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Introduction

1. Introduction

1.1 Lysosomes

Lysosomes are best known as the primary center of metabolic pathways involved in the
degradation and processing macromolecules. Moreover, they play a key role in diverse cellular
processes, such as immune response (e.g. bacterial/virus inactivation), plasma membrane
repair, fusion with other organelles (e.g. autophagosomes, endosomes), cell adhesion, and
migration (Ballabio and Bonifacino, 2020). Lysosomes are single membrane-bound acidic
organelles, present inside the cell in different numbers, morphology, size, membrane protein
composition and enzyme content (Yang and Wang, 2021). Highly specialized cell types (e.g.
melanocytes, cytotoxic T cells) contain lysosome-related organelles with unique functions and
protein composition to support specific physiological roles (Ballabio and Bonifacino, 2020).
The catabolic functions of lysosomes are mediated by ~ 70 lumenal lysosomal hydrolases
(proteases, glycosidases, lipases, sulfatases, phosphatases, and nucleases) and accessory,
enzyme-activators such as saposins or the cholesterol binding protein NPC2, which are mostly
involved in the degradation or transfer of lipids (Ballabio and Bonifacino, 2020). The
acidification of the lysosomal lumen (pH 4.6) is required for the catalytic activity of many
lysosomal hydrolases. The multi-subunit v-ATPase regulates the H* influx supported by a
counterflux of cations (Na* and K*) or as anion co-transport mediated by ion channels or
exchanger complexes localized in the lysosomal membrane (Kendall and Holian, 2021). In
addition to ion transporter complexes, lysosomal membranes comprise ~ 250 integral
membrane proteins, responsible for structure and protection (e.g. LAMP1/2), and the egress of
the degraded products and metabolites for subsequent re-utilization (Saftig and Klumperman,
2009). Furthermore, at least 50 associated proteins (e.g. mTOR, Rag-GTPases) are found on
the cytoplasmic surface of lysosomes interacting with lysosomal vATPases and integral
lysosomal amino acid or cholesterol transporter to form dynamic signaling platforms by
sensing metabolic, oxidative or energetic changes, both in the lumen of the lysosome and in
the cytoplasmic environment (Ballabio and Bonifacino, 2020; Fig. 1.1). Moreover, by
receiving both extracellular and intracellular cargo material, lysosomes play an indispensable
role in endocytic and autophagic pathways, respectively (Bouhamdani et al., 2021). In
particular, autophagy, an evolutionary conserved catabolic pathway, relies on proper lysosomal
functions for both constitutive turnover of cytoplasmic components (such as short lived
cytosolic or misfolded proteins, damaged organelles), or providing energy supply for cells

during nutrient starvation (Di Malta et al., 2019). Finally, recent discoveries on the
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transcriptional regulation of lysosome biogenesis and functions changed completely the view
of lysosomes as multifunctional and dynamic compartments able to adapt to environmental

conditions (Ballabio and Bonifacino, 2020).
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Fig. 1.1 Schematic representation of the lysosome and related functions — Lysosomal lumenal, transmembrane
and associated proteins are displayed. Lysosomes can fuse with autophagosomes for degradation of the cargo in
the last step of the autophagy flux. In addition to the transport functions known since decades (grey boxes, left),
various novel lysosomal properties and pathways have been discovered in the past 10 years (light blue, right)
(readapted from Ballabio and Bonifacino, 2020).

1.2 Lysosome diseases

The biological significance of lysosomes is emphasized by ~ 70 human hereditary rare genetic
disorders. Bi-allelic mutations in genes encoding lysosomal hydrolases, membrane proteins but
also non-lysosomal genes involved in lysosomal biogenesis, cause lysosomal dysfunctions and
subsequent progressive storage disorders (LSDs), classified according to the major non-
degraded lysosomal materials such as mucopolysaccharidoses (MPS), sphingolipidoses, or
glycoproteinoses (Platt et al, 2018). The incidence of these LSDs ranged from 1:20,000 to
1:1,000,000.
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In the last 15 years lysosomal biogenesis and functions also have been associated with more
common diseases, especially neurodegenerative disorders, cancer, inflammatory and
autoimmune diseases, and metabolic disorders (Bajaj et al., 2019). In particular, neuronal
accumulation of non-degraded aggregates in the cytoplasm and the subsequent cell death is a
common pathophysiological feature observed in many neurodegenerative disorders including
Alzheimer (AD), Parkinson (PD), Huntington disease (HD), and frontotemporal dementia
(Deneubourg et al., 2022). In this regard, recent discoveries highlight lysosomal proteases such
as cathepsin K and cathepsin D as potential therapeutic targets in PD or AD, to promote the
degradation of a-synuclein and a3-amyloid plaque aggregates, respectively (Hook et al., 2020;
McGlinchey et al., 2020).

1.3 Regulatory mechanism of lysosomal adaptation

As the primary key regulators of metabolism, lysosomes integrate both nutrient and growth
factor availability signals by modulating the protein composition, degradation processes, size,
morphology, and distribution of these organelles (Bouhamdani et al., 2021). For instance,
lysosomal Ca?* channels respond to pH variations, cellular stress, or small molecules such as
ATP, phospholipids and sphingosine, allowing thus a selective Ca?* release based on the
upstream stimuli. Lysosomal Ca?* signaling mediates various lysosomal functions, such as
lysosome reformation, endosome-lysosome fusion, autophagosome-lysosome fusion, or
lysosomal exocytosis (Ballabio and Bonifacino, 2020).

Numerous discoveries in the past 15 years demonstrate the existence of transcriptional
programs controlling lysosomal biogenesis and functions as a response to metabolic signals
(Sardiello et al., 2009; Settembre et al., 2011; Slade and Pulinilkunnil, 2017). Finally, the
increasing broad spectrum of transcription factors and repressors acting downstream of the cell
metabolic request(s) highlight the key-role of lysosomes as a multifunctional signaling hub
(Ballabio and Bonifacino, 2020).

1.3.1 Molecular players in lysosomal nutrient sensing pathways

One of the major regulators of cell growth and metabolism is the mechanistic target of
rapamycin (mTOR), a serine-threonine kinase that controls the balance between anabolism
and catabolism in response to environmental conditions (Saxton and Sabatini, 2017). mTOR is
part of two protein kinase complexes: mTOR complex-1 (MTORC1) and mTORC2.
mTORCL1 is composed of mTOR, the mammalian lethal with SEC13 protein 8 (mLST8) which

interacts and stabilizes the catalytic activity of mTOR, and the Regulatory-associated protein
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of mMTOR (RAPTOR), that is fundamental for substrate recognition and targeting mTORC1
to the surface of lysosomes. mMTORC2 shares some components with mTORC1 such as mLST8
the rapamycin-insensitive companion of mMTOR (RICTOR) and the mammalian stress-
activated map kinase-interacting protein 1 (mSIN1) (Battaglioni et al., 2022).

Seminal works demonstrate the dual role of mMTORC1 in the integration of metabolic signals.
mTORC1 promotes cell growth by phosphorylation of anabolic effectors involved in protein
synthesis such as p70S6 kinase S6K (at T371/389), or by inhibition of eukaryotic initiation
factor 4E-binding protein 1 (4EBP1, at T37/46, S65, T70) (Battaglioni etal., 2022; Translation
pathway in Fig. 1.2). Furthermore, mTORC1 inhibits the lipid metabolism by phosphorylation
of the AMP-activated kinase (AMPK at S356/345/377) and Lipinl (at S106, S472), but
activates glucose metabolism via phosphorylation of the eukaryotic translation initiation factor
elF2B (at S2/67) (Battaglioni et al., 2022; Lipid & Glucose metabolism in Fig. 1.2). In addition,
mTORC1 regulates growth factor signaling via phosphorylation of the insulin receptor-binding
protein GRB10 (at S474, S476), or by inhibition of the insulin receptor substrate 1 (IRS1) at
S422/423, and S636/639 (Battaglioni et al., 2022; Growth factor signaling in Fig. 1.2). Finally,
MTORC1 regulates its own activity by phosphorylation of RAPTOR (at S859/863), its
endogenous inhibitor DEPTOR (at S293/299, T295), or the proline-rich AKT1 substrate 1
PRAS40 (at S183/212/211) (Battaglioni et al., 2022; mTOR regulation in Fig. 1.2).

On the other hand, mTORC1 represses catabolic processes by phosphorylation of downstream
effectors. Phosphorylation of microphthalmia/transcription factor E (MIiT/TFE) family
members, specifically TFEB (at S122, S142, S211) and TFE3 (at S321) leading to their
inactivation (Vega-Rubin-de-Celis et al., 2017; Settembre et al., 2012; Martina et al., 2012;
Roczniak-Ferguson et al., 2012; Martina et al., 2014; Lysosome biogenesis in Fig. 1.2). In
nutrient-rich conditions, mMTORC1 phosphorylates and inactivates the unc51-like autophagy
activating kinase 1 ULK1 (at S757) and blocks autophagy (Autophagy in Fig. 1.2). Reversely,
under nutrient-rich conditions mTORC1 phosphorylates the tumor suppressor protein UVRAG
(at S498, S550/571), important in the autophagosome-lysosome reformation (ALR) process
that is initiated by lysosomal tubulation and is essential in maintaining lysosomal function and

cell survival (Munson et al., 2015; Autophagy in Fig. 1.2).
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Fig. 1.2 Schematic representation of mTORC1 metabolic signaling — mTORC1 is a multiprotein complex
localized at the cytoplasmic surface of lysosomes and is activated by metabolic basal signals (upper left green
boxes), or inhibited by cell stress signals (upper right, red boxes). In the presence of fed-cell signals, mMTORC1
integrates different stimuli and activates specific response(s) (green squares boxes) by phosphorylation at specific
Ser or Thr residues (small yellow circles) of downstream effectors by activating (light green ovals) or inhibiting
the proteins (red ovals). mTORC1 activation shutdown catabolic pathways (red square boxes). *TFEB and TFE3
are regulators of autophagy processes as well (Picture create with BioRender).

mTORC2 regulates cell metabolism and cell survival by phosphorylation of AKT (known as
protein kinase B; at T308, S473) which subsequently phosphorylates and inactivates its
downstream targets such as glycogen synthase kinase-3 p (GSK3p) and transcription factor
FOXO01/3a (Sun et al., 2023). Moreover, mMTORC2 regulates cytoskeletal remodeling and cell
migration by phosphorylation of members of the PKC kinase family (Saxton and Sabatini,
2017). Finally, mTORC2-catalyzed phosphorylation of serine/threonine-protein kinase SGK1
(at S422) regulates cell survival and ion homeostasis (Saxton and Sabatini, 2017; Sun et al.,
2023).

The active mTORCL1 complex integrates metabolic signals from both the cytoplasm and the
lysosomal lumen by upstream amino acid nutrient sensors through distinct mechanisms. In the
cytoplasm, the leucine sensor Sestrin, the arginine sensor (CASTOR), and the S-
adenosylmethionine (SAM) sensor upstream of MTORC1 (SAMTOR), respond to the amino



Introduction

acid levels by direct binding and regulation of GATOR1 (GAP towards Rags 1) complex,
leading to mTORCL1 dissociation from lysosome surface under low amino acid levels. The
arginine level in the lumen of lysosomes is sensed by the integral lysosomal membrane protein
solute carrier SLC38A9.

Recent discoveries led to the subdivision of canonical and non-canonical mMTORC1 signaling
pathways. In both pathways, mTORCL1 is recruited at the lysosomal surface by Rag-
GTP/GDPases (heteromeric complexes composed by RagA/B-GTP bound to RagC/D-GDP),
associated with the lysosomal Lamtorl-5 (Ragulator) complex. The Ragulator-Rag complex
specifically interacts with the v-ATPase, maintaining the low lysosomal pH, and various
cytosolic and lysosomal proteins sensing the amino acid level. High essential amino acid
concentrations mediate the activation of mMTORC (Fig. 1.3; Napolitano et al., 2022).

In the canonical signaling process, the recruited mTORCL1 at the lysosomal surface is
activated by binding of the activated Rheb-GTP protein and allows the phosphorylation of its
substrates S6K and 4EBP1. Concomitantly, the GTPase-activating properties of the Rheb
inhibitor Tuberous Sclerosis Complex (TSC) has to be blocked by growth factor-initiated TSC
phosphorylation (Battaglioni et al., 2022; Napolitano et al., 2022; Fig. 1.3 A).

B

®

mTORC1 @ mTORC1 TFEB)

{ RagA/B RagC/p @ r—

FLCN
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SLC38A9 " SLC38A9
Lysosome Lysosome

Fig. 1.3 Canonical and non-canonical signaling pathway of mTORC1 — (A+B) The recruitment of mTORC1
to the lysosome surface is modulated by Rag-GTP/GDPases, and the Ragulator complex. The Ragulator complex
associates with the v-ATPase and interacts with SLC38A9 amino acid transporter. (A) In the canonical-pathway
mMTORC1 activation relies on the TSC/Rheb-GTP axis, which leads to the phosphorylation of S6K and 4EBP1.
(B) In the non-canonical mMTORC1 pathway, FLCN-FNIP-RagC/D-GDP negatively regulates TFEB by the
activated mTORCL1 phosphorylation (readapted from Napolitano et al., 2022).

In the non-canonical pathway, the substrate-recruitment to mTORC1 is regulated by the

FLCN:FNIP1/2 (folliculin:folliculin-interacting protein1/2) complex. Under nutrient-rich
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conditions FLCN:FNIP1/2 dissociates from the cytoplasmic surface of lysosomes allowing the
conversion from RagC/D-GTP into RagC/D-GDP. Subsequently, RagC/D-GDP recognizes
TFE3 and TFEB, which are then recruited to the lysosome surface for phosphorylation by
MTORCL.

AMPK is an additional nutrient and energy sensor recruited to the lysosome surface. AMPK is
activated by stress-signals and starvation, which subsequently leads to repression of anabolic
processes and promotion of the autophagy pathway through phosphorylation of down-stream
effectors such as the transcriptional bromodomain-containing protein 4 (BRD4) repressor.
Other down-stream substrates of AMPK are shared with mTORC1 (e.g. TFE(B), ULK1),
further emphasizing the crosstalk of diverse molecular players involved in lysosomal nutrient
response (Vara-Ciruelos et al., 2019). Finally, GSK3 is another fundamental molecular player
in lysosomal nutrient sensing. GSK3[p regulates cell metabolism by activating catabolic
pathways upon insulin withdrawal. GSK3[ phosphorylates and inactivates glycogen synthase,
while activation of ULK1 promotes the initiation of autophagy (Ryu et al., 2021; Martinez-
Fabregas et al., 2022).

1.4 Transcriptional regulation of lysosomal function

In addition to growth control, the aforementioned kinases regulate the biogenesis, subcellular
distribution, and activity of lysosomes by inhibiting or promoting nuclear localization of
transcription factors. Bioinformatic approaches revealed the presence of one or multiple
tandem copies of 10-base-pair E-box sequences enriched in the promoter region of genes with
lysosomal-autophagy-related function, named as Coordinated Lysosomal Enhancement And
Regulation (CLEAR) network (Sardiello et al. 2009; Palmieri et al., 2011; Settembre et al.
2013). The CLEAR-motifs can be recognized by MiT/TFE members (Palmieri et al., 2011;
Martina et al., 2014; Ploper et al., 2015; Fig 1.4 A). The MiT/TFE members promote lysosomal
biogenesis and autophagy by nuclear translocation under cell-stress and nutrient withdrawal.
Vice-versa, at steady-state condition MiT/TFE members are found inactive in the cytoplasm
(Martina et al., 2014; Puertollano et al., 2018). MiT/TFE belong to a larger basic helix-loop-
helix leucine zipper (bHLH-Zip) transcription factors family, recognizing the same canonical
E-box motif which overlap with the CLEAR-sequence site (Hemesath et al., 1994, Sardiello et
al., 2009). Further studies revealed another bHLH transcription factor MYC, as repressor of
lysosomal biogenesis. Particularly, under basal metabolic conditions, MYC interacts with

histone-deacetylases 2 (HDAC?2), and the lysosomal gene-activation is inhibited allosterically
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occupied the CLEAR sites on the promotors of lysosomal genes, and of TFEB/TFE3 inhibiting
the lysosomal gene-activation (Annunziata et al., 2019; Fig. 1.4 B).

