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Zusammenfassung

Die mTOR-Signalwege stehen im Zentrum der zelluldaren Physiologie. Daher ist ihre
Dysregulation ein  gemeinsames Merkmal vieler  Erkrankungen wie Krebs,
Neurodegeneration und Alterung. Der mTORC1 (mTOR-Komplex 1) reguliert das
Zellwachstum, indem er die Proteinsynthese, die Autophagie und die lysosomale Biogenese
steuert. Andererseits ist der mTORC2 (mTOR-Komplex 2) an der Regulierung des
ZellUberlebens und der Zellproliferation beteiligt. Der mTOR-Signalweg reagiert auf
vorgelagerte Signale, die seine Funktion Uber die Aktivitdt wichtiger GTPasen, die seine
Lokalisierung regulieren, und Uber Verdnderungen der posttranslationalen Modifikationen
(PTM) mehrerer Signalkomponenten steuern.

Insbesondere AAs (Aminosauren) regulieren mTORC1 Uber Veranderungen seiner
subzellularen Lokalisierung und férdern die Rekrutierung von mTORC1 an die Lysosomen.
In den letzten 15 Jahren wurde ein Mechanismus zur Aktivierung von mTORC1 an der
lysosomalen Oberflache beschrieben. Die Grunde fur die lysosomale Lokalisierung von
mTORC1 und die Frage, ob mTORC1 an verschiedenen subzellularen Orten aktiv ist, ist
jedoch noch offen. Mithilfe mehrerer unabhé&ngigen Ansétzen, die lysosomale Funktion zu
stéren, zeige ich hier, dass die Lokalisierung von mTORC1 an Lysosomen eng mit der
lysosomalen Aktivitat verbunden ist. Diese Beobachtung deutet darauf hin, dass mTORCH1
wahrscheinlich aufgrund des basalen Proteinabbaus im lysosomalen Lumen und der
anschlieBenden Nahrstofffreisetzung an Lysosomen zu finden ist. Unerwarteterweise fuhrte
die Delokalisierung von mTORC1 weg von den Lysosomen bei AA-Mangel zu einem
vollstandigen Verlust der TFEB-Phosphorylierung, mit sehr geringen Auswirkungen auf die
kanonischen Substrate S6K1 und 4E-BP1. Diese Ergebnisse wurden auch in Zellen bestatigt,
denen Rag-GTPasen, Kernkomponenten der lysosomalen mTORC1-Maschinerie, fehlten.

Zu den PTMs gehoren in erster Linie Phosphorylierungs- und Ubiquitinierungsvorgange.
Wahrend der erste Vorgang bei der Kontrolle von mTOR-Komplexen bereits gut beschrieben
ist, ist der zweite weniger gut verstanden. In den letzten Jahren wurde jedoch festgestellt,
dass die Ubiquitinierung mehrerer Komponenten der mTORC1- und mTORC2-Signalwege
ebenfalls ein wichtiger Bestandteil ihrer Regulierung ist. mTOR, die katalytische Komponente
sowohl von mTORC1 als auch von mTORC2, ist selbst stark ubiquitiniert. Daher ist die
|dentifizierung von Proteinen, die die Ubiquitinierung von mTOR modulieren kénnen, fur das
Verstandnis der mTOR-Regulierung von groBer Bedeutung. In dieser Arbeit habe ich die
DUB (Deubiquitinase) CYLD als einen Interaktionspartner von mTOR identifiziert.
Bemerkenswerterweise ist CYLD in der Lage, die Ubiquitinierung und Aktivitat von mTOR zu
modulieren. Insgesamt wurden in meiner Dissertation zwei neue Wege der mTOR-
Regulierung aufgezeigt: die rdumliche Trennung der mTORC1-Funktionen und eine neue
DUB fur mTOR.



Abstract

The mTOR (mechanistic target of Rapamycin) signaling pathways are at the center of cellular
physiology. As such, their dysregulation is a common characteristic of many conditions, such
as cancer, neurodegeneration and aging. mTORC1 (mTOR complex 1) regulates cellular
growth by controlling protein synthesis, autophagy and lysosomal biogenesis. On the other
hand, mTORC2 (mTOR complex 2) is involved in the regulation of cell survival and
proliferation. mTOR signaling responds to upstream cues that control its function via the
activity of key GTPases that regulate its localization, and via alterations in PTMs (post-
translational modifications) on several signaling components.

In particular, AAs (amino acids) regulate mTORC1 via changes in its subcellular localization,
promoting mTORC1 recruitment to lysosomes. Importantly, work over the past 15 years has
described a machinery for mTORC1 activation on the lysosomal surface. However, the
reasoning for the lysosomal localization of mTORC1 and whether mTORC1 is active in
different subcellular locations is an open question. Here, using multiple independent
approaches to disrupt lysosomal function, | show that mTORC1 localization to lysosomes is
tightly linked to lysosomal activity. This observation indicates that mTORC1 is found at
lysosomes likely due to basal protein degradation in the lysosomal lumen and subsequent
nutrient release. Unexpectedly, under AA sufficiency, delocalization of mTORC1 from
lysosomes led to a complete loss of TFEB phosphorylation, with very mild effects on the
canonical substrates S6K1 and 4E-BP1. These findings were also confirmed in cells lacking
Rag GTPases, core components in the lysosomal mTORC1 machinery.

PTMs primarily include phosphorylation and ubiquitination events. Although the former is
well-described in the control of mTOR complexes, the latter is less well-understood.
Nonetheless, work over the recent years established that ubiquitination of several
components of the mTORC1 and mTORC2 pathways is also an important part of their
regulation. mTOR, the catalytic component of both mTORC1 and mTORC?2, is itself heavily
ubiqguitinated. Hence, the identification of proteins able to modulate mTOR ubiquitination is
of great importance to understand mTOR regulation. In this thesis, | identified the DUB
(deubiquitinase) CYLD as an interacting partner of mTOR. Strikingly, CYLD is able to
modulate mTOR ubiquitination and activity. Overall, my thesis work identified two novel ways
of mTOR regulation: the spatial separation of mMTORC1 functions and a novel DUB for mTOR.
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inhibitor of NF-kB kinase subunit alpha

NF-kB essential modulator

NF-«B inhibitor

mitogen-activated protein kinase 3
mitogen-activated protein kinase 1

SKP, cullin, F-box containing complex
F-box/WD repeat-containing protein 7

F-box only protein 8

TNF receptor-associated factor 6

DNA damage-binding protein1-cullin-4

ubiquitin carboxyl-terminal hydrolase isozyme L1
OTU domain-containing protein 7B

RING-box protein 2

cullin-5

ubiquitin thioesterase OTUB1

ubiquitin-protein ligase ESA

ubiquitin carboxyl-terminal hydrolase 32

E3 ubiquitin-protein ligase RNF152

S-phase kinase-associated protein 2

cullin-3

Kelch-like protein 22

really interesting new gene

E3 ubiquitin-protein ligase RNF167

AMSH-like protease

E3 ubiquitin-protein ligase RNF186

regulator of cullins-1

probable E3 ubiquitin-protein ligase HERC1

E3 ubiquitin-protein ligase TRIM31

E3 ubiquitin-protein ligase MYCBP2

tripartite motif-containing protein 6

E3 ubiquitin-protein ligase RNF152

ubiquitin carboxyl-terminal hydrolase 4

ataxin-3

E3 ubiquitin-protein ligase CHIP
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KLHL20 Kelch-like protein 20

USP20 ubiquitin carboxyl-terminal hydrolase 20

RICTOR rapamycin-insensitive companion of mTOR

mSIN1 target of Rapamycin complex 2 subunit MAPKAP1

PROTOR1 proline-rich protein 5

PROTOR2 proline-rich protein 5-like

FOXO forkhead box proteins

SGK1 serine/threonine-protein kinase SGK1

NDRG1 N-myc downstream-regulated gene 1 protein

PH pleckstrin-homology

P1(4,5)P, phosphatidylinositol-4,5-biphosphate

PI(3,4,5)P3 phosphatidylinositol-3,4,5- triphosphate

PTEN phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and
dual-specificity protein phosphatase PTEN

USPIX probable ubiquitin carboxyl-terminal hydrolase FAF-X

p85 Phosphatidylinositol-3-kinase regulatory subunit

p110 Phosphatidylinositol-4,5-biphosphate-3-kinase catalytic
subunit

FBX12 F-box/LRR-repeat protein 12

HSP70 heat shock 70kDa protein

NEDDA4L E3 ubiquitin-protein ligase NEDD4-like

TTC3 E3 ubiquitin-protein ligase TTC3

MULAN mitochondrial ubiquitin ligase activator of NF-«B 1

RFP2 E3 ubiquitin-protein ligase TRIM12

BRCAT1 breast cancer type 1 susceptibility protein

ZNRF1 E3 ubiquitin-protein ligase ZNRF1

NEDD4 E3 ubiquitin-protein ligase NEDD4

USP1 ubiquitin carboxyl-terminal hydrolase 1

OTUD5 OTU domain-containing protein 5

CuL1 cullin-1

HEK293FT human embryonic kidney

BafA1 bafilomycin A1

MEFs murine embryonic fibroblasts

DAPI 4'.6-Diamidino-2-phenylindol

ConA concanamycin A

KO knockout

WT wild-type

PepA pepstatin A

IVK in vitrokinase assay

siRNAs small interfering RNAs

HA hemagglutinin

Lyso-IP lysosomal immunopurification



GAPDH glyceraldehyde-3-phosphate dehydrogenase

TMEM192 transmembrane protein 192

GBF1 golgi-specific brefeldin A-resistance guanine nucleotide
exchange factor 1

GA golgicide A

BFA brefeldin A

GM130 golgin subfamily A member 2

OPP O-propargyl-puromycin

CHX cicloheximide

Ub ubiquitin

SBP streptavidin-binding peptide

h.e. high exposure

l.e. low exposure

ATP adenosine triphosphate

RHEBL-1 RHEB-like 1

SUNnSET surface sensing of translation

HOPS homotypic fusion and protein sorting

ESCRT endosomal sorting complexes required for transport

ie., id est (that is)

°C degrees celsius

DMEM Dulbecco’s modified eagle medium

FBS fetal bovine serum

P/S penicillin-streptomycin

SNP single nucleotide polymorphism

PCR polymerase chain reaction

dFBS dialyzed FBS

MWCO molecular weight cut-off

PBS phosphate-buffered saline

cDNA complementary DNA

RT-qPCR reverse transcription quantitative real-time PCR

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis

BSA bovine serum albumine

RT room temperature

NaF sodium fluoride

CHAPS 3-((3-cholamidopropyl) dimethylammonio)-1-
propanesulfonate

NEM N-ethylmaleimide

DTT dithiothreitol

IPTG isopropyl-B-D-thiogalactopyranoside

PFA paraformaldehyde

IF immunofluorescence

SEM standard error of the mean



1 Introduction

mTOR (mechanistic target of Rapamycin) is a highly conserved serine/threonine protein
kinase that belongs to the PIKK (PI3K-related protein kinase) family (Richardson et al.,
2004b). In mammals, it is the catalytic component of two complexes: mTORC1 (mTOR
complex 1) and mTORC2 (mTOR complex 2), which have distinct roles (Liu and Sabatini,
2020). Notably, both complexes are dysregulated in several conditions, such as cancer and
aging (Liu and Sabatini, 2020).

1.1 The mTOR complex 1

In the context of MTORC1, mTOR is in complex with RAPTOR (regulatory-associated protein
of mTOR) (Hara et al., 2002; Kim et al., 2002). RAPTOR acts as a scaffold protein that is
necessary for the integrity of the complex. In addition, RAPTOR recognizes some mTORC1
substrates by binding to TOS motifs (TOR signaling motifs) in their sequences (Nojima et al.,
2003; Schaim et al., 2003). A second component is mLST8 (mammalian lethal with SEC13

protein 8, also known as GBL) (Kim et al., 2003). mLST8 enhances the binding of RAPTOR

to mTOR, however, studies suggest that mLST8 is not required for mTORC1 activity (Guertin
et al.,, 2006; Yang et al., 2013a). Furthermore, mTORC1 has two endogenous inhibitory
components: PRAS40 (proline-rich AKT substrate 40 kDa) (Sancak et al., 2007; Vander Haar
et al., 2007) and DEPTOR (DEP-domain-containing mTOR-interacting protein) (Peterson et
al., 2009), which bind to RAPTOR and mTOR, respectively.

Structurally, mTOR is a protein with three core domains with distinct functions: the HEAT
(Huntingtin, EF3 (elongation factor 3), PP2A (protein phosphatase 2A), and yeast TOR1
(target of Rapamycin kinase 1)) repeats, the FAT (FRAP (mechanistic target of Rapamycin),
ATM (serine-protein kinase ATM), TRRAP (transformation/transcription domain-associated
protein)) domain and the kinase domain (Yip et al., 2010; Yang et al., 2013a; Aylett et al.,
2016; Yang et al., 2017). The HEAT repeats are necessary for dimerization of the complex
and for the binding of mTOR to RAPTOR (Takahara et al., 2006; Yip et al., 2010; Jain et al.,
2014; Aylett et al., 2016), while the FAT domain is an autoinhibitory region (Yang et al., 2017).
Furthermore, the kinase domain is where substrate phosphorylation takes place. It is also the
site of mLST8 binding (Yip et al., 2010; Aylett et al., 2016; Yang et al., 2017). Additionally,
within the kinase domain resides the FRB (FKBP-Rapamycin-binding) sub-domain, which is
required for recruitment of substrates to the active kinase site. Importantly, the FKBP12
(FK506-binding protein 12)-Rapamycin complex inhibits mTORC1 by binding to the FRB
region (Yip et al., 2010; Aylett et al., 2016; Yang et al., 2017).

1.1.1 mTORC1 functions

Active mTORC1 promotes anabolic processes, such as protein synthesis, tightening
favorable conditions to cellular growth. Concomitantly, mTORC1 inhibits catabolic
processes, such as autophagy and lysosomal biogenesis.
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1.1.1.1 Protein synthesis

By acting as an AA (amino acid)-responsive complex and by controlling mRNA translation,
mTORC1 ensures that cells only synthesize proteins when building blocks are available. A
major hub for the control of protein synthesis is the elF4F (eukaryotic initiation factor 4F)
complex. elF4F is necessary for the recruitment of the 43S pre-initiation complex and the
initiation factors elF1 (eukaryotic initiation factor 1), elF1A (eukaryotic initiation factor 1A),
elF3 (eukaryotic initiation factor 3) and elF5 (eukaryotic initiation factor 5) to mRNAs
(messenger RNAs). The elF4F complex is composed of the scaffold protein elF4G
(eukaryotic initiation factor 4G), the cap-binding protein elF4E (eukaryotic initiation factor 4E)
and the RNA helicase elF4A (eukaryotic initiation factor 4A). Furthermore, elF4B (eukaryotic
initiation factor 4B) enhances activity of elF4A (Merrick and Pavitt, 2018).

mMTORC1 coordinates protein synthesis by phosphorylation of its canonical substrates, TOS-
containing proteins eukaryotic initiation factor 4E-BP1 (4E-binding protein 1) and S6K1 (p70
S6 Kinase 1) (Burnett et al., 1998; Nojima et al., 2003; Schaim et al., 2003; Fumagalli and
Pende, 2022). Importantly, both 4E-BP1 and S6K1 can act on the elF4F complex.

Regulation of 4E-BP1

As a regulator of 5’-dependent cap translation, 4E-BP1 inhibits this process by binding to
elF4E. mTORC1 phosphorylates 4E-BP1 on multiple sites driving its displacement from elF4E
and releasing its inhibitory function, thereby promoting translation (Hara et al., 1997; Gingras
et al., 1999). Importantly, 4E-BP1 is tethered to mTORC1 by two interactions, explaining the
hierarchical mode of 4E-BP1 phosphorylation (Bohm et al., 2021). In addition, mTORC1
phosphorylates 4E-BP1 both in its free state and in the elF4E-bound form. This mode of
phosphorylation ensures that all pools of 4E-BP1 are targeted, guaranteeing an efficient
translation process (Bohm et al., 2021).

mTORC1 favors translation of TOP (terminal oligopyrimidine tract) mRNAs, which bear a 5’
oligopyrimidine sequence downstream of the N’-methyl guanosine triphosphate cap, a
feature present in many ribosomal mMRNAs (Levy et al., 1991; Hsieh et al., 2012; Thoreen et
al., 2012). 4E-BP1 is one of the factors that regulate TOP mRNA translation (Hsieh et al., 2012;
Thoreen et al., 2012). Nonetheless, mTORC1 also phosphorylates and inactivates a key
repressor of this process, LARP1 (La-related protein 1) (Jia et al., 2021). Thus, mTORC1
targets TOP mRNAs via phosphorylation of two distinct substrates.

Regulation of S6K'1

Activation of S6K1 occurs via mTORC1-driven phosphorylation (Burnett et al., 1998), in
concert with phosphorylation by PDK1 (phosphoinositide-dependent protein kinase 1) (Alessi
et al.,, 1998; Pullen et al., 1998). Active S6K1 in turn phosphorylates distinct downstream
substrates.
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The best-studied S6K1 target is S6 (ribosomal protein S6). Phosphorylated S6 is suggested
to be important for translation of ribosomal genes (Chauvin et al., 2014) and for the translation
of short coding sequences (Bohlen et al., 2021). However, mutations in all S6 phospho-sites
do not affect translation (Ruvinsky et al., 2005). Thus, the effects downstream of S6
phosphorylation are still unclear. Moreover, although S6K1 is the only responsible kinase for
the phosphorylation of S6 at serine 240 and 244 (Roux et al., 2007), both S6K1 and RSK (p90
ribosomal S6 kinase) can phosphorylate serine 235 and 236 (Pende et al., 2004; Roux et al.,
2007). These observations suggest that the control of S6 may involve a crosstalk between
the mTORC1 and MAPK (mitogen-activate protein kinase) pathways.

In the context of translation initiation, S6K1 phosphorylates and activates elF4B. elF4B
activation promotes the translation of mRNAs with complex 5" untranslated regions (Holz et
al., 2005). S6K1 also phosphorylates additional targets involved in translation, such as the
negative regulator of elF4A, PDCD4 (programmed cell death protein 4) (Dorrello et al., 2006).

S6K1 also activates transcription of ribosomal RNAs by enhancing RNA polymerase | activity
via phosphorylation of the regulatory factors UBF (upstream binding factor) (Hannan et al.,
2003) and TIF-1A (transcription initiation factor I1A) (Mayer et al., 2004). Likewise, S6K1 also
phosphorylates the repressor of RNA polymerase [l MAF1 (repressor of RNA polymerase |l
transcription MAF1 homolog) (Shor et al., 2010). However, a second report suggested that
MAF1 is a direct target of mTORC1 (Michels et al., 2010). Hence, the relevance of S6K1-
mediated phosphorylation of MAF1 is not clear.

Another process controlled by S6K1 is RNA metabolism. The exon junction complex subunit
SKAR (polymerase delta-interacting protein 3; also known as POLDIP3) is phosphorylated
by S6K1, increasing the translation efficiency of spliced mRNAs (Richardson et al., 2004a)
(Ma et al., 2008). Activation of the S6K1-elF4B-elF4A axis promotes an increase in levels of
both WTAP (Wilms’ tumor 1-associating protein) and of methylated mRNAs. This process is
linked to increased transcription of genes involved in cell growth (Cho et al., 2021).
Additionally, active mTORC1 supplies methyl groups for RNA methylation via an increase in
SAM (S-adenosylmethionine) levels (Villa et al., 2021). Furthermore, the specific activity of
the c-MYC (myc proto-oncogenic protein) transcriptional program is also controlled by S6K1
via phosphorylation of the c-MYC suppressor MXD2 (MAX dimerization protein 2) (Huang et
al., 2018).

Importantly, the S6K1-mediated control of protein synthesis is tightly linked to cell size. Mice
lacking S6K1 have decreased 3-cell mass and are smaller than their WT counterparts (Pende
et al., 2000; Pende et al., 2004). In line with these findings, muscle deletion of S6K1 does not
affect myoblast proliferation, but reduces their size similarly to Rapamycin treatment (Ohanna
et al., 2005). Together, these findings show that S6K1, downstream of mTORC1, is an
important factor for the regulation of cell mass.
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1.1.1.2 Autophagy

Concomitantly with mTORC1 acting as a pro-growth complex, it also inhibits catabolic
processes. Macroautophagy, hereafter referred to as autophagy, is the cellular process by
which cytoplasmic portions, damaged proteins and organelles are degraded inside
lysosomes, promoting the recycling of cellular components (Dikic and Elazar, 2018).
Autophagy is in the center of cellular proteostasis. Hence, it is not surprising that autophagy
dysregulation is a main feature of aging (Leidal et al., 2018) and of many neurodegenerative
diseases in which protein aggregation occurs (Nixon, 2013).

Autophagy induction is coordinated by the initiation complex, formed by FIP200 (200-kDa
FAK family kinase-interacting protein), ATG101 (autophagy-related protein 101), ULK1
(serine/threonine-protein  kinase ULK1) and ATG13 (autophagy-related protein 13)
(Nakatogawa, 2020). The active initiation complex phosphorylates components of PI3BKC3
(phosphatidylinositol 3-kinase catalytic subunit type 3; also known as VPS34) complex |
(Russell et al., 2013; Park et al., 2016), promoting the nucleation of the phagophore. The
PIBKC3 complex | consists of VPS34, Beclin1, AMBRA1 (activating molecule in Beclini-
regulated autophagy protein 1), p115 (general vesicular transport factor p115) and ATG14
(autophagy-related protein 14) (Nakatogawa, 2020). At this stage, both the initiation complex
and the PI3KC3 complex | are located at autophagosome precursor membranes. During
growth of the phagophore, membranes are recruited from various membrane sources, such
as the ER (endoplasmic reticulum), the mitochondria or the PM (plasma membrane)
(Nakatogawa, 2020). The active PISBKC3 complex | induces local production of PI3P
(phosphatidylinositol-3-phosphate) (Axe et al., 2008; Nascimbeni et al., 2017; Nishimura et
al., 2017; Dikic and Elazar, 2018; Nakatogawa, 2020). Next, binding to PI3P brings together
WIPI (WD repeat domain phosphoinositide-interacting proteins) proteins and DFCP1 (zinc-
finger FYVE domain-containing protein 1) (Dikic and Elazar, 2018). These proteins recruit a
complex containing the ATG12 (autophagy-related protein 12), ATG5 (autophagy-related
protein 5) and ATG16L1 (autophagy-related protein 16L1) (Dooley et al., 2014). Importantly,
the ATG12-ATG5-ATG16L1 complex is part of a key autophagic process: the lipidation of
ATG8 (autophagy-related 8) family proteins, such as MAP1LC3 (microtubule-associated
proteins 1A/1B light chain), also known as LC3 (Ichimura et al., 2000; Kabeya et al., 2004;
Sou et al., 2008). Non-lipidated LC3 (LC3-1) is then converted into lipidated LC3 (LC3-11) via
a complex reaction: ATG4 (autophagy-related protein 4) cleaves the C-terminus of LCS3,
followed by action of ATG7 (autophagy-related protein 7), ATG3 (autophagy-related protein
3) and ATG16L1 as E1-like activating enzyme, E2-like conjugating enzyme and E3-like ligase,
respectively, that conjugate phosphatidylethanolamine to LC3 (Nakatogawa, 2020). LC3
lipidation is a requirement for the recruitment of further autophagy proteins, via interaction
with LIRs (LC3-interacting regions), as well as for elongation and closure of the phagophore
(Nakatogawa et al., 2007). A closed phagophore is named autophagosome, which fuses with
lysosomes for degradation of their content. The model for autophagosome formation and
degradation of its content in lysosomes is summarized in Figure 1.1. The degradation
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products are released to the cytosol via transporters at the lysosomal membrane (Xu and
Ren, 2015; Yim and Mizushima, 2020).
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Figure 1.1 Schematic representation of autophagosome formation and cargo degradation in
lysosomes.The induction of autophagy starts by the formation of the initiation complex, consisting of
ULK1, ATG13, FIP200 and ATG101. The initiation complex phosphorylates components of the PIBKC3
complex I, promoting the production of PI3P at specific sites in the ER. Via binding to PI3P, the proteins
DFCP1 and WIPI are recruited to the nucleated vesicle. The DFCP1/WIPI complex recruits the ATG12-
ATG5-ATG16L1 complex, promoting the lipidation of LC3-II. In the inset, the LC3-II lipidation reaction
is shown: ATG4 cleaves LC3, generating LC3-1, which is substrate for E1 (ATG7), E2 (ATG3), and E3
(ATG16L1)-like conjugating enzymes that add phosphatidylethanolamine to LC3-I, generating LC3-II.
The autophagosome matures, fuses with lysosomes and both its content and its inner membrane are
degraded. Created with BioRender.com

Autophagy can act non-selectively, by sequestering parts of the cytoplasm, or selectively,
targeting specific cargos for degradation (Vargas et al., 2023). Such cargos include
damaged organelles or protein aggregates. Importantly, both non-selective and selective
autophagy share the same core machinery described above. Yet, selective autophagy has
unique properties. For the targeted degradation of cellular components, cargos are
commonly marked by attachment of ubiquitin molecules. These marks are recognized by
receptor proteins, such as p62/SQSTM1 (sequestosome-1), TAX1BP1 (tax1-binding protein
1) and NBR1 (next to BRCA1 gene 1 protein), which show substrate-specificity (Vargas et
al., 2023). Receptor proteins contain a LIR motif, as well as ubiquitin-binding domains, which
allow the delivery of marked cargos to the autophagosome (Kirkin and Rogov, 2019).
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mTORC1 regulates autophagy in many steps (Rabanal-Ruiz et al., 2017). It phosphorylates
and inactivates ULK1 (Kim et al., 2011) and ATG13 (Ganley et al., 2009; Hosokawa et al.,
2009), thereby inhibiting autophagy initiation. Moreover, the PISKC3 complex |, involved in
early steps of autophagy, is also targeted by mTORC1 by inhibitory phosphorylation on
AMBRA1 (Nazio et al., 2013) and ATG14 (Yuan et al.,, 2013). Interestingly, AMBRA1
phosphorylation is important for ULK1 protein stability (Nazio et al., 2013). mTORC1 also
controls autophagy by phosphorylating WIPI2. This phosphorylation induces the interaction
of WIPI2 with the E3 ligase HUWE1 (E3 ubiquitin-protein ligase HUWE1), leading to WIPI2
proteasomal degradation (Wan et al., 2018). On the other hand, autophagy leads to the
recycling of cellular components and promotes local release of nutrients at the lysosomal
vicinity, thus causing mTORC1 re-activation to restrict excessive autophagy and allow cells
to return to their regular growth program (Yu et al., 2010).

1.1.1.3 Lysosomes

Lysosomes are organelles with degradative capacity. Their ability to degrade proteins,
carbohydrates and lipids relies on more than 60 acid hydrolases (Ballabio and Bonifacino,
2020). Lysosomal proteases are a class of enzymes that hydrolyze peptide bonds in the
lysosomal lumen. Among proteases, cathepsins are the most abundant and are categorized
by the amino acid present in their catalytic site. For example, CTSD (cathepsin D) is an
aspartic protease (Ruiz-Blazquez et al., 2021). Cathepsins are translated as
preprocathepsins in the ER (Hasilik and Neufeld, 1980). The signal peptide from
preprocathepsins is co-translationally removed, generating procathepsins (Zaidi et al.,
2008). Procathepsins are sorted in the Golgi for delivery to lysosomes (Gieselmann et al.,
1983). Importantly, procathepsins are inactive, ensuring that proteolysis does not occur
during their trafficking (Richo and Conner, 1991). Once inside lysosomes, cleavage of
procathepsins generates active cathepsins. For CTSD, the processing happens by the action
of cathepsins B and L (Laurent-Matha et al., 2006). Fully processed cathepsins are active
and capable of hydrolyzing their substrates.

