucleotides binding sites in the y subunit, although one remains empty
and another constitutively binds AMP (Xiao et al., 2007). A tripartite mechanism controls
AMPK in mammalian cells. First, AMPK binds AMP and undergoes a conformational
change that enhances the ability of the kinases LKB1 and CaMKKKB to phosphorylate
and activate it. Second, AMP binding to AMPK protects it against dephosphorylation by
currently unidentified phosphatases. Third, AMP further allosterically activates the
kinase up to 13 fold (Carling et al., 1989; Gowans and Hardie, 2014). ATP binding
antagonizes all of these effects (Corton et al., 1995). As a result of the two nucleotide
binding sites, both of which can bind AMP, ADP, or ATP, AMPK regulation is graded in

response to energy status, just like PIl protein function is in response to 2-OG. As AMP
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levels rise under extreme energetic stress, AMP binds both sites to maximally activate
AMPK.

Recent studies have uncovered conservation between the regulatory
mechanisms of fungal and plant AMPK homologues and those of the mammalian
kinase. In yeast, Snfl is also heterotrimeric, binds nucleotides and is regulated by
opposing kinases and phosphatases (Hong et al., 2003; Hong et al., 2005; Jin et al.,
2007; Sutherland et al., 2003; Townley and Shapiro, 2007). However, unlike AMPK, it
appears that ADP, not AMP, promotes phosphorylation of Snf1 by inhibiting its
dephosphorylation, and AMP does not allosterically activate Snf1 (Mayer et al., 2011;
Mitchelhill et al., 1994; Woods et al., 1994). Hence, in yeast there is a bipartite

mechanism of activation, with ADP playing a prominent role.

With the onset of multicellularity, physiological processes evolved in metazoans
that maintain homeostasis for the organism as a whole, and AMPK acquired new
modes of regulation. Specifically, hormones and cytokines enable the nutrient-sensing
organs of multicellular organisms to communicate the nutritional state to other organs to
elicit tissue-specific responses. The coordinated actions of leptin, insulin, and ghrelin,
amongst others, regulate the organismal response to nutrients, or lack thereof, and are
well appreciated to regulate AMPK. Upon food consumption, blood glucose levels rise
and pancreatic beta cells release insulin, which promotes anabolic and inhibits catabolic
processes in many tissues. These effects are mediated in part through Akt, a kinase
that inhibits AMPK by phosphorylating it at Ser*®*®" and antagonizing LKB1-mediated
Thr'"? phosphorylation, which normally activates AMPK (Horman et al., 2006).

Many nutrient-regulated hormones signal to the brain to control feeding behavior.
Under fasting or starvation conditions, enteroendocrine cells of the stomach release
ghrelin, which signals hunger. Conversely, during feeding, adipocytes release leptin,
which signals satiety. These hormones alter the activity of neuronal circuits in the
hypothalamic arcuate nucleus, the appetite control center of the brain (Dietrich and
Horvath, 2011; Hardie et al., 2012; Pinto et al., 2004). Several studies point to a role for
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AMPK in the control of feeding. Ghrelin activates AMPK in the hypothalamus and leads
to a subsequent increase in food intake. Overexpression of a dominant negative form of
AMPK in the hypothalamus restrains feeding while direct injection of pharmacological
AMPK activators results in hyperphagia (Andersson et al., 2004; Minokoshi et al., 2004).
These effects are likely mediated through modulation of AMPK in presynaptic neurons
that impinge on neurons critical for feeding control (Gowans and Hardie, 2014; Yang et
al., 2011). Ghrelin likely binds GHSR1, a G protein coupled receptor in the presynaptic
neuron, triggering the release of Ca®* that stimulates CaMKKK to activate AMPK (Yang
et al., 2011). Meanwhile, leptin may function in a manner similar to insulin by activating
the PI3K-Akt axis and controlling the phosphorylation state of AMPK (Dagon et al.,
2012). Therefore, as complex feeding behaviors arose in multicellular organisms, AMPK

was coopted to function in neuronal circuits to control intake of food.
GCN2: A sensor of amino acid deprivation

Alongside the SPS pathway, which senses extracellular amino acids in yeast,
eukaryotes evolved a parallel pathway to detect intracellular amino acid levels: the
general amino acid control non-derepressible 2 (GCN2) pathway. GCN2 senses the
uncharged tRNAs that accumulate upon amino acid deprivation. GCN2 attenuates
translation, which not only consumes amino acids but is also one of the most energy

demanding processes in the cell (Lane and Martin, 2010).

While GCN2 is found only in eukaryotes, the use of uncharged tRNAs to signal
amino acid deprivation is conserved to bacteria. Upon amino acid starvation in E. coli,
uncharged tRNAs bind directly to ribosomes, leading to the production of the odd
nucleotides guanosine tetraphosphate and guanosine pentaphosphate (Cashel and
Gallant, 1969). These nucleotides repress the synthesis of stable RNAs (rRNA and
tRNA) and activate amino acid biosynthetic genes to promote survival in a process

referred to as the stringent response (Srivatsan and Wang, 2008).
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In yeast GCN2 is dedicated to sensing uncharged tRNAs (Hinnebusch, 1984).
Under conditions of amino acid limitation or a defect in an amino acyl tRNA synthetase,
S. cerevisiae upregulate the transcription of genes involved in amino acid biosynthesis,
a process termed general amino acid control (Hinnebusch, 1988; Hinnebusch, 2005;
Wek et al., 1995). When present, uncharged tRNAs bind to the histidyl tRNA
synthetase-like domain of GCN2, which lacks residues critical for synthetase activity
and histidine specific binding, thus enabling GCN2 to respond to a variety of uncharged
tRNAs (Wek et al., 1989; Wek et al., 1995). The binding triggers GCN2
homodimerization (Narasimhan et al., 2004) and autophosphorylation (Diallinas and
Thireos, 1994), allowing it to phosphorylate and inhibit its only known substrate,
eukaryotic initiation factor 2a (elF2a) (Dever et al., 1992). This phosphorylation prevents
efficient translation initiation of most mMRNAs by limiting the pool of ternary complex,
which consists of elF2, GTP, and methionyl initiator tRNA and is required for translation
initiation (Abastado et al., 1991; Dever et al., 1992; Hinnebusch, 1993).

While most mRNAs are translationally repressed upon amino acid deprivation,
the mRNA encoding the GCN4 transcription factor is derepressed so that GCN4 can
accumulate and activate the expression of genes that promote amino acid biosynthesis
(Abastado et al., 1991; Dever et al., 1992; Hinnebusch, 1993). A cluster of four
upstream open reading frames (UORFs) in the 5’ untranslated region of the GCN2
MRNA permits this unique regulation (Hinnebusch, 2005). Under nutrient replete
conditions, a ternary complex forms at the first uUORF. It then dissociates and another
forms at the subsequent UORFs, thus preventing translation of the main ORF. However,
upon starvation, ternary complex formation is delayed, and rebinding at latter UORFs
reduced. Larger proportions of preinitiation complexes bypass the uORFs and form
ternary complexes before reaching and translating the main ORF (Abastado et al.,
1991, Hinnebusch, 1984; Mueller and Hinnebusch, 1986).

In mammals, GCN2 pathway architecture is reminiscent of that in yeast
(Berlanga et al., 1999; Sood et al., 2000) as it is activated by a limitation in an essential

amino acid or inhibition in the synthesis of a nonessential amino acid. uUORFs also

56



regulate the translation of the mammalian GCN4 orthologue, ATF4, a basic leucine
zipper transcription factor (Vattem and Wek, 2004). ATF4 induces a cascade of
transcriptional regulators that contribute to a gene expression program that modulates
apoptosis, autophagy, and amino acid metabolism, including upregulation of select
amino acyl tRNA synthetases and amino acid transporters (B’chir et al., 2013; Bunpo et
al., 2009; Harding et al., 2000; Harding et al., 2003; Krokowski et al., 2013). Deletion of
GCN2 in mice decreases their viability during prenatal and postnatal development under
conditions of nutritional stress, most notably leucine deprivation (Zhang et al., 2002).
When challenged with a leucine-free diet for several days, GCN2-null mice lose more
body weight than wild type counterparts and a significant proportion perish (Anthony et
al., 2004).

Like AMPK, GCN2 has acquired a critical role in controlling feeding behavior in
animals. When rodents encounter a food source that lacks a single essential amino
acid, they recognize this deficiency and reduce the intake of the imbalanced food
(Koehnle et al., 2003). GCN2 activity in the anterior piriform cortex (APC) mediates this
behavior. Injection of amino acid alcohol derivatives such as threoninol into the APC
increases the levels of uncharged tRNAs and promotes the rejection of diets low in the
corresponding amino acid (Hao et al., 2005). Furthermore, mice with full body or brain
specific GCN2 deletions fail to reject food depleted of leucine or threonine, unlike wild
type counterparts (Hao et al., 2005; Maurin et al., 2005). At the signaling level, ingestion
of a meal imbalanced in amino acid composition rapidly elevates phosphorylated elF2a
in APC neurons of wild type, but not GCN2-null mice (Hao et al., 2005; Maurin et al.,
2005(Gietzen et al., 2004). The need to adapt feeding behavior to changes in nutrient
levels is by no means restricted to animals. Drosophila also sense changes in dietary
amino acids and reduce their intake of foods deficient in essential amino acids (Bjordal
et al., 2014; Ribeiro and Dickson, 2010; Toshima and Tanimura, 2012; Vargas et al.,
2010). As in animals, GCN2 plays a critical role within neuronal circuits to mediate this
rejection by repressing GABA signaling within dopaminergic neurons of the brain
(Bjordal et al., 2014). Together, these findings point to a role for the detection of

uncharged tRNAs by GCN2 in controlling circuits in flies and animals that protect
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against the consumption of imbalanced food sources.

A separate pathway discussed below, TORC1/mTORCH1, evolved in parallel to
the GCN2 pathway to sense the availability of intracellular amino acids. The
mechanisms for crosstalk between the TORC1/mTORC1 and GCN2 pathways were
acquired at least twice during evolution, albeit in opposing directions. While in yeast
GCN2 lies downstream of TORCH1, it functions upstream of mMTORC1 in mammals
(Anthony et al., 2004; Cherkasova and Hinnebusch, 2003; Kubota et al., 2003;
Staschke et al., 2010).

TOR/mTOR: Master regulators of growth

Nutrient availability strongly influences the growth of all organisms and starvation
conditions can alter developmental programs in both unicellular and multicellular
organisms (Oldham, 2000). When faced with nutritional limitation, S. cerevisiae exit the
mitotic cycle and enter a stationary phase (Zaman et al., 2008), C. elegans persist for
several months in a state of stasis known as dauer larvae (Klass and Hirsh, 1976) and
Drosophila postpone their development (Edgar, 2006). Despite the diversity of these
organisms, one common pathway, anchored by the target of rapamycin (TOR) kinase,
regulates entry into these alternative states in response to environmental cues. Unlike
the GCN2 and AMPK pathways, the TOR pathway is unique in that it integrates not a
few but many diverse inputs, particularly in mammals. In fact, GCN2 and AMPK both
feed into TOR to convey amino acid or energy deprivation, respectively. While we focus
on the two major inputs that control mTOR activity - nutrients and growth factors —

numerous additional cues converge on it (Laplante and Sabatini, 2012).

The study of TOR began several decades ago with the isolation of a potent
antifungal compound from the soils of Rapa Nui, more commonly known as Easter
Island. This macrolide, named rapamycin in deference to its site of discovery, garnered
clinical and research interest because of its powerful immunosuppressive and anti-
proliferative qualities (Morris, 1992; Segall et al., 1986). Genetic studies in yeast led to
the identification of TOR1 and TOR2 as key genes mediating rapamycin sensitivity
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(Cafferkey et al., 1993; Kunz et al., 1993), and biochemical work in mammals revealed
the mTOR (mechanistic target of rapamycin) protein as the direct target of rapamycin
(Brown et al., 1994; Sabatini et al., 1994; Sabers et al., 1995). nTOR is a
serine/threonine protein kinase that responds to a variety of environmental cues,
including nutrient, energy, and growth factor levels, as well as diverse forms of stress, to
regulate many anabolic and catabolic processes (Howell et al., 2013; Kim et al., 2013;
Laplante and Sabatini, 2012).

Unlike most eukaryotes, S. cerevisiae, encode two different TOR proteins, Tor1
and Tor2, which nucleate distinct multi-protein complexes (Helliwell et al., 1994; Loewith
et al., 2002). TOR complex 1 (TORC1) consists of Tor1 bound to Kog1, Lst8, and Tco89
and promotes ribosome biogenesis and nutrient uptake under favorable growth
conditions. Inhibition of TORC1 by nutrient starvation or rapamycin treatment leads to
the activation of macroautophagy and nutrient and stress-responsive transcription
factors like GLN3, which is required for the use of secondary nitrogen sources (Jacinto
et al., 2004, Wullschleger et al., 2006). TORC2 contains Tor2 bound to Avo1-3, Bit61,
and Lst8, is largely rapamycin insensitive, and is thought to regulate spatial aspects of
growth, such as cytoskeletal organization (Loewith et al., 2002; Reinke et al., 2004,
Wedaman et al., 2003).

Mammals also have two mTOR-containing complexes but only one gene
encoding mMTOR. mTOR complex 1 (mTORC1) consists of raptor, mLST8, PRAS40,
and Deptor (Laplante and Sabatini, 2012) and modulates mass accumulation through
the control of many anabolic and catabolic processes, including protein, lipid, and
nucleotide synthesis; ribosome and lysosome biogenesis; and autophagy. mTORC2
controls cell proliferation and survival and is further reviewed elsewhere (Jacinto et al.,
2004; Oh and Jacinto, 2011; Sarbassov et al., 2004).

The connection between TORC1 and the response to the nutritional state
emerged from observations in S. cerevisiae, D. melanogaster, and mammalian cells

where TOR inhibition leads to phenotypes akin to those observed under starvation
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(Barbet et al., 1996; Oldham, 2000; Peng et al., 2002; Zhang et al., 2000).
Environmental amino acid levels were found to activate the mTORC1 pathway as
measured by the phosphorylation of S6K1 and 4EBP1, two well-known mTORC1
substrates (Hara, 1998; Wang et al., 1998), and to signal independently of the growth
factor input to mTORC1 (Hara, 1998; Nobukuni et al., 2005; Roccio et al., 2005; Smith
et al., 2005; Svanberg and Moller-Loswick, 1996; Wang et al., 1998)

More recent work showing that the Rag GTPases are necessary and sufficient
for mMTORC1 to sense amino acids (Kim et al., 2008; Sancak et al., 2008) is beginning
to reveal the logic of how the pathway integrates inputs from nutrients and growth
factors. What has emerged is a bipartite mechanism of mMTORC1 activation involving
two distinct small GTPases: first, the control of mMTORC1 subcellular localization by
nutrients through the Rag GTPases, and, second, the control of mMTORC1 kinase
activity by growth factors and energy levels through the Rheb GTPases (Zoncu et al.,
2011). Both inputs are needed for full activation of mTORC1 as in the absence of either

the pathway is off.

The Rag GTPases exist as heterodimers of the related and functionally
redundant RagA or RagB bound to RagC or RagD, which are also very similar (Hirose
et al., 1998; Schurmann et al., 1995; Sekiguchi et al., 2001). Under nutrient replete
conditions the Rag GTPases bind mTORC1 and promote its recruitment to the
lysosomal surface where its activator Rheb also resides (Buerger et al., 2006; Saito et
al., 2005; Sancak et al., 2008) (Figure 3). The function of each Rag within the
heterodimer is poorly understood and their regulation is undoubtedly complex as many
distinct factors play key roles. A lysosome-associated molecular machine consisting of
the Ragulator and vacuolar ATPase (v-ATPase) complexes regulates the Rag GTPases
and is necessary for the sensing of amino acids by mTORC1 (Sancak et al., 2010;
Zoncu et al., 2011). Ragulator binds the Rag GTPases to the lysosome and also has
nucleotide exchange activity for RagA/B (Bar-Peled et al., 2012; Sancak et al., 2010),
but the function of the v-ATPase in the pathway is unknown. Two GTPase activating

protein (GAP) complexes, which are both tumor suppressors, promote GTP hydrolysis
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by the Rag GTPases, with GATOR1 acting on RagA/B (Bar-Peled et al., 2013) and
Folliculin-FNIP2 on RagC/D (Tsun et al., 2013). Lastly, a distinct complex called
GATOR2 negatively regulates GATOR1 through an unknown mechanism (Bar-Peled et
al., 2013). The Sestrins were recently identified as GATOR2-interacting proteins that
negatively regulate mTORC1 (Chantranupong et al., 2014; Parmigiani et al., 2014).
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Figure 3: Nutrient sensing by the TOR pathway.

A. In the absence of amino acids and growth factors, mTORCH1 is inactive. This is
controlled by two separate signaling pathways. First, in the absence of amino acids
GATOR1 is an active GAP towards RagA, causing it to become GDP bound. In this
state, mMTORC1 does not localize to the lysosomal surface. Secondly, in the absence of
insulin or growth factors, TSC is an active GAP towards Rheb and stimulates it to be
GDP bound.

B. In the presence of amino acids and growth factors, mMTORC1 is active. Amino acids
within the lysosome signal through SLC38A9 to activate the amino acid sensing branch.
Ragulator is active, causing RagA to be GTP bound. This binding state is reinforced by
the fact that GATOR1 in inactive in the presence of amino acids, as GATOR2 inhibits it.
The Rag heterodimer in this nucleotide conformation state recruits mTORC1 to the
lysosomal surface. In addition, the presence of insulin or growth factors activates a
pathway that inhibits TSC, leaving Rheb GTP bound. In this state, Rheb activates

mTORC1 when it translocates to the lysosomal surface.
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Growth factors and energy levels regulate the Rheb input to mTORCH1 (Inoki et
al., 2003a; Long et al., 2005) through a heterotrimeric complex comprised of the
tuberous sclerosis complex (TSC) proteins, TSC1, TSC2, and TBC1D7, which together
act as a GAP for Rheb (Brugarolas et al., 2004, Dibble et al., 2012; Garami et al., 2003;
Inoki et al., 2003a; Long et al., 2005; Sancak et al., 2008; Saucedo et al., 2003; Stocker
et al., 2003; Tee et al., 2002). Not all unicellular organisms encode all components of
the TSC axis. For instance, S. cerevisiae only have a gene for Rheb, and it is not
required for growth or viability, unlike TOR itself, suggesting that it likely plays a
diminished, if any, role in the TOR pathway in budding yeast (Urano et al., 2000). In
contrast, S. pombe, which diverged from S. cerevisiae more than 400 million years ago,
encode TSC1, TSC2, and Rheb (Rhb1), whose functions mirror their mammalian
equivalents. Rhb1 is essential for growth and it is negatively regulated by TSC1 and
TSC2, whose loss results in defects in amino acid uptake and the nitrogen starvation
response (Ma et al., 2013; Mach et al., 2000; Matsumoto et al., 2002; Nakashima et al.,
2010; Urano et al., 2007; Uritani et al., 2006; van Slegtenhorst et al., 2004)

While in mammals, growth is intimately linked to amino acid availability, yeast are
more concerned with the quality and abundance of nitrogen and can uptake and
metabolize a host of nitrogen sources, including amino acids which are deaminated to
yield ammonia which will rapidly become ammonium in the cell. In yeast, the
aforementioned SPS and GCN2 pathways directly or indirectly, respectively, sense
amino acid levels but the actual intracellular signal for TORC1 remains less clear
(Broach, 2012). Early studies showed that TORC1 is a major regulator of the nitrogen
catabolite repression program (Hardwick et al., 1999; Shamiji et al., 2000), although later
work emphasizes that TORC1 is likely not the sole player regulating this pathway
(Broach, 2012). Further studies are needed to ascertain whether TOR is involved in the

sensing of an as yet unidentified nitrogen source in yeast.
More recent evidence indicates that TORC1 is involved in amino acid signaling in

yeast (Binda et al., 2009; De Virgilio and Loewith, 2006). TORC1 resides on the

vacuole, the equivalent of the metazoan lysosome, although it does not shuttie on and
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off its surface in response to nutrient levels as it does in mammals (Binda et al., 2009).
Homologs of the Rag GTPases, Gtr1 and Gtr2, exist in yeast and they associate with a
vacuolar docking complex consisting of Ego1 and Ego3, which has some structural
similarity to Ragulator (Bun-Ya et al., 1992; Dubouloz et al., 2005; Gao and Kaiser,
2006; Kogan et al., 2010). Yeast also have GATOR1 and GATOR2 equivalents, called
SEACIT and SEACAT (Panchaud et al., 2013a, b). SEACIT has been proposed to
inhibit TORC1 in response to deprivation of sulfur-containing amino acids, such as
methionine and cysteine, and controls glutamine synthesis and consumption (Laxman
et al., 2014; Laxman et al., 2013; Sutter et al., 2013). Although TORC1 has been
posited to respond to amino acids, constitutively active Gtr1 does not make the TORC1
pathway completely resistant to leucine deprivation, unlike constitutively active RagA/B,
which in mammals makes mTORC1 signaling resistant to total amino acid deprivation
(Binda et al., 2009; Sancak et al., 2008; Efeyan et al., 2012). Furthermore, the Gtr
GTPases are dispensable for growth on glutamine or ammonium (Stracka et al., 2014)
and constitutively active Gtr1 fails to rescue the TORC1 signaling defect under
ammonium deprivation (Binda et al., 2009). If amino acids signal to TORC1, the
mechanisms of its activation are likely to be distinct from those through which amino
acids activate mTORC1. For instance, orthologs of Sestrins do not exist in yeast,
suggesting divergence in the regulation of the upstream components of the nutrient-

sensing pathway.

While many components of the pathway upstream of mMTORC1 have been
identified, the identity of the amino acid sensor(s) remains elusive. Amino acid sensing
could initiate from the extracellular, cytosolic, or lysosomal compartments (Figure 4).
The presence of many mTORC1 pathway components on the lysosome suggests that
this organelle is more than simply a scaffold surface for m"MTORC1 activation. Rather,
there is the intriguing possibility that lysosomes act as storage sites for amino acids,
and that amino acid availability within this compartment is sensed by mTORC1. The
storage of nutrients in vacuoles, which is established in yeast, may also occur in
mammalian cells as some studies suggest that certain amino acids, like arginine, are

highly enriched in lysosomes relative to the cytosol (Harms et al., 1981). A cell free
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assay revealed that the lysosome itself contains the minimal machinery needed for the
amino acid-mediated recruitment of mMTORC1 to the lysosomal surface (Zoncu et al.,
2011).

In an “inside-out” model of sensing, a lysosome-based transmembrane protein
would be an alluring candidate amino acid sensor. One such protein is SLC38A9, a
newly identified Ragulator-interacting amino acid transporter that resides in the
lysosomal membrane and is required for arginine sensing by mTORC1 (Rebsamen et
al., 2015; Wang et al., 2015). Like Ssy1 of the SPS pathway, SLC38A9 contains an N-
terminal extension that appears necessary for the downstream signaling event (Bernard
et al, 2001; Wang et al., 2015). In cells lacking SLC38A9 the mTORC1 pathway has a
selective defect in sensing arginine, suggesting that SLC38A9 is an attractive candidate
to be an arginine sensor (Wang et al., 2015). While the mechanism through which
SLC38A9 regulates the mTORC1 pathway remains unknown, this transporter is the
best candidate so far identified for reporting the contents of lysosomes to mTORC1 in
the cytosol. It is very likely that in addition to sensing lysosomal amino acids, mTORC1
will be found to also sense cytosolic amino acids and integrate information from both

amino acid pools.
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Figure 4: Evolution of nutrient sensing with the emergence of multicellularity and

compartmentalization.

A. Prokaryotes have two compartments that may contain amino acids: the extracellular
space and the cytosol. Amino acid transporters such as the chemoreceptors Tsr and
Tar can sense extracellular amino acids. A variety of sensors, including the PIl proteins,

can detect intracellular amino acids.

B. Similar to prokaryotes, yeast sense extracellular amino acids via plasma membrane
transporters, such as Ssy1. In addition, they sense cytosolic amino acid availability with
sensors like GCN2. Unlike prokaryotes, however, eukaryotes have organelles such as
the vacuole, an additional compartment which may contain amino acids. While it has not
yet been established if yeast directly sense amino acid levels within the vacuole, they
do contain organelles which can act as alternate storage depots for nutrients and are

therefore another potential compartment in which sensing may occur.
C. In mammalian cells, there are three distinct compartments in which sensing may

occur, similar to yeast. First, extracellular nutrients are sensed via transporters, not

discussed in detail in this review. In addition, cytosolic amino acids are sensed by the

66



GCN2 pathway. Finally, amino acids stored within the lysosome are sensed by the
mTORC1 pathway.
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Perspectives

Nutrient sensors are of diverse structure and function, from membrane spanning
transceptors like MEP2 and Ssy1 to the cytosolic kinases AMPK and GCN2. They can
directly sense nutrients of interest, such as ammonium by MEP2, or indirectly via a
metabolite, such 2-OG by the PII proteins. While direct nutrient sensing will give a good
reflection of its overall levels, indirect sensing strategies may allow the sensor to detect
each nutrient under specific contexts, such as when flux through the GS/GOGAT

pathway is low in the case of the PII proteins.

In eukaryotic cells, the vacuole/lysosome emerged as a nutrient storage
compartment and there is increasing evidence that a function of mMTORC1 is to sense
lysosomal contents and/or function. Although it is unclear if this is true in yeast, the
presence of TORC1 on the vacuolar surface suggests it will also be the case in this
organism although it is unclear if a homologue of SLC38A9 exists. Many intriguing
questions remain concerning nutrient sensing by mTORC1/TORC1. Does the pathway
sense all amino acids, or are there particular single amino acids or combinations that
are especially important? It is already known that leucine or arginine withdrawal inhibits
mTORC1 signaling almost as well as total amino acid deprivation in a few cell lines in
culture (Hara, 1998) but how true is this in vivo or in diverse cell types? Furthermore,
could other Rag-independent mechanisms be involved in relaying amino acid signals to
mTORC1? A recent work revealed that in mammalian cells, glutamine, unlike leucine,
signals to mTORC1 in a v-ATPase dependent but Rag GTPase independent manner
(Jewell et al., 2015). Are different amino acids differentially important in the cytosol
versus lysosome? The lysosome is enriched for basic amino acids, hinting that these
amino acids may matter more than others in sensing that initiates from this organelle
(Harms et al., 1981), which is consistent with the specific defect of cells lacking
SLC38A9 in sensing arginine (Wang et al., 2015). Finally, how well conserved the
sensors are between organisms will hint at how different or similar the amino acid and

nutrient inputs are that drive mTORC1/TORC1 signaling in diverse organisms.
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Abstract

Follicular lymphoma is an incurable B-cell malignancy' characterized by
the t(14;18) and mutations in one or more components of the epigenome?°.
Whilst frequent gene mutations in signaling pathways, including JAK-STAT,
NOTCH and NF-kB, have also been defined?”, the spectrum of these mutations
typically overlap with the closely-related diffuse large B cell ymphoma (DLBCL)*
3, A combination of discovery exome and extended targeted sequencing revealed
recurrent somatic mutations in RRAGC uniquely enriched in FL patients (17%).
More than half of the mutations preferentially co-occurred with ATP6V1B2 and
ATP6AP1 mutations, components of the vacuolar H'-adenosine triphosphate
ATPase (v-ATPase) known to be necessary for amino acid-induced mTORC1
activation. The RagC mutants increased raptor binding whilst rendering mTORC1
signaling resistant to amino acid deprivation. Collectively, the activating nature of
the RRAGC mutations, their existence within the dominant clone and stability
during disease progression supports their potential as an excellent candidate to
be therapeutically exploited.
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Follicular lymphoma (FL) is one of the commonest non-Hodgkin’s lymphomas
(NHLs). Whilst the majority of affected individuals exhibit a characteristic protracted
disease course with multiple relapses, others develop aggressive disease and
histological transformation with shortened overall survival. Genome-wide profiling
studies have primarily focused on single time-point analyses or the subset of patients
that have undergone histological transformation in order to determine the genetic
mediators of progression®>. To gain further insight into the genetic diversity of FL, we
undertook temporal analyses on individuals diagnosed with FL that underwent several
relapse episodes without transformation. These data uncovered recurrent mutations in
components of the mTORC1 signaling pathway, specific to FL.

