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Abstract
Endocytosis is a process of internalizing molecules from the extracellular milieu or the cell

surface and delivering them to membrane-bound organelles called endosomes, which facilitate
further transport of internalized cargoes. Proteins present on endosomal membranes are recognized
by the endosomal sorting complexes required for transport (ESCRT), which consist of ESCRT-0,
-1, -1l and -111. ESCRT mediate remodeling of the limiting membrane of endosomes and formation
of intraluminal vesicles (ILVs) inside endosomes. The content of ILVs can be secreted outside the
cell or transported via the endolysosomal pathway to lysosomes for degradation. In addition,
lysosomes regulate Ca?*-dependent signaling and constitute platforms to sense nutrient
availability.

Despite a well-characterized function of ESCRT-I in regulating endosomal size and
sorting, its involvement in maintaining lysosomal homeostasis remains poorly investigated. The
general aim of this thesis was to characterize the role of ESCRT-I in maintaining lysosomal
homeostasis and investigate the consequences of ESCRT-I depletion for lysosomal function and
lysosome-related signaling.

First, lysosomal morphology was characterized in colorectal cancer cell lines, RKO and
DLD-1, upon siRNA-mediated depletion of ESCRT-I components, namely Tsg101 or Vps28.
Quantitative microscopic analysis of lysosomal markers revealed that lack of ESCRT-I led to
enlargement of lysosomes but did not impair lysosomal integrity, maintenance of acidic pH or
content of degradative enzymes. The increased lysosomal size was likely due to an impaired
degradation of resident membrane proteins that was observed in cells lacking ESCRT-I. This
included MCOLNZ, a lysosomal Ca?* channel, whose lysosomal degradation was studied using a
GFP-MCOLN1-expressing reporter cell line.

To verify whether the lack of ESCRT-I induced transcriptional responses characteristic for
altered lysosomal function, RNA sequencing analysis was performed. It revealed that depletion of
ESCRT-I upregulated expression of genes related to autophagy and/or lysosomal biogenesis.
Activation of transcription factors from the MiT-TFE family, namely TFEB and TFE3, predicted
to be responsible for induced expression of these genes, was confirmed in nuclear fractions of
ESCRT-I-depleted cells.

Next, a mechanism involved in the activation of MiT-TFE signaling upon ESCRT-I

depletion was investigated. Quantitative analysis of microscopic images revealed that in cells



lacking ESCRT-I, activation of TFEB and TFE3 required Ca?*-dependent signaling and mTORC1
inhibition, but was not due to calcineurin-dependent dephosphorylation of these transcription
factors. Moreover, biochemical analyses indicated that the lack of ESCRT-I inhibited mammalian
target of rapamycin complex 1 (mTORC1) kinase activity specific towards TFEB and TFE3 but it
did not affect canonical mTORC1 substrates. Therefore, it was verified whether the MiT-TFE
activation upon ESCRT-I depletion occurred due to the reduced activity of the Rag GTPase
complex, known to control the TFEB- and TFE3-specific lysosomal mTORC1 signaling.
Overexpression of constitutive active RagC mutant prevented nuclear translocation of TFEB and
TFE3 in Tsgl01-depleted cells. Hence, the activation of MiT-TFE factors in cells lacking ESCRT-
| occurred due to the inhibition of Rag GTPase-dependent mMTORC1 pathway.

The results presented in this thesis characterize new roles of ESCRT-I in the turnover of
lysosomal membrane proteins and maintaining lysosome-related Rag GTPase-dependent, non-
canonical mTORC1 signaling. Lack of ESCRT-I leads to a homeostatic response, involving
inhibition of the non-canonical mMTORCL signaling and, as a consequence, activation TFEB and

TFE3 factors, in an attempt to counteract lysosomal nutrient starvation.
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Streszczenie
Endocytoza to proces pobierania czasteczek ze Srodowiska zewnatrzkomoérkowego lub

powierzchni komorki i dostarczania ich do organelli zwanych endosomami, ktére posredniczg w
transporcie tadunku wewnatrz komorki. Bialka obecne na blonach endosomalnych sa
rozpoznawane przez endosomalne kompleksy sortujace ESCRT (ang. endosomal sorting
complexes required for transport), tworzone przez kompleksy ESCRT-O0, -1, -Il'i -11l. Umozliwiaja
one deformacj¢ zewngtrznej blony endosomalnej prowadzac do utworzenia pecherzykow
wewngtrznych w $wietle endosoméw, tzw. ILVs (ang. intraluminal vesicles). Zawartos¢ ILVS
moze by¢ wydzielana na zewnatrz komorki lub transportowana szlakiem endolizosomalnym do
lizosoméw. Dzigki aktywnosci hydrolaz, lizosomy dostarczaja komorce sktadnikow odzywczych
pochodzacych z degradacji makroczasteczek. Dodatkowo lizosomy reguluja sygnalizacje zalezna
od Ca®", a takze stanowig platforme umozliwiajaca wykrywanie dostepnosci sktadnikow
odzywczych.

Mimo dobrze scharakteryzowanej roli ESCRT-1 w funkcjonowaniu endosomoéw, udziat
tego kompleksu w utrzymaniu homeostazy lizosomoéw pozostaje stabo zbadany. Celem rozprawy
doktorskiej byto scharakteryzowanie roli ESCRT-I w utrzymaniu homeostazy lizosomow, a takze
zbadanie konsekwencji braku ESCRT-1 dla prawidlowego funkcjonowania lizosoméw i
sygnalizacji zwigzanej z lizosomami.

Realizujac wyznaczony cel, w pierwszej kolejnosci scharakteryzowano morfologi¢
lizosomow po usunigciu biatek kompleksu ESCRT-1 (Tsgl01 i Vps28) za posrednictwem siRNA
(ang. small interfering RNA) w modelowych liniach komorkowych raka jelita grubego RKO 1
DLD-1. Analiza mikroskopowa znacznikow lizosomalnych wykazata, ze brak ESCRT-I prowadzit
do powstawania powigkszonych lizosomow, ale nie zaburzat ich integralnosci, utrzymania
niskiego pH i zawarto$ci hydrolaz. Powigkszenie lizosoméw po usunigciu ESCRT-I mogto by¢
spowodowane zaburzong degradacja biatek btonowych obecnych na lizosomach, m. in. kanatlu
wapniowego MCOLN1, ktorego degradacja zostata zbadana przy uzyciu linii reporterowej RKO-
GFP-MCOLNLI.

W celu weryfikacji czy brak podjednostek ESCRT-I prowadzi do aktywacji odpowiedzi
transkrypcyjnej charakterystycznej dla zaburzonej funkcji lizosoméw, przeprowadzono analize
sekwencjonowania RNA. Wykazano, ze brak ESCRT-I indukowat ekspresj¢ genow zwiagzanych z

autofagig i/lub biogenezg lizosomow. Analiza frakcji jadrowych komoérek pozbawionych ESCRT-
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| potwierdzita aktywacj¢ czynnikow transkrypcyjnych z rodziny MiT-TFE, takich jak TFEB i
TFE3, potencjalnie zaangazowanych w indukcje ekspresji tych genow.

Nastgpnie zbadano mechanizm zwigzany z aktywacja czynnikow MiT-TFE po usunigciu
ESCRT-I. Analiza mikroskopowa wykazata, ze w komorkach pozbawionych ESCRT-I aktywacja
czynnikéw TFEB i TFE3 wymagata sygnalizacji zaleznej od Ca®* i hamowania aktywnosci kinazy
mTORCI, ale nie byta spowodowana ich defosforylacjg zalezng od kalcyneuryny. Dodatkowo,
analiza biochemiczna pokazata, ze brak ESCRT-I hamowal aktywnos¢ mTORCI1 specyficzng
wzgledem TFEB i TFE3, lecz nie wptywal na kanoniczne substraty mTORCI1. Dlatego
sprawdzono czy aktywacja MiT-TFE po usunieciu ESCRT-I nastgpita z powodu zmniejszonej
aktywnosci kompleksu GTPazy Rag, o ktorym wiadomo, ze kontroluje aktywno§¢ mTORC1
specyficzng dla TFEB i TFE3. Nadekspresja stale aktywowanego mutanta RagC zapobiegta
translokacji TFEB i TFE3 do jadra komorkowego w komorkach pozbawionych ESCRT-I,
wskazujac iz aktywacja czynnikow MiT-TFE zachodzita w wyniku hamowania szlaku mTORC1
zaleznego od GTPazy Rag.

Wyniki przedstawione w niniejszej rozprawie opisuja nowe funkcje kompleksu ESCRT-I
w degradacji lizosomalnych biatek blonowych i utrzymaniu niekanonicznej sygnalizacji
MTORC1. Brak ESCRT-I prowadzi do odpowiedzi homeostatycznej, polegajacej na hamowaniu
niekanonicznej sygnalizacji mTORCL1, a w konsekwencji aktywacje¢ czynnikow TFEB i TFE3, by

przeciwdziata¢ niedoborom sktadnikow odzywczych pochodzacych z degradacji lizosomalne;.
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1. Introduction

1.1. Endolysosomal transport
1.1.1. Endocytosis and endocytic trafficking to lysosomes

Endocytosis is a cellular process, which enables internalization of nutrients and
macromolecules from the cell exterior or from the plasma membrane (PM) and their subsequent
transport (trafficking) to various cellular destinations [1]. This includes trafficking of membrane
proteins including signaling receptors and channels. Endosomes are specialized membrane-bound
vesicles that facilitate the intracellular trafficking of internalized cargo. Among them, early
endosomes, recycling endosomes and multivesicular bodies (MVBs)/late endosomes can be
distinguished (Fig. 1.1) [2]. The initial destination of cargoes internalized at the PM are early
endosomes that serve as sorting stations directing the cargo depending on whether it is destined
for recycling back to the PM or for further endocytic trafficking towards degradation [3].
Recycling can occur rapidly, directly from early endosomes, or may involve additional step of
transporting the cargo from early endosomes to recycling endosomes [3]. Macromolecules that
instead of recycling should undergo degradation are inserted into the lumen of endosomes by
invagination of their limiting membrane and subsequent scission of smaller internal vesicles called
intraluminal vesicles (ILVs) [4]. Formation of ILVs is coupled with maturation of early endosomes
into late endosomes which, when contain many ILVs, are called multivesicular bodies (MVBSs)
[2]. The macromolecules present in ILVs can be either removed from the cell upon fusion of MVBs
with the PM (resulting in exosomal secretion) or they can be degraded by hydrolases provided by
degradative organelles called lysosomes [1].
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early endosome

late endosome/ MVB

pH gradient

acidic neutral lysosome

exogenous molecule
‘ membrane receptor

Figure 1.1. Schematic representation of endocytic trafficking. Upon internalization, exogenous
molecules and membrane receptors reach early endosomes, which sort the endocytosed cargo for
further degradative trafficking or recycling back to the PM. The content of late endosomes
undergoes lysosomal degradation or is secreted as exosomes. Along the transport towards
degradative compartments, the luminal pH of endocytic compartments decreases. Dashed line
indicates a still unclear mechanism of cargo delivery to lysosomes. PM, plasma membrane; MVB,
multivesicular body.

How endocytic cargoes are trafficked from late endosomes to lysosomes is still debated (Fig.
1.2) [5, 6]. One of the theories suggests that late endosomes progressively mature to become
lysosomes [5, 6]. The second model proposes the involvement of transport of vesicles carrying
cargo from late endosomes/MVBs to preexisting lysosomes [5, 6]. The third model involves the
kiss-and-run events, which encompass the formation of transient contact sites to transfer cargo
between late endosomes and lysosomes, followed by organelle dissociation [5, 6]. Finally, the
fourth theory assumes direct fusion of late endosomes and lysosomes resulting in the formation of

hybrid degradative organelles (endolysosomes) [5, 6]. Of note, to maintain the size of lysosomes
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and their steady-state number, the formation of hybrid organelles has to be balanced by the

lysosomal reformation and fission events [7].

Maturation Vesicular Kiss-and-run Hybrid model
v v \ \
Early
endosome Cﬁ A @ @
\ v v \
s @ &
endosome
J / ‘
maturation @
\.
Lysosome P
ri
o?ganelle

VAN

° @

Figure 1.2. Hypothetical models of delivery of endocytosed cargoes from late endosomes to
lysosomes. The model of maturation assumes progressive addition of lysosomal components and
removal of late endosomal elements from a given, maturing compartment. The vesicular model
suggests that cargo-loaded vesicles bud from the late endosomes and deliver their contents to the
lysosome. The kiss-and-run model proposes formation of transient contact sites, allowing for the
content exchange between late endosomes and lysosomes without complete fusion of the two
compartments. The hybrid model posits formation of fused hybrid organelles containing

components of late endosomes and lysosomes, followed by the retrieval of late endosome and
lysosome components. Modified from Luzio et al. [5].

1.1.2. Markers of organelles involved in endolysosomal trafficking

To fulfill their function in endolysosomal trafficking, endosomes and lysosomes have unique
features, which can be used as markers. They include particular proteins and lipids as well as
specific properties, such as low pH. The first station in cargo trafficking, early endosomes, are
characterized by the presence of Ras-associated GTP-binding protein 5 (Rab5) molecules, which

associate with the endosomal surface and recruit a number of effectors, including early endosome
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antigen 1 (EEA1L) [8]. EEA1 mediates the fusion of endocytic vesicles with early endosomes [9]
and is considered as one of the most specific markers of this compartment [10]. Rab5 recruits also
phosphoinositide-3-kinase (PI3K), which promotes the synthesis of endosome-specific lipid,
phosphatidylinositol-3-phosphate (P13P) [11]. Gradually, early endosomes mature into MVBs/late
endosomes. This process involves a removal of Rab5 that is substituted by another peripheral
membrane protein, Rab7 [12] and progressive acidification from pH ~6.5 to pH ~5.5 [13] (Fig.
1.1). Moreover, endosomal maturation includes also a conversion of PI3P into
phosphatidylinositol-3,5-diphosphate (PI(3,5)P2) [14].

In addition to the presence of P1(3,5)P>, late endosomes and lysosomes are highly enriched in
transmembrane glycoproteins such as lysosomal associated membrane protein 1 and 2 (LAMP1,
LAMP2) [2]. The presence of the same glycoproteins (and several other markers) in late
endosomes and lysosomes is consistent with the model of progressive maturation of endosomes
into lysosomes. However, it also fits the model of late endosome-lysosome fusion, according to
which late endosomal membranes must be prepared to meet the degradative lysosomal
environment [5, 6].

As compared to other cellular compartments, lysosomes are the most acidic organelles in the
cell (pH ~5, Fig. 1.1), that ensures optimal conditions for the activity of lysosomal hydrolases [6].
Thus, detecting low pH and the presence of active luminal hydrolases in LAMP-positive vesicular
structures can be applied to identify functional lysosomes [15], distinguishing them from late

endosomes.
1.2. Lysosomes as degradative organelles

Due to the activity of resident hydrolytic enzymes, lysosomes degrade macromolecules, which
are delivered not only from the endolysosomal pathway but also upon fusion of autophagosomes
with lysosomes (forming hybrid organelles termed autolysosomes) in a process called
macroautophagy, hereafter referred to as autophagy [16]. To perform all their degradative duties,
lysosomes contain more than 60 acidic hydrolytic enzymes, including proteases and peptidases
[17].

Newly synthesized lysosomal enzymes are transported as inactive precursors from the
endoplasmic reticulum (ER) to the Golgi complex where mannose-6-phosphate (M6P) residues
are added. Modified enzymes are recognized by mannose-6-phosphate receptors (M6PRS) in the

trans-Golgi network and transported to endosomes, from where they are further delivered to
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lysosomes [6]. In the mildly acidic pH of late endosomes, M6PR dissociates from a precursor
enzyme and returns to the Golgi apparatus to participate in the next round of transport of M6P-
tagged enzymes [18]. When enzymes reach the lysosomal lumen, its more acidic pH allows for
their proteolytic processing, hence maturation into active enzymes [19].

The best characterized group of lysosomal enzymes is the family of cathepsin proteases. Most
of them are endopeptidases and hence preferably hydrolyze the peptide bonds inside a polypeptide
chain. Depending on the amino acid found in the active site, cathepsins are classified into three
distinct groups: serine (cathepsins A and G), cysteine (cathepsins B, C, F, H, K, L, O, S, V, W,
and X) and aspartic (cathepsins D and E) proteases [20]. Amino acids obtained from lysosomal
hydrolysis of peptide bonds are exported from the lysosomal lumen by transporters. Up to date,
only a few transporters were characterized at the molecular level, including cystinosin [21],
LAAT-1/PQLC2 [22], LYAAT-1/SLC36A1 [23], SLC38A9 [24] and SNAT7/SLC38A7 [25].

Targeting of membrane proteins to lysosomes can occur via direct delivery from the trans-
Golgi network or via an indirect route, which encompasses secretory transport from the Golgi to
the PM and endocytic trafficking to lysosomes [18, 26-29]. The lysosomal membrane proteins are
crucial for the function of lysosomes. For instance, low lysosomal pH required for maturation and
activity of lysosomal hydrolases is generated by the V-type ATPase proton pump [30, 31], whose
pharmacological inhibition using bafilomycin Al (BafAl) is a commonly used approach for
studying lysosomal function [32]. Moreover, the presence of heavily glycosylated membrane
proteins, including LAMP1 and LAMP2, on the inner face of lysosomal membranes protects these
membranes from degradation by the luminal hydrolases and therefore ensures lysosomal integrity
[33].

1.2.1. Lysosomes as sites of efflux of LDL-derived cholesterol

Cholesterol constitutes an essential component of cell membranes [34] and lysosomes play an
important role in cholesterol homeostasis. Although cells may produce cholesterol by de novo
synthesis, they often acquire it from the extracellular milieu by endocytic uptake of low-density
lipoproteins (LDL) that bind to LDL receptors [35]. Upon internalization, receptor-bound LDL
particles are transported through endolysosomal compartments, where low pH promotes LDL
dissociation from the receptors [35]. Whereas the receptors are recycled back to the PM, LDL
particles undergo lysosomal degradation [35]. In contrast to a wide variety of characterized

lysosomal proteases, only one lysosomal acid lipase (LAL) is known to hydrolyze LDL-derived
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cholesteryl esters to free cholesterol and fatty acid molecules [36]. In addition to endocytic
transport, cholesterol can be delivered to lysosomes from cellular membranes through autophagy
[37].

The efflux of free cholesterol from the lysosomal lumen is regulated by an orchestrated action
of two lysosomal proteins: Niemann—Pick C1 (NPC1) and Niemann—Pick C2 [38]. NPC2 acts in
the lysosomal lumen where it binds free cholesterol released from LDL particles and transfers it
onto NPC1. NPC1 is a transmembrane protein that transports cholesterol across lysosomal
membranes [38]. Genetic mutations in genes encoding NPC1/2 proteins lead to the development
of Niemann-Pick type C disease characterized by massive accumulation of cholesterol and other
lipids within enlarged lysosomes [38]. In recent years, other lysosomal proteins, i.e. lysosomal
integral membrane protein 2 (LIMP-2) and LAMP1/2, were also reported to participate in
cholesterol export [39, 40]. Once it reaches the outer side of lysosomal membrane, cholesterol is
distributed among membrane-bound organelles. A growing body of evidence shows that major
mechanisms of this transport encompass the involvement of sterol-binding proteins and protein-
mediated membrane contact sites [41]. Perturbed transport of cholesterol or LDL deficiency affects
sensing of cholesterol levels in the ER, leading to the activation of sterol regulatory element
binding protein (SREBP) transcription factor, which increases expression of genes involved in

cholesterol biosynthesis and transport [42].
1.3. Lysosomes as Ca?* storage organelles

Besides their role in degradation of macromolecules, lysosomes constitute a reservoir of the
intracellular pool of calcium ions (Ca?*) and support the function of the ER, the main store of
intracellular Ca?* [43]. Under resting conditions, cytoplasmic Ca®* concentration is low (~100
nM), whereas its lysosomal concentration is almost 3-4 orders of magnitude higher [43, 44].
Hence, there is a Ca®" gradient between the lysosomal compartment and the cytoplasm. Upon
activation of Ca®*-permeable channels or damage of lysosomal membranes, lysosomal Ca?* is
released to the cytosol, leading to the activation of Ca?*-modulated proteins, such as calmodulin
(CaM) [45]. In turn, Ca?*-bound CaM activates its effector proteins, which regulate a broad range
of processes, including lysosomal biogenesis [46], phagophore formation [47], lysosomal
positioning and tubulation [48], lysosomal repair [49], fusion events with late endosomes [50] and

the PM [51]. Of note, the generation of a Ca®* gradient between lysosomes and the cytoplasm is

18



driven by pH-dependent activity of Ca?*/H" (CAX) exchangers or ER-mediated refilling
mechanism [44, 52].

1.3.1. Ca?"in activation of calcineurin signaling

An important CaM target in signal transmission is serine/threonine phosphatase calcineurin
(CaN), which regulates many processes, including gene expression, cytoskeletal reorganization
and apoptosis [53]. For instance, CaN-mediated dephosphorylation of nuclear factors of activated
T-cells (NFAT), myocyte-specific enhancer factor 2 (MEF2), forkhead transcription factors
(FOXO) or transcription factor EB (TFEB), promotes nuclear translocation of these factors and
expression of their target genes [53]. Noteworthy, starvation, ER stress or elevated levels of
reactive oxygen species activate the expression of target genes of TFEB and transcription factor
E3 (TFE3) in a CaN-dependent manner. These genes are involved in lysosomal biogenesis and
autophagy (described in chapter 1.4.4.) [46, 54-56].

Structurally, CaN is a heterodimer consisting of a catalytic subunit, calcineurin A (CnA)
and a Ca®*-binding regulatory subunit, calcineurin B (CnB). A complete activation of CaN requires
Ca?* and Ca®*-loaded CaM binding to the CnB, that leads to conformational changes and removal
of an autoinhibitory domain from the active site of CnA [53]. To explore biological functions of
CaN, immunosuppressive drugs, cyclosporin A (CsA) and FK506, are widely used to inhibit CaN
activity [57]. In the cytoplasm, CsA and FK506 form complexes with cyclophilin and FK506-
binding protein, respectively, which in turn inhibit CaN phosphatase activity [57].

1.3.2. Regulation of lysosomal Ca?* release via MCOLN1 channel

Lysosomal Ca?* signaling can be regulated by modulation of the activity of Ca?* channels,
including mucolipins (MCOLNZ1-3), two-pore channels (TPC1-2) and purinergic receptor P2X4
(P2X4) [6]. Mucolipinl (MCOLN1), also known as transient receptor potential mucolipin 1
(TRPMLL1), is considered as a major protein that releases Ca?* from the lumen of late endosomes
and lysosomes to the cytoplasm [58].

In addition to Ca?*, MCOLNU1 can also transport Fe?* and Zn?* ions and therefore regulate
their homeostasis [59, 60]. Impaired MCOLNL1 function affects lysosome-related membrane
trafficking, including lysosomal exocytosis [61-63], fusion of lysosomes with autophagosomes
[47, 64, 65] and trafficking from lysosomes to the trans-Golgi network [27, 66, 67]. Moreover,
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loss-of-function mutations in human MCOLNZ1 result in the development of lysosomal storage
disease (LSD) known as Mucolipidosis type IV (MLIV) [68-70].

The activity of MCOLNL1 to maintain lysosomal functions is regulated by lipid composition
of late endosomal or lysosomal membranes. It can be promoted by phosphatidylinositol-3,5-
bisphosphate (P1(3,5)P2) [71], and blocked by phosphatidylinositol-4,5-bisphosphate (P1(4,5)P2)
[72] or sphingomyelin [67]. In recent years, several pharmacological activators of MCOLN
channels were identified [67, 73-76]. However, till now, only two inhibitors are commonly used:
ML-SI1 and ML-SI3, which strongly affect MCOLNL1 activity and to a lesser extent MCOLN2
[77].

1.4. Lysosomes as platforms for the regulation of mMTORC1-dependent signaling

In addition to degradation of macromolecules and regulation of Ca* signaling, lysosomes
provide a physical platform to sense nutrient availability by the mechanistic target of rapamycin
complex 1 (mTORC1) [78]. mTORCL1 integrates information concerning energetic status of the
cell, extracellular stimuli and stress-induced signals to regulate catabolic and anabolic processes
of the cell [78].

1.4.1. Composition of MTORC1

MTOR is a serine/threonine protein kinase, which constitutes a catalytic center of two
multiprotein complexes, mMTORC1 and mTORC2. In addition to mTOR, the core of mMTORC1
consists of regulatory-associated protein of mTOR (RAPTOR), involved in the recruitment of
MTOR substrates [79] and mammalian lethal with SEC13 protein 8 (mLST8), which stabilizes the
complex and promotes mTOR activity (Fig. 1.3) [80]. The two other components of mTORC1,
proline-rich AKT substrate 40 kDa (PRAS40) and DEP-domain-containing mTOR-interacting
protein (DEPTOR), act as inhibitors of mTOR activity [81, 82]. Additionally, mTORCL1 activity
can be blocked by the recruitment of FK506-binding proteins, that is stimulated by rapamycin
compound [83]. Hence, rapamycin inhibits the activity of mTOR kinase in the mTORC1 complex
[84]. In last decades, the second generation of mMTOR inhibitors, such as INK128 or AZD8055
drugs, were developed to effectively target both mTORC1 and rapamycin-insensitive mTORC2
[85].
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Figure 1.3. Schematic representation of components of mMTORC1. Together with mTOR
(yellow), RAPTOR and mLST8 form a core of mTORCL, leading to complex stabilization and
activation (green). PRAS40, DEPTOR and rapamycin-bound FK506-binding protein inhibit
mTORCL1 activity (orange). Modified from Sabatini [86].