Enzyme delivery to lysosomes occurs via the mannose-6-phosphate pathway (Figure 1.2)
(Braulke and Bonifacino, 2009). Hydrolases are synthesized and glycosylated by addition of
mannose modifications at the ER (Burda and Aebi, 1999; Bai and Li, 2019). There, lysosomal
enzymes are recruited by the complex CLNG6 (ceroid lipofuscinosis, neuronal, 6) - CLN8
(ceroid lipofuscinosis, neuronal, 8) to be transferred to the Golgi (di Ronza et al., 2018; Bajaj
et al., 2020). At the Golgi, GIcNAc (N-Acetylglucosamine)-phosphate is added by the PTase
(GlcNAc-1-phosphotransferase) (Li et al., 2022). PTase is an enzymatic complex composed
of three subunits (a, B and y). The transmembrane a and B subunits are encoded by the
GNPTAB (N-acetylglucosamine-1-phosphotransferase subunits alpha/beta) gene (Kudo et
al., 2005), whereas GNPTG (N-acetylglucosamine-1-phosphotransferase subunit gamma)
encodes the soluble y subunit (Raas-Rothschild et al., 2000). The modified enzymes are
further transported to the trans side of the Golgi, where the uncovering enzyme UCE (N-
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acetyglucosamine-1-phosphodiester a-N-acetylglucosaminidase) removes GIcNAc, leaving
a M6P (mannose-6-phosphate) mark (Braulke and Bonifacino, 2009). Finally, the enzymes
tagged with M6P move to the TGN (trans Golgi network), where the M6P modification is
recognized by M6PR (M6P receptors) (Ghosh et al., 2003). Clathrin-coated vesicles then bud
off the Golgi and deliver the enzymes to endosomes (Ghosh et al., 2003). Importantly, the
enzyme dissociation from the receptor occurs in the acidic pH of late endosomes/lysosomes
(Ghosh et al., 2003). The empty receptor is recycled back to the TGN, via retrograde
transport from endosomes to Golgi (Bonifacino and Rojas, 2006). Importantly, M6PR also
resides at the PM. Hence, the M6P-modified enzymes that are mis-sorted and exocytosed to
the extracellular space can be retrieved by the PM-resident M6PR and delivered to
lysosomes via the endocytic pathway (Bajaj et al., 2019).
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Figure 1.2 The mannose-6-phosphate pathway.

Lysosomal enzymes are synthesized and glycosylated at the ER. There, the enzymes are recognized
by the complex CLN6-CLN8 and transported to the Golgi. At the Golgi, the enzymes are marked with
mannose-6-phosphate (M6P) by the action of the Glc-NAc-1-phosphotransferase (PTase) and the
uncovering enzyme (UCE). Modified enzymes are transported to the trans Golgi network (TGN), where
MG6P is recognized by the mannose-6-phosphate receptor (M6PR). By vesicle transport, enzymes
reach endosomes and the M6PRs are recycled back to the Golgi. Alternatively, if lysosomal enzymes

28



are mis-sorted to the extracellular space, they can be recovered by the action of plasma membrane
M6PR. The retrieved enzymes are then transported to endosomes via the endocytic pathway. The
enzymes are delivered to lysosomes, where they are cleaved and activated. Created with
BioRender.com

Lysosomes have acidic pH. This is a mechanism by which cells safeguard their integrity,
allowing the activation of hydrolytic enzymes only in the acidic pH of lysosomes (pH=4.5-5.0)
(Ballabio and Bonifacino, 2020). Lysosomal pH is controlled by the v-ATPase (vacuolar(H*)-
ATPase), a proton pump that transports H* ions to the lysosomal lumen (Mindell, 2012).
Importantly, proper lysosomal pH is not only required for activation of acid hydrolases, but it
is also essential for the transport of degradation products from the lysosomal lumen to the
cytosol via the action of transporters (Xu and Ren, 2015; Rudnik and Damme, 2021). For
instance, blockage of lysosomal acidification leads to increased intraluminal concentration
of non-essential AAs in lysosomes (Abu-Remaileh et al., 2017).

The importance of lysosomes is emphasized by the existence of more than 70 LSDs
(lysosomal storage diseases) (Platt et al., 2018). LSDs can be caused by mutations in genes
coding for a number of proteins. For instance, GNPTAB mutations are linked to mucolipidosis
type Il and type Ill (Tiede et al., 2005; Danyukova et al., 2020), highlighting that the correct
trafficking of lysosomal enzymes is vital for cellular function. Moreover, mutations causing
LSDs are also found in genes coding for lysosomal hydrolases, additional trafficking
enzymes, transporters, structural proteins and the v-ATPase (Platt et al., 2018).

mTORC1 controls lysosomal function by targeting TFs (transcription factors) belonging to the
microphthalmia family of bHLH-Zip (basic helix-loop-helix-leucine-zipper) TFs
(Steingrimsson et al., 2004). It consists of TFEB (transcription factor EB), and the related
factors MiTF (microphthalmia-associated transcription factor) and TFE3 (transcription factor
E3) (Settembre et al., 2012). TFEB recognizes a 10-base sequence in genes related to
lysosomal function, namely CLEAR (coordinated lysosomal expression and regulation) motif
(Sardiello et al., 2009; Palmieri et al., 2011). Later on, studies showed that these TFs also
target autophagy-related genes (Sardiello et al., 2009; Palmieri et al., 2011; Settembre et al.,
2011; Martina et al.,, 2012). Among TFEB and TFE3 target genes are: subunits of the
lysosomal v-ATPase, such as A7P6APT (V-type proton ATPase subunit S1); lysosomal
membrane proteins, such as MCOLN7 (mucolipin-1), CLN3 (battenin) and LAMPT
(lysosome-associated membrane glycoprotein 1); and lysosomal enzymes, such as
cathepsins and the lipase PPT77 (palmitoyl-protein thioesterase 1) (Palmieri et al., 2011;
Settembre et al., 2011). In the autophagy pathway, TFEB controls the expression of
MAPILC3B, SQSTM7 and WIP/ (Palmieri et al.,, 2011; Settembre et al., 2011). By
phosphorylating TFEB, mTORC1 promotes its interaction with 14-3-3 proteins, leading to its
cytoplasmic retention (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Martina and
Puertollano, 2013). Differently from mTORC1 substrates that contain a TOS-motif for substrate
recognition, TFEB is instead recruited to mTORC1 proximity via binding to the lysosomal Rag
GTPases (Napolitano et al., 2020; Cui et al., 2023). On the other hand, mTORC1 inactivation
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allows for the action of the phosphatase calcineurin (serine/threonine-protein phosphatase
2B) to dephosphorylate TFEB, promoting its nuclear translocation and activation (Medina et
al., 2015). In sum, mTORC1 acts to repress the transcriptional regulation of autophagy and
lysosomal biogenesis, ensuring that catabolic processes are inactive during growth-
promoting conditions.

1.1.2 mTORC1 regulation

mTORC1 is tightly regulated by extracellular cues, ensuring that cells only promote cell
growth when they have available building blocks and energy to make macromolecules. Most
of the known machinery that regulates mTORC1 converges on two small GTPases: RHEB
(Ras-homolog enriched in brain) and Rags (Ras-related GTP-binding proteins). RHEB is a
small GTPase that acts as an indispensable mTORC1 activator at the lysosomal surface. On
the other hand, Rags are lysosomal proteins that promote mTORC1 lysosomal recruitment,
where it can meet its direct activator RHEB (Liu and Sabatini, 2020).

1.1.2.1 By growth factors

The regulation of mMTORC1 by GFs (growth factors) is largely mediated by TSC (tuberous
sclerosis complex) (Tee et al., 2002). TSC is composed by three components, TSC1
(hamartin), TSC2 (tuberin) and TBC1D7 (TBC1 domain family member 7) (Dibble et al., 2012;
Yang et al., 2021). TSC1 and TSC2 are mutated in the disease TSC, which is characterized
by the development of multiple benign tumors, hinting to its function in the mTORC1 pathway
(Huang and Manning, 2008). TSC2 acts as a GAP (GTPase-activating protein) for RHEB.
They interact on the lysosomal surface (Menon et al., 2014), leading to RHEB inactivation by
the conversion of RHEB-GTP (guanosine triphosphate) to RHEB-GDP (guanosine
diphosphate). Inactivation of RHEB consequently leads to mTORC1 inactivation (Garami et
al., 2003; Tee et al., 2003b). Importantly, TSC2 is regulated by AKT (protein Kinase B), which
is directly controlled by GF availability (Inoki et al., 2002; Manning et al., 2002; Tee et al.,
2003a). When GFs are present, they bind to their receptor at the cell surface and promote
the activation of PI3K (phosphoinositide 3-kinase) and PDK1, leading to AKT activation
(Hoxhaj and Manning, 2020). Active AKT phosphorylates TSC2, promoting its dissociation
from lysosomes where RHEB resides. When TSC is displaced from lysosomes, RHEB stays
in its GTP-loaded state, activating mTORC1 (Menon et al., 2014; Demetriades et al., 2016a).
The activation of mMTORC1 by RHEB occurs via binding of the latter to the FAT domain of
mTOR, inducing conformational changes that release mTORC1 inhibition (Yang et al., 2017).
Additional tethering mechanisms were recently uncovered. TSC is recruited to lysosomes by
the G3BPs (Ras GTPase-activating protein-binding proteins) — independently of their
canonical role in stress granules — via their interaction with the lysosomal proteins LAMP1/2
(Prentzell et al., 2021). Furthermore, the TSC component TSC1 binds directly to lysosomal
PIPs (phosphatidylinositol phosphates), inducing TSC lysosomal localization and RHEB
inactivation (Fitzian et al., 2021). The TSC complex can also be recruited to lysosomes upon
AA starvation, which will be introduced in section 1.1.2.3. All mechanisms of TSC recruitment
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are summarized in Figure 1.3. The way via which the different lysosomal TSC tethers act in
concert is not clear to date.

GFs also control mTORC1 via the AKT-mediated phosphorylation of PRAS40, releasing its
endogenous inhibitory function in the mTORC1 complex. Interestingly, S6K1 phosphorylates
and inhibits IRS-1 (insulin receptor substrate 1). This phosphorylation event fine-tunes the
activation of the pathway by GFs via a negative feedback loop (Harrington et al., 2004; Shah
et al., 2004). Finally, mTORC1 also induces a negative feedback loop on the GF signaling
branch by phosphorylating GRB10 (growth factor receptor-bound protein 10), a protein that
binds and inactivates the insulin receptor (Yu et al., 2011).

GF and AA GF starvation AA starvation
starvation

PIPs

Lysosomal lumen

Figure 1.3 Modes of TSC lysosomal recruitment.

In response to GF starvation, TSC can be recruited to lysosomes by binding to lysosomal PIPs, via
interaction with the G3BPs or by direct binding to RHEB. On the other hand, upon AA starvation, TSC
can also be recruited to the lysosomal surface by binding to G3BPs or by direct binding of TSC2 to
RagA-GDP. Created with BioRender.com

Different branches of GF signaling also act through TSC. Both ERK (extracellular signal-
regulated kinase) and RSK phosphorylate TSC2, leading to TSC inhibition (Roux et al., 2004;
Ma et al., 2005). TSC2 is also phosphorylated by GSK3p (glycogen synthase kinase-3 beta),
a component on the Wnt signaling pathway, promoting mTORC1 activity (Inoki et al., 2006).
Another component of the complex, TSC1, is also directly phosphorylated by IKKB (inhibitor
of nuclear factor kappa-B kinase subunit beta), making the complex responsive to TNFa
(tumor necrosis factor a) stimulation (Lee et al., 2008). TSC1 is also phosphorylated by CDK1
(cyclin-dependent kinase 1), coupling cell growth to cell cycle control (Astrinidis et al., 2003).
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By its central action in converging multiple GF signaling cues to mTORC1, TSC is strongest
mTORC1 negative regulator.

Additionally, GF receptors were shown to cluster in FA (focal adhesion) sites. Interestingly,
mTORCH1 is clustered and active in these specific regions (Rabanal-Ruiz et al., 2021). This
compartment seems to be essential for mTORC1 activity. Further studies are required to shed
light to the regulation of mMTORC1 in FAs and to investigate whether this depends on the
known machinery components, such as TSC and RHEB.

1.1.2.2 By energy

As cell growth is one of the most energy consuming cellular processes, mTORC1 activity is
also modulated by energy sufficiency. The main component of the cellular energy sensing
machinery is AMPK (5'-AMP-activated protein kinase). AMPK binds AMP (adenosine
monophosphate) molecules that signal energy shortage. An increase in AMP is observed
when cells undergo nutrient or glucose starvation, or in low oxygen conditions (Herzig and
Shaw, 2018). Thus, in such settings, AMPK signals to inactivate mTORC1, coordinating the
communication between energy availability and cell growth. AMPK regulates mTORC1 via
direct phosphorylation and activation of TSC2, thereby inhibiting mTORC1 (Inoki et al., 2003).
AMPK also phosphorylates RAPTOR, promoting its sequestration via association with 14-3-3
proteins (Gwinn et al., 2008). In addition, AMPK phosphorylates and inactivates the GATOR2
(GTPase-activating protein activity towards Rags 2) complex, a direct positive regulator of
mTORC1 (Dai et al., 2023). GATOR2 is a complex that acts via the Rag GTPases, indicating
that the Rags are important for glucose sensing. In agreement, mice that either lack RagA or
have constitutively active RagA show insensitivity to glucose starvation (Efeyan et al., 2013;
Efeyan et al., 2014).

Independently of AMPK, glucose availability also signals to mTORC1 via the glycolysis
intermediate DHAP (dihydroxyacetone phosphate) (Orozco et al., 2020). Low glucose levels
are also directly sensed by mTORC1 via the glycolytic enzyme HK-II (hexokinase-Il) (Roberts
et al., 2014). However, the direct sensors for such metabolites are still uncharacterized.

1.1.2.3 By amino acids

AAs are one of the strongest stimuli that can activate mTORC1. As early as the 90s, studies
identified the regulators of protein synthesis, S6K1 and 4E-BP1, as responsive to AA
sufficiency (Blommaart et al., 1995; Hara et al., 1998). Later on, the Rag GTPases were found
as a converging hub for the AA-mediated control of mMTORC1 activity (Kim et al., 2008;
Sancak et al., 2008).

1.1.2.3.1 Lysosomes and the Rag GTPases
The Rag GTPases form obligate heterodimers, with RagA or B binding RagC or D (Sekiguchi
et al., 2001). Although the Rag GTPases reside on lysosomes, they do not harbor a lipid-
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signal that allows lysosomal anchorage. Instead, they are tethered via interaction with the
LAMTOR (late endosomal/lysosomal adaptor and MAPK and mTOR activator) complex (also
known as Ragulator) (Sancak et al., 2010). AA sufficiency induces activation of the Rag
dimers, with RagA or B binding to GTP and RagC or D binding to GDP (Kim et al., 2008;
Sancak et al., 2008; Shen et al., 2017; Lawrence et al., 2018). The active Rag GTPases
interact with RAPTOR to promote lysosomal mTORC1 recruitment. Structural work described
that RAPTOR has a “claw” that recognizes the active state of the Rag GTPases (Sancak et
al., 2008; Anandapadamanaban et al., 2019; Rogala et al., 2019). Nonetheless, the
interaction between RAPTOR and the Rag GTPases is not sufficient to promote mTORCH1
activation. Instead, the interaction induces mTORC1 lysosomal recruitment, allowing
mTORC1 to encounter its direct activator RHEB. In agreement with this model, RHEB
depletion inhibits mTORC1 activation by AAs without affecting its lysosomal localization,
highlighting the existence of two branches: the lysosomal recruitment by Rag GTPases and
the activation by RHEB (Sancak et al., 2008; Sancak et al., 2010). The importance of the Rag
GTPases is highlighted by the observation that RagA knockout mice die in the embryonic
day E10.5 (Efeyan et al., 2014). Additionally, mice harboring a constitutively active RagA
mutant die neonatally, being unable to inactivate mTORC1 and activate autophagy (Efeyan
et al., 2013). These findings emphasize that AA sensing by mTORC1 is essential for
organismal survival.

Over the years, a large number of regulators of the Rag GTPases were identified. In the
control of small GTPases, GEFs (guanine exchange factors) or GAPs promote either GTP-
binding or GTP hydrolysis, respectively. The LAMTOR complex was the first identified GEF
for RagA/B and their interaction relies both on AA-sufficiency and v-ATPase binding (Bar-
Peled et al., 2012). Later on, SLC38A9 (sodium-coupled neutral amino acid transporter 9),
an AA transporter that resides on the lysosomal surface, was identified as a RagA GEF (Shen
and Sabatini, 2018). Conversely, GATOR1 (GTPase- activating protein (GAP) activity towards
Rags 1), a trimeric complex consisting of DEPDC5 (DEP domain-containing 5), NPRL2
(nitrogen permease regulator-like 2), and NPRL3 (nitrogen permease regulator-like 3), was
described as a GAP for RagA, promoting GTP hydrolysis upon AA insufficiency (Bar-Peled
et al., 2013; Shen et al., 2018). GATOR1 acts downstream of a positive regulatory complex
termed GATORZ2, comprised of MIOS (meiosis regulator for oocyte development), WDR24
(WD repeat domain 24), WDR59 (WD repeat domain59), SEH1L (seh1 like nucleoporin) and
SEC13 (sec13 homolog nuclear pore and COPII coat complex component). GATOR2 likely
regulates mTORC1 activity by ubiquitinating NPRL2, an event needed for GATOR1 inhibition
(Jiang et al., 2023). GATOR1 lysosomal recruitment occurs via interaction with KICSTOR, a
complex comprised of the proteins KPTN (Kaptin), ITFG2 (integrin-a FG-GAP repeat
containing 2) and SZT2 (C12orf66 and seizure threshold 2), allowing its interaction with both
the Rag GTPases and GATOR2 (Peng et al., 2017; Wolfson et al., 2017). Additionally, the
protein SH3BP4 (SH3 domain-binding protein 4) is a Rag GTPase negative regulator. It acts
by interacting with inactive Rag GTPases upon AA starvation to prevent their activation (Kim
etal., 2012).
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The complex FLCN (folliculin) — FNIP1/2 (FLCN-interacting proteins 1 and 2) was described
as a GAP for RagC/D (Petit et al., 2013; Tsun et al., 2013). RagC/D, in the active Rag GTPase
dimer, is GDP-bound. Hence, the FLCN-FNIP complex acts as a positive regulator of
MTORC1 in response to AAs. Upon starvation, FLCN is recruited to the lysosomal surface.
However, the lysosomal FLCN complex adopts a conformation in which its GAP activity is
abrogated (Lawrence et al., 2019). Upon AA stimulation, SLC38A9 acts to destabilize the
lysosomal FLCN complex, promoting FLCN GAP activity (Fromm et al., 2020). Rag C/D has
a unigue role in the phosphorylation of some mTORC1 targets, such as TFEB. In the Birt-
Hogg-Dubé syndrome, a disease where FLCN is mutated, TFEB is particularly affected
(Napolitano et al., 2020). Later work demonstrated that RagD is specifically needed for TFEB
phosphorylation (Gollwitzer et al., 2022). Interestingly, TFEB itself is recruited by the Rag
GTPases, and recent work showed the existence of a megacomplex containing mTORC1-
TFEB-Rag-LAMTOR complex (Cui et al., 2023). In addition, TFEB nuclear translocation,
achieved in response to mTORC1 inactivation, feeds back to mTORC1 by inducing RagD
expression (Di Malta et al., 2017). An additional feedback mechanism occurs through the
mTORC1-dependent phosphorylation of RagC, which is necessary for full mTORCH
activation (Yang et al., 2019). Finally, in the presence of AAs, LARS (leucyl-tRNA synthetase),
a second GAP for RagD, controls its activation (Han et al., 2012). Collectively, the Rag
GTPases constitute one of the main cellular hubs in a complex network of mMTORC1 activation
by AAs.

Importantly, the inactivation of mTORC1 upon AA starvation also occurs via the Rag
GTPases. As described in previous sections, TSC is the main negative regulator of the
pathway. As such, TSC is recruited to the lysosomal surface in the absence of AAs by direct
binding to inactive RagA (Demetriades et al., 2014). Moreover, the mechanisms of TSC
recruitment by binding to lysosomal PIPs and binding to G3BPs are also relevant upon AA
starvation, as shown in Figure 1.3.

1.1.2.3.2 Amino acid sensors
After the discovery of the Rag GTPases, several studies unraveled a complex network of AA
sensors that signal to activate mTORC1 (Figure 1.4).

v-ATPase

The response of mMTORC1 to AA availability relies on the control of the lysosome-anchored
Rag GTPases. The canonical role of the v-ATPase is in lysosomal acidification; however, the
v-ATPase is also a core AA sensing component. It transduces the presence of lysosomal
luminal AAs to mTORC1 activation via interaction with the LAMTOR complex and further
activation of the Rag GTPases (Zoncu et al., 2011; Bar-Peled et al., 2012).
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Arginine sensing

SLC38A9, a neutral amino acid transporter, is a lysosomal arginine sensor that can bind
arginine and activate mTORC1 via the v-ATPase-LAMTOR complex axis (Jung et al., 2015;
Rebsamen et al., 2015; Wang et al., 2015; Wyant et al., 2017a). Interestingly, SLC38A9 is
important for the arginine-dependent release of leucine from lysosomes, highlighting the
crosstalk between AAs that signal for mTORC1 activation (Wyant et al., 2017a). Additionally,
arginine can be sensed by CASTOR1/2 (cytosolic arginine sensor for mTORC1). Upon
arginine depletion, the CASTOR proteins interact with and inhibit GATOR2, leading to
mTORC1 inactivation. When arginine is present, it binds to CASTOR1/2, releasing the
inhibition of GATOR2 and activating mTORC1 (Chantranupong et al., 2016; Saxton et al.,
2016a).

Leucine sensing

GATOR?2 is also the converging point of leucine sensing. Similar to the CASTOR proteins,
SESTRIN proteins bind and inactivate GATORZ2 upon leucine deprivation (Chantranupong et
al., 2014; Parmigiani et al., 2014). Leucine binds to SESTRIN2, releasing its inhibitory function
on GATOR2 (Saxton et al., 2016b; Wolfson et al., 2016). Interestingly, SESTRINs were
primarily found as stress response proteins (Budanov et al., 2002), and later on were also
identified to negatively regulate mTORC1 via the AMPK-TSC2 axis (Budanov and Karin,
2008). These findings indicate that SESTRINs are part of a broader cellular response.

Additionally, leucine also activates mTORC1 via its aminoacyl-tRNA synthetase, LARS, a GAP
for RagD (Han et al., 2012). An alternative sensing mechanism for leucine was proposed
based on a metabolic derivative of leucine catabolism, expanding the spectrum of possible
signaling cues. More specifically, the end product of leucine metabolism, acetyl-coenzyme
A, signals leucine availability via RAPTOR acetylation, leading to mTORC1 activation (Son et
al., 2019).

Methionine sensing

As observed for leucine, methionine sensing occurs via a metabolic product of its catabolism.
SAM is a methionine-derived compound that functions as a methyl group donor. In contrast
to leucine and arginine sensors, SAM does not signal via GATOR2. Instead, SAM binds to
the protein SAMTOR (S-adenosylmethionine sensor upstream of mMTORC1; also known as
C70orf60), releasing the interaction of SAMTOR with GATOR1 and KICSTOR to promote
mTORC1 activation (Gu et al., 2017).

Threonine sensing

Independently of the GATOR components, threonine was found to signal its sufficiency via
TARS2 (mitochondrial threonyl-tRNA synthetase 2). Threonine binding to TARS2 stimulates
RagC-GTP hydrolysis and GTP loading of RagA, promoting mTORC1 activation (Kim et al.,
2021). However, since TARS2 does not have GEF domains, it is unlikely that it acts directly
on RagA, raising the question whether TARS2 might signal through an unknown GEF.
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Other AAs

As for leucine and methionine that signal to activate mTORC1 via their downstream
metabolites, glutamine is able to activate mTORC1 in a Rag-dependent manner via a-
ketoglutarate, a product of glutaminolysis, which also depends on the presence of leucine
(Duran et al., 2012).

In addition to the aforementioned AAs, alanine, histidine, serine and valine are AAs that
activate mTORC1 through the Rag GTPases (Kobayashi et al., 2014; Dyachok et al., 2016;
Meng et al., 2020). Additionally, an intricate network of proteins coordinates AA-dependent
activation of mTORC1: certain AAs are required for priming the complex for activation by
others (Dyachok et al., 2016). Finally, additional AA sensors for the remaining AAs known to
activate the pathway are likely to emerge with future investigations.
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Figure 1.4 The mTORC1 regulatory network at the lysosomal surface.

Positive mTORC1 regulators shown in green and negative regulators shown in red. For more details,
see section 1.1.2.3. Additional mTOR locations are also depicted. Adapted from Fernandes and
Demetriades, 2021. Created with BioRender.com

1.1.2.3.3 Rag-independent mechanisms

Although most of the regulation of mMTORC1 by AAs was described to occur via the Rag
GTPases, a growing body of evidence has established the existence of Rag-independent
mechanisms of mTORC1 activation. Of note, RagA/B knockout cardiomyocytes have
impaired lysosomal function, with little change in the phosphorylation of mMTORC1 substrates,

36



such as 4E-BP1 (Kim et al., 2014). Similar findings are observed in zebrafish RagA mutants,
as well as in Rag knockout or knockdown cells (Demetriades et al., 2014; Efeyan et al., 2014;
Kim et al., 2014; Jewell et al., 2015; Shen et al., 2016). Interestingly, glutamine re-addition
acts independently of the Rag GTPases, although still relying on lysosomal localization of
MTORC1 and v-ATPase activity (Jewell et al., 2015). Furthermore, the GTPase ARF1
(adenosine diphosphate ribosylation factor-1) mediates the localization and activation of
mTORC1 at the lysosomes in a Rag-independent manner (Jewell et al., 2015). Additionally,
glutamine-induced activation of mTORC1 signals via PLD1 (phospholipase D1), an enzyme
linked to both mTOR complex stability and activity (Toschi et al., 2009; Yoon et al., 2011).
Both PLD1 and a-ketoglutarate can also act via ARF1, supporting the evidence of ARF1-
mediated mTORC1 activation (Bernfeld et al., 2018). However, further work is required to
establish how a-ketoglutarate acts in concert in both a Rag-dependent and independent way
(Duran et al., 2012; Bernfeld et al., 2018). Importantly, the mechanism of glutamine signaling
to mTORCH1 is conserved in yeast, where it signals independently of the Gtr proteins, the Rag
orthologs (Stracka et al., 2014). Nonetheless, the candidate glutamine sensor in yeast, the
protein Pib2 (phosphatidylinositol 3-phosphate-binding protein 2) (Ukai et al., 2018), is not
conserved in humans, and the closest related proteins Phafin1 or RBHCC1 (R3H and coiled
coil domain—containing protein 1) did not affect glutamine signaling to mTORC1 (Meng et al.,
2020).

Apart from glutamine, asparagine is also capable of activating mTORC1 in Rag-depleted
cells via an ARF1-dependent mechanism (Meng et al., 2020). However, to date, the
mechanism of ARF1 action towards mTORC1 is unclear and further studies are needed to
elucidate its precise function in mTORC1 activation. Although most of the aforementioned
studies propose a lysosome-centric view of mMTORC1 regulation, RAB1A (Ras-related protein
Rab-1a), a GTPase involved in trafficking and a resident Golgi protein, acts in a Rag-
independent manner to activate mTORC1 (Thomas et al.,, 2014). Furthermore, previous
reports indicate that Rag GTPase-null cells have diffusely localized mTORC1 with only
moderate impairment of mTORC1 activity, hinting to the involvement of other locations in
mTORC1 activation (Efeyan et al., 2014; Kim et al., 2014, Jewell et al., 2015; Demetriades et
al., 2016a; Shen et al., 2016). Collectively, those findings suggest that the regulation of
mTORC1 by AAs is broader that currently thought and involves more players than those
involved in the lysosomal AA sensing machinery that center around the Rag GTPases.

1.1.2.4 By localization

Even though most of the described activation of mMTORC1 takes place on lysosomes, (Sancak
et al., 2010), mTOR, its regulators and substrates are also found in other cellular
compartments (Betz and Hall, 2013). Remarkably, mTOR itself is found on other organelles,
such as Golgi, mitochondria and the ER (Schieke et al., 2006; Liu and Zheng, 2007;
Ramanathan and Schreiber, 2009; Yadav et al., 2013; Gosavi et al., 2018). The Golgi is
particularly relevant, since two Golgi proteins are mTORC1 substrates (Nuchel et al., 2021;
Kaeser-Pebernard et al., 2022). mTORC1 is also found at FAs, a location recognized as a
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hub for mTORC1 activation by GF and AAs (Rabanal-Ruiz et al., 2021). Additionally, many of
the mTORC1 regulators and substrates are not exclusively lysosomal. RHEB, the
indispensable mTORC1 activator, is enriched in many endomembranes, such as the Golgi,
ER and peroxisomes (Buerger et al., 2006; Hanker et al., 2010; Yadav et al., 2013; Zhang et
al., 2013; Gosavi et al., 2018; Hao et al., 2018; Angarola and Ferguson, 2019). TSC2, the
main negative regulator of the pathway, is also found at the cytosol and peroxisomes (van
Slegtenhorst et al., 1998; Nellist et al., 1999; Zhang et al., 2013). ARF1 and RAB1A are
primarily involved in vesicle trafficking in the Golgi (Thomas et al., 2014; Jewell et al., 2015).
Moreover, the mTORC1 substrates S6K1 and 4E-BP1 are cytoplasmic components that
regulate translation, raising the possibility that active mTORC1 may localize in the cytoplasm
to phosphorylate them (Holz et al., 2005; Zhou et al., 2015; Ahmed et al., 2019). Finally, the
main requirement for mTORC1 activation is its encounter with RHEB. Considering that RHEB
is enriched in multiple endomembranes, it is likely that mTORC1 activation can happen at
additional subcellular locations, besides the lysosomal surface.