Furthermore, other transcription factors which do not directly bind the CLEAR-motif have
been described as regulators of lysosomal biogenesis and/or autophagy. For instance, under
nutrient-rich conditions, the zinc-finger transcription factor (ZKSCAN3) inhibits lysosomal
biogenesis and autophagic flux by binding the promoter region of numerous lysosomal-
autophagy genes through a specific KRDGGG DNA motif (Chauhan et al., 2013; Fig. 1.4 C).
On the other hand, the generation of lysosomal oxygen-reactive species results in signal
transducer and activator of transcription 3 (STAT3) activation, thus promoting selectively the
transcription of lysosomal hydrolases without triggering autophagy genes (Martinez-Fabregas
et al., 2018; Fig. 1.4 D). Finally, BRD4 is an emerging lysosome-autophagy repressor on
epigenetic level by binding acetylated histones on the promoter region of diverse lysosomal
genes in normal metabolic cell conditions (Sakamaki et al., 2017; Fig. 1.4 E).

In conclusion, several activators and repressors have been identified and are required to
cooperate in specific transcriptional responses to adapt to intracellular cues (amino acid levels,
oxygen stress) and environmental changes.

A B Cc D E
Cell stress Fed cell Fed cell Oxygen stress Fed cell

ZKSCAN3

- | L

Lysosomal/autophagy|Lysosomal/autophagy | Lysosomal/autophagy| Lysesomal hydrolases [Lysosomal/autophagy
gene activation gene inhibition gene inhibition activation gene inhibition

Fig. 1.4 Transcriptional regulation of lysosome biogenesis and autophagy genes - (A) MiT/TFE helix-loop-
helix family members bind the CLEAR motifs in stress conditions activating lysosomal and autophagy genes. (B)
CLEAR motifs are also recognized by MYC-HDAC?2 complex under basal metabolic condition, which blocks
CLEAR-containing target genes activation by allosteric occupation of the promoter region. (C) Activation of
lysosomal biogenesis and autophagy flux is inhibited through occupation of the promoter region by ZKSCAN3
in nutrient-rich condition. (D) Oxygen stress results in nuclear translocation of STAT3 and activation of lysosomal
hydrolases without triggering autophagy flux. (E) BRD4 binds acetylated histones on promoter regions of
lysosomal/autophagy genes repressing their transcription under basal metabolic condition.
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1.5 Transcription Factor EB (TFEB)

TFEB is the best characterized member of the MiT/TFE family, which includes also MiTF,
TFE3 and TFEC. The full-length TFEB protein comprises 476 amino acids (aa). All the
MiT/TFE members share the same basic helix-loop-helix motif (bHLH; comprising TFEB aa
235-288), required for DNA binding, and the leucine-zipper (LZ) dimerization domain (TFEB
aa 298-319). LZ allows homo- or hetero-dimerization of TFEB with the other members of the
MIT/TFE family for DNA binding. An activation domain (AD, TFEB aa 156-165) is required
for upstream regulation and shared by TFEB, TFE3 and MiTF (Sato et al., 1997), but missing
in TFEC (Zhao et al., 1993). TFEB was found to control the transcription of 471 CLEAR motif-
containing genes involved in a plethora of diverse basic cellular processes, among them a
subcategory of 73 lysosomal-autophagy genes, shown in Table 1.1 (Sardiello et al., 2009;
Palmieri et al., 2011). However, the kinetics and selection of TFEB-target genes, the role of
the variable number as well as the position of the CLEAR motifs in relation to the transcription

start site, are poorly understood.

Table 1.1 — CLEAR motif-containing lysosome-autophagy genes?

Category Gene name
encoded proteins

ASAHI, CTSA, CTSB, CTSD, CTSF, GAA, GALNS, GBA,
GLA, GLBI, GNS, GUSB, HEXA, HEXB, IFI30, NAGLU,
NEUI, PLBD2, PPTI, PSAP, SCPEPI, SGSH, TPPI
GLMP (Clorf85), CD63, CLCN7, CLN3, CTNS,
MCOLNI, SLC3641, LAMPI, TMEMS55B
ATP6AP1, ATP6V0AL, ATP6VOB, ATP6V0C, ATP6V0DI,
ATP6V0D2, ATP6VOEL, ATP6VIA, ATP6VIB2,
ATP6VIC1, ATP6VID, ATP6VIEL, ATP6VIGI,
ATP6VIH

NAGPA, GNPTG, IGF2R, M6PR, BLOCISI, BLOCIS3,
HPS1, HPS3, HPS5, SUMF1

BECNI, GABARAP. HIF14, NRBF2, PRKAG2, RAB7A,
Autophagy RRAGC, SOSTM1, STK4, UVRAG, VPSS, VPS11, VPSIS,
VPS264, VPS33A, VPS35, WDR4S5

Lysosomal hydrolases and
accessory proteins

Lysosomal membrane

Lysosomal acidification

Non-lysosomal proteins
involved in lysosomal
biogenesis

“Palmieri et al., 2011

Remarkably, TFEB overexpression activates the transcriptional program of i) lysosomal
biogenesis by enhancing the acidification of lysosomes and degradation rate of
macromolecules, ii) multiple steps in the autophagic-flux, iii) lysosomal positioning and fusion
processes between lysosomes and other subcellular organelles or with the plasma membrane
(lysosomal exocytosis), and iv) integrated stress response (ISR) (Martina et al., 2014; Medina
et al., 2011; Settembre et al., 2011; Gambardella et al., 2020). TFEB-induced gene activation

9
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patterns were found to be cell-type and tissue dependent, controlling e.g. the lipid metabolism
in the liver, bone resorption by osteoclasts, or metabolic adaptive responses in skeletal muscles
(Tan et al., 2022). Taking together, the global coordination of the major cellular catabolic
pathways led to the renomination of TFEB as the master regulator of intracellular clearance
and lysosomal function. Moreover, constitutive TFEB overexpression in cellular and mouse
models of human diseases has been reported to promote the cellular clearance of non-degraded
accumulated material in neurodegenerative diseases, and metabolic and lysosomal storage
disorders (Tan et al., 2022). Despite the benefits, constitutive TFEB overexpression also has
been associated with the onset and sustainment of various types of cancer, including renal cell
carcinoma, non-small-cell lung carcinoma, or pancreatic ductal adenocarcinoma, emphasizing
cell type-specific functions and highlighting the dual role of TFEB upon its constitutive
overexpression (Bahrami et al., 2020).

1.5.1 Functional regulation of TFEB phosphorylation

The functional activity of TFEB is primarily regulated by the transcriptional control of its own
expression, and its capability to recognize the promotors of target genes (Sardiello et al., 2009;
Cesana et al., 2023). In addition, the transcriptional activity of TFEB requires dynamic and
fine-regulated translocation mechanisms into the nucleus. Since the present thesis is focused
on nuclear translocation processes of TFEB, published data will be summarized in more detail.
The subcellular localization of TFEB is strictly dependent on nutrient availability where TFEB
reversibly translocate between the nucleus upon cell-stress responses (e.g. starvation), and
export into the cytoplasm under nutrient re-establishments (Li et al., 2018; Napolitano et al.,
2018).

On the molecular level, the different subcellular localizations of TFEB are associated with
posttranslational modifications (PTMs). The best investigated TFEB PTM is phosphorylation
at specific serine residues mediated by different kinases. In nutrient-rich conditions, both TFEB
and the mTORCI kinase are recruited to the lysosome surface, mediated by RagC/D-GDP
followed by mTORCI activation (Sancak et al., 2010; Cui et al., 2023). The first N-terminal
30 amino acids of TFEB have been shown to be responsible for this RagC/D binding and
lysosomal localization (Martina et al., 2013; Cui et al., 2023). In addition to the activation of
the ribosomal S6 kinase, or inactivation the translational 4EBP1 repressor by phosphorylation
(see Fig. 1.2), mTORCI phosphorylate TFEB at serine residues S122, S142 (also
phosphorylated by nutrient-responsive ERK2 kinase), and S211 (Settembre et al., 2012;
Martina et al., 2012; Roczniak-Ferguson et al., 2012; Vega-Rubin de Celis et al., 2017; Fig. 1.5

10



Introduction

A). After phosphorylation by mTORCI1, TFEB dissociates from the lysosomal surface by
unknown molecular mechanisms. Phosphorylation at S211 is recognized by members of
YWHA/14-3-3 chaperone family that sequesters and retains TFEB inactive in the cytoplasm
(Martina et al., 2012; Roczniak-Ferguson et al., 2012; Fig. 1.5 B). It has been hypothesized that
14-3-3 binding to phosphorylated S211 TFEB prevent its nuclear translocation by masking the
Nuclear Localization Signal (NLS aa 235-252) (Martina et al., 2012; Roczniak-Ferguson et al.,
2012). Moreover, amino acid substitution of either S142 or S211 to alanine (S142A or S211A)
or the treatment of cells with the mTORCI1 inhibitor torinl, leads to a constitutive TFEB
nuclear localization (Settembre et al., 2011; Martina et al., 2012; Fig. 1.5 C)
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Fig. 1.5 TFEB phosphorylation regulation — (A) At steady-state (nutrient-rich) both mTORCI1 and TFEB are
recruited at the lysosomal surface, promoting mTORC1-mediated phosphorylation of TFEB at S122, S211 and
S142. (B) Phosphorylation at S211 is recognized by 14-3-3 proteins which bind and sequester TFEB in the
cytoplasm. (C) Cell stress, starvation and/or torinl treatment lead both to mTORCI inhibition and weakly
phosphorylated TFEB. (D) Dephosphorylation by calcineurin (CaN) at S142/211 sites, promote TFEB nuclear
translocation. (E) In the nucleus, TFEB is proposed to be phosphorylated at S138 and S142 by GSK3 and ERK1/2,
respectively. (F)The nuclear export is mediated by the exportin CRM1. (G) Phosphorylation at S211 is recognized
by STUBI promotes TFEB protein degradation via ubiquitin proteasome pathway (picture re-adapted from
BioRender Template; Adithi Pisapati and Dr. Thomas Pulinkunnil, Dalhousie University).

Phosphorylation of TFEB prevents its nuclear import, while cell stress promotes TFEB nuclear
translocation by both mTORCL inactivation and TFEB dephopshorylation (Franco-Juarez et
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al., 2022). The starvation—associated release of lysosomal Ca?* by MCOLN1 (Mucolipin, TRP
Cation Channel 1) leads to the activation of the phosphatase calcineurin (CaN) which
subsequently dephosphorylates TFEB at S142 and S211 and promotes the nuclear translocation
of TFEB (Medina et al., 2015; Fig. 1.5 D). The mechanisms how TFEB localized in the nucleus
can exit the compartment is rather unclear. A nuclear export signal of TFEB (NES, aa 140-
150) has been identified and the phosphorylation at S142 and S138 in the proximity of NES
appear to be required for the nuclear export of TFEB under conditions of nutrient replenishment
(Li et al., 2018; Napolitano et al., 2018; Fig. 1.5 E). It has been proposed that the
phosphorylated S138 and S142 form a motif which is recognized by exportin-1 (CRM-1)
associated with TFEB inactivation and re-localization to the cytoplasm (Fig. 1.5 F).

Finally, phosphorylation at S142 and S211 is recognized under nutrient-rich conditions by E3
ubiquitin ligase (STUB1) which promotes TFEB protein degradation through ubiquitin
proteasome system (Sha et al., 2017; Fig. 1.5 G). Additional structural or PTM requirements
for the select degradation of phospho-S142/S211 TFEB are unknown.

1.5.2 Additional kinases involved in TFEB regulation

Recent discoveries propose upstream phosphorylation-mediated mechanisms required for
TFEB localization at lysosomes, followed by mTORCL1 phosphorylation and sub-sequential
inactivation. Under amino acid replacement conditions, phosphorylation of TFEB at S3 by the
upstream mitogen-activated protein kinase 3 (MAP4K3) initiates the recruitment of TFEB to
lysosomes, followed by mTORC1 phosphorylation and subsequent inactivation (Hsu et al.,
2018). Similarly, it was reported that TFEB can be phosphorylated at S134 and S138 by GSK3f3
resulting in cytoplasmic retention through binding to 14-3-3 protein. In parallel, the
phosphorylation at these sites leads to the recruitment of TFEB to lysosomes (Li et al., 2016);
however, how mechanistically these two phosphorylation sites modulate TFEB lysosomal
recruitment is still unknown. Finally, upon starvation, AMPK phosphorylates TFEB at multiple
serine residues localized in the C-terminus such as S466, S469, and S467, which promote
TFEB transcriptional activation (Paquette et al., 2021).

1.5.3 Acetylation of TFEB as novel posttranslational modification

In addition to phosphorylation, recent studies reported on the acetylation of TFEB at lysine
residues with partially contradictory effects on its transcriptional activity. So far, the studies
have been performed in different cell types and inhibitor treatment protocols, and provide no

clear insights into the mechanisms how TFEB acetylation regulates the transcription of target
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genes. Bao et al. (2016) proposed based on their data that TFEB-K116 needs to be deacetylated
in the nucleus by sirtuin-1 (SIRT-1) to promote transcriptional activation in a TFEB
phosphorylation-independent manner but neither providing information on the TFEB
phosphorylation status nor on its subcellular distribution. In addition, four lysine residues were
found to be acetylated (K91, K103, K116 and K430) in human colon cancer (HCT116) cells
upon histone deacetylase inhibitor treatment with suberoylanilide hydroxamic acid (SAHA)
(Zhang et al., 2018). The simultaneous lysine-to-arginine substitution of K91/103/116/430R
decreases both TFEB nuclear translocation and transcriptional activation in HCT116-SAHA
treated cells, leading to the hypothesis that acetylation acts as a positive nuclear translocation
signal for TFEB. Moreover, siRNA knockdown of the acetyl-CoA acetyltransferase 1
(ACAT1) or the lysine deacetylase, HDAC1, resulted in a significant reduction and increase,
respectively, in TFEB transcriptional activity (Zhang et al., 2018). The significance of the
presented data is difficult to assess because of lacking various required control conditions in
particular for western blotting approaches, a low number (only 4) of selected target genes
regulated by TFEB on the mRNA level, and insufficient methods and conditions to evaluate
the lysosome functions in dependency of the general deacetylation inhibitor SAHA.