1.4.2. Functions of mMTORC1

To ensure cell growth and proliferation, mMTORC1 supports anabolic processes, such as
protein synthesis and lipid biogenesis, whereas it limits degradation of cellular components [78].

To promote protein synthesis, mMTORC1 phosphorylates the eukaryotic initiation factor 4E-
binding proteins (4E-BPs) and p70 S6 kinase 1 (S6K1). In the dephosphorylated state, 4E-BPs
bind and sequester eukaryotic translation initiation factor 4E (elF4E), hence inhibiting its
interaction with the mRNA 5' cap structure [87]. mTORC1-mediated phosphorylations of 4E-BP1
at its threonine residues 37 and 46 prevent elFAE sequestration and thus promote protein synthesis
[87]. Moreover, mTORCL1 phosphorylation of S6K1 at threonine 389 induces activation of its
downstream targets, including ribosomal protein S6, which controls the translation of a subset of
MRNAs encoding ribosomal components [88, 89] and eukaryotic translation initiation factor 4B
(elF4B), which promotes initiation of translation by potentiating the elF4A RNA helicase activity
[90, 91].

Furthermore, mTORC1 activity controls lipid metabolism, promoting lipogenesis and
inhibiting lipolysis and fatty acid B-oxidation [92]. mTORC1 promotes lipid synthesis via
activation of SREBP transcription factor which induces expression of genes involved in synthesis
of cholesterol, fatty acids, phospholipids and triglycerides [42]. Moreover, mTORCL1
phosphorylation of lipin-1 leads to nuclear export of this transcriptional repressor and enables
SREBP binding to its target genes [93]. mTORC1 activates also another transcription factor,
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peroxisome proliferator-activated receptor-y (PPARy), which regulates expression of genes
encoding proteins involved in fatty acid esterification, lipid storage and triglyceride synthesis [92].
Additionally, mTORC1 may downregulate expression of genes involved in f-oxidation of fatty
acids via promoting nuclear translocation of nuclear receptor corepressor 1 (NCoR1) [92].

MTORC1 regulates also glucose metabolism via S6K1- and 4E-BP1-dependent synthesis
of hypoxia inducible factor la (HIFla) protein, which induces expression of genes encoding
glycolytic enzymes [94, 95]. To keep up with energetic demands for ATP production required in
anabolic processes, mMTORC1 promotes mitochondria fission and translation of nucleus-encoded
mitochondrial proteins via activation of yin—yang 1 (YY1) and PPARy coactivator 1a (PGCla)
transcription factors [96].

To avoid undesirable degradation of newly synthesized macromolecules, mTORC1
suppresses the initiation of autophagy. To this end, mTORC1 phosphorylates unc-51-like
autophagy-activating kinase 1 (Ulk1) at serine 757 and ATG13 at serine 258, leading to the
inhibition of autophagosome formation [97, 98]. Upon starvation, inactivation of mTORCL shifts
the cellular metabolic balance in favour of catabolism, resuming formation of autophagosomes
and hence autophagic degradation [99]. Additionally, reduced mTORC1 activity promotes nuclear
accumulation of mMTORC1 downstream targets, TFEB and TFE3 transcription factors, and
expression of lysosomal and autophagic genes (described in chapter 1.4.4.) [46, 54, 55]. Newly
formed lysosomes supply the cell with nutrients derived from endolysosomal and autolysosomal
degradation and restore cellular pools of amino acids, lipids and glucose. This feedback loop

ensures reactivation of mTORCL activity after starvation, once new nutrients are provided [78].
1.4.3. Regulation of mMTORC1 signaling

To adapt its activity to cellular needs, mMTORC1 monitors, collects and integrates upstream
inputs, such as the levels of nutrients, ATP, growth factors or stressors. Activation of mMTORC1
by many of these inputs requires its association with the surfaces of lysosomes, where this complex
may interact with its regulators, such as guanine nucleotide-binding proteins, Ras-related GTP-
binding (Rag) GTPases and Ras homolog enriched in brain (Rheb) [78].
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1.4.3.1. Regulation of Rag GTPase complex activity

Rag GTPase is a heterodimer complex formed by RagA or RagB bound to RagC or RagD
proteins. It plays an important role in sensing the levels of amino acids [100]. Depending on
whether RagA/B or C/D bind GDP or GTP, this complex exists either in an active state
(RagA/BC™ and RagC/D®PP) or an inactive state (RagA/B®P" and RagC/DC™, Fig. 1.4) [100].
Rag proteins are unable to directly interact with the lysosomal membrane. Instead, they are
scaffolded to lysosomes via interaction with the Ragulator complex (also known as LAMTOR)
[101, 102]. Moreover, Ragulator exhibits a GTP exchange factor (GEF) activity toward
RagA/B®PP and promotes their conversion into RagA/B®™ [101]. Only in their active state, Rag
GTPases recruit mTOR to the lysosomal surface, enabling mTORC1 activation [103, 104].
Otherwise, mTORC1 remains inactive in the cytoplasm [103, 104].

Under amino acid-depleted conditions, a GTPase-activating protein (GAP) activity of the
GATOR1 complex promotes RagA/BS™ hydrolysis to RagA/B®PP, thus inactivating mTORC1
[105, 106]. In turn, the folliculin (FLCN)-folliculin-interacting protein (FNIP) complex activates
Rag GTPases by promoting RagC/D®™ hydrolysis to RagC/DCPP that supports mTORC1
recruitment to lysosomes [107, 108]. Leucyl-tRNA synthetase (LRS), a sensor of intracellular
leucine concentration, also exhibits a GAP function for RagC/D®™ activating the Rag GTPase
complex (Fig. 1.4) [109]. Additionally, in the presence of amino acids, the conversion of
RagA/B®P? into the RagA/BCT™P active state is supported by lysosomal transmembrane proteins,
SLC38A9 and V-type ATPase [110-113].
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Figure 1.4. Schematic representation of the regulation of Rag GTPase activity by GEF
(Ragulator, green) and GAPs (GATOR1, FLCN-FNIP, LSR, orange). Ragulator or FLCN-
FNIP and LSR promote activation of Rag GTPase complex under nutrient-rich conditions via
conversion of RagA/B®P” into RagA/BC™ or hydrolysis of RagC/D®™ into RagC/DCPF,
respectively. In turn, upon shortage of amino acids GATOR1 converts RagA/B®™ into
RagA/B®PP inactivating the Rag GTPase complex.

1.4.3.2. Regulation of Rheb

Upon tethering at the lysosomal surface via active Rag GTPase complex, mTORC1 is
directly activated by GTP-bound Rheb GTPase [114]. The best known modulator of Rheb activity
is tuberous sclerosis (TSC) complex, which mediates conversion of active Rheb®™ into inactive
Rheb®PP [114]. Upon growth factor-induced signaling, phosphorylation of TSC suppresses its
GAP activity towards Rheb and enables mTORC1 activation [115, 116]. Regulation of TSC
activity occurs via multiple signaling pathways, including PI3K-Akt [117], extracellular signal-
regulated kinase (ERK) [118], Wnt [119] and AMP-activated protein kinase (AMPK) [120]
pathways.

1.4.4. Transcriptional responses related to lysosomal function

Since recently, lysosomes are recognized also as regulators of transcriptional responses

induced upon impairment of intracellular transport, nutrient shortage or lysosomal dysfunction
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[121, 122]. To date, the best characterized transcriptional response related to lysosomal function

is orchestrated by transcription factors from the MiT-TFE family.
1.4.4.1. MiT-TFE transcription factor family

Transcription factors from the MiT-TFE family constitute a group of proteins that are
evolutionary conserved from lower metazoans to mammals and contain basic helix-loop-helix
leucine zipper (bHLH-ZIP) [123]. In vertebrates, the family comprises four members: transcription
factor EB (TFEB), transcription factor E3 (TFE3), microphthalmia-associated transcription factor
(MITF) and transcription factor EC (TFEC) [123]. Of note, TFEC is the only member that lacks a
transcriptional activation domain, and therefore may exhibit an inhibitory role in the regulation of
target gene expression [124]. Upon formation of homo- or heterodimers, MiT-TFE factors
recognize and bind to palindromic DNA fragments containing the GTCACGTGAC sequence,
known as the CLEAR motif [125, 126]. Although functions of MiT-TFE factors overlap to a large

extent, their expression levels vary substantially in different tissues [127].
1.4.4.2. Intracellular roles of MiT-TFE factors

TFEB and TFE3 factors are master regulators of lysosomal function as they induce
expression of genes encoding lysosomal and autophagic proteins [125, 128, 129]. Overexpression
of TFEB increases the number of lysosomes and activity of lysosomal enzymes [125], as well as
it promotes autophagic degradation of proteins [128], lipid droplets [130] and damaged
mitochondria [131]. Additionally, activation of TFEB and TFE3 factors promotes clearance of
non-degraded substances in models of LSD [63, 129, 132-134] and neurodegenerative diseases
[135-139]. Moreover, TFEB is implicated in the regulation of lipid metabolism. Upon starvation,
TFEB upregulates expression of PGC1a, which induces expression of genes involved in free fatty
acid oxidation in mitochondria and peroxisomes [130]. Interestingly, mammalian TFEB, TFE3
and their ortholog HLH-30 in Caenorhabditis elegans were also implicated in transcriptional
activation of an inflammatory response upon pathogen infection or lipopolysaccharide treatment,
pointing to an evolutionary conserved function of MiT-TFE members [140, 141].

The role of the MITF factor was primarily characterized in melanocyte development [142].
MITF amplification was established as oncogenic in melanocyte-derived tumors and was

associated with melanoma progression [143]. MITF loss-of-function mutation leads to
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development of Waardenburg syndrome type IlIA, manifested by deafness and pigmentation

defects in eye, hair and skin [144].
1.44.3. Regulation of subcellular localization of MiT-TFE transcription factors

In order to regulate transcription of target genes and adjust cellular metabolism, MiT-TFE
factors exploit the phosphorylation-mediated mechanism and protein-protein interactions to
shuttle from the cytoplasm to the nucleus [127]. Phosphoproteomic studies revealed that TFEB
can be phosphorylated at more than 20 sites [145-147]. However, the most widely described
mechanism of its regulation in the presence of nutrients relies on the phosphorylation of serine
residues at 122 (S122), at 142 (S142) and at 211 (S211) positions, leading to TFEB cytoplasmic
retention. Phosphorylation at S122 and S211 positions is regulated by mTORC1 [148-151],
whereas phosphorylation of S142 can be controlled by ERK2 and/or mTORC1 [128, 148] (Fig.
1.5). Historically, the first identified mTORC1-dependent phosphorylation of TFEB was the S211
phosphorylation that was described in the same year in three independent studies by groups of
Ballabio, Ferguson and Puertollano [148-150]. Generation of a constitutively active TFEB variant
carrying the serine to alanine mutation at S142 or S211 positions resulted in its accumulation in
the nucleus under nutrient-rich conditions [128, 149, 150]. A few years later, results concerning
phosphorylation of S122 were provided by the Brugarolas group [151], showing that a
phosphomimetic substitution of serine into aspartic acid at this site prevented nuclear accumulation
of TFEB despite mTORCL1 inhibition [151]. Moreover, in a series of experiments exploring ERK2-
mediated regulation, phosphorylation of TFEB on S142 and TFEB cytoplasmic retention was
abolished upon treatment with ERK pathway inhibitors or depletion of ERK proteins with sSiRNA
[128].

The phosphorylation of TFEB by mTORC1 occurs at the lysosomal surface. Under
nutrient-rich conditions, active Rag GTPases mediate lysosomal recruitment of both TFEB and
mTORC1], thereby promoting mTORC1-dependent TFEB phosphorylation [152]. Phosphorylation
of TFEB via mTORCL1 enables binding of this transcription factor by a chaperone-like adaptor
molecule 14-3-3 that masks the TFEB nuclear localization signal leading to its sequestration in the
cytosol [149-151]. Consistent with this mechanism, MiTF and TFE3 can also be retained in the
cytoplasm via interaction with 14-3-3 protein [153, 154]. TFEB cytoplasmic sequestration is also
promoted through its phosphorylations by GSK3p (on S134 and S138), Akt (on S467) kinases
[155, 156] and FLCN (on S109, S114, S122 and S211) [107, 157] (Fig. 1.5).
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Whereas cytoplasmic retention of MiT-TFE factors occurs upon their phosphorylation,
their nuclear localization requires their dephosphorylation by phosphatases [46]. A high-content
screen of putative phosphatases involved in TFEB activation upon nutrient shortage revealed the
role of Ca?*-regulated CaN in the dephosphorylation of TFEB at both S142 and S211 residues,
followed by its nuclear translocation [46]. Both siRNA-mediated depletion of ChA and treatment
with CaN inhibitors, CsA or FK506, prevent nuclear accumulation of TFEB upon starvation [46].
Similarly, activation of TFE3 due to ER stress can be hampered by CaN inhibition or depletion
[55]. Moreover, TFEB and TFE3 nuclear translocation in response to oxidative stress can be
promoted by dephosphorylation of TFEB at S109, S114, S122, and S211 residues and TFE3 at
S321 residue by the protein phosphatase 2A (PP2A) [158, 159].
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Figure 1.5. Schematic representation of domains, functional regions and phosphorylation
sites of TFEB protein. Modified from Astanina et al. [160]. GIn rich, glycine rich region; NES,
nuclear export signal; AD, transcriptional activation domain; NLS, nuclear localization signal;
bHLH, basic helix-loop-helix; ZIP, leucine zipper domain; Pro rich, proline rich region. Different
star colors indicate kinases involved in phosphorylation of relevant serine residues.

1.5. Role of ESCRT machinery in delivering cargo for lysosomal degradation

Endosomal sorting complexes required for transport (ESCRT) are a group of protein
complexes that are involved in various membrane remodeling processes in cells. ESCRT
machinery consists of four complexes (0-111) and additional accessory proteins that assemble in a
coordinated manner to enable membrane invagination and scission [161].

The best characterized function of ESCRT machinery is the formation of ILVs during
endocytic sorting of proteins destined for lysosomal degradation (Fig. 1.6). In this process,

subunits of ESCRT-0, hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) and

27



signal-transducing adaptor molecule (STAM) recognize and bind endocytosed membrane proteins
marked for degradation by ubiquitin [162-165]. Then, a heterotetrameric ESCRT-I complex binds
to ESCRT-0 [166, 167]. ESCRT-I encompasses the following subunits: tumor susceptibility 101
(Tsg101), vacuolar protein sorting-associated protein 28 homolog (Vps28), vacuolar protein
sorting-associated protein 37 (one out of four known Vps37A-D isoforms), and multivesicular
body subunit 12 (MVB12A or MVB12B isoform) or ubiquitin associated protein 1 (UBAP1)
[166]. Apart from binding to ESCRT-0, some ESCRT-I components (specifically Tsg101, UBAP1
or MVB12) also recognize ubiquitinated proteins with their ubiquitin binding domains [166]. The
Vps28 subunit of ESCRT-I interacts directly with ELL-associated protein of 45 kDa (EAP45)
[168], which together with EAP30 and two subunits of EAP20 forms the ESCRT-11 complex [169].
After their recruitment to the endosomal membrane, the ESCRTO-11 complexes initiate inward
membrane budding [170]. In the next step, EAP20 proteins support the assembly of the ESCRT-
I11 complex by binding to its component, charged multivesicular body protein 6 (CHMP6) [171].
In addition to CHMPG6, ESCRT-III consists of other core proteins, such as CHMP4A-C, CHMP3,
CHMP2A-B, and several accessory proteins, which regulate the polymerization of ESCRT-III
subunits [161]. In contrast to ESCRTO-1I complexes, which form stable complexes, ESCRT-III
subunits reside in the cytoplasm as monomers. Upon recruitment to endosomal membrane,
ESCRT-III forms membrane-bending spirals that facilitate membrane deformation to generate
ILVs. Specifically, polymerization of ESCRT-I111 spirals leads to membrane invagination into the
endosomal lumen and constriction of this invagination near the endosomal limiting membrane
[161]. As a final step in ILV formation, an accessory ATPase protein that cooperates with ESCRT-
I11, vacuolar protein sorting 4 (Vps4), provides energy for further constriction and scission of the
vesicle forming in the endosomal lumen [172-174]. At the same time ESCRT-III subunits are
disassembled and may be recycled to form the next ILVs [175, 176]. As a result of the coordinated
action of ESCRT machinery, endosomes transform into MVBs containing numerous internal
vesicles that can be delivered for lysosomal degradation [20]. Alternatively, instead of being
directed to lysosomal degradation, the content of MVBs can be targeted to the cell surface. Upon
fusion of MVBs with the plasma membrane, ILVs loaded with cargo are released into the
extracellular environment as extracellular vesicles (exosomes), in a process called exosome
secretion [177]. Given their role in MVB formation, deficiency of ESCRT components leads to

intracellular accumulation of enlarged endosomes largely devoid of ILVs [178-180].
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Another intracellular process that delivers cargo for lysosomal degradation and is controlled
by ESCRT machinery is autophagy. Upon induction of autophagy, the intracellular content is
engulfed by a double-membrane structure, a phagophore, which after its closure forms an
autophagosome that subsequently fuses with the lysosome [181]. Depletion of ESCRT
components (ESCRT-I, -II, -1l or Vps4) disrupts autophagic flux resulting in a massive
accumulation of autophagosomes and protein aggregates [182, 183]. Additionally, a genome-wide
CRISPR screen revealed that ESCRT proteins are required for phagophore closure [184, 185].

Hence, due to the involvement of ESCRT machinery in endosomal sorting and autophagy, they

mediate transport of cargo destined for lysosomal degradation.
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Figure 1.6. Schematic representation of ESCRT assembly and function in MVB biogenesis.
Upon binding to ubiquitinated receptors on the endosomal membrane, a coordinated action of
ESCRT-O0, -I, -11, -1l and Vps4 enables constriction of ILV neck and receptor sorting into the
MVB lumen. Modified from Vietri et al. [186].

1.6. Involvement of ESCRT in controlling signaling from endosomes

ESCRT machinery plays an important role in controlling signal transduction. Because
signaling receptors are among membrane proteins that are sorted into the interior of MVBs,

ESCRT components (i) regulate the intracellular pool of receptors by delivering them for
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lysosomal degradation, and (ii) disconnect receptors from their cytoplasmic effectors, thus
attenuating receptor signaling [187, 188].

ESCRT proteins negatively regulate signalling from a broad range of receptors, including
receptor tyrosine kinases (RTKSs) and cytokine receptors [189-194]. One of the model receptor
commonly used to study endocytosis is a member of the RTK family, epidermal growth factor
receptor (EGFR). Depletion of Hrs, Tsg101 or Vps4A leads to EGFR accumulation on enlarged
endosomes as well as increased activation of its downstream effectors, including ERK1/2 [180].
Moreover, some cytokine receptors, such as lymphotoxin  receptor (LTBR) and tumor necrosis
factor receptor 1 (TNFR1), undergo constitutive ESCRT-mediated downregulation. Lack of
Tsgl01, Vps28, UBAP1 or CHMP4B results in abnormal accumulation of these receptors on
enlarged endosomes and activation of TNFR-associated factor 2/3 (TRAF2/3) effectors, inducing
an inflammatory NF-kB response [193, 194].

1.7. Role of ESCRT components in maintaining lysosomal homeostasis

ESCRT proteins are also implicated in the repair of lysosomal membranes. Many factors
including lysosomotropic drugs, mineral crystals, f-amyloid or pathogen infection may disrupt
lysosomal membrane integrity [195]. Unintended release of hydrolases from the lysosomal lumen
to the cytosol can lead to digestion of essential proteins and eventually kill the cell in a process
termed lysosomal cell death [196, 197]. To limit this hazardous effect, cells utilize a quality control
mechanism which exploits the affinity of cytosolic galectins to glycoproteins present on the
luminal lysosomal surface. Galectins binding to damage-exposed glycoproteins initiate selective
autophagy to remove damaged lysosomes, so called lysophagy [195]. Unlike lysophagy, which is
defined as a slow process of removal of the whole organelle [186], ESCRT components are rapidly
recruited to the perforation site to restore lysosomal membrane integrity [49, 198, 199]. siRNA-
mediated depletion of several ESCRT subunits impairs lysosomal membrane repair upon treatment
with lysoosmotic agents, silica crystals and bacterial infection [49, 198].

Furthermore, ESCRT components are implicated in turnover of vacuolar membrane proteins
in yeast. Similar to ESCRT-mediated endosomal sorting, ubiquitinated vacuolar membrane
proteins, like vacuolar lysine transporter Ypgl, zinc importer Zrcl or cobalt uptake protein Cotl,
are recognized and internalized into the vacuolar lumen by the ESCRT machinery [200-203].
Despite the functional analogy of yeast vacuoles with mammalian lysosomes [204], so far only

one very recent study showed the involvement of mammalian ESCRT-111 and Vps4 protein in the
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turnover of lysosomal membrane proteins, namely lysosomal-associated transmembrane protein
4A (LAPTMA4A) and E3 ubiquitin-protein ligase RNF152 ([205], the study published when the
experimental part of this thesis was finished). Nevertheless, the role of ESCRT proteins in the
degradation of lysosomal membrane proteins still remains poorly defined.

1.8. Other roles of ESCRT components

In addition to their role in the endolysosomal pathway, ESCRT proteins are involved in the
regulation of many other cellular processes, including cytokinesis, viral budding, PM or nuclear
envelope repair [186]. During cell abscission, centrosomal protein CEP55 mediates accumulation
of Tsg101 and ALIX at the midbody ring followed by engagement of other subunits of ESCRT-
I1, -111 and VVps4 [206]. Next, ESCRT components bind spastin, an AAA-ATPase, which mediates
removal of remaining microtubules and splitting of the intercellular bridge [207]. The ESCRT
properties in membrane remodeling can be usurped by viruses, such as HIV-1 or Ebola, for their
maturation and budding [208]. To enable virus release from infected cells, different short peptide
motifs within the viral proteins recognize and bind to particular ESCRT subunits [208]. Moreover,
ESCRT proteins mediate the sealing and repairing of damaged cellular membranes. In addition to
the restoration of lysosomal membrane integrity upon damage, they act at the site of PM injury
[209]. Massive Ca?* influx through the membrane wound facilitates the formation of the calcium-
binding protein-apoptosis-linked gene (ALG)-2-ALIX complex, followed by the recruitment of
Tsg101 and late-acting ESCRT components [210, 211]. Inhibition of ESCRT function, particularly
depletion of ESCRT-I1II, promotes activation of inflammatory caspases and pyroptotic cell death
upon PM lesions [212]. Moreover, ESCRT machinery was implicated in the sealing of nuclear
envelope upon mechanical stress [213, 214] or chromosomal separation during mitotic exit [215].

Collectively, the diversity of sites of action and numerous functions performed by ESCRT
components underlie their unique role in membrane trafficking, regulation of signaling cascades

and maintaining organelle integrity.

1.9. Diseases caused by mutations or abnormal expression of genes encoding ESCRT

proteins

Given the diversity of ESCRT-driven processes, the impairment of ESCRT functions lead to
the development of severe pathologies [216]. Point mutations, abnormal protein levels or loss of

ESCRT components are associated with several types of cancers [216]. For instance, genes
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encoding ESCRT-I proteins, Tsg101 and Vps37, were reported as often deleted or mutated in
cancer and may act as tumor suppressors [217-219]. Aberrant expression of the gene encoding
Tsg101 is observed in many cancer types, including cervical carcinomas [220], head and neck
squamous cell carcinoma, stomach adenocarcinoma and kidney renal clear cell carcinoma [221].
Additionally, transcription of another ESCRT-I, Vps37A, is downregulated in hepatocellular
carcinomas [218], breast cancer [222], ovarian cancer [223], renal cell carcinoma [224] and
colorectal adenocarcinoma [221, 225]. Additionally, deficiency of Vps37A is associated with
increased proliferation and migration of cancer cells [226-229]. However, some studies indicated
ESCRT-I overexpression rather as a prognostic marker, which correlates with poor patient
prognosis and increased metastasis [230-233].

The late-acting components of ESCRT machinery, ESCRT-III and Vps4, are also associated
with tumor development, however whether they promote or inhibit carcinogenesis is still debated.
A subunit of ESCRT-11I, CHMP1A, was found to be downregulated in pancreatic cancer cells
[234], renal cell carcinomas [235] and colorectal adenocarcinoma [221]. Additionally,
downregulation of Vps4B was observed in different types of cancer, notably in colorectal cancer
[236]. On the other hand, components of ESCRT-IIl (CHMP4B and CHMP4C) and Vps4A
appeared as pro-oncogenic and their elevated levels improved resistance to anticancer treatment
[237-240]. Recent studies revealed also that ESCRT-mediated membrane repair can help tumor
cells to resist immune attack [241]. Interestingly, targeting Vps4A function was proposed as a new
therapeutic strategy for personalized treatment of cancer with low expression of gene encoding
Vps4B [236].