Exome sequencing was performed on 24 tumors (from 5 patients) and matched
constitutional DNA, with an average sequencing depth of 140x and 97.5% of the
targeted bases covered by >10-fold (Online Methods and Supplementary Table 1).
The clinical course from diagnoses to last follow-up ranged from 12.5 to 25 years
(Supplementary Table 2 and Supplementary Fig. 1). A median of 94 non-
synonymous mutations per tumor were identified and validated mutations of interest by
a combination of Sanger and tagged-amplicon sequencing (Supplementary Tables 3
and 4). Consistent with our earlier longitudinal study of paired FL and transformed FL?,
tumors from the same individual confirmed a branched evolutionary pattern and
demonstrated that all tumors evolve from a dominant ancestral clone (Supplementary
Fig. 2). Moreover, mutations in KMT2D, CREBBP and MEF2B were present on the
trunks of the phylogenetic trees in all five individuals, consistent with the role of

epigenetic deregulation as critical early events in the majority of FLs?3'41°,
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Supplementary Figure 1. Clinical timeline for the discovery WES cases. This

illustrates the timelines of the disease events during the clinical course of each patient’s

disease further indicating the available samples that were sequenced in this study.
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Supplementary Figure 2. Phylogenetic reconstruction demonstrating the clonal

evolution history of each of the 5 WES cases. |n each case, a phylogenetic tree was
constructed using the somatic non-synonymous variants detected in the WES analyses.
All trees are rooted at the germline (GL) sequence with the trunk of the tree representing
variants shared by all the tumor biopsies and depicts a common ancestral origin. Internal
branches indicate variants that are shared by more than one subsequent progressed or
relapse tumor and the terminal branches illustrate variants that are unique or phase-
specific to that biopsy alone. Early initiating genes are shown on the trunk of the tree.
Novel genes identified in this study, RRAGC, ATP6V1B2 and ATP6AP1 are also
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illustrated. For RRAGC mutations, the superscript numbers in case B2, B3 and B4

indicate the different RRAGC mutations identified in those individual biopsies.
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Supplementary Table 1. Sequencing metrics for the 5 WES cases

Germline (GL) Tumor
Mean number of reads per sample (M) 103.7 119.9
Mean sequenced nucleotides (Gb) 6.4 7.2
Mean coverage (X) 127.0 142.7
% of target bases covered by at least 10 98.2% 97.3%

reads

Supplementary Table 2. Clinical features and treatment details for the five discovery
cases analysed by whole exome sequencing

Patie Age Stage t(14;1 FL Disease Treatment
ntID at at 8) Grade event
Diagn Diagn at
osis osis Diagn
(Year osis
s)
B2 85 4 Y 1 Diagnosi FL1 (Apr 02): Expectant
S management
Progress FL2 (Dec 04): Chl
ion
Relapse FL3 (Dec 10): R-CHOP +
R maintenance
Relapse FL4 (Feb 12):
Bendamustine + GA101
B3 36 4 Y 1 Diagnosi FL1 (Dec 93): Expectant
S management
Progress FL2 (Dec 97): Chl +
ion Bexxar
Relapse FL3 (Dec 98): FMD then
CHOP
Progress FL4 (Aug 00): Expectant
ion management
Relapse FL5 (Apr 02): Velcade
Relapse FL6 (Oct 02): Expectant
management
Progress FL7 (Aug 03): Post-
ion radiotherapy
Relapse FL8 (Oct 06): Chl +
Rituximab
Relapse FL9 (Sept 08): IFRT
B4 37 Unk Y 1 Diagnosi FL1 (Mar 89): Chl
s
Relapse FL2 (May 91): Chl
Relapse FL3 (Jan 93): Surgical

excision, followed by
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autologous SCT

B5 46 M 4 Y z Diagnosi FL1 (May 88): Expectant
S management
Progress FL2 (Jan 91): Chl, then
ion cyclophosphamide
Progress FL3 (Sept 97): Expectant
ion management
Progress FL4 (Dec 03): Rituximab +
ion anti-CD22

B6 50 F 3 ¥ 1 Diagnosi FL1 (Feb 97): Expectant
S management
Progress No biopsy (Aug 01): Chl
ion

Relapse FL2 (May 02): CHOP

Relapse FL3 (May 03): BEAM-R,
then fludarabine

Relapse FL4 (Oct 03): Etoposide,
cytarabine followed by
vincristine and
methotrexate

Relapse FL5 (Feb 07): Velcade +
Rituximab, followed by
RIC-SCT

Chl: chlorambucil; CHOP: cyclophosphamide, doxorubicin, vincristine, prednisolone; R:
rituximab; GA101: obinutuzumab; FMD: fludarabine, mitoxantrone, dexamethasone;
IFRT: involved field radiotherapy; Unk: unknown; BEAM: carmustine, etoposide,
cytarabine, melphalan; RIC-SCT: reduced intensity conditioning stem cell
transplantation

Remarkably, our data disclosed a novel finding of somatic non-silent mutations in
the gene RRAGC, which encodes a Ras-related GTP-binding protein (RagC), occurring
in four of the five cases. Notably, in cases B4 and B6, the RRAGC mutations
(p.Pro118Leu and p.Lys74Arg) were conserved during disease progression whereas in
cases B2 and B3, a convergent pattern of clonal selection was seen with different
mutations occurring at different time points in the disease evolution (Fig. 1a). Copy
number variation were rarely observed at the RRAGC locus, 1p34.3, in both our current
data and previous single-nucleotide polymorphism (SNP) array datasets?
(Supplementary Fig. 3). These together with the RRAGC variant allele frequencies
(VAF) were consistent with heterozygous mutations (VAF range: 0.17-0.5), whilst

clonality plots verified that the VAFs were comparable to those of early driver mutations
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demonstrating that the RRAGC mutations reside within the dominant clone of the tumor

biopsies (Fig. 1b).
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Figure 1: Identification of frequent RRAGC mutations in follicular lymphoma.

(a) Two different patterns of conservation of RRAGC mutations in successive tumor
biopsies during follicular lymphoma progression in the discovery whole-exome
sequencing cases: mutation stability and convergent evolution. (b) VAF distribution and
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density for all the nonsynonymous mutations identified in the five cases analyzed by
whole-exome sequencing. In each case, the first available biopsy is depicted, with the
exception of B3, where two time points are illustrated (B3_FL1 and B3_FL8). (c)
Schema of the RRAGC protein domain and the locations of the 37 mutations identified
in this study affecting 32 cases (NCBI, NP_071440.1). A caret indicates a

second RRAGC mutation occurring in a different disease event from the same patient,
and an asterisk indicates a second RRAGC mutation in the same biopsy of a particular
patient. Multiple circles for the same amino acid represent multiple cases with mutations
affecting the same residue. (d) Sequence alignment of a section of the RRAGC
nucleotide-binding domain. Conserved residues across all the listed species are
indicated by an asterisk. The locations of the GTP/GDP-binding sites are indicated by
red horizontal bars (at positions 68—75 and 116-120), and the recurrent hotspot
residues are highlighted in light blue.
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Supplementary Figure 3. Copy number of RRAGC compared to other gene loci.
The top panel shows the LogR values for each of the gene locus indicated from all 24
samples from the 5 WES cases, whilst the bottom panel shows the LogR values from
our previously published SNP6.0 dataset comprising of 29 different FL samples and its
paired transformed FL. The gene locus for TNFRSF14, 1p36.32, was chosen as a
reference loci as it is commonly subject to frequent copy number deletions in FL. The
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horizontal dashed line indicates the LogR value of -0.2 with values below this measure
indicative of deletions and those above 0.2 indicative of gains.

To determine the prevalence of RRAGC mutations, targeted sequencing was
performed in an extension cohort of 141 FL samples (including the original 5 cases) and
32 cases with paired transformed FL. RRAGC mutations were present in 17% of cases
(Table 1). The mutations were predominantly missense, with exception of two in-frame
frameshift mutations, restricted to exons 1 and 2 (Fig. 1¢c and Supplementary Table 5).
The clustering of mutations corresponded to the nucleotide-binding domain with
hotspots centering on amino acids p.Ser75, p.Thr90, p.Try115, p.Asp116 and p.Pro118,
residues highly conserved between species (Fig. 1¢ and Fig. 1d). In 10 patients with
constitutional DNA, the somatic nature of the mutations was confirmed. To investigate
the full complement of RRAGC mutations in other malignancies, we performed Sanger
sequencing, restricting our analyses to exon 1 and 2, in a further 329 related mature B-
cell NHLs and 51 B-cell lymphoma cell lines alongside an analysis of publically available
sequencing datasets. RRAGC mutations were absent in other hematological
malignancies, including myeloid and other mature B-cell NHL entities (Table 1) with the
exception of infrequent mutations in the closely-related DLBCL. We found that RRAGC
was rarely mutated in non-hematological neoplasms (0.3% of nearly 10,000 samples)
included in the Cancer Genomics database (cBioportal)?!, with the majority of mutations
arising in residues beyond p.Pro118 (Supplementary Table 6). RRAGC mutations are
therefore highly enriched in FL with their nature and frequency suggesting that the

changes are likely to be functionally relevant in this lymphoma.
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Table 1 Frequency of RRAGC mutations in lymphoma and other hematological
malighancies

Tumor type Occurrence Frequency
No./total No.

FL 25/141 17.7%
Diagnostic 13/94 13.8%
Relapse 12/47 25.5%

FL and tFL pairs 6/32* 18.8%

DLBCLA 3/174 1.7%
GCB 1167 1.5%
ABC 1/43 2.3%
PMBL 1/29 3.4%
U 0/35 0%

DLBCL* 1/185 0.5%

B cell lymphomas
Burkitt lymphoma* 0/42 0%
CLL/SLL” 0/96 0%
CcLL* 0/258 0%
MCL* 0/29 0%
SMZLA 0/48 0%
Other B-cell lymphomas 0/48 0%

Cell lines (B-NHL) 2/51 3.9%

Other hematological
malignancies

AML* 0/200 0%
CML* 0/129 0%
MM* 0/203 0%
Benign reactive lymph nodes 0/10 0%

tFL, transformed follicular lymphoma; DLBCL, diffuse large B cell lymphoma; GCB,
germinal center B-cell subtype DLBCL defined by gene-expression profiling (GEP);
ABC, activated B-cell subtype of DLBCL defined by GEP; PMBL, primary mediastinal B-
cell ymphoma defined by GEP; U, unclassifiable by GEP; CLL, chronic lymphocytic
leukemia; MCL, mantle cell ymphoma; SMZL, splenic marginal zone lymphoma; AML,
acute myeloid leukemia; CML, chronic myeloid leukemia; MM, multiple myeloma.

*comprising 5 cases with mutations in both FL and tFL and 1 case with only the tFL
sample
A Sanger sequencing restricted to RRAGC exon 1 and 2

*Mined from publicly available cancer genome datasets (see URL)'%'21316-20.
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RagC is one of four members of the Rag GTPase family in mammals, which form
obligate heterodimers between RagA/B and RagC/D?*%. The Rag GTPases form a
supercomplex on the lysosomal surface with Ragulator, the v-ATPase and SLC38A9
(Supplementary Fig. 4), essential for inducing mechanistic target of rapamycin
complex 1 (MTORC1) activation in response to amino acid sufficiency?*>'. Other
members of the Rag GTPase family and mTORC1 components (RRAGA, RRAGB,
RRAGD, MTOR, RPTOR and MLST8) were infrequently mutated (Supplementary
Table 5). To expand this search, we examined our FL datasets to ascertain if other
regulatory complexes upstream and downstream of Rag GTPases were subject to
genetic aberrations. This approach uncovered mutations in two subunits of the v-
ATPase complex, ATP6V1B2 and ATP6AP1. The v-ATPase complex resides within
intracellular compartments such as the lysosome and is composed of two domains, a
cytosolic V1 domain responsible for ATP hydrolysis and a transmembrane VO that
enables proton translocation®?. ATP6V1B2 is a non-catalytic subunit within the V1
domain, and ATP6AP1 is thought to be an accessory subunit that regulates the function
of the v-ATPase complex>. To assess the relationship between these v-ATPase
subunit mutations, RRAGC and FL-associated genes, we resequenced our extension
cohort of 141 FL cases identifying 11.3% and 9.9% of cases with ATP6V1B2 and
ATP6AP1 mutations, respectively (Fig. 2a and Supplementary Table 7, 8).
Interestingly, mutations in RRAGC, ATP6V1B2 and ATP6AP1 showed strong
correlations with more than half of the RRAGC mutations co-occurring with either
ATP6V1B2 or ATP6AP1 (Fisher's exact test, P < 0.0001), whereas ATP6V1B2 and
ATP6AP1 mutations were mutually exclusive. Mutations in ATP6V1B2 were all
missense, with a hotspot at c.1199G>A; p.Arg400GIn representing 80% of all mutations
detected (Fig. 2b). In comparison, mutations in ATP6AP1 included both missense and
frameshift mutations most localizing to the C-terminal end of the ATP-synthase domain
(Fig. 2c). Deep targeted sequencing (mean coverage 4655x) of 15 co-mutated cases
demonstrated no definitive hierarchy in mutation order of RRAGC and ATP6V1B2 or
ATP6AP1 suggesting that both alterations are acquired concomitantly during similar
clonal selective sweeps (Fig. 2d). Together, over a quarter of patients (27.4%; 39 of

141 cases) had mutations in one or more of the three genes.
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Supplementary Figure 4. Model of components of the amino acid-induced
mTORC1 pathway. At low amino acid levels (left), the Rag heterodimer (RagB-RagC)
is in a nucleotide-bound configuration incompatible for the recruitment and activation of
mTORCH1. In the presence of sufficient amino acids (right), a supercomplex comprising
the v-ATPase, Ragulator, SLC38A9 and the Rag GTPase heterodimer translocates to
the lysosomal surface. This changes the Rag heterodimer into its active form with RagB
being GTP bound and RagC being GDP bound, resulting in the recruitment and
activation of mTORCA1.
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Figure 2: Frequent and co-occurring mutations in ATP6V1B2 and ATP6AP1. (a)
Distribution of mutations in RRAGC, ATP6V1B2, ATP6AP1 and other known follicular
lymphoma-associated genes in 141 follicular lymphoma cases. Each column
represents an individual case, and each row denotes a specific gene. Red indicates the
presence of mutations, and light gray indicates the absence thereof. (b) Schema of the
protein domains of ATP6V1B2 and the locations of the identified mutations

(NCBI, NP_001684.2). (c) Schema of the protein domains of ATP6AP1 and the
locations of the identified mutations (NCBI, NP_001174.2). Red circles represent
missense mutations resulting in substitutions, blue triangles represent in-frame
insertion-deletions and green triangles represent out-of-frame insertion-deletions. A
number sign indicates substitutions occurring in the same case. ATP-synt-a-N, ATP
synthase a/B family B-barrel domain; P loop, phosphate-binding loop; ATP-synt-aB-C,
ATP synthase a/B chain C-terminal domain; ATP-synt-S1, ATP synthase subunit S1. (d)
Comparison of the allele frequencies in 26 co-mutated

(RRAGC versus ATP6V1B2 and RRAGC versus ATP6AP1) samples (comprising 15

cases, some with multiple biopsies). Male cases are marked with an asterisk and
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demonstrate expected increases in allelic frequencies of ATP6APT mutations, as the
gene locus resides on the X chromosome.

To begin understanding the pathogenic role of RRAGC mutations, we examined
RNA-seq data in 13 FL cases (Supplementary Table 9) and identified 257 differentially
expressed genes between mutated and wild-type cases (Supplementary Fig. 5a).
There was no difference in RRAGC expression between mutated and wild-type cases
(Supplementary Fig. 5b). Gene set enrichment analyses (GSEA) showed that
RRAGC-mutated cases were characterized by up-regulated expression for gene sets
involved in translation regulation, well-known downstream mTOR targets®*3°

(Supplementary Fig. 6 and Supplementary Table 10), implicating altered signaling
as a consequence of these mutations.
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Supplementary Figure 5. Differential gene expression between RRAGC mutated
vs wild-type FL cases. (a) Heat map from the unsupervised hierarchical clustering of
genes that are differentially expressed between RRAGC mutated (red bar, N = 5)
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compared to wild-type tumors (blue bar, N = 8). This consisted of 75 up-regulated and
182 down-regulated genes based on a raw P value of <0.01, false discovery rate (FDR)
of <0.25 and fold change of >2. (b) Gene expression values for RRAGC, MTOR and the
other Rag GTPases. No difference in expression was noted between mutated
compared to wild-type tumors. Cqgn, conditional quantile normalization; RPKM, reads

per kilobase per million
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Supplementary Figure 6. Representative GSEA plots. GSEA of gene expression
data derived from RNA-seq of 5 RRAGC mutated vs 8 wild-type cases. This showed
significant enrichment for gene sets in several processes involved in translation and cell

cycle regulation, which were up-regulated in the RRAGC mutated tumors compared to
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wild-type tumors. Hits displayed below the graph show where the members of the gene
set appear in the ranked list of genes. FDR g-values and further gene sets are fully
listed in Supplementary Table 9.

The direct binding of Rag GTPase heterodimers to mTORC1 is a key event in the
activation of mMTORC1 by amino acids®®?°. Under these conditions, the active Rag
heterodimer, composed of GTP-loaded RagA/B bound to GDP-loaded RagC/D, directly
interacts with raptor (Supplementary Fig. 4), a component of mTORC12?°. We first
assessed the effects of 8 RagC mutants detected in our FL series (p.Lys74Arg,
p.Ser75Asn, p.Ser75Phe, p.Thr90Asn, p.lle99Phe, p.Tyr115Arg, p.Asp116Gly and
p.Pro118Leu) on their raptor binding capacity by co-expressing each RagC mutant
(RagC™") together with wild-type RagB in HEK-293T cells. These RagB-RagC™"
heterodimers co-immunoprecipitated substantially more endogenous raptor than a fully
wild-type RagB-RagC heterodimer (Fig. 3a). Importantly, the increased raptor binding
was specific to the identified FL RRAGC mutations, as RagC mutations in other cancer
types did not demonstrate the same capacity (Supplementary Fig. 7a). interestingly,
the increased raptor binding observed with the RagC™" was similar to that seen with
RagC p.Ser75Asn, a previously characterized mutant with decreased affinity for GTP
that therefore functions like a ‘GDP-bound’ mutant, mimicking the RagC conformation
that is necessary for mTORC1 activation by amino acids®* **° (Fig. 3a). The similar
increase in raptor binding caused by the RagC mutants and RagC p.Ser75Asn provided
the first indication that the RRAGC mutations observed in FL are likely activating. To
examine the impact of these mutations in B-cell ymphomas, we stably expressed three
recurring FL mutants (p.Ser75Phe, p.Thr90Asn and p.Trp115Arg) and the ‘GDP-binding’
mutant, RagC p.Ser75Asn, in four germinal center NHL cell lines (Karpas-422, Raji,
OCI-Ly7 and OCI-Ly8) and these reaffirmed our findings of increased raptor binding
over wild-type RagC (Fig. 3b and Supplementary Fig. 7b-d). To test the effects of the
RagC mutants on mTORC1 signaling, we stably expressed these four mutants in HEK-
293T cells. Overexpression of all four mutants increased mTORC1 activity, even under
complete amino acid deprivation as detected by the phosphorylation of S6 kinase 1

(S6K1), an established mTORC1 substrate (Supplementary Fig. 7e). Furthermore, all
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RagC™"* tested rendered mTORC1 signaling partially or fully insensitive to leucine or
arginine deprivation, amino acids of particular importance for mTORC1 pathway

activation 24 4041

(Figs. 3c, 3d and Supplementary Fig. 7f, 7g). Similarly, in Karpas-
422 cells, overexpression of two mutants, p.Thr90Asn and p.Trp115Arg, but not wild-
type RagC, led to increased mTORC1 signaling in the absence of leucine, validating the
mTORCH1 activating properties of the RagC mutants (Fig. 3e and Supplementary Fig.

7h).
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Figure 3: Effects of RagC variants on mTORC1 signaling. (a)
Coimmunoprecipitation of Rag heterodimers containing the RagC variants and raptor,
an mTORC1 component. Anti-FLAG immunoprecipitates were collected from HEK293T
cells transiently expressing the indicated constructs, and cell lysates and
immunoprecipitates were analyzed by immunoblotting. RagB GIn99Leu and RagC
GIn120Leu are 'GTP-locked' mutants®® *’, and RagC Ser75Asn and RagB Thr54Asn
function as 'GDP-bound' mutants®® *¢ 3783 |P immunoprecipitation; HA,
hemagglutinin. (b) Coimmunoprecipitation showing that two recurrent variants from
follicular lymphoma, Thr90Asn and Trp115Arg RagC, and the previously characterized

Ser75Asn RagC mutant coimmunoprecipitate more endogenous raptor than wild-type
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RagC in Karpas-422 cells, a germinal center B cell ymphoma line. Anti-FLAG
immunoprecipitates from Karpas-422 cells stably expressing the indicated proteins were
collected and analyzed as in a. (¢) Immunoblot analysis of cell lysates for the indicated
proteins, showing that stable overexpression of Ser75Asn, Ser75Phe, Thr90Asn and
Trp115Arg RagC renders cells partially or fully insensitive to leucine deprivation.
HEK293T cells stably expressing the indicated proteins were starved of leucine for 50
min and restimulated with leucine for 10 min. P-T389-S6K1, S6K1 phosphorylated at
Thr389. (d) Immunoassay showing that stable overexpression of the indicated RagC
mutants leads to an increase in mTORC1 signaling in the absence of arginine.
HEK293T cells stably expressing the indicated proteins were starved of arginine for 50
min, restimulated with arginine for 10 min and analyzed as in c¢. (e) Immunoassay
showing that stable overexpression of the indicated RagC mutants but not wild-type
RagC leads to increased mTORC1 signaling in the absence of leucine in Karpas-422
cells. Karpas-422 cells stably expressing the indicated proteins were treated and

analyzed as in b.
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Supplementary Figure 7. Recurrent follicular ymphoma RagC mutants activate

the mTORC1 pathway. (a) Follicular lymphoma RagC mutants (RagCST5F,

RagCSTSN, RagCTgoN and RagCW1 15R) dramatically increase mTORC1 binding

(mTOR and raptor), whereas RRAGC mutations identified in solid cancers (p.M121V,
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p.Y165C, p.D202G, p.L217R and p.R396Q) did not coimmunoprecipitate mTORC1 as
strongly. Anti-FLAG immunoprecipitates were collected and analyzed as in Figure 3a.
(b) All four RagC mutants coimmunoprecipitate more raptor than wild-type RagC in Raji
cells. Anti-FLAG immunoprecipitates from Raji cells stably expressing the indicated
proteins were collected and analyzed as in Figure 3a. (c) Three RagC mutants (RagC
S75N, RagC S75F and RagC W115R) coimmunoprecipitate more raptor than wild-type
RagC when overexpressed in OCI-Ly7 cells. Anti-FLAG immunoprecipitates from OCI-
Ly7 cells stably expressing the indicated proteins were collected and analyzed as in
Figure 3a. (d) Four RagC mutants increase raptor binding over wild-type RagC in OCI-
Ly8 cells. Anti-FLAG immunoprecipitates from Ly8 cells stably expressing the indicated
proteins were collected and analyzed as in Figure 3a. (e) Stable overexpression of
RagC S75N, RagC S75F, RagC T90N and RagC W115R renders the cells partially
insensitive to full amino acid deprivation. HEK293T cells that stably expressed the
indicated proteins were starved of amino acids for 50 min and restimulated with amino
acids for 10 min. The cell lysates were analyzed as in Figure 3b. (f) Quantification of
the amount of phosphorylated S6K1 in Figure 3¢, under leucine starvation or starvation
followed by restimulation in HEK293T cells stably expressing the indicated proteins. (g)
Quantification of the amount of phosphorylated S6K1 in Figure 3d, under arginine
starvation or starvation followed by restimulation in HEK293T cells stably expressing the
indicated proteins. (h) Quantification of the amount of phosphorylated S6K1 in Figure
3e, under leucine starvation or starvation followed by restimulation in Karpas-422 cellis

stably expressing the indicated proteins.

To determine if RagC mutations affect their capacity to bind guanine nucleotides,
we employed a specific in vitro assay in which nucleotide binding to purified Rag
heterodimers could be assessed by purifying wild-type and mutant RagC in complex
with a RagB mutant (p.Asp163Asn) that preferentially binds to xanthosine nucleotides.
Employing this RagB mutant allowed us to measure guanine nucleotide binding to the
RagC mutant only, even in the presence of RagB***>. Two classes of RagC mutants

emerged from this analysis. One class, including RagC Ser75Asn and Ser75Phe, had
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significantly decreased affinity for GTP in comparison to wild-type RagC, and a
preference for binding GDP over GTP (Figs. 4a-b). These mutants are analogous to the
Ras Ser17Asn mutant, which disrupts coordination of the magnesium cofactor leading
to decreased affinity for all nucleotides®”*. Interestingly, this Ras mutant suppresses
signaling, not through decreased GTP binding, but rather through its high affinity for ras
guanine nucleotide exchange factors (GEFs), thus preventing guanine nucleotide
exchange on wild-type Ras®® ***°. Further studies will be needed to uncover if the same
mechanism is true for the RagC mutants, as a GEF for RagC has yet to be identified.
The second class of mutants, ThrO90Asn and Trp115Arg, display a slight preference for
GDP binding over GTP, without an overall decrease in GTP binding in comparison to
wild-type RagC (Fig. 4a, b). While the relative nucleotide affinity of these mutants is
biased towards GDP, this may not account for their signaling effects in cells, as
intracellular GTP concentrations are 10-20 times higher than those of GDP*®.
Importantly, the levels of RagC were consistent in our assays indicating that the
variation in nucleotide binding cannot be accounted for by differences in protein levels
(Fig. 4c). While this second class of mutants may activate the mTORC1 pathway
through mechanisms not involving changes in nucleotide loading, further work is

needed to uncover the exact mechanism through which they lead to increased raptor

binding.
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Figure 4: RagC mutants have altered nucleotide binding affinity. (a,b) Nucleotide
binding assayed by filter binding, with the indicated RagC heterodimer incubated with
[*H]GDP (a) or [*H]GTP (b). RagB* is the specific Asp163Asn RagB mutant. Each value
represents the normalized mean * s.d. for n = 3 experiments. Statistical differences
were assessed comparing each sample to the binding observed with the RagB-RagC
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wild-type heterodimer. Student's ¢t test, *P < 0.05, **P < 0.01, ***P < 0.005; NS, not
significant. (¢) SDS-PAGE analysis of aliquots of the purified Rag heterodimers used in

the nucleotide-binding assays; the gel was stained with Coomassie.