Recent discoveries suggest that lysine acetyltransferase GCN5 (also known as KAT?2),
represses TFEB transcriptional activity by promoting TFEB nuclear acetylation on lysines
K116, K274 and K279. The authors proposed that acetylation at both K274 and K279 disrupt
TFEB dimerization required for DNA binding and gene activation (Wang et al., 2020). Li and
colleagues (2022) treated HelLa cells stably expressing TFEB-EGFP with the histone
deacetylase inhibitor trichostatin A (TSA) and detected TFEB-EGFP in the nucleus associated
with an increased expression of lysosomal and autophagic genes (Li et al., 2022). Using mass
spectrometry these authors demonstrated that TFEB is acetylated at K116, K236, K237 and
K431 under TSA treatment. Moreover, the authors have reported that acetylation at K236/237
interferes with 14-3-3 binding which explains an enhanced nuclear translocation of acetylated
TFEB-K236/237 (Lietal., 2022). siRNA knockdown of HDAC5 and HDAC9 promote nuclear
translocation of TFEB, and in vitro acetylation assays reveal that TFEB is acetylated at K116,
K236/K237, and K431 by the acetyltransferase elongator subunit 3 (ELP3) in an mTORC1-
independent manner (Li et al., 2022). However, it has been recently demonstrated that ELP3
primarily acts as a tRNA acetyltransferase (Dauden et al., 2019) rather than mediating lysine
acetylation of target proteins.

In preliminary experiments performed in collaboration of Prof. Braulke’s laboratory and the

mass spectrometry expertise of Dr. Winter’s group (University of Bonn), all previously
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described phosphorylated serine residues and seven acetylated lysine residues, K116, K237,
K256, K264,K274,K279, and K430, have been identified in the cytoplasmic fraction of TFEB-
overexpressing HeLa Tet-On cells under nutrient-rich steady-state conditions. The acetylated
sites at K237, K256, K264, and K274 of TFEB are located in the DNA binding domain (DBD/
bHLH-LZ) (Fig. 1.6).
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Fig. 1.6 Schematic representation of TFEB domain structures - The phosphorylated serine residues and the
seven acetylated lysine residues identified via mass-spectrometry are shown with the related position. The nuclear
localization-sequence (NLS, turquoise) and nuclear-export sequence (NES; green) are shown; the DNA-binding
domain (DBD; orange) and the dimerization domain (Dim; violet) are indicated.

There are still many open questions on the molecular mechanism behind
phosphorylation/acetylation interaction and communication on TFEB regulation. Furthermore,
the stoichiometry of TFEB PTMs is completely unclear, as well as which residues are
simultaneously modified and form unique subpopulations of TFEB molecules capable for i)
nuclear translocation, ii) DNA-binding and transcriptional activation of select target genes, and
iii) homo- or hetero-dimerization of TFEB with other members of the MiTF family, are still
not elucidated.
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1.6 Aim of the study

Phosphorylation and acetylation have been described to regulate the transcriptional activity of
TFEB, a crucial component in the adaptation of the lysosome-autophagy pathway to changing
environmental or internal cues, in various cell types and conditions. Although the biological
significance of the phosphorylation sites and their modifying kinases/phosphatases have been
intensively studied, the few studies on the functional impact of TFEB acetylation at various
lysine residues led to contradictory conclusions.

Seven acetylated lysine residues have been previously identified by mass-spectrometry
analysis (K116, K237, K256, K264, K274, K279, and K430) in TFEB expressed in HeLa cells
in our group. Homology-based three-dimensional (3D) structure modelling of human TFEB
dimers reveals that the acetylated residues K237, K256 and K274 appear to be directly involved
in the binding of DNA. Therefore, the main focus of the present thesis was directed on these
residues and the overall objective was to molecularly define how acetylation mimetic
exchanges of K237, K256 and K274 to alanine (K3A) or non-acetylation mimetic substitutions
by arginine (K3R) affect i) the subcellular distribution, ii) the transcriptional activity, and iii)

the synthesis of soluble lysosomal enzymes as indicator of lysosomal biogenesis.

This study will address the following questions:
1. Do the acetylated (K3A) or the non-acetylated (K3R) form of TFEB support the
cytoplasmic localization or the translocation into the nucleus? Are phosphorylation and

acetylation of TFEB interlinked?

2. Which genes, in particular lysosomal and autophagy genes, are differentially regulated
by TFEB and mutant proteins in HeLa cells depending on their inducible expression

level under nutrient-rich conditions?

3. Does the induced expression of TFEB changes the soluble lysosomal proteome

synthesized in 24 h in a functionally significant manner?
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2. Material and Methods

2.1 Material

2.1.1 Equipment

Material and Methods

Equipment (Model)

Company

Balances (AC100, TE2101)

Block heater

Centrifuges (5418, 5415R)

Dounce homogenizer

Electrophoresis chamber (Agagel Midi Wide)
Horizontal shaker

Imager (Chemi Doc XRS)

Incubator

Luna" Automated Cell Counter

Microwave

Mini Blot Module

Mini Gel Tank

Nano Drop

pH meter (MP220)

Photometer (Multiscan GO)

Pipettes

Pipette controller (Pipetus®)

Real-time PCR Thermocycler (MxPro3000)
Sonicator

Water bath

2.1.2 Consumables

Mettler Toledo, Sartorius
Kleinfeld Labortechnik
Eppendorf

Wheaton

Biometra

Labotek

Bio-Rad

Innova CO-170
Labtech

Whirlpool

Life Technologies

Life Technologies
Thermo Scientific
Mettler Toledo

Thermo Scientific
Eppendorf

Hirschmann

Agilent

Hielscher UP50H
Schutt Labortechnik

Consumable Company
Amicon®© Ultra-0.5 ml centrifugal filters (10 kDa cut-off) | Merk Millipore
Coverslip Assistant

Disposable material for cell culture
Disposable lab consumables

Disposable scraper

Dialisis membranes

Gel electrophoresis combs

Microplate 96 multiwell

Nitrocellulose membrane

Nitrocellulose membrane filter (0.22 um)
NuPage 4-12% Bis-Tris gels

Whatmann paper
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BD Falcon, Sarstedt, Nunc
BD Falcon, Sarstedt, Nunc
Sarstedt

Spectrum

Hoefer

Sarstedt

Amersham Protran
Millipore

Life Technologies
Whatman GmbH



2.1.3 Chemicals

Material and Methods
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Chemical Company
Acrylamide Roth
Aqua-Poly/Mount® Assistant
-mercaptoethanol Sigma-Aldrich
Bovine serum albumin (BSA) Serva
DAPI Life Technologies
Dimethylsulfoxide (DMSO) Roth
Dithiothreitol (DTT) Sigma
Doxycycline Clontech
Ethanol Merck
Isopropanol Roth
LDL-Sample Buffer Thermo Fisher Scientific
Milk powder non-fat dry Roth
NNN’N’-Tetramethylethylenediamine (TEMED) Sigma
Nonidet 40 (NP40) Roche
PageRuler™ Thermo Fisher Sci
Paraformaldheide (PFA) Roth
Protease inhibitor cocktail Sigma
PhosStop Roche
Sodium dodecyl sulfate (SDS) Sigma
Torinl Tocris
Triton X-100 Sigma
JetPEI Polyplus

2.1.4 Kits
Kit Company
Clarity Western ECL Substrate Kit BioRad
Roti-Quant Universal BCA-Assay Carl Roth
High capacity cDNA Reverse Transcription Kit ThermoFischer Sci
IDT Gene Expression Assay IDT
RNAeasy extraction kit Qiagen
QIlAschredder Qiagen
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2.1.5 Oligonucleotides (oligo)! for mutagenesis and sequencing

Oligo name Oligo sequence 5'to 3" Application
TFEB- Fw: GGCCAAGGAGCGGCAGAAGGCAGACAATCACAACTTAATTG
K237A Rv: CAATTAAGTTGTGATTGTCTGCCTTCTGCCGCTCCTTGGCC SDM
TFEB- Fw: GGCCAAGGAGCGGCAGAAGCGAGACAATCACAACTTAATTG
K237R Rv: CAATTAAGTTGTGATTGTCTCGCTTCTGCCGCTCCTTGGCC SDM
TFEB- Fw: GACGAAGGTTCAACATCAATGACCGCATCGCGGAGTTGGGAATGCTGATCCCCAAGGCC SDM
K256A Rv: GGCCTTGGGGATCAGCATTCCCAACTCCGCGATGCGGTCATTGATGTTGAACCTTCGTC
TFEB- Fw:
K256R GACGAAGGTTCAACATCAATGACCGCATCCGGGAGTTGGGAATGCTGATCCCCAAGGCCAAT SDM

Rv:

ATTGGCCTTGGGGATCAGCATTCCCAACTCCCGGATGCGGTCATTGATGTTGAACCTTCGTC
TFEB- Fw.
K2T4A GCCAATGACCTGGACGTGCGCTGGAACGCGGGCACCATCCTCAAGGCCTCTGTGGATTAC SDM

Rv:

GTAATCCACAGAGGCCTTGAGGATGGTGCCCGCGTTCCAGCGCACGTCCAGGTCATTGGC
TFEB- Fw:
K274R GCCAATGACCTGGACGTGCGCTGGAACCGGGGCACCATCCTCAAGGCCTCTGTGGATTAC SDM

Rv:

GTAATCCACAGAGGCCTTGAGGATGGTGCCCCGGTTCCAGCGCACGTCCAGGTCATTGGC
TEEB- Fw: CAACAGTGCTCCCAATGCACCCATGGCCATGCTGC
S142A Rv: GCAGCATGGCCATGGGTGCATTGGGAGCACTGTTG SDM
TEEB- Fw: GTCACCAGCAGCGCCTGCCCTGCGG
S211A Rv: CCGCAGGGCAGGCGCTGCTGGTGAC SDM
IRES- TAGTGAACCGTCAGATCG Sequencing
M1_fw
GFP C fw CAAAGACCCCAACGAGAAG Sequencing
TFEB_int_F | GAATGTGTACAGCAGCGAC Sequencing

Fw!: forward; rv: reverse; int F: internal forward primer; codons targeted by site-directed mutagenesis (SDM)
are highlighted in bold.

2.1.6 Media and supplements for cell culture

Media and supplements Company

Dulbecco’s modified Eagle Medium (DMEM)
Fetal bovine serum (FBS)

GlutaMAX™ (100x)

Penicillin (Lmg/ml), Streptomycin (1mg/ml)

PBS 10x

Opti-MEM™
Trypsin/EDTA solution (0.05%)
Earle’s Balanced Salt Solution EBSS
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Thermo Fisher Sci
Thermo Fisher Sci
Thermo Fisher Sci
Thermo Fisher Sci
Thermo Fisher Sci
Thermo Fisher Sci
Thermo Fisher Sci
Thermo Fisher Sci
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2.1.7 Software and data processing

Software Company

Corel Draw 2019 Corel

Endnote Thomson Reuter
ImageJ 1.4.10 NIH

Microsoft Office Microsoft
Quantity One-4.6.7 Bio-Rad
GraphPad Prism 10 GraphPad

Fiji PerkinElmer
SnapGene Snap Gene
MxPro Stratagene

2.1.8 Online website

Online Program/Databases

Web site

NCBI Database
DAVID tool

Venn Diagram

http://www.ncbi.nlm.nih.gov/

DAVID Functional Annotation Bioinformatics Microarray
Analysis (ncifcrf.gov)

InteractiVenn - Interactive Venn Diagrams
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2.2 Cell Culture methods
HeLa Tet-On 3G (HeLa TO) cells were purchased from Takara. HeLa TO cells were cultured

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), GlutaMAX and 1% penicillin/streptomycin (P/S). The cells were transiently transfected
with pTRE3G-IRES-MSC1-EGFP-TFEB-wild-type (wt) or TFEB mutants (table 2.2.1) using
JetPEI® kit according to the manufacture’s protocol. The day after, GFP-TFEB-wt and mutants
were induced with 1 pg/mL doxycycline for 24h or 3h.

HeLa TO stable expressing GFP-TFEB-wt, -K3A and -K3R were previously generated and

validated in Prof. Thomas Braulke’s laboratory.

Table 2.2.1 — Plasmid constructs used for transient transfection of HeLa TO cells

Plasmid Name of the construct
pTRE3G-IRES-M1-eGFP-TFEB-wt TFEB wild type
pTRE3G-IRES-M1-eGFP-TFEB-K3A K237/256/274A
pTRE3G-IRES-M1-eGFP-TFEB-K274A K274A
pPTRE3G-IRES-M1-eGFP-TFEB-S142/211A S142/211A
PTRE3G-IRES-M1-eGFP-TFEB-K3A+S142/211A K237/256/274A+ S142/211A
PTRE3G-IRES-M1-eGFP-TFEB-K274A+S142/211A K274A+S142/211A

2.3 Biochemical methods

2.3.1 Total cell extraction

After removing the medium and washing the cells two times with cold 10 mM PBS, cold lysis
buffer A (50mM Tris/HCI pH 7.4, 150mM NacCl, 1% TX-100, 1% Protease Inhibitor Cocktail,
1% Phosphatase Inhibitor) was added directly to the cells (500uL for 60mm or 800uL for
100mm dishes). The cells were scraped and the lysate was transferred to a 1.5mL Eppendorf
tube and incubated in the cold room under rotation. After 30 min, the samples were centrifuged
at 15.000g for 15 min at 4°C. The supernatant was moved to a new Eppendorf tube and the
protein concentration of cell lysates was quantified using a BCA assay Kit, following the

manufacturer’s instruction for the plate format.

2.3.2 Preparation of nuclear and Postnuclear Supernatant (PNS)/cytoplasmic fractions

Cells were resuspended in 500uL lysis buffer B (10 mM Tris/HCI pH 7.4, 0.3% NP-40,
protease and phosphatase inhibitors), and homogenized with 25 strokes in a 1mL Dounce
homogenizer, followed by centrifugation at 1.000g for 5 min at 4°C. The postnuclear
supernatant was collected representing the cytoplasmic (cyt) fraction. The nuclear (nuc) pellet
was washed with lysis buffer B, wash buffer A (10mM Tris/HCI pH 7.4, 1% Protease Inhibitor

20



Material and Methods

Cocktail, 1% Phosphatase Inhibitor) and resuspended in the same volume as the cytoplasmic
fraction in lysis buffer B. The cytoplasmic and nuclear fractions were sonicated three times for
5s (100% amplitude per cycle, 30 sec interval between steps) and incubated for 30 min under
rotation at 4°C. After centrifugation at 15.000g for 15 min, cyt and nuc supernatants were

collected and equal volumes were analysed by western blotting.

2.3.3 Secretome analysis

To analyze the newly synthesized lysosomal enzymes in dependency of TFEB, HelLa TO cells
stable expressing TFEB-wt and -K3R were induced with doxycycline for 24h in serum-free
Opti-MEM supplemented with 10mM NH4CI. As control HeLa Tet-On 3G cells were used.
Conditioned media were collected, and centrifuged at 800g for 5 min at 4°C to remove cell
debris. Afterwards, the media were dialyzed using Spectra/Por®3 Dialysis Membrane
(Spectrum, MWCO: 3.5 kDa) overnight against 10mM PBS and analyzed by MS in

collaboration with D. Winter (University of Bonn).