Dysregulated ESCRT functions were also observed in many diseases related to
neurodegeneration. Lack of a functional ESCRT-I subunit, UBAP1, was recently described in
hereditary spastic paraplegia [242-245]. Mutations within the ESCRT-II1 subunit, CHMP2B, were
reported in patients with a rare form of frontotemporal dementia [246] and amyotrophic lateral
sclerosis [247, 248]. Moreover, ESCRT components are involved in endosomal sorting of -
amyloid and a-synuclein, proteins contributing to the development of Alzheimer's disease and
Parkinson's disease, respectively [249, 250]. As a consequence of ineffective ESCRT-mediated
endolysosomal and autolysosomal degradation, accumulated ubiquitin and/or p62 protein

aggregates promote progressive neurodegeneration [251]. Thus, activation of ESCRT-mediated
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processes or a genetic correction of impaired trafficking proteins may be a beneficial approach to
support clearance of toxic aggregates.

Recently, Vps4A was shown as a critical factor in reticulocyte maturation. Mutations in the
gene encoding Vps4A were reported among patients with congenital dyserythropoietic anemia and
contributed to defects in erythropoiesis and neurodevelopment [252]. Similarly, de novo missense
mutations in the gene encoding Vps4 were identified among individuals suffering from a severe

neurodevelopmental delay, brain abnormalities and anemia [253].
1.10. Targeting lysosomal function in diseases including cancer

A possible strategy to target lysosomal function under pathological conditions depends on the
etiology of lysosomal impairment. Generally, there are two opposite therapeutic strategies relying
on the induction or inhibition of lysosomal function depending on the cellular context [254].

The improvement or induction of lysosomal function is a desired approach in treatment of
LSDs and neurodegenerative diseases [254]. In this case, dysfunction of lysosomal enzymes or
non-enzymatic proteins impairs processes of cellular clearance, leading to the accumulation of
potentially toxic products, dysregulation of cellular signaling and inflammation [255-257]. Up to
date, substantial progress was made in treatment of LSDs using enzyme replacement therapy,
chemical chaperone therapy or substrate reduction therapy [258]. Moreover, targeting autophagy
upstream of lysosomes is gaining more interest in treatment of neurodegenerative diseases [181,
259]. A particular example of such treatment is a pharmacological or genetic activation of TFEB,
which partially restores degradation of protein aggregates in Alzheimer's disease [137, 138, 260],
Parkinson’s disease [135, 136, 261] and Huntington's disease [262].

The second therapeutic approach aims to alleviate excessive lysosomal activity in treatment
of cancer and autoimmune diseases [254]. Lysosomes are important regulators of macromolecule
recycling to support cancer cell growth and proliferation. Due to their exocytosis, lysosomes can
also acidify and degrade extracellular matrix, promoting cell migration and metastasis [263].
Excessive lysosomal function can contribute to development of the multidrug resistance phenotype
via sequestration of chemotherapeutics in lysosomes, which results in impaired delivery of these
drugs to intracellular targets [264]. An example of such mechanism is treatment of cancer cells
with hydrophobic weak-base drugs, e.g. doxorubicin, which was associated with TFEB activation,
lysosomal biogenesis and increased lysosomal enzyme activity [264]. Moreover, overexpression

of genes encoding MIiT-TFE factors or increased nuclear translocation of these proteins were
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reported in many types of cancer cells, including melanoma [265], pancreatic adenocarcinoma
[266], renal cell carcinoma [267], non-small cell lung cancer [268] and colorectal cancer [269].
Because cancer cells greatly rely on lysosomal functions, targeting lysosomal acidification,
lysosomal cathepsins, lysosomal membrane integrity, lysosomal Ca?* signaling, mTORC1
signaling or TFEB may serve as a therapeutic window to make cancer cells more vulnerable to
death [270]. However, the greatest limitation of this strategy is the lack of drugs with high

efficiency and specificity towards lysosomal compartment of cancer cells [254, 270].
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2. Aims of the study

Recently, ESCRT components, including ESCRT-I, were shown to mediate degradation of
ubiquitinated vacuole membrane proteins in yeast by facilitating their sorting into the vacuolar
lumen [200, 202, 203, 271]. However, whether mammalian ESCRT proteins act also at lysosomes
has been poorly studied. Initially, the only known role of mammalian ESCRT components,
including ESCRT-I, at lysosomes was their contribution to repairing the lysosomal membrane
upon damage [49, 198, 272]. Only at the final stages of the study presented in this thesis, another
publication reported the involvement of some ESCRT components in the turnover of lysosomal
membrane proteins [205]. Nevertheless, the role of ESCRT proteins in lysosomal homeostasis
was not fully unraveled.

The general aim of this project was to characterize the role of ESCRT-I in the regulation
of lysosomal morphology, function and signaling, as well as to identify molecular mechanisms
that activate MiT-TFE signaling from lysosomes upon ESCRT-I depletion. The specific aims of
this thesis were to:

1. Characterize morphology and degradative capacity of lysosomes upon ESCRT-I depletion.

2. Determine the role of ESCRT-I in degradation of lysosomal membrane proteins.

3. Identify transcription factors activated upon ESCRT-I1 depletion and involved in signaling
from lysosomes.

4. Verify the effect of impaired cholesterol efflux from lysosomes on the activation of MiT-

TFE signaling upon ESCRT-I depletion.

5. Examine the involvement of Ca®** mediated signaling on the activation of MiT-TFE
transcription factors upon ESCRT-I depletion.

6. Investigate the status of mMTORC1 activation upon ESCRT-I depletion and its contribution
to MiT-TFE activation.

7. Study the contribution of Rag GTPase complex to the activation of MiT-TFE signaling
upon ESCRT-I depletion.
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3. Materials and methods

3.1. Materials

3.1.1. Cell lines

Table 3.1.1. List of cell lines used in the PhD project

expression of GFP-
MCOLN1

Cell line Culture medium | Description Source
DLD-1 DMEM Human colon carcinoma | ATCC
cells
HEK?293T DMEM Human embryonic kidney | ATCC
293T cells
RKO EMEM Human colon carcinoma | ATCC
cells
RKO-GFP-MCOLN1 | EMEM RKO cells with stable Generated in this

thesis

3.1.2. Cell culture media and supplements

Table 3.1.2. List of cell culture reagents used in the PhD project

Name Source Cat. No. Application

Eagle's Minimum LGC Standards-ATCC | 30-2003 Cell culture of RKO

Essential Medium

(EMEM)

Dulbecco's Modified Sigma-Aldrich M2279 Cell culture of DLD-1,

Eagle's Medium HEK293T

(DMEM)

Fetal bovine serum Sigma-Aldrich F7524 DMEM and EMEM

(FBS) media supplement

Delipidated FBS Biowest S181L EMEM medium
supplement

L-glutamine Sigma-Aldrich G7513 DMEM medium
supplement

Earle’s balanced salt Sigma-Aldrich E2888 Starvation medium

solution (EBSS)

Trypsin VWR MDTC25-052- Cell detachment

CVv
Puromycin ABO P0O01 Cell selection
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3.1.3. Primary antibodies

Table 3.1.3. List of primary antibodies used in the PhD project. WB, western blot; IF,

immunofluorescence

Antigen Origin Source Cat. No. Application, dilution

EEA1 Mouse | BD Biosciences 610457 IF 1:200

GAPDH Rabbit Santa Cruz Sc-25778 WB 1:1000
Biotechnology

GFP Goat R&D Systems AF4240 WB 1:1000

H3 Rabbit | Sigma-Aldrich H0164 WB 1:10000

HA Mouse | Cell 2367 WB 1:1000,
Signaling Technology IF 1:100

Hrs Rabbit | Abcam Ab155539 WB 1:1000

LAMP1 Mouse | DSHB H4A3 IF 1:400

LAMP1 Rabbit | Sigma-Aldrich L-1418 IF 1:200

mTOR Rabbit | Cell 2983 IF 1:100
Signaling Technology

P-4E-BP1 Rabbit | Cell 2855 WB 1:1000

Thr37/46 Signaling Technology

P-S6K1 Thr389 | Rabbit | Cell 9234 WB 1:1000
Signaling Technology

P-TFEB S122 Rabbit | Cell 86843 WB 1:1000
Signaling Technology

P-Ulkl1 S757 Rabbit | Cell 6888 WB 1:1000
Signaling Technology

TFE3 Rabbit | Cell 14779S WB 1:1000,
Signaling Technology IF 1:100

TFEB Rabbit | Cell 4240S WB 1:1000,
Signaling Technology IF 1:100

Tsgl01 Mouse | Abcam ab83 WB 1:1000

Ubiquitin (FK2) | Mouse | Enzo Life Sciences BML-PW8810 | IF 1:400

Vinculin Mouse | Sigma-Aldrich V9131 WB 1:1000

Vps28 Rabbit | Abcam ab167172 WB 1:1000
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3.1.4. Secondary antibodies

Table 3.1.4. List of secondary antibodies used in the PhD project. WB, western blot; IF,

immunofluorescence

Antigen Origin | Source Cat. No. | Application,dilution
Alexa Fluor 488—conjugated | Donkey | Thermo Fisher A-21202 | IF 1:500
donkey anti-mouse Scientific
Alexa Fluor 555—-conjugated | Donkey | Thermo Fisher A-31570 | IF 1:500
donkey anti-mouse Scientific
Alexa Fluor 647—conjugated | Donkey | Thermo Fisher A-31573 | IF 1:500
donkey anti-rabbit Scientific
Horseradish peroxidase Bovine | Jackson 805-035- | WB 1:10000
(HRP)-conjugated anti-goat ImmunoResearch | 180
Labs
Horseradish peroxidase Goat Jackson 115-035- | WB 1:10000
(HRP)-conjugated anti-mouse ImmunoResearch | 062
Labs
Horseradish peroxidase Goat Jackson 111-035- | WB 1:10000
(HRP)-conjugated anti-rabbit ImmunoResearch | 144
Labs
3.1.5. Plasmids
Table 3.1.5. List of plasmids used in the PhD project
Name Source Cat. No.
pLenti-CMV-MCS-GFP-SV | Addgene 73582
pMD2.G Addgene 12259
psPAX2 Addgene 12260
mucolipinl-pEGFP C3 Addgene 62960
pRK5-HA GST RagC WT Addgene 19304
pRK5-HA GST RagC 75L Addgene 19305
3.1.6. Bacterial strains
Table 3.1.6. Bacterial strain used in the PhD project
Strain Source Genotype

Stbl3 (Escherichia coli) | Thermo Fisher Scientific

F-mcrB mrrhsdS20(rB-, mB-) recA13
SUpE44 ara-14 galK2 lacY1 proA2
rpsL20(StrR) xyl-5 A-leumtl-1
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3.1.7. Bacterial culture reagents

Table 3.1.7. List of reagents used for bacteria culture in the PhD project

Name Source Cat. No.
LB Broth Lennox Bio Shop LBL405.1
LB Agar Lennox Bio Shop LBL406.1
Ampicilin (antibiotic) Sigma-Aldrich A9518

3.1.8. Chelator and inhibitors

Table 3.1.8. List of chelator and inhibitors used in PhD project

Name Source Cat. No. Final Application
concentration/
time of treatment
Bafilomycin A1 | Sigma-Aldrich | B1793 50 nM, 18 h V-ATPase inhibitor
(BafAl) of lysosomal
acidification
BAPTA-AM Santa Cruz sc-202488 10 uM, 2 h Intracellular Ca?*
(BAPTA) chelator
Cyclosporin A | Santa Cruz sc-3503 25uM, 2 h Calcineurin
(CsA) inhibitor
INK128 Selleckchem S2811 1 uM,2h MTORC1/2
inhibitor
ML-SI1 Cayman GW 405833 | 25uM,2h MCOLNTL inhibitor
Chemical

3.1.9. Small interfering RNA oligonucleotides (SIRNA)

Table 3.1.9. Ambion Silencer Select small interfering RNA (siRNA) from Thermo Fisher
Scientific used in the PhD project

Name Target gene/protein Cat. No. Sequence 5°-3°
siCtrl#l Non-targeting control 4390843 Sequence not provided by the

no. 1 manufacturer
Ctrl#2 Non-targeting control 4390846 Sequence not provided by the

no. 2 manufacturer
siTsgl01#1 TSG101/Tsg101 s14439 GAAAAAGGGUCACCAGAAALt
siTsgl01#2 TSG101/Tsg101 s14440 CUGUAAUGUUAUUACUCULt
siVps28#1 VPS28/Vps28 s27577 AAUCAGCUCUAUUGACGAALt
SiVps28#2 VPS28/Vps28 s27579 GAAGUGAAGUUGUACAAGALt
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SiITFEB#1 TFEB/TFEB 515495 ACAUCAAUCCUGAAAUGCALtt
SITFEB#2 TFEB/TFEB $15496 AGGAGACGAAGGUUCAACATT
SITFEB#3 TFEB/TFEB $15497 AGACGAAGGUUCAACAUCALtt
SITFE3#1 TFE3/TFE3 $14030 GCAGCUCCGAAUUCAGGAALt
SITFE3#2 TFE3/TFE3 s14031 GGCGAUUCAACAUUAACGALt
SITFE3#3 TFE3/TFE3 $14032 AGCUUCUACGAGCUCAAAALt

3.1.10. Transfection reagents

Table 3.1.10. List of transfection reagents used in the PhD project

Name Source Cat. No.
Lipofectamine RNAIMAX Thermo Fisher Scientific 13778150
Lipofectamine 2000 Thermo Fisher Scientific 11668019

3.1.11. Primers

Table 3.1.11. List of RT-qPCR primers used in the PhD project

Name of Forward primer Reverse primer

gene

GAPDH CATGTTCGTCATGGGTGTGAACCA | GTGATGGCATGGACTGTGGTCAT
MCOLN1 | GAGTGGGTGCGACAAGTTTC TGTTCTCTTCCCGGAATGTC

NPC1 GGGCAGCTCCGTGTTCAG ACTTTTGGCTTTATTTACTGATGGC
TFE3 TGTTCGTGCTGTTGGAGGAG TCCTGGAGCCCCCTTGAG

TFEB GCAACAGTGCTCCCAATAG TCAGGATTGATGTAGCCAAG
TSG101 CCTCCCAATCCCAGTGGTTACCCA | GGTGTCCTCGCTGATTGTGCCA
VPS28 AGCCGTCCAGGTCTCAGTGC AGCCGTCCAGGTCTCAGTGC

3.1.12. Commonly used buffers and solutions

Table 3.1.12. List of buffers and solution used in the PhD project

Name

Composition

Phosphate buffered saline (PBS)

KH2PO4, pH 7.4

0.13 M NaCl, 2.7 mM KCl, 4.2 mM NazHPO4, 1.4 mM

PBST

0.1% Tween-20 in PBS

Laemmli buffer

50 mM Tris pH 6.8, 100 mM DTT, 2% SDS, 10%
glycerol, 0.05% bromophenol blue

RIPA lysis buffer

1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris (pH 8), 150 mM NaCl, 0.5 mM EDTA

CLAAP

APMSF

0.6 ng/ml chymostatin, 0.5 pg/ml leupeptin, 10 pg/ml
antipain, 2 pg/ml aprotinin, 0.7 png/ml pepstatin, 10 pg/ml
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Running buffer

25 mM Tris pH 8.5, 0.19 M glycine, 1% SDS

Transfer buffer

20 mM Tris pH 8.3, 0.15 M glycine, 10% methanol

Ponceau S solution

0.1% Ponceau S, 1% acetic acid

Blocking buffer

5% non-fat dry milk in washing buffer

Paraformaldehyde (PFA)

3.6% paraformaldehyde, 0.12 mM CaClz, 0.12 mM MgCl;
in PBS

Saponin solution |

0.1% saponin, 0.2% gelatin, 5 mg/ml BSA in PBS

Saponin solution |1

0.01% saponin, 0.2% gelatin in PBS

TAE buffer

40 mM Tris, 20 mM acetic acid, 1 mM EDTA

2x HBS buffer

280 mM NacCl, 50 mM HEPES, 1.5 mM NazHPO4, 10 mM
KCI, 12 mM sucrose, pH 7.5

glycerol

TF1 10 mM MES pH 5.8, 45 mM MnCl, 10 mM CaCl,, 100
mM RbCl
TF2 10 mM PIPES pH 6.5, 50 mM CaClz, 10 mM RDbCl, 15%

3.1.13. Commercial assay kits

Table 3.1.13. List of commercial assay kits used in the PhD project

Name Source Cat. No.

Clarity Western ECL Bio-Rad 1705061

Substrate

Gel Extraction Kit Mecherey-Nagel 740422.50

NucleoBond Xtra Midi EF

High Pure RNA Isolation Kit | Roche Diagnostics 11828665001

KAPA SYBR FAST gPCR KapaBiosystem KK4618

Master Mix

(2X) Universal Kit

Pierce BCA Protein Assay Thermo Fisher Scientific 23225

QIAquick Gel Extraction Kit | Syngen SY103000

3.1.14. Other reagents
Table 3.1.14. List of other reagents used in the PhD project

Name Source Cat. No.

Bovine serum albumin (BSA) BioShop ALBO001

DAPI Sigma-Aldrich D9542

Dimethyl sulfoxide (DMSO) BioShop DMS666.100

dNTP mix Thermo Fisher R0193
Scientific

DRAQ7 Thermo Fisher D15106
Scientific

Filipin I11 from Streptomyces filipinensis (Filipin) | Sigma-Aldrich FA767

Hoechst 33342 (Hoechst) Thermo Fisher 62249
Scientific

41



LysoTracker Red DND-99 (LysoTracker) Thermo Fisher L7528
Scientific

M-MLYV Reverse Transcriptase Sigma-Aldrich M1302

NEBuffer™ 2.1 NEB B7202

Oligo(dT)2s, Anchored Sigma-Aldrich 04387

Opti-MEM Sigma-Aldrich 11058021

PageRuler Prestained Protein Ladder Thermo Fisher 26617
Scientific

Pepstatin A conjugated to BODIPY FL Thermo Fisher P12271
Scientific

Phosphatase inhibitor cocktail 2 (P1C2) Sigma-Aldrich P5726

Phosphatase inhibitor cocktail 3 (PIC3) Sigma-Aldrich P0044

Phusion™ High-Fidelity DNA Polymerase Thermo Fisher F530L
Scientific

Phusion HF reaction buffer Thermo Fisher F518L
Scientific

R buffer Thermo Fisher BR5
Scientific

Random Nonamers Sigma-Aldrich R7647

Restriction enzyme BamHI Thermo Fisher ERO0051
Scientific

Restriction enzyme Mlul Thermo Fisher ERO0561
Scientific

Restriction enzyme Xbal Thermo Fisher ER0681
Scientific

Restriction enzyme Xhol Thermo Fisher ERO0691
Scientific

T4 DNA polymerase NEB M0203S

Tango buffer Thermo Fisher BY5
Scientific

Trypan blue NanoEntek EVS-050
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3.2. Methods

3.2.1. Cell culture

RKO and RKO-GFP-MCOLNL1 cells were maintained in EMEM medium supplemented
with 10% FBS (full medium), whereas DLD-1 and HEK293T were maintained in DMEM medium
supplemented with 10% FBS and 2 mM L-glutamine. All cell lines were cultured in P100 dishes
in an incubator with 5% CO; at 37°C. At 70-80% confluency, cells were washed with PBS,
detached from the dish surface by incubation with trypsin, diluted 1:8 or 1:16 and plated in a new
dish. Cells were not passaged more than 10 times.

For freezing, cells were trypsinized and suspended in culture medium. Upon centrifugation
at 200 g for 5 minutes, cell pellet was resuspended in culture medium supplemented with 10%
dimethyl sulfoxide (DMSO) and 40% of fetal bovine serum (FBS), and transferred to cryotubes.
After slow freezing at -80°C, the cryotubes were stored in liquid nitrogen.

To thaw a new batch, cells were quickly thawed in a water bath and transferred to a pre-
warmed culture medium. In order to remove DMSO from the medium, cell suspension was
centrifuged at 200 g for 5 minutes. Cell pellet was resuspended in fresh medium and plated in a
new dish.

3.2.2. Cell treatment

LysoTracker dye was used for 30 minutes to stain lysosomes in RKO and DLD-1 cells at 50
nM concentration for live cell imaging or 500 nM concentration for fixed cell imaging. To chelate
the intracellular pool of Ca?*, RKO cells were treated with 10 uM BAPTA-AM (BAPTA) for 2 h.
In order to inhibit the activity of calcineurin (CaN) or MCOLNL1 in RKO cells, Cyclosporin A
(CsA) or ML-SI1 were applied, respectively, for 2 h, both at 25 uM concentration. To inhibit
lysosomal function, RKO cells were treated with 50 nM bafilomycin Al (BafAl) for 18 h. To
deprive RKO cells of exogenous lipids, cells were incubated in EMEM medium supplemented
with delipidated FBS for 40 h. EBSS medium was used for 2 h to deplete RKO cells of nutrients.

3.2.3. Cell transfection with siRNA using Lipofectamine RNAIMAX

Before transfection, cells were seeded at the concentrations indicated in Table 3.2.1. To this
end, 12 pl of cell suspension was mixed with 12 pl of trypan blue. Cell density was analyzed using
EVE™ Automated Cell Counter (NanoEntek).

43



Table 3.2.1. Seeding concentrations of the indicated cell lines

Seeding concentrations

RKO,
RKO-GFP-MCOLN1 DEDSL

0.8 x 10° cells/well

type of experiment;
plate format

0.8 x 105 cells/well western blotting;

6-well plate
5 i quantitative real-time PCR;
0.8 x 10 cells/well 6-well plate
6 . 6 : cellular fractionation;
0.9 x 10° cells/dish 0.9 x 10° cells/dish P100 dish

immunofluorescence;
96-well Grainer Bio-One plate
(additionally covered with 0.2%
gelatin before seeding of RKO and
RKO-GFP-MCOLNZ1 cells)

0.25 or 0.4 x 108 cells/well 0.2 x 102 cells/well

24 h after seeding, cells were transfected with siRNAs using Lipofectamine RNAIMAX
transfection reagent according the manufacturer’s protocol. Ambion Silencer Select siRNAs
(listed in Table 3.1.9) were used at the final concentration of 30 nM in experiments with single
gene knockdowns. In experiments with simultaneous knockdown of three genes, each siRNA was
used at concentration of 20 nM and when necessary total SiIRNA concentration was adjusted to 60
nM with siCtrl#1. The siRNAs were diluted in Opti-MEM and mixed with Lipofectamine
RNAIMAX diluted in Opti-MEM as described in Table 3.2.2. siRNAs and Lipofectamine
RNAiMax were incubated together for 20 minutes at room temperature to form complexes and
added to cells. In each experiment, non-targeting siRNA (siCtrl #1 and/or #2) and/or mock (no

siRNA in transfection mixture) controls were used. After 48 or 72 h cells were further analyzed.

Table 3.2.2. Transfection mixes with Lipofectamine RNAIMAX

Reagents per dish/well: - PLEIBiIE
P100 dish | 6-well plate | 96-well plate
30 nM siRNA 15 ul 3ul 0.15 pl/
20 nM siRNA - 2 ul -

Opti-MEM for siRNA dilution 1000 pl 200 ul 10 pl
Lipofectamine RNAIMAX 20 pul 4 ul 0.2 ul
Opti-MEM for Lipofectamine RNAIMAX dilution | 1000 pl 200 ul 10 pl
Total volume added per dish/well 2000 pl 400 pl 20 pl
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3.2.4. Cell transfection with plasmids

24 h post transfection with siRNA (described in Table 3.2.2), RKO cells were transfected
with plasmids using Lipofectamine 2000 transfection reagent according the manufacturer’s
protocol. First, HA-GST-RagC constructs were diluted in Opti-MEM and gently mixed with
Lipofectamine 2000 diluted in Opti-MEM as described in the Table 3.2.3. After 5 minutes of
incubation, transfection mixture was added to cells. To prevent a loss of cell viability due to
Lipofectamine 2000 reagent, 5 h post transfection with plasmids, medium was exchanged into
fresh EMEM medium.

Table 3.2.3. Transfection mixes with Lipofectamine 2000

Reagents per well: P EiET
6-well plate 96-well plate
plasmid (stock: 1 pug/ul) 5ul 0.1 ul
Opti-MEM for plasmid dilution 100 ul 4.9 ul
Lipofectamine 2000 20 pl 0.6 ul
Opti-MEM for Lipofectamine 2000 dilution 80 ul 4.4 ul
Total volume added per well 200 pl 10 ul

3.2.5. Preparation of chemically competent bacteria

Cells from a single colony of Stbl3 E. coli strain were transferred to 10 ml of LB medium
using a 10 pul pipette tip. Bacteria were grown overnight at 37 °C at 180 rpm in STUART orbital
incubator (S1500). The next day, the bacteria culture was added to 1000 ml of LB medium and
grown until reaching the optical density between 0.3 and 0.5 (measured at 600 nm). Subsequently,
bacteria were transferred on ice for 10 minutes and centrifuged at 1500 g for 10 minutes at 4 °C.
The pellet was suspended in 100 ml of cold TF1 buffer and incubated on ice for 5 minutes. Then,
bacteria were again pelleted by centrifugation as described above and resuspended in 20 ml of TF2
buffer. After 20 minute incubation on ice, competent bacteria were immediately frozen on dry ice
as 50 pl aliquots and stored at -80 °C.