As the v-ATPase complex is functionally linked with the Rag GTPases and
Ragulator in sensing amino acids and activating mTORC1 signaling?®, the co-existence
of RRAGC with either ATP6V1B2 or ATP6AP1 mutations raises the question of a
functional epistasis. ATP-hydrolysis and the v-ATPase rotator conformation are crucial
for relaying the amino acid signal from the lysosomal lumen to the Rag GTPases*® and
therefore, our working hypothesis is that mutations in these v-ATPase subunits help
convey a ‘false’ amino acid sufficiency signal or alter interactions between v-ATPase,
Ragulator and the Rag GTPases, which requires experimental clarification.

In conclusion, our study identifies frequent mutations in components of the
lysosome-centric mTORC1 signaling cascade in FL. We demonstrate that RRAGC
mutants confer a gain-of-function mechanism by bypassing the amino acid deprivation
state to activate mTORC1 signaling. Together, the emergence of frequent activating
RRAGC mutations that are clonally represented and maintained during progression is
particularly valuable and might be exploited as a therapeutic target, however, its utility

as a predictive biomarker of mTOR inhibitor sensitivity warrants further investigation.

URLs. cBioportal for Cancer Genomics, http://www.cbioportal.org/; ICGC data portal,
https://dcc.icgc.org/

Accession codes. Exome sequencing data have been deposited at the European
Genome-phenome Archive (EGA) under accession number EGAS00001001190.
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ONLINE METHODS:

Patients and samples. Samples were obtained from individuals with FL and non-FL
tumors following approval from the Institutional Review Board and local ethics
committee of all participating centers. Informed written consent was obtained from all
individuals. The discovery cohort (Supplementary Table 2 and Supplementary Fig.1)
comprised five patients who had not undergone histologic transformation and selected
on the basis of available fresh frozen tumor lymph node biopsies, matched
constitutional DNA and samples from multiple disease episodes. The clonality between
tumor biopsies obtained from multiple disease episodes from an individual patient were
confirmed by BCL2-IGH breakpoint analysis as previously described?. The FL validation
cohort (Supplementary Table 11) comprised either diagnostic or relapse FL (n = 141
cases) or paired FL-tFL tumor biopsies (n=32 cases) obtained from two centers (Barts
Cancer Institute and University of Southampton). The clinical characteristics of the
cohort are shown in Supplementary Table 12. Non-FL tumors for validation included
DNA from 174 DLBCL, 96 CLL and 48 SMZL tumors. Histology of all tumors was
confirmed by pathological review.

Whole exome sequencing and analysis. Whole exome capture libraries were
constructed from 2-3ug of tumor or constitutional DNA after shearing, end repair,
phosphorylation and ligation to barcoded sequencing adaptor, using the Human All
Exon V5 SureSelect XT (Agilent Technologies). Enriched exome libraries were
multiplexed and sequenced on the HiSeq 2500 (lllumina) to generate 100bp paired-end
reads. Sequencing metrics are provided in Supplementary Table 1. The processing
and analysis of whole exome sequencing data were performed using our previous
pipeline?. Briefly, sequencing reads were aligned to the reference genome hg19, using
Burrows-Wheeler Aligner (BWA)*®. Local alignments and base quality scores were
adjusted using the Genome Analysis Toolkit (GATK)*® version 2.5.2.

Variant detection and mutation annotation. Somatic SNVs and indels were identified
using the Strelka pipeline as previously described?. For each sample, the number of
reads supporting the reference and variant alleles at each position was extracted. VAFs
were calculated by dividing the number of supporting variant reads to the total reads

obtained. To improve the variant calls across all the tumors from the same patient,
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identified variants were further genotyped and verified across all tumors and matched
normal using VarScanZ2’s multi-sample calling method ‘mpileup2cns’®®, based on reads
with mapping quality > 30 and minimum base quality of 20 at the targeted site.
Annotation of variants was attained using the SNPnexus tool®".

Sanger sequencing of genomic DNA. Direct bidirectional Sanger sequencing of
RRAGC exon 1 and 2, ATP6V1B2 (all exons), ATP6AP1 (all exons) and ATP6AP2 (all
exons) from genomic DNA from tumors and matched normal samples was performed
following direct PCR amplification, using specific primers, and enzymatic clean up using
Exo-Sap (USB Corporation).

Phylogenetic analyses. Evolutionary trees were reconstructed for each individual
based on the distance matrix between GL, FL and relapse FL samples derived from the
numbers of somatic non-synonymous variants from each biopsy, using the Neighbor-
Joining algorithm®? implemented in the PHYLIP package as previously reported2. Once
the consensus phylogenetic tree was determined, it was redrawn starting from GL
leading to the putative CPC, then to FL and subsequent relapse FL samples, with the
branch length proportional to the number of somatic changes i.e. genetic distance
between the samples.

Copy number variation of the RRAGC locus. Copy number variation and copy
neutral loss of heterozygosity for ATP6AP1, ATP6V1B2, RRAGC and TNFRSF14 gene
loci were extracted from our previous SNP array analyses using the methodology
previously described?. To detect copy number imbalances from our discovery WES
data, VarScan2 “copynumber” module was first employed, using the minimum read
coverage as 20, and both mapping and base qualities as = 20 for usable reads, to
generate raw copy number calls. Raw calls were adjusted for GC content and re-
centered to 0 based on the modal LogR value determined by kernel density estimates,
using VarScan2 “copyCaller” module. Outliers were identified and modified using the
data winsorizing procedure. The DNAcopy R Bioconductor package (Seshan VE and
Olshen A. DNAcopy: DNA copy number data analysis. R package version 1.40.0) was
employed to identify joint segments of LogR values using the circular binary
segmentation (CBS) algorithm. To identify regions of LOH, variants (including SNPs and

short indels) against the reference genome were first identified for paired normal and
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tumour samples using VarScan2. Next, B-allele frequency (BAF) files were created,
allowing the minimum read depth of 10 for both tumour and normal. The ASCAT R
package®® was then used to assess CNAs and LOH regions, using the logR and BAF
files derived from VarScan variant calls, with the depth information normalized by
dividing the depth of each variant by the median depth across all variants.

Targeted sequencing of Rag GTPases and mTORC1-associated genes. Target-
specific primers for FL-associated genes? and 7 mTORC1-associated genes (RRAGA,
RRAGB, RRAGC, RRAGD, MTOR, RPTOR and MLST8) were custom designed using
Fluidigm’s D3 Assay design service. Targeted enrichment was performed by Access
Array (Fluidigm) in a multiplex format using genomic DNA (50ng) according to the
manufacturer’'s Multiplex Amplicon Tagging Protocol. The multiplexed library pools were
sequenced on the lllumina Miseq platform. All samples were screened in duplicate with
the inclusion of normal tonsil DNA controls in each run. Variants were called and
annotated as previously described?. In brief, reads were aligned to hg19 using
BOWTIE2>*. SAMtools®® were used to generate sorted BAM files and the VarScan2 tool
was used to examine the pileup file to call variants.

Deep tagged-amplicon sequencing for RRAGC, ATP6V1B2 and ATP6AP1 genes.
Universal adapter sequences were tagged to the 5’ and 3’ end of target-specific primers
of approximately 200+20bp in length. Based on our initial experiments that showed
clustering of variants within specific exons of the 3 genes, subsequent analyses were
restricted to RRAGC (exons 1 and 2), ATP6V1B2 (exons 11 and 12) and ATP6AP1
(exons 9 and 10). Primer sequences are shown in Supplementary Table 13. 100ng of
genomic DNA were amplified in 2 to 4-plex PCR reactions using non-overlapping
tagged-primers with the HotStar Taq Plus kit (Qiagen) under limited cycling conditions.
Amplified PCR fragments were subsequently pooled in equimolar ratios by sample and
prepared for sequencing with the attachment sample specific indexes and lllumina
adaptor sequences. Indexed libraries were pooled and sequenced on a single lane of
an lllumina MiSeq instrument using the V2 300-cycles Miseq reagent kit (lllumina)
generating 150-bp paired end reads. Each sample was screened in duplicate. Variant

calling and annotation are as described above.
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RNA-sequencing analysis. RNA-seq data for all 13 FL samples (5 mutants and 8 wild-
type) were downloaded from the International Cancer Genome Consortium (ICGC) data
repository (see URLs). Details of the samples are summarized in Supplementary
Table 9. Raw read counts for all annotated ENSEMBL genes across the 13 samples
were extracted from the “exp_seq.MALY-DE.tsv” file in the ICGC data repository. Only
genes that achieved at least one read count per million reads (CPM) in at least five
samples were selected, with these criteria producing 22,126 filtered genes in total. After
applying scale normalization, read counts were converted to log,-cpm using the voom
function®® with associated weights ready for linear modeling. Differential gene
expression (DGE) analyses between mutant and wild-type groups were further
performed using the limma R package, which powers DGE analyses for RNA-seq and
microarray data °”. A double threshold of raw p value <0.01 and an absolute fold
change > 2 were used to define significantly differentially expressed (DE) genes
(Supplementary Figure 5a). Based on the t-statistic of filtered genes from the limma
test, GSEA was performed against the predefined curated gene sets (c2) acquired from
the MSigDB collection®®, including KEGG and Reactome gene sets. Top significantly
enriched gene sets were selected based on FDR g-value <0.05 (Supplementary Table
10).

Materials. Reagents were obtained from the following sources: HRP-labeled anti-
mouse and anti-rabbit secondary antibody from Santa Cruz Biotechnology; antibodies to
phospho-T389 S6K1, S6K1, mTOR, and FLAG epitope from Cell Signaling Technology;
antibody to the HA epitope from Bethyl laboratories; antibody to raptor from Millipore.
RPMI, FLAG M2 affinity gel, GTP, GDP, and amino acids from Sigma Aldrich; XDP and
XTP from Jena Biosciences; [*H]-labeled GTP and GDP from Perkin Eimer; DMEM from
SAFC Biosciences; Complete Protease Cocktail from Roche; Inactivated Fetal Calf
Serum (IFS) and simply blue stain from Invitrogen; amino acid-free RPMI from US
Biologicals.

Cell lines and tissue culture. HEK-293T cells were cultured in DMEM 10% IFS
supplemented with 2 mM glutamine, penicillin (100 1U/mL), and streptomycin (100
pg/mL). Karpas-422, Raiji, OCI-Ly7, and OCI-Ly8 cells were cultured in RPMI 10% IFS
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supplemented with 2 mM glutamine, penicillin (100 IU/mL), and streptomycin (100
pug/mL). All cell lines were maintained at 37°C and 5% CO2.

Virus production and viral transduction. The production of lentiviruses was achieved
by transfection of viral HEK-293T cells with pLJM60-FLAG-metap2 or pLJM60-FLAG-
RagC (wild-type or mutant) constructs, with the VSV-G envelope and CMV AVPR
packaging plasmids. Similarly, the production of retroviruses for infection of the Karpas-
422 cells was achieved by transfection of viral HEK-293T cells with pMXs-RagC (wild-
type or mutant) constructs, with the VSV-G envelope and gag/pol packaging plasmids.
Twenty-four hours after transfection, the media was changed to DME with 30% IFS.
After another 24 hours, the virus-containing supernatant was collected from the cells
and passed through a 0.45 pm filter. Target cells were plated in 6-well plates with virus
containing media and 8 pg/mL polybrene. Spin infections were performed by
centrifugation at 2,200 rpm for 1 hour. Twenty-four hours later, the media was changed
to fresh media containing either puromycin (when infected with the lentivirus) or
blasticidin (when infected with the retrovirus) for selection.

Cell lysis and immunoprecipitation. Cells were rinsed once with ice-cold PBS and
immediately lysed with Triton lysis buffer (1% Triton, 10 mM B-glycerol phosphate, 10
mM pyrophosphate, 40 mM Hepes pH 7.4, 2.5 mM MgCl, and 1 tablet of EDTA-free
protease inhibitor [Roche] (per 25 ml buffer). The cell lysates were centrifuged at 13,000
rpm in a microcentrifuge at 4°C for 10 minutes. For anti-FLAG-immunoprecipitations,
the FLAG-M2 affinity gel was washed three times with lysis buffer. 30 ul of a 50% slurry
of the affinity gel in lysis buffer was then added to cleared cell lysates and rotated for 2
hours at 4°C. The beads were washed once with lysis buffer and 3 times with lysis
buffer containing 500 mM NaCl after the incubation. Immunoprecipitated proteins were
denatured by the addition of 50 ul of sample buffer and boiled for 5 minutes as
described®, resolved by 8%—16% SDS-PAGE, and analyzed by immunoblotting.

For co-transfection experiments in HEK-293T cells, 2 million cells were plated in 10 cm
culture dishes. Twenty-four hours later, cells were transfected via the polyethylenimine
method®® with the pRK5-based cDNA expression plasmids indicated in the figures in the

following amounts: 800 ng Flag-Metap2 or 400 ng Flag-RagC (wild-type and mutants);
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400 ng of RagB (wild-type and mutants). The total amount of plasmid DNA in each
transfection was normalized to 5 pg with empty pRK5. Thirty-six hours after transfection,

cells were lysed as described above.

For experiments that required amino acid, leucine, or arginine starvation or
restimulation, cells were treated as previously described®. Briefly, cells were incubated
in amino acid, leucine, or arginine free RPMI for 50 minutes and then stimulated with

amino acids, leucine, or arginine for 10 minutes.

Nucleotide binding assays. 40 pmols of FLAG-RagC (wild-type or mutant)-HA-
RagBP'®*N were loaded with either 8 pCi of [°’H]JGDP or 8 uCi of [PH]GTP (5-20 Ci/mmol)
and co-loaded with either 62.5 nM XDP or 62.5 nM XTP in a total volume of 80ul of
CHAPS buffer, supplemented with 2.5 mM DTT, 10 ug BSA, and 6.25 mM EDTA. The
CHAPS buffer contained 0.3% CHAPS, 40 mM HEPES [pH 7.4], and 30 mM NaCl. The
complexes were rotated for 10 minutes at room temperature and then stabilized with 25
mM MgCil,, rotated for another 10 minutes at room temperature, and then incubated on
ice for 1 hour to allow the binding reaction to occur. 10 yl samples were taken, in
triplicate, and spotted on nitrocellulose filters, which were washed three times with 1 m|
of wash buffer (1.5% CHAPS, 40 mM HEPES [pH 7.4}, 150 mM NaCl, and 5 mM
MgCl,). Filter-associated radioactivity was quantified using a TriCarb scintillation

counter (PerkinElmer).
Statistical analysis. Fisher's exact tests were used for comparison between two

groups. For analysis of the nucleotide binding assay groups, two-tailed t tests were

used. P values of less than 0.05 were considered to indicate statistical significance.
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Abstract

The mTORC1 kinase is a major regulator of cell growth that responds to
numerous environmental cues. A key input is amino acids, which act through the
heterodimeric Rag GTPases (RagA/B bound to RagC/D) to promote the
translocation of mTORC1 to the lysosomal surface, its site of activation. GATOR2
is a complex of unknown function that positively regulates mTORC1 signaling by
acting upstream of or in parallel to GATOR1, which is a GTPase activating protein
(GAP) for RagA/B and an inhibitor of the amino acid sensing pathway. Here, we
find that the Sestrins, a family of poorly understood growth regulators (Sestrin1-
3), interact with GATOR2 in an amino acid-sensitive fashion. Sestrin2-mediated
inhibition of mMTORC1 signaling requires GATOR1 and the Rag GTPases, and the
Sestrins regulate the localization of mMTORC1 in response to amino acids. Thus,
we identify the Sestrins as GATOR2-interacting proteins that regulate the amino
acid sensing branch of the mTORC1 pathway.

Graphical Abstract
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Introduction

The mechanistic target of rapamycin complex 1 (mTORC1) protein kinase is a
master growth regulator that senses diverse environmental cues, such as growth
factors, cellular stresses, and nutrient and energy levels. When activated, mTORC1
phosphorylates substrates that potentiate anabolic processes, such as mRNA
translation and lipid synthesis, and that limit catabolic ones, such as autophagy.
mTORC1 deregulation occurs in a broad spectrum of diseases, including diabetes,
epilepsy, and cancer (Howell et al., 2013; Kim et al.,, 2013; Laplante and Sabatini,
2012).

Many upstream inputs, including growth factors and energy levels, signal to
mTORC1 through the TSC complex, which regulates Rheb, a small GTPase that is an
essential activator of mMTORC1 (Brugarolas et al., 2004; Garami et al., 2003; Inoki et al.,
2003; Long et al., 2005; Sancak et al., 2008; Saucedo et al., 2003; Stocker et al., 2003;
Tee et al., 2002). Amino acids do not appear to signal to mTORC1 through the TSC-
Rheb axis and instead act through the heterodimeric Rag GTPases, which consist of
RagA or RagB bound to RagC or RagD (Hirose et al., 1998; Kim et al., 2008; Nobukuni
et al., 2005; Roccio et al., 2005; Sancak et al., 2008; Schirmann et al., 1995; Sekiguchi
et al., 2001; Smith et al., 2005). The Rags control the subcellular localization of
mTORC1 and amino acids promote its recruitment to the lysosomal surface, where
Rheb also resides (Buerger et al., 2006; Dibble et al., 2012; Menon et al., 2014, Saito et
al., 2005; Sancak et al., 2008). Several positive components of the pathway upstream of
the Rag GTPases have been identified. The Ragulator complex localizes the Rags to
the lysosomal surface and, along with the vacuolar-ATPase, promotes the exchange of
GDP for GTP on RagA/B (Bar-Peled et al., 2012; Sancak et al., 2010; Zoncu et al.,
2011). The distinct FLCN-FNIP complex acts on RagC/D and stimulates its hydrolysis of
GTP into GDP (Tsun et al., 2013). When RagA/B is loaded with GTP and RagC/D with
GDP, the heterodimers bind and recruit mTORC1 to the lysosomal surface, where it can
come in contact with its activator Rheb.

Recent work has identified the GATOR1 complex as a major negative regulator

of the amino acid sensing pathway and its loss causes mTORC1 signaling to be
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completely insensitive to amino acid starvation (Bar-Peled et al., 2013; Panchaud et al.,
2013). GATOR1 consists of DEPDCS5, Nprl2, and Nprl3, and is a GTPase activating
protein (GAP) for RagA/B. The GATOR2 complex, which has five known subunits
(WDR24, WDR59, Mios, Sec13, and Seh1L), is a positive component of the pathway
and upstream of or parallel to GATOR1, but its molecular function is unknown (Bar-
Peled et al., 2013).

Here, we identify the Sestrins as interacting partners of GATOR2. The Sestrins
are three related proteins (Sestrin1-3) of poorly characterized molecular functions
(Buckbinder et al., 1994; Budanov et al., 2002; Peeters et al., 2003). Sestrin2 inhibits
mTORC1 signaling and has been proposed to activate AMPK upstream of TSC as well
as to interact with TSC (Budanov and Karin, 2008). We find that the Sestrins interact
with GATOR?2 in an amino acid sensitive fashion, regulate the subcellular localization of
mTORC1, and require GATOR1 and the Rag GTPases to inhibit mMTORC1 signaling.
Thus, we conclude that the Sestrins are components of the amino acid sensing pathway

upstream of mTORCA1.

The Sestrins Interact with GATOR2 in an Amino Acid-Sensitive Fashion

To begin to probe how the GATOR complexes might be regulated, we sought to
identify GATORZ2-interacting proteins. In mass spectrometric analyses of anti-FLAG
immunoprecipitates prepared from HEK-293T cells stably expressing FLAG-tagged
GATOR2 components (WDR24, Mios, or WDR59), we consistently detected peptides
derived from Sestrin2, at levels comparable to those from the bona fide GATOR2
component Sec13 (Figure 1A). Sestrin1 and Sestrin3 were also present, albeit at lower
amounts than Sestrin2 (Figure 1A).

Consistent with the Sestrins being GATOR2-interacting proteins, recombinant
FLAG-tagged Sestrin1, Sestrin2, or Sestrin3 when transiently co-expressed in HEK-
293T cells co-immunoprecipitated GATORZ2, but not GATOR1 or the metap2 control
protein (Figure 1B). When stably expressed in HEK-293T cells, FLAG-Sestrin2 co-
immunoprecipitated endogenous GATOR2 as detected through its Mios component
(Figure 1C). The reciprocal was also true because stably expressed FLAG-WDR24 co-

immunoprecipitated abundant amounts of endogenous Sestrin2 alongside the
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established components of GATOR2 (Figure S1A). In contrast, FLAG-DEPDCS5, a
GATOR1 component, did not co-immunoprecipitate endogenous Sestrin2, suggesting
that GATOR1 and Sestrin2 do not make a readily detectable interaction (Figure S1A).
Given that GATOR1 is known to interact with GATOR2 (Bar-Peled et al., 2013), we
tested the effect of expressing increasing amounts of FLAG-Sestrin2 on this interaction
and found that Sestrin2 did not perturb the ability of GATOR1 to co-immunoprecipitate
GATORZ2 (Figure S1B).

Amino acids regulate the interaction between multiple critical components of the
amino acid pathway (Bar-Peled et al., 2012; Sancak et al., 2010; Sancak et al., 2008;
Tsun et al., 2013; Zoncu et al., 2011). Likewise, amino acid deprivation strongly
increased the GATOR2-Sestrin2 interaction, whether monitored by immunoprecipitating
GATOR2 or Sestrin2 and probing for endogenous Sestrin2 or GATORZ, respectively
(Figure 1D, 1E). Pretreatment of cells with rapamycin, an allosteric mMTORC1 inhibitor,
or Torin1, an ATP-competitive mTOR inhibitor, did not prevent the amino acid-induced
decrease in the GATOR2-Sestrin2 interaction, indicating that mTORC1 activity does not
control the interaction (Figure S1C). Consistent with the notion that the pathways
upstream of mMTORC1 that sense amino acids and growth factors are largely
independent, insulin treatment of cells did not regulate the Sestrin2-GATOR?2 interaction
(Figure 1E). Interestingly, however, glucose deprivation led to a modest increase in the
amount of Sestrin2 bound to GATOR?2, albeit to a much lesser extent than that caused
by amino acid starvation (Figure 1E). Glucose levels have been previously described
as an upstream input to the Ragulator-v-ATPase input to Rag GTPases (Efeyan et al.,
2012a), and these results are consistent with glucose also affecting the GATOR2 input
to the Rags.

Given the robust interaction between Sestrin2 and GATOR2, we reasoned that
within cells the levels of GATOR2 might affect those of Sestrin2, in an analogous
fashion to the components of other complexes, like Ragulator or GATOR1 (Bar-Peled et
al., 2013; Sancak et al., 2008). Indeed, endogenous Sestrin2 expression was severely
depressed in cells in which strongly suppressed either the Mios or WDR24 components
of GATOR2 via CRISPR/Cas9-mediated genome editing (Figure S1D).
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Together, these results identify the Sestrins as GATOR?2 interacting proteins and
establish that Sestrin2 and GATOR?2 interact in an amino-acid sensitive fashion,
suggesting a regulatory role for the Sestrins in signaling amino acid sufficiency to
mTORC1.
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Figure 1: The Sestrins interact with GATOR2, but not GATOR1, in an amino acid-
sensitive fashion

(A) GATOR2 interacts with the Sestrins. Mass spectrometric analyses identify Sestrin-
derived peptides in immunoprecipitates from HEK-293T cells stably expressing FLAG-
tagged GATORZ2 components.

(B) Recombinant Sestrin 1, 2, and 3 interact with recombinant GATOR2 but not
GATOR1. Anti-FLAG immunoprecipitates were collected from HEK-293T cells
expressing the indicated cDNAs in expression vectors and were analyzed, along with
cell lysates, by immunoblotting for the relevant epitope tags.

(C) Stably expressed Sestrin2 co-immunoprecipitates endogenous GATOR2
components. Immunoprecipitates were prepared from HEK-293T cells stably expressing
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the indicated FLAG-tagged proteins, and were analyzed along with cell lysates by
immunoblotting for the indicated proteins.

(D) Stably expressed GATOR2 and endogenous Sestrin2 interact in an amino acid
dependent fashion. HEK-293T cells stably expressing the indicated FLAG-tagged
proteins were starved of amino acids for 50 minutes, or starved and then stimulated with
amino acids for 10 minutes. Anti-FLAG immunoprecipitates were analyzed as in (C).
(E) Stably expressed Sestrin2 interacts with endogenous GATORZ2 in an amino acid-
sensitive fashion. HEK-293T cells expressing the indicated epitope tagged proteins
were amino acid starved or starved and restimulated with amino acids as in (D), and
anti-FLAG immunoprecipitates were analyzed as in (C).

(F) The GATOR2-Sestrin2 interaction is sensitive to both amino acid and glucose
availability, but is not affected by growth factors. HEK-293T cells stably expressing the
indicated FLAG-tagged proteins were starved of either amino acids, glucose, or growth
factors for 50 minutes, or starved and restimulated with amino acids, glucose, or insulin,

respectively, for 10 minutes. Anti-FLAG immunoprecipitates were analyzed as in (C).
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Figure S1, related to Figure 1: Regulation of the GATOR2-Sestrin2 interaction by
nutrients and not insulin and GATOR2 is important for Sestrin2 stability.
(A) Stably expressed components of GATOR2, but not GATOR1, interact with
endogenous Sestrin2. Anti-FLAG immunoprecipitates were analyzed as in Figure 1C.

The asterisk indicates a nonspecific band that appears in all lanes at a molecular weight

just below that of endogenous Sestrin2.
(B) Sestrin2 does not disrupt the interaction between GATOR1 and GATOR2. Anti-

FLAG immunoprecipitates were collected and analyzed as in Figure 1B from HEK-293T

cells transiently overexpressing the indicated cDNAs.
(C) The amino acid-sensitive interaction between GATOR2 and Sestrin2 is not
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dependent on mTOR activity. HEK-293T cells stably expressing the indicated FLAG-
tagged proteins were starved or starved and restimulated with amino acids as in Figure
1D, and concurrently treated with either DMSO, 250 nM rapamycin, or 250 nM Torin1
for 60 minutes.

(D) Sestrin2 levels are decreased in cells with reduced expression of GATOR2. Cell
lysates from HEK-293T cells genetically modified with the indicated guide RNAs using
the CRISPR-Cas9 system were immunoblotted for levels of the indicated endogenous
proteins.