2.3.4 Western blotting

For western blotting analysis of media 24h serum-free conditioned media (OptiMEM) were
collected and 10-fold concentrated using Amicon Ultra-0.5mL centrifugal filters (10kDa cut-
off). Aliquots of extracts from cells and media were solubilized in reducing SDS sample buffer
buffer (125mM Tris/HCI pH 6.8, 1% SDS, 10% glycerin, 10mM DTT, 0.1mM -
mercaptoethanol, Coomassie® Blue R) for 5 min at 95°C or LDS sample buffer supplemented
with 400mM DTT for 10 min at 70°C, separated by SDS-PAGE NuPage 4-12% Bis-Tris (Fig.
4.2-4.5) or 10% acrylamide self-made SDS gels (Fig. 4.6-7 and Fig. 4.17) and transferred onto
nitrocellulose membranes with transfer buffer (1M Tris-HCI pH 8.7, 192mM glycine, 20%
methanol). The membranes were blocked 25mM Tris/HCI pH 7.4, 150mM NaCl (TBS)
containing 0.5% Tween and 5% non-fat milk powder or 5% BSA, and then incubated over

night with the primary antibodies listed in Table 2.3.1.
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Table 2.3.1 — Primary antibodies

Material and Methods

Primary antibodies | Species | Dilution | Company/Reference
(WB)

GFP rabbit 1:1,000 | Life Technologies/A11122

TFEB p-S138 rabbit 1:15,000 | Gift of A. Ballabio (Napolitano et al., 2018)

TFEB p-S142 rabbit 1:1,000 | Millipore/3602264

TFEB p-S211 rabbit 1:1,000 | Cell signalling/37681

GPNMB (E4D7P) rabbit 1:1,000 | Cell signalling/ 38313S

Histone H4 (L64C1) | mouse 1:1,000 | Cell signalling/2935

TFEB rabbit 1:1,000 | Cell signalling/4240

o-tubulin mouse 1:2,000 | Sigma/T9026

GAPDH mouse 1:2,000 | Santa Cruz Biotec/sc25778

LaminA mouse 1:1,000 | Merck Millipore/MAB3540

pGRN mouse 1:1,000 | R&D/AF2557

PSAP sheep 1:1,000 | Abcam/64466

CTSB goat 1:1,000 | R&D/ AF953

CTSD rabbit 1:1,000 | Calbiochem/IM16

GBA mouse 1:1,000 | R&D/MAB7410

After three washes with TBST, the membrane was incubated with secondary horseradish
peroxidase (HRP)-coupled antibodies in 5% non-fat milk powder or 5% BSA (Table 2.3.2) for

1 h at room temperature at a dilution of 1:5,000. Immunoreactive proteins were detected by

enhanced ECL solution kit and imaging in a Chemidoc Imaging system. Densitometric

analyses of the immunoblots were performed using ImageJ software (NIH) and normalized to

loading controls.

Table 2.3.2 — Secondary antibodies

Secondary antibodies (HRP) Dilution Company/Reference
anti-rabbit IgG 1:5,000 Biozol/JIM-111-035-003
anti-mouse 1gG 1:5,000 Jackson/115-035-003
anti-goat IgG 1:5,000 Biozol, JIM-305-035-003
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2.3.5 Enzyme activity measurements

The activities of lysosomal enzymes were measured in both cell extracts (see 2.3.1) and
conditioned media. All the fluorometric assays were performed in 96 well plates. All enzyme
substrates (Table 2.3.3) were diluted in 2x substrate buffer (200mM Na-citrate pH 4.6, 0.2%
Triton X-100 and 0.4% BSA). 2ug of total protein extract and 10ul of concentrated medium
were adjusted to a volume of 15ul with water. 15uL of reaction buffer was added to reach 30pL
as the final total volume. As blank samples, 15ul of lysis buffer A or Opti-MEM were used.
For B-hexosaminidase activity, the reaction set was incubated at 37 °C for 30 min. For -
galactosidase, a-mannosidase, and a-fucosidase activity measurements, the reaction samples
were incubated at 37 °C for 18h. The enzyme reactions were stopped by the addition of 140ul
of stop buffer (0.4M glycine/NaOH, pH 10.4). The absorption was then measured at 405 nm
using a photometer.

Table 2.3.3 — Enzyme substrate

Enzyme substrates Enzyme activity Company
4-Nitrophenyl-N-acetyl-B-D-glucosaminide [B-hexosaminidase Sigma
4-Nitrophenyl-a-D-mannopyranoside a-mannosidase Sigma
4-Nitrophenyl-p-D-galactopyranoside [-galactosidase Sigma
4-Nitrophenyl-a-L-fucopyranoside a-fucosidase Sigma

The activity (A) was calculated according to the following equation:

AE ,c/min * Vm

e*d*Vp

Activity =

A =enzyme activity [U; 1 U = 1 pumol/min]

AE/min = change in absorbance per minutes

¢ = extinction or absorbance coefficient [for 4-nitrophenol 18.45 /umol*cm;]
VP = sample volume during the reaction [15 pl]

VM = measured volume [170 ul]

d = layer thickness of the solution [1 cm]

2.4 Molecular biology methods
2.4.1 Quantitative real-time PCR
RNAs were isolated from cultured cells using the RNeasy extraction kit and measured with
Nanodrop. 1ug of total RNA was reversed transcribed using High-Capacity cDNA Reverse
Transcription Kit according to the manufacturer’s instruction. Quantitative real-time PCR was
performed with Mx3000/Mx3005P Real-Time PCR system with PrimeTime Gene Expression

Master Mix using pre-designed forward and reverse primers (Table 2.4.1) in triplicates. The
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relative mRNA expression levels of analysed genes were normalized to the ACTB mRNA in

the same cDNA sample using the comparative CT method (2447),

Table 2.4.1 - RT-PCR primers

Target gene

Company

Product number

ACP5 Integrated DNA Technologies Hs.PT.56a.38600579.9
ACTB Integrated DNA Technologies Hs.PT.39a.22214847
ASAH1 Integrated DNA Technologies Hs.PT.56a.2283675
ATP6V0OD2 Integrated DNA Technologies Hs.PT.58.1072618
CTSB Integrated DNA Technologies Hs.PT.58.1907042
CTSD Integrated DNA Technologies Hs.PT.58.27568031
CTSS Integrated DNA Technologies Hs.PT.58.3625679
GPNMB Integrated DNA Technologies Hs.PT.58.5010635
NEU4 Integrated DNA Technologies Hs.PT.58.40899979
PSAP Integrated DNA Technologies Hs.PT.58.744083
RILP Integrated DNA Technologies Hs.PT.58.22883761
RRAGD Integrated DNA Technologies Hs.PT.58.27161067
SQSTM1/ p62 Integrated DNA Technologies Hs.PT.58.39829257
TFEB Integrated DNA Technologies Hs.PT.58.22483241
TFEC Integrated DNA Technologies Hs.PT.58.26872107
USP2 Integrated DNA Technologies Hs.PT.58.28252823
WIPI1 Integrated DNA Technologies Hs.PT.58.27403765
CTSK TagMan Hs00166156_m1
GRN TagMan Hs00963707_g1
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2.4.2 Transcriptome

Total RNA of triplet replicates were isolated from control and stably expressing GFP-TFEB
Hela TO cells using QlAshredder and RNeasy extraction kit according to the manufacturer’s
instruction. RNA amount was measured with Nanodrop, and the samples were analyzed by
RNA sequencing in collaboration with N. Fischer (UKE/Leibniz-Institut fir Virologie,
Hamburg).

Normalization and differential expression analyses were carried out with DESeq2, thereby
defining differentially expressed genes (DEGs) if a fold change > 1.5 and adjusted P-value (p-
valueadj) < 0.05 was detected.

2.4.3 Site-directed mutagenesis

Single or simultaneous amino acid substitutions at Lys237, Lys256 and Lys274 by arginine (R)
or alanine (A) were introduced by site-directed mutagenesis generating the GFP-TFEB-K3R
or -K3A mutants, respectively. In addition, the phosphorylation sites Ser142 and Ser211 were
single or double mutated to alanine (TFEB-S142/211A) into the wt or mutant GFP-TFEB-
K274A and K3A constructs. Oligonucleotides used for cloning, mutagenesis and sequencing
were synthesized by Eurofins Genomics (Table 2.4.2). All the plasmids were send for

sequencing to SEQLAB, Gattingen.
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2.4.2 Oligonucleotides (oligo)! for mutagenesis and sequencing

Oligo name Oligo sequence 5to 3 Application
TFEB- Fw: GGCCAAGGAGCGGCAGAAGGCAGACAATCACAACTTAATTG

Rv: CAATTAAGTTGTGATTGTCTGCCTTCTGCCGCTCCTTGGCC SDM
K237A
TFEB- Fw: GGCCAAGGAGCGGCAGAAGCGAGACAATCACAACTTAATTG

Rv: CAATTAAGTTGTGATTGTCTCGCTTCTGCCGCTCCTTGGCC SDM
K237R
TFEB- Fw: GACGAAGGTTCAACATCAATGACCGCATCGCGGAGTTGGGAATGCTGATCCCCAAGGCC SDM
K256A Rv: GGCCTTGGGGATCAGCATTCCCAACTCCGCGATGCGGTCATTGATGTTGAACCTTCGTC
TFEB- Fw:

GACGAAGGTTCAACATCAATGACCGCATCCGGGAGTTGGGAATGCTGATCCCCAAGGCCAAT SDM
K256R Rv:

ATTGGCCTTGGGGATCAGCATTCCCAACTCCCGGATGCGGTCATTGATGTTGAACCTTCGTC
TFEB- Fw:

GCCAATGACCTGGACGTGCGCTGGAACGCGGGCACCATCCTCAAGGCCTCTGTGGATTAC SDM
K274A Rv:

GTAATCCACAGAGGCCTTGAGGATGGTGCCCGCGTTCCAGCGCACGTCCAGGTCATTGGC
TFEB- Fw:

GCCAATGACCTGGACGTGCGCTGGAACCGGGGCACCATCCTCAAGGCCTCTGTGGATTAC SDM
K274R Rv:

GTAATCCACAGAGGCCTTGAGGATGGTGCCCCGGTTCCAGCGCACGTCCAGGTCATTGGC
TFEB- Fw: CAACAGTGCTCCCAATGCACCCATGGCCATGCTGC

Rv: GCAGCATGGCCATGGGTGCATTGGGAGCACTGTTG SDM
S142A
TFEB- Fw: GTCACCAGCAGCGCCTGCCCTGCGG

Rv: CCGCAGGGCAGGCGCTGCTGGTGAC SDM
S211A
I RES_ TAGTGAACCGTCAGATCG Seq uencing
M1 fw
G FP C fW CAAAGACCCCAACGAGAAG Seq uenci ng
TFE B int F GAATGTGTACAGCAGCGAC Seq uenci ng

Fw!: forward; rv: reverse; int F: internal forward primer; codons targeted by site-directed mutagesis (SDM) are

highlighted in bold.

2.5 Confocal laser scanning microscopy

Cells grown on 12 mm cover slips were washed twice with PBS followed by fixation with 4%
paraformaldehyde (PFA) diluted in PBS for 20 min at RT. After fixation, cells were washed

twice with quenching solution (50mM NH4Cl in PBS), incubated with quenching solution for
5 min, washed with PBS and permeabilized with 0.1% Triton X-100 in blocking solution (3%
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BSA in PBS) for 10 min at room temperature. The cells were blocked for 1h with blocking
solution at room temperature followed by incubation with TFEB antibody (1:50) in blocking
solution over night at 4°C. The next day the cells were washed with PBS and incubated with
Alexa647 secondary antibody (1:500 abcam) in blocking solution for 2h followed by washing
with PBS. Nuclei were stained with 2.5 pg/mL DAPI diluted in PBS for 10 min, washed with
PBS, and the coverslips were sealed in mounting medium Agua-Poly/Mount. Images were
taken with a Leica TCS SP8 digital scanning confocal microscope (Leica DMI 6000; 63 X

magnification).

2.6 Statistical analysis
GraphPad was used to perform the statistical analysis of the data. Statistical analysis was
performed using unpaired two-tailed Student’s t tests. Asterisks indicate statistically significant

differences * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001
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3. Results

3.1 Subcellular distribution of GFP-TFEB and mutants

To investigate the biological significance of selected K237, K256 and K274 lysine residues
localized in the DNA-binding domain, we substitute through site-directed-mutagenesis (SDM)
procedure the aforementioned lysines to alanine (A) or arginine (R). The simultaneous K-to-A
replacement (TFEB-K3A) mimics the neutral charges of acetylated TFEB at these sites, given
by the replacement of a charged amino acid (+1) to an uncharged one (0). On the other hand,
the simultaneous K-to-R replacement (TFEB-K3R), mimics a de-acetylated TFEB, due to the
introduction of a positively charged amino acid (+1; Fig. 3.1 A). To gain insight into the
structural environment of acetylated lysine residues in silico, homology-based three-
dimensional (3D) structure modelling of human TFEB dimer based on the 76% sequence
identity to the mouse MiTF/CLEAR box structure that was previously performed (PDB: 6G1L,;
Moller et al., 2019). Thereby, these mimetic mutations affect the electrostatic surface of the
TFEB-DNA binding pocket (Fig. 3.1 B).

A TFEB-WT TFEB-K3A TFEB-K3R
acetylated de-acetylated acetylation mimetic  de-acetylation mimetic
235 288 235 288 235 288 235 288

K237 K256 K274 K237 K256 K274 K237A K256A K274A K237RK256R K274R
ac ac ac
Charge0 0 O + + 0+ 0 0 0 + + o+
B
TFEB-K3A TFEB-K3R
acetylation mimetic de-acetylation mimetic

K237A

K256A
K274A

Fig. 3.1 GFP-TFEB is acetylated in the DNA binding domain at K237, K256 and K274 residues - (A)
Schematic presentation of acetylated lysine residues K237, K256 and K274 in the DNA binding domain (DBD)
and charge effects in the K-to-A acetylation mimetic TFEB K3A and K-to-R de-acetylation mimetic K3R mutants.
(B) Surface electrostatic charges (positive: blue / negative: red / neutral: white) of TFEB-K3A and -K3R DNA-
binding pockets. The selected lysine residues are indicated.
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To examine the biological significance of the acetylated lysine residues K237, K256 and K274,
we generated triple mutants of wild-type (wt) GFP-TFEB substituting these residues by alanine
(K3A) or arginine (K3R), and selected stably, low and uniform expressing HeLa 3G TO cell
clones. Since the acetylated residues were found only in the cytoplasmic fraction of TFEB, we
investigated the nuclear/cytoplasm distribution of GFP-TFEB-wt and the mutants in both
steady-state conditions and under treatment with the mTORCL1 inhibitor torinl. The
endogenous TFEB in HeLa 3G TO cells was used as control in both approaches. Thus, GFP-
TFEB-wt, -K3A and —K3R expression was induced for 24h with 1 pg/mL doxycycline. For
torinl treatment, 90 min before the end of the 24h of induction-time, cells were starved in
EBSS medium for 30 min, followed by the addition of 250nM torinl for 1h in EBSS.
Afterwards, two different approaches were performed: the distribution of GFP-TFEB-wt and
the mutants was analysed either by TFEB confocal immunofluorescence microscopy, or after
subcellular fractionation into the nucleus fraction (nuc) and the post nuclear-supernatant (here
referred as “cyt”). Afterwards, the nuc and the cyt-fractions were analysed by western blotting.
Both immunofluorescence microscopy and western blot analysis revealed the majority (75%)
of GFP-TFEB-wt molecules in the cytoplasm and 25% in the nuclear fraction at steady-state
condition. Upon selective mTORCL inhibitor torinl treatment, nuclear localization of GFP-
TFEB-wt increased 3-fold (Fig. 3.2 C and G), resembling the expected distribution profile of
endogenous TFEB (Fig. 3.2 B and F). On the other hand, the -K3R mutant shows a comparable
distribution pattern in immunofluorescence microscopy analysis at steady-state (60%
cytoplasm and 40% nuclear), and a torinl-dependent translocation into the nucleus of 60% of
total TFEB-K3R (Fig. 3.2 I). The failure to detect an effect of torinl treatment on the nuclear
translocation of GFP-TFEB-K3R (Fig. 3.2 E) is presently unclear. In GFP-TFEB-K3A
expressing cells a high cytoplasmic localization was observed (>85%) which is resistant to
torinl treatment (Fig. 3.2 D and H). Together, these data suggest that the acetylation-mimicking
K3A mutant lost the capability to translocate into the nucleus in an mTORC1-independent

manner.
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Fig. 3.2 mTORCL1-independent cytoplasmic retention of acetylation mimetic TFEB K3A mutant - (A)
Schematic experimental protocol to determine the nuclear and cytoplasmic distribution of TFEB by subcellular
fractionation and immunofluorescence confocal microscopy. The expression of wt, -K3A and -K3R was induced
by doxycycline (1ug/mL) in stable HeLa clones for 24h in nutrient-rich medium or treated with torinl (250nM)
for 60 min in starvation medium). Endogenous TFEB in HelLa cells was used as a control. (B, C, D, E) Nuclear
and cytoplasmic localization of endogenous TFEB, GFP-TFEB and mutants analysed by IF microscopy using
TFEB staining (white false color) and nuclei marker DAPI (blue). TFEB signal alone (white false color) or merged
with DAPI signal (grey and blue) are displayed, scale bars: 10um. Quantification of GFP-TFEB puncta in the is

cyt nuc cyt nuc
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shown beneath each condition (n=2-3). (F, G, H, 1) Subcellular fractionation of endogenous TFEB and GFP-
TFEB-wt, and mutants 24 h after doxycycline induction without or with torinl treatment monitored by
immunoblotting. The positions of molecular mass marker proteins are indicated. LaminA, H4, aTubulin, and
GAPDH were used as marker for nuclear and cytoplasmic localization, respectively. The respective blots were
quantified and normalized against LaminA/H4 or oTubulin/GAPDH, n = 5-6 experiments. (Values are mean +
SD).