3.2.6. Bacteria transformation

Chemically competent Stbl3 bacteria were thawed on ice for 10 minutes. Next, 2 pl of SLIC
reaction mixture (described in 3.2.7.1) was added to 50 ul of competent bacteria, gently mixed and
incubated on ice for 20 minutes. Then, cells were transferred to 42 °C for 45 seconds (heat shock)
and placed back on ice for 2 minutes. After that, 900 pul of warm LB medium was added and
bacteria were grown for 1 h at 37 °C at 180 rpm in STUART orbital incubator (SI1500). Finally,
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bacteria were spread on agar plates with LB medium supplemented with 100 pg/ml ampicillin and

incubated overnight at 37 °C.
3.2.7. Generation of GFP-MCOLN1 RKO cell line by lentiviral transduction

3.2.7.1. Generation of a plasmid encoding GFP-MCOLNL1 for lentiviral transduction
using the SLIC method

In order to generate a construct for the lentiviral transduction, the DNA sequence of human
MCOLN1 was amplified by polymerase chain reaction (PCR). Reaction mix contained the
following reagents (per reaction): 1 U of Phusion™ High-Fidelity DNA Polymerase, 10 ul of HF
reaction buffer (5x concentrated), 200 uM of each ANTP, 10 ng of DNA template (mucolipinl-
pEGFP C3), 0.5 uM of each primer (forward and reverse), and was filled with H2O up to 50 pl.
The primers were designed to have overhangs (red), which enabled subcloning of MCOLNL1
sequence into Xbal and BamHI digestion sites of the pLenti-CMV-MCS-GFP-SV vector using the
sequence- and ligation-independent cloning (SLIC) [273]. The primer sequences were:

Forward primer: 5’- GACACCGACTCTAGAATGGTGAGCAAGGGCGAGGAGC -3’
Reverse primer: 5’- AACTAGTCCGGATCCTCAATTCACCAGCAGCGAATGC -3°

The pLenti-CMV-MCS-GFP-SV vector was digested with Xbal and BamH]I restriction
enzymes. The reaction mix contained 500 ug of pLenti-CMV-MCS-GFP-SV vector, 5 ul of Tango
buffer (10x concentrated), 0.5 ul of Xhol, 0.5 ul of BamHI and H.O (to final volume of 50 ul).
The reaction was incubated for 1 h at 37 °C. Subsequently, the sizes of DNA fragment amplified
by PCR and a linearized vector were assessed by DNA electrophoresis in 0.6% agarose gel. After
electrophoresis, the insert and the vector were purified using Gel Extraction Kit according to the
manufacturer’s protocol.

For SLIC cloning (Fig. 3.1), the amplified DNA fragment and the linearized pLenti-CMV-
MCS-GFP-SV vector were mixed in 2:1 molar ratio as recommended by Jeong et al. [273]. Next,
NEBuffer 2.1 (10x concentrated), 0.2 ul of T4 DNA polymerase and H2O were added (final
volume of 10 pl per reaction). The reaction mix was incubated at room temperature for 2.5 minutes
followed by 10 minute incubation on ice. Subsequently, chemically competent bacteria of the Stbl3
E. coli strain were transformed with the reaction mix and seeded on LB agar plates supplemented

with 100 pg/ml ampicillin (as described in 3.2.5). Plates were incubated overnight at 37 °C.
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Figure 3.1. Schematic representation of the SLIC cloning method. (A) PCR using primers with
overhangs (red) was applied to create an insert with ~15 bp of homology to the vector at each end.
(B) Linearized vector and amplified DNA insert were incubated with T4 DNA polymerase to
generate single-stranded DNA overhangs. Competent bacteria were transformed to produce the
desired plasmid.

vector
2. Transformation

Next, bacteria from selected colonies were grown in 100 ml of LB supplemented with 100
ug/ml ampicillin overnight at 37 °C, at 180 rpm in STUART orbital incubator (SI1500). Plasmid
DNA was isolated with NucleoBond Xtra Midi EF kit and its concentration was measured using
spectrophotometer (NanoDrop 8000, Thermo Fisher Scientific). To verify the efficiency of SLIC
cloning, the isolated plasmids were double digested for 30 minutes at 37°C with Xhol and Mlul
restriction enzymes, which recognize restriction sites in the MCOLNL1 insert and pLenti-CMV-
MCS-GFP-SV backbone, respectively. Reaction mix contained the following reagents (per
reaction): 500 ng of pLenti-GFP-MCOLNI1 plasmid, 3 pl R buffer (10x concentrated), 0.2 pl Xhol,
0.2 ul Mlul and H2O (final volume of 30 ul). Subcloning efficiency was assessed via DNA
electrophoresis in agarose gel (Fig. 3.2). To this end, DNA constructs were mixed with 6x DNA
Loading Dye (Thermo Fisher Scientific) and loaded onto 0.6% agarose gel with 2 pg/ml ethidium
bromide. DNA electrophoresis was performed at 80 V in TAE buffer and DNA bands were
visualized using UV transilluminator. The presence of the cloned sequence was confirmed by
DNA sequencing (Genomed Warsaw).
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Figure 3.2. Image of 0.6% agarose gel showing DNA separation of pLenti-GFP-MCOLN1
plasmid (10.2 kb band) upon double digestion with Xhol and Mlul enzymes that resulted in the
formation of 8.4 kb and 1.8 kb digestion products (the latter not shown on the image).

3.2.7.2. Production of lentiviruses and infection of RKO cells

In order to produce lentiviral particles to transduce RKO cells, 1x10® HEK293T cells were
seeded on P100 dish. The next day, 500 pl mix of pLenti-GFP-MCOLNI1 plasmid (20 pg), pMD2G
(5 pg) and psPAX2 (15 pg) packaging plasmids and CaClz (250 mM) was added drop-wise to 500
ul of 2x HBS. After 20 minute incubation at room temperature, 1000 pl of mixture was added to
HEK293T cells. The next day, medium was exchanged into 5.5 ml fresh EMEM medium to
concentrate the virus. 48 h post transfection the medium containing the produced virus was
collected, filtered through 0.45 um filters and used for infection of RKO cells.

The day before lentiviral infection, RKO cells were plated on P60 dish (3x10° cells/dish).
For transduction, the medium was exchanged to 2.5 ml of EMEM and 2.5 ml of filtered virus-
containing EMEM medium (total volume 5 ml). The following day, RKO cells were trypsinized
and suspended in fresh EMEM medium supplemented with puromycin (final concentration 1
ug/ml) for selection of infected cells and plated on P100 dish. After 48 h cells were split and
expression of recombinant GFP-MCOLNL1 protein was verified by western blotting and

immunofluorescence staining.
3.2.8. Western blotting (WB)

For protein analysis, cells were transferred to ice, washed with cold PBS and lysed in RIPA
buffer, supplemented with CLAAP (1:500) and PIC2 and 3 (1:100) for 20 minutes on ice. After
that, lysates were centrifuged at 15000 g for 15 minutes at 4 °C and supernatants were collected.
To determine protein concentration, Pierce BCA Protein Assay was performed according to the
manufacturer’s protocol. After adjusting protein concentration and adding 5x Laemmli buffer,

samples were denatured by 10 minute incubation at 95 °C. Before protein separation, samples were
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stored at -20 °C. Electrophoretic separation of proteins was conducted under denaturing conditions
(SDS-PAGE). 15-25 ug of total protein per sample and PageRuler Prestained Protein Ladder
(molecular weight marker) were loaded on 8-14% polyacrylamide gels and resolved in running
buffer at 60 V using the BioRad system. After entering of samples into the resolving gel, the
voltage was increased to 120 V. Subsequently, proteins were transferred onto nitrocellulose
membrane (GE Healthcare) in transfer buffer at 250 mA for 1.5 h at 4 °C. The transfer quality was
evaluated by staining of membranes with Ponceau S solution. Then, membranes were blocked in
5% milk in PBST for 1 h at room temperature. After three 5-minute washes in PBST, the
membranes were incubated overnight at 4 °C with primary antibodies diluted in 5% bovine serum
albumin (BSA) (as listed in 3.1.3). The following day, membranes were washed three times for 5
minutes in PBST and incubated with secondary HRP-conjugated antibodies diluted in 5% milk in
PBST for 1 h at room temperature (as listed in 3.1.4). Then, membranes were washed three times
for 5 minutes with PBST and incubated with Clarity Western ECL substrate for 5 minutes. To
detect the proteins of interest, ChemiDoc Touch Imaging System (BioRad) was applied. The
acquired images were assembled in Photoshop (Adobe) with only linear adjustments of brightness
and contrast. Densitometric analysis of detected bands was performed using BioRad Image Lab

Software. Vinculin, GAPDH and H3 bands were used as loading controls.

3.2.9. Cell fractionation

Cellular fractionation was carried out as described by Suzuki et al. [274]. First, cells were
transferred to ice, washed with cold PBS and scrapped using cell scraper. Next, cells were collected
in 1.5-ml Eppendorf tubes and centrifuged at 1.7x10° g for 10 seconds. Pellets were resuspended
in 900 pl of cold 0.1% NP40 in PBS. After that, 300 ul samples of whole cell lysates (W) were
collected in new tubes where they were mixed with 100 ul of 4x Laemmli sample buffer and kept
for further analysis. The remaining lysates were centrifuged at 1.2x10* g for 10 seconds. The
obtained pellets of cell nuclei were washed in 1000 pl of cold 0.1% NP40 in PBS and centrifuged
at 1.2x10* g for 10 seconds. Pellets were collected as nuclear fraction (N) and resuspended in 180
ul of 1x Laemmli sample buffer. Both W and N samples were sonicated, boiled for 1 minute at

95°C and analyzed by western blotting.
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3.2.10. Immunofluorescence and imaging
3.2.10.1. Lysosomal imaging

For live cell imaging, cells were incubated with 50 nM LysoTracker dye to visualize
lysosomes [275] and Hoechst stain to mark cell nuclei. Cells were protected from light and kept in
an incubator with 5% CO- at 37°C for 30 minutes. After this time, cells were washed with probe-
free medium and imaged immediately using Opera Phenix microscope (as described in 3.2.10.3).

For fixed cell imaging, cells were incubated with 500 nM LysoTracker dye for 30 minutes
in an incubator with 5% CO> at 37°C. Then, cells were washed twice with cold PBS and fixed with
3.6% paraformaldehyde followed by immunostaining (as described in 3.2.10.2). During the whole

procedure, cells were protected from light.
3.2.10.2. Immunofluorescence staining (IF)

Cells seeded on 96-well plates (655-090; Grainer Bio-One) were washed twice with 100
ul/well cold PBS and fixed with 3.6% paraformaldehyde for 15 minutes at room temperature. After
washing three times for 5 minutes with 100 ul/well PBS, cells were incubated for 10 minutes with
100 ul/well of saponin solution | to permeabilize the PM. Next, cells were incubated for 1.5 h with
30 ul/well of primary antibodies (listed in Table 3.1.3) diluted in saponin solution I1. After washing
two times for 5 minutes with 100 pl/well of saponin solution |1, cells were incubated for 30 minutes
with secondary antibodies (1:500; Table 3.1.4) and DAPI (1:1000) diluted in saponin solution I1.
Then, cells were washed three times for 5 minutes with 100 pl/well PBS and imaged using Opera
Phenix microscope.

In order to visualize intracellular cholesterol, after fixation with 3.6% paraformaldehyde
and washing with PBS (as described above), cells were incubated for 2 h at 37°C with 40 pl/well
of 10% FBS containing 50 pg/ml filipin and primary antibodies (as listed in Table 3.1.3.). After
washing two times for 5 minutes with 100 pl/well PBS, cells were incubated for 30 minutes at
room temperature with 30 pl/well of 5% FBS with secondary antibodies (1:500; Table 3.1.4) and
DRAQ?7 dye (1:200). Then, cells were again washed three times for 5 minutes with 100 pl/well
PBS and imaged using Opera Phenix microscope.
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3.2.10.3. Imaging using Opera Phenix automated confocal microscope

Cells were imaged using automated Opera Phenix high-content screening confocal
microscope (PerkinElmer). To scan the plates, 40 x 1.1 NA water immersion objective was
applied. At least 10 microscopic fields were scanned per each experimental condition. Z-stacks

were acquired with 1 pm interval.
3.2.10.4. Quantitative image analysis using Harmony software

For quantitative analysis of confocal images, Harmony 4.9 software was applied. Maximum
intensity projection images from at least 10 microscopic fields were applied for statistical analysis
per each experimental condition.

First, images were segmented into the nucleus and the cytoplasm, using the “find nuclei” and
“find cytoplasm” building blocks. Background signal for each channel was removed by the
“sliding parabola” function. Next, objects corresponding to late endosomes and/or lysosomes were
detected based on detection of LAMP1 protein and/or fluorescent LysoTracker dye using the “find
spot” building block. Afterwards, other objects were identified based on detection signals of
additional proteins (cathepsin D, ubiquitin, GFP-MCOLN1, mTOR) or cholesterol. Then,
parameters of the indicated objects, such as mean area of vesicular structures expressed in pm?,
fluorescence intensity per structure expressed in arbitrary units or colocalization expressed as
Pearson’s correlation coefficient were calculated.

To calculate percentage of cells with nuclear staining, images were segmented into the
nucleus and the cytoplasm, and background signal was removed (as described above). Next,
fluorescence intensity of TFEB or TFE3 detection in the nuclei mask was calculated. Using this
parameter, cells were considered as positive or negative in terms of the nuclear presence of TFEB
or TFE3 transcription factors. Fraction of positive cells among all cells in the analyzed populations
was expressed as percentage.

In order to calculate percentage of cells with nuclear staining of cells overexpressing RagC
(WT or S75L), images were segmented into the nucleus and the cytoplasm, and background signal
was removed (as described above). Next, cells with the detected HA tag were chosen for further
analysis using the “select population” building block. Only this subpopulation was used to

calculate percentage of cells with nuclear staining (as described above).
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Representative images from Harmony 4.9 software were exported as jpg files and assembled

in ImageJ software and Photoshop (Adobe) with only linear adjustments of brightness and contrast.
3.2.11. Quantitative real time PCR (RT-gPCR)

To perform quantitative real time PCR (RT-qPCR), total RNA was isolated using High Pure
RNA Isolation Kit according to the manufacturer’s protocol. The concentration of RNA and purity
of the samples were assessed using spectrophotometer (NanoDrop 8000, Thermo Fisher
Scientific). For cDNA synthesis, 1 pg of isolated RNA was diluted in nuclease-free H>O up to 10
ul and incubated with 1 pl of mix of random nonamers (50 pM), 1 pl of oligo(dT)23 (70 uM) and
1 ul of ANTPs (10 mM) for 10 minutes at 70°C. After denaturation, mixes were cooled down on
ice and incubated with 2 pl of M-MLV reverse transcriptase buffer, 1 ul M-MLV reverse
transcriptase and 4 pl of nuclease-free H>O (final volume of 20 ul) for 10 minutes at room
temperature, followed by 50 minute incubation at 37°C. The reaction of reverse transcription was
stopped by 10 minute incubation at 90 °C. Samples were diluted five times in nuclease-free H20
(final volume 100 pl).

cDNA sample amplification was performed with KAPA SYBR FAST gPCR Master Kit
according to the manufacturer’s protocol using a 7900HT fast real-time PCR thermocycler
(Applied Biosystems). Each experimental condition was performed in two technical repeats. The
primers used for RT-qPCR are listed in Table 3.1.11. The obtained data were quantified using
Expression Suite v1.2 Software (Thermo Fisher Scientific). Expression of analyzed target genes
was normalized to the expression level of GAPDH housekeeping gene and presented as a fold

change.
3.2.12. Analysis of transcriptome by RNA sequencing

Sequencing of RNA was performed in Department of Genetics in Maria Sktodowska-Curie
National Research Institute of Oncology, Warsaw. 72 h post transfection with siRNAs pellets of
RKO cells were collected. lon AmpliSeq Transcriptome Human Gene Expression Panel (Thermo
Fisher Scientific) was applied to generate sequencing library. lon Pl Hi-Q Sequencing 200 Kit
(Thermo Fisher Scientific) was used to sequence the samples using the lon Proton instrument.
Reads were aligned to the hgl9 AmpliSeq transcriptome ERCC v1 using the Torrent Mapping
Alignment Program (version 5.0.4; Thermo Fisher Scientific). Subsequently, the transcript

quantification using HTseg-count (version 0.6.0) was performed. R package DESeq2 (version
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1.18.1) [276] was applied to carry out analysis of differentially expressed genes whose expression
exceeded more than 100 counts across conditions. The obtained counts were transformed to Z-
scores using the transcript per million normalization method. Non-protein coding genes were
excluded from the analysis. The gene expression levels were normalized against siCtrl#1-
transfected patterns. The P-values were corrected for multiple testing using the Benjamini—
Hochberg method, and genes with adjusted P-value < 0.05 and > 1.5-fold were considered
significant. The list of differentially expressed genes (common for all on-target siRNAs) was
subjected to Gene Ontology (GO) analysis of biological processes. The 0.6 cutoff function was
applied to reduce the redundancy of GO terms. GO analysis and visualization was performed in R
version 3.4.4 (https://www.R-project.org) by Dr. Krzysztof Kolmus (Laboratory of Cell Biology
at IMCB in Warsaw).

To identify any enrichment of transcription factor binding motifs among upregulated genes,

the set of genes found as upregulated after Tsg101 or Vps28 depletion (> 1.5-fold; adjusted P-
value < 0.05) was subjected to RcisTarget analysis (Bioconductor) [277]. Homo sapiens parameter
was set as the species of the input list of genes. The region of 5000 bp was selected to perform
motif-based search upstream of the transcription start site. Only motifs with normalized
enrichment score (NES) > 3 were considered as significant. The obtained transcription factor
binding motifs were annotated to motifs recognized by transcription factors according to
SwissRegulon database (https://swissregulon.unibas.ch/sr/swissregulon). RcisTarget analysis and
visualization was performed in R version 4.0.3. (https://www.R-project.org).

RNA sequencing data are available in Gene Expression Omnibus under the accession
number: GSE178665.

3.2.13. Statistical analysis

Each experiment was performed in at least three biological replicates (an exact number
denoted as “n”), with the exception of experiments shown in Fig. 4.11 (n=1) and 4.12B (n=2).
Statistical analysis was performed using the Prism 8.4.3 (GraphPad Software). Data were analyzed
using the following tests: unpaired two-tailed t test (for gRT-PCR analysis, western blotting
densitometry analysis and percentage of cells with nuclear staining based on confocal microcopy
analysis) or paired two-tailed t test (for quantified parameters of confocal microcopy analysis such
as mean structure area, fluorescence intensity and Pearson’s correlation coefficient). The

significance of mean comparison is annotated as “ns”, non-significant (P > 0.05) or indicated with
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exact P-value, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Results were considered as

significant when P < 0.05.
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4. Results
4.1. Characterization of lysosomal morphology upon ESCRT-I depletion

A recent study from the Laboratory of Cell Biology at 1IMCB showed that ESCRT
components are important for growth and intracellular signaling of colorectal cancer (CRC) cells
[225], thus cell lines from this cancer type were chosen as a main experimental model applied for
the purpose of this thesis. To address the involvement of ESCRT-I in lysosomal homeostasis,
Tsg101 or Vps28 proteins were depleted in RKO or DLD-1 cells using two different siRNAs
against each subunit. To obtain control cells, two different non-targeting siRNAs were used.
Efficiency of Tsgl01 or Vps28 depletion in RKO and DLD-1 cells was confirmed by western
blotting (Fig. 4.1A-B). In both cell lines, depletion of one of the ESCRT-I core components, lead
to reduced protein levels of the other component (Fig. 4.1A-B) which, according to previous
studies, reflects destabilization of the whole complex [225, 278-280].
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Figure 4.1. siRNA-mediated depletion of Tsg101 or Vps28 leads to deficiency of ESCRT-I in
RKO and DLD-1 cells. Representative western blots showing depletion efficiencies of the
indicated ESCRT-I subunits using two independent single siRNAs for each subunit, as compared
to non-targeting control siRNAs (siCtrl#1 or #2) in RKO (A) or DLD-1 (B) cells 72 h post
transfection. GAPDH was used as a loading control.

In order to test whether ESCRT-I deprivation could have any effect on lysosomal
morphology, RKO cells were stained using antibodies recognizing LAMP1, a marker of late
endosomes and lysosomes [2]. Intracellular distribution of LAMP1 upon ESCRT-I depletion was
analyzed by confocal microscopy (Fig. 4.2A). Quantitative analysis of microscopy images
revealed that depletion of Tsg101 or Vps28, in comparison to control cells, increased the area of
LAMP1-positive structures (Fig. 4.2B), but did not affect their average fluorescence intensity (Fig.
4.2C). These results suggested that ESCRT-I deficiency affects the morphology of late endosomes

and/or lysosomes.
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Figure 4.2. ESCRT-I depletion leads to enlargement of late endosomes and/or lysosomes in
RKO cells. (A) Representative maximum intensity projection images from confocal microscopy
of fixed cells showing the effect of ESCRT-I depletion on intracellular distribution of LAMP1
(red) 72 h post transfection. Two components of ESCRT-I, Tsg101 and VVps28 were depleted using
two independent siRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2. Control cells were
transfected with non-targeting siRNAs (siCtrl#1 or #2). Cell nuclei marked with DAPI stain (blue).
Scale bar, 50 um. (B-C) Quantitative analysis of microscopic images showing the average area
(um? in B) and average fluorescence intensity (arbitrary units, a.u. in C) of LAMP1-positive
structures in control or ESCRT-I-depleted cells. Values derived from independent experiments
(dots) and their means (n=3 +/- SEM) are presented. Paired two-tailed t test to averaged values
measured for siCtrl#1 and #2 cells was applied. *P < 0.05, **P<0.01.
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To further elucidate the impact of ESCRT-I deficiency on the lysosomal compartment, the
intracellular distribution of lysosomes was analyzed by confocal microscopy using LysoTracker
(Fig. 4.3A). This cell-permeable fluorescent dye is commonly applied as a marker of non-damaged
acidic lysosomes [198, 272, 281-284]. Observation of microscopic images and quantitative
analysis of LysoTracker-positive structures revealed that knockdown of genes encoding Tsg101
or Vps28 led to enlargement of lysosomal area and increased LysoTracker florescence intensity
per lysosome (Fig. 4.3A-C).

Next, to examine whether ESCRT-I-depletion affects lysosomal morphology also in
another colorectal cancer cell line, the intracellular accumulation of LysoTracker dye was assessed
in DLD-1 cells (Fig. 4.4A). Similarly as in the case of RKO cells, quantitative microscopic image
analysis revealed that depletion of ESCRT-I subunits led to enlarged lysosomal area and
LysoTracker fluorescence intensity per lysosome, as compared to control cells (Fig. 4.4B-C).