(E) Recombinant TSC1 does not co-immunoprecipitate endogenous Sestrin2. Anti-
FLAG immunoprecipitates were collected from HEK-293T cells expressing the indicated

cDNAs and were analyzed by immunoblotting for endogenous proteins.

139



The Sestrins inhibit the amino acid sensing pathway upstream of mTORC1

The Sestrins have previously been reported to be negative regulators of
mTORC1 signaling and to function by activating AMPK, which in turn stimulates TSC to
inhibit Rheb, and by binding TSC (Budanov and Karin, 2008). In our experimental
system, under conditions where GATORZ2 and Sestrin2 interact, we were unable to
detect an interaction between recombinant TSC1 and endogenous Sestrin2 (Figure
S1E). Given the strong interaction of Sestrin2 with GATOR2, we reasoned that Sestrin2
might regulate the capacity of the mTORC1 pathway to sense amino acids. Indeed,
stable over-expression of Sestrin2 dose-dependently inhibited mTORC1 activation by
amino acids, as determined by the phosphorylation of S6K1, confirming its role as a
negative regulator (Figure 2A and S2A). In addition, consistent with previous reports
(Budanov and Karin, 2008), stable over-expression of FLAG-Sestrin2 caused a
dramatic reduction in cell size (Figure 2B), a well-known consequence of mTORCH1
inhibition (Fingar et al., 2002).

In HEK-293T cells, inhibition of just Sestrin1 or Sestrin2, caused by either short-
hairpin RNA (shRNA)-mediated knockdown or CRISPR/Cas9-mediated knockout,
caused only a slight defect in mTORCH1 inhibition upon amino acid withdrawal (Figures
2C and S2B-E). The double knockdown of Sestrin1 and Sestrin3 had a similarly weak
effect (Figure 2C) while that of Sestrin1 and Sestrin2 more robustly rescued mTORC1
signaling in the absence of amino acids (Figure 2E). Finally, when we inhibited all three
Sestrins by expressing shRNAs targeting Sestrin1 and Sestrin3 in Sestrin2-null cells
created with the CRISPR/Cas9 system, we obtained a strong but still partial rescue of
mTORC1 signaling upon amino acid deprivation (Figure 2C). In addition, triple
knockdown of all three Sestrins using shRNAs in HEK-293E cells rendered the cells
insensitive to glucose deprivation (Figure S2F). These data indicate that the Sestrins
play redundant roles within the mTORC1 pathway and collectively are necessary for the
full inhibition of MTORC1 signaling that occurs in the absence of amino acids or

glucose.
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Figure 2: The Sestrins are negative regulators of the amino acid sensing pathway
upstream of mTORCA1.

(A) Stable overexpression of Sestrin2 inhibits mMTORC1 signaling, but does not affect
the phosphorylation of Akt. HEK-293T cells stably expressing the indicated proteins
were starved of amino acids for 50 minutes, or starved and restimulated with amino
acids for 10 minutes. Immunoblotting of cell lysates allowed for the analysis of levels
and the phosphorylation states of the indicated proteins.

(B) Stable overexpression of Sestrin2 severely decreased cell size. HEK-293T cells
stably expressing the indicated proteins and wild-type HEK-293T cells were analyzed
for cell size.

(C) A decrease in the levels of the Sestrins leads to an inability to fully inhibit mTORC1
signaling under amino acid deprivation. HEK-293T cells which were genetically

141



modified with the indicated guide RNAs using the CRISPR/Cas9 system were
subsequently treated with the indicated shRNAs, then starved of amino acids for 50
minutes, or starved and restimulated with amino acids for 10 minutes, and analyzed as
in (A).

(D) The indicated shRNAs reduced the mRNA levels of Sestrin1 and 3. Quantitative
polymerase chain reaction (QPCR) was performed on the samples described in (C) to
assess the efficacy of shRNA-mediated knockdown of Sestrin1 and 3. Errors depicted
are standard error of the mean calculated based on samples from a single gPCR run.
(E) Double-knockdown of Sestrin1 and 2 exaggerates the observed phenotype. Cells

were treated and cell lysates were analyzed as in (A).
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Figure S2, related to Figure 2: The Sestrins are necessary for full inhibition of
mTORC1 signaling in the absence of amino acids.

(A) Sestrin1 and 2 dose-dependently inhibit mMTORC1 signaling. Recombinant Sestrin1
or 2 were transiently overexpressed in HEK-293T cells, which were amino acid starved
or starved and restimulated with amino acids as in Figure 1D. Cell lysates were
immunoblotted for levels and phosphorylation states of the indicated proteins.

(B) Sestrin2-null cells have a slight defect in their ability to inhibit mMTORC1 signaling in
the absence of amino acids. Sestrin2-null HEK-293T cells, or HEK-293T cells which
were treated with a guide RNA targeting GFP, were amino acid starved or starved and
restimulated as in Figure 1D and levels and phosphorylation states of the indicated
proteins were analyzed by immunoblotting. Three distinct guide RNAs targeting Sestrin2
were used to produce three different Sestrin2-null clones.
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(C) shRNA-mediated knockdown of Sestrin1 or Sestrin2 leads to a slight increase in
mTORC1 signaling under amino acid deprivation conditions. HEK-293T cells were
treated with the indicated shRNAs, amino acid starved or starved and restimulated as
described in Figure 1D, and cell lysates were analyzed by immunoblotting.

(D) Knockdown of Sestrin1 leads to a slight defect in the ability to inhibit mTORC1
signaling in the absence of amino acids. Cells were treated and cell lysates were
analyzed as in (C).

(E) shRNA-mediated depletion of Sestrin3 leads to a phenotype that is consistent with
that of knockdown of Sestrin 1 or 2. Cells were treated and cell lysates were analyzed
as in (C).

(F) shRNA-mediated knockdown of all three Sestrins in HEK-293E cells renders the
cells completely insensitive to glucose deprivation. Cells were starved of glucose for 50
minutes and restimulated with 500mM glucose for 10 minutes. Cell lysates were

analyzed as in (C).
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The Sestrins function upstream of GATOR1 and the Rag GTPases

To further understand how the Sestrins play a regulatory role in the amino acid
sensing pathway, we investigated whether they require other components of the
pathway to inhibit mTORC1 signaling. The nucleotide loading state of the Rag GTPase
heterodimer is critical for the proper sensing of amino acids by mTORC1 (Sancak et al.,
2008). Amino acids promote GTP loading of RagA/B and GDP loading of RagC/D,
enabling them to recruit mMTORC1 to the lysosomal surface (Sancak et al., 2008). The
GAP activity of GATOR1 leads to GTP hydrolysis of RagA/B and inhibition of the
pathway (Bar-Peled et al., 2013).

Several lines of evidence support the notion that the Sestrins lie upstream of the
Rags and depend on GATOR1 to function as negative regulators of mTORC1. First,

concomitant overexpression of recombinant Sestrin2 and the dominant active RagBQggL-

RagCS75N

pair prevented Sestrin2-mediated inhibition of the pathway, thus placing the
Sestrins upstream of the Rag GTPases (Figure 3A). Second, while Sestrin2
overexpression strongly abrogated signaling in cells expressing GATOR1, in Nprl3-null
HEK-293E cells produced via the CRISPR/Cas9-system, Sestrin2 failed to inhibit the
constitutive mTORC1 signaling observed in the absence of GATOR1. Thus, GATOR1 is
epistatic to Sestrin2 (Figure 3B).

Given that Sestrin2 functions upstream of GATOR1, we tested the possibility that
it might inhibit the pathway by enhancing the GAP activity of GATOR1, however,
GATOR1 GAP activity is unaltered when isolated from cells overexpressing Sestrin2
(Figure S3A).

Previous work has shown that lysosome-associated machinery, which includes
the v-ATPase, is necessary for the amino acid-induced activation of mMTORC1 (Zoncu et
al., 2011). Interestingly, inhibition of the v-ATPase with concanamycin A (ConA), which
decreased mTORC1 signaling, also reduced the interaction between Sestrin2 and
GATOR?2 in the absence of amino acids (Figure S3B).

Taken together, these results demonstrate that Sestrin2 requires GATOR1 and
the Rags in order to inhibit mMTORC1 signaling and are consistent with it having a

modulatory role in the amino acid sensing pathway upstream of mTORCA1.
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Figure 3: The Sestrins function upstream of the Rag GTPases and GATOR1

(A) The Sestrins function upstream of the Rag GTPases. Rag heterodimers containing
constitutively active RagB®**-RagC”*" or the dominant negative RagB**"-RagC"'*""
mutants were cotransfected alongside the indicated cDNAs in HEK-293T cells. Anti-
FLAG immunoprecipitates were prepared and protein lysates were analyzed by
immunoblotting for the indicated proteins.

(B) GATOR1 is necessary for the Sestrins to inhibit mMTORC1 signaling. The indicated
constructs were stably overexpressed in control HEK-293E cells or in cells lacking the

indicated GATOR1 components generated via the CRISPR/Cas9 method. Lysates were
probed via immunoblotting for the indicated proteins.
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Figure S3
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Figure S3, related to Figure 3: The Sestrins do not affect the GAP activity of
GATOR1 and inhibition of the v-ATPase affects the Sestrin2-GATOR2 interaction.
(A) GATOR(1 purified from HEK-293T cells overexpressing Sestrin2 is equally active
towards RagB as GATOR1 purified from cells without Sestrin2 overexpression. Five

picomoles of Flag RagB HA RagC 181N were loaded with [a32P]GTP and incubated
with the indicated proteins. LRS is leucyl tRNA synthetase. GTP hydrolysis was
determined by thin layer chromatography.

(B) Inhibition of the v-ATPase with concanmycin A (ConA) reduces the interaction
between GATOR2 and Sestrin2. HEK-293T cells were treated with either 11.5 uM ConA
or DMSO for 1 hour, during which time the cells were starved of amino acids for 1 hour
or starved for 50 minutes and restimulated with amino acids for 10 minutes.
Immunoprecipitates were collected using either an antibody targeting WDR24 or a
control protein, GSK3B, and were analyzed, along with cell lysates, by immunoblotting
for the indicated proteins.
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The Sestrins are necessary for the amino acid-regulated subcellular localization
of mTORCA1

Given that Sestrin2 is upstream of GATOR1 and the Rags, we reasoned that the
Sestrins might inhibit the pathway by controlling the subcellular localization of mMTORC1,
analogous to previously characterized regulators of the amino acid sensing pathway
(Bar-Peled et al., 2013; Petit et al., 2013; Sancak et al., 2010; Sancak et al., 2008; Tsun
et al., 2013; Zoncu et al., 2011). Consistent with this notion, in HEK-293T cells stably
overexpressing FLAG-Sestrin2, mTORC1 failed to translocate to LAMP2-positive
lysosomes despite the presence of amino acids (Figure 4A and S4A). Conversely,
shRNA-mediated knockdown of Sestrin1 and Sestrin2 led to increased levels of
lysosome-associated mMTORC1 even in the absence of amino acids (Figure 4B). The
shRNA-mediated knockdown of Sestrin1 and Sestrin3 in Sestrin2-null cells further
increased the localization of mMTORC1 to lysosomes under amino acid deprivation
conditions (Figure S4B). In combination, these results indicate that the Sestrins are
negative regulators of mMTORC1 signaling and are necessary for the amino acid-

dependent localization of mMTORC1 to the lysosomal surface (Figure 4C)
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Figure 4: The Sestrins control mMTORC1 localization in response to amino acids
(A) Sestrin2 overexpression prevents proper mTORC1 recruitment to lysosomes. HEK-
293T cells stably expressing the indicated recombinant proteins were starved or starved
and restimulated with amino acids for the indicated times prior to processing for
immunofluorescence. Insets depict selected fields that were magnified 3.24 times and
their overlays.

(B) Sestrin1 and Sestrin2 loss results in constitutive mTORC1 localization to the
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lysosome. HEK-293T cells stably expressing the indicated shRNA constructs were

processed as described above in (A).
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Figure S4
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Figure S4, related to Figure 4: The Sestrins control amino acid-dependent
mTORCH1 localization to the lysosome.

(A) Overexpression of FLAG-Sestrin2 impairs proper mTOR localization to the
lysosome in response to amino acids. HEK-293T cells stably overexpressing the
indicated recombinant proteins were processed for immunofluorescence as indicated in
Figure 4A.

(B) Knockdown of Sestrin1 and Sestrin3 leads to an increase in mTOR localization to
the lysosomes under amino acid deprivation. shRNA-mediated knockdown of the
indicated genes was performed in Sestrin2-null cells generated by the CRISPR/Cas9

system and processed for immunofluorescence as indicated in Figure 4A. All scale bars

represent 10 um.
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Discussion

Amino acids must be present in the cellular environment for mMTORC1 to be
active and are sensed through a signaling pathway that culminates with the nucleotide
loading of the Rag GTPases (reviewed in (Bar-Peled and Sabatini, 2014; Efeyan et al.,
2012b; Kim et al., 2013; Yuan et al., 2013)). Many regulators impact the nucleotide
loading state of the Rags in response to amino acid availability, most notably Ragulator
and GATOR1, which are a GEF and GAP, respectively, for RagA/B. GATOR2 is a
poorly studied complex that acts upstream of or in parallel with GATOR1 and is a
positive component of the mTORC1 pathway. Here, we identify the Sestrins as
GATORZ2-interacting proteins that require GATOR1 and the Rags to function as
negative regulators of the amino acid pathway upstream of mMTORCH1. In addition, we
show that amino acids levels regulate the strength of the interaction between Sestrin2
and GATORZ2, and that the Sestrins are necessary for mTORC1 recruitment to the
lysosomal surface in response to amino acids.

Interestingly, inhibition of the v-ATPase, a known regulator of mMTORC1 activity
which engages in amino acid-regulated interactions with Ragulator on the lysosomal
surface, disrupts the Sestrin2-GATORZ2 interaction in the absence of amino acids
(Figure S3B). As of yet, the relationship between the branch involving the GATOR
complexes and the branch involving the Ragulator/v-ATPase complexes upstream of
mTORC1 has not been thoroughly investigated, and these data imply that there may be
some crosstalk between the two branches. However, further work must be performed to
determine if the effect of concanamycin A on the Sestrin2-GATOR?2 interaction is a
direct or an indirect effect of inhibiting the v-ATPase.

Our work raises several interesting questions. First, the mechanism through
which the Sestrins act as negative regulators of mMTORC1 signaling remains unknown.
Although initially our most appealing hypotheses, the Sestrins do not appear to inhibit
the pathway by disrupting the interaction between GATOR1 and GATORZ2 (Figure
S1B), nor do they affect the GAP activity of GATOR1 towards RagA/B (Figure S3A).
Another possibility is that the Sestrins inhibit GATOR2 function, which is in turn

necessary to signal amino acid sufficiency to the Rags. The function of GATOR2 is
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unknown, and therefore, while this is a tempting mechanism through which the Sestrins
may affect the mTORC1 pathway, it is currently impossible to test.

Although the Sestrins have weak homology to a family of alkyl
hydroxyperoxidase enzymes in Mycobacterium tuberculosis, they do not appear to
possess any reductase activity (Budanov et al., 2004; Woo et al., 2009). An intriguing
possibility is that the Sestrins possess an enzymatic function that is linked to their role
as negative regulators of the amino acid sensing branch of mMTORC1, but further studies
are needed to understand if the Sestrins retain any enzymatic activity.

Another question is what role, if any, the Sestrins play in tumorigenesis. Here, we
demonstrate that loss of the Sestrins renders cells unable to fully inhibit mTORC1 in the
absence of amino acids. Similarly, GATOR1-null cells retain constitutive mTORC1
signaling in the absence of amino acids. DEPDCS5, Npri2, and Nprl3, which together
encode GATOR1, are thought to act as tumor suppressor genes (Bar-Peled et al.,
2013). It has previously been posited that the Sestrins may act as tumor suppressor
genes (Budanov et al., 2010), and mutations in all three Sestrin genes have been
detected by cancer genome sequencing efforts (Bamford et al., 2004). However, we
show here that the three Sestrins have a large degree of redundancy, and thus a cancer
cell may need to lose two or all Sestrins to significantly affect mMTORC1 signaling, which
may be unlikely.

Finally, the Sestrins have previously been reported to be negative regulators of
mTORC1 signaling through AMPK and TSC, which act in the growth factor sensing
branch upstream of mMTORCH1, distinct from the amino acid sensing branch (Budanov
and Karin, 2008). Although it is clear from our work that the Sestrins affect the amino
acid sensing pathway, it remains to be clarified whether they modulate both of these
branches upstream of mTORC1, and what the relative importance of each of these
potential effects is. While we were unable to detect any interaction between
recombinant Sestrin2 and endogenous TSC (Figure S1E), further work is needed to

fully understand the effect of the Sestrins on these two separate signaling pathways.
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Experimental Procedures

Materials

Reagents were obtained from the following sources: LAMP2 H4B4 and HRP-
labeled anti-mouse and anti-rabbit secondary antibodies from Santa Cruz
Biotechnology; antibodies to phospho-T389 S6K1, S6K1, Sestrin2, mTOR, Mios and
FLAG epitope from Cell Signaling Technology; antibodies to the HA epitope from Bethyl
laboratories. RPMI, FLAG M2 affinity gel, ATP, GDP, and amino acids from Sigma
Aldrich; DMEM from SAFC Biosciences; XtremeGene9 and Complete Protease Cocktail
from Roche; Alexa 488 and 568-conjugated secondary antibodies; Inactivated Fetal Calf
Serum (IFS) from Invitrogen; amino acid-free RPMI from US Biologicals. The WDR24
and WDR59 antibodies were generously provided by Jianxin Xie (Cell Signaling
Technology).

Cell lysis and immunoprecipitation

Cells were rinsed once with ice-cold PBS and lysed immediately with Triton lysis
buffer (1% Triton, 10 mM B-glycerol phosphate, 10 mM pyrophosphate, 40 mM Hepes
pH 7.4, 2.5 mM MgCl; and 1 tablet of EDTA-free protease inhibitor [Roche] (per 25 ml
buffer). The cell lysates were clarified by centrifugation at 13,000 rpom at 4°C in a
microcentrifuge for 10 minutes. For anti-FLAG-immunoprecipitations, the FLAG-M2
affinity gel was washed with lysis buffer 3 times. 30 ul of a 50% slurry of the affinity gel
was then added to cleared cell lysates and incubated with rotation for 2 hours at 4°C.
The beads were washed 3 times with lysis buffer containing 500 mM NacCl. In the case
of transient cotransfection assays to explore the interaction of the Sestrins with
GATORZ2, beads were incubated in the final salt wash for 30 minutes to reduce non-
specific binding. Immunoprecipitated proteins were denatured by the addition of 50 ul of
sample buffer and boiling for 5 minutes as described (Kim et al., 2002), resolved by
8%—16% SDS-PAGE, and analyzed by immunoblotting.

For co-transfection experiments in HEK-293T cells, 2 million cells were plated in
10 cm culture dishes. Twenty-four hours later, cells were transfected via the

polyethylenimine method (Boussif et al., 1995) with the pRK5-based cDNA expression
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plasmids indicated in the figures in the following amounts: 300 ng Flag-Metap2, 100 ng
Flag-WDR24, 50 ng Flag-Sestrin1, 25 ng Flag-Sestrin2, or 200 ng Flag-Sestrin3; 2 ng of
Flag-S6K1, or 200 ng each of HA-Mios, HA-WDRS59, HA-WDR24, HA-Sec13, HA-
Seh1L, HA-Depdc5, HA-Nprl3, or HA-Nprl2. The total amount of plasmid DNA in each
transfection was normalized to 5 pg with empty pRKS5. Thirty-six hours after transfection,
cells were lysed as described above.

For experiments which required amino acid starvation or restimulation, cells were
treated as previously described (Tsun et al., 2013). Briefly, cells were incubated in
amino acid free RPMI for 50 minutes and then stimulated with amino acids for 10
minutes. For glucose starvation, cells were incubated in RPMI media lacking glucose
but containing amino acids and dialyzed serum for 50 minutes, followed by a 10 minute
restimulation with 5 mM D-Glucose. For insulin deprivation, cells were incubated in
RPMI without serum for 50 minutes and restimulated with 1 ug/ml insulin for 10 minutes.
Finally, when Torin1 or Rapamycin was used, cells were incubated with 250 nM of each

throughout the starvation and restimulation period.
Generation of CRISPR/Cas9 genetically modified cells

To generate HEK-293T cells with loss of GATOR2 components or Sesn2, the
following sense (S) and antisense (AS) oligonucleotides encoding the guide RNAs were

cloned into the pX330 vector (Petit et al., 2013).

sgMios_1S: caccgATCACATCAGTAAACATGAG
sgMios_1AS: aaacCTCATGTTTACTGATGTGATc

sgWDR24_1S: caccgACCCAGGGCTGTGGTCACAC
sgWDR24 1AS: aaacGTGTGACCACAGCCCTGGGTc

sgWDR59 18S: caccgCGGGGGAGATGGCGGCGCGA
sgWDR59_ 1AS: aaacTCGCGCCGCCATCTCCCCCGc

sgSesn2_1S: caccgAGAGCCTCGAGCAGCACCTG
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sgSesn2_ 1AS: aaacCAGGTGCTGCTCGAGGCTCTc

sgSesn2_2S: caccGGACTACCTGCGGTTCGCCC
sgSesn2_2AS: aaacGGGCGAACCGCAGGTAGTCC

sgSesn2_3S: caccGCCACAGCCAAACACGAAGG
sgSesn2_3AS: aaacCCTTCGTGTTTGGCTGTGGC

sgGFP_1S: caccgTGAACCGCATCGAGCTGAA
sgGFP_1AS: aaacTTCAGCTCGATGCGGTTCAc

sgNprl3_1S: caccGGCTTTCAGGCTCCGTTCGA
sgNpri3_1AS: aaacTCGAACGGAGCCTGAAAGCC

On day one, 200,000 cells were seeded into 6 wells of a 6-well plate. Twenty-four
hours post seeding, each well was transfected with 250 ng shGFP pLKO, 1 ug of the
pX330 guide construct, 0.5 ug of empty pRK5 using XtremeGene9. The following day,
cells were trypsinized, pooled in a 10 cm dish, and selected with puromycin to eliminate
untransfected cells. Forty-eight hours after selection, the media was aspirated and
replenished with fresh media lacking puromycin. The following day, cells were single
cell sorted with a flow cytometer into the wells of a 96-well plate containing 150 ul of
DMEM supplemented with 30% IFS. Cells were grown for two weeks and the resultant
colonies were trypsinized and expanded. Clones were validated for loss of the relevant

protein via immunoblotting.
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Supplemental Experimental Procedures

Cell lines and tissue culture
HEK-293T and HEK-293E cells were cultured in DMEM 10% IFS supplemented
with 2 mM glutamine. All cell lines were maintained at 37°C and 5% CO2.

Identification of Sestrin by mass spectrometry

Immunoprecipitates from HEK-293T cells stably expressing FLAG-Metap2,
FLAG-Mios, FLAG-WDR24 or FLAG-WDR59 were prepared using Triton or Chaps lysis
buffer without crosslinking as described earlier. Proteins were eluted with the FLAG
peptide (sequence DYKDDDDK) from the FLAG-M2 affinity gel, resolved on 4-12%
NuPage gels (Invitrogen), and stained with simply blue stain (Invitrogen). Each gel lane
was sliced into 10-12 pieces and the proteins in each gel slice digested overnight with
trypsin. The resulting digests were analyzed by mass spectrometry as described
(Sancak et al., 2008). Peptides corresponding to Sestrin family members were detected
in the FLAG-Mios, FLAG-WDR24 and FLAG-WDR59 immunoprecipitates, while no

peptides were detected in negative control immunoprecipitates of FLAG-Metap2.

Mammalian lentiviral shRNAs

On day one, 750,000 HEK-293T cells were seeded in a 6 well plate in DMEM
supplemented with 20% inactivated fetal bovine serum (IFS). Twenty-fours hours later,
the cells were transfected with shRNA-encoding plasmids indicated below alongside the
Delta VPR envelope and CMV VSV-G packaging plasmids using XtremeGene9
transfection reagent.

Lentiviral shRNAs targeting Sestrin1, Sestrin2, and Sestrin3 were obtained from
the TRC. The TRC number for each shRNA is as follows:
Human Sestrin1 shRNA_1: TRCN0000143187
Human Sestrin1 shRNA_2: TRCN0000435014
Human Sestrin2 shRNA_1: TRCN0000143630
Human Sestrin2 shRNA_2: TRCN0000122802
Human Sestrin3 shRNA_1: TRCN0000412760
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Human Sestrin3 shRNA_2: TRCN0000088252

Twelve hours post transfection, the old media was aspirated and replaced with 2
ml fresh media. Virus-containing supernatants were collected 36 hours after replacing
media and passed through a 0.45 micron filter to eliminate cells. Four million cells in the
presence of 8 ug/ml polybrene (Millipore) were infected with 1 ml of virus for each
construct in the case of single knockdown or with 500 ul of virus in the case of double or
triple knockdown in 2 ml total volume of media and then spun at 2,200 rpm for 45
minutes at 37°C. Forty-eight hours after selection, cells were trypsinized and selected
with puromycin and seeded on the 3™ day for signaling experiments, as described.

To validate knockdown of Sesn1 and Sesn3, the following primer pairs were
used in an RT-PCR reaction due to the lack of antibodies to these proteins. The data

were analyzed via the delta-delta Ct method (Schmittgen and Livak, 2008).

Sesn1 Forward: TGGCAATGCACAAAGATGTTG
Sesn1 Reverse: GCTACGATCCAATAGCTGGTT

Sesn3 Forward: TGCGTTTGTGATCTTGCTAATG
Sesn3 Reverse: CGCCTCTTCATCTTCCCTTTC

Immunofluorescence assays

Immunofluorescence assays were performed as described in (Sancak et al.,
2010). Briefly, 300,000 HEK-293T cells were plated on fibronectin-coated glass
coverslips in 6-well tissue culture plates. Twenty-four hours later, the slides were rinsed
with PBS once and fixed for 15 min with 4% paraformaldehyde in PBS at room
temperature. The slides were rinsed three times with PBS and cells were permeabilized
with 0.05% Triton X-100 in PBS for 5 min. After rinsing three times with PBS, the slides
were blocked for 1 hour in Odyssey blocking buffer, and then incubated with primary
antibody in Odyssey blocking buffer for 1 hr at room temperature, rinsed three times
with PBS, and incubated with secondary antibodies produced in donkey (diluted 1:1000
in Odyssey blocking buffer) for 45 minutes at room temperature in the dark and washed

three times with PBS. Slides were mounted on glass coverslips ‘using Vectashield
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(Vector Laboratories) and imaged on a spinning disk confocal system (Perkin Elmer).

Rag GTP hydrolysis assay
GAP assays were performed essentially as previously described (Bar-Peled et
al., 2013). In brief, the indicated GTPases were bound to FLAG-M2 affinity gel and

loaded with XDP and [a—32P]GTP at room temperature followed by an incubation with
MgCI2 to stabilize the nucleotide. The GTPases were subsequently washed to remove

unbound nucleotide and eluted from the affinity gel with competing FLAG peptide.