3.1.1 Transient transfection of the single K274 acetylation mimetic-mutation decrease
TFEB nuclear translocation in steady-state condition

Since the simultaneous K-to-A acetylation mimetic mutation of TFEB-K3A determinate its
cytoplasmic retention, we wondered whether or not the single K237A, K256A and K274A
substitution alone retain TFEB in the cytoplasm. Thus, GFP-TFEB-wt and the single GFP-
TFEB-K237A, -K256A and -K274A mutants were transiently expressed in HeLa TO cell and
TFEB expression induced with doxycycline (1ug/mL) for 24h. Subsequently the localization
of the different GFP-TFEB forms was analysed by immunofluorescence microscopy (Fig. 3.3
A). Transient overexpression of GFP-TFEB-wt resulted in a high nuclear localization (75%).
The single exchange mutants TFEB-K237A and -K256 led to a slightly reduced nuclear
localization level of 59 and 62%, respectively. In contrast, 28% of the single substituted

-K274A mutant was translocated into the nucleus only suggesting a main role of acetylated
K274 in cytoplasmic retention of TFEB. To confirm these data, subcellular fractionation
experiments were performed with HeLa TO cells transiently expressing GFP-TFEB-wt,
K274A, the double -K237/274A (K2A) mutant, and the triple -K237/256/274A mutant (K3A)
mutant. The representative western blot of the subcellular fractionation experiment is shown in
Fig. 3.3 B. Densitometric quantification revealed about 30% GFP-TFEB-wt, but ~70% of the
-K274A mutant in the cytoplasmic fraction, supporting the immunofluorescence data. For both
double -K237/274A and -K3A mutants about 90% were detected in the cytoplasmic fraction.
Taking together, the single exchange at -K274A is sufficient to retain the majority of
overexpressed TFEB in the cytoplasm retention. The double exchange mutant -K237/274A

reaches a similar retention level as K3A.
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Fig. 3.3 Single exchange mutant K274A decreases strongly the nuclear translocation of TFEB — (A) HelLa
TO were transiently transfected with GFP-TFEB-wt and the single exchange mutants -K237A, -K256A, and -
K274A cDNAs followed by doxycycline induction for 24h. GFP (white) and DAPI (blue) stainings, scale bar:
10um. Mean of each 30 transfected cells were used for quantification (B) HeLa TO were transfected with the
indicated expression constructs, induced by doxycycline for 24 h, and subcellular fractionation. Aliquots of
nuclear and cytoplasmic fractions were analysed by western blotting. TFEB expression was normalized to H4 or
GAPDH immunoreactive bands, respectively (n=1).

3.1.2 TFEB-acetylation mimetic mutation affect the phosphorylation at S142 and S211
To evaluate whether the lysine-to-alanine mutation of TFEB K3A affect the phosphorylation
of TFEB at S142 and S211 in cytoplasmic and nuclear fractions, specific phospho-antibodies
recognizing phospho-S142 and phospho-S211 residues of TFEB were used. The double serine-
to-alanine TFEB mutant S142/S211A served as control. About 62% of transiently expressed
GFP-TFEB-wt are localized in the nuclear fraction of which 53% and 20% are phosphorylated
at S142 and S211, respectively (lane 1 and 2, Fig. 3.4 A and B). In contrast, 18% of the TFEB-
K3A mutant was found in the nucleus but lacking phosphorylated S142 and S211 residues (lane
3 and 4, Fig. 3.4 A and B). The simultaneous exchange of S142 and S211 by alanine
(S142/211A) leads to the fast nuclear translocation of TFEB into the nucleus (lane 5 and 6, Fig.
3.4 A). Surprisingly, the introduction of S142/211A into the TFEB K3A mutant was not
sufficient to abolish the cytoplasmic retention effect of K3A (lane 7 and 8, Fig. 3.4 A and B).
Quantification of the phospho-S142 and S211 blots in relation to the TFEB protein
immunoreactivity suggest that the phosphorylation of S211 is impaired by the K3A mutation,
in particular in the cytoplasm, whereas the pS142/TFEB ratio is not changed (Table S1). The
single exchange mutant TFEB-K274A affects the phosphorylation status of both S142 and

S211 (lane 5 and 6, Fig. 3.4 B).
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Fig. 3.4 Both single -K274A and combined —K237/256/274A acetylation mimetic mutation increase TFEB
cytoplasmic phosphorylation at S142 and S211 — (A+B) HeLa TO were transfected with GFP-TFEB-wt, -K3A,
-S142/211A, and -K3A+S142/211A. GFP-TFEB expression was induced for 24h by lug/mL dox, followed by
subcellular fractionation. Nuclear and cytoplasmic fractions were analysed by western blot against TFEB and
specific phosphorylated TFEB S142 and S211 forms. H4 and GAPDH were used as loading control for nuclear
and cytoplasmic fractions, respectively. The positions of protein molecular mass in kDa are displayed. In the
lower panel the normalized TFEB cytoplasmic (against GAPDH) and the nuclear (against H4) expression and
distribution is shown (n=3).

Since the single and triple exchange mutants -K274A and -K3A affect the mTORC1-mediated
phosphorylation of TFEB at S142 and S211, the phosphorylation of S138 analyzed.
Densitometric evaluation of the blot reveals phosphorylation at S138 in the cytoplasmic
fraction of both -K3A (87%) and -K274A (81%) compared to the -wt (29%). In conclusion,
the acetylation mimetic mutation at K274A or in the triple mutant K237/256/274A increased

the cytosolic phosphorylation of TFEB at S138 (Fig. 3.5).
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3.5 —-K274A and -K3A mutations affect S138 phosphorylation in cytoplasmic fractions - HeLa TO cells
expressing GFP-TFEB-wt, -K3A, -K274A, -K274A+S142/211A, and -K3A+S142/211A upon doxycycline
induction were processed for subcellular fractionation into cytoplasmic (cyt) and nuclear (nuc) fractions, and
western blotting. Equal amounts of subcellular fractions were loaded.

3.2 Differential gene expression analysis of induced wild-type and TFEB K3R

To analyse the transcriptional activity of wild-type (wt) and mutant GFP-TFEB-K3R HeLa TO
cells in response to doxycycline-induced expression two experimental protocols were used
based on the protein expression of TFEB. The expression of TFEB was induced with 1ug/ml
for 3h, and either harvest (chase 0h), or chased the cells in the absence of dox for various time
periods (Fig. 3.6 A). Densitometric evaluation of the western blots under the tested conditions
revealed a maximum GFP-TFEB protein concentration after 21h of chase (4.7-fold increase
compared to GFP-TFEB synthesized during 3h dox-induction; Fig. 3.6 B). The GFP-TFEB
protein expression after 24h continuous dox-induction, the most frequently used condition in
literature, was almost similar as the GFP-TFEB protein level in the 3h dox/21h chase condition
(Fig. 3.6 C). When the relative TFEB protein level after 3h dox £ 21h chase in dox-free medium
and 24h continuous dox induction were compared with the respective mRNA level of TFEB
under identical conditions, the real-time PCR analysis showed that the transcript level of GFP-
TFEB was 3.1-fold higher after 24h dox induction in comparison with the 3h dox induction
period. During the following 21h chase period the GFP-TFEB transcript level decreased by
44% (Fig. 3.6 D).
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In conclusion, TFEB transcripts generated during 3h dox induction require about 21h to be
translated into the TFEB protein. Extended dox-induction periods for 24h resulted in a 3-fold
higher mRNA level than after 3h dox induction whereas the TFEB protein was similar. These
data suggest 21h chase lead to the same protein level as continuously induced 24h, in a

physiological way without activating continuously in loop TFEB-gene transcription.
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Fig. 3.6 Optimization of dox-induced TFEB-GFP expression in HeLa TO cells - (A) Experimental protocol
of doxycycline (dox; 1ug/ml) induced TFEB expression * chase in the absence of dox in HeLa Tet-on cells. (B)
HeLa TO cells stably expressing GFP-TFEB-wt were induced with dox for 3 h and either harvested or chased in
dox-free medium for the indicated time periods. Non-transfected HeLa TO cells were used as control (Ctr). Cell
extracts were analysed by western blotting. a-tubulin was used for equal loading. (C) TFEB western blot for direct
comparison between the three dox-induction protocols. GAPDH was used as loading control. (D) The relative
MRNA level of TFEB was determined in HeLa TO cells induced with dox under identical conditions as in (C) by
real-time PCR. The values are calculated as fold change by setting the endogenous TFEB transcript level as 1.

Next, to investigate the stability of the GFP-TFEB protein, after 3h dox induction of TFEB, the
dox-free time of chase was prolonged up to 45h (Fig. 3.7 A and B). The densitometric
evaluation of the blot reveals after 45h dox-free chase a reduction of the GFP-TFEB protein
level to 36% of the TFEB amountsunder the 3h dox + 21h chase condition. From these data it
can be concluded that the half-life of GFP-TFEB in HeLa cells is about 19-20h.
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Fig. 3.7 Stability of GFP-TFEB protein in HeLa cell line - (A) Extracts from cells stably expressing GFP-
TFEB-wt were either not induced (control) or treated for 3h with dox, followed by the indicated time periods of
dox-free chase incubation, were analysed by GFP western blotting. a.Tubulin was used as loading control. (B)
Quantification of densitometric analysis of A. GFP-TFEB expression values were normalized to the aTubulin
intensity. GFP-TFEB expression 3h dox+ 21h was set as 100% (n=3).

3.2.1 Different gene-activation rates upon TFEB-wt and -K3R expression

Since TFEB-K3A does not translocate into the nucleus, the transcriptional activities of GFP-
TFEB-wt and the -K3R mutant were compared. HeLa TO cells stably expressing TFEB wt and
-K3R were induced for 3 h followed by different time periods in dox-free chase medium. Non-
induced HeLa TO cells were used as control. The RNA of these cells were prepared and the
transcript level of the ACP5 and WIPI1 genes coding for the lysosomal tartrate-resistant acid
phosphatase, and the autophagy-related WD repeat domain phosphoinositide-interacting
protein 1, respectively, were quantified by real-time PCR and related to the actin (ACTB)
expression. The ACP5 and WIPI1 transcript levels in non-induced HeLa TO cells were
subtracted.

Real-time PCR analysis for the ACP5 gene activation by TFEB-wt follows a sigmoid curve
over time reaching a plateau 3h dox + 21h chase corresponding to a 38-fold increase in
comparison with the transcript level after 3h dox treatment (Fig. 3.8). Prolonged chase periods
for 45 h resulted in a decrease of the ACP5 mRNA by 34%. In contrast, the highest level WIPI1
MRNA is reached after 6 h chase (3.2-fold higher than the 3h dox treatment).which slowly
decreases during the following 40h of chase. Upon -K3R induction for 3h the maximum of
ACP5 mRNA was reached after 45h chase (corresponding to 10% of the transcript level
activated by TFEB-wt).

A similar time course was determined for the WIPI11 expression upon -K3R activation reaching
54% of the TFEB-wt activity. The low transcriptional activation of ACP5 by the K3R mutant

suggest that the replacement of the lysine residues by arginine reduces drastically the affinity
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for the CLEAR motif in the ACP5 promotor whereas the recognition/binding capability of K3R
to the CLEAR motif in the WIPI1 promotor is moderately impaired.
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Fig. 3.8 Transcriptional activation of ACP5 and WIPI1 in response to TFEB and -K3R mutant induction-
HeLa TO cells stably expressing GFP-TFEB-wt and -K3R were induced for 3 h and either harvested (0 h chase)
or chased for the indicated time in dox-free medium. Non-transfected HeLa TO cells (-) were used as control. The
MRNA expression of ACP5 (left) and WIPI1 (right) were determined by real-time PCR and normalized for the
ACTB transcript level.

3.3 Transcriptome analysis of TFEB-wt and -K3R

3.3.1 Short and long term TFEB transcription

After establishing two reliable TFEB-induction protocols, TFEB-dependent transcriptome
analysis were performed after 3h dox + 21h chase and 24h continuous dox induction of wt and
TFEB K3R expression. GFP-TFEB-wt and -K3R stably expressing clones in HeLa cells were
induced to express both short-TFEB 3h followed by 21h chase (wt 3+21h, K3R 3+21h) or long-
term continuously induced 24h (wt 24h; K3R 24h). The basal gene expression profile of non-
transfected HeLa cells was used as reference control. Purified RNA were collected for each
condition in triplicates and processed for RNA sequencing in collaboration with Prof. Nicole
Fischer (UKE/Leibniz-Institut fir Virologie, Hamburg).

To test the quality of the samples analysed principal component analyses (PCA) were
performed. The data revealed TFEB-wt or K3R-dependent clustering of samples, indicating
differential regulation of TFEB wt and TFEB K3R gene expression. In contrast, the differences
between the 24h continuous dox administration and the 3h dox + 21h chase of TFEB wt showed
a more pronounced similarity of the samples, and these samples were different from the mutant
(Fig. 3.9 A). Transcriptional profiling of HeLa cells expressing TFEB-wt or -K3R according
to the 3h dox + 21h chase and the continuous 24h dox protocols related to the expression profile
of control cells revealed a large number of differentially expressed genes (DEGs, log2FC >1.5
or <-1.5 and multiple testing adjusted p-value (padj.) <0.05) detected under all conditions (Fig.
3.9 B).
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Fig. 3.9 RNA-seq analysis of differentially expressed genes in wild-type and TFEB K3R mutant cells — GFP-TFEB-wt
and -K3R stably expressed in HeLa TO cells were induced with 1ug/mL dox either for 3h + 21h chase (short term) or for 24h
continuously (long term). Total purified RNA samples were evaluated by (A) principal component analysis (PCA) of global
gene expression values of three independent sets of experiments. Each dot represents a single sample and the cluster
demonstrate the variance between the respective samples. (B) Heatmap depicting the expression levels of differentially
expressed genes (DEGS) across control, wt 24h, wt 3+21h, K3R 24h, and K3R 3+21h groups. Each replicate's scaled expression
is represented by the row Z-score, visualized through a red-blue gradient where red indicate high and blue low expression.
Criteria for consideration: an absolute log2-fold change > 0.585 (equivalent to a 1.5-fold change in expression) and an adjusted
p-value < 0.05. Genes are hierarchically clustered based on their expression patterns. Five primary clusters are marked in cyan,
magenta, orange, blue, and yellow, comprising 388, 1142, 1906, 2247, and 628 genes respectively. All the statistical and
clustering analysis was performed via R-script.
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Several thousand differentially regulated genes were found in all four conditions (wt 3+21h,
wt 24h, K3R 3+21h, K3R 24h), compared to the basal non-induced TFEB control cells. K3R
3+21h or K3R 24h-expressing cells displayed a trend towards more down than upregulated
genes, whereas TFEB-wt expressing cells showed a comparable numbers for up- and
downregulated transcripts (Fig. 3.10 A and B; Fig 3.11 A and B). TFEB expression induced a
significant upregulation of 1145 at 3+21h and 2221 genes at 24h dox treatment and
downregulation of 1174 (50.6%) and 1967 (47%) genes at 3+21h and 24h dox respectively. In
contrast, -K3R expression significantly upregulated 379 (30%) and 526 (40%) genes at 3+21h
or 24h dox treatment, respectively, while considerably more genes were downregulated at the
conditions included: 884 (70%) and 777 (60%) genes, respectively. Interestingly, the number
of significantly dysregulated genes in TFEB-K3R expressing cells does not increase with
prolonged dox treatment.