Because maintenance of low lysosomal pH observed as the strong LysoTracker
incorporation upon depletion of ESCRT-1 does not fully reflect lysosomal functionality, the
lysosomal degradative capacity was tested. To this end, the intracellular distribution of a major
lysosomal endopeptidase, cathepsin D, was analyzed by confocal microscopy using pepstatin A
conjugated to BODIPY FL (Fig. 4.5A). Pepstatin A is an inhibitor of cathepsin D that binds to the
active site of the enzyme and may be used to localize active cathepsin D in cells [285]. Using this
tool, cathepsin D was detected in LAMP1-positive structures of both, control and ESCRT-I-
depleted cells (Fig. 4.5A-B). The amount of lysosomal cathepsin D in cells lacking ESCRT-I was
slightly increased (Fig. 4.5A-B), indicating that the delivery of this enzyme to the enlarged

lysosomes was not impaired.
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Figure 4.3. ESCRT-I depletion increases LysoTracker staining intensity and lysosomal area
in RKO cells. (A) Representative maximum intensity projection images from confocal
microscopy of live cells showing the effect of ESCRT-I depletion on intracellular distribution of
lysosomes 72 h post transfection visualized upon 30 minute incubation with 50 nM LysoTracker
dye (red). Two components of ESCRT-I, Tsg101 and Vps28 were depleted using two independent
SiRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2. Control cells were transfected with non-
targeting SiRNAs (siCtrl#1 or #2). Cell nuclei marked with Hoechst stain (blue). Scale bar, 50 um.
(B-C) Quantitative analysis of microscopic images showing the average area of detected lysosomal
structures (um? in B) and average fluorescence intensity of LysoTracker per lysosomal structure
(arbitrary units, a.u. in C) in control or ESCRT-I-depleted cells. Values derived from independent
experiments (dots) and their means (n=4 +/- SEM) are presented. Paired two-tailed t test to
averaged values measured for control cells was applied. P>0.05 was indicated with exact P=value,
*P <0.05, **P<0.01, ***P<0.001.
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Figure 4.4. ESCRT-I depletion increases LysoTracker staining intensity and lysosomal area
in DLD-1 cells. (A) Representative maximum intensity projection images from confocal
microscopy of live cells showing the effect of ESCRT-I depletion on intracellular distribution of
lysosomes 72 h post transfection visualized upon 30 minute incubation with 50 nM LysoTracker
dye (red). Two components of ESCRT-I, Tsg101 and Vps28 were depleted using two independent
SIRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2. Control cells were transfected with non-
targeting SiRNAs (siCtrl#1 or #2). Cell nuclei marked with Hoechst stain (blue). Scale bar, 50 um.
(B-C) Quantitative analysis of microscopic images showing average area of detected lysosomal
structures (um? in B) and average fluorescence intensity of LysoTracker per lysosomal structure
(arbitrary units, a.u. in C) in control or ESCRT-I-depleted cells. Values derived from independent
experiments (dots) and their means (n=4 +/- SEM) are presented. Paired two-tailed t test to
averaged values measured for control cells was applied. P > 0.05 was indicated with exact P=value,
*P < 0.05, **P<0.01, ***P<0.001.
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Figure 4.5. RKO cells lacking ESCRT-I contain high levels of cathepsin D in their late
endosomes and/or lysosomes. (A) Representative maximum intensity projection images from
confocal microscopy of fixed cells showing the effect of ESCRT-I depletion on intracellular
distribution of cathepsin D detected using BODIPY FL-pepstatin A fluorescent probe (green) and
LAMP1 (red) 72 h post transfection. Two components of ESCRT-1 complex, Tsg101 and Vps28
were depleted using two independent siRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2.
Control cells were transfected with non-targeting siRNAs (siCtrl#1 or #2). Cell nuclei marked with
DAPI stain (blue). Scale bar, 20 um. (B) Quantitative analysis of microscopic images showing
average fluorescence intensity of pepstatin A conjugated to BODIPY FL on LAMPL1-positive
structures (arbitrary units, a.u.) in control or ESCRT-I-depleted cells. Values derived from
independent experiments (dots) and their means (n=4 +/- SEM) are presented. Paired two-tailed t
test to averaged values measured for control cells (AveCtrl) was applied. *P <0.05, **P<0.01.

Cumulatively, the above presented results concerning the distribution of lysosomal
markers confirmed that ESCRT-I restricts the size of lysosomes in CRC cell lines. They also
showed that the lack of ESCRT-I does not impair the integrity, maintenance of low pH or

degradative capacity of lysosomes, suggesting that lysosomes retain their functionality.
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4.2. The role of ESCRT-I in degradation of lysosomal membrane proteins

Turnover of proteins present in lysosomal membranes relies on internalization of these
proteins into the lysosomal lumen together with adjoining membrane parts [286]. To address
whether enlargement of the lysosomal area in cells lacking ESCRT-I could be due to inhibited
degradation of proteins from lysosomal surfaces, first, the amount of ubiquitinated proteins on
lysosomes was analyzed by confocal microscopy. In control cells ubiquitinated proteins were
barely detected on LysoTracker- and LAMP1-positive compartments, likely indicating their
constitutive degradation, as described [200]. However, depletion of ESCRT-I led to massive
accumulation of ubiquitinated proteins on lysosomal structures. The accumulated ubiquitin was
particularly well observed at membranes of the enlarged lysosomes that were identified by LAMP1
detection (Fig. 4.6).

Next, to examine whether the lack of ESCRT-I inhibits degradation of lysosomal
membrane proteins, a line of RKO cells stably expressing GFP-tagged MCOLNL1 protein (GFP-
MCOLN1) was generated. The presence of GFP-MCOLNL1 in these cells was confirmed by
western blotting (Fig. 4.7A). Depletion of Tsg101 or Vps28 proteins increased GFP-MCOLN1
protein levels as compared to control cells (Fig. 4.7A-B), suggesting that ESCRT-I mediates
degradation of this lysosomal membrane protein.

To further study the involvement of ESCRT-I in turnover of lysosomal membrane proteins,
the intracellular distribution of GFP-MCOLN1 was analyzed by confocal microscopy. In control
cells, GFP-MCOLN1 was mainly observed on LAMP1-positive structures, both LysoTracker-
negative (late endosomes) or LysoTracker-positive (lysosomes; Fig. 4.8A). Depletion of ESCRT-
| subunits increased the intensity of GFP-MCOLNL1 fluorescence on LAMPL1-positive
compartment (Fig. 4.8A) that was consistent with increased protein levels identified by western
blotting (Fig. 4.7A-B). Noteworthy, GFP-MCOLN1 accumulation was observed on the enlarged
lysosomal structures (Fig. 4.8A). Subsequently, to establish whether GFP-MCOLNZ1 accumulation
occurred due to inhibited lysosomal degradation, the intracellular localization of this protein was
analyzed in cells treated with bafilomycin Al (BafAl) that inhibits function of lysosomes by
raising their pH [32]. The efficacy of BafAl treatment was manifested by the loss of LysoTracker
staining (Fig. 4.8A). In control cells, BafAl treatment increased the intensity of GFP-MCOLNL1
fluorescence on LAMP1-positive structures to the levels comparable to those observed upon
ESCRT-I knockdown only (Fig. 4.8A-B). Moreover, in BafAl-treated cells, depletion of ESCRT-
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I did not significantly enhance the levels of GFP-MCOLNL1 as compared to cells treated with
control siRNAs (Fig. 4.8A-B). The above results showed that GFP-MCOLN1 undergoes
constitutive lysosomal degradation that is mediated by ESCRT-I.

siCtri#1 siCtri#2 siTsg101#1 siTsg101#2 siVps28#1 siVps28#2

Ub

Ub/
L|soTracker L|soTracker
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Figure 4.6. ESCRT-I depletion leads to intracellular accumulation of ubiquitin, observed
also on lysosomes. Representative maximum intensity projection images from confocal
microscopy of fixed RKO cells showing the effect of ESCRT-I depletion on intracellular
distribution of mono- and polyubiquitinated protein conjugates (green), LAMP1 (gray) and
LysoTracker dye (red) 72 h post transfection. Two components of ESCRT-I, Tsg101 and Vps28,
were depleted using two independent siRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2.
Control cells were transfected with non-targeting siRNAs (siCtrl#1 or #2). Enlarged LysoTracker-
positive lysosomal structures enriched in ubiquitin and LAMP1 are indicated by arrowheads. Cell
nuclei marked with DAPI stain (gray). Scale bar, 10 um.
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Figure 4.7. Depletion of ESCRT-I subunits leads to MCOLN1 protein accumulation. (A)
Representative western blots showing the effect of ESCRT-I depletion on the levels of ectopically
expressed GFP-tagged MCOLNL1 protein in RKO cells with stable expression of this protein at 72
h post transfection with siRNAs. Two components of ESCRT-I, Tsg101 and Vps28, were depleted
using two independent siRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2. Control cells were
transfected with non-targeting siRNAs (sSiCtrl#1 or #2). Anti-GFP antibodies were used for
immunoblotting of GFP-MCOLN1 protein. Vinculin was used as a loading control. (B)
Densitometry analysis of western blotting bands showing the levels of ectopically expressed GFP-
MCOLNL1 protein in control or ESCRT-I-depleted cells presented as a fold change to averaged
values measured for control cells. Dots indicate values derived from independent experiments.
Bars represent the mean (n=3 +/- SEM). Unpaired two-tailed t test to siCtrl#1 was applied.
**p<0.01, ***P<0.001.
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Figure 4.8. Depletion of ESCRT-I subunits leads to MCOLNL1 protein accumulation on
lysosomes due to its impaired lysosomal degradation. (A) Representative single plane images
from confocal microscopy of fixed RKO cells showing the effect of ESCRT-I depletion and/or 18
h bafilomycin Al treatment (BafAl) on intracellular distribution of ectopically expressed GFP-
MCOLNT1 (green), LAMPL1 (red) and LysoTracker dye (gray) 72 h post transfection with SiRNAS.
Two components of ESCRT-I, Tsgl01 and Vps28, were depleted with the indicated siRNAs.
Control cells were transfected with non-targeting siRNA (siCtrl#1). GFP-MCOLN1 accumulation
on LAMP1-positive structures indicated by arrows in control cells. In ESCRT-I-depleted cells,
GFP-MCOLN1 accumulation on enlarged LAMP1-positive structures indicated by arrowheads.
Cell nuclei marked with DAPI stain (gray). Scale bar, 10 um. (B) Quantitative analysis of
microscopic images showing the fluorescence intensity of ectopically expressed GFP-MCOLN1
on LAMP1-positive vesicles (arbitrary units, a.u.) in control or ESCRT-I-depleted cells and/or
upon 18 h BafA1l treatment. Values derived from independent experiments (dots) and their means
(n=4 +/- SEM) are presented. Paired two-tailed t test to averaged values measured for siCtrl#1 and
#2 cells (AveCtrl) was applied. P> 0.05 marked as “ns” - non-significant, *P <0.05, **P<0.01.

Taken together, the results of analyzing lysosomal membrane protein degradation indicated
that ESCRT-dependent turnover of lysosomal membrane proteins may prevent constitutive

expansion of the limiting membranes and thus restrict the size of lysosomes.
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4.3. The identification of lysosome-related signaling pathways activated upon ESCRT-I
depletion

Lysosomal disorders often activate specific transcriptional responses to adjust cellular
metabolism to the dysfunction of lysosomes [287, 288]. To test whether ESCRT-I deficiency
induces responses characteristic of altered lysosomal function, RNA sequencing was performed in
RKO cells lacking Tsg101 or Vps28. 1166 genes with upregulated expression upon Tsgl01
depletion and 601 genes with upregulated expression upon Vps28 depletion were identified (listed
in Table 1 in supplementary materials). 480 genes whose expression was upregulated under both
conditions (listed in Table 2 in supplementary materials) were analyzed using gene ontology (GO)
database. As expected, this analysis indicated increased expression of genes implicated in
inflammatory response (Fig. 4.9), previously reported by the Laboratory of Cell Biology at IMCB
[193, 194, 225, 236]. Moreover, enhanced expression of genes encoding proteins involved in
autophagy or cholesterol metabolism was identified (Fig. 4.9). Of note, their transcriptional
activation may occur upon lysosomal dysfunction [34, 63, 125, 129, 148, 150, 156, 289] or nutrient
starvation [128, 130, 148, 150, 152, 290].

To identify transcription factors potentially engaged in the activation of lysosome-related
transcriptional response upon ESCRT-I depletion, promoter regions of the upregulated genes were
investigated using RcisTarget packages (Bioconductor) and SwissRegulon database containing
genome-wide annotations of transcription factor binding motifs. Among the overrepresented
motifs, regulatory components from NF-kB (NFKB1, REL, RELA) and AP-1 (FOS, FOSB,
FOSL1, JUNB, JUND) signaling pathways were found (Fig. 4.10). This was consistent with the
observed activation of inflammatory response upon ESCRT-I depletion (Fig. 4.9, [225]). The
RcisTarget analysis also indicated that among genes upregulated in cells lacking Tsg101 or Vps28
there were known targets of transcription factors from the MiT-TFE (represented by TFEB factor)
or SREBP (represented by SREBF1/2) families. This suggested that activation of MiT-TFE factors
could be responsible for the induced expression of genes related to lysosomal biogenesis and
autophagy, whereas SREBP factors could mediate the induced expression of cholesterol
biosynthesis genes in ESCRT-I deficient cells.
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GO Upregulated Biological Processes in RKO cells after Tsg101 or Vps28 silencing (480 genes)
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Figure 4.9. ESCRT-I depletion induces transcription of genes involved in inflammation,
cholesterol biosynthesis and autophagy in RKO cells. Top biological processes from gene
ontology (GO) enrichment analysis of commonly upregulated genes upon ESCRT-I depletion (>
1.5-fold; adjusted P-value < 0.05). The list of genes upregulated upon Tsg101 or Vps28 depletion
was derived from the RNA sequencing analysis in which the transcriptomes of cells transfected
with siTsg101#2 and siVps28#1 or #2 sSIRNAs were compared to the transcriptome of control cells
transfected with non-targeting siCtrl#1 or #2 siRNAs. Cells were collected 72 h post transfection.
The size of each dot reflects the number (count) of upregulated genes annotated to the identified
biological process. The color of each dot indicates the adjusted P-value. Gene ratio represents the
ratio between the number of genes annotated to biological processes and the number of genes
included in the GO analysis.
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Figure 4.10. MiT-TFE and SREBP transcription factor binding motifs are overrepresented
among promotor regions of genes transcriptionally upregulated upon ESCRT-I depletion.
Transcription factor binding motifs overrepresented within the region of 5000 bp upstream of the
transcription starting site of the genes upregulated upon ESCRT-I depletion (> 1.5-fold; adjusted
P-value < 0.05). The list of genes upregulated upon Tsg101 or Vps28 depletion was derived from
the RNA sequencing analysis in which the transcriptomes of cells transfected with siTsg101#2 and
siVps28#1 siRNAs for 72 h were compared to the transcriptome of control cells transfected with
non-targeting siCtrl#1 siRNA. Established motifs from the Homo sapiens SwissRegulon database
(https://swissregulon.unibas.ch/sr/swissregulon) are presented as schematic representations of
motifs accompanied by the names of transcription factors annotated to these motifs
(TF_highConf). NES (normalized enrichment score) > 3 was considered as significant.

To test whether MiT-TFE transcription factors were activated upon ESCRT-I depletion,
the nucleocytoplasmic distributions of two members of this family, TFEB and TFE3 proteins, were
analyzed by western blotting analysis of whole cell lysates and nuclear fractions of RKO and DLD-
1 cells (Fig. 4.11A-B). In both cell lines, lack of Tsg101 or Vps28 subunits upregulated protein
levels of TFEB and TFE3 factors in nuclear fractions (Fig. 4.11A-B), pointing to the activation of
these transcription factors. Of note, their increased amounts were also observed upon ESCRT-I

depletion in whole cell lysates (Fig. 4.11A-B).
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Figure 4.11. ESCRT-I depletion increases translocation of TFEB and TFE3 to the nucleus.
Western blots showing the effect of ESCRT-I depletion on the intracellular and nuclear levels of
TFEB and TFE3 transcription factors. Two components of ESCRT-I, Tsg101 and Vps28, were
depleted using two independent siRNAs each, siTsgl01#1 or #2 and siVps28#1 or #2. Control
cells were transfected with non-targeting siRNAs (siCtrl#1 or #2). 72 h post transfection RKO (A)
or DLD-1 (B) cells were collected to obtain their whole cell lysates (W) and nuclear fractions (N).
The samples were immunoblotted with antibodies recognizing TFEB or TFE3. Histone H3 was
used as a loading control. Vinculin was used as a cytosolic marker to examine the purity of nuclear
fractions.

To confirm that the enhanced expression of genes related to lysosomal function occurred
due to activation of MiT-TFE factors, TFEB and TFE3 proteins were co-depleted with Tsg101 or
Vps28 subunits using siRNAs. First, the silencing efficiencies were assessed by western blotting
to choose the best working siRNAs targeting these transcription factors (Fig. 4.12A). Although all
three tested siRNAs targeting TFEB strongly reduced its protein level, one of them, siTFEB#1,
was toxic for cells and thus excluded from further analysis. In case of depleting TFE3, siTFE3#2
was selected for further studies as the most effective siRNA. Given that TFEB and TFE3
transcription factors regulate similar sets of genes [129], concurrent depletion of TFEB (using
SITFEB#2) and TFE3 (siTFE3#2) was applied. Silencing efficiencies of siRNAs targeting Tsg101,
Vps28, TFEB and TFE3 were confirmed on mRNA levels (Fig. 4.12B). Simultaneous depletion
of MiT-TFE factors in cells lacking ESCRT-I prevented the induction of MiT-TFE target genes,
namely NPC1 and MCOLN1 (Fig. 4.12C). This showed that MiT-TFE factors were responsible
for expression of genes encoding lysosomal and autophagosomal proteins that were upregulated

upon ESCRT-I silencing.
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Figure 4.12. MiT-TFE transcription factors are required for upregulated expression of genes
involved in lysosomal biogenesis upon ESCRT-I depletion. (A) Western blots showing
depletion efficiency of TFEB and TFE3 proteins using three independent single siRNAs for each
protein as compared to non-targeting control sSiRNAs (siCtrl#1 or #2). 72 h post transfection, cells
were lysed and immunoblotted with antibodies recognizing TFEB or TFE3. Vinculin was used as
a loading control. (B-C ) mRNA levels of the indicated ESCRT-I subunits and MiT-TFE factors
(in B) and of the indicated MiT-TFE target genes (in C) upon depletion of ESCRT-I (siTsg101#2
or siVps28#1) alone or together with TFEB and TFE3 (siTFEB#2 and TFE3#2) as analyzed by
RT-gPCR. Control cells were transfected with non-targeting siRNAs (siCtrl#1). Values were
normalized to mRNA levels of GAPDH housekeeping control and presented as a fold change to
siCtrl#1 cells. Dots indicate values derived from independent experiments. Bars represent the
mean (n=2 in B and n=3 in C +/- SEM). Unpaired two-tailed t test to siTsg101#2 or siVps28#1
conditions was applied (in C). *P<0.05, **P<0.01, ****P<0.0001.

The above data confirmed that ESCRT-I depletion activates MiT-TFE transcription factors
to induce the expression of their target genes. However, although the upregulated expression of
genes involved in lysosome or autophagosome biogenesis in the absence of ESCRT-I was
observed at 72 h post siRNA transfection, it could be caused by a prolonged activation of
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TFEB/TFES signaling that was initiated earlier. To verify the dynamics of activation of MiT-TFE
factors upon depletion of ESCRT-I, their nuclear accumulation at 48 h and 72 h was assessed by
immunofluorescence staining and confocal microscopy. In comparison to control cells,
fluorescence signal detecting TFEB or TFE3 in confocal microscopy disappeared upon depletion
of TFEB (Fig. 4.13A) or TFE3 (Fig. 4.13B), respectively, verifying the specificity of applied
antibodies. Quantitative analysis of acquired images showed that at 48 h or 72 h post transfection
around 10% of control cells were positive for TFEB or TFE3 staining (Fig. 4.13C-F). Depletion
of Tsg101 increased the percentage of cells with nuclear accumulation of TFEB already at 48 h
post transfection to 35%. This percentage remained at a similar level at 72 h post transfection (Fig.
4.13C, E). The percentage of cells with nuclear accumulation of TFE3 due to Tsg101 depletion
was also elevated already at 48 h post transfection (around 18%), but increased in time (reaching
the level of 30% at 72 h post transfection) (Fig. 4.13D, F). These results showed that activation of
MIiT-TFE factors occurs around 48 h post transfection with siRNA targeting siTsg101, hence this
time point was chosen in experiments addressing the mechanisms underlying MiT-TFE activation
due to ESCRT-I depletion.
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Figure 4.13. TFEB and TFE3 accumulate in the nucleus upon Tsg101 depletion at 48 and 72
h post transfection. (A-B) Representative maximum intensity projection images from confocal
microscopy of fixed RKO cells showing the specificity of antibodies recognizing TFEB (green, in
A) or TFE3 (green, in B) 72 h post transfection. TFEB or TFE3 were depleted using SiTFEB#2 or
SITFE3#2 siRNAs, respectively. Control cells were transfected with non-targeting siCtrl#1 siRNA.
Cell nuclei marked with DAPI stain (blue). Scale bar, 50 um. (C-D) Representative maximum
intensity projection confocal images of fixed RKO cells showing the effect of Tsg101 depletion
on intracellular distribution of TFEB (green, in C) or TFE3 (green, in D) 48 h or 72 h post
transfection. Control cells were transfected with non-targeting siCtrl#1 siRNA. Cell nuclei stained
with DAPI (blue). Scale bar, 50 pm. (E-F) Quantitative analysis of microscopic images showing
the percentage of cells with TFEB (E) or TFE3 (F) in the nucleus 48 h or 72 h post transfection in
control or Tsgl01-depleted cells. Values derived from independent experiments (dots) and their
means (n=4 +/- SEM) are presented. Unpaired two-tailed t test was applied. P >0.05 marked as
“ns”- non-significant, **P <0.01, ***P<0.001, **** P<0.0001.
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4.4. The effect of impaired cholesterol efflux from lysosomes on the activation of MiT-TFE

signaling upon ESCRT-I depletion

Transcriptomic analysis of ESCRT-I-depleted RKO cells revealed an induced expression
of genes related to cholesterol metabolism (Fig. 4.9). In line with this, analysis of promoter regions
of differentially expressed genes identified SREBP as a transcription factor potentially involved
in upregulated expression of these genes upon ESCRT-I knockdown (Fig. 4.10). To validate
whether ESCRT-I depletion affected cholesterol homeostasis, the intracellular distribution of free
cholesterol was assessed by confocal microscopy at 48 h post transfection of cells with siRNAs.
Fluorescent polyene antibiotic, filipin, was used to detect free cholesterol [291]. As expected, in
control cells, free cholesterol staining was observed predominantly in the PM and late
endosomes/lysosomes. However, depletion of Tsgl0l1 or Vps28 led to free cholesterol
accumulation in enlarged LAMP1-positive structures (Fig. 14A-B), indicating impaired
cholesterol trafficking upon ESCRT-I deficiency. To verify the source of accumulated cholesterol,
cells were cultured in a delipidated medium, that lacks cholesterol and other lipids, thereby
preventing endocytic uptake of exogenous cholesterol [292]. As shown in Fig. 14A-B, cholesterol
accumulation in LAMP1-positive structures was reduced when cells were cultured in delipidated
medium in comparison to cells grown in full medium. This showed that cholesterol accumulated
upon ESCRT-I depletion originated from endocytic uptake. Of note, the data obtained by the
Laboratory of Cell Biology at IIMCB revealed that in ESCRT-I-depleted RKO cells,
supplementation with soluble form of cholesterol, which enters the cells bypassing the
endolysosomal trafficking, prevented the induction of cholesterol biosynthesis genes [293].

Cumulatively, these results demonstrated that ESCRT-I depletion impaired the delivery of
exogenously-derived cholesterol by endolysosomal trafficking to other intracellular
compartments, inducing the expression of cholesterol biosynthesis genes in an attempt to restore

cholesterol homeostasis.
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Figure 4.14. Endocytosed cholesterol accumulates on late endosomes/lysosomes upon
ESCRT-I depletion. (A) Representative maximum intensity projection confocal images of fixed
RKO cells cultured in full or delipidated medium showing the effect of ESCRT-I depletion on the
intracellular distribution of free cholesterol marked with filipin dye (red) and LAMPL1 protein
(green) 48 h post transfection. ESCRT-I subunits were depleted using siTsg101#2 or siVps28#1
SsiRNAs. Control cells were transfected with non-targeting siCtrl#1 siRNA. Cell nuclei marked
with DRAQ?7 stain (blue). Scale bar, 50 pm. (B) Quantitative analysis of microscopic images
showing the average filipin fluorescence intensity per LAMP1-positive structure (arbitrary units,
a.u.) in control cells (siCtrl#1) or cells with ESCRT-I depletion (siTsgl01#2 or siVps28#1)
cultured in full or delipidated medium. Values derived from independent experiments (dots) and
their means (n=3 +/- SEM) are presented. Paired two-tailed t test to averaged values measured for
control cells transfected with non-targeting siCtrl#1 or #2 siRNAs (AveCtrl) was applied,
**p<0.01, ***P<0.001.
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Because impaired lipid trafficking was associated with TFEB activation [294], the
contribution of cholesterol accumulated in late endosomal/lysosomal structures to MiT-TFE
activation upon ESCRT-I depletion was tested. To prevent the abnormal cholesterol accumulation,
ESCRT-I-deprived RKO cells were cultured in delipidated medium. The quantitative confocal
microscopy image analysis showed that an inhibited supply of exogenous lipids, including
cholesterol, decreased the percentage of control cells with TFEB (Fig. 4.15A-B) and TFE3 (Fig.
4.16A-B) in the nucleus, indicating that basal levels of MiT-TFE activation depend on lipid
availability. Nevertheless, reducing the accumulation of cholesterol by culturing cells in
delipidated medium did not prevent the increase in percentage of cells with TFEB (Fig. 4.15A-B)
and TFE3 (Fig. 4.16A-B) in the nucleus upon Tsg101 depletion.

Collectively, abnormal cholesterol accumulation in late endosomes/lysosomes did not
contribute to the activation of TFEB or TFE3 in ESCRT-I-depleted cells. Thus, other molecular
mechanisms underlying MIT-TFE activation upon ESCRT-I deficiency were subsequently

examined.
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Figure 4.15. Cholesterol accumulation in endosomes and/or lysosomes does not contribute to
the nuclear accumulation of TFEB and TFE3 factors upon Tsgl01l depletion. (A-B)
Representative maximum intensity projection images from confocal microscopy of fixed RKO
cells showing the effect of Tsg101 depletion upon culture in full or delipidated medium on the
intracellular distribution of TFEB (in A) or TFE3 (in B) 48 h post transfection. Control cells were
transfected with non-targeting siCtrl#1 siRNA. Cell nuclei marked with DAPI stain (blue). Scale
bar, 50 um. Graphs on the right present quantitative analysis of microscopic images showing
percentage of cells with TFEB (in A) or TFE3 (in B) in the nucleus 48 h post transfection in control
or Tsg101-depleted cells cultured in full or delipidated medium. Values derived from independent
experiments (dots) and their means (n=3 +/- SEM) are presented. Unpaired two-tailed t test to
siCtrl#1 was applied, *P <0.05, **P<0.01, ***P<0.001.