Protein concentrations were determined prior to use.

For the TLC-based GTP hydrolysis assay, 5 pmoles of the indicated Rag

heterodimer was loaded with xanthine nucleotides and [032P]GTP were added to 20
pmoles of purified LRS, GATOR1, or GATOR1 purified from HA-Sesn2 overexpressing
cells in 45 pl of GTPase wash buffer. The reaction was incubated at 25°C for the
indicated times and eluted samples were spotted on PEI Cellulose plates and
developed for 2.5 hrin 0.5 M KH2PO4 pH 3.4. Plates were exposed to film and spot

densities were quantified with ImageJ.
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Abstract

Leucine is a proteogenic amino acid that also regulates many aspects of
mammalian physiology, in large part by activating the mTOR complex 1
(mTORCH1) protein kinase, a master growth controller. Amino acids signal to
mTORC1 through the Rag guanine triphosphatases (GTPases). Several factors
regulate the Rags, including GATOR1, a GTPase activating protein (GAP);
GATORZ2, a positive regulator of unknown function; and Sestrin2, a GATOR2-
interacting protein that inhibits mMTORC1 signaling. We find that leucine, but not
arginine, disrupts the Sestrin2-GATOR2 interaction by binding to Sestrin2 with a
Kq4 of 20 uM, which is the leucine concentration that half-maximally activates
mTORC1. The leucine-binding capacity of Sestrin2 is required for leucine to
activate mTORCH1 in cells. These results indicate that Sestrin2 is a leucine sensor
for the mTORC1 pathway.
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It has long been appreciated that in addition to being a proteogenic amino acid,
leucine is also a signaling molecule that directly regulates animal physiology, including
satiety (7), insulin secretion (2), and skeletal muscle anabolism (3, 4). Because the liver
has a low capacity to metabolize leucine, its blood concentrations fluctuate in accord
with its consumption so that dietary leucine can directly impact physiology (5-7). A key
mediator of the effects of leucine is the mTORC1 protein kinase (8, 9), which regulates

growth by controlling processes like protein and lipid synthesis as well as autophagy.

Many environmental signals besides leucine regulate the mTORC1 pathway,
including other amino acids like arginine, as well as glucose and various growth factors
and forms of stress (70, 77). How mTORC 1 senses and integrates these diverse inputs
is not well understood, but it is clear that the Rheb and Rag guanine triphosphatases
(GTPases) have necessary but distinct roles. Rheb is a monomeric GTP binding protein
and the Rags function as obligate heterodimers of RagA or RagB bound to RagC or
RagD (72-14). Both the Rheb and Rag GTPases localize, at least in part, to the
lysosomal surface (15-18), which is an important site of mTORC1 regulation (79). In a
Rag-dependent manner amino acids promote the translocation of mTORC1 to the
lysosome where Rheb, if bound to GTP, stimulates its kinase activity. Growth factors
trigger the GTP-loading of Rheb by driving its GTPase activating protein (GAP), the

tuberous sclerosis (TSC) complex, off the lysosomal surface (78).

Regulation of the Rag GTPases by amino acids is complex, and many distinct
factors have important roles (20). A lysosome-associated super-complex containing
Ragulator, SLC38A9, and the vacuolar adenosine triphosphase (v-ATPase) interacts
with the Rag GTPases and is necessary for the activation of mMTORC1 by amino acids
(21-24). Ragulator anchors the Rag heterodimers to the lysosome and has nucleotide
exchange activity for RagA and RagB (217, 25). SLC38A9 is an amino acid transporter
and a potential lysosomal arginine sensor (23), but the function of the v-ATPase in
mTORC1 activation is unclear. Two GAP complexes stimulate GTP hydrolysis by the
Rag GTPases, with GATOR1 acting on RagA and RagB (26) and Folliculin (FLCN)-
Folliculin interacting protein 2 (FNIP2) on RagC and RagD (27). The separate GATOR2
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complex negatively regulates GATOR1 through an unknown mechanism and is
necessary for mTORC1 activation (26). Lastly, the Sestrins are GATORZ2-interacting
proteins that inhibit mMTORC1 signaling but whose molecular function is not known (28,
29).

The amino acids sensors upstream of mMTORC1 have been elusive for many
years. While SLC38A9 is a strong candidate for sensing arginine at lysosomes (23), the
long-sought sensor of leucine was unknown. We demonstrate that Sestrin2 is a leucine

sensor for the mTORC1 pathway.
Leucine directly regulates the Sestrin2-GATOR2 interaction

Activation of mMTORC1 by amino acids requires the pentameric GATOR2
complex (26). Although its molecular function is unknown, epistasis-like experiments
suggest that GATOR2 suppresses GATOR1, the GAP for and inhibitor of RagA and
RagB (26). Within cells Sestrin2 binds to GATORZ2 in an amino acid-sensitive manner
(28, 29), with removal and re-addition of all amino acids from the culture media inducing
and reversing the interaction, respectively (28). Although several amino acids can
regulate mTORC1 signaling, arginine and leucine are the best established and
deprivation of either strongly inhibits mTORC1 in various cell types (8, 30, 37). In
human embryonic kidney-293T (HEK-293T) cells removal of either leucine or arginine
from the cell medium inhibited mTORC1 signaling, as read out by ribosomal protein S6
kinase 1 (S6K1) phosphorylation, to similar extents. Strikingly, however, only leucine
depletion caused Sestrin2 to bind to GATORZ2, inducing the interaction as effectively as
complete amino acid starvation (Fig. 1A). Leucine re-addition rapidly reversed the
binding and amino acids did not affect the interaction between WDR24 and Mios, two
core components of GATORZ2 (Fig. 1A, and S1A).

Sestrin2 is homologous to two other proteins, Sestrin1 and Sestrin3 (32-34), and

when overexpressed all three can interact with GATOR2 (28). As with Sestrin2, leucine

starvation and stimulation strongly regulated the interaction of endogenous Sestrin1
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with GATOR?2 (Fig. S1B). In contrast, endogenous Sestrin3 bound to GATOR2
irrespective of leucine concentrations (Fig. S1B), suggesting that this interaction is

constitutive or regulated by signals that remain to be defined.

While enzymatic events triggered by leucine might mediate the effects of leucine
on the Sestrin2-GATOR2 interaction, it was tempting to consider that leucine might act
directly on the complex. Consistent with this possibility, the addition of leucine, but not
arginine, to ice-cold detergent lysates of cells deprived of all amino acids abrogated the
interaction to the same extent as leucine-stimulation of live cells (Fig. 1B). Even more
intriguingly, leucine also disrupted the interaction when added directly to immunopurified
Sestrin2-GATOR2 complexes isolated from amino acid-deprived cells. Of the 18 amino
acids tested at 300 uM each, only those most similar to leucine —methionine, isoleucine,
and valine— had any effect on the Sestrin2-GATORZ2 interaction in vitro (Fig. 1C).

When added to the purified complexes, leucine dose-dependently disrupted the
Sestrin2-GATOR2 complex, with the half maximal effect at about 1 uM (Fig. 1D).
Methionine and isoleucine were considerably less potent, acting at concentrations
approximately 10- and 25-fold greater than leucine, respectively (Fig. 1E). These values
reflect only the relative potencies of these amino acids as equilibrium conditions were
not attained because the large assay volume precluded Sestrin2 from rebinding to
GATOR?2 once dissociated.
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Figure 1: Leucine, but not arginine, disrupts the Sestrin2-GATOR2 interaction in
cells and in vitro

A) Binding of Sestrin2 to GATOR2 in HEK-293T cells stably expressing FLAG-WDR24
(a component of GATOR2). Cells were deprived of leucine, arginine, or all amino acids
for 50 minutes. Where indicated, cells were re-stimulated with leucine, arginine, or all
amino acids for 10 minutes and FLAG immunoprecipitates prepared from cell lysates.
Immunoprecipitates and lysates were analyzed by immunoblotting for the indicated
proteins. FLAG-metap2 served as a negative control.

B) Effects of leucine and arginine on the Sestrin2-GATOR?2 interaction in ice-cold
detergents lysates of amino acid-starved cells. HEK-293T cells stably expressing FLAG-
metap2 or FLAG-WDR24 were deprived of all amino acids for 50 minutes. Leucine or
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arginine was added to the culture media or cell lysates and FLAG immunoprecipitates
prepared and analyzed as in (A).

C) Effects of individual amino acids on the purified Sestrin2-GATOR2 complex. FLAG
immunoprecipitates were prepared from HEK-293T cells stably expressing FLAG-
metap2 or FLAG-WDR24 and deprived of all amino acids for 50 minutes. Indicated
amino acids (300 uM) were added directly to the immunoprecipitates, which, after re-
washing, were analyzed as in (A).

D) Disruption of the purified Sestrin2-GATOR2 complex by leucine. Experiment was
performed and analyzed as in (C) except that indicated concentrations of leucine or
arginine were used.

E) Disruption of the Sestrin2-GATORZ2 interaction by isoleucine and methionine.
Experiment was performed and analyzed as in (C) except that the indicated

concentrations of isoleucine, methionine, leucine, or arginine were used.
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Figure S1: Leucine disrupts the interaction between GATOR2 and Sestrin1 but
not Sestrin3

A) Effect of leucine on the interaction between endogenous GATORZ2 and endogenous
Sestrin2. HEK-293T cells were deprived of leucine for 1 hour, or starved for 50 minutes
and restimulated with leucine for 10 minutes. Immunoprecipitates were prepared using
an antibody to WDR24 or a control protein (GSK3B), and, along with cell lysates,
analyzed via immunoblotting for the indicated proteins.

B) Effects of leucine starvation and restimulation on the interaction between GATOR?2
and endogenous Sestrin1 (two isoforms), Sestrin2, or Sestrin3. HEK-293T cells stably
expressing FLAG-metap2 or FLAG-WDR24 were deprived of leucine for 50 minutes,
and, where indicated, restimulated with leucine for 10 minutes. FLAG
immunoprecipitates were prepared and analyzed as in Figure 1A. Asterisks denote non-
specific bands.
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Sestrin2 binds leucine with a Ky of 20 pM

Given that leucine disrupts the purified complex, we reasoned that leucine might
directly bind to Sestrin2 or GATOR2. To test this, we developed an equilibrium binding
assay in which purified proteins immobilized on agarose beads were incubated with
radioactive amino acids, and the bound amino acids were quantified after washing.
Radiolabeled leucine bound to Sestrin2, but not WDR24, the GATOR2 complex, or the
control protein Rap2A, in a manner that was fully competed by excess non-radiolabeled
leucine (Fig. 2A). In contrast, arginine did not bind to either Sestrin2 or Rap2A (Fig.
S2A). Consistent with the differential sensitivities of the Sestrin1- and Sestrin3-GATOR2
complexes to leucine, Sestrin1 bound leucine to a similar extent as did Sestrin2,
whereas Sestrin3 bound very weakly (Fig. 2B and S2A). Drosophila dSestrin
(CG11299-PD) also bound leucine, albeit at lower amounts than the human protein (Fig.
S2B and C).

As all of these proteins were expressed in and purified from human HEK-293T
cells, it remained formally possible that an unidentified protein that co-purifies with
Sestrin2 (and Sestrin1) is the actual receptor for leucine. To address this possibility, we
prepared human Sestrin2 in bacteria, a heterologous system that does not encode a
Sestrin homologue or even a TOR pathway. Consistent with the results obtained with
Sestrin2 prepared in human cells, radiolabelled leucine bound to bacterially-produced
Sestrin2, but not the RagA-RagC heterodimer, which was used as a control (Fig. 2C).
Furthermore, in a thermal shift assay, leucine, but not arginine, shifted the melting
temperature by up to 8.5°C of bacterially-produced Sestrin2, but not of two control
proteins (Fig. 2D and S2E-F). Collectively, these data strongly argue that leucine binds
directly to Sestrin2.

While the thermal shift assay is valuable for assessing the capacity of a protein to
bind a ligand, this method is not suitable for obtaining an accurate Ky (35). Therefore,
we used a competition binding assay with increasing amounts of unlabeled leucine to
determine that leucine has a Ky for Sestrin2 of 20 + 5 uM (Fig. 2E). In comparison,
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methionine and isoleucine competed leucine binding with inhibitory constants (K;) of 354
+ 118 uM and 616 £ 273 uM, respectively (Fig. 2F and G). These values are
approximately one eighteenth and one thirtieth the affinity of leucine for Sestrin2, and
correlate well with the relative potencies of leucine, methionine, and isoleucine in
disrupting the Sestrin2-GATORZ2 interaction in vitro (Fig. 1D and E).

A Il 10 M PH]Leucine I 10 pM PH]Leucine
Il 10 pM PH]Leucine + 10 mM Leucine B 10 pM [H]Leucine + 10 mM Leucine

— +p<0001 @#"’f&f&‘f — *P<0001 ij‘;&:};‘;&

£ §
2 . WDRS =1 140
E - ‘ WOR24, Mos € 100~
- - .S . 70- -
3 - 5 oo % — - ‘..' - PR
& b Sehil
é = B Seci3 2 . B e
— * B i
;R Eme.~- T o- SR L e
o e‘f’& & ) f i f
C B 10 M PHiLeucine zi N D —aumerow — +500 yM leucine
B 10 M PH)Leucine + 10 mM Leucine @" @\@ — His-MBP-Sestin2  — +10 mM leucine
_ <P 0001 R g & +20 uM leucine — +10 mM arginine
5_ [ | 60
£ — Sample Tm ("C) | Shift (°C)
2 200001 406 s Ty His-MBP-Sestrin2 | 44.8 + 0.04
3 o Sestrin2 % 40 (bacteria)
e — ] - +20 pM leucine | 46.6 + 1.44 1.9
. +500 UM leucine [49.5+0.19 4.7
g g +10mM leucine [53.3+006| 85
T o +10 mM arginine | 45.320.33| <1
o - - -
20 40 60 80
Temperature
F - G
E —_— K=354pM E 15000 K=616pM
100004 100004
i 7
2 § 8000 .%,E 5000
=& £
0 E. 0 E- 0
X 10000 001 1 100 10000 0.01 1 100 10000
i Methionine (uM) Isoleucine (uM)

Figure 2: Sestrin2 binds leucine with a Ky of 20 uM

A) Binding of radiolabeled leucine to Sestrin2, but not WDR24, GATORZ, or the control
protein Rap2A. FLAG immunoprecipitates prepared from HEK-293T cells transiently
expressing indicated proteins or complexes were used in binding assays with
[*H]Leucine as described in the methods. Unlabeled leucine was added where
indicated. Values are Mean £ SD for 3 technical replicates from one representative
experiment. SDS-PAGE followed by Coomasie blue staining was used to analyze
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immunoprecipitates prepared in parallel to those included in the binding assays.
Asterisks indicate breakdown products in the WDR24 and GATOR?2 purifications.

B) Leucine-binding capacities of Sestrin1 (two isoforms), Sestrin2, and Sestrin3. FLAG
immunoprecipitates were prepared and binding assays performed and analyzed as in
(A).

C) Leucine binds to bacterially-produced Sestrin2, but not the RagA/RagC heterodimer.
Leucine binding assays were performed as described in the methods and analyzed as
in (A) with His-MBP-Sestrin2 or His-RagA/RagC bound to the Ni-NTA resin.

D) Effects of leucine and arginine on the melting temperature of bacterially-produced
Sestrin2 in a thermal shift assay. His-MBP-Sestrin2 was incubated with the Sypro
orange dye with or without leucine or arginine. Upon heating the sample the change in
fluorescence was captured and used to calculate melting temperatures (Tm) under the
indicated conditions. Values are Mean + SD from 3 replicates.

E) Sestrin2 binds leucine with a Ky of 20 uM. FLAG-Sestrin2 immunoprecipitates
prepared as in (A) were used in binding assays with 10 pM or 20 uM [*H]Leucine and
indicated concentrations of unlabeled leucine. In the representative graph shown each
point represents the normalized mean + SD for n = 3 in an assay with 10 yM
[*H]Leucine. The Ky was calculated from the results of six experiments (three with 10
UM and three with 20 pM [°H]Leucine).

F) Methionine can compete the binding of leucine to Sestrin2. FLAG-Sestrin2
immunoprecipitates prepared as in (A) were used in binding assays with 10 yM
[*H]Leucine and indicated concentrations of unlabeled methionine. In the graph shown
each point represents the normalized mean + SD for n = 3. The K; was calculated using
data from the three experiments.

G) Isoleucine can compete the binding of leucine to Sestrin2. FLAG-Sestrin2
immunoprecipitates prepared as in (A) were used in binding assays with 10 yM
[*H]Leucine and indicated concentrations of unlabeled isoleucine. In the graph shown
each point represents the normalized mean £ SD for n = 3. The K; was calculated using

data from the three experiments.
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Figure S2: Sestrin2 does not bind arginine, and the capacity of Sestrin2 to bind
leucine is conserved in Drosophila Sestrin

A) Sestrin2 does not bind arginine. FLAG-Sestrin2 immunoprecipitates prepared as in
Figure 2A were used in binding assays with [3H]Arginine with or without unlabeled
arginine.

B) Effects of leucine or arginine on the melting temperature of human choline
acetyltransferase (ChAT) in a thermal shift assay. ChAT prepared in bacteria was
subjected to a thermal shift assay as in Figure 2C.

C) Effects of leucine or arginine on the melting temperature of another control protein,

Physconitrella patens hydroxycinnamoyl transferase (PpHCT) in a thermal shift assay.
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D) SDS-PAGE and Coomasie blue staining analyses of the bacterially prepared
proteins (His-MBP-Sestrin2, ChAT, and PpHCT ) used in the thermal shift assays.

E) dSestrin (CG11299-PD) binds to leucine. Binding assays were performed and
immunoprecipitates analyzed as in Figure 2A.

F) dSestrin (CG11299-PD) interacts with human WDR24, a component of GATOR?2.
FLAG immunoprecipitates were prepared from HEK-293T cells expressing the indicated

proteins, and immunoprecipitates and cell lysates analyzed vja immunoblotting.

Sestrin2 regulates mTORC1 through GATOR2

Consistent with leucine regulating mTORC1 by modulating the binding of
Sestrin2 to GATORZ2, 20-40 pM leucine had half-maximal effects on both the Sestrin2-
GATOR2 interaction and mTORC1 activity in HEK-293T cells (Fig. 3A and B). This
concentration range encompasses the Ky of leucine for Sestrin2, indicating that the

affinity of Sestrin2 for leucine is physiologically relevant.

To formally test whether Sestrin2 regulates mTORC1 by interacting with
GATOR2, we identified a Sestrin2 mutant (S190W) that still binds leucine but has a
severely decreased capacity to bind GATOR2 (Fig. 3C and D). In Sestrin1-3 triple null
HEK-293T cells, mMTORC1 signaling was active and unaffected by leucine deprivation
(Fig. 3E). In these cells expression of wild-type Sestrin2 restored the leucine sensitivity
of the mTORC1 pathway, but that of Sestrin2 S190W had no effect (Fig. 3E). Thus,
Sestrin2 must be able to interact with GATOR2 for the mTORC1 pathway to sense the

absence of leucine.
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Figure 3: Sestrin2 regulates mTORC1 through GATOR2

A) Effects of varying leucine concentrations on mTORC1 activity, as measured by the
phosphorylation of S6K1. HEK-293T cells were deprived of leucine for 50 minutes and
restimulated with leucine at the indicated concentrations for 10 minutes. Cell lysates
were analyzed via immunoblotting for the indicated proteins and phosphorylation states.
B) Effects of varying leucine concentrations on the Sestrin2-GATOR2 interaction. HEK-
293T cells stably expressing the indicated proteins were starved and restimulated as in
(A). FLAG immunoprecipitates were prepared and analyzed by immunoblotting for the
indicated proteins.

C) Decreased GATOR2-binding capacity of the Sestrin2 S190W mutant. FLAG
immunoprecipitates were prepared from cells transiently expressing the indicated
proteins. The immunopurified complexes were treated with the indicated concentrations
of leucine and then analyzed as in Figure 1C.

D) Determination of leucine-binding capacity of Sestrin2 S190W. Assays were
performed and immunoprecipitates analyzed as in Figure 2A.

E) In Sestrin1-3 triple null cells expressing Sestrin2 S190W the mTORC1 pathway
cannot sense the absence of leucine. Wild-type HEK-293T cells and Sestrin1-3 triple
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null HEK-293T cells generated with the CRISPR/Cas9 system were used to express the
indicated FLAG-tagged proteins. Cells were starved for leucine for 50 minutes and,
where indicated, stimulated with leucine for 10 minutes and lysates analyzed via

immunoblotting.

Supp. Figure 3
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Figure S3: Expression in Sestrin1-3 triple null cells of Sestrin2 L261A or E451A at
levels much lower than wild-type Sestrin2 still renders mTORC1 signaling
insensitive to leucine stimulation

A) Expression in Sestrin1-3 triple null cells of Sestrin2 L261A or E451A does not restore
the capacity of the mTORC1 pathway to sense the presence of leucine, even when
mutants are expressed at levels much lower than wild-type Sestrin2. Cells were
generated and analyzed as in Figure 3E. Note that wild-type recombinant Sestrin2 is
overexpressed relative to endogenous levels, explaining why it partially suppresses
mTORCH1 signaling. The Sestrin2 E451A mutant is expressed at levels similar to the
endogenous protein, and both mutants are expressed at much lower levels than wild-
type Sestrin2. All forms of Sestrin2 in this experiment were expressed from the pLJC5

plasmid.
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For leucine to activate mTORC1, Sestrin2 must be able to bind leucine

To test whether the leucine-binding capacity of Sestrin2 is necessary for
mTORC1 to sense the presence of leucine, we identified two Sestrin2 mutants, L261A
and E451A, which do not bind leucine to an appreciable degree (Fig. 4A). Leucine did
not significantly affect the interaction of the mutants with GATOR2 in vitro, consistent
with Sestrin2 mediating the effects of leucine on the Sestrin2-GATOR2 complex (Fig.
4B). Expression of wild-type Sestrin2 in the Sestrin1-3 triple null cells restored the
leucine sensitivity of the mTORC1 pathway in these cells, but that of either mutant
inhibited signaling and rendered it insensitive to leucine (Fig. 4C and S3A).
Furthermore, in Sestrin1-3 triple null cells expressing the mutants, the localization of
mTOR to lysosomes in the presence of leucine was decreased, while that of RagC was
not affected (Fig. S4A-D). Thus, activation of mMTORC1 by leucine requires the binding

of leucine to Sestrin2.
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Figure 4: The capacity of Sestrin2 to bind leucine is required for the mTORC1
pathway to sense leucine

A) The Sestrin2 L261A and E451A mutants do not bind leucine. Binding assays were
performed and immunoprecipitates analyzed as in Figure 2A.

B) Leucine-insensitivity of the interactions of Sestrin2 L261A or E451A with GATOR2.
FLAG immunoprecipitates were prepared from cells transiently expressing the indicated
proteins. The immunoprecipitates were treated with the indicated concentrations of
leucine and analyzed as in Figure 1C.

C) In Sestrin1-3 triple null cells expressing Sestrin2 L261A or E451A the mTORC1
pathway cannot sense the presence of leucine. Cells were generated and analyzed as
in Figure 3E.

D) Model showing how amino acid inputs arising from multiple sensors in distinct

compartments impinge on the Rag GTPases to control mTORC1 activity.
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Supp. Figure 4
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Figure S4: Expression of Sestrin2 L261A or E451A in Sestrin1-3 triple null cells

decreases the localization of mTOR to lysosomes in the presence of leucine
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A) mTOR localization upon leucine deprivation and restimulation in wild-type and
Sestrin1-3 triple null cells. HEK-293T cells (wild-type or Sestrin1-3 triple null created via
the CRISPR/Cas9 system) stably expressing the indicated proteins were deprived of or
deprived of and restimulated with leucine for the indicated times prior to processing for
immunofluorescence. Insets depict selected fields that were magnified 3.24X and their
overlays. All scale bars represent 10 um.

B) Effects of wild-type Sestrin2, or Sestrin2 L261A or E451A, on mTOR localization.
Sestrin1-3 triple null HEK-293T cells stably expressihg the indicated proteins were
treated and analyzed as in (A). C) RagC localizes to the lysosome in wild-type and
Sestrin1-3 triple null cells. HEK-293T cells (wild-type and Sestrin1-3 triple null) were
treated and processed as in (A).

D) RagC localization in Sestrin1-3 triple null cells reconstituted with wild-type Sestrin2 or

either Sestrin2 mutant. Cells were processed for immunofluorescence as in (A).
Conclusions

Sestrin2 has several properties consistent with it being a leucine sensor for the
mTORC1 pathway: (1) it binds leucine at affinities consistent with the concentrations at
which leucine is sensed; (2) Sestrin2 mutants that do not bind leucine cannot signal the
presence of leucine to mTORC1; and (3) loss of Sestrin2 and its homologs renders the
mTORC1 pathway insensitive to the absence of leucine. Although we have not
investigated Sestrin1 as thoroughly, it appears to behave similarly to Sestrin2, so we

propose that Sestrin1 and Sestrin2 are leucine sensors upstream of mMTORC1.
Given that Sestrin2 has appreciable affinity for methionine, it would not be
surprising if in contexts where leucine concentrations are low and those of methionine

are high, Sestrin2 may serve as a methionine sensor for the mTORC1 pathway.

Sestrin2 binds to and likely inhibits GATORZ2, but how this leads to suppression
of mMTORC1 awaits elucidation of the molecular function of GATORZ2. In addition,
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structural studies are needed to understand how the binding of leucine to Sestrin2

disrupts its interaction with GATOR2 and why leucine binds very poorly to Sestrin3.

As Sestrin1 and Sestrin2 are soluble proteins, it is likely that they sense free
leucine in the cytosol. Although these concentrations are unknown, the K, of the human
leucyl-tRNA synthetase (LRS) for leucine has been reported to be 45 yM (36), which is
similar to the affinity of Sestrin2 for leucine, suggesting that cytosolic free leucine
concentrations are within this range. Like Sestrin2, LRS can bind isoleucine and
methionine at lower affinities than leucine (about 30 fold less in the case of LRS) (36).
The similarities between the amino acid binding characteristics of Sestrin2 and LRS
support the notion that the affinity and specificity of Sestrin2 for leucine are sufficient for

it to serve as a leucine sensor.

Our work suggests a model in which signals emerging from distinct amino acid
sensors in different cellular compartments converge on the Rag GTPases at the
lysosomal surface to regulate mTORC1 activity (Fig. 4D). The putative arginine sensor
SLC38A9 likely monitors lysosomal contents and Sestrin2 is almost certainly a cytosolic
sensor. There must also be an amino acid sensor upstream of the GAP for RagC and
RagD, the FLCN-FNIP2 complex, but its identity and cellular localization are unknown.
A future challenge is to elucidate how the Rag GTPases integrate the inputs coming
from the different sensors, which will likely require a much better understanding of the
function of each Rag in the heterodimer. Moreover, in vivo characterization of the
different sensors will be needed to comprehend how specific tissues adapt the amino

acid sensing pathway to their particular needs.