1.1.2.5 By post-translational modifications

As described in the previous sections, the mTORC1 pathway depends on events that occur
at specific subcellular locations. In addition to localization, mMTORC1 regulation also relies on
PTMs (post-translational modifications) (Yin et al., 2021). Of note, a PTM that is predominant
in mMTORC1 pathway components is phosphorylation. For instance, GF signaling to mTORCH1
requires phosphorylation of TSC2 by AKT (Inoki et al., 2002; Manning et al., 2002).
Additionally, glucose signals partially by RAPTOR phosphorylation (Gwinn et al., 2008).
mTOR is also subject to many phosphorylation events (Chiang and Abraham, 2005; Acosta-
Jaquez et al., 2009; Ekim et al., 2011), albeit with less clear effects. Furthermore, mTORC1
itself is a kinase complex, hence, phosphorylation of its downstream substrates is the
outcome of MTORC1 activation. Nonetheless, additional PTMs are also relevant for mTORC1
regulation. Over the recent years, ubiquitination was shown to control several factors in the
mTORC1 pathway (Jiang et al., 2019; Sun et al., 2020).

1.1.2.5.1 Ubiquitination

Ubiquitin is a 76 amino-acid-long protein that is attached to certain targets as a PTM.
Ubiquitination is a modification that occurs via formation of a covalent bond between the C-
terminal glycine residue of ubiquitin and the amino group of a lysine residue of a substrate
(Kliza and Husnjak, 2020). Ubiquitin can be attached as a monoubiquitin, where one
molecule is added to a substrate. However, ubiquitin itself contains seven lysines, key
residues that can be further ubiquitinated for the formation of ubiquitin chains. Ubiquitin can
also form linear chains, which originate from consecutive ubiquitin molecules binding to the
N-terminus of a ubiquitin molecule. Importantly, each of these modifications elicit a different
response. For instance, the most common ubiquitin chain found in cells is the K48-linked,
related to degradation of proteins via the proteasome system (Swatek and Komander, 2016).
The second most common chain type is the K63-linked, which is a non-degradative
modification that controls signaling pathways (Chen and Sun, 2009).
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The addition of ubiquitin molecules to a target occurs via a cascade involving three classes
of enzymes. E1 (E1 ubiquitin-activating enzyme) first binds and activates ubiquitin. Next,
ubiquitin is transferred to the E2 (E2 ubiquitin-conjugating enzyme). The E3 (E3-ubiquitin
ligase) then binds both the substrate and the E2 and transfers ubiquitin to the substrate
(Komander and Rape, 2012). To date, two E1s, around 30 E2s and approximately 600 E3s
have been identified (Kliza and Husnjak, 2020). Importantly, the large number of E3s reflects
their substrate specificity. Notably, ubiquitination is a reversible modification. Hence, the
termination of the signal that was initiated by ubiquitin addition is of equal relevance. The
removal of ubiquitin molecules is catalysed by a class of enzymes called DUBs
(deubiquitinases). Around 100 DUBs exist, with different modes of action. Some DUBs act
directly by recognition of the chain type that is attached to a given protein, instead of
recognizing the substrate protein itself (Mevissen and Komander, 2017). However, a DUB
family called USP (ubiquitin-specific proteases) is known for their ability to engage in protein-
protein interactions with their substrates (Mevissen and Komander, 2017). Intriguingly, most
members of this family do not possess chain specificity (Faesen et al., 2011; Mevissen and
Komander, 2017). One exception is the USP family member CYLD (ubiquitin carboxyl-
terminal hydrolase CYLD), which can engage both in protein-protein interactions
(Brummelkamp et al., 2003; Kovalenko et al., 2003; Trompouki et al., 2003; Saito et al., 2004)
and specifically cleave K63-linked or linear ubiquitin chains (Komander et al., 2008;
Komander et al., 2009).

CYLDis atumor suppressor gene that is mutated in cylindromatosis, a disease characterized
by benign skin tumors (Bignell et al., 2000). The CYLD enzyme is a DUB that negatively
regulates the NF-kB pathway, a key regulator of the inflammatory response (Figure 1.5)
(Brummelkamp et al., 2003; Kovalenko et al., 2003; Trompouki et al., 2003). In the canonical
NF-kB (nuclear factor kappa B) pathway, TNFa binds to the TNFR (tumor necrosis factor
receptor). This leads to the recruitment of the TNFR signaling complex, composed of TRADD
(tumor necrosis factor receptor type 1-associated DEATH domain protein), clAP1/2 (cellular
inhibitor of apoptosis 1 and 2), RIPK1 (receptor-interacting serine/threonine-protein kinase 1)
and TRAF2 (TNF receptor-associated factor 2) (Harhaj and Dixit, 2012). At this stage, TRAF2
is ubiquitinated and it recruits clAP1/2 that further ubiquitinates RIPK1 (Bertrand et al., 2008;
Mace et al., 2010; Zheng et al., 2010). RIPK1 ubiquitination is a platform for the ubiquitin-
binding protein TAB2 (TGF-beta-activated kinase 1 and MAP3K7-binding protein 2), which
together with TAB3 (TGF-beta-activated kinase 1 and MAP3K7-binding protein 3) recruits
TAK1 (transforming growth factor-3-activated kinase 1) (Kanayama et al., 2004; Bertrand et
al., 2008). TAK1 is a kinase that phosphorylates IKKB, a component of the IKK complex,
promoting its activation (Wang et al., 2001; Adhikari et al., 2007). The IKK complex contains
the catalytic subunits IKKa (inhibitor of NF-kB kinase subunit alpha) and IKKB, and the
regulatory subunit NEMO (NF-kB essential modulator; also known as IKKy). NEMO is also
heavily ubiquitinated. This modification is important for the recruitment of the IKK complex to
the proximity of the TNFR signaling complex (Ea et al., 2006). The active IKK complex
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phosphorylates IkB (NF-«B inhibitor), a signal that induces its ubiquitination and proteasomal
degradation. IkB degradation allows for the nuclear relocalization of NF-kB components,
inducing an inflammatory transcriptional program (Harhaj and Dixit, 2012; Wang et al., 2012).
In this pathway, CYLD is essential, as it removes K63-linked ubiquitin chains from TRAF2 and
NEMO to terminate the NF-kB pathway activation (Brummelkamp et al., 2003; Kovalenko et
al., 2003; Trompouki et al., 2003). Importantly, CYLD has also been linked to deubiquitination
of proteins that are not in the NF-kB pathway, such as AKT (Lim et al., 2012; Yang et al.,
2013b) and ERK1 (mitogen-activated protein kinase 3) and ERK2 (mitogen-activated protein
kinase 1) (Zhu et al., 2021), indicating that CYLD likely has a broader role in cells.

Ub chains

CYLD

Transcription of
proinflammatory genes
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Figure 1.5 The NF-kB pathway activated by TNFa and regulated by CYLD.

TNFa binds to its receptor at the plasma membrane. TRADD, TRAF2, clAP1/2 and RIPK1 (the TNFR
signaling complex) are recruited and RIPK1 is ubiquitinated. TAB2/3 act by binding to ubiquitinated
RIPK1, further recruiting TAK1. TAK1 phosphorylates and activates IKK3, while NEMO interacts with
ubiquitinated RIPK1 to bring the complexes in proximity. NEMO ubiquitination is necessary for its
activity as a regulatory component of the IKK complex. Active IKK phosphorylates IkB, which its
targeted for proteasomal degradation. Without IkB, NF-kB translocates to the nucleus and promotes
the transcription of proinflammatory genes. CYLD acts as a negative regulator of the pathway by
removing ubiquitin chains on TRAF2 and NEMO. Blue circles represent K63-linked ubiquitin chains,
yellow circles represent K48-linked chains. Created with BioRender.com
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1.1.2.5.2 Regulation of the mTORC1 pathway by ubiquitination
The mTORC1 pathway is regulated by ubiquitination in many steps, both by degradative and
regulatory ubiquitination events.

Ubiquitination of mTORC1 core components

mTOR is heavily ubiquitinated, with many ubiquitination sites across the protein (Figure 1.6).
mTOR ubiquitination by the SCF (SKP, cullin, F-box containing complex)/FBXW7 (F-box/WD
repeat-containing protein 7) or SCF/FBX8 (F-box only protein 8) ligase is linked to its
degradation (Mao et al., 2008; Wang et al., 2017b). Additionally, upon AA stimulation, the E3
ubiquitin ligase TRAF6 (TNF receptor-associated factor 6) together with the adaptor protein
p62, attaches K63-linked ubiquitin chains on mTOR. This ubiquitination event is important for
MTOR lysosomal recruitment and activation (Linares et al., 2013b). Moreover, mTOR is
ubiquitinated by the E3 ligase PARKIN, which is important for the maintenance of mTORC1
activity upon mitochondrial stress (Park et al., 2014). Altogether, these studies point to an
important function of ubiquitin in the regulation of the mTOR protein. Nonetheless, although
certain E3 ligases that participate in such reactions are known, no DUB was identified to act
on mTOR to date.
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Figure 1.6 mTOR is a heavily ubiquitinated protein.

In the x-axis are the residue numbers, with the mTOR domains depicted in different colors. The y-axis
is the total number of references in which each site was identified. Circles in orange are ubiquitination
sites, in blue are phosphorylation sites and in green acetylation sites. Figure obtained from
https://www.phosphosite.org.

Unlike for mTOR, both ligases and DUBs are known to act on other components of mTORC1.
RAPTOR is ubiquitinated by the E3 ligase TRAF2, which is necessary for mTORC1 activity
(Ye et al., 2021), and by DDB1-CUL4 (DNA damage-binding protein1-cullin-4) complex.
Importantly, the latter ubiquitination event is counteracted by the DUB UCH-L1 (ubiquitin
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carboxyl-terminal hydrolase isozyme L1) to control mTORC1 stability (Hussain et al., 2013).
mLST8 is also ubiquitinated by TRAF2, weakening the interaction with mTORC2 and
promoting instead mTORC1 formation. OTUD7B (OTU domain-containing protein 7B)
removes such ubiquitin chains, favoring mTORC2 formation (Wang et al., 2017a). Finally, the
inhibitory subunit of mMTORC1, DEPTOR, is targeted for degradation by several Ub ligases.
For instance, SCF (Duan et al., 2011; Gao et al., 2011; Zhao et al., 2011), SCF/RNF7 (RING-
box protein 2) (Tan et al., 2016) and CULS5 (cullin-5) (Antonioli et al., 2014) are E3s that attach
degradative ubiquitin signals to DEPTOR when mTORC1 is activated by different signals.
When mTORC1 becomes inactive, the DUB OTUB1 (ubiquitin thioesterase OTUB1) (Zhao et
al., 2018) acts on DEPTOR to promote its stabilization.

Ubiquitination of components of the AA sensing machinery

Many components of the mTORC1 AA sensing machinery are regulated by ubiquitination.
LAMTORT1 is targeted for degradation by UBE3A (ubiquitin-protein ligase E3A) (Sun et al.,
2018) and stability of the LAMTOR complex is also dictated by proteasomal degradation of
LAMTORS3 (de Araujo et al., 2013). More recently, the DUB USP32 (ubiquitin carboxyl-
terminal hydrolase 32) was shown to act on LAMTOR1, promoting its interaction with the v-
ATPase (Hertel et al., 2022). RagA is ubiquitinated by RNF152 (E3 ubiquitin-protein ligase
RNF152) upon acute AA starvation, promoting its association with GATOR1 and mTORCH1
inactivation (Deng et al., 2015). Likewise, via RagA interaction with GATOR1, prolonged AA
availability induces a negative feedback loop by the action of the E3 ligase SCF/SKP2 (S-
phase kinase-associated protein 2) (Jin et al., 2015). Similarly, the GATOR1 component
DEPDCS is targeted for degradation by CUL3 (cullin-3)/KLHL22 (Kelch-like protein 22) when
AAs are available (Chen et al., 2018a). Interestingly, GATOR2 has three components that
contain RING (really interesting new gene) domains, common in E3 ligases. In the presence
of leucine, the GATOR2 component WDR24 ubiquitinates and inactivates the GATOR1
component NPRL2 (Jiang et al., 2023). Importantly, ubiquitination is also a key event in the
regulation of the AA sensors SESTRIN2 and CASTOR1. Upon leucine starvation, SESTRIN2
is ubiquitinated by RNF167 (E3 ubiquitin-protein ligase RNF167), which promotes its
interaction with GATOR2, leading to its inhibition. Upon leucine binding, SESTRINZ2 is
deubiquitinated by STAMBPL1 (AMSH-like protease), releasing GATOR2 to activate
mTORC1 (Wang et al., 2022). SESTRIN2 stability is also regulated by ubiquitination via
RNF186 (E3 ubiquitin-protein ligase RNF186) (Lear et al., 2019). However, it is not clear how
these two modes of SESTRIN2 ubiquitination work in concert. In a tumorigenic context,
CASTOR1 ubiquitination by RNF167 is increased, leading to its degradation and further
mTORC1 activation (Li et al., 2021). In sum, ubiquitination is a key modification in the control
of the mTORC1 AA sensing machinery.

Ubiquitination of upstream requlators

One of the best-understood ubiquitination events on the mTORC1 signaling pathway is the
control of TSC complex stability. TSC2 is a highly ubiquitinated protein, and many ligases act
to promote its degradation. For instance, the ligases DDB1-CUL4-ROC1 (regulator of cullins-
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1) (Hu et al., 2008), HERC1 (probable E3 ubiquitin-protein ligase HERC1) (Chong-Kopera et
al., 2006), TRIM31 (E3 ubiquitin-protein ligase TRIM31) (Guo et al., 2018), PAM (E3 ubiquitin-
protein ligase MYCBP2) (Han et al., 2008) and TRIM6 (tripartite motif-containing protein 6)
(Liu et al., 2020) are all reported to ubiquitinate TSC2. However, it is not clear how they act
in a concerted manner. TSC1 is also ubiquitinated, both for degradation (Guo et al., 2018;
Liu et al., 2020; Ko et al., 2021) and in a K63-linked manner to control its interaction with
TSC2 (Ko et al., 2021). Finally, the third component of the complex, TBC1D7 is also
ubiquitinated and degraded (Madigan et al., 2018). Markedly, early reports hinted to the
stabilization of TSC2 protein levels by its binding to TSC1 (Benvenuto et al., 2000). This effect
is likely because TSC1 acts by preventing the interaction of TSC2 with E3 ligases (Chong-
Kopera et al., 2006; Han et al., 2008).

Downstream of TSC is RHEB, an additional mTORC1 regulator that is controlled by
ubiquitination. RHEB is ubiquitinated by RNF152 (E3 ubiquitin-protein ligase RNF152),
promoting its binding to the TSC complex (Deng et al., 2019). Upon GF stimulation, RHEB is
a substrate of the DUB USP4 (ubiquitin carboxyl-terminal hydrolase 4), promoting its release
from TSC (Deng et al.,, 2019). In conditions of AA sufficiency, RHEB is ubiquitinated,
facilitating its binding to mTOR. Upon AA starvation, the DUB ATXN3 (ataxin-3) is recruited
to the lysosomal surface to deubiquitinate RHEB, participating in the mTORC1 inactivation
(Yao et al., 2020).

Ubiquitination of mTORC'1 substrates

mTORC1 substrates are not only regulated by phosphorylation, but also by ubiquitination.
Phosphorylated TFEB is targeted by CHIP (E3 ubiquitin-protein ligase CHIP), leading to its
degradation (Sha et al., 2017). In response to AA starvation, the autophagy protein AMBRA1
is dephosphorylated and interacts with the ligase TRAF6. This interaction induces ULK1
ubiquitination and stabilization (Nazio et al., 2013). Autophagy induction triggers ULK1
autophosphorylation, leading to recruitment of the E3 ligase CUL3-KLHL20 (Kelch-like
protein 20), driving ULK1 to degradation in order to limit autophagy initiation (Liu et al., 2016).
On the other hand, USP20 (ubiquitin carboxyl-terminal hydrolase 20) acts to deubiquitinate
and stabilize ULK1 (Kim et al., 2018). Therefore, the observation that not only mTORCH1
components and regulators are ubiquitinated, but also some of its substrates, highlights the
crosstalk between different PTMs in controlling signaling pathways.

1.2 The mTOR complex 2

MTORC2 shares mTOR, mLST8 and DEPTOR as common subunits with mTORC1 (Liu and
Sabatini, 2020). Nonetheless, mTORC2 has additional unique components. Instead of
RAPTOR, its defining subunit is RICTOR (rapamycin-insensitive companion of mTOR)
(Jacinto et al., 2004; Sarbassov et al., 2004), a scaffolding protein that binds to the mTOR
HEAT domain. RICTOR interacts with mSIN1 (target of Rapamycin complex 2 subunit
MAPKAP1), a protein required for mTORC2 substrate phosphorylation and complex
formation (Frias et al., 2006; Jacinto et al., 2006; Yang et al., 2006). RICTOR also binds to
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PROTOR1 (proline-rich protein 5) and PROTOR2 (proline-rich protein 5-like), although the
function of this interaction is unclear (Pearce et al., 2007; Woo et al., 2007) As for mTORCH1,
MmTORC2 dimerization is also important for its function (Chen et al., 2018b; Stuttfeld et al.,
2018). Importantly, the structural positioning of RICTOR and mSIN1 renders mTORC2
insensitive to Rapamycin (Chen et al., 2018b; Stuttfeld et al., 2018).

1.2.1 mTORC2 functions
mTORC2 regulates cell survival and cell proliferation via phosphorylating members of the
AGC kinase family.

Regulation of AKT

AKT is a protein kinase that regulates cell survival, metabolism and cell proliferation. lIts
activity is mainly mediated by the downstream phosphorylation of FOXO (forkhead box
proteins) and GSKS3, key molecules in the regulation of the aforementioned cellular processes
(Manning and Toker, 2017). mTORC2 phosphorylates AKT on serine 473, in the AKT
hydrophobic motif (Sarbassov et al., 2005). Moreover, the mTORC2-induced AKT
phosphorylation acts by disrupting AKT autoinhibition (Chu et al., 2018). However, RICTOR
or mSIN tissue-specific knockouts do not fully abrogate AKT activity (Jacinto et al., 2006;
Moore et al., 2011; Hagiwara et al., 2012; Fu and Hall, 2020). These findings suggest that
mTORC2-mediated AKT phosphorylation is required for its activity in a context specific
manner. Additionally, full AKT activation requires phosphorylation on threonine 308 by PDK1
(Alessi et al., 1997). AKT also phosphorylates mSIN1, establishing a positive feedback loop
to mTORC2 (Yang et al., 2015). Furthermore, AKT is also an important factor in the activation
of MTORC1 by GFs, via phosphorylation of TSC2, establishing a link between mTORC1 and
mTORC2 (Inoki et al., 2002).

Regulation of SGK'1

mTORC2 also phosphorylates SGK1 (serine/threonine-protein kinase SGK1) in its
hydrophobic motif, promoting its kinase activity. SGK1 has similar targets to AKT, such as
the FOXO proteins, and it is also involved in cell proliferation and survival. Importantly, in
mouse fibroblasts lacking Rictor, mSin1 or mLst8, SGK1 activity is abolished (Garcia-
Martinez and Alessi, 2008). This is also confirmed by the lack of NDRG1 (N-myc downstream-
regulated gene 1 protein) phosphorylation, a target of SGK1, which directly reflects the
activation status of mTORC2 (Garcia-Martinez and Alessi, 2008). Importantly, SGK1 binding
to mTORC2 induces a conformational change that is not seen upon binding to AKT, indicating
that mTORC2 might have different modes of action in a substrate-specific way (Yu et al.,
2022).
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1.2.2 mTORC2 regulation

1.2.2.1 By growth factors

The best characterized stimulus that activates mTORC2 is GF availability. A study that used
phosphorylated AKT on serine 473 as a reporter, showed that mTORC2 is mainly active at
the PM (Ebner et al., 2017). mSIN1 contains a PH (pleckstrin-homology) domain,
characterized for its phosphoinositide-binding activity. Upon GF stimulation, PI3K
phosphorylates PI(4,5)P. (phosphatidylinositol-4,5-biphosphate) at the PM, generating
PI(3,4,5)P; (phosphatidylinositol-3,4,5- triphosphate). The PH domain of mSIN1 binds to
P1(3,4,5)Ps, releasing the mTORC2 autoinhibition and allowing AKT phosphorylation (Gan et
al., 2011; Liu et al., 2015). The reverse reaction from PI(3,4,5)P; to Pl(4,5)P.is catalyzed by
PTEN (phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein
phosphatase PTEN), fine-tuning GF signaling (Fu and Hall, 2020).

1.2.2.2 By post-translational modifications

As described in the previous sections, mTORC2 participates in a signaling pathway
regulated by multiple phosphorylation events. However, as for mTORC1, many components
of the mTORC2 pathway are also regulated by ubiquitination.

Ubiquitination of mTORCZ2 core components

RICTOR is ubiquitinated and degraded via the proteasome by action of the SCF/FBXW7
ligase (Koo et al.,, 2015). Intriguingly, this ubiquitination event is induced by RICTOR
phosphorylation by GSK3, creating a phospho-degron that is recognized by the
aforementioned ligase (Koo et al., 2015). GSK3 is a target of AKT, and this mechanism likely
contributes to a feedback loop comprised of both phosphorylation and ubiquitination events.
Recently, RICTOR ubiquitination was shown as a determinant of the formation of mTORC2.
RICTOR deubiquitination is regulated by the DUB USP9X (probable ubiquitin carboxyl-
terminal hydrolase FAF-X). Deubiquitinated RICTOR has increased interaction with mTOR
(Wrobel et al., 2020). Importantly, the expression of USP9X was induced in the presence of
GFs, connecting GF availability to mTORC2 assembly (Wrobel et al., 2020). As described in
section 1.1.2.5.2, an additional determinant of mMTORC2 assembly is the ubiquitination status
of mLST8 (Wang et al., 2017a). Hence, further studies are required to reconcile these
findings. Moreover, other common components of mTORC1 and mTORC2 are mTOR and
DEPTOR, and their ubiquitination status is relevant for their function, as discussed in section
1.1.25.2.

Ubiquitination of mTORCZ2 upstream regulators

PI3K is a complex formed by p85 (phosphatidylinositol-3-kinase regulatory subunit) and the
p110 (phosphatidylinositol-4,5-biphosphate-3-kinase catalytic subunit). Non-phosphorylated
p85 is ubiquitinated by SCF/FBX12 (F-box/LRR-repeat protein 12) and targeted to
degradation (Kuchay et al., 2013). p85 is also targeted for degradation by the E3 ligase
complex HSP70 (heat shock 70kDa protein)/CHIP (Ko et al., 2014), as well as by the non-
degradative and activating ubiquitination by TRAF6 (Hamidi et al., 2017). The subunit p110
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is targeted by NEDDA4L (E3 ubiquitin-protein ligase NEDD4-like) for degradation, decreasing
PI3K activity (Wang et al., 2016).

Ubiquitination of mTORCZ substrates

AKT promotes cell survival and proliferation, thus, disturbances in its activity are linked to the
development of many cancers. For this reason, AKT activity is tightly regulated in cells. To
limit AKT activation, cells employ mechanisms in which active, double phosphorylated AKT
(on threonine 308 and serine 473), is targeted to degradation (Jiang et al., 2019). Many E3
ligases act on AKT, such as TTC3 (E3 ubiquitin-protein ligase TTC3) (Suizu et al., 2009),
MULAN (mitochondrial ubiquitin ligase activator of NF-kB 1) (Bae et al., 2012), RFP2 (E3
ubiquitin-protein ligase TRIM12) (Joo et al., 2011), BRCA1 (breast cancer type 1
susceptibility protein) (Xiang et al., 2008), CHIP (Su et al., 2011) and ZNRF1 (E3 ubiquitin-
protein ligase ZNRF1) (Wakatsuki et al., 2011). The existence of many E3s acting on the same
target might hint to tissue and cell-type specificity of such E3s. In addition, AKT is also
ubiquitinated with K63-linked chains by TRAF6 (Yang et al., 2009), NEDD4 (E3 ubiquitin-
protein ligase NEDD4) (Fan et al., 2013) and SCF/SKP2 (Chan et al., 2012), modifications
that are important for AKT activation in response to different stimuli. Furthermore, in many
cancer settings, other ligases act to ubiquitinate AKT in response to specific GFs, amplifying
AKT activity (Li et al., 2013; Zhang et al., 2017). K63-linked polyubiquitination on AKT is
removed by CYLD, USP1 (ubiquitin carboxyl-terminal hydrolase 1) and OTUD5 (OTU
domain-containing protein 5), terminating the signal for AKT activation (Lim et al., 2012; Yang
et al., 2013b; Yin et al., 2019; Goldbraikh et al., 2020).

SGK1 activity is controlled by degradative ubiquitination. SGK1 is targeted for degradation
by the E3 ligases NEDD4L (Zhou and Snyder, 2005) and CHIP (Belova et al., 2006).
Additionally, RICTOR associates with CUL1 (cullin-1) to form a functional E3 ligase complex
that ubiquitinates and targets SGK1 for degradation (Gao et al., 2010). This mechanism
shows that besides the action of mMTORC2 on SGK1, the mTORC2 component RICTOR can
also regulate SGK1 via controlling its levels.

Many studies over the years have established an essential role for ubiquitination of mTOR
pathway components, regulators and substrates. However, the lack of DUBs for some
proteins, such as mTOR, show that the network of ubiquitin regulators in the mTOR pathways
likely is more complex than what is currently known.
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1.3 Aims of the thesis

mTOR is a protein kinase present in two distinct complexes: mTORC1 and mTORC2. These
regulate processes essential for cellular homeostasis, such as growth, survival and
proliferation. Therefore, dysregulation of the activity of either complex is linked to conditions,
such as cancer, neurodegeneration and aging (Liu and Sabatini, 2020; Fernandes and
Demetriades, 2021; Querfurth and Lee, 2021). Thus, understanding how mTOR is regulated
in cells is essential for advancing our understanding about disease etiology, as well as for
the development of more targeted therapeutic approaches. In the context of this thesis, |
aimed to shed light on the cell biology of mTOR regulation.

Aim 1: Exploring the relationship between the subcellular localization of mTORC1 and its
activity towards various substrates and cellular processes

AAs are the strongest stimulus that activates mTORC1. According to the current consensus
in the field, AAs regulate mTORC1 exclusively on lysosomes, from where mTOR is supposed
to control the phosphorylation of all of its substrates and to regulate all cellular functions.
Although work over the past 15 years described the existence of numerous regulators of the
mTORC1 lysosomal AA sensing machinery, the reason why mTORC1 activity is specifically
regulated on lysosomes by exogenous nutrients remains an open question. Hence, | aimed
to investigate the teleonomy of the localization of mMTORC1 to lysosomes.

Despite the described regulation of mTORC1 on lysosomes, a large body of evidence
suggests that the full picture is likely more complex: mTOR itself and several of its regulators
are also found in other subcellular locations (Betz and Hall, 2013). Given that mTORC1 is not
exclusively present on lysosomes, | additionally aimed to investigate whether mTORC1 is
active elsewhere. Furthermore, mTORC1 substrates reside in distinct subcellular locations:
for instance, TFEB is found on lysosomes, whereas S6K1 and 4E-BP1 are cytosolic proteins.
These observations suggest that mTORC1 is likely active also away from lysosomes.
Therefore, | further aimed to explore the relationship between mTORC1 localization and its
activity towards its different substrates.