From all differentially regulated genes in TFEB-wt and -K3R expressing cells 587 genes
(16.4%) and 756 (13.8%) were dysregulated in both wt and -K3R mutant after 3+21h and 24h
dox treatment, respectively. 134 (8.8% (3+21h)) and 274 genes (10% (24h)) were up-regulated,
while 355 (17.2% (3+21h)) and 370 transcripts (13.5% (24h)) were found commonly down-
regulated.

To gain insight which cellular compartments might be coordinately regulated by TFEB-wt and
-K3R, Gene Onthology (GO) enrichment analysis were performed. This revealed that
annotations of lysosome, lysosome membrane and lysosomal lumen were significantly enriched
by TFEB-wt under both conditions of dox-induction, while only the lysosomal lumen was
found to be enriched after -K3R expression independent of the dox induction protocol (Fig.
3.10C; 3.11C).
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Fig. 3.10 RNAseq analysis of wild-type and TFEB-K3R HelLa TO cells induced by 3h dox + 21h chase
protocol - (A) Venn diagram showing the overlap of 823 genes between all differentially expressed genes (DEG)
in TFEB-wt and TFEB-K3R expressing cells (3h dox+21h chase) and their subdivision into up- and down-
regulated genes. (B) Volcano plots showing DEGs for all genes in TFEB-wit versus control and TFEB-K3R related
to control HeLa cells. Up-regulated genes are highlighted in red, down-regulated genes are highlighted in blue.
(C) GO enrichment analysis of cellular compartments of TFEB-wt and -K3R expressing cells. The number of the

genes is given.
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Fig. 3.11 RNA-seq analysis of wild-type and TFEB-K3R HelLa TO cells following 24h continuous dox
treatment - (A) Venn diagram showing the overlap of 1016 genes between all DEGs in TFEB-wt and TFEB-
K3R expressing cells (24h continuous dox) and their subdivision into up- and down-regulated genes. (B) Volcano
plots showing DEGs for all genes in TFEB-wt versus control and TFEB-K3R versus control HelLa cells. Up-
regulated genes are highlighted in red, down-regulated genes are highlighted in blue. (C) GO enrichment analysis
of cellular compartments of TFEB-wt and -K3R expressing cells. The number of the genes is given.
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3.3.2 TFEB wt and K3R regulated CLEAR-containing target genes

Genome-wide mapping of TFEB target sites in HelLa cells revealed 471 TFEB direct targets
called the CLEAR network (Palmieri et al., 2011). Similarly, we found 102 of 471 TFEB target
genes to be differentially expressed in HeLa TFEB-wt cells under 3h dox+21h chase condition,
of which 99 show upregulation, including 10 genes of luminal lysosomal enzymes, ASAH1,
CTSA, CTSB, CTSD, GBA, GLA, NAGLU, NEUL1, SGSH, and the sphingolipid activator PSAP,
as well as 5 autophagy related genes, NRBF2, PRKAG2, RRAGC, VPS18 and VPS8 (Fig. 3.12).
Three TFEB target genes were significantly downregulated. In contrast, in Hela cells
expressing TFEB-K3R 3+21h we identify 17 TFEB target genes with 7 of 10 equally regulated
in wt and -K3R cells (Fig. 3.12 A). No genes of lysosomal hydrolases or autophagy-related
were significantly activated upon -K3R induction (Fig. 3.12 C).

After 24h continuous dox treatment we found 190 significantly dysregulated TFEB target
genes in HeLa TFEB-wt cells of which 177 were upregulated among them 12 significantly
activated luminal lysosomal genes, ASAH1, CTSA, CTSB, CTSD, GBA, GLA, GNS, HEXA,
NAGLU, NEU1, PSAP, SGSH. Thirteen target genes including the lysosomal GAA transcript
were significantly downregulated. (Fig. 3.13 A and B). Upon identical conditions of
doxycycline-mediated induction of -K3R, 38 differentially expressed TFEB target genes were
identified of which 31 were also dysregulated in dox-induced TFEB-wt cells; 26 genes have
been commonly found to be upregulated in dox-induced TFEB-wt cells, and 2 being
significantly downregulated in both (Fig. 3.13 A). In contrast to the 3h dox + 21h condition,
three transcripts of lysosomal genes, CTSA, CTSD, and PSAP, were activated after 24h
continuous induction of the -K3R mutant. Furthermore, 24h dox-treatment of K3R-expressing
cells, did not activated autophagy-related genes with the exception of SQSTM1 and PRKAG2
(Fig. 3.13 C).
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Fig. 3.12 TFEB target gene expression in wt and TFEB-K3R HeLa cells induced by 3h dox +21h chase protocol - (A)
Venn diagram showing that in TFEB wt and TFEB K3R expressing cells (3h dox+21h chase) 102 and 17 TFEB
target genes were differentially expressed, respectively. The majority of DEGs were upregulated by TFEB-wt.
(B) Volcano plots showing the expression of TFEB target genes in TFEB-wt versus control and TFEB-K3R versus
control HeLa cells induced for 3h with dox followed by 21h chase in the absence of dox. Significantly up-regulated
genes are highlighted in red, significantly down-regulated genes are highlighted in blue. Non-significant
dysregulated genes are shown in grey. (C) Heatmaps of differentially expressed genes (Log2FC) for lysosomal
hydrolases and accessory proteins, and autophagy genes in TFEB-wt and -K3R Hela cells.
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Fig. 3.13 TFEB target gene expression in TFEB-wt and -K3R HeLa cells following 24h dox treatment - (A)
Venn diagram showing that upon 24 h continuous dox induction of TFEB-wt and TFEB-K3R 190 and 38 target
genes, respectively, were differently expressed; the majority of target genes were upregulated under these
conditions. (B) Volcano plots showing differentially expressed TFEB target genes in TFEB-wt versus control and
TFEB-K3R versus control HeLa cells induced for 24h with dox. Significantly up-regulated genes are highlighted
in red, significantly down-regulated genes are highlighted in blue. DEGs which have also been significantly
dysregulated in cells under 3h dox + 21h chase condition (Fig.3.12) are highlighted in green. Non-significant
dysregulated genes are shown in grey. (C) Heatmaps of diffentially expressed genes (Log2FC) for lysosomal
hydrolases and accessory proteins, and autophagy genes in TFEB-wt and -K3R Hela cells.
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Of note, the GPNMB gene, one of the most activated target genes of TFEB (Palmieri et al.,
2011) encoding a transmembrane glycoprotein NMB, was found also in the TFEB-wt
upregulated target gene set under both condition, but only upon 24h continuous dox-treatment
in the K3R-expressing HeLa cells. In contrast, the GNPDA1 mRNA coding for the
glucosamine-6-phosphate isomerase 1, seems to be highly upregulated in -K3R expressing
cells (Fig. 3.12 B, 3.13 B).

Together, our RNAseq data derived from two experimental conditions reveal that both, the
number of dysregulated genes overall and TFEB- targets genes (CLEAR network) correlate
with the TFEB transcript level. With few exceptions identical genes for lysosomal enzymes
and genes related to autophagy are activated by TFEB-wt under both doxycycline induction
conditions, whereas the gene landscape activated by the -K3R mutant differs significantly from
TFEB-wt.

3.3.3 Validation of RNAseq data by RT-PCR analysis

To evaluate the RNAseq data, we examined the expression of various lysosome and autophagy-
related genes and some non-lysosomal target genes (USP2, GPNMB, TFEC). RNA was
isolated and purified from stable TFEB-wt and —K3R expressing HeLa TO cells induced with
1ug/mL dox for 24h. Non-transfected HeLa TO cells were used as control. The relative mRNA
expression level of the selected genes were analysed by RT-PCR, normalized against ACTB
expression and calculated according to the comparative CT method (222T) (Fig. 3.14). In TFEB
wt expressing cells the mRNA level of all tested target genes were increased, whereas the effect
of -K3R were always lower or not changed. Surprisingly the mRNA of ACP5, coding for the
soluble lysosomal acid phosphatase 5, was strongly activated by TFEB-wt but only marginal
by -K3R (Fig. 3.14). The transcript level of TFEB-wt was found to be 3-fold higher than the
TFEB-K3R mutant transcripts (32% of the TFEB-wt; Fig. 3.14 B). Similarly, the dox-induced
expression of TFEB-wt resulted in a 37-fold increase in TFEC mRNA level in comparison with

untreated controls whereas K3R led to an 8-fold elevated TFEC expression.
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Fig. 3.14 Validation of selected genes of the RNAseq data set — (A) RT-PCR expression analysis of transcripts
coding soluble lysosomal proteins (ACP5, CTSK, CTSS, ASAH1, CTSD, GRN, PSAP, CTSB, NEU4), autophagy-
related proteins (RRAGD, WIPI1, USP2, SQSTM1), and GPNMB in HeLa TO cells expressing TFEB-wt and -
K3R upon 24 h continuous doxycycline treatment. The relative mRNA levels of three independent RNA
preparations (mean £ SD) are shown related to the respective non-doxycycline treated control HeLa TO cell values
(set to 1; dotted line). (B) Relative transcript level of TFEB and TFEC in HeLa TO expressing TFEB-wt and K3R
cells upon 24 h dox-induction. The endogenous TFEB mRNA amounts of non-treated control cells were
subtracted.

3.4 Impact of TFEB-wt and —K3R induced gene activation on protein synthesis of
lysosomal enzymes

TFEB-wt induction for 24h leads to the activation of 12 genes encoding lysosomal hydrolases
under nutrient rich conditions (see 3.3.2). To examine the consequences of this long-term
transcriptional activation on the rate of newly synthesized lysosomal enzymes, extracts of cells
expressing TFEB wt and -K3R mutant were analysed for the protein level of two lysosomal
hydrolases, a-mannosidase and cathepsin B (CTSB) by western blotting. Neither the
abundance nor the proteolytic processing to mature enzyme forms were affected by the 24h
expression of wt or TFEB-K3R mutant in comparison with non-transfected HeLa control cells
(data not shown). These results suggest that the protein level of intracellular lysosomal
enzymes at steady state is too high to distinguish a significant increase of small amounts of
newly synthesized hydrolases induced by TFEB within 24h.

Moreover, the sensitive fluorometric measurements of lysosomal enzyme activities in HeLa
cells and media upon the 3h dox + 21h TFEB induction protocol failed to identify any

significant transcription factor-induced variations in the selected enzyme levels (Table S2).
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Next, we applied an experimental approach to detect all newly synthesized soluble lysosomal
proteins which reach lysosomes in a defined time through the major transport route depending
on mannose 6-phosphate (M6P) receptors (MPR). MPRs recognize M6P residues on newly
synthesized lysosomal enzymes and mediate their sorting from the secretory pathway in the
trans Golgi network (TGN) to the endosomal compartment. The low pH in endosomes results
in dissociation of MRP-lysosomal enzyme complexes followed by the delivery of the enzymes
to lysosomes, whereas the MPRs recycle to the TGN for another round of transport. A small
percentage of lysosomal enzymes escape to binding to MPRs and are secreted mostly as
inactive precursor forms (Fig. 3.15; Braulke et al., 2023). Treatment of cells with NH4Cl leads
to a fast alkalinization of all acidic compartments and prevents the pH-induced dissociation of
M6P-containing lysosomal enzymes from their cargo receptors. Subsequently ligand-occupied
MPRs return to the TGN and the plasma membrane unable for binding and proper sorting of

newly synthesized lysosomal enzymes that results in their hypersecretion (Fig. 3.15).
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Fig. 3.15 Schematic representation of NH4Cl-dependent secretion of newly synthetized lysosomal enzymes
upon TFEB expression — Lysosomal hydrolases are synthetized in the ER and modified in the cis-Golgi with
MG6P residues. M6P-containing enzymes are recognized by M6P-receptores (MPR) in the trans-Golgi network
(TGN) and sorted to endosomes, where the low pH (pH=6) allows the dissociation of lysosomal enzymes from
MPR. The lysosomal enzymes are further transported to lysosomes whereas MPRs recycle to the TGN for another
round of transport (left panel). The presence of NH4Cl increases the pH of all the acidic compartments, inhibiting
the dissociation of M6P-containing lysosomal enzymes from MPR, which return to the TGN in an occupied state.
As a consequence, all the newly synthetized lysosomal enzymes are no longer sorted in the TGN to the lysosome
but hypersecreted into the medium (right panel).
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Thus, stably expressing TFEB-wt and -K3R HelLa TO cells were induced for 24h with 1ug/mL
dox in serum-free OptiMEM supplemented with 10mM NH4Cl. Afterwards, the media were
collected, dialyzed and analyzed by comparative mass-spectrometry (MS; in collaboration with
PD Dominic Winter, University of Bonn). Media of non-doxycycline treated HeLa TO cells
were used as controls (Fig. 3.16 A).

In the medium of dox-induced TFEB-wt cells 480 proteins have been identified, among them
27 soluble lysosomal enzymes and accessory proteins of which 18 (ACP5, ASAH1, CPVL,
CTSD, CTSF, CTSH, CTSS, GBA, GLA, GRN, GUSB, HYAL1, IFI30, MAN2B1, PLA2G15,
PSAP, SGSH, SMPDL3A) were significantly increased in comparison with controls (Fig. 3.16
B). In contrast, 324 proteins were found to be differently expressed in media of K3R expressing
cells in comparison with controls. Among them 22 lysosomal enzymes and accessory proteins
but only cathepsin S (CTSS) was significantly increased (Fig. 3.16 C). In conclusion,
continuously 24h-induced TFEB-wt led to an increased protein synthesis of only 18 lysosomal
hydrolases, while under the same conditions only the amounts of CTSS were significantly
elevated by the TFEB-K3R mutant.
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Fig. 3.16 Analysis of newly synthesized soluble lysosomal proteins upon TFEB expression - (A) Schematic
experimental protocol to analyze the newly synthesized soluble lysosomal secretome generated during the 24 h
doxycycline-induced TFEB-wt and K3R expression. (B and C) Volcano plots outlining the distribution of soluble
lysosomal enzymes (red dots) synthesized and hypersecreted upon NH4CI treatment during 24 h dox induction of
TFEB-wt (B) and TFEB-K3R (C). Data was graphed log2 (ratio) of TFEB-wt or TFEB-K3R vs non-dox treated
cells against the -Log10 (p-value). The dashed line indicates the 0.05 p-value cut off (n=4).