4.5. The involvement of Ca?* mediated signaling in the MiT-TFE activation upon ESCRT-
I depletion
Because lack of ESCRT-I induced activation of MiT-TFE factors and impaired degradation
of Ca?* channel MCOLNL, the role of calcium- and MCOLNZ1-dependent signaling in the

activation of MiT-TFE was investigated. To this end, BAPTA-AM, a chelator of intracellular pool
of Ca®* [46], or ML-SI1, an inhibitor of MCOLNZ activity [77, 295] were used to inhibit calcium-
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or MCOLNZ1-regulated nuclear translocation of MIiT-TFE. In control cells, treatment with
chemical modulators of Ca?* signaling did not reduce the basal percentage of cells with TFEB
(Fig. 4.16A) or TFE3 in the nucleus (Fig. 4.16B), but rather upregulated the nuclear translocation
of these proteins as compared to vehicle-treated cells. However, BAPTA-AM or ML-SI1 treatment
inhibited the nuclear accumulation of TFEB and TFE3 upon Tsg101 depletion (Fig. 4.16A-B).

A

@ siCtri#1

Vh BAPTA ML-SI1 o SiTag 10142
siCtri#1  siTsg101#2 siCtrl#1 siTsg101#2 siCtri#1  siTsg101#2 « 601
& 2 L4
l‘-i'-J £ 40+ % L. ns
= 1] ik
s ¥ ¥
[™=
K £ T 3T
<< S 20 o 3 .
Q 0] .
ﬁ 8 | ¥
TE e o
= Vh BAPTA ML-SI1
o siCtri#1
Vh BAPTA ML-SI1 @ siTsg 10142

40

siCtri#1  siTsg101#2 siCtri#1  siTsg101#2  siCtri#1  siTsg101#2

ns

7]
3
o
o o
L) g 2 30- .
L [
|._ ” ‘; {’ ns
o 2 %
T A = i .
£
< = . . _I_
s
% 2 10 Gl S 2
L 8
[ = i
Vh BAPTA ML-SI1

Figure 4.16. Chelation of intracellular pool of Ca?* and inhibition of MCOLN1 channel
activity reduce nuclear abundance of TFEB and TFE3 factors upon Tsgl101 depletion. (A-B)
Representative maximum intensity projection images from confocal microscopy of fixed RKO
cells showing the effect of Tsg101 depletion and/or 2 h treatment with Vh (vehicle, DMSO), 2 h
BAPTA-AM or 2 h ML-SI1 on the intracellular distribution of TFEB (in A) or TFE3 (in B) 48 h
post transfection. Tsgl101 was depleted using siTsg101#2 siRNA. Control cells were transfected
with non-targeting siCtrl#1 siRNA. Cell nuclei marked with DAPI stain (blue). Scale bar, 50 pm.
Graphs on the right present quantitative analysis of microscopic images showing the percentage
of cells with TFEB (in A) or TFE3 (in B) in the nucleus in control or Tsg101-depleted cells treated
or not with BAPTA-AM or ML-SI1. Values derived from independent experiments (dots) and
their means (n=4 +/- SEM) are presented. Unpaired two-tailed t test to siCtrl#1 was applied,
P >0.05 marked as “ns” ”- non-significant, *P<0.05, **P<0.01.
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MiT-TFE nuclear translocation may be promoted by Ca®*-dependent phosphatase,
calcineurin (CaN) [46, 54, 55]. Thus, the involvement of this protein in MiT-TFE activation upon
ESCRT-I depletion was tested. To this end, cyclosporin A (CsA) was used to inhibit CaN activity
[296]. Similarly to BAPTA-AM and ML-SI1, CsA treatment exhibited a tendency to increase basal
nuclear levels of TFEB (Fig. 4.17A) or TFE3 (Fig. 4.17B) in control cells. Additionally, CsA
treatment inhibited the accumulation of TFEB or TFE3 in the nuclei of Tsg101-deficient cells as
compared to control cells (Fig. 4.17A-B). Consistent with this, the Laboratory of Cell Biology at
IIMCB showed that depletion of Tsgl01 decreased TFEB phosphorylation at S122 and S211
[293]. Nevertheless, inhibition of MCOLN1-Ca?*-CaN signaling did not restore the reduced
phosphorylation of TFEB [293]. Collectively, although calcium-mediated signaling affected the
nuclear accumulation of TFEB and TFE3 induced upon Tsg101 depletion, this mechanism was
not due to canonical CaN-dependent dephosphorylation of these transcription factors. Therefore,

further investigation of the mechanism underlying MiT-TFE activation was needed.
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Figure 4.17. Inhibition of CaN does not reduce nuclear abundance of TFEB and TFE3
factors upon Tsg101 depletion. (A-B) Representative maximum intensity projection images from
confocal microscopy of fixed RKO cells showing the effect of Tsgl01 depletion and/or 2 h
treatment with VVh (vehicle, DMSO) or CsA on the intracellular distribution of TFEB (in A) or
TFE3 (in B) 48 h post transfection. Tsg101 was depleted using siTsg101#2 siRNA. Control cells
were transfected with non-targeting siCtrl#1 siRNA. Cell nuclei marked with DAPI stain (blue).
Scale bar, 50 um. Graphs on the right present quantitative analysis of microscopic images showing
percentage of cells with TFEB (in A) or TFE3 (in B) in the nucleus in control or Tsg101-depleted
cells and/or 2 h CsA treatment. Values derived from independent experiments (dots) and their
means (n=4 +/- SEM) are presented. Unpaired two-tailed t test to siCtrl#1 was applied, P >0.05
marked as “ns” ”- non-significant, **P <0.01.
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4.6. The status of mMTORC1 activation upon ESCRT-I depletion and its contribution to the
MiT-TFE activation

Because lack of Tsg101 decreased the levels of TFEB phosphorylation at S122 [293], that
was reported as direct mTORCL target [151], the activity of mMTORC1 in ESCRT-I-depleted RKO
cells was verified. To this end, the phosphorylation states of mMTORC1 canonical substrates [78],
namely Ulk1 (S757), 4E-BP1 (T37/46) and S6K1 (S240/244), were examined together with TFEB
S122 by western blotting. In order to inhibit mTORC1 activity, cells were cultured under nutrient-
deficient (EBSS medium) conditions and compared to those cultivated under regular (EMEM full
medium) conditions. In control cells, deprivation of nutrients abolished phosphorylation of all
tested mTORCL1 substrates, indicating their constitutive phosphorylation in RKO cells under
normal growth conditions. Lack of Tsg101 or Vps28 reduced the phosphorylation of TFEB to the
same levels as observed in EBSS medium. However, phosphorylations of canonical mTORC1
targets (Fig. 4.18A-B) were not affected by ESCRT-I depletion. This pointed to specific regulation
of mMTORC1-dependent TFEB phosphorylation.

Since signaling by mTORCL1 is regulated by its intracellular distribution [78], the
consequences of Tsgl01 deficiency on the localization of mTOR were verified by confocal
microscopy. Consistent with studies showing that active mTORC1 associates with lysosomes
[102, 297], mTOR localized to LAMP1-positive structures in control cells (Fig. 4.19A) and
dissociated from them upon nutrient deficiency (EBSS medium, Fig. 4.19A-B). However, lack of
Tsg101 did not affect the lysosomal association of mTOR either under regular growth conditions
or upon nutrient deficiency in comparison to control cells. This was in accordance with the
biochemical results on mTORCL signaling showing no changes in phosphorylation of canonical
mTORC1 substrates upon Tsg101 deficiency (Fig. 4.18).
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Figure 4.18. Depletion of ESCRT-I inhibits specific mTORCL1 activity towards TFEB S122.
(A) Representative western blots showing the effect of ESCRT-I depletion in RKO cells cultured
under regular (EMEM medium) or nutrient-deprived (EBSS medium) conditions on the
phosphorylation of mTORC1 downstream targets. Two components of ESCRT-I, Tsg101 and
Vps28, were depleted using single siRNAs (siTsgl01#2 and siVps28#1). Control cells were
transfected with non-targeting siRNAs (siCtrl#1 or #2). 2 h before collecting the cells, their
medium was exchanged to fresh EMEM or EBSS medium. 48 h post transfection cells were lysed
and immunoblotted with antibodies recognizing the indicated mTORCL targets. Vinculin was used
as a loading control. (B) Densitometry analysis of western blotting bands showing the
phosphorylation levels of the indicated mTORC1 substrates in control or ESCRT-I-depleted cells
presented as fold changes to averaged values measured for control cells. Dots indicate values
derived from independent experiments. Bars represent the mean (n=4 +/- SEM). Unpaired two-
tailed t test to siCtrl#1 was applied. P>0.05 marked as “ns”- non-significant, *P<0.05, **P <0.01,
***P <0.001.
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Figure 4.19. Tsg101 depletion does not affect mTOR association with late endosomes and/or
lysosomes. (A) Representative single plane images from confocal microscopy of fixed RKO cells
showing the effect of Tsg101 depletion in cells cultured under regular (EMEM medium) or
nutrient-deprived (EBSS medium) conditions on the intracellular distribution of mTOR (green)
and LAMP1 (red) 48 h post transfection. Control cells were transfected with non-targeting siCtrl#1
SiRNA. 2 h before lysis, medium was exchanged to EMEM or EBSS medium. Cell nuclei marked
with DAPI stain (blue). Scale bar, 20 um. (B) Quantitative analysis of microscopic images
showing mTOR colocalization with LAMP1-positive structures expressed as Pearson’s correlation
coefficient in control or ESCRT-I-depleted cells. Values derived from independent experiments
(dots) and their means (n=4 +/- SEM) are presented. Unpaired two-tailed t test to siCtrl#1 was
applied, P>0.05 marked as “ns”- non-significant.

Phosphorylation of TFEB and the resulting inhibition of its nuclear translocation are
regulated via the activity of mMTORC1 and the recruitment of TFEB to the lysosomal surface where
phosphorylation occurs [107, 148, 152]. To verify whether ESCRT-I deficiency affected
MTORC1-dependent nuclear accumulation and/or recruitment of MiT-TFE to the lysosomal
surface, colocalization of TFEB or TFE3 with LAMP1-positive structures was measured by
confocal microscopy upon inhibition of mTORC1 kinase activity. To this end, the second
generation mTOR inhibitor, INK128, was used [298]. As anticipated, in control RKO cells,
inhibition of MTORC1 activity promoted TFEB nuclear translocation (Fig. 4.20A-B) as well as its
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colocalization with LAMP1-positive structures (Fig. 4.20A, C). Tsgl01 deficiency modestly
elevated TFEB nuclear translocation in INK128-treated cells (Fig. 4.20A-B) but did not promote
TFEB colocalization with LAMP1-positive structures. In turn, depletion of Tsg101 diminished
TFEB-LAMPL1 colocalization induced by INK128 treatment (Fig. 4.20A, C).
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Figure 4.20. Tsgl01 depletion reduces TFEB association with late endosomes and/or
lysosomes upon mTORC1 inhibitor treatment. (A) Representative single plane images from
confocal microscopy of fixed RKO cells showing the effect of Tsg101 depletion and/or 2 h vehicle
(Vh, DMSO) and/or INK128 treatment on the intracellular distribution of TFEB (green) and
LAMP1(red) 48 h post transfection. Control cells were transfected with non-targeting siCtrl#1
siRNA. Cell nuclei marked with DAPI stain (blue). Scale bar, 100 um. (B-C) Quantitative analysis
of microscopic images showing percentage of cells with TFEB in the nucleus (B) and TFEB
colocalization with LAMP1-positive structures expressed as Pearson’s correlation coefficient (C)
in control or ESCRT-I-depleted cells. Values derived from independent experiments (dots) and
their means (n=4 +/- SEM) are presented. Unpaired (in B) and paired (in C) two-tailed t test to
siCtrl#1 was applied, P>0.05 marked as “ns”- non-significant, *P<0.05, **P<0.01, ****P<0.0001.

Similar to the results regarding the distribution of TFEB, mTORCL inhibition increased
TFE3 abundance in the nucleus (Fig. 4.21A-B) and enhanced TFE3 colocalization with LAMP1-
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positive structures (Fig. 4.21C) in control RKO cells. However, in INK128-treated cells, Tsg101
depletion did not further potentiate TFE3 nuclear accumulation as it was observed for TFEB.
Importantly, as in the case of TFEB, TFE3 colocalization with LAMP1-positive structures was
reduced upon Tsg101 depletion (Fig. 4.21C).
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Figure 4.21. Tsgl01 depletion reduces TFE3 association with late endosomes and/or
lysosomes upon mTORC1 inhibitor treatment. (A) Representative single plane images from
confocal microscopy of fixed RKO cells showing the effect of Tsg101 depletion and/or 2 h vehicle
(Vh, DMSO) and/or INK128 treatment on the intracellular distribution of TFE3 (green) and
LAMP1 (red) 48 h post transfection. Control cells were transfected with non-targeting siCtrl#1
siRNA. Cell nuclei marked with DAPI stain (blue). Scale bar, 100 um. (B-C) Quantitative analysis
of microscopic images showing percentage of cells with TFE3 in the nucleus (B) and TFE3
colocalization with LAMP1-positive structures expressed as Pearson’s correlation coefficient (C)
in control or ESCRT-I-depleted cells. Values derived from independent experiments (dots) and
their means (n=4 +/- SEM) are presented. Unpaired (in B) and paired (in C) two-tailed t test to
siCtrl#1 was applied, P>0.05 marked as “ns”- non-significant, **P<0.01, ***P<0.001.

Collectively, ESCRT-I depletion reduces MiT-TFE colocalization with LAMP1-positive

structures in INK128-treated cells, pointing to the regulation via a specific mechanism, other than
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the general inhibition of mMTORCL activity. Therefore, the mechanism underlying this specific

response to ESCRT-I1 depletion was subsequently investigated.

4.7. The contribution of Rag GTPase complex to the activation of MiT-TFE signaling upon
ESCRT-I depletion

Under nutrient-rich conditions, mTORC1-dependent phosphorylation of TFEB is mediated
via active Rag GTPase complex [107, 148, 152]. Rag GTPase complex also promotes recruitment
of MiT-TFE factors to lysosomes even upon pharmacological inhibition of mTOR activity [107,
148, 152]. To verify the effect of Rag GTPase-dependent activation on MiT-TFE signaling induced
upon ESCRT-I depletion, constitutively active RagC mutant (S75L) was overexpressed. First, the
nuclear accumulation of TFEB (Fig. 4.22A) and TFE3 (Fig. 4.22B) was analyzed by confocal
microscopy. Control cells overexpressing wild-type RagC (WT) showed the expected basal
nuclear localization of TFEB and TFE3 (around 10% of cells) that increased (to around 30%) due
to Tsgl101 depletion (Fig. 4.22A-B). In turn, overexpression of constitutively active RagC mutant
S75L reduced the basal levels of TFEB and TFE3 in control cells and completely prevented their
activation upon Tsg101 depletion (Fig. 4.22A-B).
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Figure 4.22. Constitutively active RagC mutant (S75L) prevents nuclear accumulation of
TFEB and TFES3 factors upon ESCRT-I depletion. (A-B) Representative single plane images
from confocal microscopy of fixed RKO cells showing the effect of Tsg101 depletion on the
intracellular distribution of TFEB (in A) or TFE3 (in B) in cells expressing wild-type (WT) or
constitutively active RagC (S75L) tagged with HA-GST (red) 48 h post transfection. Control cells
were transfected with non-targeting siCtrl#1 siRNA. Cell nuclei marked with DAPI stain (blue).
Scale bar, 20 um. Graphs on the right present quantitative analysis of microscopic images showing
percentage of cells with TFEB (in A) or TFE3 (in B) in the nucleus in control or ESCRT-I-depleted
cells overexpressing wild-type (WT) or active RagC (S75L). Values derived from independent
experiments (dots) and their means (n=3 +/- SEM) are presented. Unpaired two-tailed t test to
siCtrl#1 was applied, P> 0.05 marked as “ns” - non-significant, **P <0.01.
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Subsequently, the effect of activating Rag GTPase—dependent signaling on the
phosphorylation levels of mMTORCL1 substrates upon ESCRT-I depletion was analyzed by western
blotting (Fig. 4.23). The overexpression of WT RagC (used as a control) had no effect on
phosphorylation of TFEB at S122 upon Tsgl01 depletion. The overexpression of active RagC
mutant (S75L) induced TFEB phosphorylation at S122 in control cells and prevented its
dephosphorylation upon Tsg101 depletion. Of note, the phosphorylation levels of other nTORC1
targets, S6K1 or Ulk1, remained unaffected by active RagC mutant overexpression (Fig. 4.23A),
showing the involvement of RagC in the regulation of substrate-specific mMTORCL signaling.
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Figure 4.23. Constitutively active RagC mutant (S75L) prevents dephosphorylation of S122
of TFEB upon ESCRT-I depletion (A) Representative western blots showing the effect of
Tsg101 depletion on phosphorylation levels of TFEB (S122), S6K1 and Ulk1 as well as total
protein levels of TFEB, Tsg101, and HA-GST-RagC in RKO cells expressing wild-type (WT) or
constitutively active RagC (S75L) 48 h post transfection. Vinculin was used as a loading control.
(B) Densitometry analysis of western blotting bands showing the phosphorylation levels of S122
of TFEB in control or ESCRT-I depleted cells presented as a fold change to control cells. Dots
indicate values derived from independent experiments. Bars represent the mean (n=3 +/- SEM).
Unpaired two-tailed t test to siCtrl#1 was applied. P>0.05 marked as “ns”- non-significant,
*P<0.05.

Taken together, the presented data unveiled that the activation of MiT-TFE factors upon
ESCRT-I deficiency occurs due to the inactivation of Rag GTPase complex and the resulting

inhibition of mMTORC1 kinase activity specific towards MiT-TFE factors.
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5. Discussion

Based on the results presented in this thesis, a model is proposed that illustrates the role of
ESCRT-I in the regulation of lysosomal homeostasis and the consequences of ESCRT-I depletion
on lysosomal morphology, function and signaling (Fig. 5.1). This model will be discussed below.

Collectively, the presented results show that mammalian ESCRT-I proteins maintain the
turnover of lysosomal membrane proteins and thereby potentially restrict the size of lysosomes.
The lysosomal membrane turnover is yet another source, in addition to endosomal sorting and
autophagosome formation [186], from which ESCRT-I provides cargo for lysosomal degradation.
Owing to the engagement of ESCRT-I1 in cargo delivery for lysosomal degradation from various
sources, ESCRT-I restricts activation of MIiT-TFE transcription factors by inducing their
phosphorylation via the Rag GTPase-mTORC1 pathway. Moreover, ESCRT-I is required for
proper cholesterol trafficking within the endolysosomal pathway. Because the cellular functions
of ESCRT-I are crucial for providing cells with lysosome-derived metabolites, lack of ESCRT-I
induces lysosomal nutrient starvation, i.e. impaired supply of nutrients derived from lysosomal

degradation.
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Figure 5.1. Model of the consequences of ESCRT-I depletion for lysosomal homeostasis.
Functional ESCRT-I enables cargo delivery to lysosomes from endocytosis, autophagy and
lysosomal membrane protein turnover that allows proper supply of cells with nutrients from
lysosomal degradation (left panel).

Lack of ESCRT-I inhibits turnover of lysosomal membrane proteins resulting in enlargement of
lysosomes. Impaired cargo delivery to lysosomes from multiple delivery routes, such as
cholesterol from endolysosomal trafficking, causes lysosomal nutrient starvation indicated by
induction of starvation-like transcriptional responses related to cholesterol biosynthesis and
lysosomal biogenesis. In part, these transcriptional changes are regulated via Rag GTPase-
mTORC1-dependent TFEB/TFES3 activation (right panel).

5.1. ESCRT-I maintains lysosomal membrane protein turnover potentially thereby

restricting size of lysosomes

The discovery presented in this thesis that ESCRT-I is involved in lysosomal membrane
turnover was also reported in parallel in a recent publication by Zhang et al. [205]. Together these
two studies show that the role of ESCRT components in lysosomal homeostasis goes beyond
repairing lysosomal membranes in response to damage [49, 198, 299]. Moreover, the data
presented here and by Zhang et al. are consistent with findings describing the role of ESCRT
subunits in remodeling of the vacuolar membrane in yeast [200-203, 271]. This indicates that the

role of ESCRT proteins in downregulating vacuolar/lysosomal membrane proteins is evolutionary
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conserved in yeast and human cells. However, whether this occurs in all animals or in plants
remains to be addressed.

The study of Zhang et al. showed that ESCRT components regulate turnover of LAPTM4A
and RNF152 lysosomal membrane proteins [205]. This thesis describes another target subjected
to this mechanism, namely lysosomal Ca?* channel, MCOLNZ1. Although it is a late
endosomal/lysosomal membrane protein [58], GFP-MCOLN1 ectopically expressed in RKO cells
was not particularly enriched on its target compartment (Fig. 4.8). Only weak GFP intensity was
observed on LAMP1-positive structures and it was similar to that observed on the Golgi apparatus
or endosomes, organelles involved in trafficking of newly synthesized membrane proteins to
lysosomes [18, 26-29]. Lack of ESCRT-I leads to a marked, three-fold increase of GFP-MCOLN1
intensity on LAMP1-postitive structures (Fig. 4.8) and a similarly strong accumulation of this
protein was observed in whole cell lysates (Fig. 4.7). Importantly, experiments using BafAl
confirmed that this strong accumulation is due to inhibited lysosomal degradation of the protein
(Fig. 4.8). Hence, in control RKO cells, the ectopically expressed GFP-MCOLNL1 is very robustly
degraded by ESCRT-I-dependent lysosomal membrane turnover. It remains to be verified whether
degradation of endogenous MCOLN1 channel is also so fast, however up to date no reliable
antibodies are available that would specifically recognize this protein.

The impaired turnover of lysosomal membrane proteins may be the reason for the enlargement
of lysosomes upon ESCRT-I depletion. Supporting this notion, Lee et al. discovered that a
mechanism of turnover of lysosomal membrane proteins involves invagination of the lysosomal
limiting membrane and formation of luminal vesicles, thus regulating lysosomal size [286]. The
observed increase in size of LAMP1-positive structures in cells lacking ESCRT-I (Fig. 4.2) is in
agreement with previous reports [179, 236, 300]. However, the data presented in this thesis now
clarify that the enlarged LAMP1-positive structures include lysosomes as many of these structures
are positive for the LysoTracker dye (Fig. 4.3-4.4).

In addition to lack of membrane protein turnover, other intracellular events could potentially
also account for lysosomal enlargement in cells lacking ESCRT-I. It may occur due to formation
of hybrid endolysosomal organelles, not followed by lysosomal reformation, or as a consequence
of increased lipid transfer from the ER that can happen via ER-lysosome contact sites [301, 302].

Enlarged lysosomes can be associated with nutrient starvation [17] or lysosomal dysfunction

[303, 304]. Under nutrient-rich conditions, lysosome size may vary from around 0.1 um to >1 pm
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in diameter [305]. Serum and glutamine starvation leads to almost doubling of the lysosomal
diameter in rat kidney cells [306]. Various types of lysosomal dysfunction may also cause
lysosomal enlargement, however accompanied by increased lysosomal pH [304], observed as a
lower or a lack of LysoTracker staining intensity. Stronger LysoTracker staining of cells lacking
ESCRT-I described here (Fig. 4.3-4.4) shows that the pH of lysosomes is not increased but rather
decreased. Moreover, strong LysoTracker staining of enlarged lysosomes upon ESCRT-I
deficiency (Fig. 4.3-4.4) indicates that they preserve their integrity, as damaged lysosomes would
not maintain their acidic pH [49, 198, 199]. Thus, lysosomal morphology in ESCRT-I-depleted
cells exhibits features pointing to the deficiency of nutrients rather than lysosomal dysfunction or

damage.

5.2. Delivery of luminal cargo to lysosomes, such as cathepsin D, seems to be not impaired
upon ESCRT-I depletion

Detection of active cathepsin D in enlarged LAMP1-positive structures (Fig. 4.5) suggests that
lysosomes of ESCRT-I-depleted cells could preserve their ability to degrade cargo. Thus, massive
accumulation of ubiquitinated cargo within the endolysosomal pathway (Fig. 4.6) is likely a result
of impaired intracellular trafficking of membrane proteins to the lysosomal lumen, rather than
inability of lysosomes to degrade cargo. Intriguingly, ESCRT-I depletion was shown to inhibit a
correct delivery of carboxypeptidase S to the vacuole in yeast and of cathepsin D to lysosomes in
mouse fibroblasts [190]. The discrepancy between the findings presented here regarding cathepsin
D trafficking and observations of others may be due to cell-type specific differences in transport
of hydrolases. Nevertheless, further investigation needs to be carried out to clarify the actual
involvement of ESCRT-I in this process.