Aim 2: Investigating the regulation of mTOR by ubiquitination

The mTOR-related pathways are heavily regulated by PTMs, such as phosphorylation and
ubiquitination, on multiple signaling components. Over the previous years, several studies
showed that the mTOR kinase, mMTORC1 and mTORC2 components, as well as many of their
regulators are ubiquitinated (Jiang et al., 2019). As described above, mTOR is a protein
whose levels and activation by AAs is modified by the addition of ubiquitin chains. Notably,
although four E3 ligases that attach ubiquitin chains to mTOR have been reported in the
literature, no DUB enzyme that reverses mTOR ubiquitination is known to date. Thus, in the
second part of this thesis, | aimed to identify the DUB for mTOR.
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2 Results

Part |: Spatially and Functionally Distinct mTORC1 Entities Orchestrate
the Cellular Response to Amino Acid Availability

2.1 Cells have basal lysosomal degradative capacity

According to the current consensus and previous data from our group and others, a large
fraction of mMTORC1 is found at the lysosomal surface in the presence of AAs. To investigate
whether the lysosomal localization of mMTORC1 is dependent on lysosomal activity and on the
consequent nutrient release from lysosomes, | sought to determine whether cells cultured in
the presence of AAs have basal lysosomal degradation. HEK293FT (Human embryonic
kidney) cells were treated with the v-ATPase inhibitor BafA1 (Bafilomycin A1), a drug that
blocks lysosomal acidification, consequently blocking lysosomal activity. To investigate
whether BafA1 treatment leads to changes in lysosomal degradative capacity, | assessed
the levels of known autophagy markers, which are proteins that are delivered and degraded
at the lysosomes in the last step of autophagy. BafA1 treatment led to accumulation of the
autophagosome marker LC3B, as well as of the autophagic adaptor protein p62, observed
by immunofluorescence (Figure 2.1a-d). Furthermore, BafA1 treatment induced the
accumulation of the autophagy adaptors TAX1BP1 and NBR1, as well as of the lipid-
conjugated form of LC3B, LC3B-II (Figure 2.1e). Taken together, these data indicate that,
even in the presence of exogenous AAs, HEK293FT cells show basal protein degradation
inside lysosomes. Importantly, MEFs (murine embryonic fibroblasts) also display an increase
in LC3B upon BafA1 treatment (Figure 2.2), highlighting that this process is not specific for a
cell type or species.

2.2 Lysosomal degradative capacity is tightly linked to mTOR
localization and mTORC1 activity towards specific substrates

2.2.1 Lysosomal function is required for mTOR lysosomal localization and TFEB
phosphorylation

Since cells have basal lysosomal function, | aimed to understand whether lysosomal activity
contributes to the mTORC1 localization at lysosomes. | focused on the condition where cells
are basally cultured in the presence of AAs. However, to evaluate if distinct treatment
strategies impact the pathway differently, | also assessed mTORC1 localization and activity
during AA starvation or add-back conditions. In the presence of AAs, either basal or add-
back conditions, a fraction of mTOR colocalizes with LAMP2, a lysosomal marker, while
another fraction shows diffuse cytosolic localization (Figure 2.3a-b). Importantly, treatment
with BafA1 led to delocalization of mTOR from lysosomes in all conditions tested (Figure.
2.3a-b), supporting the hypothesis that mTOR lysosomal localization requires proper
lysosomal function.
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Figure 2.1 Human cells have basal protein degradation inside lysosomes.

(a-b) HEK29BFT cells stained for LC3B and DAPI (4',6-Diamidino-2-phenylindol) in the presence or
absence of BafA1. LC3B signal intensity is quantified in (b) from 50 cells of 5 different fields.

(c-d) HEK293FT cells stained for p62 and DAPI in the presence or absence of BafA1. p62 signal
intensity is quantified in (d) from 50 cells of 5 different fields.

(e) Western blots from HEK293FT lysates treated with BafA1, probed with the indicated antibodies and
GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different

forms of a protein. Scale bars: 10pm. Data in (b) and (d) are shown as mean + SEM, ** p<0.01.
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Figure 2.2 Mouse cells have basal protein degradation inside lysosomes.
(a-b) MEF cells stained for LC3B and DAPI, treated with BafA1. LC3B signal intensity is quantified in
(b) from 50 cells of 5 different fields.
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Data shown are representative of 3 independent biological replicates. Scale bars: 10um. Data in (b)
is shown as mean + SEM, *** p<0.0001.

Next, | investigated whether the changes in mTOR lysosomal localization are reflected in
mTORC1 activity towards its substrates TFEB, S6K and 4E-BP1. Surprisingly, BafA1
treatment led to complete loss of TFEB phosphorylation in all conditions. On the contrary,
phosphorylation of S6K and 4E-BP1 was unaffected by BafA1 treatment in cells basally
cultured with AAs (Figure 2.3c). During AA starvation, their phosphorylation decreased as
expected (Figure 2.3c). However, and in line with a previous report (Fedele and Proud, 2020),
BafA1 treatment in the add-back condition led to a partial reduction in the phosphorylation
of S6K and 4E-BP1 (Figure 2.3c). These data indicate that, after a period of starvation, cells
require lysosomal function for the acute re-activation of mTORC1 towards these substrates.

To further examine if lysosomal activity is required for mTOR localization at lysosomes and
for substrate-specific changes on mTORC1 activity, | used two additional inhibitors of
lysosomal acidification: ConA (Concanamycin A) and Chloroquine. Similar to BafA1, ConA is
an inhibitor of v-ATPase activity that leads to alkalinization of lysosomes and inhibition of
lysosomal activity. Accordingly, treatment with ConA led to delocalization of mTOR from
lysosomes (Figure 2.4a-b) and abrogation of TFEB phosphorylation in all conditions (Figure
2.4c). Interestingly, the decrease of S6K and 4E-BP1 phosphorylation upon starvation of AAs
was partially blunted by ConA (Figure 2.4c), indicating that this drug might affect
mechanisms of mMTORC1 inactivation. Additionally, ConA also induced a partial decrease on
the re-phosphorylation of S6K and 4E-BP1 in the add-back condition (Figure 2.4c). Because
the v-ATPase was shown to be part of the AA sensing machinery that is required for mTORC1
activation at the lysosomes (Zoncu et al., 2011), | sought to interfere with lysosomal function
in a v-ATPase-independent manner. HEK293FT cells were treated with Chloroquine, an agent
that sequesters protons inside lysosomes, causing lysosomal alkalinization and changes in
lysosomal function. As with the aforementioned treatments, Chloroquine induced
delocalization of mTOR from lysosomes (Figure 2.5a-b) and complete loss of TFEB
phosphorylation (Figure 2.5¢). On the other hand, Chloroquine had a partial effect on S6K
and 4E-BP1 phosphorylation in basal conditions (Figure 2.5c), which might be due to the
higher concentrations and consequent toxicity of Chloroquine in comparison to BafA1 and
ConA. Furthermore, as with BafA1 and ConA, Chloroquine treatment led to a decrease in S6K
and 4E-BP1 in the add-back condition (Figure 2.5c). Overall, these results show that cells
require lysosomal function for maintaining mTOR lysosomal localization and mTORC1 activity
towards TFEB in all conditions. On the contrary, the mTORC1 substrates S6K and 4E-BP1
are regulated differently: their phosphorylation is unaffected by changes in lysosomal activity
under exogenous AA sufficiency, but is partially reduced during re-addition of AAs after
starvation.
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Figure 2.3 Blockage of lysosomal function leads to mTORC1 delocalization from lysosomes and
substrate-specific changes on its activity.

(a-b) HEK293FT cells stained for mTOR and LAMP2 (lysosomal marker) in the presence or absence
of BafA1, treated with media containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back
(=/+AA) conditions. mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.
(c) Western blots from HEK293FT lysates in the presence or absence of BafA1 treated with media
containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed
with the indicated antibodies and GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM,
**** p<0.0001, ns non-significant.
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Figure 2.4 Blockage of lysosomal function with ConA leads to mTORC1 delocalization from
lysosomes and substrate-specific changes on its activity.

(a-b) HEK293FT cells stained for mTOR and LAMP2 (lysosomal marker) in the presence or absence
of ConA. mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.

(c) Western blots from HEK293FT lysates in the presence or absence of ConA treated with media
containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed
with the indicated antibodies and GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM,
**** p<0.0001.
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Figure 2.5 Blockage of lysosomal function with Chloroquine leads to mTORC1 delocalization from
lysosomes and substrate-specific changes on its activity.

(a-b) HEK293FT cells stained for mTOR and LAMP2 (lysosomal marker) in the presence or absence
of Chloroquine. mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.
(c) Western blots from HEK293FT lysates in the presence or absence of Chloroquine treated with
media containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions,
probed with the indicated antibodies and GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM,
**** p<0.0001.

2.2.2 BafA1 has a rapid and specific effect towards lysosomal mTORC1

substrates

Considering that BafA1 treatment induces changes in phosphorylation of TFEB but not in
S6K/4E-BP1 in basal conditions, | next evaluated whether changes in the latter might happen
in different time points than what is needed for observing changes in TFEB. To analyze the
effect of BafA1 over time, | first treated cells from two to eight hours and observed that as
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early as at two hours, mTOR is delocalized from lysosomes (Figure 2.6a-b). Subsequently, |
evaluated the phosphorylation of mMTORC1 substrates upon BafA1 treatment from one to
eight hours. TFEB phosphorylation was diminished as early as at two hours, and largely
abolished from four hours onwards (Figure 2.6¢-e). Strikingly, phosphorylation of S6K and
4E-BP1 was unaffected in all time points tested (Figure 2.6¢-d). Taken together, our results
point to the requirement of lysosomal function and mTOR lysosomal localization for the
phosphorylation of TFEB, but not of the S6K and 4E-BP1 substrates in basal conditions.

One major feature of TFEB is the requirement of lysosomal recruitment for its phosphorylation
by mTORC1. To evaluate whether other mTORC1 substrates that have the same subcellular
localization behave in a similar manner to TFEB, | established an experimental setup to
assess RagC phosphorylation, another known lysosome localized protein. First, | checked
whether RagC lysosomal localization was preserved upon BafA1 treatment. Importantly, no
changes in RagC localization were observed (Figure. 2.7a-b). To analyze the phosphorylation
status of RagC, | made use of an antibody that differentially recognizes the phosphorylated
from the non-phosphorylated form of RagC (RagC antibody #5466). | treated HEK293FT cells
with Torin1, a potent mTOR inhibitor, and probed for RagC using the aforementioned
antibody. Importantly, RagC immunoblotting showed increased signal upon mTOR inhibition
(Figure 2.7c), confirming the detection of unphosphorylated RagC in an mTOR-dependent
manner. RagC phosphorylation status was further evaluated in the presence or absence of
BafA1 during basal, starvation or add-back of AAs, and the non-phosphorylated form of
RagC was more abundant in all samples treated with BafA1 (Figure 2.7d). Collectively, these
data show that phosphorylation of RagC, a second lysosomal mTORC1 substrate, is also
diminished by alterations in lysosomal function and mTOR lysosomal localization.

To further confirm that S6K and 4E-BP1 are not affected by BafA1 treatment, | assessed
phosphorylation of S6, a protein that is directly phosphorylated by S6K, as well as another
phosphorylation site on 4E-BP1, and | did not observe changes upon BafA1 treatment (Figure
2.7¢e). To test whether the persistent mMTORC1 activity in BafA1-treated cells is restricted
towards S6K and 4E-BP1, | additionally assessed phosphorylation of other mTORCH1
substrates that are also cytoplasm-resident proteins, such as ULK1 and GRB10. Importantly,
they were only mildly affected by BafA1 treatment, unlike TFEB that showed complete loss of
phosphorylation (Figure 2.7e). mTORC1 activity is tightly regulated by a variety of upstream
signaling components, some of which act as positive regulators, such as AKT and RHEB,
while others as negative regulators, like PTEN, TSC1 or TSC2. To assess whether changes
in the expression of positive or negative regulators could explain the sustained activity of
mTORC1 towards cytosolic substrates, | investigated how protein levels are affected upon
BafA1 treatment and observed no consistent changes (Figure 2.8). Therefore, our findings
support a model whereby lysosomal function and mTOR lysosomal localization are not
required for mTORC1 activity towards cytosolic substrates in basal culture conditions.
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Figure 2.6 Short-term blockage of lysosomal function leads to mTORC1 delocalization from
lysosomes and substrate-specific changes on its activity.

(a-b) HEK293FT cells stained for mTOR and LAMP2 (lysosomal marker) in the presence or absence
of BafA1, treated for the indicated times. mTOR colocalization with LAMP2 quantified in (b) from 50
cells of 5 different fields.

(c-e) Western blots from HEK293FT lysates treated with BafA1 for the pointed times, probed with the
indicated antibodies and GAPDH as a loading control. Quantification of mTORC1 activity (d) p-
S6KT™89/S6K and (e) p-TFEBS'"/GAPDH, n=3.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b), (d) and (e) are shown as
mean = SEM, ** p<0.01, ™ p<0.001, **** p<0.0001, ns non-significant.
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Figure 2.7 Blockage of lysosomal function affects mTORC1 activity towards the lysosomal
substrate RagC but not of cytosolic substrates.

(a-b) HEK293FT cells stained for RagC and LAMP2 (lysosomal marker) in the presence or absence of
BafA1, treated for the indicated times. RagC colocalization with LAMP2 quantified in (b) from 50 cells
of 5 different fields.

(c) Western blots from HEK293FT lysates treated with Torin1, probed with the indicated antibodies
and GAPDH as a loading control. RagC (#5466) refers to the RagC antibody sensitive to RagC
phosphorylation status.

(d) Western blots from HEK293FT lysates in the presence or absence of BafA1 treated with media
containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed
with the indicated antibodies and GAPDH as a loading control.

(e) Western blots from HEK293FT lysates treated with BafA1, probed with the indicated antibodies and
GAPDH as a loading control.
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Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM, ns
non-significant.

Figure 2.8 Blockage of lysosomal function does not affect levels of mMTORC1 upstream regulators.
Western blots from HEK293FT lysates treated with BafA1, probed with the indicated antibodies and
GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein.

2.2.3 AA production in lysosomes is required for mTOR lysosomal localization and
TFEB phosphorylation

Lysosomes are degradative organelles that can recycle different types of nutrients, such as
lipids, carbohydrates and AAs. Among all nutrients, AAs are known as the most robust
activators of mTORC1. Hence, we aimed to understand whether the effects of blocking
lysosomal function on mTORC1 could be related to a decrease in AA production in
lysosomes. We treated HEK293FT cells with a combination of PepA (Pepstatin A) and E64,
compounds that directly inhibit the activity of lysosomal proteases. Importantly, treated cells
displayed delocalization of mTOR from lysosomes (Figure 2.9a-b), as well as a strong
decrease of TFEB phosphorylation. Concerning S6K and 4E-BP1 phosphorylation, no effect
was observed under basal conditions, whereas their phosphorylation was blunted upon AA
re-addition (Figure 2.9c¢). Taken together, these data show that AA production in lysosomes
derived from protein degradation is essential for mTOR localization at lysosomes and the
subsequent TFEB phosphorylation.
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Figure 2.9 Blockage of lysosomal protease activity leads to mTORC1 delocalization from
lysosomes and substrate-specific changes on its activity.

(a-b) HEK293FT cells stained for mTOR and LAMP2 (lysosomal marker) in the presence or absence
of PepA+E64. mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.

(c) Western blots from HEK293FT lysates in the presence or absence of PepA+E64 treated with media
containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed
with the indicated antibodies and GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM,
**** p<0.0001.

2.2.4 Loss of lysosomal enzyme trafficking mimics blockage of lysosomal function
The ability of lysosomes to degrade intracellular nutrients and components arise from the
presence of specific catabolic enzymes at the lysosomal lumen. Lysosomal enzymes are
delivered to these organelles via a complex trafficking mechanism from ER to the Golgi and
from there to lysosomes. One of the major steps of lysosomal enzyme sorting at the Golgi is
the attachment of a M6P modification that targets enzymes for correct delivery. The GNPTAB
enzyme is one of the core components of the M6P pathway. To evaluate whether the loss of
enzyme delivery to lysosomes would elicit similar effects to what | observed upon
pharmacological blockage of lysosomal activity, | generated HEK293FT GNPTAB KO
(knockout) cells. First, | characterized two different GNPTAB KO clones, and observed a
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strong decrease in overall M6P signal and processing of CTSD (Figure 2.10a). In addition, |
also detected extracellular release of the pro-form of CSTD (Figure 2.10b). Together, our data
show that GNPTAB KO cells demonstrate lysosomal enzyme mis-sorting. Next, | investigated
whether mTORC1 signaling is affected in these cells. While TFEB phosphorylation is
completely lost in GNPTAB KOs, no changes in the phosphorylation status of S6K were
detected (Figure 2.10a). To better understand whether the observed changes were due to
differential localization of mTOR, | performed immunofluorescence experiments that revealed
complete loss of mMTOR lysosomal localization (Figure 2.10c-d). Collectively, our results
indicate that correct lysosomal enzyme delivery is required for lysosomal localization of
mTOR and activity towards phosphorylation of TFEB.

2.3 The Rag GTPases and the lysosomal mTORC1 machinery are
required for mTORC1 activity towards lysosomal substrates

2.3.1 Rag GTPase deficiency leads to loss of mTOR lysosomal localization and
TFEB phosphorylation

Cells have evolved an extensive machinery at lysosomes to recruit and activate mTORCH,
centered around the heterodimeric Rag GTPases that are responsible for the direct
recruitment of the complex on the lysosomal surface. To further dissect the lysosomal vs non-
lysosomal localization and activation of mTORC1, we generated HEK293FT cells lacking the
RagA/B GTPases (RagA/B KO). As expected, RagA/B KO cells do not have lysosomal mTOR
(Figure 2.11a-b). Importantly, RagA/B KO cells lack TFEB and TFE3 phosphorylation (Figure
2.11c). Furthermore, phosphorylation of S6K and 4E-BP1 was largely unaffected during basal
conditions (Figure 2.11c), resembling the phenotype of cells with lysosomal dysfunction.
However, during starvation, S6K and 4E-BP1 phosphorylation was partially maintained, which
was previously shown to be due to a lower recruitment of the mTORC1 inactivation machinery
(Demetriades et al., 2014). Additionally, phosphorylation of the aforementioned substrates
was also compromised during AA add-back, in line with the well-established role of Rag
GTPases in the acute reactivation of mMTORC1 (Kim et al., 2008; Sancak et al., 2008) (Figure
2.11¢). In addition, IVKs (/n vitrokinase assays) with immunopurified mTORC1 from WT (wild-
type) or RagA/B KO cells, assessing phosphorylation of the substrate 4E-BP1, confirmed that
mTORC1 activity is unaffected by loss of the RagA/B GTPases (Figure 2.11d).

To confirm that our observations are due to the lack of the RagA/B GTPases and not a
secondary effect of the loss of these proteins, we transiently re-expressed WT RagA, a
constitutively active RagA mutant (Q66L) or an inactive RagA mutant (T21N) in RagA/B KO
cells. Remarkably, transfection of the active mutant of RagA fully rescued TFEB
phosphorylation, while it only mildly increased S6K phosphorylation (Figure 2.11e).
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Figure 2.10 Blockage of lysosomal enzyme trafficking leads to mTORC1 delocalization from
lysosomes and substrate-specific changes on its activity.

(a) Western blots from different lysates from HEK293FT WT and GNPTAB KO clones, probed with the
indicated antibodies and GAPDH as a loading control.

(b) Western blots from different HEK293FT WT and GNPTAB KO lysates and supernatants, probed
with the indicated antibody.

(c-d) HEK293FT WT and GNPTAB KO cells stained for mTOR and LAMP2 (lysosomal marker). mTOR
colocalization with LAMP2 quantified in (d) from 50 cells of 5 different fields.

Data shown in (c), (d) and (e) are representative of 3 independent biological replicates. Arrowheads
indicate different forms of a protein, P: phosphorylated form. Scale bars: 10um. Data in (d) is shown
as mean = SEM, **** p<0.0001.
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We further addressed the question of possible cellular changes because of RagA/B GTPase
loss by generating cells lacking RagC/D. As for RagA/B KO cells, HEK293FT RagC/D KO
cells also have non-lysosomal mTOR (Figure 2.12a-b) and loss of TFEB and TFE3
phosphorylation (Figure 2.12c). In addition, we solidified our findings by assessing the effects
of RagA/B loss in MEFs, which confirmed that the requirement of the RagA/B GTPases for
mTOR localization (Figure 2.13a-b) and activity towards TFEB and TFE3, but not S6K or 4E-
BP1 (Figure 2.13c), is not cell-type or species specific.

As observed for blockage of lysosomal function, also RagA/B KO cells show no changes in
phosphorylation of S6, downstream of S6K, as well as of additional cytosolic substrates, such
as ULK1 and GRB10 (Figure 2.14), highlighting the differential requirement of the lysosomal
machinery for phosphorylation of lysosomal vs non-lysosomal substrates. Furthermore, we
show that the S6K phosphorylation observed in Rag-deficient cells is mTOR-dependent by
treating cells with the mTOR inhibitor Torin1, which led to a full loss of phospho-S6K (Figure
2.15). Finally, RagA/B KO (Figure 2.16a) or RagC/D KO (Figure 2.16b) cells had no
differences in mTORC2 activity, showing that the loss of the Rag GTPases affect specifically
mTORCH.

The Rag GTPases are tethered to lysosomes via interactions with the LAMTOR complex.
Hence, we aimed to remove the RagA/B GTPases from lysosomes without affecting their
levels, via knocking down the LAMTOR1 component of the LAMTOR complex. In agreement
with our results in Rag GTPase KO cells, knock down of LAMTOR1 leads to delocalization of
mTOR from lysosomes (Figure 2.17a-b) as well as loss of TFEB phosphorylation (Figure
2.17c-d).

Using multiple pharmacological and genetic approaches we separate mTOR localization
from mTORC1 activity towards different substrates. Based on our immunofluorescence
experiments, | hypothesize that mTORC1 components in different locations might encounter
substrates that reside in distinct cellular compartments. To test the lysosomal and non-
lysosomal presence of mTORC1 using an independent biochemical method, we first
generated WT or RagA/B KO cells that stably express HA (hemagglutinin)-tagged lysosomal
transmembrane protein TMEM192 (transmembrane protein 192) or FLAG-tagged TMEM192
as a negative control. Next, based on the established protocol for lysosomal isolation (Lyso-
IP; lysosomal immunopurification) (Abu-Remaileh et al., 2017), we set up a modified Lyso-IP
protocol that allowed us to retrieve both lysosomal and non-lysosomal fractions. We
successfully isolated intact lysosomes, as seen by the presence of LAMP2 and CTSD in the
lysosome-enriched fraction, as well as the non-lysosomal fraction, assessed by the presence
of the cytosolic protein GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Figure
2.18a). As expected, the mTORC1 components mTOR and RAPTOR do not localize to
lysosomes in RagA/B KO cells (Figure 2.18a). Remarkably, we observed that in both WT and
RagA/B KO cells a large proportion of mTOR and RAPTOR is localized at the non-lysosomal
fraction (Figure 2.18a). We next assessed localization of the substrates S6K and TFEB. TFEB
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is found in both fractions, as expected by the dynamic nature of its phosphorylation (Figure
2.18b). On the contrary, S6K is exclusively non-lysosomal (Figure 2.18b). These data show
that S6K and mTORC1 co-exist in non-lysosomal fractions, which likely allow the maintenance
of S6K phosphorylation even when mTORC1 is away from the lysosomal surface.
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Figure 2.11 Cells lacking the RagA/B GTPases have mTORC1 delocalized from lysosomes and
substrate-specific changes on its activity.

(a-b) HEK293FT WT and RagA/B KO cells stained for mTOR and LAMP2 (lysosomal marker), treated
with media containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions.
mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.
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(c) Western blots from HEK293FT WT and RagA/B KO lysates treated with media containing or lacking
AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed with the indicated
antibodies and GAPDH as a loading control.

(d) Western blots from IVKs with mTORC1 purified from HEK293FT WT and RagA/B KO with 4EBP1
as substrate, probed with the indicated antibodies and GAPDH as a loading control.

(e) Western blots from HEK293FT RagA/B KO lysates transfected with the indicated plasmids, probed
with the indicated antibodies and GAPDH as a loading control.

Data are representative of 3 independent biological replicates. Arrowheads indicate different forms of
a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM, ****
p<0.0001, ns non-significant.
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Figure 2.12 Cells lacking the RagC/D GTPases have mTORC1 delocalized from lysosomes and
substrate-specific changes on its activity.

(a-b) HEK293FT WT and RagC/D KO cells stained for mTOR and LAMP2 (lysosomal marker), treated
with media containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions.
mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.
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(c) Western blots from HEK293FT WT and RagC/D KO lysates treated with media containing or lacking
AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed with the indicated
antibodies and GAPDH as a loading control.

Data are representative of 3 independent biological replicates. Arrowheads indicate different forms of
a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM, ****
p<0.0001, ns non-significant.
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Figure 2.13 Mouse cells lacking the RagA/B GTPases have mTORC1 delocalized from lysosomes
and substrate-specific changes on its activity.

(a-b) MEF WT and RagA/B KO cells stained for mTOR and LAMP2 (lysosomal marker), treated with
media containing or lacking AAs, in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions.
mTOR colocalization with LAMP2 quantified in (b) from 50 cells of 5 different fields.

(c) Western blots from MEF WT and RagA/B KO lysates treated with media containing or lacking AAs,
in basal (+AA), starvation (-AA) or add-back (-/+AA) conditions, probed with the indicated antibodies
and GAPDH as a loading control.

Data are representative of 3 independent biological replicates. Arrowheads indicate different forms of
a protein, P: phosphorylated form. Scale bars: 10pm. Data in (b) is shown as mean + SEM, ****
p<0.0001, ns non-significant.
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Figure 2.14 Absence of the RagA/B GTPases does not affect cytosolic mTORC1 substrates.
Western blots from HEK293FT WT and RagA/B KO lysates, probed with the indicated antibodies and
GAPDH as a loading control.

Data shown are representative of 3 independent biological replicates.
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Figure 2.15 Phosphorylation of the mTORC1 substrate S6K in HEK293FT cells lacking the Rag
GTPases is mTORC1 dependent.
(a) Western blots from HEK293FT WT and RagA/B KO lysates treated with media containing or lacking
AAs, in basal (+AA) or starvation (-AA) conditions, or treated with Torin1, probed with the indicated
antibodies and GAPDH as a loading control.
(b) Western blots from HEK293FT WT and RagC/D KO lysates treated with media containing or lacking
AAs, in basal (+AA) or starvation (-AA) conditions, or treated with Torin1, probed with the indicated
antibodies and GAPDH as a loading control.
Data are representative of 3 independent biological replicates.
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Figure 2.16 Phosphorylation of the mTORC2 substrate AKT is unaffected in HEK293FT cells lacking
the Rag GTPases.
(a) Western blots from HEK293FT WT and RagA/B KO lysates treated with media containing or lacking
AAs, in basal (+AA) or starvation (-AA) conditions, or treated with Torin1, probed with the indicated
antibodies and GAPDH as a loading control.
(b) Western blots from HEK293FT WT and RagC/D KO lysates treated with media containing or lacking
AAs, in basal (+AA) or starvation (-AA) conditions, or treated with Torin1, probed with the indicated
antibodies and GAPDH as a loading control.
Data are representative of 3 independent biological replicates.
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Figure 2.17 LAMTOR1 knockdown phenocopies the loss of Rag GTPases.

(a-b) HEK293FT cells transiently transfected with siRNAs (small interfering RNAs) targeting LAMTOR1
or a control RNAI duplex, stained for mTOR and LAMP2 (lysosomal marker). mTOR colocalization with
LAMP2 quantified in (b) from 50 cells of 5 different fields.
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(c) Western blots from HEK293FT lysates of cells transiently transfected with siRNAs targeting
LAMTOR1 or a control RNAI duplex, probed with the indicated antibodies and GAPDH as a loading
control.

(d) LAMTORT1 expression levels of HEK293FT cells transiently transfected with siRNAs targeting
LAMTOR1 or a control RNAI duplex.

Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10um. Data in (b) is shown as mean + SEM
and data in (d) is shown as mean + SD, **** p<0.0001.
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Figure 2.18 Different mTORC1 components and substrates are localized in distinct cellular
compartments.

(a) Lyso-IP experiment in HEK293FT WT and RagA/B KO cells expressing either HA-TMEM192 or the
control construct FLAG-TMEM192. Intact lysosomes were immunopurified in native conditions with
anti-HA beads and the resulting lysosomal and non-lysosomal fractions, as well as the input, were
analyzed by immunoblotting with the indicated antibodies to assess localization of mTORCH
components.

(a) Lyso-IP experiment in HEK293FT WT and RagA/B KO cells expressing either HA-TMEM192 or the
control construct FLAG-TMEM192. Intact lysosomes were immunopurified in native conditions with
anti-HA beads and the resulting lysosomal and non-lysosomal fractions, as well as the input, were
analyzed by immunoblotting with the indicated antibodies to assess localization of mTORCH
Substrates.

Data are representative of 3 independent biological replicates.