To evaluate the secretome data, western blot experiments were performed. TFEB-wt and -K3R
stably expressing in HeLa TO were induced for 24 h with 1 pg/mL dox in serum-free OptiMEM
media supplemented with or without 10 mM NH4CI. Aliquots of cell extracts and serum-free
10-fold concentrated were analysed by pGRN, CTSB, CTSD, PSAP western blotting. The -
glucocerebrosidase, GBA, was used as internal control for a non-M6P modified lysosomal
enzyme.

Western blot analysis revealed a strong increase in the band intensity for pPGRN, CTSB
precursor form and CTSD-precursor form under NH4Cl treatment in the media compared to
the not-NH4ClI treated (Fig. 3.17 A) indicating that the majority of these enzymes are
transported via an M6P-dependent pathway to lysosomes. However, no obvious differences
among TFEB-wt, -K3R and the control media could be detected although the abundance of
GRN and CTSD were clearly increased in the MS data set. The equal band intensities of GBA
in the media of TFEB-wt and —K3R with or without NH4ClI treatment supports the concept of

M6P-independent, NH4CI resistant transport mediated by the lysosomal integral membrane
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protein LIMP-2 (Reczek et al., 2007). The slightly increased secretion of pro-saposin (PSAP)
upon treatment with NH4Cl are in agreement with previous data that this precursor form of the
accessory protein reaches the lysosome via both intracellular MPR-dependent routes and via
secretion recapture processes mediated by the LRP-1 receptor (Quian et al., 2008; Hiesberger
et al., 1998). However, PSAP as well as all other tested lysosomal proteins are detected
intracellularly as precursor forms upon NH4Cl treatment because the lysosomal proteases
involved in their proteolytic maturation are catalytically inactive due to the increased alkaline
pH.

In conclusion, western blot analysis is not sensitive enough to verify the small or moderate
increases in the abundance of soluble lysosomal proteins tested here (GRN, PSAP, CTSB,
CTSD) differentially expressed in the MS-based secretome analysis upon TFEB-wt or -K3R-

induced expression.
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Fig. 3.17 Evaluation of mass-spectrometry data - TFEB-wt and —K3R stably expressing in HeLa TO were
induced for 24 h with 1ug/mL dox in serum-free OptiMEM media supplemented with 10 mM NH.CI or not.
Afterwards, the media was collected and concentrated. Both 10uL media (A) and cell extract (B) were analysed
by western blot +/- NH4Cl against different selected lysosomal proteins (pGRN, CTSB, CTSD, PSAP). The
lysosomal hydrolases GBA was used as internal control for the secretome, while GAPDH was used as loading
control for the cell extract. The relative protein molecular mass are displayed in kDa.

3.4.1 ldentification of transmembrane soluble domain under TFEB expression
Among non-lysosomal proteins identified in the media of TFEB-wt and -K3R mutant

expressing cells, there were surprisingly peptides from several transmembrane proteins, such
as GPNMB, one of the most upregulated TFEB target genes, TMEM59, SPRINGL1, or glycosyl-
and sulfotransferases (B4GALT5, CHST11). In addition some low-abundant commonly
peptides have been found such as p62, NUDCD2 and ADAMTS13, suggesting a possible
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TFEB-dependent regulation of proteases cleaving in the transmembrane domain or in the
luminal domain of the mentioned transmembrane proteins (shedding) and releasing a soluble
protein domain (Fig. 3.18 A and B).
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Fig. 3.18 - Volcano plots of selected transmembrane proteins detected in the secretomes of HeLa cells upon dox-
induction of TFEB-wt (A) and K3R mutant (B) for 24 h (n=4)

In Fig. 3.19 it is shown that the expression of TFEB-wt- increased the amounts of the 130 kDa
integral membrane GPNMB protein in cell lysates and the soluble 110 kDa GPNMB form in
the medium.K3R led to a moderate increase in the cell lysate, whereas the formation of the
soluble GPNMB in the medium was not altered. In the presence of NH4ClI both the cellular and
the soluble GPNMB in the medium were strongly increased in non-doxycycline induced
control cells. NH4Cl treatment elevated the 130 kDa cellular and 110 kDa soluble GPNMB in
TFEB-wt expressing cells and media only marginally. In K3R expressing cells the NH4CI
effect on GPNMB in cells and medium resembles the NH4Cl effect in non-doxycycline treated
control cells. Together, NH4Cl treatment activated both the GPNMB mRNA dependent on dox-
induced TFEB (Fig. 3.19 B) and resulted in similar amounts of cellular GPNMB membrane
protein forms as well as the the soluble form (Fig. 3.19 A). Moreover, additional bands
<100kDa are visible in wt and K3R cell samples in particular in the presence of NH4Cl.

Since the NH4Cl treatment block the M6P-pathway leading to the hypersecretion of soluble-
lysosomal hydrolases (Fig.3.15), similarly to the hypersecretion of lysosomal hydrolases which
are not modified with MG6P residues-due to the deletion of N-acetylglucosamine-1-
phosphotransferase (GNPTAB). To examine whether in GNPTAB KO cells GPNMB is highly
expressed intracellularly and secreted into the medium, HelLa TO-control and HelLa TO-
GNPTAB KO cells were transiently transfected with GFP-TFEB-wt or not and the GFP-TFEB-

wt protein expression induced for 24h with dox. Cell extracts and media were analysed by
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alpha-subunit of phosphotransferase, TFEB, CTSB, GPNMB, and western blotting.
Intracellularly GPNMB was only expressed and secreted into the medium by GNPTAB KO
cells (Fig. 3.19 C). The overexpression of TFEB in these cells show no effect of the GPNMB
expression.
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Fig. 3.19 NH4Cl increases both intracellular expression and the secretion of the soluble GPNMB domain -
(A) TFEB-wt and —K3R stably expressing in HeLa TO were induced for 24 h with 1pug/mL dox in serum-free
OptiMEM supplemented or not with 10mM NH4CI. Non-dox treated (NT) HeLa TO cells were used as controls.
Extracts of cells and media were analysed by western blotting. (B) HeLa TO TFEB-wt and —K3R stably expressing
cells were induced for 24 h with dox in the absence or presence of 10mM NH4CI. The relative GPNMB mRNA
level were analysed by real-time PCR normalized for ACTB and calculated according to the comparative CT
method (2247). (C) HeLa TO and HeLa TO-GNPTAB KO cells were transiently transfected with GFP-TFEB-wt
or not and the GFP-TFEB-wt protein expression was induced for 24h with 1jug/mL doxycycline. Cell extracts and
conditioned media were analysed by western blotting. The media was collected and concentrated. The positions
of molecular mass marker proteins are indicated in kDa.
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4. Discussion

The crucial role of the transcription factor EB (TFEB) activity in the regulation of lysosome
biogenesis and autophagy depends on its subcellular localization and the recognition of
CLEAR motifs in the promotor region of lysosomal and autophagy-related target genes. While
the impact of various serine (S) phosphorylation sites for the shuttling of TFEB between the
cytoplasm and the nucleus are well studied (Puertollano et al., 2018), the function of acetylated
lysine (K) residues are incompletely understood and controversially discussed. In this project,
the role of three acetylated lysine residues, K237, K256, and K274, located in the DNA binding
domain of TFEB was analysed in more detail. A number of new insights into i) the fine
regulation of TFEB translocation into the nucleus in dependence of posttranslational
modifications, ii) the transcriptional activity of TFEB and mutant forms under nutrient rich
conditions, and iii) the significance of TFEB-induced transcription of lysosomal target genes
on the lysosomal homeostasis based on the proteomic analysis of newly synthesized lysosomal

enzymes.

4.1 TFEB acetylation at K237, K256 and K274 prevent its nuclear translocation
Previous studies in our laboratory identified seven acetylated lysine residues of TFEB in the
cytoplasm but not in the nuclear fraction of TFEB expressing HeLa Tet-on cells. The focus of
the present thesis was the characterization and the functional impact of the TFEB acetylation
sites K237, K256, and K274. These residues of human TFEB are conserved between the
different MiTF family members and preserved in mouse, rat, macaca, apes, bovine, chicken,
amphibia and zebrafish. Aside from that, they are located in the DNA-binding/ helix-loop-helix
and leucine zipper (bHLH-LZ) domain and directly involved in DNA binding in agreement
with in silico 3D- structure modelling data of human TFEB dimers (performed by Dr. Henning
Tiedow, University of Hamburg; Pogenberg et al., 2012). Because the positively charged lysine
237, 256 and 274 side chains in TFEB are mostly involved in electrostatic interactions with the
phosphate moieties of the DNA, removal of these positive charges as occurring in acetylated
lysines will directly impair DNA binding. From these data it can be concluded that the
acetylated cytoplasmic TFEB needs to be deacetylated before or immediately after
translocation into the nucleus.

By site-directed mutagenesis, the positive charge of the non-acetylated K237, K256 and K274
residues of TFEB shifted to non-charged residues upon acetylation, which is mimicked by
simultaneous substitution of K237, K256 and K274 with alanines (K3A). The stoichiometry of
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TFEB acetylation is not known but preliminary immunoprecipitation experiments of GFP-
TFEB and subsequent TFEB and pan acetyl-lysine western blots suggest a low acetylation state
in the cytoplasm of < 3 percent of total TFEB. Thus, it should be considered that the K3A
mutagenesis affects all expressed TFEB molecules and therefore provides a more general effect
on localization and function than the small subpopulation of in vivo acetylated TFEB forms.
The predominant localization of TFEB-K3A analysed by immunofluorescence microscopy,
and subcellular fractionation was found in the cytoplasm (Fig. 3.2) in agreement with the
TFEB-PTM mass spectrometry.

The present data here are in contrast with results reported by Wang et al. (2020) who reported
that the histone acetyltransferase GCN5 mediates the acetylation of TFEB at K274 and K279
after entering the nucleus in HeLa or HEK293 cells. Subsequently, the acetylation at these sites
inhibits the transcriptional activity TFEB through disrupting the hetero- or homodimerization
of TFEB. However, only in an in vitro assay GCN5 was able to acetylate TFEB at K116, K274
and K279. The exchange of these lysine residues by arginine and its overexpression in HEK293
cells led to even a stronger target gene expression than the wild-type TFEB.

As control for the acetylation-mimetic K3A mutant, the lysine residues K237, K256 and K274
were substituted by arginines (K3R) resembling their non-acetylated status (Fig. 3.1). At
steady-state, the induced K3R mutant shows a comparable distribution pattern as the
endogenous TFEB (Fig. 3.2).

4.2 TFEB-K3A is retained in the cytoplasm in an mTORC1-independent manner

The mTORC1-mediated phosphorylation of TFEB at S122, S142 and S211 have been shown
to prevent the nuclear entry of TFEB whereas the simultaneous exchange of S142 and S211 by
alanine (S142/211A) leads to the fast nuclear translocation of TFEB into the nucleus
(Settembre et al., 2011; Martina et al., 2012). To evaluate whether the lysine-to-alanine
mutation of TFEB K3A affect the phosphorylation of TFEB at S142 and S211 two independent
experimental approaches have been applied. First, the subcellular distribution of the K3A
mutant was analysed in HeLa TO cells in the presence of the mTOR-specific inhibitor torinl
(Settembre et al., 2012) and demonstrated that the high cytoplasmic localization of TFEB K3A
IS resistant to torinl treatment (Fig. 3.2). Second, the S142/211A exchanges were introduced
into the K3A mutant and examined by subcellular fractionation and western blotting.
Surprisingly, the S142/211A constitutive nuclear translocation motif was not sufficient to
abolish the cytoplasmic retention effect of K3A (Fig. 3.4). Together these data suggest that
simultaneous acetylation of K237, K256, and K274 represent a dominant mTORC1-
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independent cytoplasmic-retention signal over the S142/211A nuclear translocation motif
(Martina et al., 2012; Roczniak-Ferguson et al., 2012).

Of note, among the lysine residues exchanged in the K3A mutant, K274 is the major lysine
acetylated residue, since the single K274A mutant lead already to an increased cytoplasmic
retention (Fig. 3.3 and 3.4). In addition, previous preliminary experiments performed in Prof.
Braulke’s group, have demonstrated a faster electrophoretic mobility of TFEB-K274A than
K237A or K256A, suggesting a differential acetylation stoichiometry among different
posttranslationally modified TFEB isoforms (UKE Hamburg, Nina Westphal, data not shown).
The mechanism how acetylated TFEB is retained in the cytoplasm is still unknown. The
mMTORC1 phosphorylated TFEB at S211 have been shown to be recognized and retained in the
cytoplasm by different forms of 14-3-3 proteins (Martina et al., 2012; Roczniak-Ferguson et
al., 2012) and by the structurally and functionally 14-3-3 homologous protein a-synuclein in
neuronal cells (Decressac et al., 2013). However, the seven 14-3-3 isoforms are known to bind
to several hundred identified (mostly serine or threonine phosphorylated) protein interaction partners
(Stevers et al., 2018) containing consensus motifs which do not fit with acetylated lysine
residues.

Finally, this study provided new insight into the crosstalk between acetylation of K237, K256,
and K274 and the phosphorylation of S142 (by ERK2/mTORC1), S211 (by mTORC1) and
S138 (by GSK3pB) (Yang and Seto, 2008). The reduced phosphorylation level at S211 but
unchanged phospho-S142 level of the acetylation-mimetic K3A TFEB form, suggest that the
non-charged residues at position 237, 256 and 274 either prevent the accessibility for kinases

or the recruitment of K3A to the lysosome surface which still need to be studied.

4.3 Transcriptome analysis upon TFEB-wt and -K3R expression

TFEB is a transcription factor that contributes to the regulation of a plethora different
physiological functions. The capability to exert its transcription factor function is hierarchically
given by i) its subcellular localization, ii) homo/hetero-dimerization, and iii) DNA-binding
capacity (Takla et al., 2023). In this study, three lysine residues K237/256/274 located in the
TFEB-DNA binding/ bHLH-LZ domain were selected to investigate the DNA-binding
capacity and subsequent functional activity of TFEB-K3R mimicking the non-acetylated TFEB
compared to the wild-type TFEB under two experimental conditions.

At present, the transient or inducible expression of TFEB for 24h is the most used protocol for

the analysis of TFEB transcriptional activity. Here stably expressing GFP-TFEB-wt and K3R
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HeLa cells are used which can be induced by doxycycline treatment to activate the transcription
of TFEB and the K3R mutant. Whereas during a short dox-induction for 3h low amounts of
immunoreactive TFEB protein was formed, the TFEB protein increased continuously during a
dox-free chase period and reaches a maximum after 21h chase (Fig. 3.6). Depending on the
chase time a TFEB band doublet could be observed consisting of a fast mobility
(hypophosphorylated) nuclear TFEB form, and a band with slower electrophoretic mobility
representing the phosphorylated cytoplasmic TFEB fraction. During further prolonged chase
time periods a decrease in TFEB protein can be observed which might be due to proteasomal
degradation (Sha et al., 2017), allowing the calculation of the approximate TFEB half-life of
19-20h (Fig. 3.7).

Several thousand differentially regulated genes were identified by RNAseq following the two
inducible expression protocols for TFEB-wt and -K3R. Surprisingly, almost ~50% of the total
dysregulated genes were found to be downregulated upon TFEB-wt activation. When these
data were compared with the Human Transcription Factor list (Lambert et al., 2018), 273
additional transcription factor/repressor genes differentially-regulated in response to TFEB-wit.
were found. Among them, TFEC was highly upregulated in response to TFEB induction. TFEC
is the only transcription factor from MiT/TFE family members that inhibits TFE3-dependent

transcription activation (Zhao et al., 1993).