As cathepsins are delivered to lysosomes upon their initial transport from the Golgi to late
endosomes [6], it is possible that lack of ESCRT-1 does not impair the transport of luminal content
from late endosomes to lysosomes. This notion is reinforced by the accumulation of exogenous
cholesterol in LAMP1-positive compartment observed here (Fig. 4.14). As essentially all enlarged
LAMP1-positive structures contained cholesterol it indicates that exogenous cholesterol is able to
reach the enlarged lysosomes via endolysosomal trafficking in cells lacking ESCRT-1. Hence, the
data presented in this thesis suggest that ESCRT-I depletion inhibits delivery to the lysosomal

lumen of cargo from endolysosomal membrane turnover but not of cargo transported inside the
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lumen of endosomes. The delivery of luminal cargo into the enlarged lysosomes could occur as a
consequence of transient (kiss-and-run) contacts between late endosomes and lysosomes or as a
result of fusion between these organelles. Further investigation should address whether any of
these events may occur in the absence of ESCRT-I. Nevertheless, these results do not rule out the
possibility that luminal cargo, such as hydrolases or cholesterol, could be delivered to the enlarged
lysosomes not directly from late endosomes but from other cellular compartments. For instance,
cholesterol can be delivered to lysosomes from the ER via ER-lysosome contact sites [302, 307,
308]. However, such an alternative mechanism of lysosomal delivery has not been so far proposed

for transport of hydrolases that are believed to reach lysosomes from late endosomes [309].

5.3. ESCRT-I depletion evokes a cholesterol starvation response due to the inhibited efflux

of luminal cholesterol from enlarged lysosomes

Depletion of selected components of ESCRT was shown in two studies to cause accumulation
of cholesterol on LAMP1-positive structures [300, 310]. The authors of these studies concluded
that Hrs (ESCRT-0) and VVps4A/B, but not Tsg101, EAP20 (ESCRT-II) or CHMP6 (ESCRT-III),
are specifically involved in cholesterol transport from the endolysosomal pathway, arguing that
involvement of Hrs or Vps4A/B in this process is independent of other ESCRT. In contrast to these
studies that used HelLa cells, the results presented here show that depletion of Tsg101 or Vps28
subunits in RKO cells leads to accumulation of cholesterol in LAMP1-positive structures. This
points out that proper export of cholesterol from the endolysosomal pathway requires functional
ESCRT-I proteins. Possibly, the discrepancy between the published data [300] and the results
presented here concerning the effect of Tsgl01 depletion may be caused by cell type-specific
effects.

Upregulated expression of genes related to cholesterol biosynthesis (Fig. 4.9) and enrichment
of SREBP target genes among them (Fig. 4.10) support the hypothesis that lack of ESCRT-I
inhibits cholesterol efflux from lysosomes, causing a shortage of lysosome-derived cholesterol.
Moreover, as reported by the Laboratory of Cell Biology at IIMCB [225], supplementation of
ESCRT-I-depleted RKO cells with soluble cholesterol, which bypasses the endolysosomal
pathway, prevented the induced expression of cholesterol biosynthesis genes. This confirms the
notion that ESCRT-I deficiency impairs cholesterol accumulation at the ER due to impaired

cholesterol export from lysosomes, leading to the activation of a ,,cholesterol starvation”
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transcriptional response. However, how exactly ESCRT-I contributes to cholesterol efflux from

lysosomes requires further investigation.

5.4. Activation of TFEB and TFE3 factors by Rag GTPase inhibition is likely a hallmark of
lysosomal nutrient starvation due to lack of ESCRT-I

The activation of MiT-TFE transcription factor signaling observed in cells lacking ESCRT-I
(Fig. 4.9-4.12) is consistent with the reasoning that ESCRT-I depletion leads to the deficiency of
nutrients, as nuclear translocation of TFEB or TFE3 was shown to occur upon amino acid
starvation and the resulting mTORCL1 inhibition [148]. Accordingly, nuclear translocation of these
transcription factors in cells lacking ESCRT-1 (Fig. 4.11, 4.13) coincides with reduced
phosphorylation of TFEB at S122 (Fig. 4.18), that is a target of mMTORCL1 [148-151]. Moreover,
activation of MiT-TFE signaling in these cells occurs due to the inhibition of the Rag GTPase
complex (Fig. 4.22, 4.23), that is known to take place upon reduced delivery of amino acids from
lysosomes [152].

A specific downregulation of mMTORCL1 activity towards MiT-TFE factors but not towards its
canonical targets upon ESCRT-I depletion (Fig. 4.18) is consistent with studies showing the
involvement of Rag GTPase in the substrate-selective regulation of mMTORC1 activity [311-314].
This substrate-specific effect could be explained by the mechanism of recruitment of mTOR
targets to mMTORC1. Structural analysis of S6K and 4E-BP1 revealed that these proteins can
interact directly with the Raptor subunit of MTORC1 via a five amino acid region, called the TOR
signaling (TOS) motif [79, 315, 316]. In turn, TFEB and TFE3 factors contain a Rag-binding site
in their N-terminal regions, but not a TOS motif [152]. Thus, their association with mTORCL is
possible via the interaction with the Rag complex [152]. Of note, TFEB and TFE3 recognition and
binding occur only with the active RagA/BC™ and RagC/DCPP state [313]. This could explain the
regulation of TFEB phosphorylation via factors modulating the Rag GTPase activity, such as
lysosomal nutrient availability. The phosphorylation of canonical mMTORCL targets in cells lacking
ESCRT-I is not decreased probably due to mTORCL1 association with Rheb. ESCRT-1 depletion
leads to accumulation of receptors on endosomes and their increased signaling as described [179,
317]. Possibly, receptor-mediated activation of Rheb may promote canonical mTORCL activation,

independently from targeting Rag-binding substrates.
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5.5. A potential mechanism underlying regulation of substrate-specific Rag GTPase-

dependent mTORCL1 signaling may involve several proteins

Differential phosphorylation of mTORC1 substrates raises a question concerning the
mechanism that can regulate the specific mMTORC1-Rag GTPase-TFEB/TFE3 axis upon ESCRT-
| depletion. Amino acids emerge as an important player in the regulation of Rag activation [103,
152, 313]. So far, few proteins were shown to regulate the Rag GTPase activity in response to
amino acid levels. For instance, under amino acid-rich conditions lysosomal transmembrane
proteins, SLC38A9 and V-type ATPase, promote activation of RagA/B [24, 110-113, 318]. Under
amino acid-depleted conditions RNF152-dependent ubiquitination of RagA promotes recruitment
of GATOR1 to the Rag GTPase complex and thus its inactivation [319, 320]. Interestingly,
lysosomal membrane proteins, including RNF152 [205] and presented in this thesis MCOLN1
(Fig. 4.7-8), were shown to be downregulated in an ESCRT-dependent manner. It is possible that
impairment of ESCRT-I-dependent degradation of lysosomal membrane proteins promotes
RNF152 accumulation on the lysosomal surface leading to the conversion of RagA into an inactive
state, which mimics nutrient-deficient conditions. Additionally, another lysosomal membrane
protein PAT1/ SLC36A1, an amino acid transporter, was shown to interact with Rag GTPases
[321]. Its overexpression suppressed the activation of mMTORC1 under amino acid-rich conditions,
likely draining the lysosomal lumen of amino acids [113]. Thus, reduced mTORC1 activity
towards MIT-TFE factors in cells lacking ESCRT-I could be potentially caused by lysosomal
accumulation of PAT1 or other proteins that can inhibit mTORC1. Under amino acid-rich
conditions Rag GTPase is also activated via FLCN and its binding partner FNIP, which convert
inactive RagC/D®™ to the active RagC/D®P” state [107, 108]. Given that loss of FLCN function
leads to RagC/D inactivation and reduced activity of mTORC1 towards MiT-TFE factors [311-
313, 322], it is possible that ESCRT-I depletion inhibits FLCN and/or FNIP function and thus
inactivates Rag GTPase dependent-mTORC1 signaling in response to lysosomal nutrient
starvation.

In addition to amino acids, Rag GTPase activity can also be modulated by cholesterol.
SLC38A9 protein binds lysosomal cholesterol and stimulates Rag GTPase activation in response
to cholesterol availability [297]. On the other hand, SLC38A9 also can interact with NPC1 protein
and reduce mTORC1 activation upon deficiency of LDL-derived cholesterol. Thus, lysosomal

cholesterol can regulate mTORCL1 activity via the combined action of a positive regulator,
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SLC38A9, and a negative regulator, NPC1. It is possible that lack of ESCRT-I leads to
accumulation and increased interaction of SLC38A9 and NPC1 resulting in inactivation of the Rag
GTPase-mTORC1-MiT-TFE axis. However, the cholesterol sensing mechanism underlying the
control of the GTP/GDP-loading state of the Rag GTPase requires further investigation.

Specific mMTORC1 activity towards TFEB, but not the TOS motif-containing substrates S6K
and 4E-BP1, was reported in the literature for several pathological conditions. In Birt—-Hogg—Dubé
syndrome, a genetic disorder caused by loss-of-function mutations in gene encoding FLCN, a GAP
for RagC/D, mTORCI1 is hyperactivated towards S6K1 and 4E-BP1, but not TFEB [313]. As a
result of FLCN depletion, RagC/D is kept inactive (as RagC/D®™), which leads to reduced MiT-
TFE phosphorylation by mTORC1 [313]. Active MIiT-TFE factors induce a transcriptional
response, including increased expression of the gene encoding RagD, which in turn further
promotes mMTORCL1 activity [323]. Similar dysregulation of mMTORCL1 substrate activity was
reported in TSC disorder, caused by loss-of-function mutations in genes encoding TSC1 or TSC2
[314]. Moreover, mutations in subunits of the homotypic fusion and vacuole protein sorting
(HOPS) complex identified in patients with a neurodegenerative phenotype result in the inhibition
of mMTORC1-dependent phosphorylation of TFE3 and TFEB, and do not reduce phosphorylation
of S6K1, 4E-BP1 and Ulk1 [324]. Similarly to ESCRT-I deficiency, mutations in HOPS subunits
lead to TFE3 nuclear accumulation, reduced phosphorylation of TFEB, and insufficient cargo
delivery to lysosomes manifested by induced expression of MiT-TFE targets, but do not impair
lysosomal acidification and activity of lysosomal hydrolases [324]. Collectively, dysregulation of
substrate-specific MTORC1 signalling was reported as a hallmark of several human diseases.
Because mTORCL1 regulates essential biological processes, development of new therapeutic
approaches that would affect mMTORC1 activity towards selected substrates seems to be needed.
Collectively, the date presented here and recent reports point out that ESCRT components and/or
Rag GTPase complex and/or its regulators, such as FLCN, may constitute promising targets to
selectively modulate mTORC1 function. However, whether selective mTORC1 activity can be
druggable requires further investigation. Additional studies are also needed to identify novel
mechanisms of recruiting substrates to mTORC1.

In addition to mediating mTORC1 association with lysosomes under nutrient-rich conditions,
active Rag GTPase complex promotes recruitment of MiT-TFE factors to lysosomes [152]. The

results presented here (Fig. 4.20-4.21) are consistent with the reports showing that
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pharmacological inhibition of mMTORCL1 activity, but not of Rag GTPase, increases association of
MIT-TFE factors with lysosomes [150, 152]. Similarly to reduced Rag GTPase-dependent
recruitment of MiT-TFE to lysosomes upon starvation [152], lack of ESCRT-I partially prevents
TFEB and TFE3 accumulation on lysosomes upon mTORC1 pharmacological inhibition (Fig.
4.20-4.21), likely due to inactivation of Rag GTPase caused by lysosomal nutrient starvation. Of
note, the mechanism of Rag GTPase-dependent lysosomal accumulation of TFEB and TFE3 upon
MTORC1 inhibition remains poorly described. However, it is possible that mTORCL1 inhibition
stabilizes Rag-TFEB and Rag-TFE3 interactions and thus slows down TFEB and TFE3
detachment from lysosomes. mTORC1-dependent phosphorylation of TFEB and TFE3 may also
be required for destabilization of Rag-TFEB and Rag-TFE3 binding.

Overexpression of constitutively active RagC is sufficient to relocalize TFEB and TFE3 from
the nucleus to the cytoplasm in control cells as well as upon ESCRT-I depletion (Fig. 4.22).
Similarly, in TSC-deficient cells overexpression of RagC is sufficient to prevent nuclear
accumulation of TFEB [314]. This suggests that modulation of the activity of RagC may constitute
a promising target to affect MiT-TFE-specific mTORCL activity in response to trafficking defects

and/or impaired integration of signals from the extracellular environment.

5.6. Altered calcineurin activity or cholesterol-induced lysosomal stress are not causative

factors of TFEB and TFE3 activation upon lysosomal nutrient starvation

In addition to the regulation by Rag GTPase-dependent mTORC1 signaling, TFEB can be
activated via multiple upstream events that modulate its subcellular localization. For example,
activation of MCOLN1 Ca?* channel was shown to promote CaN-dependent activation of TFEB
and TFE3 factors [46, 54]. In line with this, lysosomal accumulation of MCOLN1 (Fig. 4.8) is
associated with nuclear accumulation of TFEB and TFE3 (Fig. 4.11, 4.13) upon ESCRT-I
depletion. However, although Ca?*-dependent signaling is required for activation of TFEB and
TFE3 upon ESCRT-I depletion (Fig. 4.16-4.17), inhibition of this signaling does not preclude
TFEB dephosphorylation at S122 (as presented in the study from the Laboratory of Cell Biology
at IIMCB, [293]). This suggests existence of a mechanism other than CaN-dependent
dephosphorylation of S122 of TFEB, which regulates its nuclear translocation. For example, a
possible mechanism involved in regulation of shuttling of transcription factors between the
cytoplasm and the nucleus could involve calcium ions [325, 326]. On the other hand, Ca?*-

dependent signaling affects also mTORCL1 signaling. As reported by Li et al., lysosomal Ca?*
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release via MCOLNL1 is required for mTORC1 activation [327]. Thus, inhibition of Ca®-
dependent signaling may at the same time inhibit CaN-dependent dephosphorylation and
mTORC1-dependent phosphorylation of TFEB. It is also possible that upon ESCRT-I depletion,
TFEB and TFE3 can be dephosphorylated by other phosphatases, such as protein phosphatase 2A
(PP2A) and/or protein phosphatase 1 (PPP1) [159]. Some studies reported that inactivation of
MTOR leads to an increase in PP2A activity [328-330]. Finally, lack of ESCRT-I reduced the
mTORC1-dependent phosphorylation of TFEB to the level comparable to the one observed upon
starvation (Fig. 4.18). In ESCRT-I-depleted cells inhibition of Ca?*-dependent signaling might not
compensate impaired delivery of nutrients from lysosomal degradation, thus mTORCL1 activity
towards TFEB cannot be restored. Nevertheless, the exact mechanism of Ca?*-dependent, but
CaN-independent, regulation of MiT-TFE activation upon ESCRT-I depletion still remains to be
addressed.

Phosphorylation of TFEB not only determines its subcellular localization but can also affect
its stability. For instance, TFEB phosphorylation at S142 and S211, that sequesters it in the
cytoplasm, was also shown to promote its proteasomal degradation [331, 332]. Hence, increased
levels of TFEB and TFE3 proteins (Fig. 4.11) could result from their stabilization due to decreased
phosphorylation. As the mRNA levels of TFEB and TFE3 upon ESCRT-I depletion are not
significantly increased (Fig. 4.12 and not presented transcriptomic data), the observed elevated
protein levels of these transcription factors are unlikely to be caused by a positive autoregulatory
feedback loop.

In contrast to the implication of Ca?*-dependent signaling in MiT-TFE activation, the
involvement of lipids is less known. Boutry et al. reported that cholesterol accumulation in severe
form of hereditary spastic paraplegia caused by the loss of spatacsin function promotes nuclear
translocation of TFEB [294]. However, inhibition of endocytic uptake of exogenous cholesterol
reduces cholesterol accumulation in cells lacking ESCRT-I (Fig. 4.14) but does not prevent MiT-
TFE activation (Fig. 4.15). This suggests that abnormal cholesterol accumulation is not a causative
factor for MiT-TFE nuclear translocation upon ESCRT-I depletion.

Cholesterol accumulation within the endolysosomal pathway is also a characteristic feature of
NPC disease. In a cellular model of this lysosomal storage disease, mMTORC1 was shown to be
hyperactivated [333]. Castellano et al. proposed that cholesterol stimulates mTORC1 activity via

lysosomal amino acid permease SLC38A9 [297]. They showed that sterol depletion, which may
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resemble “cholesterol starvation” observed upon ESCRT-1 depletion, promoted mTORC1
inactivation and nuclear accumulation of TFEB [297]. Thus inaccessibility of lysosome-derived
cholesterol may constitute a common feature of ESCRT-I-depleted cells and NPC disease.
However, how supplementation of cells with soluble cholesterol affects TFEB and TFE3 activation
upon ESCRT-I depletion remains to be addressed.

Lack of ESCRT-I leads to massive intracellular accumulation of cargoes, such as ubiquitinated
proteins and cholesterol (Fig. 4.6, 4.14). Despite the availability of amino acids and lipids in
culture medium and unperturbed canonical n"TORCL1 activity (Fig. 4.18), ESCRT-I-depleted cells
induce transcriptional responses characteristic of nutrient-depleted conditions (Fig. 4.9). This
indicates that ESCRT-I-dependent delivery of nutrients and their efflux from lysosomes may be

sensed via a specific mechanism, which is independent from the canonical mTORC1 activity.

5.7. Regulation of basal MiT-TFE signalling in cancer cells relies on Rag GTPase activity
and availability of exogenous lipids

The obtained results showed that the regulation of MiT-TFE signaling is context-dependent
and that different mechanisms underlie its activation in cells with functional ESCRT-I as compared
to ESCRT-I-deficient conditions. The data presented here demonstrate that the availability of
exogenous lipids is a crucial factor for basal TFEB and TFE3 activation (Fig. 4.15). Additionally,
constitutive activation of RagC strongly induces phosphorylation of TFEB at S122 (Fig. 4.23) and
completely prevents TFEB and TFE3 nuclear localization under all tested conditions (Fig. 4.22).
In turn, inhibition of Ca?* dependent signaling does not reduce the basal TFEB and TFE3 activation
(Fig. 4.16-4.17). This suggests that in cancer cells, basal activation of TFEB and TFE3 is not
regulated by Ca?*. It is possible that an oncogenic mechanism which regulates their basal
accumulation in the nucleus utilizes exogenous lipids and the activity of the mTORC1-Rag
GTPase pathway.

The involvement of Ca?-CaN-dependent signaling in the activation of MiT-TFE was
previously reported in the context of stress-induced responses, such as oxidative stress or
integrated stress response [54, 55]. However, in the experiments shown here, chelation of an
intracellular pool of Ca?* and inhibition of CaN and MCOLNZ activity do not reduce but instead
promote TFEB and TFE3 nuclear translocation under basal conditions (Fig. 4.16-4.17). Moreover,
as reported by the Laboratory of Cell Biology at IIMCB, these conditions reduce TFEB
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phosphorylation at S122, which could not be explained by inhibiting phosphatase activity [293].
Instead, Li et al. reported that Ca?*-dependent signaling is required for the mTORC1 activity,
showing another local function of Ca®* [327]. The fact that neither in control nor ESCRT-I-
depleted cells is calcineurin involved in TFEB phosphorylation at S122 [293] and MIT-TFE
activation (Fig. 4.17), suggests an involvement of another regulatory mechanism, such as Ca?*-

dependent regulation of mMTORCL activity.
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6. Future prospects

The data presented in this thesis describe a new role of ESCRT-I proteins in maintaining
lysosomal homeostasis and show consequences of ESCRT-I depletion for lysosome-related
signaling. These findings pose several questions that should be addressed to understand their
further relevance and mechanistic details.

The results demonstrated in this thesis provide insights into a homeostatic response induced
upon ESCRT-I deficiency, including MiT-TFE signaling. In many types of cancer, downregulation
of ESCRT proteins correlates with poor patient prognosis [221]. Thus, it is possible that deficiency
of ESCRT components may support cancer growth and spreading via promoting lysosomal
biogenesis and autophagy. But, it is also plausible that targeting ESCRT-I function may
particularly impair growth of cancer cells that strongly rely on their lysosomal function. Individual
and/or concurrent inhibition of ESCRT function and MiT-TFE signaling via chemical or genetic
approaches may induce cell death that could be tested using cell viability assays.

So far, the role of ESCRT proteins in degradation of lysosomal membrane proteins was
directly shown only for a limited number of such substrates[205, 293]. Thus, identifying the subset
of lysosomal membrane proteins regulated by ESCRT components could shed new light on
signaling cascades and/or processes regulated by endocytic proteins. Such identification could be
achieved by mass spectrometry analysis of lysosomes isolated from ESCRT-I-depleted cells using
for example the Lyso-1P method [334].

The data presented here also show that in cells lacking ESCRT-I, luminal cargo, such as
cholesterol, may reach lysosomes but cannot be released to other cellular destinations. But how
ESCRT-I mediates cholesterol efflux from lysosomes remains unanswered. It is possible that
components of ESCRT-I enable cholesterol transport between ER and lysosomes by inducing the
formation of contact sites between these organelles [301]. To verify this possibility, confocal
microscopy analysis of recruitment of ER markers (e.g. GFP-tagged VAPA protein) to lysosomes
and/or imaging of lysosome-ER contact sites by electron microscopy upon ESCRT-I depletion
should be considered.

Another important area for further studies concerns the mechanism of lysosomal nutrient
starvation. It remains vague which proteins sense lysosomal nutrient starvation. Based on literature

data, a likely candidate involved in the regulation of mMTORC1 activity specific towards MiT-TFE
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factors seems to be FLCN and/or its interacting partner FNIP [313, 335]. However, the role of
other proteins cannot be excluded.

Addressing the issues described above will increase our understanding of mechanical
basics of ESCRT-dependent regulation of lysosomal homeostasis and may point to potential

strategies for targeting such regulations for therapeutic purposes.
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7. Summary and conclusions

The data presented in this dissertation provide insights into the involvement of ESCRT-I

proteins in maintenance of lysosomal homeostasis and characterize the consequences of ESCRT-

| depletion on lysosomal morphology and function, as well as lysosome-related signalling.

Specifically, the results indicate that:

1)
2)

3)

4)

5)

6)

7)

8)
9)

ESCRT-I restricts the size of lysosomes.

ESCRT-I is involved in selective degradation of lysosomal membrane proteins,
including MCOLN1 Ca?" channel.

In ESCRT-I-depleted cells lysosomes are likely functional and luminal cargoes, such
as cathepsin D or cholesterol, are delivered into lysosomes.

Depletion of ESCRT-I leads to increased nuclear accumulation of MiT-TFE
transcription factors (TFEB and TFE3) and elevated expression of their target genes
involved in lysosomal biogenesis and autophagy.

Depletion of ESCRT-I causes massive accumulation of cholesterol within the
endolysosomal pathway and induces expression of cholesterol biosynthesis genes.
Abnormal accumulation of endocytosed cholesterol is not a causative factor for the
activation of MiT-TFE transcription factors upon ESCRT-I depletion.

Ca?*-dependent signaling, but not CaN-dependent dephosphorylation, is required for
activation of TFEB and TFE3 upon ESCRT-I depletion.

Lack of ESCRT-I does not affect the general mMTORCL1 activity.

ESCRT-I restricts nuclear translocation of TFEB and TFE3 factors by maintaining the

activation of the non-canonical Rag GTPase—dependent mMTORC1 pathway.