2.3.2 Non-lysosomal mTORC1 activity has distinct sensitivity to specific AAs,
independently of the canonical AA sensing machinery

Our findings show that non-lysosomal mTORC1 is capable of responding to changes in
extracellular AA levels, since cells with only non-lysosomal mTORC1 still respond to AA
starvation. Hence, | aimed to understand whether canonical AA sensors would be able to
regulate non-lysosomal mTORC1. For instance, leucine and arginine are AAs that activate
mTORC1 via pathways that converge on the positive regulator GATOR2 complex. Therefore,
| knocked down MIOS, a component of the GATOR2 complex, to test whether this is involved
in the activation of cytoplasmic mTORC1 by exogenous AAs. Although MIOS knock down
decreased mTOR lysosomal localization (Figure 2.19a-b) and TFEB phosphorylation (Figure
2.19¢), likely due to inactivation of the Rag GTPases, it did not affect basal phosphorylation
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of S6K or 4E-BP1 (Figure 2.19¢). Thus, despite the fact that GATORZ2 is a complex that also
localizes to the cytoplasm, it regulates the activity of lysosomal mTORCH1.

To further investigate which AAs are relevant for the activation of non-lysosomal mTORCH1,
we treated WT or RagA/B KO HEK293FT cells with media lacking different AA groups, based
on their biochemical properties. In WT cells, mTORC1 activity was downregulated in
response to starvation of hydrophobic (methionine, leucine, isoleucine, glycine, valine; -
MLIGV’) or positively-charged (histidine, arginine, lysine; ‘“HRK’) AAs, whereas RagA/B KO
cells did not respond to these treatments (Figure 2.20a-b). On the other hand, only RagA/B
KO cells responded to starvation of serine, threonine and cysteine (‘-STC’) (Figure 2.20c-d).
Importantly, in Rag A/B KO cells, starvation of each of the three AAs serine, threonine or
cysteine was sufficient to downregulate mTORC1 activity (Figure 2.20e-f), indicating that
each of these AAs is important to sustain non-lysosomal mTORC1 activity. Overall, our results
demonstrate that non-lysosomal mTORC1 responds to different AAs, for which the sensing
mechanisms remain to be elucidated.

Because mTORCH1 activity is responsive to additional stimuli apart from AA availability, |
aimed to understand whether cells with exclusively non-lysosomal mTOR are capable of
responding to such signaling cues. First, | assessed whether HEK293FT RagA/B KO cells
respond to glucose starvation and re-addition. WT cells were able to downregulate mTORC1
activity upon glucose deprivation and re-activate mTORC1 upon glucose re-addition (Figure
2.21a). On the contrary, RagA/B KO cells were insensitive to glucose removal (Figure 2.21a),
likely due to previously described Rag-dependent mechanisms of glucose sensing (Efeyan
et al., 2014; Dai et al., 2023). Next, | evaluated if RagA/B KO cells are able to respond to GF
signaling. For this purpose, | treated WT and RagA/B KO HEK293FT cells with an AKT
inhibitor, since AKT is a key node in the transmission of GF availability to mTORCH.
Interestingly, RagA/B KO cells downregulated mTORC1 to the same extent as WT cells in
response to AKT inhibition (Figure 2.21b). Taken together, our findings indicate that non-
lysosomal mTORCH1 is still responsive to AAs and GFs, but not to glucose.
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Figure 2.19 MIOS knockdown phenocopies the loss of Rag GTPases.

(a-b) HEK293FT cells transiently transfected with siRNAs targeting MIOS or a control RNAI duplex,
stained for mTOR and LAMP2 (lysosomal marker). mTOR colocalization with LAMP2 gquantified in (b)
from 50 cells of 5 different fields.

(c) Western blots from HEK293FT lysates of cells transiently transfected with siRNAs targeting MIOS
or a control RNAIi duplex, probed with the indicated antibodies and GAPDH as a loading control.
Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10um. Data in (b) is shown as mean + SEM, **

p<0.01.
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Figure 2.20 Non-lysosomal mTORC1 shows different sensitivity to Serine, Threonine and Cysteine
starvation.

(a-b) Western blots from HEK293FT WT lysates treated with media containing or lacking all AAs or sub
groups of AAs, in basal (+AA) or starvation (-AA) conditions, probed with the indicated antibodies and
GAPDH as a loading control. (b) Quantification of mTORC1 activity p-S6K™8/S6K n=4.

(c-d) Western blots from HEK293FT RagA/B KO lysates treated with media containing or lacking all
AAs or sub groups of AAs, in basal (+AA) or starvation (-AA) conditions, probed with the indicated
antibodies and GAPDH as a loading control. (d) Quantification of mTORC1 activity p-S6K™89/S6K n=5.
(e-f) Western blots from HEK293FT WT lysates treated with media containing or lacking all AAs or
lacking STC in combination or individually, in basal (+AA) or starvation (-AA) conditions, probed with
the indicated antibodies and GAPDH as a loading control. (f) Quantification of mTORC1 activity p-
SBKT89/SEK n=3.

(g-h) Western blots from HEK293FT RagA/B KO lysates treated with media containing or lacking all
AAs or lacking STC in combination or individually, in basal (+AA) or starvation (-AA) conditions,
probed with the indicated antibodies and GAPDH as a loading control. (f) Quantification of mTORCA1

activity p-S6K™8/S6K n=3.
Data in (b), (d), (f) and (h) are shown as mean = SEM, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 2.21 Non-lysosomal mTORC1 does not respond to glucose availability, but has normal
response to AAs or AKT inhibition.

(a) Western blots from HEK293FT WT and RagA/B KO lysates treated with media containing or lacking
AAs, or media containing or lacking glucose, in basal (+), starvation (-) or add-back (-/+) conditions
probed with the indicated antibodies and GAPDH as a loading control.

(b) Western blots from HEK293FT WT and RagA/B KO lysates treated with AKT inhibitor, probed with
the indicated antibodies and GAPDH as a loading control.

Data are representative of 3 independent biological replicates.

2.3.3 Previously described Rag-independent mechanisms are not involved in the
regulation of non-lysosomal mTORC1

Previous studies suggested that glutamine and asparagine signal to re-activate mTORC1
after AA starvation via a Rag-independent mechanism mediated by the ARF1 GTPase, a
Golgi-resident protein (Jewell et al., 2015; Meng et al., 2020). Given that non-lysosomal
mTORCH1 is active in the absence of the Rag GTPases, we investigated whether ARF1 could
be the main regulator of this mTORC1 pool. Knockdown of ARF1 in HEK293FT RagA/B KO
cells did not affect the phosphorylation of S6K and 4E-BP1 in basal conditions (Figure 2.22a-
b). Furthermore, treatment of HEK293FT WT or RagA/B KO cells with GA (golgicide A) or BFA
(brefeldin A), two inhibitors of the ARF1 GEF, GBF1 (golgi-specific brefeldin A-resistance
guanine nucleotide exchange factor 1), did not affect the phosphorylation of any mTORC1
substrate (Figure 2.22c), although Golgi morphology was severely affected as expected
(Figure 2.22d).

An additional previously described Rag-independent mechanism involves the ER-to-Golgi
trafficking protein RAB1A, which was suggested to bind and regulate mTORC1 at the Golgi
(Thomas et al., 2014). As mentioned above, Golgi disruption did not affect non-lysosomal
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mTORC1 activity towards S6K and 4E-BP1 (Figure 2.22d). Moreover, knock down of RAB1A
in WT or RagA/B KO HEK293FT cells had no effect on the phosphorylation of S6K or 4E-BP1
(Figure 2.22¢). Intriguingly, RAB1A knock down led to a decrease in TFEB phosphorylation
(Figure 2.22e), likely via its canonical trafficking role that can impair enzyme delivery to
lysosomes. Overall, our results suggest that cytoplasmic mTORC1 is not regulated through
any of the Rag-independent mechanisms that were described so far, and is independent
from Golgi morphology and Golgi-residing GTPases.
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Figure 2.22 Non-lysosomal mTORC1 is regulated independently of the Golgi machinery.

(a) Western blots from HEK293FT RagA/B KO lysates of cells transiently transfected with siRNAs
targeting ARF1 or a control RNAI duplex, probed with the indicated antibodies and GAPDH as a
loading control.

(b) ARF1 expression levels of HEK293FT cells transiently transfected with siRNAs targeting ARF1 or a
control RNAi duplex.

(c) Western blots from HEK293FT WT and RagA/B KO lysates treated with GA or BFA, probed with the
indicated antibodies and GAPDH as a loading control.

(d) HEK293FT cells WT and RagA/B KO treated with GA or BFA, stained for GM130 (golgin subfamily
A member 2) and DAPI.

(e) Western blots from HEK293FT WT or RagA/B KO lysates of cells transiently transfected with siRNAs
targeting RAB1A or a control RNAI duplex, probed with the indicated antibodies and GAPDH as a
loading control.
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Data shown are representative of 3 independent biological replicates. Arrowheads indicate different
forms of a protein, P: phosphorylated form. Scale bars: 10um. Data in (b) is shown as mean + SD.

2.4 Protein synthesis and lysosomal biogenesis programs are
controlled by different mTORC1 pools

Our results showed that distinct mTORC1 locations are relevant for different categories of
substrates in cells cultured in the presence of AAs: non-lysosomal mTORC1 controls
cytosolic substrates, such as S6K and 4E-BP1, whereas lysosomal mTORC1 is relevant for
lysosomal substrates, such as TFEB. Because S6K and 4E-BP1 are involved in the regulation
of translation, we used a modified puromycin incorporation assay, the OPP (O-propargyl-
puromycin) assay, to investigate whether de novo protein synthesis is affected in cells that
contain only non-lysosomal mTORC1. Consistently with the phosphorylation status of S6K
and 4E-BP1 being largely unaffected in RagA/B deficient cells, no changes in protein
synthesis were observed (Figure 2.23).

In contrast to S6K and 4E-BP1, phosphorylation of lysosomal substrates such as TFEB and
TFE3 is abolished in RagA/B-null cells. In agreement with the lack of TFEB and TFE3
phosphorylation, HEK293FT RagA/B KO cells show increased nuclear localization of these
two transcription factors (Figure 2.24a-d) and, as a consequence, increased transcription of
their targets related to lysosome biogenesis and autophagy (Figure 2.24e). As expected, the
higher expression of TFEB/TFES targets led to an increase in lysosome abundance, assessed
by LysoTracker staining (Figure 2.24f-g), as well as of autophagosome abundance, as
observed by LC3B staining (Figure 2.24h-i).

In sum, our work establishes the existence of a lysosomal pool of mMTORC1 that localizes at
the lysosomal surface in response to the release of freshly produced AAs inside lysosomes.
The lysosomal pool is relevant for the control of lysosomal substrates and subsequent control
of lysosome and autophagosome biogenesis. At the same time, we describe the existence
of a non-lysosomal/cytoplasmic pool of mTORC1, which is responsive to a subset of
exogenous AAs, and is relevant for the phosphorylation of cytosolic substrates and the
downstream control of protein synthesis.
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Figure 2.23 Protein synthesis is unaffected in cells lacking RagA/B GTPases.

(a-b) De novo protein synthesis assessed by OPP incorporation in HEK293FT WT and RagA/B KO,
nuclei stained with DAPI. CHX (cicloheximide) was used as a negative control. Quantification of OPP
signal in (b) from 50 cells of 5 different fields.

(c) De novo protein synthesis assessed by OPP incorporation in HEK293FT WT and RagA/B KO via
flow cytometry. nwr = 9306, Nasko = 9317, Nwricrx = 9572, Nagko+chx = 8869.

Data shown are representative of 3 independent biological replicates. Scale bars: 10um. Data in (b)
is shown as mean + SEM, ns non-significant.
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Figure 2.24 Cells lacking RagA/B GTPases show increased nuclear localization of TFEB/TFE3 and
activation of their downstream processes.

(a-b) HEK293FT WT and RagA/B KO cells stained for TFEB and DAPI. Scoring of nuclear or cytosolic
TFEB localization in (b), as indicated by the example images, nwr = 65 cells, Nnagko =102 cells.

(c-d) HEK293FT WT and RagA/B KO cells stained for TFE3 and DAPI. Scoring of nuclear or cytosolic
TFES3 localization in (d), as indicated by the example images, nwr = 52 cells, nasko = 52 cells.

(e) Expression levels of TFEB/TFES target genes in HEK293FT WT or RagA/B KO cells.

(f-g) HEK293FT WT and RagA/B KO cells stained with LysoTracker and DAPI. LysoTracker signal
intensity quantified in (g) from 50 cells of 5 different fields.

(h-i) HEK293FT WT and RagA/B KO cells stained with LC3B and DAPI. LC3B signal intensity quantified
in (i) from 50 cells of 5 different fields.

Data shown are representative of 3 independent biological replicates. Scale bars: 10um. Data in (c),
(g) and (i) are shown as mean + SEM, * p<0.05, ** p<0.01, **** p<0.0001.
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Part Il: CYLD is a novel deubiquitinase for mTOR

2.5 CYLD interacts with mTOR

mTOR is ubiquitinated by the E3 ligase TRAF6 (Linares et al., 2013a). Ubiquitination is a
reversible process; hence, DUBs are of equal importance for the control of signaling
pathways. Notably, no DUB for mTOR has been identified so far. Based on the current
knowledge, the DUB CYLD is described to counteract TRAF6 towards some of its substrates
(Yang et al., 2013b). Hence, | aimed to determine whether CYLD could be a DUB for mTOR.
For CYLD to remove ubiquitin molecules from mTOR, they need to be in close contact. Thus,
to investigate whether CYLD interacts with mTOR, | expressed a FLAG-tagged CYLD
construct in HEK293T CYLD knockout cells (CYLD KO). By performing anti-FLAG
immunoprecipitation, | could detect mTOR being co-immunoprecipitated with FLAG-tagged
CYLD (Figure 2.25a). Likewise, in HEK293T WT cells, CYLD co-precipitated with SBP
(streptavidin binding peptide)-tagged mTOR in streptavidin affinity precipitation experiments
(Figure 2.25b). In sum, | show that CYLD and mTOR interact.
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Figure 2.25 The deubiquitinase CYLD interacts with mTOR.

(a) Western blots from FLAG immunoprecipitation experiments in HEK293T WT and CYLD KO,
expressing a FLAG-tagged CYLD construct, probed with the indicated antibodies.

(b) Western blots from streptavidin pulldown experiments in HEK293T cells transiently transfected with
siRNAs targeting CYLD or a control RNAI duplex and expressing an SBP-tagged mTOR construct,
probed with the indicated antibodies.

Data are representative of 2 independent biological replicates.

2.6 CYLD is a DUB for mTOR

2.6.1 CYLD regulates mTOR ubiquitination

Since CYLD interacts with mTOR, | aimed to determine if CYLD is capable of modulating
mTOR ubiquitination. First, | knocked down CYLD in HEK293T cells expressing FLAG-tagged
mTOR and HA-tagged ubiquitin (Ub). By immunopurifying mTOR and assessing HA levels, |
observed an increase in mTOR ubiquitination upon CYLD knockdown (Figure 2.26a-b). To
test whether the Ub signal | observed originates from mTOR itself or from an mTOR-
interacting protein, | used a Hiss-tagged mTOR construct. Next, | performed His pulldown
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under very stringent lysis conditions. In this setup, where no protein-protein interactions are
expected to be present, mTOR ubiquitination is still observed and is increased when CYLD
is knocked down (Figure 2.26¢-d). Therefore, | established that CYLD can modulate the
ubiqguitination status of mTOR.

To confirm that CYLD is a DUB for mTOR and to rule out possible off-target effects of the
CYLD siRNAs, | evaluated the effect of expressing a catalytically inactive CYLD construct
(FLAG-CYLDC®®018), | immunopurified mTOR from HEK293T cells expressing FLAG-tagged
mTOR and HA-tagged Ub together with FLAG-tagged CYLDC®®'S, Previous reports suggest
that the CYLD®®'S mutant acts as dominant negative (Tauriello et al., 2010; Yang et al.,
2013c). Accordingly, | observed an increase in mTOR ubiquitination in cells expressing
FLAG-tagged CYLDC®%'S (Figure 2.27a-b). Importantly, the same effect of CYLD on mTOR
ubiquitination was also observed in MEFs that stably express FLAG-tagged mTOR and bear
the catalytically inactive CYLDR®?X mutant (CYLD A932) (Figure 2.28a-b). This result
highlights that the effect of CYLD on mTOR is not cell-type- or species-specific. Finally, |
performed /n vifro DUB assays with mTOR immunopurified from HEK293T cells. Addition of
recombinant CYLD lowered mTOR ubiquitination (Figure 2.29a-b), showing that CYLD can
directly remove ubiquitin molecules from mTOR. In sum, using five independent ways to
perturb CYLD function, | could confirm that CYLD acts as a DUB for mTOR.

2.6.2 CYLD regulates K63-linked ubiquitin chains on mTOR

Ubiquitin can be attached to a protein either as mono-ubiquitin or in the form of different
ubiquitin chains. Importantly, each type of ubiquitination can elicit different downstream
effects. CYLD is a DUB that is described to act mostly on K63-linked ubiquitin chains
(Komander et al., 2008). To assess if K63-linked chains on mTOR are modulated by CYLD, |
evaluated mTOR ubiquitination in the presence of ubiquitin constructs that cannot form K63-
linked chains (UbK®R), or the other most common form of ubiquitin chain, K48-linked (UbX48%).
Importantly, expressing HA-tagged UbX&R greatly diminished mTOR ubiquitination and
completely ablated the CYLD effect (Figure 2.30). Intriguingly, expressing the HA-tagged
UbX48R construct led to an increase in mTOR ubiquitination, with a further enhancement when
CYLD is knocked down (Figure 2.30). This observation might indicate that by not allowing
the formation of K48-linked chains, more molecules are available to form K63-chains.
Together, these results suggest that CYLD modulates K63-linked chains on mTOR.
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Figure 2.26 CYLD deubiquitinates mTOR.

(a-b) Western blots from mTOR immunoprecipitation experiments in HEK293T cells transiently
transfected with siRNAs targeting CYLD or a control RNAI duplex, expressing FLAG-tagged mTOR
and HA-tagged Ub constructs, probed with the indicated antibodies. (b) Quantification of mTOR
ubiquitination, HA/mTOR signal ratio, n=4.

(c-d) Western blots from His-tag affinity precipitation experiments in HEK293T cells transiently
transfected with siRNAs targeting CYLD or a control RNAI duplex, expressing Hiss-tagged mTOR and
HA-tagged Ub constructs, probed with the indicated antibodies. (d) Quantification of mTOR
ubiquitination, HA/mTOR signal ratio n=3.

Data in (b) and (d) are shown as mean = SEM, * p<0.05, ™ p<0.01.
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Figure 2.27 Catalytically inactive CYLD expression increases mTOR ubiquitination.

(a-b) Western blots from mTOR immunoprecipitation experiments in HEK293T cells expressing FLAG-
tagged catalytically inactive CYLD (C601S), FLAG-tagged mTOR and HA-tagged Ub constructs,
probed with the indicated antibodies. (b) Quantification of mMTOR ubiquitination, HA/mTOR signal ratio
n=3.

Data in (b) is shown as mean + SEM.
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Figure 2.28 CYLD controls mTOR ubiquitination in mouse cells.

(a-b) Western blots from mTOR immunoprecipitation experiments in MEF WT or CYLD A932 cells
stably expressing FLAG-tagged mTOR, probed with the indicated antibodies. (b) Quantification of
mTOR ubiquitination, endogenous Ub/mTOR signal ratio n=3.

Data in (b) is shown as mean + SEM, * p<0.05.
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Figure 2.29 CYLD deubiquitinates mTOR /n vitro.
(a-b) Western blots from an /n vitro DUB assay in HEK293T cells expressing FLAG-tagged mTOR,;
FLAG immunoprecipitation was performed and 200ng of recombinant CYLD was added to lysates for
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60 minutes; probed with the indicated antibodies. (b) Quantification of mTOR ubiquitination,
endogenous Ub/FLAG signal ratio n=3. h.e. high exposure, l.e. low exposure.
Data in (b) is shown as mean + SEM, ** p<0.01.
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Figure 2.30 CYLD removes K63-linked chains from mTOR.

Western blots from mTOR immunoprecipitation experiments in HEK293T cells transiently transfected
with siRNAs targeting CYLD or a control RNAi duplex, expressing FLAG-tagged mTOR and HA-tagged
Ub WT, K48R or K63R constructs, probed with the indicated antibodies.

Data are representative of 3 independent biological replicates.

2.6.3 CYLD regulates mTOR ubiquitination independently of its canonical role on
NF-«B

The best-described role of CYLD is in the regulation of multiple components of the NF-«B
pathway. To evaluate whether the CYLD effect on mTOR is due to changes in NF-«kB
activation, we knocked down IKKB, the core component of NF-kB pathway, alone or in
combination with CYLD. First, we investigated whether the loss of IKKB and CYLD elicit the
expected effects on NF-kB activity. IKKB knockdown led to a small drop in NF-kB activity, as
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assessed by a Luciferase reporter assay (Figure 2.31a). On the contrary, CYLD knockdown
increased NF-kB activity. Importantly, knockdown of both CYLD and IKKB had an
intermediate effect (Figure 2.31a). Overall, | confirmed that the loss of CYLD andl IKKp affect
NF-kB activity as previously described. Next, we investigated the effects of down-regulated
IKKB and CYLD levels on mTOR ubiquitination. IKKB knockdown alone did not alter mTOR
ubiquitination. In agreement with IKKB not affecting mTOR ubiquitination, knocking down
both CYLD and IKKB did not influence the CYLD effect on mTOR ubiquitination (Figure
2.31b). Together, our findings show that CYLD regulates mTOR ubiquitination independently
of its role in NF-kB signaling.
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Figure 2.31 CYLD effect on mTOR is independent of its canonical effect on the NF-kB pathway.
(a) Luciferase activity assay in HEK293T cells transiently expressing an NF-kB firefly luciferase reporter
construct, transfected with siRNAs targeting CYLD, IKKB or a control RNAi duplex, n=5.
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(b) Western blots from mTOR immunoprecipitation experiments in HEK293T cells transiently
transfected with siRNAs targeting CYLD, IKKB or a control RNAi duplex, expressing FLAG-tagged
mTOR and HA-tagged Ub constructs, probed with the indicated antibodies. Data is representative of
3 independent biological replicates.

Data in (a) is shown as mean + SEM, **** p<0.0001, ns non-significant.

2.7 CYLD does not affect mTORC1 or mTORC2 complex formation and

protein levels of their pathway components

CYLD loss increases mTOR ubiquitination. Importantly, the ubiquitination status of a protein
can influence protein-protein interactions. Thus, | hypothesized that the increased activity of
mTOR complexes could be due to increased interactions between mTOR and components
of complex 1 and complex 2. To assess mTOR complex formation, | knocked down CYLD
and immunoprecipitated mTOR, evaluating its interaction with RAPTOR, RICTOR and mLST8.
No major changes were observed in complex formation upon CYLD loss (Figure 2.32a).

Another well-known function of ubiquitination is to target proteins for degradation, commonly
via the addition of K48-linked ubiquitin chains. Hence, | investigated whether CYLD loss
affects protein levels of mTOR itself or of MTORC1 and mTORC2 pathway components. To
evaluate if protein levels change due to ubiquitin-driven degradation, | knocked down CYLD
in the presence or absence of the proteasome inhibitor MG132. Importantly, mTOR levels
were unchanged upon CYLD knockdown. The lack of differences in mTOR levels is
consistent with the current knowledge that CYLD does not act on K48-linked chains.
Furthermore, no change in protein levels of any of the other mTORC1 and mTORC2
components was observed, except for RHEB (Figure 2.32b). Although RHEB levels are
decreased upon CYLD knockdown, its levels are not rescued by proteasomal inhibition
(Figure 2.32b). These data indicate that RHEB might be modulated by CYLD in a way that
does not involve its proteasomal degradation. Taken together, these observations show that
CYLD does not affect protein levels of the majority of known mTORC1 and mTORC2 pathway
components.

2.8 CYLD regulates mTOR activity

2.8.1 CYLD regulates mTORC1 and mTORC2 activities

The data presented above show that CYLD controls the ubiquitination status of mTOR.
Hence, | asked whether the increased mTOR ubiquitination upon CYLD loss causes changes
in the activity of mTOR complexes. CYLD knockdown in HEK293T led to increased
phosphorylation of the mTORC1 substrates, S6K and 4E-BP1 (Figure 2.33a-b), and the
mTORC2 substrates, AKT and NDRG1 (Figure 2.33a-c). Importantly, changes in the
phosphorylation status of mMTORC1 substrates were fully mTOR-dependent, since treatment
with the mTOR inhibitor Torin1 abolished the CYLD effect (Figure 2.33d-e). Similarly, the
effect of CYLD loss on mTORC2 substrates was largely mTOR-dependent (Figure 2.33d-f).
Nonetheless, CYLD knockdown rendered cells partially resistant to Torin1 treatment towards
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mTORC2 substrates (Figure 2.33d-f). Since Torin1 is an ATP (adenosine triphosphate)-
competitive inhibitor, it is unexpected that CYLD loss interferes with its action. These results
show that CYLD controls both mTORC1 and mTORC2 activities.
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Figure 2.32 CYLD does not affect mMTORC1 or mTORC2 complex stability.

(a) Western blots from mTOR immunoprecipitation experiments in HEK293T cells transiently

transfected with siRNAs targeting CYLD or a control RNAi duplex, probed with the indicated
antibodies.

(b) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD or

a control RNAI duplex, treated with the proteasomal inhibitor MG132, probed with the indicated
antibodies.

Data are representative of 3 independent biological replicates.
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Figure 2.33 CYLD affects mMTORC1 and mTORC2 activities.

(a-c) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD
or a control RNAI duplex, probed with the indicated antibodies and GAPDH as a loading control (b)
Quantification of mMTORC1 activity p-S6K™8/S6K and (c) mTORC2 activity pAKTS473/AKT n=3.
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(d-f) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD
or a control RNAI duplex, treated with Torin1, probed with the indicated antibodies and GAPDH as a
loading control (e) Quantification of MTORC1 activity p-S6K™8/S6K and (f) mTORC2 activity
PAKTS43/AKT n=3.

Data in (b), (c), (e) and (f) are shown as mean + SEM, * p<0.05, ** p<0.01, ns non-significant.

2.8.2 CYLD is a broad regulator of mTOR

One major feature of MTOR complexes is their ability to respond to changes in environmental
conditions, such as availability of AAs, glucose and GFs. Thus, | hypothesized that CYLD
might modulate mTOR ubiquitination and activity in response to a specific stimulus. To test
this hypothesis, | performed different starvation experiments, removing factors that are known
to signal to mTOR. AA starvation led to decreased mTORC1 activity regardless of CYLD
(Figure 2.34a). Next, | evaluated whether the CYLD effect on mTORC1 activity was
maintained during glucose starvation. Importantly, CYLD knockdown increased mTORC1
activity, even in the absence of glucose (Figure 2.34b-c). GFs are known to signal to both
mTORC1 and mTORC2. Considering that both mTOR complexes are affected by CYLD, |
investigated the cellular response to GF starvation upon CYLD loss. Remarkably, CYLD
knockdown increased phosphorylation of mTORC1 and mTORC2 substrates even in the
absence of GFs (Figure 2.34d-f). Collectively, the partial resistance of cells to both glucose
and GF starvation demonstrates that CYLD does not act to convey a specific stimulus to
regulate mTORC1 activity. Instead, CYLD apparently has a broader effect on the activity of
the two mTOR complexes.

2.8.3 CYLD acts in coordination with known mTORC1 pathway components

The mTORC1 pathway is tightly regulated by the negative upstream regulators, TSC1 and
TSC2, and the positive regulator, RHEB. Thus, we aimed to understand if the CYLD effect on
mTORC1 activity requires the aforementioned regulators. As expected, knockdown of TSC1
and TSC2 increased mTORC1 activity (Figure 2.35). On the other hand, knockdown of RHEB
had no effect (Figure 2.35), likely due to the compensatory role of RHEBL-1 (RHEB-like 1)
(Angarola and Ferguson, 2019). Importantly, combined knockdown of CYLD with TSC1 or
TSC2 did not have an additive effect (Figure 2.35), presumably because TSC is the strongest
known negative regulator of mTORC1. Hence, the complex is likely already maximally
activated upon TSC loss. Moreover, combined knockdown of RHEB and CYLD abrogated
the CYLD-mediated increase in mTORC1 activity (Figure 2.35). Overall, these data indicate
that CYLD knockdown does not affect the mTORC1 response to loss of its upstream
regulators.
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Figure 2.34 CYLD effects on mTORC1 and mTORC2 activities are not specific for a stimulus.

(a) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD or
a control RNAi duplex, cultured in media lacking AAs for one hour, probed with the indicated
antibodies and GAPDH as a loading control.