Given that Sestrin2 (and Sestrin1) are likely to have leucine-binding pockets,
these proteins may be targets for developing small molecule modulators of the
mTORC1 pathway. Leucine attenuates the decrease in skeletal muscle protein
synthesis that occurs in the elderly and stimulates satiety (7, 37). Thus, small molecules
that potently mimic the effects of leucine on Sestrin2 could have therapeutic value.
Furthermore, caloric restriction (CR) inhibits mMTORC1 signaling (38, 39) and is

185



associated with increases in healthspan and lifespan in multiple organisms (40, 41).
Thus, small molecules that antagonize the effects of leucine on Sestrin2 might have

CR-mimicking properties.
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MATERIALS AND METHODS

Materials

Reagents were obtained from the following sources: HRP-labeled anti-mouse
and anti-rabbit secondary antibodies from Santa Cruz Biotechnology; antibodies to
phospho-T389 S6K1, S6K1, Sestrin2, Mios and the FLAG epitope from Cell Signaling
Technology; antibodies to the HA epitope from Bethyl laboratories; antibody to raptor
from Millipore. FLAG M2 affinity gel, ATP, and amino acids from Sigma Aldrich; RPMI
without leucine, arginine, or lysine from Pierce; DMEM from SAFC Biosciences;
XtremeGene9 and Complete Protease Cocktail from Roche; Inactivated Fetal Calf
Serum (IFS) and SimplyBlue SafeStain from Invitrogen; amino acid-free RPMI from US
Biologicals; [3H]-labelled amino acids from American Radiolabeled Chemicals. The
WDR24, Mios, Sestrin1, and Sestrin3 antibodies were generously provided by Jianxin
Xie of Cell Signaling Technology.

Cell lines and tissue culture

HEK-293T cells were cultured in DMEM 10% IFS supplemented with 2 mM

glutamine. All cell lines were maintained at 37°C and 5% CO2.

Cell lysis and immunoprecipitation

Cells were rinsed one time with ice-cold PBS and immediately lysed with Triton
lysis buffer (1% Triton, 10 mM B-glycerol phosphate, 10 mM pyrophosphate, 40 mM
Hepes pH 7.4, 2.5 mM MgCI2 and 1 tablet of EDTA-free protease inhibitor [Roche] (per
25 ml buffer). The cell lysates were cleared by centrifugation at 13,000 rom at4°C in a
microcentrifuge for 10 minutes. For anti-FLAG-immunoprecipitations, the FLAG-M2
affinity gel was washed 3 times with lysis buffer. 30 pl of a 50/50 slurry of the affinity gel
was then added to clarified cell lysates and incubated with rotation for 2 hours at 4°C.

Where indicated, leucine or arginine (500 uM final) were added to lysates immediately
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prior to addition of the Flag affinity gel. Following immunoprecipitation, the beads were
washed one time with lysis buffer and 3 times with lysis buffer containing 500 mM NacCl.
Immunoprecipitated proteins were denatured by the addition of 50 pl of sample buffer
and boiling for 5 minutes as described (42), resolved by 8%—-16% SDS-PAGE, and
analyzed by immunoblotting.

For co-transfection experiments in HEK-293T cells, 2 million cells were plated in
10 cm culture dishes. Twenty-four hours later, cells were transfected using the
polyethylenimine method (43) with the pRK5-based cDNA expression plasmids
indicated in the figures in the following amounts: 100 ng HA-WDR24 and 300 ng FLAG-
Metap2, 25 ng FLAG-Sestrin2, or 50 ng FLAG-dSestrin (CG11299-PD); 100 ng FLAG-
WDR24 and 15 ng each of HA-Sestrin2, HA-Sestrin2 S190W, HA-Sestrin2 L261A, or
HA- Sestrin2 E451A. The total amount of plasmid DNA in each transfection was
normalized to 5 ug with empty pRKS5. Thirty-six hours after transfection, cells were lysed
as described above.

For experiments which required amino acid starvation or restimulation, cells were
treated as previously described (27). Briefly, cells were incubated in amino acid free
RPMI for 50 minutes and then restimulated with amino acids for 10 minutes. The same

protocol was followed for both leucine and arginine single starvation and restimulations.

Purification of proteins expressed in bacteria

Recombinant Sestrin2 was expressed in Escherichia coli (strain BL21 DES3 star)
from the His-MBP-TEV-Sestrin2 in pMALG6H-C5XT plasmid. The bacterial cultures were
grown at 30°C to an optical density of 0.4 at which point the temperature was lowered to
18°C. After 30 minutes at 18°C, the cultures were induced overnight at 18°C with 0.5
mM IPTG. The cells were subsequently resuspended in lysis buffer with TCEP (50 mM
Tris pH 7.4, 200 mM NaCl, 5 mM MgCi2, 0.1% CHAPS, 1 mM TCEP, 200 uM leucine,
and protease inhibitor tablets), which was then supplemented with lysozyme and crude
DNAse. The cells underwent mechanical homogenization and the lysates were cleared
by centrifugation and then loaded onto the Ni-NTA resin. After incubation, the resin was
washed once with lysis buffer with TCEP, once with lysis buffer with TCEP + 300 mM

191



NaCl, and once with lysis buffer with TCEP + 25 mM imidazole. The proteins were
eluted with lysis buffer with TCEP + 300 mM imidazole. The eluted proteins were
concentrated and purified using size exclusion chromatography on a HiLoad 16/60
Superdex 200 column (GE Healthcare), which was equilibrated with the following buffer:
50 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCI2, 1 mM DTT, and 200 uM leucine. The
collected protein was concentrated and immediately used in binding assays or frozen at
- 80°C. Before use in any binding assays, the protein was diluted sufficiently to
significantly decrease the leucine that may have remained bound through the
purification steps. The control His-RagA/RagC heterodimer was purified through a
similar protocol, using the Ni-NTA resin and subsequent size exclusion

chromatography.

Purification of proteins expressed in human cells and the leucine binding assay

4 million HEK-293T cells were plated in a 15 cm plate four days prior to the
experiment. Each plate would yield the protein for one sample. Forty-eight hours after
plating, the cells were transfected via the polyethylenimine method (43) with the pRK5-
based cDNA expression plasmids indicated in the figures in the following amounts: 5 or
3 pg FLAG-Sestrin2; 12 uyg FLAG-Rap2A; 5 yg WDR24-FLAG; 1 ug WDR24-FLAG with
4.75 ug each of Seh1L, Sec13, Mios, and WDR59; 12 ug FLAG-dSestrin (CG11299-
PD); 12 ug FLAG-Sestrin1.1; 12 ug FLAG-Sestrin1.2; 12 uyg FLAG-Sestrin3; 12 ug
FLAG-Sestrin2 mutants (L261A, E451A, S190W) and up to 20 ug total DNA with empty-
PRKS. Forty-eight hours after transfection cells were lysed as previously described. If
multiple samples of the same type were represented in the experiment, the cell lysates
were combined, mixed, and evenly distributed amongst the relevant tubes, to ensure
equal protein amounts across samples of the same type.

Anti-FLAG immunoprecipitates were prepared as previously described, with the
exception that prior to incubation with lysates, the beads were blocked by rotating in 1
pg/ul bovine serum albumin (BSA) for 20 minutes at 4°C and subsequently washed
twice in lysis buffer. 30 pl of the 50/50 slurry of beads in lysis buffer was added to each

of the clarified cell lysates and incubated as previously described.
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For the binding assays, two tubes at a time were washed as previously indicated
for immunoprecipitations. All the liquid was subsequently aspirated and a 15 pl aliquot
of proteins bound to the beads was incubated for one hour on ice in cytosolic buffer
(0.1% Triton, 40 mM HEPES pH 7.4, 10 mM NaCl, 150 mM KCI, 2.5 mM MgClI2) with
the appropriate amount of [3H]-labelled amino acids and cold amino acids. Tubes were
flicked every five minutes. At the end of one hour, the beads were briefly spun down,
aspirated dry, and rapidly washed three times with binding wash buffer (0.1% Triton, 40
mM HEPES pH 7.4, 150 mM NaCl). The beads were aspirated dry again and
resuspended in 85 pul of binding wash buffer. With a cut tip, each sample was mixed well
and three 10 pl aliquots were separately quantified using a TriCarb scintillation counter
(PerkinElmer). This process was repeated in pairs for each sample, to ensure similar
incubation and wash times for all samples analyzed across different experiments.

For each sample, an immunoprecipitation was performed in parallel. After washing four
times as previously described and once with CHAPS buffer (0.3% CHAPS, 40 mM
HEPES pH 7.4), the protein was eluted in 250 pl of CHAPS buffer with 300 mM NacCl
and 1 mg/ml FLAG peptide for 1 hour at 4°C. The eluent was subsequently
concentrated, quantified for protein amount using Bradford reagent, and resuspended in
sample buffer. The proteins were resolved by 4-12% SDS-PAGE, and stained with
SimplyBlue SafeStain.

For binding assays performed with bacterially-produced proteins, 23.6 ug His-
RagA/RagC, 23.6 ug His-MBP-TEV-Sestrin2, or 73.6 ug His-MBP-TEV-Sestrin2 were
diluted into 500 pl lysis buffer (50 mM Tris pH 7.4, 200 mM NacCl, 5 mM MgCl2, 0.1%
CHAPS) and incubated with 15 ul compact Ni-NTA resin as previously described. For
the binding assays, two tubes were washed at a time. The Ni-NTA resin with proteins
bound to it was washed one time with lysis buffer and three times with lysis buffer
supplemented with 300 mM NaCl. After washing, the liquid was aspirated and the
protein bound to the resin was incubated for one hour on ice with the appropriate
amount of [3H]-labelled amino acids and, where indicated, cold amino acids. The tubes
were flicked every five minutes. The samples were subsequently washed three times
after binding with wash buffer (lysis buffer with 300 mM additional NaCl). The resin was

aspirated dry and resuspended in 85 pl of wash buffer. The samples were then well
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mixed with a cut tip and 10 ul of each was loaded into scintillation fluid in triplicate and
quantified with a TriCarb Scintillation Counter. Samples performed in parallel were
eluted with lysis buffer + 300 mM imidazole and analyzed by SDS-PAGE as described
above.

Kd/Ki calculations

Amino acid affinities to Sestrin2 were determined by first normalizing the bound
[3H]-labeled amino acid concentrations across three separate binding assays performed
with varying amounts of cold amino acid competition. These values were plotted and fit
to a hyperbolic equation (Cheng-Prusoff equation) to estimate the 1C50 value. Kd or Ki
values were derived from the IC50 value using the equation: Kd or Ki = IC50/ (1 +
([[3H]Leucine])/Kd).

In vitro Sestrin2-GATOR2 dissociation assay

HEK-293T cells stably expressing FLAG-WDR24 were starved for all amino
acids for 50 minutes, lysed and subjected to anti-FLAG immunoprecipitation as
described previously. The GATOR2-Sestrin2 complexes immobilized on the agarose
beads were washed twice in lysis buffer with 500 mM NaCl, as previously described,
and then incubated for 10 minutes in 1 mL of cytosolic buffer with the indicated
concentrations of individual amino acids. The amount of GATORZ2 and Sestrin2 that
remained bound was assayed by SDS-PAGE and immunoblotting as described

previously.

Thermal shift assay

The thermal shift (protein melting) assays were performed according to the
LightCycler 480 instruction manual. Briefly, for Sestrin2, 5X Sypro orange dye and
Sestrin2 at 4 yM were combined with or without leucine or arginine (at the indicated
concentrations) in thermal shift buffer (100 mM Tris pH 7.4, 100 mM NacCl, and 1 mM
DTT) in a volume of up to 10 pl in one well of a LightCycler Multiwell 384-well plate. 20X
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Sypro orange dye was used for the two control proteins, human choline
acetyltransferase (ChAT) (at 4 uM) or Physconitrella patens hydroxycinnamoyl
transferase (PpHCT) (at 2.5 uM). Each condition was tested in triplicate. The plate was
subjected to a protocol in which the temperature increased from 20° to 85°C at
0.06°C/second. Fluorescence was recorded and plotted over time, and melting
temperatures were calculated as described in the LightCycler 480 instruction manual.
Briefly, the negative first derivative of the curve shown (change in fluorescence/change
in temperature) was plotted against the temperature. The peak (i.e., lowest point on this
curve) reflects the melting temperature. Each reported melting temperature is the mean

+ SD for three replicates from one experiment.
Generation of CRISPR/Cas9 genetically modified cells

To generate HEK-293T cells with loss of all three Sestrins, the following sense
(S) and antisense (AS) oligonucleotides encoding the guide RNAs were cloned into the
pX330 vector. ‘

sgSesn2_S: caccgGACTACCTGCGGTTCGCCC

sgSesn2_AS: aaacGGGCGAACCGCAGGTAGTCc

sgSesn3_1S: caccgCAGCCACGATGAACCGGGG

sgSesn3_1AS: aaacCCCCGGTTCATCGTGGCTGc

sgSesn1_1S: caccgTGCATGTACCAATTCCGCAA

sgSesn1_1AS: aaacTTGCGGAATTGGTACATGCAC

On day one, 200,000 cells were seeded into 6 wells of a 6-well plate. Twenty-four
hours post seeding, each well was transfected with 250 ng shGFP pLKO, 1 ug of the
pX330 guide construct, and 500 ng of empty pRKS5 using XtremeGene9. The following
day, cells were trypsinized, pooled in a 10 cm dish, and selected with puromycin to
eliminate untransfected cells. Forty-eight hours after selection, the media was aspirated
and replenished with fresh media lacking puromycin. The following day, cells were
single cell sorted with a flow cytometer into the wells of a 96-well plate containing 150 pl

of DMEM supplemented with 30% IFS. Cells were grown for two weeks and the
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resultant colonies were trypsinized and expanded. Clones were validated for loss of the
relevant protein via immunoblotting.

To create the Sestrin1-3 triple null cells, Sestrin1 null cells were generated first.
The same method was repeated in the Sestrin1 null cells with Sestrin2 guides and
Sestrin1-2 double null cells were produced. The method was repeated for a third time
with the Sestrin1-2 double null cells and a guide RNA targeting Sestrin3 to created the

Sestrin1-3 triple null cells.

pS2 plasmid

To produce the pS2 plasmid the 1500 base pairs upstream of the human
Sestrin2 gene start site was amplified using the following primers and subsequently
subcloned into the pLJCS lentiviral vector in place of the UbC promoter.

S2_promoter_F: CCACCGGT TAGGTAGAATGTGATACATGTGAAAAG

S2_promoter R:GCGT GTCGACGCACCACCACCACCACCCTTGTCATCGTCA

TCCTTGTAGTCCATGGTGGCGGTGCGCGCCAGGACCCGGTCGCGG

Lentivirus production and lentiviral transduction

Lentiviruses were produced by transfection of HEK-293T cells with either pLJC5-
FLAG-metap2, pLJCS5-FLAG-Sestrin2 (wild-type or mutant), or pS2-FLAG-Sestrin2
(wild- type or mutant) plasmids in combination with the VSV-G envelope and CMV
AVPR packaging plasmids. Twenty-four hours after transfection, the media was
changed to DMEM with 20% IFS. Forty-eight hours after transfection, the virus-
containing supernatant was collected from the cells and passed through a 0.45 um filter.
Target cells were plated in 6-well plates containing DMEM 10% IFS with 8 pg/mL
polybrene and infected with virus containing media. Twenty-four hours later, the media
was changed to fresh media containing puromycin for selection. To obtain the equal
expression levels shown in Figure 4C the pS2 plasmid was used to express wild-type
Sestrin2 and Sestrin2 L261A while the pLJC5 plasmid was used to express Sestrin2
E451A and metap2.
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Immunofluorescence assays

Immunofluorescence assays were performed as described in (27). Briefly,
400,000 HEK-293T celis were plated on fibronectin-coated glass coverslips in 6-well
tissue culture plates. Twenty-four hours later, the slides were rinsed once with PBS and
fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. The slides
were subsequently rinsed three times with PBS and cells were permeabilized with
0.05% Triton X-100 in PBS for 5 min. After rinsing three times with PBS, cells were
incubated with primary antibody in Odyssey blocking buffer for 1 hr at room
temperature, rinsed three times with PBS, and incubated with secondary antibodies
produced in donkey (diluted 1:400 in Odyssey blocking buffer) for 45 minutes at room
temperature in the dark and washed three times with PBS. Slides were mounted on
glass coverslips using Vectashield (Vector Laboratories) and cells imaged on a spinning

disk confocal system (Perkin Elmer).
Statistical analyses
Two-tailed t tests were used for comparison between two groups. All

comparisons were two-sided, and P values of less than 0.001 were considered to

indicate statistical significance.
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Abstract

" The mechanistic target of rapamycin complex 1 kinase (InNTORC1) is a
central regulator of cell growth that responds to diverse environmental signals
and is deregulated in many human diseases, including cancer and epilepsy'>.
Amino acids are a key input, and act through the Rag GTPases to promote the
translocation of mTORC1 to the lysosomal surface, its site of activation®. Multiple
protein complexes regulate the Rag GTPases in response to amino acids,
including GATOR1, a GTPase activating protein for RagA, and GATOR2, a
positive regulator of unknown molecular function. Here, we identify a four-
membered protein complex (KICSTOR) composed of the KPTN, ITFG2, C120rf66,
and SZT2 gene products as required for amino acid or glucose deprivation to
inhibit mTORCH1 in cultured cells. In mice lacking SZT2, mTORC1 signaling is
increased in several tissues, including in neurons in the brain. KICSTOR localizes
to lysosomes; binds to GATOR1 and recruits it, but not GATORZ2, to the
lysosomal surface; and is necessary for the interaction of GATOR1 with its
substrates, the Rag GTPases, and with GATOR2. Interestingly, several KICSTOR
components are mutated in neurological diseases associated with mutations that
lead to hyperactive mTORC1 signaling®'’. Thus, KICSTOR is a lysosome-
associated negative regulator of mMTORC1 signaling that, like GATOR1, is mutated

in human disease'"'2.
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To search for GATOR1-interacting proteins that may have escaped prior
identification, we used the CRISPR/Cas9 system to engineer the DEPDCS5 gene in
HEK-293T cells to express a FLAG-tagged version of DEPDCS, a GATOR1 component,
at endogenous levels. Mass spectrometric analysis of FLAG-immunoprecipitates
prepared from these cells revealed the presence of GATORZ2, as well as four proteins of
unknown function encoded by the KPTN, ITFG2, C120rf66, and SZT2 genes and of
predicted molecular weights of 48, 49, 50, and 380 kDa, respectively (Fig. 1a). As
shown below, these proteins form a complex, which we named KICSTOR for KPTN,
ITFG2, C120rf66, and SZT2-containing regulator of mTORC1. KICSTOR components
are conserved in vertebrates but not fungi (Fig. 1b). Some non-vertebrates, like
Caenorhabditis elegans, encode homologues of SZT2 but not of KPTN, ITFG2, or
C120rf66, while others, including Drosophila melanogaster, lack all four KICSTOR
components (Fig. 1b).
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Figure 1: The KICSTOR complex interacts with GATOR1 and localizes to
lysosomes
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a) Mass spectrometric analyses identified KICSTOR-derived peptides in
immunoprecipitates prepared from HEK-293T cells expressing endogenously FLAG-
tagged DEPDCS5.

b) Presence or absence of KICSTOR component gene orthologs in model organisms.
c) GATOR1 co-immunoprecipitates more KICSTOR than does GATORZ2.
Immunoprecipitates were prepared from HEK-293E cells stably expressing the indicated
FLAG-tagged proteins and analyzed by immunoblotting for the indicated proteins.
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d) GATORZ2 requires GATOR1 to associate with KICSTOR. Anti-FLAG
immunoprecipitates were prepared from wild-type and Nprl3-deficient HEK-293T cells
transiently expressing the indicated cDNAs. Anti-FLAG immunoprecipitates and lysates
were analyzed as in (c).

e) GATOR1 does not require intact GATOR2 to interact with KICSTOR. Wild-type and
WDR24-deficient HEK-293T cells transiently expressing the indicated cDNAs were
treated and analyzed as in (c).

f) Model proposing that the KICSTOR complex interacts with GATOR1, which in turn
interacts with GATOR2. KPTN, ITFG2, and C120rf66 are indicated by the first letter of
each.

g) KICSTOR localizes to lysosomes in an amino acid independent fashion. Wild-type
Hela cells stably expressing GFP-ITFG2 were starved or starved and restimulated with
amino acids for the indicated times prior to processing for immunofluorescence
detection of GFP and LAMP2, a lysosomal marker. In all images, insets depict selected
fields magnified 3.24X and their overlays. Scale bar represents 10 um.

h) GATOR1 localizes to lysosomes regardless of amino acid levels. Npri2-deficient
Hela cells were reconstituted with GFP-Nprl2 and treated and analyzed as in (g).

i) GATORZ2 localizes to lysosomes regardless of amino acid levels. Wild-type HelLa cells

stably expressing Mios-GFP were treated and analyzed as in (g).

Endogenous KICSTOR was present in anti-FLAG immunoprecipitates prepared
from cells expressing endogenously FLAG-tagged DEPDC5 or WDR59, a GATOR2
component (Extended Data Fig. 1a, b). Importantly, an anti-KPTN antibody co-
immunoprecipitated SZT2, ITFG2, and C120rf66, as well as GATOR1 and GATOR2
components (Extended Data Fig. 1¢). Amino acid starvation and stimulation of cells did
not significantly affect the interactions between any complex components (Extended
Data Fig. 1a, b, ¢). Thus, GATOR1 and GATORZ2 associate with KICSTOR in an amino

acid insensitive fashion.
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Extended Data Figure 1: GATOR1 and GATOR2 associate with endogenous
KICSTOR components in an amino acid insensitive fashion

a) An endogenously tagged GATOR1 component co-immunoprecipitates endogenous
KICSTOR. Anti-FLAG immunoprecipitates were prepared from HEK-293T cells
expressing endogenously FLAG-tagged DEPDC5, a GATOR1 component, that had
been starved of amino acids for 50 min or starved and restimulated with amino acids for
10 min. Immunoprecipitates and cell lysates were analyzed by immunoblotting for the
indicated proteins.

b) An endogenously tagged GATOR2 component co-immunoprecipitates endogenous
GATOR1 and KICSTOR. Anti-FLAG immunoprecipitates were prepared from HEK-293T
cells expressing endogenously FLAG-tagged WDR59, a GATOR2 component, and
treated as in (a). Immunoprecipitates and cell lysates were analyzed by immunoblotting
for the indicated proteins.

c) An anti-KPTN antibody co-immunoprecipitates endogenous components of
KICSTOR, GATOR1, and GATOR2. Anti-KPTN immunoprecipitates were prepared from
wild-type HEK-293T treated as in (@) and immunoprecipitates and cell lysates analyzed
by immunoblotting for the indicated proteins. Anti-GSK3b immunoprecipitates were
used to monitor the non-specific binding of proteins to the beads.

d) KPTN and ITFG2 form a heterodimer that requires SZT2 to associate with C120rf66.
Anti-FLAG immunoprecipitates and lysates prepared from HEK-293T cells expressing
the indicated cDNAs were analyzed by immunoblotting for the relevant epitope tags.

e) Loss of KICSTOR components did not have a significant effect on the expression
levels of GATOR1 or GATOR2 components. HEK-293T cell clones deficient for
indicated KICSTOR components or Nprl3 or WDR24 were generated via the
CRISPR/Cas9 system and single cell cloning. Cell lysates were analyzed by
immunoblotting for the indicated proteins. DNA sequencing of the C120rf66 gene was
used to verify out of frame mutations in the genomic locus of the sgC120rf66 cells
because an antibody that detects the C120rf66 protein in cell lysates is not available.
The HEK-293T cell clones analyzed here were used in subsequent figures, where

indicated.
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f) KPTN interacts with ITFG2 even in cells lacking other KICSTOR components.
Immunoprecipitates and cell lysates prepared from wild-type, SZT2-deficient, or
C12orf66-deficient HEK-293T cell clones expressing the indicated proteins were
analyzed by immunoblotting.

g) Expression levels of KPTN and ITFG2 in HEK-293T cells stably expressing the
indicated sgRNAs under amino acid starved or replete conditions. Cell lysates were
analyzed by immunoblotting for the levels of the indicated proteins. Raptor serves as a
loading control. These same cell lines were also analyzed for phospho-S6K1 and S6K1
levels in Extended Data Fig. 5a-c.

h) KPTN-ITFG2 does not compete with C120rf66 for associating with SZT2. HEK-293T
cells expressing the indicated cDNAs were treated and analyzed as in (d).

Using HEK-293T cells transiently expressing recombinant versions of the
KICSTOR components, we explored how they interact with each other. KPTN and
ITFG2 associated even in the absence of the co-expression of either C120rf66 or SZT2
(Extended Data Fig. 1d), suggesting that they form a heterodimer on their own. Indeed,
KPTN and ITFG2 associated in cells deficient for SZT2 or C120rf66, and loss of ITFG2
severely reduced KPTN levels and vice versa (Extended Data Fig. 1e, f, g). The KPTN-
ITFG2 heterodimer co-immunoprecipitated C120rf66 only when SZT2 was also
expressed and did not compete with C120rf66 for interacting with SZT2 (Extended Data
Fig. 1d, h). In size-exclusion chromatography analyses of cell lysates, C120rf66, KPTN,
and ITFG2 fractionated into two main pools, one that co-migrated at a very high
molecular weight with SZT2 and was absent in SZT2-deficient cells, and a more
abundant pool that migrated at lower molecular weights (Extended Data Fig. 2).
Collectively, these results suggest that the four KICSTOR proteins form a large complex

in which SZT2 serves as the link between the other three.
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Extended Data Figure 2: Size exclusion chromatography analysis of KICSTOR
components

Lysates of wild-type or SZT2-deficient (sgSZT2) HEK-293T cells were fractionated with
tandem Superose 6 size exclusion chromatography columns and the collected fractions
analyzed by immunoblotting for the indicated proteins. Colored bars indicate fractions
that contain the protein denoted by that color in the key. Fractions containing the
molecular weight standards are indicated. Note that the C120rf66 antibody exhibits
significant background when used to probe total cell lysates by immunoblotting so we
are only confident that the bands in the high molecular weight fractions that disappear in
the SZT2-deficient cells actually represent C120rf66.