Based on the results presented in this thesis, it is proposed that ESCRT-I is required for

proper delivery of nutrients derived from lysosomal degradation to restrict activation of MiT-TFE

factors via the Rag GTPase-mTORCL1 signaling pathway.
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Table 1. List of upregulated genes upon depletion of Tsg101 (1166 genes) or Vps28 (601 genes)

Condition | Gene symbols

(SiRNA-

mediated

depletion)
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VPS13C, INO8OB, ITGAV, GAB2, BOD1, VTI1A, PRKAB2, TSLP, YBX1, SDCBP, RELL2, FASN,
LMAN1, CDK18, YTHDF3, NSMF, PELI1, MFSD11, PTPN14, SERTAD3, PDK3, NIPAL2, FTH1,
PEX1, ORAI3, SEPT3, C110rf80, ZNF616, G3BP2, CLCN7, IL13RA2, ATG16L1, ZFR, SRGAPI,
NRBP1, PLPP6, STK32C, DENNDS5SA, TOM1, UBE4A, KATNAL1, ZNF816, U2SURP, GSE1,
ZSWIM4, KCNC4, EEA1, ATP13A3, CNST, KATS5, DPYSL2, LZTS3, ZFAND3, RPS7, MCOLN1,
SF1, PERS3, GIPR, TMEMA41B, NUP205, MAP4K4, DNAJBY, ZNF841, SLC9A8, RNF167, VEGFC,
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TTC37, RIPK2, BCAP31, LINC01278, NIT2, PDPK1, MTHFR, NPEPPS, TPD52L1, ACOX1, KLF11,
RWDD2B, LINCO00174, IFNGR2, NSRP1, SLC35D2, SRPRA, TMEM192, NHLRC2, SKAPZ2,
STYXL1, ZNF720, TMEM35B, GOT1, HSPA13, CHKB, GPN2, SDC3, SLC26A11, LINC-PINT,
INTS3, SIRT7, LMBRD2, TCEAL9, H6PD, COG6, TMTC3, ODC1, CMAS, LTBP1, CLDND1,
PIK3C2A, ACACA, SLC7A2, ATP6V1B2, RIF1, TSPAN17, UHRF1BP1L, ZNHIT6, SLC29A2, JSRP1,
ZNF622, YOD1, ATG12, C6orf62, CASBP1, TMEM241, EIF4B, ERCC5, PLEKHAS3, SCAF11, CBR1,
HNFAG, HPS3, HGSNAT, RBMX2, TSEN15, GMDS, PSMG4, TMBIM1, MICA, SLK, CDC73,
RAB7A, PPP2CA, SNHG16, NAAGO, DAAML, GNPTG, ZNF322, ISOC1, MCRS1, WDR3, ARFGAP3,
BLVRA, TBC1D10A, COPS5, HDHD3, RNF144A, WASHC3, UAP1, RALBP1, ZMIZ1, ESCO1,
SNX10, CTBS, GTF2E1, HSP90AA1, AFAP1, RNF146, LYPLALL, HIVEP1, TNKS, CDK11B,
TRAPPC4, ZNF263, WDR35, PKP2, ACTR3, VPS37A, OSBP, PCED1A, TSPAN31, FEMIC,
GABARAP, CDKS9, LRP1, ATP6V0OA2, PITRM1, EPG5, EPB41L5, SELENOM, PNPLAS8, PSAP,
CREM, WFS1, TMEM14B, SPRTN, MCCC1, ATXN2, CCNL2, RCHY1, AK2, SMCRS8, RAB1S,
MMADHC, TMEM131, TMEM251, SOX12, CCDC90B, ARPC1A, LMO4, TVP23B, PDGFA, CHSY1,
FYTTD1, POMP, MRPS18C, GPR157, SYNJ2BP, PIKFYVE, PRKCSH, ZNF561, BORCS7, DMTF1,
TRAPPC11, CREBL2, EIF3l, RRAGC, CPQ, ZNF644, SMARCAD1, RNF157, TTC23, TOMM20,
RDH11, GOLGA2, APEX2, UPP1, PSMA1, FXN, SLC27A1, PRRC2C, C50rf51, AKAP12, HSD17B12,
ZNF254, RB1CC1, MED7, KDM5C, GLIPR1, EIF3B, ZRANB2, ZNF800, ABHDS5, KCTD13, USP46,
SCAPER, MRPL34, THAPS, GLUL, FER, DERL2, CIRBP, WDR19, PHLDB3, FOSL2, NECAP2,
COPB2, SGSH, PANX1, SNX12, S100A11, KDM3A, TTI2, ARNTL2, TUBB3, MAN1B1, GLTP,
ZSCAN26, JOSD1, ZNF277, UGDH, UFL1, RER1, IFNGR1, CLIP1, OLMALINC, BRWDS3,
GORASP2, EIF1, SHTN1, NT5E, NA, TXNDC15, IAH1, PVRIG, CARNMT1, LRP12, PPP3R1,
DNAJC24, FBX038, THTPA, TMEM38B, TCEALS8, SNX3, COL4A3BP, WWP1, PDEGD, VPS35,
ANKIB1, PKNOX1, FAF2, FAM160A2, GUK1, ANKRD44, RNF19B, SEC22B, BRPF1, DOCK?,
ARFGEF3, NKIRAS1, SERPINB8, ATG7, BRMSI1L, STAM, ZNF787, RGS19, PHKB, SCYL2,
UNC50, GOLGA4, SCAF1, PGM2L1, TRAPPC3, MGRN1, CCDC82, ABCC4, PAPD4, RBSN, RHOB,
H1FX, POLR1D, C3o0rf38, LOC652276, FNBP1L, TMEM231, CMBL, BLZF1, FBXO10, LINC-PINT,
TTC5, TRIP10, TTC1, MDM4, PHYH, TMEM185B, RPL35A, FBXO8, PSD4, PIK3R2, CWCI15,
MSANTD4, HABP4, PSMC1, DDX19A, SLC25A16, APH1B, AP5Z1, MBD4, SETDB2, SENPG,
PTGR1, NMI, ARSA, MED21, ID1, TRMO, MTG1, CTSL, USP40, TIGAR, UTP14A, ESD, TDRD3,
UHMK1, LINCO01347, GRINA, PSMAG6, ELF1, VGF, RHPN1-AS1, SNX19, TRAPPC6B, ARVCF,
MTRR, SRA1, UBE2B, POLK, TM9SF1, TMEM87B, SNRNP27, LINC01003, DCUN1D5, ZCCHCS9,
IREB2, ETF1, GALNT12, RBM26, TERF1, DCUN1D1, AGGF1, CANX, RPL39, SLC8B1, HLA-F,
MRPL30, KLHL12, CARS, ANAPC4, UBAG6, SUCO, COX7A2, EPCAM, FAM217B, FDPS, DAP3,
UVRAG, SH3PXD2B, SMS, TEAD1, DDX52, PARD3, SPG21, VPS26A, HGS, NDFIP1, TRMT61B,
JAK1, GRN, IP6K2, PITX1, RALGPS2, PTAR1, HGF, CCNH, VPS9D1-AS1, ZCRB1, FAM177Al,
CCDC59, EMC2, PLBD1, P4HB, EHMTL, HSDL2, NBR2, CCDC102A, RBM42, SLC39A11, DARSZ2,
UBE2A, EHD1, CAPN7, ZNF623, PLIN3, FARSB, TTC39C, ZC2HC1A, PPP1CC, ZNF462, NFYB,
MICU2, ASF1A, ID3, PPP3CA, CLNS1A, PHKA2, NCL, PSMG2, SIL1, RPLS, PTPN21, WDRA47,
SIRT2, HMGA2, HOXC10, SART1, LARP7, RARS, FGD1, USP15, NAV1, NAF1, STRAP, LRRCA41,
FKBP8, LNPK, RAP1B, CSTF1, WRAPS53, BACE2, CTU1, BETIL, FECH, LYRM1, MRPS30,
TMUBL, SKIV2L, ARL6IP1, PLA2G4A, XYLB, PPIP5K2, AP3B1, QDPR, KRAS, DMXL1, M6PR,
LAMTOR3, ACSL1, WDYHV1, MYADM, PPIL2, DDX47, FASTKD5, HINT3, EP300, C8orf37,
XRN2, EXOC1, CFL2, ATF5, WDSUB1, ZDHHC2, TAF11, PLRG1, TMEM168, PLAG1, PRCP,
ARID4B, HIST1H2BK, METTL14, RBL2, TFEB, RPL22L1, NKTR, SFSWAP, COMMD2, FASTKD1,
SNORAZ27, ALGY, GK5, ZNF627, OSTM1, IL13RA1, GNL3L, LAMA1, SMAD1, TRAF5, ADAM10,
MORF4L2, MRAS, UEVLD, DPH6, ORMDL1, NCKAP1, SKI, LAMP1, ZNF92, PEAK1, F8AL, AFF3,
IDH3B, ZNF32, FRA10AC1, DUSAL, TYW3, SPRY4, ERP29, MRPS25, FUS, TMEMS5, SLC19A1,
MED13L, CAMK2D, CACUL1, ERRFI1, MRPS36, DCUN1D4, NAPA, NIPA2, SPNS1, EXTL2, TFG,
PON2, RPL24, FEM1A, ERCCS, EIF2S2, SUCLA2, C120rf4, ZNF10, PHF11, CHCHD?7, SIRT5, GEN1,
SZT2, MAP3K4, UGT8, MRPL35, ANXA2, C20rf69, HNRNPLL, AFG3L2, BTF3L4, SCRN2, SNUPN,
AP4M1, MED23, GGNBP2, GNAIL, TP53111, NAP1L1, RNF170, PAXBP1, JAZF1, DOCK11, ATRX,
ST6GALNACSG6, GFPT1, ATP6AP2, POLR2I, LACTB2, SDC1, MAP2K3, PHIP, NELFB, CDC37L1,
PARG, TYWS5, DECR1, BTG3, MRPS35, RECQL, CLN3, PQBP1, PAQR3, PRPF40B, CHACZ,
CHMP1A, MSX2, PPP1R35, TNFRSF1A, ASNS, MBD6, ZNF131, MTO1, SLC38A9, PTPRA, PKN3,
TUSC2, COX8A, SECISBP2, PTP4Al, MTM1, HNRNPH3, STUB1, HSPB11, AKNA, HSBP1L1,
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NUDCD1, NHEJ1, PIGP, ABRAXAS1, UTRN, TUBB4B, TPRKB, N6AMT1, NR4A1l, SCRN3,
KDM1A, USP1, ACADM, SLC25A13, BCL3, PHKG2, SSB, SNORA14A, OXA1lL, NHLRCS,
HECTD2, MAK16, HOXA7, TNRC6B, REV1, ZNF275, GTPBP8, KDELC2, ANKRD49, E2F2,
SRGAP2, MZT1, AKAP1, PM20D2, PRELID2, ASH2L, NEMP1, NDCB80, KIF22, RFCS5, IMP3, TTF1,
KLF10, NOV, HIST1H2BF, MTCH1

siVps28#2

TNFRSF9, CXCLS8, LINC00856, NEURL3, MMP10, CXCL3, HKDC1, TUSC3, GCNT3, TNFAIP6,
F2RL2, SIGLEC15, TNIP3, SPINK1, CSF2, CXCL1, CCL20, PLK2, TREML3P, WNT7B, EID3,
HMGCS1, RPLPOP2, ITGAX, MMP19, BIRC3, MMP3, TNFAIPS8, PI3, EBI3, LIPG, CXCLZ2,
TNFRSF1B, SGSM1, IFI44, LINC00520, CYP4F11, ZNF165, PIR, IRAK2, SLC26A6, DHCR?,
KIAA1217, MMP1, N4BP2, TMEMS88, SH3TC2, NFKBIA, MSMO1, OSGIN1, B3GNT5, SLC7A11,
TMA4SF1, MET, CD82, MVP, MIR22HG, LOC100126784, SLC36A1, SFN, FOXL1, FBX032, PLAU,
GCLM, EPASL, PCSK9, NINJ1, TP53INP2, SQLE, FDFT1, ABCA5, HDACY, IDI1, USP53, TFRC,
LACTB, NQO1, TMEM102, NFKBIE, PTK6, CBLB, TANGO2, BHLHE40, NPC1, DYNLT3, CEBPB,
SAT1, PATJ, SOD2, SIK1, SLC2A3, PDE4DIP, PFKFB2, LTB4R2, HSD17B7, PI4KAP1, STK17A,
NSDHL, SLC16A13, HSD17B14, ZNF354A, SLC41A2, IL6ST, RIOK3, RAB4B, N4BP3, GLA, RIT1,
FAM102A, KIAA0319, KBTBDS, HBEGF, IL17RC, HMOX1, PISD, RELB, FLNB, AMPD3, TLES,
LACC1, ICAM1, PLEKHM1, MVK, OPTN, ESM1, TM4SF19, TRIQK, DUSP1, FAM49B, C6orf141,
PLK3, MARCKS, ACHE, FAM221A, BCL2L2, C30rf58, KIF21A, RALA, SPRY2, KLHL21, PRMT2,
SMIM3, LRP8, MVD, MGST1, STXBP2, CSF1, ITPKC, DNAJB4, CTNS, NFKBIZ, TYMP, BAGALTS,
KDM6B, SRXN1, ACAT2, TUBB2A, DGKI, ITPR1, CD68, ZCWPW1, OCRL, ABHD4, KLC3,
ATP10D, GEM, FAM214B, INSIG1, HMGCR, ALS2CL, SLC12A6, PLEKHN1, MAPKBP1, KCNAB3,
CCSER2, ARHGEF26, TNIP1, ZFHX2, KLF6, STAP2, CNDP2, IL32, ENTPD7, LINC00346,
RPS6KL1, SEL1L3, ERG28, CLCNG, KLF5, C9orf72, PPP2R5B, CDK20, GPAT3, ACSL5, INSIG2,
MBOAT2, MMAB, TRIB1, DYRKS, CYP51Al, ZNF697, CIGALT1, STARD4, ZCCHC6, MAP3K14,
GABARAPL1L, NR4A2, TMEM150A, SLC38A6, NEAT1, PLA2G12A, TNFAIP3, SLC38A7, ZCCHC2,
ITGA2, RND3, PRKCD, SGK494, MAST4, ATXN7L1, GALNT11, CISH, MMP25, ACOT13, RNF103,
MAN2B1, ALDOC, PIK3CD, CRIP2, ALOX12B, MXD1, EFNB2, RPS6KC1, C3orf52, FHIT, NEU1,
ZDHHCY, IL12A, LOC90768, SYT7, MYH14, ABL2, BCAR3, LRRCS8E, ELMSAN1, UCHL3S, LYST,
NFKBIB, MREG, ZNF217, PICK1, CETNZ2, TAB3, PFKFB4, CCNG2, RRAS, SLC2A6, ARRDCS,
NIT1, PDK1, DNASE1L1, TESK1, NCOA3, NFKB1, SERINC2, METTL27, PLEKHM3, PITHD1,
STX11, ERN1, BACH1, GCH1, LOC642852, SQSTM1, PSMBS, BAIAP2L1, SAT2, ZC3H12A, REL,
CCNE1, MYOF, TNFSF9, RHBDF2, LCP1, FNIP2, FGFR4, DYNC1H1, GSR, PELO, FAM117A,
SPAGY, NIPAL1L, RETSAT, JUNB, FSTL3, EIF2B2, PRSS22, CLDN12, LDLR, GABARAPL2, G6PD,
GID4, STXBP1, FAM160Al, GCLC, SLC37A3, TMEM159, TMCC1-AS1, TALDO1, SLC35C2,
GLMP, GAB2, TRAF3IPZ, FIG4, ZNF267, LSR, RAB11FIP4, FASN, NSMF, USP43, ARSJ, CLNS,
HLA-A, SGIP1, ZNF616, TBC1D17, CLCN7, NPLOC4, BBS12, SMURF1, SLC17A5, TM7SF2,
RAP2B, KCNK1, IKZF3, DEXI, TMEM106A, LZTS3, MCOLN1, MAP4K4, DNAJB9, ZNF841,
RIPK2, ZFAND5, UBL3, PGD, EML2, CDC42EP3, SRPRA, RTN4R, SKAP2, STYXL1, KHNYN,
TIPRL, KCTD11, ZNFX1, DUSP18, SLC26A11, LINC-PINT, C1RL, STX4, GADD45A, MCF2L2,
GDPD5, CMAS, CLDND1, Cl6orf72, SLC29A2, JSRP1, PSMA3, MT1X, BTBD11, EIF4B, CBR1,
HNF4G, RHPN1, HPS3, FAM131A, MICA, ANKRD9, RAB7A, RRP12, DAAM1, GNPTG, CTSD,
SNX29, SETD7, BLVRA, HDHD3, GSK3B, ZMIZ1, PTRH1, LPP, DESI1, ZNF474, PHYKPL,
VPS37A, UBE2D1, MAP3K9, PITRM1, TMEM63B, FMNL3, SELENOM, USP2-AS1, TMEM14B,
ZNF556, AK2, TMEM251, SYNGAP1, SCARNA17, SOX12, TDRKH, TPP1, TAP1, MRPS18C,
RNF207, POLR3D, HTRA2, KCTD7, PSMAL, PVR, ATG2A, CHMP4C, SDC4, PLXND1, ZDHHC17,
AKAP12, ZFYVE26, CTC1, GLIPR1, ABHD5, RTKN, NOCT, SIDT2, ASL, SAV1, FAM98B, DPP3,
UBAPL, IRS2, PCYT2, GLTP, DOCK®6, ACY1, SHTN1, MROH1, PVRIG, WBP1L, CYTOR, MFHAS1,
ABCB6, STAT2, ATP6V1D, RNF19B, RYBP, STX3, USE1l, ZHX2, CMIP, IRGQ, FAS, ABCC4,
CHST15, BLZF1, FBX010, MTURN, MYO5C, OGFOD2, CSNK1E, HOOK2, FBXO8, TIMMSA,
LGALSS8, PDCD2, CHCHD3, MYO18A, DDX60L, DRAM1, AKR1Al, SVIL, PPM1K, ARHGAPS5,
NLN, ESD, INF2, ATGY9A, VATI1, PNKD, ADK, ZDHHC13, VARS, PIK3C3, GNE, ASS1,
TNFRSF10A, FADS3, UBAG, SNCAIP, WBP2, FPGS, FBXL20, VPS26A, PRICKLES, SKIL, TMC6,
ITPR2, TFDP2, SPRYD3, SH2D3A, PPMI1N, IP6K2, WDR81, GAA, TMEM132A, DHRS11,
TOR1AIP1, C170rf49, IL15RA, RELA, ST13, BBS7, KCNQ4, NCL, CCNJ, GPC1, FAM83H, AAED1,
MOB3A, FLII, SLC25A1, UAP1L1, SLC19A2, FSD1L, BACE2, DUSP22, LRRC1, MRPS30, OFD1,
ERLIN1, TASP1, PCYOXIL, SLC15A4, EPHX2, STK3, ZNF567, INTS14, MTI1L, ZFYVE27,
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HIST1H2BK, OS9, MT1E, ATP13A2, PIEZO1, MLLT6, HECTD3, LMLN, RHBDD3, MRM1, FTL,
VPS26B, ETS2, MICAL2, MICB, SLC12A8, MAST2, ARG2, KLF15, ADA, SEC31A, CARS2,
PTPN23, PORCN, HDAC10, ENTPD2, PIK3AP1, CIPC, XPR1, WDR18, PPM1H, MT2A, SFXNZ2,
PPP6R2, MPRIP, VDR, DPH2, LDHA, DTNB, HES1, GSDMD, UNC93B1, TNFRSF21, NBEALZ2,
KREMEN?2, YBX3, ETV6, GNAL, LIMS1, FDXR, HSPB1, EIF5A2

Table 2. List of commonly upregulated genes upon Tsg101 and Vps28 depletion (480 genes)

Gene symbols

ATM, LYST, FEXN, GIPR, GLA, ICAM1, MET, NPC1, OCRL, G6PD, NEU1, PEX1, LDLR, IL1A, CXCLS, IL13RAZ2,
BLVRA, CSF1, CYP51Al1, GRINA, HMGCR, ITGAX, RPL8, RPL35A, RPL39, ZNF787, IP6K2, MAPKAP1,
TCEALS, SDCBP, EID3, CHAC2, KDM1A, PM20D2, RPS7, CHCHD7, FECH, IL32, CPZ, USP1, PIR, SOD2,
WDR45, CTNS, CSTF1, TRAF5, FAM102A, GGPS1, CLDND1, PAQR3, TTC23, TUBB2A, MZT1, KDM6B,
ZNF697, ZNF275, NAA6O, ZNF621, HLA-F, TMEM251, RPL22L1, TTI2, MVK, TFRC, ORMDL1, UGTS,
WDSUB1, LACC1, SMARCAD1, TNIP3, RELL2, COL4A3BP, ZNF720, NEMP1, ZCCHC9, AFAP1, ZNF841,
BCAP31, PDK3, MORF4L2, C6orf141, MYH14, FHIT, SLC26A11, SLC38A6, KIF21A, ARNTL, SF1, SECISBP2L,
TFG, PDE4DIP, SNX10, CCNE1, CCNH, GUK1, CLCN7, CLNS1A, KLF6, DHCRY7, EIF4B, GCLC, CXCL1,
SLC29A2, TNFRSF9, IRAK2, AK2, ARVCF, CBR1, ESD, GFPT1, GCLM, CXCL2, CXCL3, HMGCS1, ID3, CD82,
MARCKS, MXD1, ME2, MMP1, MMP3, MMP10, MTAP, MVD, NFKBIB, OSBP, PDK1, PI3, SERPINBS, PIK3C2A,
PPP2CA, PSMAG, CLIP1, SAT1, ATXNZ2, SDC1, SPINK1, SQLE, SRPRA, TPD52L1, UVRAG, ZNF131, ZNF165,
STAM, BLZF1, TNKS, TNFSF9, RIPK2, RIOK3, SUCLA2, AP1G2, SKAP2, MAP3K14, GPRC5A, NFKB1, ACOX1,
PLKS3, E2F2, EFNB2, NINJ1, RAB1A, TANK, SYT7, BCL9, CETN2, DUSP1, FDFT1, FGD1, IDI1, YBX1, CCL20,
SMS, LRP8, RABT7A, HGS, DGKI, AP4M1, ETF1, GCNT3, UBE4A, PDIA4, PIK3CD, PRCP, AKAP12, SART1,
ABL2,RND3, BCL3, CEBPB, FOSL2, NKTR, RALA, ABCA1, IFNGR2, INSIG1, LMAN1, TAF11, ZNF354A, EBI3,
ABCC4, FSTL3, STUB1, ACAT2, MAP3K4, UCHL3, WFS1, LIPG, TP53111, TNIP1, TUBB4B, SFN, PFKFB2,
PHYH, POLR2I, RRAS, TNFAIP3, USP15, LRRC41, ARPC1A, RELB, ZNF217, PLK2, DNAJB2, MSMO1, TUSC3,
LMO4, WDR3, RALBP1, AFG3L2, BTG3, GLIPR1, SNRNP27, HOXA7, SOS2, SOX12, STXBP2, SLC35D2, RER1,
DNAJB4, TMF1, STRAP, TUSC2, GABARAP, KIF22, TTF1, RFC5, F8AL, FBXO10, FBX08, FKBP8, HNRNPH3,
MLYCD, SIRT2, SIRTS, DNAJB9, PSD4, ATP6V0A2, PKN3, NRBP1, LRP12, ST6GALNAC6, OSTM1, CCDC59,
TMEMS, PPIL2, MTCH1, TRAPPC3, SIGLEC9, APEX2, FAF2, RNF144A, TSC22D2, PLEKHM1, KLHL21, AP5Z1,
JOSD1, UHRF1BP1L, CUL9, N4BP3, NUP205, ARL6IP1, MGRN1, SRGAP2, MED13L, TMEM131, NELFB,
NSDHL, POMP, ATP6V1H, LACTB2, INSIG2, TRAPPC4, POLK, MAN1B1, ACSL5, HSD17B14, HSD17B7,
ARID4B, GLTP, MRPL35, FAM49B, MRPS30, RWDD2B, SLC2A6, KCTD9, ZCCHC2, TRMT61B, CDC37L1,
PHIP, GPN2, DARS2, N4BP2, UBAG, IMP3, C90rf72, DDX19A, YOD1, CMAS, FEM1A, ERRFI1, CCSER2, GNL3L,
PLEKHAS3, PARD3, AGPAT4, MGST1, ARFGEF3, ENTPD7, PITHD1, Cl2orf4, TIGAR, KMT5A, TMEM159,
ATP10D, NFKBIA, SRGAP1, FNIP2, METTL14, KRT34, KDM6A, IL21R, FASTKD5, TRAPPC11, LAMTORS,
OPTN, SEC24A, RBM26, TMEM168, MRPS25, USP46, MRPL34, PVRIG, SECISBP2, TMEM185B, ATP13A3,
C3orf52, ZCCHC6, NHEJ1, CSPP1, SLC8B1, LRRC8E, HKDC1, FAM214B, NRBF2, ATG16L1, PLA2G12A,
CCNL2, RNF170, HDHD3, NFKBIZ, NUDT12, B3GNT5, NSRP1, SLC41A2, FYTTD1, HPS3, KBTBDS, LACTB,
ZFHX2, MMAB, MBD6, FBX032, ZNF354B, WNT7B, SLC36A1, SELENOM, SRXN1, PTPRA, TTC5, MTG1,
NAF1, HINT3, TBC1D2B, JSRP1, UBLCP1, MAP2K3, ZNF627, PSMBS8, VPS37A, ZNF92, TANGO2, CBLB,
RASAL2, ABCA5, NR4A1, SIK1, C3orf58, PGM2L1, PAPD4, PCSK9, C5orf51, C8orf37, ZNF616, SERINC2,
DNAJC24, BIRC3, OSGIN1, ARRDC4, TMEM65, FAM120A0S, ZNF644, SLC16A13, ZNF254, PLPP6, FBXO38,
SIGLEC15, AMPD3, GSR, CSF2, NQO1, PLEKHM3, ITPR1, TYMP, TM4SF19, CLCN6, ERN1, FLNB, HBEGF,
HMOX1, IL6ST, JUNB, PGD, RAP2B, REL, DYRK3, BHLHE40, SQSTM1, F2RL2, FASN, NFKBIE, STK17A,
ALDOC, GEM, IFl44, TALDO1, RIT1, SLC2A3, ESM1, TNFAIP6, IKZF3, TM4SF1, EIF2B2, SLC7A11, TNFAIPS,
ACOT13, CLN8, KIAA1217, ZMIZ1, MCOLN1, TP53INP2, ABHD4, PRSS22, GID4, ZC3H12A, GABARAPL1,
SMIM3, STARD4, TIPRL, TMEM88, PRKCD
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