(b-c) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD
or a control RNAI duplex, cultured in media lacking Glucose for one hour, probed with the indicated
antibodies and GAPDH as a loading control (c) Quantification of mMTORC1 activity p-S6K™8/S6K n=2.
(d-f) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD
or a control RNAI duplex, cultured in media lacking GFs for 16 hours, probed with the indicated
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antibodies and GAPDH as a loading control (e) Quantification of mMTORC1 activity p-S6K™8/S6K and
(f) mTORC2 activity pAKTS473/AKT n=5.
Data in (c), (e) and (f) are shown as mean + SEM, * p<0.05.
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Figure 2.35 CYLD acts in coordination with known mTORC1 pathway components.

Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD, TSCH,
TSC2, RHEB or a control RNAI duplex, probed with the indicated antibodies.

Data are representative of 3 independent biological replicates.

2.9 CYLD affects protein synthesis downstream of mTORC1

The observation that CYLD loss increases mTORC1 activity led us to investigate whether the
processes regulated downstream of mMTORC1 are affected accordingly. One of the major
functions of MTORC1 is to control protein synthesis, via phosphorylation of the key translation
regulators S6K and 4E-BP1. Hence, we performed a SUNSET (surface sensing of translation)
assay to monitor de novo protein synthesis. Consistently with the upregulation of S6K and
4E-BP1 phosphorylation, CYLD knockdown increased incorporation of puromycin into
nascent polypeptide chains (Figure 2.36a-b), indicating increased translation rate.
Importantly, this effect was abolished by Torin1 treatment (Figure 2.36a-b), showing that the
observed effects on translation are mTOR-dependent. Furthermore, puromycin incorporation
was fully blocked by treatment with the translation inhibitor CHX (Figure 2.36a-b). In sum, our
findings suggest that CYLD controls protein synthesis via mTORCH1.
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Figure 2.36 CYLD affects protein synthesis downstream of mTORCH1.

(a-b) Western blots from HEK293T lysates of cells transiently transfected with siRNAs targeting CYLD
or a control RNAI duplex, treated with Torin1 or CHX, probed with the indicated antibodies. (b)
Quantification of Puromycin incorporation Puromycin/GAPDH, n=3.

Data in (b) is shown as mean + SEM, *** p<0.001, ns non-significant.
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3 Discussion

The findings shown in this thesis shed light on new ways of mTOR regulation. First, | explored
the reasoning for mTOR localization at the lysosomal surface. Within this project, |
demonstrate that function and activity of lysosomes are required for mTOR lysosomal
localization. Strikingly, although localization is tightly connected to lysosomal function,
phosphorylation of mMTORC1 substrates was selectively affected. These observations
elucidate how spatial compartmentalization of mTORC1 functions is achieved. Second, the
observation that mTOR is a heavily ubiquitinated protein prompted me to search for novel
ubiguitin modulators that act on mTOR. | identified CYLD as a novel DUB for mTOR,
controlling its ubiquitination status and the activity of both mTORC1 and mTORC2.

3.1 Spatially and Functionally Distinct mTORC1 Entities Orchestrate

the Cellular Response to Amino Acid Availability

The reason for mTORC1 localization at the lysosomes has remained elusive since it's
discovery around 15 years ago (Kim et al., 2008; Sancak et al., 2008). In the majority of
studies in the field, most experiments to evaluate the regulation of mTORC1 by AAs are
performed using a protocol of starvation and acute AA re-addition. In this setup, it is intuitive
that mTORC1 is regulated at the lysosomal surface. Lysosomes are the central degradative
organelles in the cell. Hence, upon starvation, this organelle becomes the main source of
cellular nutrient supply. Upon short-term AA re-addition, mTORC1 would be in close proximity
to the center of nutrient release. This allows the complex to sense lysosome-derived AAs
while cells take enough AAs up to replenish the cellular nutrient pool. However, in the context
of constant supply of exogenous AAs, lysosomal localization of mTORC1 is somehow
counter-intuitive. Importantly, in this thesis, by using multiple ways of disrupting lysosomal
activity, | established that mTORC1 lysosomal localization requires functional lysosomes. |
also show that cells cultured in the presence of exogenous AAs have active lysosomal
degradation, as reported previously (Musiwaro et al., 2013). With these findings, | provide
evidence to support the hypothesis that a fraction of mTORC1 is lysosomal because of local
AA release. Furthermore, | also show that cells contain a non-lysosomal pool of mTORCH1.
Strikingly, during exogenous AA sufficiency, non-lysosomal mTORC1 remains active towards
its canonical substrates, S6K and 4E-BP1. On the contrary, the lysosomal substrate TFEB is
severely affected by the loss of mMTORC1 localization to lysosomes. Along the same line, the
importance of functional lysosomes for TFEB phosphorylation was also demonstrated by
assessing changes in the trafficking of cargo to lysosomes. Previous studies showed that
inhibition of trafficking to lysosomes either via i) mutations in the HOPS (homotypic fusion and
protein sorting) complex that is essential for fusion of lysosomes with endosomes and
autophagosomes (van der Welle et al., 2021), or ii) loss of the ESCRT-I (endosomal sorting
complexes required for transport) complex, which is required for degradation of lysosomal
membrane proteins (Wrobel et al., 2022), selectively affected TFEB phosphorylation.
Together, the data presented here suggest a model (Figure 3.1) in which lysosomal-derived
AAs are important for mTORC1 lysosomal localization and TFEB phosphorylation. On the
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other hand, non-lysosomal mTORC1 responds to extracellular AAs and is required for
phosphorylation of S6K and 4E-BP1.
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Figure 3.1 Model for the spatial separation of mMTORC1 functions.

AAs derived from protein degradation in lysosomes are important for the regulation of lysosomal
mTORC1. This pool of mTORC1 is responsible for the phosphorylation of the substrates TFEB and
TFE3. On the other side, mTORC1 that is non-lysosomal is responsive to extracellular AAs, and is
relevant for the regulation of the substrates S6K and 4E-BP1. Created with BioRender.com

Previous work showed that inhibition of lysosomal acidification led to decreased mTOR
lysosomal localization (Zoncu et al., 2011). By using the widely-established protocol of 50-
minutes AA starvation and 10-minutes AA re-addition, the authors claim that the
delocalization of mTOR is coupled to decreased mTORC1 activity towards S6K and 4E-BP1
(Zoncu et al., 2011). However, | now show that this coupling is only relevant after starvation
and re-addition. Upon constant AA supply, v-ATPase inhibition delocalizes mTOR from
lysosomes without affecting its activity towards the canonical substrates S6K and 4E-BP1.

Under normal diet conditions, cells and tissues have available AAs through food intake and
further nutrient distribution via the blood stream (Felig et al., 1973; Broer and Broer, 2017).
Additionally, even during short term starvation, AA levels in the plasma do not immediately
drop (Felig et al., 1969). Thus, it is reasonable to assume that in most conditions, mTORC1
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is regulated primarily by exogenous AAs. In addition, the physiological existence of a
starvation/re-addition protocol is harder to establish. Although there are specific scenarios
where cells can be starved, such as in solid tumors (Sutherland, 1988; Leprivier et al., 2013;
Pan et al., 2022), the specific re-addition of AAs is harder to assess. Nonetheless, one of the
examples where a change in nutrient status can be observed is during development and
birth. The human placenta is mature around embryonic day E35 (Hemberger et al., 2020).
Hence, nutrient levels might change from early to late developmental stages. Additionally, in
mammals, the nutrient supply is cut after birth until feeding occurs. Importantly, in this
specific case, autophagy is essential (Kuma et al., 2004). In this thesis, | show that the Rag
GTPases are required for the starvation/re-addition response, as well as for TFEB
phosphorylation. TFEB is a transcription factor involved in the transcription of lysosome-
biogenesis- and autophagy-related genes. Hence, in the post-birth scenario, where
autophagy is essential, the Rag GTPases become key mTORC1 regulators. Strikingly, mice
with constitutively active RagA die neonatally because they cannot activate autophagy
(Efeyan et al., 2013), supporting a key role for the Rag GTPases in the post-birth period.

In previous studies, changes in mTOR lysosomal localization did not always correlate with a
drop in S6K and 4E-BP1 phosphorylation (Averous et al., 2014; Demetriades et al., 2014;
Jewell et al.,, 2015, Manifava et al., 2016). Furthermore, mTOR and other mTORC1
components (Drenan et al., 2004; Schieke et al., 2006; Liu and Zheng, 2007; Betz and Hall,
2013; Yadav et al., 2013; Zhou et al., 2015; Manifava et al., 2016; Gosavi et al., 2018;
Lawrence et al., 2018; Nuchel et al., 2021) as well as many of the known mTORC1 regulators,
such as RHEB, TSC, the Rags, ARF1 and RAB1A (van Slegtenhorst et al., 1998; Nellist et al.,
1999; Buerger et al., 2006; Hanker et al., 2010; Yadav et al., 2013; Thomas et al., 2014; Jewell
et al.,, 2015; Manifava et al., 2016; Hao et al., 2018; Lawrence et al., 2018; Angarola and
Ferguson, 2019) are not exclusively lysosomal proteins. This large body of evidence
suggests that mTORC1 is likely not an exclusively lysosomal complex.

Recent work has established the Golgi as a major location for mTORC1 regulation: besides
the localization of mMTORC1 components and regulators at this cellular compartment (Liu and
Zheng, 2007; Gosavi et al., 2018; Hao et al., 2018; Nuchel et al., 2021), two Golgi proteins
were recently identified as mTORC1 substrates (Nuchel et al., 2021; Kaeser-Pebernard et
al., 2022). These studies have established that mTORC1 is involved in the control of Golgi
architecture and protein secretion. Together, the existence of a Golgi-residing mTORC1 pool
and the control of Golgi-related functions expands the understanding of mTORC1 regulation.
Importantly, it shows that mTORC1 is likely active in different locations.

Remarkably, strengthening the findings that mTORC1 is not only regulated by the lysosomal
machinery, Rag knockout mice do not phenocopy mTOR or RAPTOR loss. RagA knockout
mice die around embryonic day E10.5 (Efeyan et al., 2014). Similarly, LAMTOR2 and
GATOR2 knockout mouse embryos that mimic Rag loss, die around E10.5 (Teis et al., 2006;
Jiang et al., 2023). On the other hand, mTOR and RAPTOR knockout mice die earlier in
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development, around day E3.5 and E6.5, respectively (Gangloff et al., 2004; Murakami et al.,
2004; Guertin et al., 2006). Importantly, MEFs isolated from RagA-null animals have persistent
mTORC1 activity, assayed by phosphorylation of S6K and 4E-BP1, even though they
completely lose mTORC1 lysosomal localization (Efeyan et al., 2014). Furthermore, in mouse
models that lack both RagA and RagB, mTORC1 activity towards S6K and 4E-BP1 is only
slightly reduced in MEFs and cardiomyocytes (Kim et al., 2014; Jewell et al., 2015). Thus, in
the absence of the Rag GTPases, mTORC1 can still be active towards its canonical
substrates. In combination with the data presented in this thesis, it is likely that the Rag
GTPases are largely not required for the control of S6K and 4E-BP1 during AA sufficiency.

In most of the aforementioned studies, the interpretation of why Rag GTPase KO cells have
sustained mTORC1 activity was related to cellular adaptation to Rag loss. However, | show
here that approaches that are shorter in time elicit the same effect on S6K and 4E-BP1: knock
down of components that mimic Rag loss, such as knockdown of LAMTOR1 or MIOS, and
use of multiple drugs that disrupt lysosomal activity, as BafA1, ConA, Chloroquine and
PepA+E64. Moreover, knockout of GNPTAB, a protein that is unrelated to the Rag GTPases,
also shows persistent S6K and 4E-BP1 phosphorylation. Taken together, the data presented
here indicate that the sustained mTORC1 activity towards S6K and 4E-BP1 in Rag-null cells
is not due to cellular adaptation.

The Rag GTPases have evolved as part of the lysosomal machinery to regulate mTORCH1.
Thus, the reason for unaffected mTORC1 activity towards S6K and 4E-BP1 in Rag-null mice
is not known. | propose in this thesis that the Rag GTPases are necessary for mTORC1 activity
in a substrate-specific manner. Importantly, the studies that assessed the effects of Rag-loss
did not evaluate the phosphorylation status of TFEB. Hence, | speculate that the lethality
observed in Rag KO animals is likely due to differences in TFEB regulation. During
development, mammals have a steady supply of nutrients via placental delivery (Remesar et
al., 1980; Desforges and Sibley, 2010; Hemberger et al., 2020). Importantly, in mice, an early
placenta is observed from day E9.5 (Hemberger et al., 2020), which is before the death of
Rag-null embryos. Therefore, having a constantly active catabolic machinery even in the
presence of nutrients could be deleterious during development, when cells need to divide
and grow. An alternative explanation is that Rag KO cells display partial resistance to
starvation and a defective response to AA re-addition. Thus, it is possible that during the
transitional phase between early embryogenesis and placental formation (Hemberger et al.,
2020), cells are exposed to different concentrations of nutrients. In this case, Rag-null
embryos would be unable to properly regulate mTORCH1.

One important difference between the outcome of the approaches | used in this work was
the response to starvation. Chloroquine and PepA+E64 treatments did not affect the
starvation response. However, treatment with BafA1 and ConA as well as knockout of the
Rag GTPases, led to blunted starvation. In Rag KO cells, TSC cannot be recruited to the
lysosomal surface, hence the blunted starvation response (Demetriades et al., 2014;
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Demetriades et al., 2016b). However, later studies expanded the machinery for lysosomal
TSC recruitment. First, G3BPs were recognized as a second tether for TSC at the lysosomes
by their binding to the lysosomal proteins LAMP1/2 (Prentzell et al., 2021). Second, the TSC
component TSC1 was found to bind directly to lysosomal PIPs (Fitzian et al., 2021). This
observation indicates that the TSC complex can also be directly tethered to lysosomes.
Hence, it is possible that altering v-ATPase activity by BafA1 or ConA would affect one of
these recruitment mechanisms directly or indirectly. One possibility is that changes in the
degradation capacity of lysosomes by v-ATPase blockage could lead to differences in
nutrient availability, such as of lipids. If lipid composition of the lysosomal membrane is
altered, lysosomal PIPs and, hence, recruitment of TSC by this mechanism could be affected.
Nonetheless, all mechanisms described above are lysosome-centered. Therefore, | can
speculate that either lysosomal TSC can control non-lysosomal mTOR, or that similar
mechanisms exist elsewhere.

AAs are the strongest regulators of mTORCH1, albeit not the only stimulus that can activate
the complex. In this thesis, | show that non-lysosomal mTORC1 responds to fluctuations in
AA availability. Importantly, RagA/B KO cells that contain only non-lysosomal mTORC1 also
respond to blockage of the GF signaling branch. In contrast, | show that Rag-null cells do not
starve for glucose, showing that non-lysosomal mTORC1 cannot sense glucose availability.
Importantly, mice that lack the RagA GTPase also show insensitivity to glucose withdrawal
(Efeyan et al., 2014). Likewise, mice with constitutively active RagA also display glucose
insensitivity (Efeyan et al., 2013). This phenotype is accompanied by increased localization
of mTOR to the lysosomal surface even in the absence of glucose (Efeyan et al., 2013). In
addition, a recent report proposed that AMPK controls GATOR2, a direct positive regulator
of the Rag GTPases, to signal glucose availability to mTORC1 (Dai et al., 2023). Thus, |
confirm that glucose signaling to mTORC1 requires the Rag GTPases and lysosomal
localization of mTORCH1.

Finally, | observed TFEB phosphorylation being fully dependent on lysosomes and the
lysosomal mTORC1 machinery. In agreement, previous studies described the requirement
of RagC and/or RagD for TFEB phosphorylation (Napolitano et al., 2020; Gollwitzer et al.,
2022; Cui et al., 2023), as well as of the RagC/D GAP complex FLCN/FNIP (Lawrence et al.,
2019). Importantly, no changes on S6K and 4E-BP1 phosphorylation were observed under
the same conditions. Moreover, TSC loss, a condition where mTORC1 is hyperactive, has
opposing effects on different substrates: although S6K and 4E-BP1 are indeed
hyperphosphorylated, TFEB phosphorylation is completely lost (Alesi et al., 2021; Asrani et
al., 2022). Finally, work in yeast has also established a separation between phosphorylation
of Sch9, the homologue for S6K, and autophagy regulators (Hatakeyama et al., 2019).
Altogether, this body of work corroborates the idea that distinct mTORC1 substrates are
regulated differently. In this thesis, by using multiple approaches to uncouple mTOR
localization and activity, | showed that this is likely caused by the existence of different
mTORC1 pools.
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3.2 CYLD is a novel deubiquitinase for mTOR

mTOR is a heavily ubiquitinated protein. Nonetheless, most of the work that described the
regulation of mTOR-related pathways focused on the role of phosphorylation (Yin et al.,
2021). However, in the past years, studies started evaluating the effects of other PTMs on
mTOR. By focusing on ubiquitination, E3 ligases that attach ubiquitin chains on mTOR were
identified. The E3 ligase SCF/FBXW?7 acts directly on mTOR to promote its degradation (Mao
et al., 2008). Furthermore, K63-linked chains are attached to mTOR upon AA sufficiency by
the combined action of the adaptor protein p62 and the E3 ligase TRAF6 (Linares et al.,
2013a). Mitochondrial stress has also been linked to mTOR ubiquitination by PARKIN (Park
et al., 2014). Nonetheless, ubiquitin is a reversible modification. The termination of the signal
that was initiated by ubiquitin addition is of equal relevance for the control of signaling
pathways. To date, no DUB that removes ubiquitin molecules from mTOR has been identified.
Although the DUB USP9X was described to modulate mTOR activity (Agrawal et al., 2012),
no evidence to support direct action on mTOR ubiquitination is present. Hence, in this thesis,
| describe for the first time that CYLD is a DUB for mTOR.

In agreement with CYLD functioning as an mTOR regulator, previous work showed that Cyld
and mTOR interact in mouse hippocampal lysates (Colombo et al., 2021). Moreover,
hippocampal homogenates from Cy/a” mice showed increased mTORC1 activity (Colombo
et al.,, 2021). On the contrary, CYLD overexpression in the heart led to a decreased
phosphorylation of the mTORC1 substrate S6K (Qi et al., 2020). Together, these studies
support my findings that CYLD is involved in the regulation of mTOR signaling. Nonetheless,
although they observe changes in mTOR signaling, they did not unravel the mechanisms
involved in this regulation. Here, | show that mTOR ubiquitination is regulated by CYLD, and
that this effect is important for mTOR activity.

Remarkably, most of the components of the mTORC1 and mTORC2 pathways are known to
be ubiquitinated. For instance, RAPTOR ubiquitination has been described to control
MTORC1 stability (Hussain et al.,, 2013). DEPTOR, the inhibitory subunit of both mTOR
complexes, is targeted to degradation by the ubiquitin-proteasomal system when the
complex is activated (Gao et al., 2011). Additionally, ubiquitination of mLST8 is one of the
driving factors to direct the formation of mTORC2 over mTORC1 (Wang et al., 2017a).
Besides ubiquitination of direct components of the complex, many mTORC1 regulators are
also heavily modulated by ubiquitin. RHEB ubiquitination is known to be involved in its
activation by GFs (Deng et al., 2019) and enhances its binding to mTOR in the presence of
AAs (Yao et al., 2020). LAMTOR1 ubiquitination favors activation of the Rag GTPases (Hertel
et al., 2022). RagA itself is also ubiquitinated, which impacts its interaction with the negative
regulator GATOR1 (Deng et al., 2015; Jin et al., 2015). The stability of the TSC complex is
also known to be regulated by ubiquitination. Importantly, the interaction between different
TSC components was shown to prevent their degradation (Chong-Kopera et al., 2006; Han
etal., 2008; Hu et al., 2008; Zheng et al., 2008; Mohan et al., 2016; Guo et al., 2018; Madigan
et al., 2018). Ubiquitination of AA sensors, such as Sestrin2 and CASTOR, is also important
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for their activity (Lear et al., 2019; Li et al., 2021). Thus, it becomes clear that ubiquitination
is a PTM of extreme relevance for mTOR signaling pathways. My work adds to this body of
knowledge by identifying a novel player in the regulation of mTOR ubiquitination.

In 2008, a study on the structure of CYLD showed preferential activity towards the removal
of K63-linked chains (Komander et al., 2008). In agreement with this study, the effect of CYLD
loss on mTOR ubiquitination was abolished by co-expressing a ubiquitin mutant that cannot
form K63-linked chains. Nonetheless, | observed that in the absence of K48-linked chains,
the CYLD effect on mTOR is enhanced. It is possible that cells that express the ubiquitin
K48R mutant mostly forms K63 chains, which would explain the enhancement of the CYLD
effect. In contrast, WT ubiquitin allows for the formation of both K48 and K63-linked chains,
therefore less ubiquitin molecules are available to form K63-linked chains. A second
possibility is that K48 chains affect the generation of K63-linked chains. Importantly, CYLD
regulation is known to be modulated by the existence of complex ubiquitin chains, formed
by the branching of K63- and K48-linked chains. In the NF-kB pathway, K48 branches are
added on K63 chains. This phenomenon protects substrates from the DUB activity of CYLD
(Ohtake et al., 2016). Finally, the modulation of complex chains was also observed by a study
in which the authors demonstrated that CYLD can act on the tumor suppressor p53
(Fernandez-Majada et al., 2016). Additionally, CYLD is also known to act directly in linear
ubiqguitin chains (Komander et al., 2009). Nevertheless, my experiments show that the CYLD
effect is fully K63-dependent, indicating that CYLD does not act on linear ubiquitin chains on
mTOR. In sum, my work shows that K63 ubiquitin chains are the major modifications
modulated by CYLD on mTOR.

The best studied role of CYLD is in the regulation of the NF-kB pathway (Brummelkamp et
al., 2003; Kovalenko et al., 2003; Trompouki et al., 2003; Sun, 2010). Intriguingly, components
of the NF-kB pathway, mainly from the IKK complex, signal to mTORC1 and mTORC2. IKK
signals to mTORC1 via phosphorylation of TSC1 (Lee et al.,, 2007) and to mTORC2 via
interaction with RICTOR (Xu et al., 2013). Hence, because mTOR is affected by CYLD, |
investigated whether the effect that CYLD has on NF-kB and the effects of the latter on mTOR
are disconnected. In this thesis, | showed that CYLD modulates mTOR ubiquitination directly
and independently of the NF-kB pathway.

| demonstrate here that CYLD acts directly on mTOR by showing that i) it binds to mTOR, ii)
it regulates its ubiquitination directly and iii) it changes the status of mTOR activation.
However, CYLD is known to affect ubiquitination of other proteins too. Of relevance, AKT is
one of the proteins that is regulated by CYLD (Lim et al., 2012; Yang et al., 2013b).
Intriguingly, CYLD knockdown rendered mTORC2 partially resistant to Torin1 treatment. |
speculate here that this is likely due to the action that CYLD has on AKT directly. Importantly,
AKT feeds back to mTORC2 (Yang et al., 2015). Hence, although mTOR kinase activity is
inhibited by Torin1, the constant feedback from AKT to activate mTORC2 might be
responsible for the remaining phosphorylation of both AKT itself and NDRG1. An additional
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possibility is that ubiquitination-induced conformational changes might influence Torint
binding to mTOR in the context of mMTORC2. | can also not exclude that CYLD acts on the
phosphatases that remove phosphorylation of mMTORC2 substrates. Thus, although CYLD
acts directly on mTOR, it is also part of an intricate network of ubiquitin regulation.

mTOR complexes are known to be activated in the presence of positive signals from the
cellular environment, such as the presence of AAs, GFs or glucose. Interestingly,
ubiguitination of both mTOR itself and components of the pathway have been shown to take
place in response to AA or GF sufficiency (Linares et al., 2013a; Deng et al., 2019; Yao et al.,
2020). Hence, | hypothesized that CYLD activity towards mTOR might be responsive to such
cues. However, CYLD still enhanced mTORC1 activity when either GFs or glucose were
absent, but not during AA starvation. These findings indicate that CYLD does not act to
convey a specific stimulus to mTOR. Instead, it suggests that CYLD has a broader action on
mTOR signaling. Of note, the partial resistance to starvation was only observed in settings
where the starvation does not fully abolish phosphorylation of mTOR substrates. Thus, |
speculate that CYLD increases mTOR activity during starvation whenever there is some
MTOR activity left.

Besides regulatory ubiquitination, this PTM also has an important role in protein degradation.
By evaluating levels of proteins in the mTORC1 and mTORC2 pathways upon CYLD loss, |
showed that most of them are unaffected. This observation is in agreement with the action of
CYLD in the regulation of K63-linked chains, linear and complex ubiquitin chains that are not
related to degradative signals (Komander et al., 2008; Komander et al., 2009; Ohtake et al.,
2016). One exception was RHEB, whose levels drop upon CYLD knockdown. Although
lysosomal RHEB is known to undergo proteasome-mediated degradation (Yao et al., 2020),
blockage of this system with MG 132 did not rescue RHEB levels. Additionally, lower RHEB
levels cannot explain the observed increase in mTORC1 activity. Together, these findings
suggest that RHEB is not being degraded by the proteasomal system upon CYLD loss.
Instead, RHEB might undergo ubiquitination that is also modulated by CYLD. Since
ubiquitination increases the molecular weight of proteins, hyper-ubiquitinated RHEB might
runin a gel at a higher size. Thus, it is possible that the lower levels of RHEB upon CYLD loss
are instead reflected in an up-shift of RHEB that | was not able to observe in my experimental
conditions for unclear reasons.

Finally, | show that the effects of CYLD on mTOR are translated to increased protein
synthesis. Importantly, this effect requires mTOR activity. Thus, | conclude that CYLD acts
as a DUB for mTOR, modulating its ubiquitination status, its activity and its downstream
functions.
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4 Future perspectives

In the past years, nutritional interventions were developed to increase healthspan.
Importantly, many of these are centered around mTORC1 inhibition (Fernandes and
Demetriades, 2021). The regulation of mTORC1 activity differs depending on the nutritional
strategy, i.e., constant nutrient supply vs starvation/re-addition. Thus, to evaluate the efficacy
of nutritional interventions, it is necessary to understand how different diets affect mTORCH1.
Additionally, different AAs regulate different mTORC1 pools, opening up the possibility of
tailored diets for specific inhibition of certain subsets of MTOR complexes.

Aging is accompanied by a dysregulation in protein synthesis, autophagy and lysosomal
activity (Fernandes and Demetriades, 2021). Thus, it is vital to assess which downstream
functions of MTORC1 are targeted by anti-aging interventions. In this thesis, | show that loss
of lysosomal activity or Rag depletion leads to mTORC1 inactivation towards TFEB, but not
towards S6K and 4E-BP1. Hence, if a therapeutic approach aims to lower translation rates, it
is not advantageous to interfere with lysosomes or with the Rag GTPases. In contrast, these
approaches induce TFEB nuclear translocation. Of note, nuclear TFEB is associated with
increased lifespan in C. elegans and mice (Lapierre et al., 2013; Silvestrini et al., 2018).
Therefore, these findings indicate that for development of anti-aging interventions, mTORCA1
activity should be evaluated in a substrate-specific manner.

Availability of many AAs is communicated to mTORC1 via the action of AA sensors. To date,
most AA sensors are known to signal to mTORC1 via the Rag GTPases. Hence, it is not
surprising that sensors for serine, threonine and cysteine, AAs that signal to non-lysosomal
mTORC1, are not well known. The only sensor identified for this class of AAs is TARS2, a
sensor for threonine (Kim et al., 2021). However, this study was based on the action of TARS2
upon threonine re-addition. Likewise, serine was described as an AA that signals via the Rag
GTPases, albeit using a similar protocol of re-addition (Meng et al., 2020). Thus, further
research is required to determine which are the key regulators that signal AA sufficiency to
non-lysosomal mTORC1. Importantly, Rag KO cells could be used as a model for the
identification of such regulators.

Although | focused on AAs that signal to mTORC1 in a Rag-independent way, this thesis
described that the effect of hydrophobic (methionine, leucine, isoleucine, glycine, valine) or
positively-charged (histidine, arginine, lysine) AAs on mTORC1 is mostly Rag-dependent.
This observation is in agreement with the mechanism of methionine, leucine and arginine
sensing. The AA sensors for these three AAs signal to activate mTORC1 via the Rag GTPases
(Hanetal., 2012; Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015; Chantranupong
et al., 2016; Saxton et al., 2016a; Saxton et al., 2016b; Wolfson et al., 2016; Gu et al., 2017;
Wyant et al., 2017b; Chen et al., 2021). Hence, it is possible that Rag-null cells cannot sense
whether methionine, leucine and arginine are available. Furthermore, isoleucine, glycine,
valine, histidine and lysine are AAs for which no sensors are known. According to the
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observations made in this thesis, | hypothesize that these AAs are regulated via the Rag
GTPases.

v-ATPase inhibition decreases mTOR lysosomal localization and activity towards TFEB.
Interestingly, a recent study showed that mTOR kinase inhibition is, in turn, needed for the
assembly of the v-ATPase at the lysosomal surface (Ratto et al., 2022). Thus, it is possible
that upon mTOR inhibition, cells enhance lysosomal v-ATPase assembly to rescue mTORC
lysosomal localization.