We readily detected endogenous KICSTOR in anti-FLAG immunoprecipitates
from HEK-293E cells stably expressing FLAG-tagged Nprl2, a GATOR1 component, but
FLAG-tagged WDR24, a GATOR2 component, co-immunoprecipitated much lower
amounts of KICSTOR (Fig. 1c). Consistent with the GATOR2-KICSTOR association
being indirect, loss of GATOR1 strongly reduced it (Fig. 1d), while that of GATOR2 did
not significantly affect the GATOR1-KICSTOR interaction (Fig. 1e). SZT2 co-
immunoprecipitated with GATOR1 even in cells lacking other KICSTOR components
(Extended Data Fig. 3a) and was required for GATOR1 or GATORZ2 to co-
immunoprecipitate the KPTN-ITFG2 heterodimer (Extended Data Fig. 3b). Moreover,
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KPTN-ITFG2, C120rf66, and GATOR1 co-immunoprecipitated three fragments of the
380 kDa SZT2 to different extents and the integrity of KICSTOR did not depend on
either GATOR complex (Extended Data Fig. 3c, d, e, f). Altogether, these results
suggest that KICSTOR is a distinct four-protein complex that uses its SZT2 component
to interact with GATOR1, which in turn binds to GATOR2 (Fig. 1f). Consistent with this
model, the very high molecular weight pool of Nprl3 detected by size-exclusion

chromatography was absent in SZT2-deficient cells (Extended Data Fig. 2).
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Extended Data Figure 3: SZT2 interacts with KPTN-ITFG2, C120rf66, and GATOR1
a) SZT2 interacts with GATOR1 in the absence of other KICSTOR components. HEK-
293T cells stably expressing a control sgRNA (sgAAVS1) or sgRNAs targeting the
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indicated KICSTOR components were transfected with the indicated cDNAs. Anti-FLAG
immunoprecipitates were prepared and analyzed, along with cell lysates, by
immunoblotting for the relevant epitope tags. The ratios of the intensities of the HA-
SZT2 to FLAG-DEPDCS5 bands are indicated below the FLAG-DEPDCS blot. See
Extended Data Fig. 1g for the expression levels of the KICSTOR components in the cell
lines used here.

b) SZT2 links the other KICSTOR components to the GATOR complexes. Anti-FLAG
immunoprecipitates prepared from wild-type or SZT2-deficient HEK-293T cells
expressing the indicated cDNAs were analyzed by immunoblotting for the indicated
proteins. * marks non-specific bands. See Extended Data Fig. 1e for the expression
level of SZT2 in the SZT2-deficient HEK-293T cells.

c) C120rf66 interacts with SZT2 at a distinct site than KPTN-ITFG2. HEK-293T cells
expressing the indicated cDNAs were analyzed as in (b).

d) GATOR!1 interacts with the first and second regions of SZT2. HEK-293T cells
expressing the indicated cDNAs were analyzed as in (b).

e) The association of SZT2 with KPTN-ITFG2 persists in the absence of GATOR1 or (f)
GATORZ2. Anti-FLAG immunoprecipitates were prepared from wild-type, Npri3-deficient,
or WDR24-deficient HEK-293T cells expressing the indicated cDNAs and analyzed as
in (b).

Because much of the nutrient sensing machinery upstream of mTORC1,

including the Rag GTPases, localizes to the lysosomal surface**?

, we asked if
KICSTOR is also there. Indeed, examination of HelLa cells expressing GFP-tagged
ITFG2 (as a marker of KICSTOR) at levels 2-3 fold above the endogenous protein,
revealed that KICSTOR localizes, at least in part, to lysosomes in an amino acid-
insensitive fashion (Fig. 1g, and Extended Data Fig. 4a, b). The GATOR complexes

1417 which we confirmed in HelLa cells

have been reported to localize to the lysosome
stably expressing GFP-tagged components of GATOR1 (Nprl2) or GATOR2 (Mios and
WDR24) (Fig. 1h, i and Extended Data Fig. 4a, b, ¢). Consistent with these results,
amino acids did not affect the amounts of endogenous GATOR1, GATORZ2, or

KICSTOR present on immunopurified lysosomes, but, as expected, did regulate that of
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mTORC1 (Extended Data Fig. 4d). The lysosomes were not contaminated with

mitochondria, Golgi, ER, or peroxisomes (Extended Data Fig. 4d).
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a) Expression levels of GFP-tagged GATOR1, GATOR2, or KICSTOR components
used in the localization experiments. Nprl2-deficient or wild-type Hel.a cells stably
expressing the indicating GFP-tagged proteins were single cell sorted for the low GFP
population and single cell clones were analyzed by immunoblotting for levels of the
indicated proteins.

b) Quantitation of the imaging data in Figures 1g, h, i. Values are mean * standard
error.

¢) Amino acids do not control the localization of GATOR2 to the lysosomal surface.
Wild-type Hela cells stably expressing GFP-tagged WDR24, a component of GATOR2,
were starved or starved and restimulated with amino acids for the indicated times prior
to processing for immunofluorescence detection of GFP and LAMP2. Scale bars
represent 10 um. Quantitation of the imaging data is shown in the bar graph on the
right.

d) Amino acids do not regulate the amounts of GATOR1, GATORZ2, or KICSTOR
components on purified lysosomes. Lysosomes immunopurified with anti-HA beads
from wild-type HEK-293T cells expressing HA-tagged LAMP1 and treated as in (c) were

analyzed by immunoblotting for the levels of the indicated proteins.

Given the strong interaction between KICSTOR and GATOR1, an inhibitor of the
Rag GTPases, we reasoned that KICSTOR might be required for the control of the
mTORC1 pathway by amino acids. Indeed, in HEK-293T cells lacking any KICSTOR
subunit, amino acid deprivation did not inhibit mMTORC1 signaling, as detected by the
phosphorylation of S6K1, 4E-BP1, and ULK1, or induce autophagy (Fig. 2a, b and
Extended Data Fig. 1e and 5a, b, c). In HelLa cells loss of either SZT2 or ITFG2 had
similar effects on S6K1 phosphorylation (Extended Data Fig. 5d, e, f). Although less is
known about how glucose is sensed upstream of the Rag GTPases'®'®, loss of any
KICSTOR component in HEK-293T cells also rendered mTORC1 signaling insensitive
to glucose starvation (Fig. 2c). Glucose did not affect the lysosomal localization of
GATOR1 and serum deprivation and insulin stimulation still regulated mMTORC1 in HelLa

cells lacking KICSTOR components (Extended Data Fig. 5g, h, i, j).
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Figure 2: Regulation of mTORC1 signaling by nutrients requires KICSTOR

a) mTORCH1 signaling is insensitive to amino acid starvation in cells lacking any
KICSTOR component. HEK-293T cell clones deficient for each KICSTOR component
were starved of amino acids for 50 min or starved and restimulated with amino acids for
10 min. Cell lysates were analyzed by immunoblotting for the levels and
phosphorylation states of the indicated proteins. See Extended Data Fig. 1e for
validation of the KICSTOR deficient cells.
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b) Activation of autophagy induced by amino acid starvation requires KICSTOR. The
HEK-293T cell clones as in (a) were monitored for LC3B processing and accumulation
after one hour of amino acid starvation in the absence or presence of chloroquine.

c) mTORCH1 signaling is insensitive to glucose starvation in cells lacking KICSTOR.
Experiment was performed as in (a) except that cells were starved of and stimulated
with glucose.

d) SZT2 inhibits mMTORC1 signaling in mouse liver. Mice with the indicated genotypes
were fasted for 8 hours and liver lysates analyzed by immunoblotting for the levels and
phosphorylation states of the indicated proteins. Two wild-type and two Szt2°™¢" mice
were analyzed in this experiment and in (e).

e) SZT2 inhibits mMTORC1 signaling in the mouse gastrocnemius muscle. Mice were
treated and muscle lysates analyzed as in (d).

f) SZT2 inhibits mTORC1 signaling in mouse neurons in vivo. Brain sections prepared
from mice treated as in (d) were analyzed by immunohistochemistry for phospho-
S235/236 S6 levels and stained with hematoxylin and eosin (H&E). Equivalent regions
of the cortex and cerebellum are shown for the two genotypes. Scale bar represents 40

um.
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Extended Data Figure 5: KICSTOR loss affects the sensitivity of the mTORC1
pathway to nutrients but not growth factors

a) CRISPR/Cas9-mediated depletion of KPTN, (b) ITFG2, or (c) C120rf66 renders
mTORC1 signaling insensitive to amino acid deprivation. HEK-293T cells stably

expressing the indicated sgRNAs were starved of amino acids for 50 min or starved and
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restimulated with amino acids for 10 min. Cell lysates were analyzed by immunoblotting
for the levels and phosphorylation states of the indicated proteins. See Extended Data
Fig. 1g for the expression levels of the KICSTOR components in the cell lines used
here.

d) Testing of indicated SZT2 sgRNA-treated Hela cell clones for levels of SZT2 and
raptor by immunoblotting. Note that not all clones have complete loss of the SZT2
protein.

e) mTORC1 signaling in SZT2-deficient cells is insensitive to amino acid deprivation.
Indicated HelLa cell SZT2-deficient clones from (d) were treated and analyzed as in (a).
f) CRISPR/Cas9-mediated depletion of ITFG2 renders mTORC1 signaling partially
insensitive to amino acid deprivation. HelLa cells stably expressing the indicated ITFG2
sgRNAs were treated and analyzed as in (a).

g) Glucose levels do not affect GATOR1 localization, as monitored by GFP-Npri2. HelLa
cells expressing GFP-Nprl2 from Figure 1h were starved of glucose for 50 min or
starved and restimulated with glucose for 10 min prior to processing for
immunofluorescence for GFP and LAMP2 (left). Scale bars represent 10 um.
Quantitation of the imaging data is shown in bar graph on the right.

h) In SZT2-deficient cells mTORC1 signaling is still sensitive to serum starvation and
insulin stimulation. Indicated HelLa cell SZT2-deficient clones from (d) were starved of
serum for 50 min or starved of serum and restimulated with insulin for 10 min. Cell
lysates were analyzed by immunoblotting for the levels and phosphorylation states of
the indicated proteins.

i) In cells with CRISPR/Cas9-mediated depletion of ITFG2, mTORC1 signaling is still
sensitive to serum starvation and insulin stimulation. HeLa cells stably expressing the
indicated ITFG2 sgRNAs were treated and analyzed as in (h).

j) Quantitation of phospho-S6K1 blots in (h) and (i). Values are mean * standard

deviation.
To determine if KICSTOR also inhibits mTORC1 signaling in vivo we analyzed

previously generated mice in which the Szt2 gene was disrupted by a gene trap

(Szt267T)2° Compared to wild-type littermates, mTORC1 signaling was increased in
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the liver and skeletal muscle of fasted Szt2 gene trap mice as assessed by the
phosphorylation of S6, a substrate of S6K1, and of 4E-BP1 (Fig. 2d, e and Extended
Data Fig. 6a, b). Inmunohistochemical detection of phospho-S6 in tissue slices from the
brain as well as liver and heart revealed increases in mTORC1 signaling in cerebellar
and cortical neurons and hepatocytes and cardiomyocytes of the Szt2°7¢"
and Extended Data Fig. 6¢). Thus, loss of the SZT2 component of KICSTOR increases

mTORC1 signaling in multiple mouse tissues in vivo.

mice (Fig. 2f

Genotype of mice: Szt2r  Szt26TsT Szt2+  Szt2eTer
®-s23523656 GG o v

Liver Gastrocnemius
r g

TAplOr s s — - ———

Liver

Extended Data Figure 6: Activation of mTORC1 signaling in tissues from Szt267¢7

mice

a) SZT2 inhibits mMTORC1 signaling in mouse liver and muscle. Mice with the indicated
genotypes were treated and analyzed by immunoblotting for the levels and
phosphorylation state of S6 as in Figure 2d. The animals examined here represent an
additional two animals of each genotype beyond those analyzed in Figures 2d, e.

b) Quantitation of the ratio of phospho-S6 to S6 bands in (a) and in Figures 2d, e.
Values are mean * standard deviation for n=4.

c) SZT2 inhibits mMTORC1 signaling in hepatocytes and cardiomyocytes in vivo. Liver
and heart sections prepared from mice treated as in Figure 2d were analyzed by
immunohistochemistry for phospho-S235/236 S6 levels and serial sections were stained
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with hematoxylin and eosin (H&E). Liver image is centered over a central vein. Scale

bar represents 40 um.

To define where KICSTOR acts in the mTORC1 pathway, we performed
epistasis experiments between KICSTOR and established components of the pathway.
Expression of the dominant negative Rag GTPases (RagB™*N-RagC®'?%") still inhibited
mTORC1 in SZT2-deficient cells, indicating that KICSTOR is upstream of the Rag
GTPases (Fig. 3a). While great overexpression of GATOR1 suppressed mTORCH1
signaling in both wild-type and SZT2-deficient cells (Fig. 3a), much lower levels of
GATOR1 overexpression reduced mTORC1 signaling to a lesser extent in the SZT2-
deficient than wild-type cells, suggesting that GATOR1 requires SZT2 to efficiently exert
its inhibitory effects (Fig. 3b). Loss of GATORZ strongly inhibited mTORC1 signaling in
wild-type cells, but did not affect the constitutive signaling of cells deficient for SZT2
(Fig. 3c) or Nprl3 (Extended Data Fig. 7a). Thus, KICSTOR, likely acting in concert with
GATORH1, functions downstream of or in parallel to GATOR2 to negatively regulate Rag
GTPase signaling to mTORC1. Consistent with this interpretation, loss of KICSTOR,
like that of GATOR1"", was sufficient to drive mTORCH1 to the lysosomal surface in cells
starved of amino acids (Fig. 3d and Extended Data Fig. 7b).
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Figure 3: KICSTOR acts upstream of the Rag GTPases
a) KICSTOR functions upstream of the Rag GTPases. Wild-type or SZT2-deficient

HEK-293Ts expressing the indicated cDNAs were starved of amino acids for 50 min or

starved and restimulated with amino acids for 10 min. FLAG immunoprecipitates and
cell lysates were analyzed by immunoblotting for the levels and phosphorylation states
of the indicated proteins.

b) Modest GATOR1 overexpression inhibits mTORC1 signaling to a lesser extent in
SZT2-deficient than in wild-type cells. FLAG immunoprecipitates and cell lysates
prepared from cells expressing the indicated cDNAs and in amino acid replete
conditions were analyzed as in (a). In this experiment 0.5 and 2.0 ng of the cDNA for
each GATOR1 component was transfected while 100 ng of each was used in (a).

c) KICSTOR functions downstream of or in parallel to GATOR2. Wild-type, SZT2-
deficient, or double SZT2- and WDR24-deficient HEK-293Ts were treated and analyzed
as in (a).

d) Amino acid insensitive localization of mMTOR to lysosomes in cells lacking KICSTOR
components. Wild-type and KPTN-, ITFG2-, or SZT2-deficient HEK-293T cells were

starved or starved and restimulated with amino acids for the indicated times prior to
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processing for immunofluorescence detection of mMTOR and LAMP2. In all images,

insets depict selected fields magnified 3.24X and their overlays. Scale bars represent

10 um.
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Extended Data Figure 7: GATOR1, like KICSTOR, functions downstream of or
parallel to GATOR2 in the mTORC1 pathway

a) GATOR1, like KICSTOR, is epistatic to GATOR2. Wild-type, WDR24-deficient, or
Npri3- and WDR24-deficient HEK-293Ts were starved of amino acids for 50 min or
starved and restimulated with amino acids for 10 min. Cell lysates were analyzed by
immunoblotting for the indicated proteins and phosphorylation states.

b) Quantitation of the imaging data in Figure 3d. Values are mean + standard error.

While Ragulator tethers the Rags to the lysosomal surface'®, it is unknown what
recruits GATOR1 there and so we considered such a role for KICSTOR. This was the
case as in cells deficient for KICSTOR, GATOR1 no longer localized to lysosomes and
instead was dispersed throughout the cytoplasm (Fig. 4a, b, and Extended Data Fig.
8a). In contrast, loss of KICSTOR had little effect on the lysosomal localization of
GATOR2 or the Rag GTPases (Extended Data Fig. 8b, c). In agreement with the
imaging results, loss of SZT2 very strongly decreased the amount of GATOR1, but not
GATOR2, on purified lysosomes (Fig. 4c). Consistent with the amino acid-insensitive
lysosomal localization of mTOR in cells deficient for SZT2 (Fig. 3d), amino acid
starvation did not reduce the amount of mMTORC1 on lysosomes isolated from these
cells (Fig. 4c). Given the importance of KICSTOR for localizing GATOR1 to lysosomes,
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we reasoned that KICSTOR should be necessary for GATOR1 to interact with its
substrates the Rag GTPases, as well as with GATOR2. Indeed, loss of SZT2 strongly
reduced the amounts of RagA and RagC and GATOR2 that co-immunoprecipitated with
GATOR1 (Fig. 4d and Extended Data Fig. 9a, b, c, d). As previously reported’’, amino
acid stimulation reduced the interaction of GATOR1 with the Rag GTPases in wild-type
cells (Fig. 4d). Thus, KICSTOR has at least two molecular functions that can explain its
loss of function phenotype: KICSTOR targets GATOR1 to the lysosomal surface where
its substrates, the Rag GTPases, and its potential regulator, GATORZ2, reside (Fig. 4e).
KICSTOR is a large complex so it likely has additional roles in mTORC1 signaling
beyond those we have defined, but the protein sequences of its components do not
suggest any biochemical functions. It was not possible to ascertain if tethering of
GATORH1 to the lysosomal surface bypasses the need for KICSTOR for the control of
mTORC1 signaling by nutrients because the addition to any GATOR1 component, on its
N- or C-terminus, of the lysosomal targeting sequence of LAMTOR1 prevented
formation of GATOR1 or its interaction with GATOR2.
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Figure 4: The lysosomal localization of GATOR1 requires KICSTOR

a) SZT2 loss renders GATOR1 dispersed throughout the cytoplasm. Nprl2-deficient
Hela cells were reconstituted with GFP-Nprl2 and subsequently modified with the
CRISPR/Cas9 system to create SZT2-deficient cells expressing GFP-Nprl2. These cells

were starved or starved and restimulated with amino acids for the noted times prior to
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the detection of GFP and LAMP2 by immunofluorescence. Insets depict selected fields
magnified 3.24X and their overlays. Scale bars represent 10 pm.

b) Loss of C120rf66 or KPTN also disrupts the localization of GATOR1 to the lysosome.
Cell lines were generated, treated, and analyzed as in (a).

c¢) In SZT2-deficient cells, GATOR1 is not present on immunopurified lysosomes.
Lysosomes were immunopurified from wild-type or SZT2-deficient HEK-293T cells
expressing HA-tagged LAMP1 and starved of and stimulated with amino acids as in (a).
Lysosomes and whole cell lysates were analyzed by immunoblotting for the levels of the
indicated proteins.

d) Loss of SZT2 disrupts the GATOR1-Rag GTPase interaction. Control or SZT2-
deficient HEK-293T cells with or without the stable expression of HA-Npri3 were starved
of amino acids for 50 min or starved and restimulated with amino acids for 10 min.
Lysates and anti-HA immunoprecipitates were prepared and analyzed by
immunoblotting for the levels of the indicated proteins.

e) Proposed role for KICSTOR in the nutrient sensing pathway upstream of mTORCH1.
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Extended Data Figure 8: KICSTOR regulates the lysosomal localization of
GATOR1 but not of GATOR2 or the Rag GTPases

a) Quantitation of the imaging data in Figures 4a, b. Values are mean * standard error.
b) Loss of KICSTOR components does not affect the lysosomal localization of
GATOR2. GFP-WDR24 expressing HelLa cells prepared as in Extended Data Fig. 4c
were subsequently modified with the CRISPR/Cas9 system to create KPTN-deficient
cells. These cells as well as wild-type and sgAAVS1-treated control cells were starved
or starved and restimulated with amino acids for the noted times prior to processing for

the detection of GFP and LAMP2 by immunofluorescence. Insets depict selected fields
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magnified 3.24X and their overlays. Scale bars represent 10 um. Quantitation of the
imaging data is shown in the bar graph below images (mean * standard error).

c) The Rag GTPases localize to lysosomes regardless of SZT2 expression. Wild-type
and SZT2-deficient HEK-293T cells were treated as in (b) prior to processing for the
detection of RagC and LAMP2 by immunofluorescence. Insets depict selected fields
magnified 3.24X and their overlays. Scale bars represent 10 pm. Quantitation of the

imaging data is shown in the bar graph on the right (mean + standard error).
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Extended Data Figure 9: Loss of KICSTOR disrupts the GATOR1-GATOR2
interaction

a) Loss of SZT2 disrupts the GATOR1-GATOR2 interaction. Anti-FLAG
immunoprecipitates were prepared from wild-type or SZT2-deficient HeLa cells stably
expressing the indicated cDNAs and starved of amino acids for 50 min or starved and
restimulated with amino acids for 10 min. Immunoprecipitates and cell lysates were

analyzed by immunoblotting for the indicated proteins.
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b) KPTN is necessary for the interaction of GATOR2 with GATOR1. HEK-293T cells
stably expressing the indicated sgRNAs were transfected with the indicated cDNAs and
subsequently treated and analyzed as in (a).

c) ITFG2 is also necessary for the GATOR1-GATOR?2 interaction. Cells were prepared,
treated, and analyzed as in (b).

d) C120rf66 is also necessary for the GATOR1-GATOR2 interaction. Cells were
prepared, treated, and analyzed as in (b).

It will be important to understand if our findings have therapeutic implications
because mutations in KPTN and SZT2 and loss of the genomic locus containing
C120rf66 have been identified in patients with epilepsy and brain malformation
disorders®®. The fact that the same diseases are associated with loss of function
mutations in GATOR1"? and activating mutations in mTOR?', support the notion that
KICSTOR is a negative regulator of the mTORC1 pathway. Consistent with the
phenotypes of patients with mutations in KICSTOR components, the few mice deficient
in Szt2 that survive to adulthood are more susceptible to epileptic seizures?. If, as in
mice, KICSTOR mutations in humans also activate neuronal mTORC1, patients with

these mutations might benefit from inhibition of mMTORC1 with drugs like rapamycin.
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Methods
Materials

Reagents were obtained from the following sources: antibodies to LAMP2 (sc-
18822), ITFG2 (SC 134686), and HRP-labeled anti-mouse and anti-rabbit secondary
antibodies from Santa Cruz Biotechnology; the antibody to PEX19 (ab137072) from
Abcam;‘ the antibody to raptor from EMD Millipore (2818718); the antibody to Sec13
from Gene Tex (GTX 101055); antibodies to phospho-T389 S6K1 (9234), S6K1 (2708),
phospho-S235/236 S6 (2211), S6 (2217), phospho-S65 4E-BP1 (9451), 4E-BP1 (9644),
phospho-757 ULK1 (6888), ULK1 (8054), phospho-792-raptor (2083), phospho-79-ACC
(3661), ACC (3662), phospho-T308-Akt (4056), Akt (4691), LC3B (2775), mTOR
(2983), RagC (3360), Mios (13557), VDAC (4661), Calreticulin (12238), Golgin-

97 (13192), Cathepsin D (2284), and the myc (2278) and FLAG (2368) epitopes from
Cell Signaling Technology (CST); antibodies to the HA epitope from CST (3724) and
Bethyl laboratories (A190208A); antibody to KPTN from ProteinTech (16094-1AP);
antibody to Nprl3 from Sigma (HPA0O11741). RPMI, FLAG M2 affinity gel, and‘amino
acids from Sigma Aldrich; DMEM from SAFC Biosciences; XtremeGene9 and Complete
Protease Cocktail from Roche; Alexa 488 and 568-conjugated secondary antibodies;
Inactivated Fetal Bovine Serum (IFS) from Invitrogen; and amino acid-free RPMI from
US Biologicals. Jianxin Xie (Cell Signaling Technology) generously provided the
DEPDCS5, Mios, Nprli2, WDR24, WDRS9 (53385), C120rf66, Seh1lL, and SZT2
antibodies. The C120rf66 and SZT2 antibodies are bleeds. At the beginning of this
project we also used an antibody to SZT2 from Abcam (SZT2 blots in Fig. 1c and

Extended Data Fig. 5d), but it has since been discontinued and is no longer available.
Cell lines and tissue culture
HEK-293T, HEK-293E, and Hela cells were cultured in DMEM 10% IFS

(inactivated fetal bovine serum) supplemented with 2 mM glutamine. All cell lines were
maintained at 37°C and 5% CO2. All cell lines were obtained from ATCC (American
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Type Culture Collection) and validated and tested for mycoplasma.
Cell lysis, immunoprecipitations, transfections, and lysosomal purifications

Cells were rinsed once with ice-cold PBS and lysed immediately with Triton lysis
buffer (1% Triton, 10 mM (-glycerol phosphate, 10 mM pyrophosphate, 40 mM Hepes
pH 7.4, 2.5 mM MgCl, and 1 tablet of EDTA-free protease inhibitor [Roche] (per 25 ml
buffer). The cell lysates were clarified by centrifugation at 13,000 rpm at 4°C in a
microcentrifuge for 10 minutes. For anti-FLAG-immunoprecipitations, the FLAG-M2
affinity gel was washed with lysis buffer 3 times. 30 ul of a 50% slurry of the affinity gel
was then added to cleared cell lysates and incubated with rotation for 2 hours at 4°C.
The beads were washed 3 times with lysis buffer containing 500 mM NacCl.
Immunoprecipitated proteins were denatured by the addition of 50 ul of sample buffer
and boiling for 5 minutes as described®?, resolved by 8%—16% SDS-PAGE, and

analyzed by immunoblotting.

For transfection experiments in HEK-293T cells, 2 million cells were plated in 10
cm culture dishes. Twenty-four hours later, cells were transfected via the
polyethylenimine method?® with the pRK5-based cDNA expression plasmids indicated in
the figures. The total amount of plasmid DNA in each transfection was normalized to 5
Mg with empty pRKS. Thirty-six hours after transfection, cells were lysed as described

above.

For experiments which required amino acid starvation or restimulation, cells were
treated as previously described®*. Briefly, cells were incubated in amino acid free RPMI
for 50 minutes and then stimulated with amino acids for 10 minutes. The amino acid
mixture used was previously described’’. For glucose starvation, cells were incubated in
RPMI media lacking glucose but containing amino acids and dialyzed serum for 50
minutes, followed by a 10-minute restimulation with 5 mM D-Glucose. For insulin
stimulation experiments, cells were incubated in RPMI without serum for 50 minutes

and restimulated with 1 mg/ml insulin for 10 minutes.
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Lysosomes were purified via immunopurification from wild-type or engineered
HEK-293T cells stably expressing HA-RFP-LAMP1 as previously described®.

Identification of KICSTOR by immunoprecipitation followed by mass

spectrometry

Immunoprecipitates from HEK-293T cells expressing endogenously tagged
3xFLAG-DEPDCS5 were prepared using Triton lysis buffer. Proteins were eluted with the
FLAG peptide (sequence DYKDDDDAK) from the FLAG-M2 affinity gel, resolved on 4-
12% NuPage gels (Invitrogen), and stained with simply blue stain (Invitrogen). Each gel
lane was sliced into 10-12 pieces and the proteins in each gel slice digested overnight
with trypsin. The resulting digests were analyzed by mass spectrometry as described®.
Peptides corresponding to KICSTOR components were detected in the FLAG-DEPDCS
immunoprecipitates, while no peptides were detected in negative control

immunoprecipitates of FLAG-metap2.

Evolutionary and domain analysis of the KICSTOR components

To assess the conservation of the proteins in the KICSTOR complex, analysis
was performed using the PHMMER software

(https://www.ebi.ac.uk/Tools/hmmer/search/phmmer).