Notably, in certain LSDs, such as Pompe disease or cystinosis, the induction of a TFEB-
mediated transcriptional program is beneficial (Medina et al., 2011; Spampanato et al., 2013;
Rega et al., 2016; Gatto et al., 2017). However, here | show that TFEB dephosphorylation is
observed in GNPTAB KO cells, which are a model for the LSDs mucolipidosis type Il and Il
(Tiede et al., 2005; Danyukova et al., 2020). Hence, the constant lysosomal biogenesis
induced by nuclear TFEB might lead to a futile cycle in which more lysosomes are generated,
without being loaded with lysosomal enzymes. In the same manner, many diseases are
caused by deficiencies in the v-ATPase (Colacurcio and Nixon, 2016; Bagh et al., 2017; Song
et al., 2020). As | described in this thesis, v-ATPase inhibition leads to loss of TFEB
phosphorylation. As a consequence, more lysosomes that cannot be properly acidified would
also produce a futile cycle. In these settings, induction of TFEB activity might be deleterious.
Further research is needed to evaluate whether removing TFEB from the nucleus is beneficial
for the aforementioned diseases. As observed for the model of tuberous sclerosis,
overexpression of FLCN or RagC was able to restore TFEB phosphorylation and cytosolic
localization (Alesi et al., 2021; Asrani et al., 2022). Intriguingly, treatment with Rapamycin also
rescued TFEB phosphorylation in TSC-deficient cells (Asrani et al., 2022). Therefore, these
approaches are good candidates for treating diseases in which constant activation of TFEB
might be damaging.

In addition to identifying a spatial separation of mTOR localization and function, in this thesis
| identified CYLD as a DUB for mTOR. Importantly, CYLD modulates mTOR ubiquitination
and activity. Yet, it is unclear how changes in mTOR ubiquitination lead to changes in its
activation. Ubiquitination is a signaling modification that affects kinase activity by several
mechanisms. One example is by modifying the interaction of a kinase with its regulators. For
instance, in the NF-kB pathway, the ubiquitination of RIPK1 is important for the recruitment of
the ubiquitin-binding protein, TAB2 that further recruit TAK1 (Kanayama et al., 2004). TAK1
phosphorylates IKKB, which leads to activation of the NF-kB-dependent transcriptional
program. Hence, CYLD-mediated mTOR ubiquitination might change mTOR interaction with
its regulators. Although this is a plausible explanation for the effect of CYLD on mTOR activity,
mTORC1 binds to different upstream regulators than mTORC2. Since both complexes are
affected by CYLD, this mechanism likely does not explain the increase in mTOR activity upon
CYLD loss. Ubiquitination is also relevant for the oligomerization of kinase complexes, as it
occurs in the activation of Receptor-interacting serine/threonine-protein kinase 2 (RIPK2)
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(Hasegawa et al., 2008). Importantly, dimerization of both mTORC1 and mTORC2 were
reported previously (Takahara et al., 2006; Yip et al., 2010; Jain et al., 2014; Aylett et al.,
2016). Accordingly, an interesting hypothesis is that CYLD-mediated changes in mTOR
ubiguitination modulate dimerization of mTOR complexes. Finally, ubiquitination can induce
conformational changes in enzymes (Sagar et al.,, 2007). This might facilitate binding to
substrates or ATP, modifying kinase activity. Thus, additional research is required to
elucidate the reason for changes in mTOR activity upon CYLD loss.

The mTOR protein consists of domains with defined functions. Ubiquitination sites on mTOR
have been described in the HEAT repeats, both by TRAF6 (Linares et al., 2013a) and by
SCF/FBXW?7 (Mao et al., 2008). Moreover, PARKIN ubiguitinates mTOR in the kinase domain
(Park et al., 2014). Importantly, the described ubiquitination events on mTOR evoke different
cellular responses. Hence, the investigation of which ubiquitination site on mTOR is
modulated by CYLD might shed light on how this DUB regulates mTOR activity.

CYLD mutations are found in cylindromatosis. This disease is characterized by benign skin
tumors, called cylindromas (Sun, 2010). Although other proteins and pathways are affected
by CYLD, it is possible that mTOR dysregulation is an important contributor for the disease
phenotype. mTORC1, as a central regulator of cell growth, contributes to tumor development
(Kim et al., 2017). Likewise, mTORC2 is an important regulator of cell proliferation, a process
often dysregulated in cancerous cells (Kim et al., 2017). Furthermore, both complexes are
essential for skin homeostasis (Ding et al., 2016). Thus, mTOR inhibitors might be beneficial
for the treatment of cylindromatosis. Rapamycin is used in the clinic as an mTORC1 inhibitor
(Li et al., 2014). Importantly, its efficacy in topical application was tested for the treatment of
TSC (Lin et al., 2022), making it an attractive drug to treat cylindromas. Additionally, treatment
of cylindromatosis patients with Torin1 might be effective, since this drug has an inhibitory
effect on both mTORC1 and mTORC2. Nonetheless, it would be necessary to understand the
partial resistance of mTORC2 to Torin1 upon CYLD deficiency. Because Torin1 is a strong
and specific inhibitor of mTOR, it is unlikely that CYLD loss makes cells resistant to its action.
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5 Materials and methods

Cell culture

Cells were grown at 37 °C, 5% CO,. HEK293FT (human female embryonic kidney) cells
(#R70007, Invitrogen) and immortalized MEFs (mouse embryonic fibroblasts) were cultured
in full media, consisting of high-glucose DMEM (Dulbecco’s modified eagle medium)
(#41965-039, Gibco), supplemented with 10% FBS (fetal bovine serum) (#F7524, Sigma;
#51810, Biowest) and 1x P/S (penicillin-streptomycin) (#15140-122, Gibco). For cell
passaging or seeding, cells were incubated with 0.25% Trypsin (#25200-056, Gibco) at RT
(room temperature) for five minutes to detach cells from the cell culture flasks. Trypsin was
inactivated by addition of fresh full media.

Wild-type control and RagA/B KO immortalized MEFs were a kind gift of Prof. Dr. Kun-Liang
Guan (described in (Jewell et al., 2015)). Wild-type control and CYLDRX (CYLD A932)
immortalized MEFs were a kind gift of Prof. Dr. Manolis Pasparakis (described in (Welz et al.,
2011)). HEK293T and HEK293T CYLD KO cells were a kind gift of Prof. Dr. George Mosialos.
The identity of the HEK293FT cells was validated by the Multiplex human Cell Line
Authentication test (Multiplexion GmbH), which uses a SNP (single nucleotide polymorphism)
typing approach, and was performed as described at www.multiplexion.de. All cell lines were
regularly tested for Mycoplasma contamination, using a PCR (polymerase chain reaction)-
based approach and were confirmed to be Mycoplasma-free.

Cell culture treatments

For AA starvation, custom-made starvation media were formulated according to the Gibco
recipe for high-glucose DMEM (table 1), omitting either all AAs or specific AA groups, as
indicated in the figures. The lists of components used for the starvation media are
summarized in table 2. The media were filtered through a 0.22 pm filter device and tested for
proper pH (pH 7.4) and osmolality before use. For the respective AA-replete (+AA) treatment
media, commercially available high-glucose DMEM was used. All treatment media were
supplemented with 10% dFBS (dialyzed FBS) and 1x P/S. For this purpose, FBS was dialyzed
against 1x PBS (phosphate-buffered saline) through a 3,500 MWCO (molecular weight cut-
off) dialysis tubing to remove all AAs that FBS might contain. For basal (+AA) conditions, the
culture media were replaced with +AA treatment media 60-90 minutes before lysis or fixation.
For amino-acid starvation (-AA), culture media were replaced with starvation media for one
hour. For AA add-back experiments, cells were first starved as described above and then
starvation media were replaced with +AA treatment media for 10 or 30 minutes.

Table 1 The recipe for Gibco high-glucose DMEM.

Molecular Concentration

Components Weight (ma/l) mM
Amino Acids
Glycine 75.0 30.0 0.4
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L-Arginine hydrochloride 211.0 84.0 0.39810428
L-Cystine 2HCI 313.0 63.0 0.20127796
L-Glutamine 146.0 584.0 4.0
L-Histidine hydrochloride-H20 210.0 42.0 0.2
L-Isoleucine 131.0 105.0 0.8015267
L-Leucine 131.0 105.0 0.8015267
L-Lysine hydrochloride 183.0 146.0 0.7978142
L-Methionine 149.0 30.0 0.20134228
L-Phenylalanine 165.0 66.0 0.4
L-Serine 105.0 42.0 0.4
L-Threonine 119.0 95.0 0.79831934
L-Tryptophan 204.0 16.0 0.078431375
L'Tyrosgﬁyddifgtde‘“m salt 261.0 104.0 0.39846742
L-Valine 117.0 94.0 0.8034188
Vitamins
Choline chloride 140.0 4.0 0.028571429
D-Calcium pantothenate 477.0 4.0 0.008385744
Folic Acid 441.0 4.0 0.009070295
Niacinamide 122.0 4.0 0.032786883
Pyridoxine hydrochloride 206.0 4.0 0.019417476
Riboflavin 376.0 0.4 0.0010638298
Thiamine hydrochloride 337.0 4.0 0.011869436
i-Inositol 180.0 7.2 0.04
Inorganic Salts
Calcium 82'%'(?‘)9 (CaCl2) 111.0 200.0 1.8018018
Ferric Nitrate (Fe(NO3)3"9H20) 404.0 0.1 2.4752476E-4
Mag”eSiUTaﬁﬁyg_tf (Mgs0O4) 120.0 97.67 0.8139166
Potassium Chloride (KCI) 75.0 400.0 5.3333335
Sodium Bicarbonate (NaHCQOS3) 84.0 3700.0 44.04762
Sodium Chloride (NaCl) 58.0 6400.0 110.344826
SOdiU”Eﬁ :ﬁgggafH”_;g)‘ObaSiC 138.0 125.0 0.9057971
Other Components
D-Glucose (Dextrose) 180.0 4500.0 25.0
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Table 2 Inorganic components and amino acids used for preparation of custom-made media.

Supplier Name Eﬁrtﬁtl)%%
Inorganic components
Applichem CaCl2-2H20 A1873
Sigma Iron(lll) nitrate nonahydrate F8508
Sigma Maﬁgstgﬁ%f;';ate 13142
Roth Potassium Chloride 6781.1
Sigma Sodium bicarbonate S5761
Sigma Sodium chloride 31434
Roth Sodium dninhg/r?orﬁggrna%hosphate K300 2
Applichem D-Glucose A1422
Amino acids
Sigma L-Arginine A8094
Sigma L-Cystin 30200
Sigma L-Glutamine 49419
Sigma L-Histidine H8000
Sigma L-Isoleucine 2752
Sigma L-Leucine L8912
Sigma L-Lysine Hydrochloride L5626
Sigma L-Methionine M9625
Sigma L-Phenylalanine P5482
Sigma L-Proline P0380
Alfa Aesar L-Serine J62187
Sigma L-Threonine 18625
Sigma L-Tryptophan T0254
Applichem L-Tyrosine A1677
Sigma L-Valine V0500

For glucose starvation (-Glucose), cells were cultured for one hour in DMEM without Glucose
(#11966025, Gibco) supplemented with 10% dFBS and 1x P/S. For basal glucose conditions
(+Glucose), the culture media was replaced with DMEM high-glucose, supplemented with
10% dFBS and 1x P/S one hour before lysis. For glucose add-back experiments, cells were
first starved for glucose as described and media was replaced with +Glucose media for an
extra hour. For growth factor starvation (-GF), cells were cultured for 16 hours in high-glucose
DMEM supplemented with 1x P/S, without FBS.
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For both BafA1 (#BML-CM110-0100, Enzo) and ConA (#C9705, Sigma) treatments, the drug
was added to a final concentration of 100 nM in the media for six hours before lysis or fixation,
unless otherwise stated in the figure legends. Chloroquine (#C6628, Sigma) was added to
the media to a final concentration of 50 pM for six hours. Treatment with E64 (#2935.1, Roth)
and PepA (#P5318, Sigma) to block lysosomal protease activity was performed by adding a
combination of E64 (25 uM) and PepA (50 uM) in the media for 16 hours before lysis or
fixation, and in the last 90 minutes before lysis the AA add-back protocol was conducted. For
experiments including treatments with +AA and —AA media, BafA1, ConA, Chloroquine or
E64+PepA were also kept in the treatment media. To inhibit mTOR kinase activity, Torin1
(#14379, Cell Signaling Technology) was added in the media to a final concentration of 250
nM for one hour. Akt inhibition was achieved by addition of the Akt inhibitor VIII (#ENZ-
CHM125, Enzo) in the culture media for 30 minutes (final concentration of 10 uM). GA
(#345862, Sigma) and BFA (#BUFQ75, Biorad) were added in the culture media at final
concentrations of 10 uM and 10 pg/ml, respectively, for one hour. MG132 (#M7449, Sigma)
was added to the media in a final concentration of 10 uM for four hours, in order to inhibit
proteasomal activity.

Antibodies

A list of all antibodies and concentrations used in this thesis is found in Table 3.

The H4B4 and ABL-93 antibodies against LAMP2, were obtained from the Developmental
Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The University
of lowa, Department of Biology. H4B4 was deposited to the DSHB by August, J.T. / Hildreth,
J.E.K. (DSHB Hybridoma Product H4B4). ABL-93 was deposited to the DSHB by August, J.T.
(DSHB Hybridoma Product ABL-93).

Table 3 Antibodies used in this thesis.

Antibody Dilution Supplier Catalog Number
Rabbit monoclonal . .
: | I
anti-phospho-p70 S6 1:1,000 (WB) Cell Signaling 97596
Kinase (Thr389) Technology
(D5U10)
. I Signali
Rabbit polyclonal 1:1,000 (WB) Cell Signaling 9202
anti-S6 Kinase Technology
Rabbit monoclonal Cell Signaling
anti-phospho-TFEB 1:1,000 (WB) Technolo 37681
(Ser211) (E9S8N) | Qy
Rabbit polyclonal 1:1,000 (WB); Cell Signaling 4240
i-TFEB (for h
ant TFI(E% uman 1:200 (IF) Technology
Rabbit polyclonal
anti_TFEBp(fgr mouse 1:1,000 (WB) Bethyl Laboratories A303-673A
TFEB) . _
Rabbit polyclonal 1:1,000 (WB); Cell Signaling 14779
anti-TFE3 1:200 (IF) Technology
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Rabbit polyclonal
anti-phospho-Akt
(Ser473)

Rabbit polyclonal
anti-Akt
Rabbit monoclonal
anti-phospho-4E-BP1
(Ser65) (D9G1Q)
Rabbit polyclonal
anti-phospho-4E-BP1
(Thr37/46)

Rabbit polyclonal
anti-4E-BP1

Rabbit monoclonal
anti-phospho-NDRG1
(Thr346) (D98G11)

Rabbit monoclonal
anti-mTOR (7C10)

Rabbit monoclonal
anti-LC3B (D11) XP

Rabbit polyclonal
anti-SQSTM1/p62

Rabbit monoclonal
anti-TAX1BP1 (D1D5)

Mouse monoclonal
anti-NBR1 (4BR)

Rabbit monoclonal
anti-TSC1 (D43E2)

Rabbit polyclonal
anti-TSC2

Rabbit polyclonal
anti-phospho-
Tuberin/TSC2

(Thr1462)

Rabbit monoclonal
anti-MIOS (D12C6)
Rabbit monoclonal
anti-RAPTOR (24C12)
Rabbit monoclonal
anti-RICTOR (D16H9)

Rabbit monoclonal
anti-RagA (D8B5)

Rabbit monoclonal
anti-RagC (D8H5)

Rabbit monoclonal
anti-RagC (D31G9)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB);

1:200
1:1,000
1:200
1:1,000
1:200 (IF)

(IF)
(
(IF)

(
1:1,000 (WB)
1:500 (WB)

1:1,000 (WB)

1:3,000 (WB)
1:1,000 (WB)

1:1,000 (WB)
1:1,000 (WB)
1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB);

1:200 (IF)

1:1,000 (WB)

WB);

WB);

Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Santa Cruz
Biotechnology
Cell Signaling
Technology
Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology

9271

9272

13443

9459

9452

5482

2983

3868

5114

5105

sc-130380

6935

4308

3611

13557

2280

9476

4357

9480

5466
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Rabbit polyclonal
anti-RagD

Rabbit polyclonal
anti-CathepsinD

Rat monoclonal
anti-HA (3F10)

Rabbit monoclonal
anti-GAPDH (14C10)

Mouse monoclonal
anti-a-Tubulin

Rat monoclonal
anti-LAMP2 (ABL-93)

Mouse monoclonal
anti-LAMP2 (H4B4)

Rabbit monoclonal
anti-phospho-S6
ribosomal protein

(Ser240/244) (D68F8)

Rabbit monoclonal
anti-phospho-S6
ribosomal protein

(Se235/236)
(D57.2.2E)

Mouse monoclonal
anti-S6 ribosomal

protein (52D2)

Rabbit monoclonal
anti-phospho-ULK
(Ser757) (D706U)

Rabbit monoclonal
anti-ULK (D8H5)

Rabbit monoclonal

anti-phospho-GBR10
(Ser476) (D4E6)

Rabbit polyclonal

anti-GRB10

Rabbit monoclonal
anti-PTEN (D4.3)

Mouse monoclonal
anti-RHEB (B-12)

1:1,000 (WB)

1:1,000 (WB)
1:1,000 (WB)

1:3,000 (WB)

1:3,000 (WB)

1:200 (IF)

1:500 (WB)
1:200 (IF)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:1,000 (WB)

1:500 (WB)

Cell Signaling
Technology
Cell Signaling
Technology

Roche

Cell Signaling
Technology

Sigma-Aldrich

Developmental
Studies Hybridoma
Bank
Developmental
Studies Hybridoma
Bank

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Proteintech

Cell Signaling
Technology
Santa Cruz

Biotechnology

4470

2284

11867423001

2118

19026

ABL-93

H4B4

5364

4858

2317

14202

8054

11817

23591-1-AP

9188

sc-271509
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Rabbit polyclonal

: Cell Signaling
anti-phospho-ACC1 1:1,1000 (WB) 3661
Technology
(Ser79)
Rabbit polyclonal
POy 1:1,1000 (WB) Proteintech 21923-1AP
anti-ACCA1
Rabbit polyclonal
PO 1:1,000 (WB) ABCD Antibodies AG949
anti-M6P
Rabbit polyclonal
aobrt poly 1:1,000 (WB) Proteintech 11671-1-AP
anti-RAB1A
Mouse monoclonal
, 1:150 (IF) BD Biosciences 610822
anti-GM130 (35)
Rabbit monoclonal Cell Signalin
abbl 1:1,000 (WB) gnaing 8462
anti-CYLD (D1A10) Technology
Rabbit polyclonal Cell Signalin
pol 1:1,000 (WB) gnaing 2368
anti-FLAG Technology
Mouse monoclonal Santa Cruz
. 1:1000 (WB) | sc-101595
anti-SBP (SB19-C4) Biotechnology
Mouse monoclonal Santa Cruz
oUSe mor 1:500 (WB) | 5c-8017
anti-Ubiquitin (P4D1) Biotechnology
Mouse monoclonal
N 1:1000 (WB) Merck MABE342

anti-Puromycin (4G11)

mMRNA isolation and cDNA synthesis

Total mRNA was isolated from HEK293FT cells using a standard TRIzol/chloroform-based
method (#15596018, Thermo Fisher Scientific), according to manufacturer's instructions. The
concentration of the RNA was measured using a Nanodrop spectral photometer. For cDNA
(complementary DNA) synthesis, 2 ug of mMRNA was transcribed to cDNA using the RevertAid
H Minus Reverse Transcriptase kit (#EP0451, Thermo Fisher Scientific) according to
manufacturer's instructions.

PCRs, plasmids and molecular cloning

PCRs performed for cloning were done using the Phusion High-Fidelity DNA polymerase
(#M0530, New England BiolLabs), according to manufacturer’s instructions. For PCRs in
which the starting material was cDNA, a 1:10 cDNA dilution was used as template. For
plasmid templates, 20 ng of DNA was used. The primers used for PCR amplification are
described in Table 4.
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Table 4 Sequences of PCR oligos used for cloning, restriction sites are underlined and mutations

are in bold.

PCR oligos for cloning

4EBP1-For-
Ncol

4EBP1-Rev-
Notl

Ub-For-
EcoRl

Ub-Rev-
Acc65l

Ub-K48R-For

Ub-K48R-
Rev

Ub-K63R-For

Ub-KB3R-
Rev

HIS-For-
Hindil!

HIS-Rev-
Nhel

SBP-For-
Kpnl

SBP-Rev-
BamHl|

mTOR-For-
Notl

MTOR-Rev-
Agel

FLAG-
APEX2-for-
Sfil

5' TAccatggCGTCCGGGGGCAGCAGCTGCAGCCAGACCCCA 3

5' GAATgcagccgcCTTTAAATGTCCATCTCAAACTGTGA 3
5" GAAQaattcCCGAACCGACAGTCGGTCTCTTCAC 3'
5' GCCgataccTAACCAAGTTCCTCTTTCAGAGGTT 3'

5' TGCTGGGagaCAGCTGGAAGATGGACGC 3'
5' GCGTCCATCTTCCAGCTGtctCCCAGCA 3'
5' CATCCAGagaGAGTCCACCCTGCACC 3'
5' GGTGCAGGGTGGACTCtctCTGGATG 3'

5' GCCaagcttATGCATCATCATCATCATCATCTTGGAACCGGACCTGCC
GCCGCCA &'

5' CCTTCCACTCCTATGAGGctagcTATGGCCAAGATGCCACC 3
5' TATAggtaccGCCACCATGGACGAGAAGACCACTGG 3'
5' ATATggatccTGGTTCACGTTGACCTTGTG 3'
5' TATAgecggecgeATGCTTGGAACCGGACCTGC 3

5' ATATaccggtTTACCAGAAAGGGCACCAGC 3'

5' TATAggcctctgaggccGCCACCATGGACTACAAAGACGATGAC
GACAAGAAGTCTTACCCAACTGTGAG 3!
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APEX2-rev- 5' ATATGctagcGCCTCCGCCTCCCCCGGCATCAG

Nhel CAAACCCAAGCTC 3'
TOR-Rev-
m OSa” v 5' ATATgtcgacTTACCAGAAAGGGCACCAGC 3
OITR-FLAG-
5' GACGATGACGACAAGQCgaccacACTTGGAACCGGACCT 3
mTOR-For-
Notl

For all cloning reactions, PCR products were cleaned to remove primers and components of
the PCR reaction using the NucleoSpin Gel and PCR Clean-up kit (#740609.250, Macherey-
Nagel). PCR products and vectors were digested using restriction enzymes purchased from
Fermentas/Thermo Scientific as detailed below. Vector ends were dephosphorylated using
the quick CIP enzyme (#M0525, New England BiolLabs), as described in the manufacturer’s
instructions. Inserts and vectors were ligated using the T4 DNA ligase protocol (#M0202,
New England BiolLabs). Cloned constructs were transferred into NEB-5-alpha Competent £.
coli (#C2987, New England BiolLabs) via chemical transformation. Single colonies were
picked, grown in LB (Luria-Bertani broth; #3022, Sigma) liquid medium with 100 pg/ml
ampicillin (#A9518, Sigma). The plasmid DNA was retrieved by plasmid purification with the
NucleoSpin Plasmid kit (#740588.250, Macherey-Nagel). The integrity of all constructs was
verified by sequencing.

The pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid was a gift from Feng Zhang (Addgene
plasmid #62988) and described in (Ran et al., 2013). The pLJC6-3xHA-TMEM192 and
pLJCB-2xFLAG-TMEM192 plasmids (Wyant et al., 2017b) were obtained from Addgene
(plasmids #104434 and #104435; deposited by the Sabatini lab). The pcDNA3-FLAG-hRagA
Q66L and pcDNASB-FLAG-hRagA T21N generation is described in (Demetriades et al., 2014).
The pRK5-HA-Ubiquitin-WT plasmid (Lim et al., 2005) was obtained from Addgene (plasmid
#17608; deposited by the Ted Dawson lab). The pcDNA3-FLAG-mTOR (Vilella-Bach et al.,
1999) was also obtained from Addgene (plasmid #26603; deposited by the Jie Chen lab).
The pcDNA3-FLAG-CYLD and pcDNA3-FLAG-CYLD-C601S, described in (Trompouki et al.,
2003), as well as the vector with a luciferase gene under the control of three NF-«kB binding
sites (83x kBL) and the control pRL-null, described in (Mitchell and Sugden, 1995) were a kind
gift from Dr. George Mosialos.

The pETM-11-4E-BP1 vector used to express Hiss-tagged 4E-BP1 in bacteria was generated
by PCR-amplifying human 4E-BP1 from cDNA, using the primers described in table 4 and
cloned in the Ncol-Notl restriction sites of pETM-11. For generation of the K48R and K63R
ubiquitin mutants, ubiquitin was amplified from the pRK5-HA-Ubiquitin-WT plasmid with the
primers described in table 4, using the mutagenic oligos to introduce the desired mutations.
In brief, a first PCR was done using the ubiquitin forward primer with the mutagenic reverse
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primer, and a second reaction was set up with the mutagenic forward primer and the ubiquitin
reverse primer. Next, 50 ng of each cleaned product were used as templates for a reaction
with the ubiquitin forward and reverse primers. Final products were cloned back into the
pRK5-HA-Ubiquitin-WT using the EcoRI and Acc65l restriction sites. The pcDNA4/TO/SBP-
mTOR construct was generated by Dr. Julian Nuechel, in brief, the SBP tag was amplified
from the pIRES-Str-KDEL-ManlI-SBP-GFP (obtained from Addgene, plasmid #65252) using
the oligos described in table 4. The SBP tag was cloned into pcDNA4/T0/Myc-His6 using the
Kpnl/BamHI restriction sites, resulting in a new pcDNA4/TO/SBP vector. mTOR was amplified
from pcDNA3-FLAG-mTOR and cloned in frame into the pcDNA4/T0/SBP vector using the
Notl/Agel sites. For the generation of the Hise-tagged mTOR construct, a PCR reaction was
set with an oligo containing the Hise-tag and the initial mMTOR sequence. The product was
inserted back into the original pcDNA3-FLAG-mTOR, using the Hindlll and Nhel restriction
sites. By using these sites, the FLAG-tag is removed, resulting in a pcDNA3-Hise-mTOR. The
pITR-TTP-FLAG-mTOR was generated by removing the APEX sequence from a pITR-TTP-
APEX-mTOR generated by Dr. Julian Nuechel. In brief, the APEX tag was amplified using the
oligos described in table 4 from the pITR-TTP-hGRASP55-APEX2-Myc6xHis (Nuchel et al.,
2021), and inserted into the pITR-TTP1 using the Sfil/Nhel sites. mTOR was then amplified
using the mTOR-for-Notl oligo, in conjunction with the mTOR-rev-Sall. mTOR was cloned into
the Notl/Xhol sites of the pITR-TTP-FLAG-APEX2 vector. For generation of the pITR-TTP-
FLAG-mTOR, the tags were removed using the sites Sfil and Notl. The FLAG tag was inserted
back using the same restriction sites via oligo annealing with the sequences:
5'aggccGCCACCATGGACTACAAAGACGATGACGACAAGgc 3'
5'ggccgcCTTGTCGTCATCGTCTTTGTAGTCCATGGTGGCggcectcag 3

Following the insertion of the FLAG tag, the second ATG that precedes the mTOR sequence
was removed by PCR amplifying a part of the FLAG tag and the beginning of the mTOR
sequence as described in table 4, using the same reverse oligo used to clone the Hise-
tagged mTOR construct. The resulting insert was cloned back into the pITR-TTP-FLAG-
mTOR using the Notl and Nhel restriction sites.

Quantitative real-time PCR

The cDNAs were diluted 1:10 in nuclease-free water and 4 ul of diluted cDNA were used per
reaction, consisting of 5 pl 2x Maxima SYBR Green/ROX gPCR master mix (#K0223, Thermo
Fisher Scientific) and 1 pl primer mix (2.5 pM of forward and reverse primers). Reactions were
done in technical triplicates in a StepOnePlus Real-Time PCR system (Applied Biosystems).
Relative gene expression was calculated by the 2-24tmethod, with RPL13a as an internal
control, and normalized to the expression of the gene in the respective siCtrl or WT sample.
All gPCR primers used in this study are listed in Table 5.

Table 5 Sequences of primers used for RT-qPCR (reverse transcription quantitative real-time PCR).

RT-gPCR gene-specific oligos
RRAGC_for 5' ACTGCCGACCTTGGAAAACC 3'
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RRAGC_rev 5' GGGAACTGTCTGTTGCAATGT 3'

LAMP1_for 5' TGGGCGTCTCTAATGTCTGC 3'
LAMP1_rev 5' CAGGATCACCCCGAATGTCA 3'
MCOLN1_for 5 CTATCATGTGAAGTTCCGCTC 3
MCOLN1_rev 5 GTCACAAACATGTCGTCCC 3
PPT1_for 5' CTCTCAGTACGTTGCCCTCTG 3'
PPT1_rev 5' ACTGTAGGCCAGTGGGATTTG 3'
ATPG6AP1_for 5' TTCTAACCTAGAGAATGCCCTG 3'
ATPG6AP1_rev 5' AGAGTGCTGACTGCATACC 3'
CLN3_for 5 TGGACAGTGTTCAAGGGTC 3'
CLN3_rev 5' GTCCCTGGTTAATGAAATACTCG 3
LAMTOR1_for 5' CAAAGCTCTCAATGGAGCC 3'
LAMTOR1 _rev 5 AATGATGTTGCTGGCTGTC 3'
ARF1_for 5' GCCAGTGCCTTCCACCTGTC 3'
ARF1_rev 5 GCCTCGTTCACACGCTCTCTG 3'
RPL13a_for 5 CCGCCCTACGACAAGAAA 3’
RPL13a_rev 5 AGGCGCCCCAGATAGG 3’

Plasmid DNA transfections

Plasmid DNA transfections in HEK293FT cells were performed using Effectene transfection
reagent (#301425, QIAGEN), according to the manufacturer's instructions. For plasmid
transfections in MEFs, the ViaFect Transfection Reagent was used (#4981, Promega), as
described in the manufacturer’s protocol.

Generation of stable cell lines

For the generation of stable cell lines expressing HA-tagged TMEM192 (lyso-IP lines) or
FLAG-tagged TMEM192 (negative control lines for HA lyso-IPs), WT HEK293FT cells were
transfected using the respective expression vectors. Forty-eight hours post-transfection,
cells were selected with 3 pg/ml puromycin (#A11138-03, Thermo Fisher Scientific). Single-
cell clones that express similar TMEM192 levels were used in lyso-IP experiments. Stable
cells lines in MEF WT and CYLDR3?* (CYLD A932) were generated by using a doxycycline-
inducible transposon system (Kowarz et al., 2015). The pITR-TTP-FLAG-mTOR construct was
transfected in a 10:1 ratio with the transposase containing pCMV-Trp vector. Selection with
puromycin was performed as described above. A polyclonal population was used for further
experiments. Expression of the mTOR construct was induced with 250 ng/ml of doxycycline
(#D9891, Sigma) for four hours before cell lysis.
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Generation of knockout cell lines

The HEK293FT RagA/B KO, RagC/D KO, HEK293FT HA-TMEM192 RagA/B KO and FLAG-
TMEM192 RagA/B KO cell lines were generated by Dr. Peter Gollwitzer using the pX459-
based CRISPR/Cas9 method, as described in (Ran et al.,, 2013). In the same manner, |
generated the HEK293FT GNPTAB KO. The sgRNAs sequences are described in table 6.
The sgRNA expression vectors were generated by cloning the DNA oligonucleotides into the
Bbsl restriction sites of the pX459 vector (#62988, Addgene). An empty vector was used to
generate matching control cell lines. In brief, transfected cells were selected with 3 pg/ml
puromycin 48 hours post-transfection. Single-cell clones were generated by single cell
sorting and clones were validated by immunoblotting.

Table 6 Sequences of oligos used for sgRNA expression from the pX459 for CRISPR/Cas9 KO cell
line generation.

sgRNAs

RagA-gRNA-5UTR-s
RagA-gRNA-5UTR-as
RagB-gRNA-5UTR-s
RagB-gRNA-5UTR-as
RagB-gRNA-3CDS-s
RagB-gRNA-3CDS-as
RagC-gRNA-5CDS-s
RagC-gRNA-5CDS-as
RagC-gRNA-3UTR-s
RagC-gRNA-3UTR-as
RagD-gRNA-5UTR-s
RagD-gRNA-5UTR-as
RagD-gRNA-3UTR-s
RagD-gRNA-3UTR-as

GNPTAB-gRNA-exon7-s
GNPTAB-gRNA-exon7-as

5" caccgATTACATTGCTCGCGACACC 3
5" aaacGGTGTCGCGAGCAATGTAATc 3’
5" caccgCTGCCTATTCTCATCGCCTA 3
5" aaacTAGGCGATGAGAATAGGCAGc 3
5" caccgTACATCCAACACTTATGTGA 3
5 aaacTCACATAAGTGTTGGATGTAC 3’
5" caccgATCGGCCGCGCCGTAACTGC 3
5 aaacGCAGTTACGGCGCGGCCGATc 3
5" caccgTAGTCTGAATCCCAGCGTCG &
5"aaacCGACGCTGGGATTCAGACTAc 3
5 caccgTGACTCCTCCGCCGGCGGGC 3
5" aaacGCCCGCCGGCGGAGGAGTCAC 3’
5 caccgAGATTGGAGCTACAAGCTCC &
5" aaacGGAGCTTGTAGCTCCAATCTc 3’
5" caccgTTGCATTAGCACTAATCCA 3
5" aaacTGGATTAGTGCTAATGCAAC 3

Gene silencing experiments

Transient knockdown of LAMTOR1, MIOS, ARF1, RAB1A, CYLD, IKKB, TSC1, TSC2 and
RHEB was performed using pools of 4 siGENOME gene-specific siRNAs (Horizon
Discoveries). The siRNA sequences are described in Table 7. An siRNA duplex targeting the
R. reniformis luciferase gene (RLuc) (#P-002070-01-50, Horizon Discoveries) was used as
control. Transfections were performed with 20 nM siRNA and the Lipofectamine RNAIMAX
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transfection reagent (#13778075, Thermo Fisher Scientific) in 12-well plates, according to the
manufacturer’'s instructions. After 72 hours, cells were harvested or fixed and knockdown
efficiency was verified by immunoblotting or quantitative real-time PCR.

Table 7 siRNA sequences for knockdown experiments.

Target

Sequences

LAMTOR1

5 GGAGCUGGUUGUACAGUUU &

5 UACCAAAGCUCUCAAUGGA 3’

5" GCAGCAGCCUGACCCAUUG 3’

5 AAGAGGAGCUGGUUGUACA 3’

MIOS

5 ACACUGCGAUUACAGCUAA 3’

5 AAACAAAGUUGCAGUACGU 3’

5 GGAGUGGGUUGGAUAAGCA 3

5" CAAUGGCUUUAUCGGGUUA 3’

ARF1

5 GACCACCAUUCCCACCAUA 3

5 ACAGAGAGCGUGUGAACGA 3

5 CGGCCGAGAUCACAGACAA 3

5 ACGUGGAAACCGUGGAGUA 3’

RAB1A

5 GAACAAUCACCUCCAGUUA &

5" CAAUCAAGCUUCAAAUAUG 3’

5" GGAAACCAGUGCUAAGAAU 3’

5 CAGCAUGAAUCCCGAAUAU 3’

CYLD

5" CGAAGAGGCUGAAUCAUAA 3’

5 GAACAGAUUCCACUCUUUA 3’

5" GAACUCACAUGGUCUAGAA 3’

5" GGACAUGGAUAACCCUAUU 3

IKBKB (IKKR)

5 GGAAGUACCUGAACCAGUU &

5" CCAAUAAUCUUAACAGUGU 3

5" GGAUUCAGCUUCUCCUAAA 3

5 GUGGUGAGCUUAAUGAAUG 3

TSCA

5 GAAGAUGGCUAUUCUGUGU 3

5 CGACACGGCUGAUAACUGA 3’

5 CGGCUGAUGUUGUUAAAUA 3

5" GGACAGGAUUAACGAAUAU 3’
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5 GCAUUAAUCUCUUACCAUA 3’
5 CCAAUGUCCUCUUGUCUUU 3

TSC2
5 UCACCAGGCUCAUCAAGAA 3’
5 GGAAUGUGGCCUCAACAAU 3’
5 CCUCAGACAUACUCCAUAG 3’
5" GCAAAUUGUUGGAUAUGGU 3’
RHEB

5 UUACAAAGUUGAUCACAGU 3’
5" CCAAGAAUUUUAUCGGCAU 3’

Protein secretion

For protein secretion experiments, HEK293FT cells were cultured in serum-free media for 16
hours. Supernatants were collected and centrifuged (five minutes, 2000 x g, 4°C) to remove
dead cells and debris. Cleared supernatants were concentrated using 3 kDa cut-off
concentrator tubes (#516-0227P, VWR), according to the manufacturer’s instructions.
Laemmli loading buffer (1x final concentration; 6x Laemmli sample buffer composition:
350mM Tris-HCI pH 6.8, 12.8% SDS, 50% glycerol (#15523, Sigma), 600mM DTT
(dithiothreitol; #A1101, Applichem), 0.12% bromophenol blue (#T116.1, Roth)) was added to
the concentrated supernatants and samples were boiled at 95 °C for five minutes before
loading into SDS-PAGE gels.

Cell lysis and immunoblotting

Cells at around 90% of confluence were treated as indicated in the figures, washed once
with serum-free DMEM, and lysed in ice-cold Triton lysis buffer (50 mM Tris pH 7.5, 1% Triton
X-100 (#A4975, AppliChem), 150 mM NaCl (#31434, Sigma), 50 mM NaF (sodium fluoride;
#A3904, Applichem), 2 mM Na-vanadate (#S6508, Sigma), 0.011 gr/ml beta-
glycerophosphate (#G9422, Sigma), supplemented with 1x PhosSTOP phosphatase
inhibitors (#04906837001, Roche) and 1x cOmplete protease inhibitors (#11836153001,
Roche)), for 10 minutes on ice. Samples were clarified by centrifugation (14,000 rpm, 15
minutes, 4 °C) and supernatants transferred to a new tube. Protein concentration was
determined using a Protein Assay Dye Reagent (#5000006, Bio-Rad). Normalized samples
were boiled at 95 °C for five minutes in 1x Laemmli sample buffer.

Standard SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) was
used to separate proteins by their molecular size. The addition of SDS, an anionic detergent,
denatures and adds a negative charge to proteins. Electrophoresis was performed at 25 mA
per gel using a 1x running buffer (25 mM Tris (#T1503, Sigma), 250 mM glycine (#G8898,
Sigma) and 0.1% SDS (#A1112, Applichem)). To determine the molecular weight of proteins,
a protein marker was loaded to each gel (PAGE ruler plus, #26620, Thermo Fischer). Proteins
were then transferred to nitrocellulose membranes (#10600002 or #10600001, Amersham) in
a blotting chamber with ice-cold 1x transfer buffer (25 mM Tris, 192 mM glycine, 20%
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methanol (#32212, Honeywell)) at 300 mA for one hour and 15 minutes. Membranes were
stained with 0.2% Ponceau solution (#33427-01, Serva) to confirm equal loading. Membranes
were blocked with 5% skim milk powder (#42590, Serva) in PBS-T (1x PBS, 0.1% Tween-20
(#A1389, AppliChem)) for one hour at RT, washed three times for 10 minutes with PBS-T and
incubated with primary antibodies (in PBS-T, 5% BSA (bovine serum albumine;
#10735086001, Roche)) rotating overnight at 4 °C. All antibodies and dilutions used are
summarized in table 3. The next day, membranes were washed three times for 10 minutes
with PBS-T and incubated with appropriate HRP-conjugated secondary antibodies (1:10000
in PBS-T, 5% milk) for one hour at RT. Signals were detected by enhanced
chemiluminescence (ECL), using the ECL Western Blotting Substrate (#1015, Promega);
or SuperSignal West Pico PLUS (#34577, Thermo Scientific) and SuperSignal West Femto
Substrate (#34095, Thermo Scientific) for weaker signals. Immunoblot images were captured
on films (#28906835, GE Healthcare; #4741019289, Fujifilm). Quantification of immunoblots
was performed using the GelAnalyzer software (www.gelanalyzer.com).

Lysosomal purification (Lyso-IP) assays

To biochemically isolate intact lysosomes and associated proteins, we developed a modified
lyso-IP method, based on the protocol previously described by the Sabatini group (Abu-
Remaileh et al., 2017). Our method allows for the additional assessment of the non-lysosomal
fractions. In brief, cells were seeded on a 15¢cm dish until they reached 80-90% confluency,
washed 2x with ice-cold PBS and scraped in 1 ml ice-cold PBS, containing 1x PhosSTOP
phosphatase inhibitors and 1x cOmplete protease inhibitors. Cells were then pelleted by
centrifugation (1,000 x g, two minutes, 4 °C) and resuspended in 1 ml ice-cold PBS
containing phosphatase and protease inhibitors. For input samples, 25 pl of the cell
suspension were transferred in a new tube and lysed by the addition of 125 ul of Triton lysis
buffer on ice for 10 minutes. Lysed input samples were then cleared by centrifugation (14,000
x g, 15 minutes, 4 °C) and the supernatant was transferred to new tubes containing 37.5 pl
of 6x Laemmli sample buffer and boiled for five minutes at 95 °C. For the lysosomal and non-
lysosomal fractions, the remaining cell suspension was homogenized with 20 strokes in pre-
chilled 2 ml hand dounce homogenizers kept on ice. The homogenate was cleared by
centrifugation (1,000 x g, two minutes, 4 °C) and incubated with 100 ul pre-washed Pierce
anti-HA magnetic beads (#88837, Thermo Fisher Scientific) on a nutating mixer for three
minutes at RT. After incubation with the beads, the supernatant was transferred to a new tube
and centrifuged at high speed (20,000 x g, 10 minutes, 4 °C) to remove membranes and
other organelles and retrieve the non-lysosomal fraction. Twenty-five microliters of the
cleared supernatant were transferred in a new tube, mixed with 125 pl Triton lysis buffer, and
incubated for 10 minutes on ice. Next, 37.5 yl 6x Laemmli sample buffer was added and
samples were boiled. For the lysosomal fraction, beads were washed three times with ice-
cold PBS containing 1x PhosSTOP phosphatase inhibitors and 1x cOmplete protease
inhibitors using a DynaMag spin magnet (#12320D, Invitrogen). After the last wash,
lysosomes were eluted from the beads by addition of 50 ul Triton lysis buffer and incubation
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for 10 minutes of ice. Isolated lysosomes were then transferred to a new tube, 12.5 pl 6x
Laemmli sample buffer was added and samples were boiled.

Immunoprecipitation

For immunoprecipitation experiments, cells were lysed in Triton lysis buffer. For the
assessment of MTORC1 complex stability, CHAPS lysis buffer (50 mM Tris pH 7.5, 0.3%
CHAPS  ((3-((3-cholamidopropyl)  dimethylammonio)-1-propanesulfonate))  (#A1099,
Applichem), 150 mM NaCl, 50 mM NaF, 2 mM Na-vanadate, 0.011 gr/ml beta-
glycerophosphate), supplemented with 1x PhosSTOP phosphatase inhibitors and 1x
cOmplete protease inhibitors) was used. For all experiments in which ubiquitination of mTOR
was assessed, the lysis buffer was supplemented with 10 mM NEM (N-ethylmaleimide;
#E3876, Sigma) as a deubiquitinase inhibitor. For the pulldown of FLAG-tagged proteins,
lysates were incubated with 20 pl slurry of anti-FLAG M2 affinity gel (Sigma, #A2220)
previously equilibrated with IP wash buffer (lysis buffer without inhibitors), rotating for two
hours at 4 °C. Samples were washed four times with IP wash buffer. For the
immunoprecipitation of mTOR, 1 ul of antibody was added to lysates and samples were
incubated rotating for three hours at 4 °C. After that, 30 pl of protein A agarose beads
(#11134515001, Roche) previously equilibrated with IP wash buffer were added to the
samples, which were incubated with rotation for an extra hour at 4 °C, followed by four washes
with IP wash buffer. Beads were then boiled for six minutes in 2x Laemmli sample buffer.
Samples were analyzed by immunoblotting as indicated in the figures.

SBP pulldown

Cells transfected with the pcDNA4/TO/SBP-mTOR construct were lysed 48 hours post-
transfection in Triton lysis buffer. After lysis, samples were incubated for two hours at 4 °C
with 30 pl slurry of streptavidin-sepharose beads (#GE17-5113-01, Sigma) previously
equilibrated with IP wash buffer. Samples were washed four times with IP wash buffer. Beads
were then boiled for six minutes in 2x Laemmli sample buffer.

His-tag pulldown

For the pulldown of Hise-tagged mTOR, cells were lysed in 300 pl of binding buffer (1x PBS,
8 M Urea (#15604, Sigma), 10 mM Imidazole (#A1073, Applichem), 300 mM NaCl). Lysates
were sonicated four times for 15 seconds with 15 second breaks. The samples were then
subjected to three freeze-thaw cycles (from liquid N, to 37 °C), followed by a centrifugation
of 13,000 rpm for five minutes at RT. Fifty ul of lysates were kept for the input, and 12.5 pl of
6x Laemmli sample buffer were added. The remaining volume of sample was incubated with
100 pl of slurry of Ni-NTA (nickel-nitriloacetic acid; #1018244, Qiagen) beads previously
equilibrated with binding buffer for two hours at 4 °C. Beads were then washed five times
with binding buffer, followed by two washes with binding buffer containing 30 mM imidazole.
Beads were then boiled for six minutes in 2x Laemmli sample buffer.
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Production of recombinant Hise-tagged 4E-BP1 protein in bacteria

Recombinant Hise-tagged 4E-BP1 protein was produced by transforming £. co/i BL21 RP
electrocompetent bacteria with the pETM-11-4E-BP1 vector, according to standard
procedures. In brief, protein expression was induced with IPTG (isopropyl-3-D-
thiogalactopyranoside; #A1008, Applichem) for three hours at 30 °C, and Hise-4E-BP1 was
purified using Ni-NTA agarose and eluted with 250 mM imidazole.

mTORC1 kinase activity assays

In vitro mTORC1 kinase assays were developed based on previous reports (Sancak et al.,
2007; Mahoney et al., 2018), using endogenous mTORC1 complexes immunopurified from
HEK293FT WT or RagA/B KO cells. Cells of a near-confluent 10 cm dish were lysed in CHAPS
IP buffer for 10 minutes on ice. Samples were clarified by centrifugation (14,000 rpm, 15
minutes, 4 °C), supernatants were collected and a portion was kept as input material. The
remaining supernatants were further used for immunoprecipitation by incubation with 2 pl of
anti-mTOR antibody for three hours rotating at 4 °C, followed by incubation with 30 pl of pre-
washed Protein A agarose bead slurry for an additional hour rotating at 4 °C. Beads were
then washed four times with IP wash buffer and once with kinase wash buffer (25 mM HEPES
pH 7.4 (#A3724, Applichem), 20 mM KCI (#6878.1, Roth)), and excess liquid was removed
with a Hamilton syringe. Kinase reactions were prepared by adding 10 yl 3x kinase assay
buffer (75 mM HEPES/KOH pH 7.4 (#60377, Sigma), 60 mM KCI, 30 mM MgCl,
(#1.058.330.250, Merck)) to the beads. Reactions were started by adding 10 pl of kinase
assay start buffer (25 mM HEPES/KOH pH 7.4, 140 mM KCI, 10 mM MgCl,), supplemented
with 500 uM ATP and 35 ng of recombinant Hise-4E-BP1 substrate. Reactions lacking ATP
were used as negative controls. All reactions were incubated at 30 °C for 30 minutes, and
stopped by the addition of in 2x Laemmli sample buffer and boiling for six minutes at 95 °C.
Samples were run in SDS-PAGE and the mTORC 1-mediated phosphorylation on 4E-BP1737/46
was detected by immunoblotting.

DUB assay

Cells transfected with pcDNA3-FLAG-mTOR were lysed 48 hours post-transfection with Triton
lysis buffer without NEM. mTOR immunoprecipitation was performed as described above.
After the four washes with IP washing buffer, one wash with 50 mM Tris pH 7.5 was
performed. Subsequently, 200 ng of recombinant CYLD (#E556, Boston Biochem) in 10 pl of
DUB reaction buffer (50 mM Tris pH 7.5, 5 mM DTT) were added to the beads. Samples were
incubated at 37 °C for one hour. The reaction was terminated by addition of 2x Laemmli
sample buffer and boiling for six minutes at 95 °C.

Immunofluorescence and confocal microscopy

Cells were seeded on glass coverslips (coated with fibronectin (#A8350, Applichem)),
treated as described in the figure legends, and fixed with 4% PFA (paraformaldehyde) in 1x
PBS (10 minutes, RT), followed by two permeabilization/washing steps with PBT (1x PBS,
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0.1% Tween-20). Cells were blocked in BBT (1x PBS, 0.1% Tween-20, 1% BSA) for 45
minutes at RT. All dilutions and catalogue numbers for primary antibodies used for IF
(immunofluorescence) are described in Table 3. Staining with anti-mTOR, anti-LAMP2, anti-
RagC or anti-GM130 primary antibodies was performed in BBT for two hours at RT. Staining
with anti-TFEB or anti-TFE3 antibodies was performed by incubation for 16 hours at 4 °C.
After staining with primary antibodies, cells were washed three times with PBT. Next, cells
were stained with highly cross-adsorbed fluorescent secondary antibodies (Donkey anti-
rabbit Alexa Fluor 488, Donkey anti-mouse TRITC; both from Jackson ImmunoResearch)
diluted 1:200 in BBT for one hour. Nuclei were stained with DAPI (#A1001, VWR) (1:2000 in
PBT) for five minutes and coverslips were washed three times with PBT solution. Coverslips
were mounted on glass slides with Fluoromount-G (#00-4958-02, Invitrogen).

For LC3B and p62 staining, cells were fixed with 100% methanol for 15 minutes at -20 °C,
permeabilized with 0.1% Triton-X 100 for five minutes and blocked for one hour in LC3B
blocking solution (1x PBS, 5% FBS, 0.3% Triton X-100). Coverslips were incubated overnight
at 4 °C with anti-LC3B or anti-p62 antibody in LC3B staining solution (1x PBS, 1% BSA, 0.3%
Triton X-100). Slides were washed three times in 1x PBS, incubated with Donkey anti-rabbit
Alexa Fluor 488 (Jackson ImmunoResearch) (1:500, in 1x PBS, 1% BSA, 0.3% Triton X-100)
for one hour at RT. Coverslips were washed twice with 1x PBS, stained with DAPI (1:2000 in
1x PBS) and mounted on glass slides with Fluoromount-G.

All images were captured on an SP8 Leica confocal microscope (TCS SP8 X or TCS SP8
DLS, Leica Microsystems) using a 40x oil objective lens. Image acquisition was performed
using the LAS X software (Leica Microsystems). Images from single channels are shown in
grayscale, whereas in merged images, Alexa Fluor 488 is shown in green, TRITC in red and
DAPI in blue.

LysoTracker staining

For LysoTracker staining experiments, cells were seeded in fibronectin-coated coverslips
and grown until they reached 80-90% confluency. Lysosomes were stained by the addition
of 100 nM LysoTracker Red DND-99 (#L7528, Invitrogen) in full media for one hour. Cells
were fixed with 4% PFA in PBS for 10 minutes at RT, followed by permeabilization with PBT
solution (1x PBS, 0.1% Tween-20). Nuclei was stained with DAPI (1:2000 in PBT) for 10
minutes. Coverslips were mounted on slides using Fluoromount-G. All images were captured
on an SP8 Leica confocal microscope (TCS SP8 X or TCS SP8 DLS, Leica Microsystems)
using a 40x oil objective lens. Image acquisition was performed using the LAS X software
(Leica Microsystems).

Quantification of colocalization

Colocalization analysis in confocal microscopy experiments was performed as in
(Demetriades et al., 2016a; Fitzian, 2021), using the Coloc2 plugin of the Fiji software
(Schindelin et al., 2012). An average of 50 cells from five independent representative different
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images captured from each experiment was used and Manders’ colocalization coefficient
(MCC) with automatic Costes thresholding (Manders et al., 1993; Costes et al., 2004; Dunn
etal., 2011) was calculated in individual cells. In cases where lysosomal size and morphology
were altered, which are reflected in signal intensity, Pearson’s correlation coefficient (PCC)
was used, since PCC is independent of signal levels and background (Dunn et al., 2011).
The area corresponding to the cell nucleus was excluded from the cell region of interest (ROI)
to prevent false-positive colocalization due to automatic signal adjustments. MCC and PCC
show how much of the signal of interest (MTOR or RagC) overlaps with a second signal
(LAMP2).

Quantification of LC3B, p62 and LysoTracker intensities

Staining intensity was calculated using the Fiji software. ROls were determined for
approximately 50 cells per condition over 5 independent representative images and
integrated density was calculated, representing the sum of the values of all pixels in the given
ROI. Exact numbers of individual cells analysed per experiment are indicated in the figure
legends.

Scoring of TFEB/TFES localization

Subcellular localization of TFEB and TFE3 was analyzed by scoring the distribution of signal
in the cytoplasm and the nucleus. Five independent fields were analysed per experiment.
Exact numbers of individual cells analysed per experiment are indicated in the figure
legends.

Luciferase assay

Cells were transfected with the siRNAs targeting CYLD and IKKB either alone or in
combination. The next day, 700 ul of the media was removed from the cells and 400 pl of
fresh media was added to each well. Cells were then transfected with Effectene as described
above, with 200 ng of the 3x kBL construct and 100 ng of the control pRL-null. Forty-eight
hours late, the luciferase assay was performed with the Dual Luciferase Assay Reporter
System (#E1910, Promega), as described in the manufacturer’s instructions. The reporter
activity is calculated by dividing the signal from the Firefly luciferase by the signal from the
Renilla luciferase.

OPP assay

To test de novo protein synthesis, OPP incorporation assays were performed using the Click-
iT Plus OPP Protein Synthesis Assay kit (#C10456, Thermo Fisher Scientific), according to
the manufacturer’s instructions. In brief, cells were seeded in fibronectin-coated coverslips
until they reached 80-90% confluence. Control samples were treated with 100 uM CHX
(#239765, Sigma) for four hours to block translation before fixation. Click-iT OPP component
A (20 uM) was added to the media for 30 minutes, cells were fixed for 10 minutes at RT with
4% PFA, and washed twice with PBT. Next, cells were incubated with Click-iT Plus OPP
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reaction cocktail for 30 minutes at RT protected from light, followed by one wash with Click-
iT Reaction Rinse Buffer and DAPI staining as described for immunofluorescence. All
samples were imaged on an SP8 Leica confocal microscope (TCS SP8 X or TCS SP8 DLS,
Leica Microsystems) using a 40x oil objective lens. Image acquisition was performed using
the LAS X software (Leica Microsystems).

For cytometry-based detection of protein translation levels, 1x108 cells were used per
condition. Cells were incubated with 20 uM of Click-iT OPP component A for one hour,
harvested and centrifuged for three minutes, 1,400 rom at RT. Samples were fixed with ice-
cold 70% ethanol, incubated on ice for 30 minutes, washed once with 1x PBS, followed by
two washes with 1x PBS, 0.3% BSA and permeabilization with 0.1% Saponin (#47036, Sigma)
in 1x PBS, 0.3% BSA at RT for 10 minutes. Cells were then centrifuged for three minutes,
1,400 rpm at RT. The supernatant was removed and cells were incubated with Click-iT Plus
OPP reaction cocktail for 30 minutes. Next, cells were washed twice with 1x PBS, 0.3% BSA.
Alexa Fluor 488 signal was detected with a FITC filter in a BD LSR Fortessa™ Cell Analyzer
flow cytometer (BD Biosciences) and further analysed in the FlowJo™ v10 software
(TreeStar).

SUNSET assay

Cells were treated with Torin1 for 16 hours, CHX for four hours or with DMSO as a control. In
the last 30 minutes of the treatments, puromycin (10 ug/ml) was added to the culture media.
Cells were lysed as described above and lysates were subjected to SDS-PAGE for detection
of puromycin incorporation into nascent polypeptide chains. Protein synthesis rates were
determined by quantification of total puromycin signal divided by GAPDH, using the
GelAnalyzer software.

Statistical analysis

Statistical analysis and presentation of quantification data was performed using GraphPad
Prism (version 9.1.0). Data in graphs shown as mean + SEM. Significance was calculated
using Student's t-test (for pairwise comparisons) or one-way ANOVA with post hoc Holm-
Sidak test (pairwise comparisons in experiments with more than two conditions). Sample
sizes (n) and significance values are indicated in figure legends (* p < 0.05, ** p < 0.01, ***
p < 0.005, **** p < 0.001, ns non-significant).
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