Generation of cells with loss of function mutations in GATOR2, GATOR1, or
KICSTOR components

To generate HEK-293T or Hela cells with reduced expression of GATORZ2,
GATORH1, or KICSTOR components, sense (S) and antisense (AS) oligonucleotides
encoding the following single guide RNAs (sgRNAs) were cloned into the pX330 vector.
Cells treated with the sgRNA targeting the AAVS1 locus served as negative control

cells.
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SgAAVS1_S: caccgTCCCCTCCACCCCACAGTG
SgAAVS1_AS: aaacCACTGTGGGGTGGAGGGGAC

sgSZT2_1S: caccgGAAGCAGCCCGCCTAAGCAG
sgSTZ2_1AS: aaacGAAGCAGCCCGCCTAAGCAGc

sgSZT2_2S: caccgGTGGCAGCCAGATGAACCAG
sgSTZ2_2AS: aaacCTGGTTCATCTGGCTGCCACc

sgSZT2_3S: caccgAACACGGGTGGAAGTGACGA
sgSTZ2_3AS: aaacTCGTCACTTCCACCCGTGTTc

sgWDR24 1S: caccgACCCAGGGCTGTGGTCACAC
sgWDR24_1AS: aaacTCAGGAGTACTCGCAGAGGTc

sgNprl3_1S: caccGGCTTTCAGGCTCCGTTCGA
sgNpri3_1AS: aaacTCGAACGGAGCCTGAAAGCC

sgKPTN_1S: caccgATCACATCAGTAAACATGAG
SgKPTN_1AS: aaacCTCATGTTTACTGATGTGATc

sgITFG2_1S: caccgACCCAGGGCTGTGGTCACAC
sgITFG2_1AS: aaacGTGTGACCACAGCCCTGGGTc

sgC120rf66_3S: caccgGGCTAAGGACAATGTGGAGA
sgC12orf66_3AS: aaacTCTCCACATTGTCCTTAGCCc

On day one, 200,000 HEK-293T cells were seeded into 6 wells of a 6-well plate.

Twenty-four hours post seeding, each well was transfected with 250 ng shGFP pLKO, 1
ug of the pX330 guide construct, 0.5 ug of empty pRK5 using XtremeGene9. The

233



following day, cells were trypsinized, pooled in a 10 cm dish, and selected with
puromycin to eliminate untransfected cells. Forty-eight hours after selection, the media
was aspirated and replenished with fresh media lacking puromycin. The following day,
cells were single cell sorted with a flow cytometer into the wells of a 96-well plate
containing 150 ul of DMEM supplemented with 30% IFS.

For Hela cells, on day one 1 million cells were plated into a 10 cm dish. Twenty-
four hours later, the cells were transfected with 1 ug pLUM1 GFP and 300 ng of the
pX330 guide construct using XtremeGene9. Selection with puromycin was started the
following day to eliminate untransfected cells. Forty-eight hours after selection, the
media was aspirated and replenished with fresh media lacking puromycin and the cells
were single cell sorted as described above. Cells were grown for two weeks and the
resultant colonies were trypsinized and expanded. Cell clones were validated for
reduced expression of the relevant proteins via immunoblotting (SZT2, KPTN, ITFG2,
Npri3, WDR24) or by confirming that the targeted exon contains out of frame mutations
via genomic DNA sequencing (C720rf66). Most of the cell clones we generated likely do
not express the targeted proteins, but because there is the possibility that some
expression remains below the limit of detection of the available antibodies, we do not
label the clones as null. We suspect that the cell clone generated with the sgRNA
targeting the WDR24 gene expresses a very low amount of the WDR24 protein that is
below the limit of detection of the available antibody.

To generate HEK-293T or Hela cells stably expressing the indicated sgRNAs,

the following oligonucleotides were cloned into the pLenti viral vectors:

sgAAVS1_S: caccgTCCCCTCCACCCCACAGTG
SgAAVS1_AS: aaacCACTGTGGGGTGGAGGGGAC

sgKPTN_1S: caccgGCGCAACGGACAAGGCCCCG
sgKPTN_1AS: aaacCGGGGCCTTGTCCGTTGCGCc
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sgKPTN_2S: caccgGCAGAGCAATGTGTACGGGC
sgKPTN_2AS: aaacGCCCGTACACATTGCTCTGCc

sgKPTN_3S: caccgGAGCACCTTGCCTTTAAGGG
sgKPTN_3AS: aaacCCCTTAAAGGCAAGGTGCTCc

sgKPTN_6S: caccgGTCAAGGTTGTACTCAGAGC
sgKPTN_6AS: aaacGCTCTGAGTACAACCTTGACc

sgITFG2_1S: caccgGGTGGGAGACACCAGCGGGA
sgITFG2_1AS: aaacTCCCGCTGGTGTCTCCCACCc

sgITFG2_2S: caccgGAAGTTAAATGAACTGGTGG
sgITFG2_2AS: aaacCCACCAGTTCATTTAACTTCc

sgITFG2_3S: caccgAAAATGATGACAGTCGGCCA
sgITFG2_3AS: aaacTGGCCGACTGTCATCATTTTc

sgC120rf66_1S: caccgCGAGAGGCCAACAAGAGCGC
sgC120rf66_1AS: aaacGCGCTCTTGTTGGCCTCTCGc

sgC12orf66_3S: caccgGGCTAAGGACAATGTGGAGA
sgC120rf66_3AS: aaacTCTCCACATTGTCCTTAGCCc

To generate the lentiviruses, on day one 750,000 HEK-293T cells were seeded
in a 6 well plate in DMEM supplemented with 20% inactivated fetal bovine serum (IFS).
Twenty-fours hours later, the cells were transfected with the above sgRNA pLenti
encoding plasmids alongside the Delta VPR envelope and CMV VSV-G packaging
plasmids using XtremeGene9 transfection reagent. Twelve hours post transfection, the
spent media was aspirated and replaced with 2 ml fresh media. Virus-containing

supernatants were collected 36 hours after replacing media and passed through a 0.45
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micron filter to eliminate cells. One million HEK-293T or HelLa cells in the presence of 8
ug/ml polybrene (Millipore) were infected with 250 pl of virus for each construct in 1 ml
total volume of media and then spun at 2,200 rpm for 45 minutes at 37°C. Forty-eight
hours after selection, cells were trypsinized and selected with 1 pg/ml puromycin and
seeded on the 10" day for signaling experiments, as described. Cell lines were
validated for reduced expression of the relevant proteins via immunoblotting (KPTN,
ITFG2) or by confirming that the targeted exon contains out of frame mutations via

genomic DNA sequencing (C120rf66).

Generation of cells expressing endogenously FLAG-tagged WDR59 or DEPDC5

To insert an N-terminal 3xFLAG tag into the WDR59 or DEPDCS5 genes, 200,000
HEK-293T cells were seeded into 6 wells of a 6 well plate. Twenty-four hours later, each
well was transfected with the following constructs: 250 ng shGFP pLKO (to provide
transient puromycin resistance), 1000 ng of the indicated single guide RNA (sgRNA),
500 ng of the indicated single stranded DNA oligos, and 5.25 ul XtremeGene9

transfection reagent.

Single stranded DNA oligos used for homologous recombination:

WDRS59:
CTAGCTCACCTGGGAGTCACGGAACTCTACAACCACGTTTTCGCTGCTCCA
TCTTGCAGCGCCTGCGGCCGCCTTGTCATCGTCATCCTTGTAATCAATGTCA
TGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATCTCCCCCGCCCGGC
CGCCGCGGCCCCAGGACGGCGCCCTCCCACCCCGCCGTCCCCAGT

DEPDCS5:

GGAGGCAAGATGACTTCTCTGCCCCAAGCTTGGAACAGCTAAAGGGAAAAA
CAGTGCAAGATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACA
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TTGATTACAAGGATGACGATGACAAGGCGGCCGCAGGCCGTACGACGAAA
GTCTACAAACTCGTCATCCACAAGAAGGGCTTTGGGGGCAGTGGTCA

sgRNAs cloned into pX330:

WDRS59 sense: caccgCGGGGAGATGGCGGCGCGA
WDR59 antisense: aaacTCGCGCCGCCATGTCCCCCGc

DEPDCS sense: caccgTGCAAGATGAGAACAACAA
DEPDCS5 antisense: aaacTTGTTGTTCTCATCTTGCAC

Forty-eight hours after transfection, the media was removed from cells and
replaced with fresh media supplemented with 2 ug/ml of puromycin. The following day,
cells were trypsinized, pooled, and replated into 10 cm plates in media containing
puromycin. Twenty-four hours later, the cell media was changed to fresh media lacking
puromycin. Forty-eight hours later, cells were single cell sorted into 96 well plates in 150

ul of cell media.

Following two weeks of growth, individual clones were expanded. To identify
clones containing a 3xFLAG tag incorporated into the endogenous gene, genomic DNA
was extracted from each clone using QuickExtract DNA solution (Epicentre) as
described?®. The primers indicated below were used to amplify the genomic region
surrounding the insertion site, PCR products were subcloned into pRKS5, and plasmids
were subsequently submitted for sequencing. Validated clones were tested for their
response to amino acid starvation and stimulation compared to wild type HEK-293T

cells to verify that incorporation of the epitope tag did not alter mTORC1 signaling.
Genomic PCR primers:

WDR59_F: TCCACTCGGCCTCTAGCTCA
WDR59_R: GAGGGCGTGCCTGTTTGTTG
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DEPDC5_F: TTCCGAGAGTCACTTGGCAC
DEPDC5 R: AGTCGCCTGTTTAGCCTCAAT

Generation of cells stably expressing cDNAs

For the GFP-tagged cDNAs, the indicated GATOR1, GATORZ2, and KICSTOR
components were cloned into the N-terminal GFP retroviral vector plC242 or the C-
terminal GFP retroviral vector KG371 in the case of Mios. For retrovirus production,
750,000 HEK-293T cells were seeded on Day 1 into a 6 well plate and were transfected
18-24 hours later with 1 ug of pIC242 or KG371 construct, gag/pol and the CMV VSV-G
packaging plasmids using the XtremeGene9 transfection reagent. Twelve hours later
the media was changed to fresh DMEM with 20% IFS, followed by collection of the virus
36 hours after transfection. The virus was filtered through a 0.45 um filter and added,
with polybrene, to the appropriate HelLa cells in a 6 well plate (500,000 cells per well).
Twelve hours later the media was changed to fresh media. Finally, twenty-four hours
after infection the cells were trypsinized and plated into a 10 cm plate in the presence of
1 ug/ul blasticidin for three days. The following day, low expressing GFP cells were
single cell sorted with a flow cytometer into the wells of a 96-well plate containing 150 ul
of DMEM supplemented with 30% IFS. Cells were grown for two weeks and the
resultant colonies were trypsinized and expanded. Clones were validated for expression
of the relevant protein via immunoblotting. To generate HelLa cells deficient in KICSTOR
and expressing GFP-tagged GATOR1 or GATOR2 components, the protocol for
CRISPR/Cas9 modification of HeLa cells described previously was used, and the cells

were subjected to a second round of cell sorting.

The lentiviral expression plasmids used were: pLIM1-FLAG-metap2, pLJM1-
FLAG-WDR24, pLJM1-FLAG-Npri2, and pLJC5-HA-Nprl3 for the interaction
experiments and pLJM1-HA-RFP-LAMP1 for the lysosomal immunopurifications.

Lentiviruses were produced by transfection of HEK-293T cells with the above plasmids
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in combination with VSV-G envelope and CMV AVPR 8 packaging plasmids. Twenty-
four hours after transfection, the media was changed to DMEM with 20% IFS. Forty-
eight hours after transfection, the virus-containing supernatant was collected from the
cells and passed through a 0.45 um filter. Target cells were plated in 6-well plates
containing DMEM 10% IFS with 8 pug/mL polybrene and infected with virus containing
media. Twenty-four hours later, the media was changed to fresh media containing

puromycin for selection.

Immunofluorescence assays

Immunofluorescence assays were performed as described previously'>. Briefly,
300,000 HEK-293T or 150,000 HelLa cells were plated on fibronectin-coated glass
coverslips in 6-well tissue culture plates. Twenty-four hours later, the slides were rinsed
with PBS once and fixed for 15 minutes with 4% paraformaldehyde in PBS at room
temperature. The slides were rinsed three times with PBS and cells were permeabilized
with 0.05% Triton X-100 in PBS for 5 minutes. After rinsing three times with PBS, the
slides were blocked for 1 hour in Odyssey blocking buffer, and then incubated with
primary antibody in Odyssey blocking buffer for 1 hour at room temperature, rinsed
three times with PBS, and incubated with secondary antibodies produced in donkey
(diluted 1:1000 in Odyssey blocking buffer) for 45 minutes at room temperature in the
dark and washed three times with PBS. The primary antibodies used were directed
against GFP (Rockland Immunochemicals; 1:500 dilution), LAMP2 (Santa Cruz
Biotechnology; 1:300 dilution), mTOR (CST; 1:100-1:300 dilution), and RagC (CST;
1:100 dilution). Slides were mounted on glass coverslips using Vectashield (Vector

Laboratories) containing DAPI.

Images were acquired on a Zeiss AxioVert200M microscope with a 63X
oil immersion objective and a Yokogawa CSU-22 spinning disk confocal head with a
Borealis modification (Spectral Applied Research/Andor) and a Hamamatsu Orca-ER
CCD camera. The MetaMorph software package (Molecular Devices) was used to
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control the hardware and image acquisition. Images were captured in the Cy3, Cy5, and
DAPI channels. Although the DAPI channel is not shown in the main images, it is in the

insets as a blue signal.

For quantitative analyses, the raw image files were opened in the Fiji software
package?’ and a maximum intensity projection of a z-stack of ~6-8 contiguous focal
planes (~0.5 ym each) was used. In each cell analyzed, a cytoplasmic region of interest
: containing lysosomes (high LAMP2 signal) was chosen and in this area the mean
fluorescence intensities (MFIs) of the Cy5 (LAMP2) and Cy3 channels (GFP, mTOR, or
RagC) were measured. In the same cell an equivalently sized area in a region of the
cytoplasm not containing lysosomes (low LAMP2 signal) was chosen and the MFls of
the Cy5 and Cy3 channels were also measured in this area. For each channel, the MFI
of the non-lysosomal area was subtracted from that of the lysosomal area. The value
obtained for the Cy3 channel was then divided by the analogous value for the Cy5
channel to give the lysosomal enrichment factor shown in the bar graphs in the figures.
A lysosomal enrichment factor close to 1 indicates that the Cy3 signal was enriched in a
region of the cell containing lysosomes over one that does not. A lysosomal enrichment
factor closer to O indicates that the Cy3 signal was not enriched at the lysosomes,
indicating no specific co-localization with the Cy5 signal. For each condition studied,
images of at least 3 distinct fields were captured and within each 2-5 cells were
analyzed as described above so that at least 10 cells were analyzed per condition. The
mean lysosomal enrichment factor was calculated for each field analyzed, and the
mean of the means of these fields is shown (bar graphs show mean + standard error of
the mean). In our experiments, the MFls in the Cy3 and Cy5 channels were of similar
magnitudes and so we obtained equivalent results regarding lysosomal co-localization
whether we subtracted or divided the MFls of the two areas in calculating the lysosomal
enrichment factors. Two-tailed t tests were used for comparisons between conditions.
All comparisons were two-sided, and p-values < 0.05 were considered significant.

Variance was similar across groups.

Analysis of mTORC1 signaling in Szt2°"¢" mice
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Previously described homozygous 129S1.129P2-Szt2C!XH062)8y9) g 74 pGHXH662)Byg

26767y and wild-type mice?® of 1-5 months in age were fasted for 8 hours

(hereafter Szt
beginning at 7 am. A total of 8 mice were used across experiments — four wild-type
females, three Szt2°7°7 females and one Szt2°7°" male. Sample size was determined
based on variation in mMTORC1 signaling observed in wild-type mice. Mice were
sacrificed and the liver, gastrocnemius muscle, heart, and brain were harvested.
Portions of the liver and muscle were analyzed by immunoblotting for phospho-
S235/236 S6, S6, phospho-S65 4E-BP1, and 4E-BP1 levels as described'® except that
tissues were disrupted with a homogenizer instead of a sonicator. Small portions of the
liver, heart, and brain were fixed in formalin and processed for phospho-S235/236 S6
immunohistochemistry as described®®. All mice were housed in a barrier facility with
standard 12-h light/dark cycle. Food and water were available ad libitum until the 8-hour
fast. Animal studies were performed under AAALAC and NIH guidelines and were
approved by institutional animal care and use committee (IACUC). No randomization or

blinding was performed.
Size exclusion chromatography

A confluent 15 cm plate of wild-type or SZT2-defiicient HEK-293T cells (~40 x
10° cells) was lysed in a CHAPS-containing buffer (50 mM NaHEPES, 100 mM NacCl, 2
mM MgCl,, 2 mM DTT, and 0.3% CHAPS). The lysate was cleared by
ultracentrifugation at 100,000 xg for 30 minutes, to completely remove non-lysed cells
and insoluble aggregates. The cleared lysate was normalized to a protein concentration
of 3 mg/ml, and 1 ml of it was loaded onto a tandem Superose 6 gel filtration column.
The elutant was fractionated and the proteins in each fraction were precipitated
separately with trichlorocacetic acid (TCA). The precipitants were collected by
centrifugation and washed twice with acetone to remove residual TCA. The protein
pellets were re-dissolved in 2xSDS loading buffer. Equal amounts of each were

separated by 8% SDS-PAGE and analyzed by immunoblotting for indicated antibodies.
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Data availability statement

No large-scale datasets were generated or analysed during the current study.

Plasmids that were generated are available on Addgene.
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CHAPTER 6

Future Directions and Discussion

mTORCH1 is a master regulator of cell growth that is regulated by a diverse set of
environmental signals, including nutrient levels. Deregulation of the mTORC1 signaling
pathway is associated with multiple human diseases, including cancer and epilepsy.
Over the past decade, the work of our lab and others have helped to identify many key
players involved in relaying amino acid availability to mTORC1, but many questions

remain.

The role of RagC mutations in follicular lymphoma tumorigenesis

In this thesis, we identify mTORC1-activating, recurrent mutations in RRAGC,
which encodes the RagC GTPase, an important regulator of mTORC1 in response to
amino acids (Okosun et al., 2016). These mutations increase RagC binding to raptor,
and, when overexpressed, render cells partially insensitive to amino acid deprivation.
Further, we biochemically characterize how the mutations in RagC affect its nucleotide
binding, uncovering two classes of mutants. One class has a significantly decreased
affinity for GTP, with a preference for binding GDP over GTP. This class of mutants
likely activates the pathway by rendering RagC GDP-loaded (and thereby in its “active”
conformation) or by affecting its affinity for its potential GEF (although such a modulator
of RagC has not yet been discovered). The other class of mutants biases the RagC
nucleotide affinity for GDP without an overall decrease in affinity for GTP in comparison
to wild-type RagC. Whether this increased affinity for GDP would be enough to
modulate raptor binding in vivo, however, is unclear, as intracellular GTP concentrations
are 10-20 times higher than GDP concentrations (Proud, 1986).

While these studies identify two separate potential mechanisms for how RagC
mutants activate mTORC1 signaling, more work is needed to understand the exact
mechanisms through which they act. Additionally, although the fact that the mutations in

RRAGC exist in the dominant clone and are stable throughout disease progression is
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consistent with RagC acting as a driver of oncogenesis, further work is needed to
uncover if this is indeed the case. For example, classic cancer studies such as those
showing that mutant RagC overexpression can stimulate transformation and
proliferation in primary cells are necessary. Further, creating mouse models in which
these recurrent mutations in RagC can be induced in B-lymphocytes, the progenitor
cells for follicular lymphoma, and analyzing the resulting phenotype would further prove
that RagC is indeed acting as an oncogene in these follicular lymphoma patients. The
activating nature of these mutations and the fact that they only occur in a heterozygous
manner in the tumor cells are consistent with RagC acting as an oncogene, but further
work is needed to establish its role as such.

Another interesting question is why these mutations were not observed in RagA,
the constitutive binding partner of RagC. One hypothesis could be that RagB, which is
highly similar to and functionally redundant with RagA, may also be expressed, along
with RagA, in these cells, and thus mutations in either one of these may not be enough
to overcome the wild-type protein present. However, further work will be needed to
clarify why these mutations only occur in RagC.

Finally, these mutations in RagC in follicular lymphoma patients suggest that
treatment with mTOR inhibitors may be effective therapy for this disease. First, cell
culture studies in which the sensitivity to mTOR inhibitors of cell lines harboring these
mutations is measured are needed. If indeed the cells are more sensitive to these
treatments, eventually clinical trials could be performed in follicular lymphoma patients
who, by sequencing, are shown to harbor these mutations in their tumors. The
discovery of these mTORC1-activating, recurrent mutations in RRAGC in follicular
‘lymphoma further suggests the importance of the nutrient sensing pathway in
tumorigenesis, and indicates a promising set of therapies that may be effective for these

patients.

Amino acid sensing by the mTORC1 pathway

Our characterization of Sestrin2 as a leucine sensor for the mTORC1 pathway

represents an exciting advance in the field. First, the identify of the leucine sensor had
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been long sought, and now a variety of interesting questions remain to further
understand how amino acids are sensed. In addition, Sestrin2 was the first bona fide
amino acid sensor identified for the mTORC1 pathway, and thus our characterization
set a paradigm for future studies.

It had long been recognized that the pathway is sensitive to multiple amino acids,
including principally leucine and arginine. How these distinct amino acids were directly
sensed remained a mystery for many years: was there one amino acid sensor that non-
specifically bound to these separate classes of amino acids, or were there multiple
sensors? Now, with the identification of SLC38A9 as a putative lysosomal arginine
sensor, and Sestrin1/2 and CASTOR1 as cytosolic leucine and arginine sensors,
respectively, it's clear that multiple separate sensors are coordinating mTORC1 activity
in response to the various amino acid inputs (Chantranupong et al., 2016; Saxton et al.,
2016a; Saxton et al., 2016b; Wang et al., 2015; Wolfson et al., 2016). Do other amino
acid sensors exist? Perhaps different tissues are sensitive to distinct amino acids, and
thus the expression of various sensors may vary across the body. Similarly, how the
lysosomal and cytosolic inputs to these various amino acid sensors are coordinated
remains unknown.

The identification of Sestrin2 as a leucine-binding protein allowed for our
characterization of its affinity for leucine and other similar amino acids. As mentioned
previously, Sestrin2 binds leucine with an affinity of ~20 uM, which is similar to that of
another cytosolic leucine-binding protein, LRS, which binds leucine with an affinity of
~45 uM (Chen et al., 2011). Although this implies that the affinity of Sestrin2 for leucine
is reasonable, to fully understand how amino acids are sensed it is essential to identify
how amino acid concentrations in cells and in vivo fluctuate in response to
environmental changes.

Recent advances in mass spectrometry have allowed for the accurate
measurement of various metabolites. Using these metabolomics approaches it's now
possible to rapidly isolate mitochondria and probe the concentrations of small
molecules, including amino acids, within this organelle (Chen et al., 2016). While whole
cell concentrations of metabolites can be measured as well, measuring the cytosolic

amino acid concentrations presents a unique challenge, as estimating the cytosolic
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volume is non-trivial. In addition, amino acids Can exist in both free and bound pools
within the cell, and those that are bound (specifically or non-specifically to proteins,
lipids, or other molecules) are not available to bind to the amino acid sensors. However,
both the free and bound pools would be measured by metabolomics, and thus
accurately estimating the concentration of amino acids that are free and available to
bind to the amino acid sensors remains a significant challenge. Finally, while it is clear
how plasma amino acid concentrations fluctuate with changes in diet (Stegink et al.,
1991; Stein and Moore, 1954), how the levels of these metabolites within tissues and

within cells in vivo fluctuate is unknown.
Understanding the mechanism through which the Sestrins inhibit GATOR2

Under leucine deprivation conditions, Sestrin2, a negative regulator of the
mTORC1 pathway, binds GATOR2 and likely inhibits its function (Chantranupong et al.,
2014; Wolfson et al., 2016). The mechanism through which Sestrin2 inhibits the
pathway, however, awaits the characterization of the molecular function of GATOR2. It's
clear that GATOR?2 is a positive regulator of the pathway, as loss of its components
render the mTORC1 pathway inhibited regardless of amino acid availability (Bar-Peled
et al., 2013). Further, GATOR?2 is epistatic to GATOR1 implying that it functions either
upstream or parallel to its interacting partner. Interestingly, our recent work
characterizing KICSTOR reveals that GATOR1 but not GATORZ2 localization to the
lysosomal surface is disrupted in cells deficient for KICSTOR components, implying that
GATORZ2 is targeted to the lysosomal surface in a separate process from that of
GATOR1 (Wolfson et al, 2017). Understanding how GATORZ2 is targeted to this
compartment may reveal other interacting partners of this complex within the pathway,

perhaps giving insight into its molecular function.
Regulation and function of the KICSTOR complex

Our identification of a four-membered protein complex that targets GATOR1 to

the lysosomal surface and is a negative regulator of the nutrient sensing pathway raises
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many unanswered questions. Consistent with its role as a scaffold, one component of
the complex, SZT2, which links the other three to GATOR1, is ~380 kilodaltons.
However, while the other three components also seem necessary for the lysosomal
targeting of GATORA1, these proteins are each only ~50 kilodaltons, and likely do not act
as large scaffolding proteins on the lysosomal surface, like SZT2. Thus, it’s intriguing to
hypothesize that perhaps these proteins serve some other role in the pathway, as well.
Sequence analysis, however, does not reveal any obvious domains, and so further work
will be needed to uncover if members of the KICSTOR complex have any function
beyond targeting GATOR1 to the lysosomal surface.

In addition, while loss of KICSTOR renders cells insensitive to amino acid or
glucose, but not growth factor, deprivation, whether any of these nutrient inputs feeds in
specifically upstream of KICSTOR is unknown. How is the KICSTOR complex
regulated? Are there other inputs, beyond nutrient deprivation, that regulate this
complex? IP/MS analysis of this complex may reveal interesting interacting partners,

and could help to elucidate how and if KICSTOR is regulated.

mTOR inhibitors as therapy for epilepsy patients

Families with mutations in either SZT2 or KPTN or loss of the genomic locus
containing C120rf66 are prone to develop seizures or brain malformation disorders
(Baple et al., 2014, Basel-Vanagaite et al., 2013; Mc Cormack et al., 2015; Venkatesan
et al., 2016). Our work identifying KICSTOR as an mTORC1 regulator hints that these
patients may be experiencing epilepsy due to deregulation of mMTORC1 signaling in
neurons. This is consistent with many other regulators of the mTORC1 pathway that are
mutated in epilepsy and brain malformation disorders, including GATOR1 (Baulac,
2016). Further, we show that mMTORC1 signaling is indeed increased in neurons in the
brains of mice in which Szt2 is disrupted by a gene-trap. This work implies that rapalogs
or other mTOR inhibitors may be effective therapies for epilepsy patients that harbor
mutations in KICSTOR components. Additionally, sequencing efforts in patients with
these disorders may identify more patients with KICSTOR mutations, including in

sporadic disease.
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