4.3.1 TFEB regulation of selected CLEAR-target genes

TFEB recognize and activates 471 genes containing the 10 base pair E-box CLEAR-motif in
the proximity of their promoter region (Sardiello et al., 2009; Palmieri et al., 2011), and it has
been considered the master modulator of lysosomal biogenesis due to the presence of enriched
CLEAR-motifs in the promoter regions of 73 lysosome-and autophagy-related genes. In
category lysosomal hydrolases and accessory proteins, CTSD, ASAH1 and CTSB were
identified as the top three candidates highly upregulated in both long- and short-term TFEB-
wt expression, while HEXA and GNS were found activated only after longer time of TFEB-
induction, suggesting a different temporal mMRNA progression profile of the selected genes in
response to TFEB.

The time-dependent gene activation is a critical regulatory mechanism since each gene exhibits
a specific kinetics of transcription. Furthermore, the 471 CLEAR-containing genes are not only
TFEB target genes, since the CLEAR motifs are recognized also by both TFE3 and MIiTF
(Martina et al., 2014; Mdller et al., 2019). In addition, MYC or BHE41 were described to

recognize the CLEAR-motifs, acting as a transcriptional repressors for subsets of TFEB target
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genes (Annunziata et al., 2019; Carey et al., 2020). In conclusion, both TFEB induction
protocols revealed a high number of dysregulated genes, which exceed the number of CLEAR-
containing TFEB target genes. More than 200 dysregulated transcription factors/repressors
upon induction of TFEB results in the secondary regulation of numerous additional genes
contributing to a coordinated adaptive response even under nutrient rich conditions.

Another aspect that influences the gene activation pattern initiated by TFEB is the number and
the position of the CLEAR motifs in the promotor regions of target genes, and the functional
impact of the variable number of these motifs is presently still unknown (Sardiello et al., 2009).
A novel web-tool database integrates both experimentally validated approaches and software-
based predicted binding sites to understand whether a set of genes of interest is modulated after
TFEB perturbation (De Cegli et al., 2022; TEEB (tigem.it)). Recently, an additional study

performed in HEK293 cells increased the number of TFEB-target genes up to 556 genes.
Among them, some of the genes are found also in 471 target-genes list (such as ASAH1, 1FI130),
whereas novel genes coding for lysosomal enzymes are now considered as TFEB target genes,
such as ACP5, which was found highly upregulated also in the present study. However,
Gambardella et al. (2020), considered as TFEB-target genes only those which i) show an
activation in response to increasing TFEB amounts and ii) contain CLEAR sites in the
promoter region. Recently a new splice variant of TFEB coding for a smaller TFEB-protein
has been identified (Park et al., 2021), which lacks both the bHLH and leucine zipper domain.
The authors propose that the small-TFEB negatively regulates the autophagy pathway.

Since the three lysine residues K256, K264, and K274 are directly involved in DNA-binding
(Pogenberg et al., 2012), it was unknown how the simultaneous replacement of these lysine
residues to arginine impacts the ability of TFEB to recognize and activate lysosomal gene
transcription under the conditions of TFEB induction. K3R expressing cells displayed a trend
towards more down- than upregulated genes which differ dramatically from the gene pattern
activated by TFEB-wt (Fig. 3.10 and 3.11). These data suggest that the substitution of lysine
residues by arginine in the DNA-binding domain changes the affinity of TFEB for the CLEAR
motifs or prevent the replacement of repressors such as the MYC/HDAC2 complex bound on
the E-box-CLEAR sites (Annunziata et al., 2019). Upon the induced expression of TFEB-K3R
almost ~60% of total regulated genes by the TFEB-wt, could not be activated independent on
the TFEB-K3R protein level.

Short-time -K3R expression is not enough to activate any CLEAR-containing target genes
coding for lysosomal hydrolases or autophagy-related proteins. However, prolonged -K3R

activation led to a significant upregulation of both p62/SQSTM1 and PRKAG2 autophagy-
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related genes as well as the lysosome hydrolase genes of CTSD, PSAP, and CTSA. Using the
TFEBexplorer tool (De Cegli et al., 2022) each two CLEAR sites could be identified in the
promotor regions of CTSD, PSAP, and CTSA, which might be required for a slow activation
rate by the K3R mutant.

Furthermore, nuclear TFEB interacts with Max-like protein X (MLX), MYC and inositol
polyphosphate multikinase (IPMK), which reduce the affinity of TFEB for the CLEAR-motif,
resulting in a subsequent decrease of the transcriptional activity (Chen et al, 2020; Wang et al,
2023). At present it is unknown whether the K3R mutant can interact with the MLX, MYC,
and IPMK proteins.

4.4 TFEB dependent soluble lysosomal protein translation

The master regulator role of TFEB for the biogenesis of lysosomes is justified by its
transcriptional activation of genes involved in the lysosome-autophagy pathway (Ballabio and
Bonifacino, 2020; Tan et al., 2022). Our own transcriptome analysis (see 3.3) revealed that
TFEB exerts also autophagy-lysosome-independent functions affecting directly and indirectly
thousands of other genes involved in various pathways such as cytokine production,
phagocytosis, mitochondrial biogenesis, glucose homeostasis or regulation of myelination.
However, only few studies reported on the subsequent consequences of altered mMRNA
expression profiles by TFEB for the synthesis of lysosomal and autophagy-related proteins and
the significance for the homeostasis of lysosomes. Common biochemical approaches (e.g.
western blotting of cell extracts or immunofluorescence microscopy) are not suitable to answer
this question. First to follow the kinetics, transport and maturation of newly synthesized
lysosomal proteins need sensitive experimental approaches such as radioactive pulse-chase
labelling followed by immunoprecipitation of distinct proteins from cultured (Kollman et al.,
2013) or non-radioactive click-labelling of proteins (Ignacio et al., 2023). Second, the 70
lysosomal hydrolases are characterized by different half-lifes, and third, the lysosomal enzymes
are low abundancy proteins. Thus, here the dependency of almost all newly synthesized
lysosomal enzymes of mannose 6-phosphate (M6P) modifications for efficient sorting in the
TGN mediated by M6P receptors (MPRs) was used for an experimental approach combined
with MS analysis. This approach is based on the addition of the weak base NH4CI during the
24h TFEB-wt and -K3R induction period to the medium which increases the pH in all acidic
compartments and prevents the low-pH-dependent dissociation of MPR-newly synthesized

MG6P containing ligands in endosomes (Braulke et al., 2023). Subsequently ligand occupied
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MPR recycle back to the TGN and newly synthesized lysosomal enzymes cannot bind further
to MPR and are missorted into the medium.

The MS analysis of the soluble, lysosomal secretome upon TFEB expression revealed a weak
and moderate increase of lysosomal hydrolases which does not correlate with the transcript
level of their coding genes mediated by TFEB.

The direct comparison between the lysosomal protein secretome data and the TFEB
transcriptome by RNA sequencing, identified both acid ceramidase and the cathepsin D
protease increased in their abundance similarly to the gene-activation level, while other up-
regulated genes coding for lysosomal hydrolases (e.g. GNS, HEXA) were not detected in the
proteome analysis, suggesting differential Kinetics between gene activation and protein
translation. Epitranscriptomic modifications, such as N6-methyladenosine (m6A), 5-
methylcytosine (m5C), or N7-methylguanosine (m7G), regulate RNA transcription and
translation, processes by affecting mRNA stability, splicing events, or the initiation of
translation (Sun et al., 2023). No study addresses the role of transcriptional modifications (such
as m6A) on transcripts of lysosomal hydrolases which might uncover novel insight into the
regulatory mechanisms of translation of lysosomal proteins and the existence of cell type-
dependent subpopulations of lysosomes with variable compositions of hydrolases, transporter,
mTORC1-related and associated ubiquitin ligases (Akter et al., 2023). Of note, recently two
m6A-modifications in the 3’-UTR of TFEB mRNA have been described upon hypoxia-treated
cardiomyocytes which decreases the TFEB mRNA stability. Moreover, the downregulation of
the METTL3 methytransferase responsible for the m6A-modification of TFEB mRNA results
in a 3- to 4-fold higher transcription of six TFEB target genes and enhances the autophagic flux
(Song et al., 2019).

However, elevated level of only 18 out of ~70 known lysosomal hydrolases are found upon
TFEB expression that raised the question whether these changes significantly alters the
lysosome proteome and have an impact on lysosomal biogenesis in steady-state conditions

(nutrient-rich condition).

4.4.1 Transmembrane shedding after TFEB expression

Among the peptides of lysosomal enzymes-detected in the secretome several soluble domains
of transmembrane proteins (e.g. SPRING, GPMNB) has been identified. The extracellular
domain cleavage is a post-translational modification which alters both the extracellular
environment by modifying the ECM, and the plasma membrane composition by limited

proteolysis of surface receptors/adhesion molecules (Shirakabe et al., 2017). The shedding is
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mostly executed by members of a disintegrin and metalloprotease (ADAM) family of
metalloproteases, but also by other proteases such as a disintegrin and metalloprotease with
thrombospondin type | motifs (ADAMTS), and by proprotein convertases (PCs) family
members along the secretory pathway (Rose et al., 2021; Jaacks and Bernasconi, 2017).
Among the soluble-fragments found in the MS data set, SPRING soluble-domain were
increased upon -K3R activation but not in TFEB-wt expressing cells. SPRING is a TFEB-
target gene (Palmieri et al., 2011), and the protein is normally found intracellularly as a
glycosylated Golgi-resident membrane protein, and recent discoveries suggest that is cleaved
by site-1 protease (S1P) and secreted (Keshishian et al., 2015; Pernemalm et al., 2019;
Loregger et al., 2020). Since neither the SPRING nor S1P gene were found to be upregulated
upon TFEB-K3R induction, we hypothesise that the amount of the soluble SPRING fragment
is caused by the increase of proteolytic activity of S1P.

Another soluble-domain identified is the transmembrane type | glycoprotein non-metastatic
protein B (GPNMB), of unknown function, that contains in the extracellular GPNMB domain
12 N-glycosylation sites (Maric et al., 2013). The GPNMB-promoter region is used as TFEB
transcriptional activity marker, and it has been described as one of the most elevated TFEB
target gene (Gambardella et al., 2020; Sambri et al., 2023). However, also TFE3, MiTF, and
another transcription factors which do not belong to the MiTF family, called MAF-oncogene
protein family 4 (MAFK4), are involved in GPNMB activation (Tsou et al., 2020). The soluble
GPNMB domain is shedded by ADAM10 (Rose et al., 2010), and the soluble fragment is an
emerging diagnostic marker for cancer progression (Murugesan et al., 2018), and for
neurodegenerative disorders (Moloney et al., 2018). Although there is no direct evidence on
the relationship between GPNMB and lysosome functions, the soluble GPNMB fragment has
been suggest as diagnostic marker for the lysosome disorders Niemann-Pick type A, B and C1
(Eskes et al., 2023; Rodriguez-Gil et al., 2021), and Gaucher disease (van der Lienden et al.,
2018; Eskes et al., 2023) which have in common the storage of different lipids (sphingomyelin,
non-esterified cholesterol, glucosylceramide).

GPNMB transcript and protein are both upregulated upon TFEB-wt expression and by
treatment of cells with NH4Cl intracellularly and as soluble GPNMB fragment in the
conditioned medium (Fig. 3.19). Since NH4Cl treatment inhibits the M6P-dependent targeting
of newly synthesized lysosomal enzymes to lysosomes and leads in parallel to non-functional
lysosomes (due to the alkaline lysosomal pH). It is likely that the lysosomal accumulation of
small amounts of variable non-degraded lipids results in lysosome-nucleus-signalling and fast

upregulation of the GPNMB ‘lipid sensor’. This is supported by preliminary data observed in
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HeLa cells with CRISPR-targeted GNPT-deficiency (loss of M6P-modification of lysosomal
enzymes resembling the human disease mucolipidosis type Il; Braulke et al., 2023). Both
intracellular and cleaved soluble GPNMB domains are highly elevated, but here independent

of the TFEB re-expression (Fig. 3.19).
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5. Summary
Lysosome degradative functions depend on ~ 70 lysosomal hydrolases and accessory proteins,

as well as ~ 250 integral membrane proteins. The transcription factor EB (TFEB) has been
described as the master regulator of lysosome biogenesis and autophagy. TFEB activity
depends on its subcellular localization modulated by posttranslational modifications.
mTORC1-mediated phosphorylation sequesters TFEB in the cytosol. We have identified seven
conserved acetylated lysine residues (K116, K237, K256, K264, K274, K279 and K430) of
TFEB in the cytoplasm of HelLa cells by MS analysis. In-silico modeling of dimeric human
TFEB revealed that non-acetylated lysine residues K237, K256, K274 are directly involved in
the binding of DNA. To examine the role of these acetylation sites for TFEB function, two
main cell model systems have been generated in which K237, K256, K274 were replaced by
alanine (K3A; acetylation-mimetic) or arginine (K3R; non-acetylated-mimetic GFP-TFEB))
and stably expressed in Tet3G HeLa cells in a doxycycline inducible manner. The experiments
performed in the presented thesis provide novel insights on the role of TFEB acetylation:

e TFEB-K3A, but not K3R, is retained in the cytoplasm, even in combination with the
simultaneous substitution of mMTORCT1 phosphorylation sites S142 and S211 by alanine
(S142/211A). K274 seems to be the main acetylated residue and TFEB K274A is
partially retained in the cytoplasm, but K237/274A is sufficient for complete
sequestration of TFEB.

e RNA sequencing under two conditions of TFEB expression revealed significant
changes of several thousand mRNAs, among them 190 known TFEB targets including
23 lysosome- and autophagy-related genes. The gene expression profile activated by
K3R is reduced and differs strongly from wild-type TFEB suggesting that i) TFEB
translocation into the nucleus results in secondary regulation of numerous genes, and
i1) the K-to-R exchange reduces the recognition of CLEAR-motifs in the promotor of
TFEB target genes.

e MS-based analysis identified an increase of 18 newly synthesized lysosomal enzymes
and accessory proteins during TFEB induction for 24 h, but only one by K3R.

In conclusion, acetylation of TFEB has been identified as a dominant cytoplasmic retention
signal and represents a new fine-tuning level to control its nuclear translocation. Furthermore,
TFEB is one regulatory factor for the biogenesis of lysosomes and autophagy depending on
posttranslational modifications which are catalyzed by upstream cellular stress-sensing

pathways involved in a complex interacting network to maintain cellular homeostasis.
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Zusammenfassung
Die degradativen Funktionen der Lysosomen hangen von ~70 lysosomalen Hydrolasen und

akzessorischen Proteinen sowie von ~250 integralen Membranproteinen ab. Der
Transkriptionsfaktor EB (TFEB) wird als Master-Regulator der Biogenese von Lysosomen und
der Autophagie angesehen. Die Aktivitdit von TFEB héngt von seiner subzelluldren
Lokalisierung ab, welche durch posttranslationale Modifikationen moduliert wird. Die
MTORC1 vermittelte Phosphorylierung sequestriert TFEB im Cytosol. Wir haben sieben
konservierte acetylierte Lysinreste (K116, K237, K256, K264, K274, K279 und K430) im
TFEB im cytoplasmatischen TFEB von HelLa-Zellen durch MS-Analyse identifiziert. In silico
Modellierung von menschlichem TFEB zeigte, dass die nicht acetylierten Lysinreste K237,
K256 und K274 direkt an der Bindung von DNA beteiligt sind. Um die Rolle dieser acetylierten
Reste fiir die TFEB Funktion zu untersuchen, wurden zwei Zellmodelle generiert, bei denen
K237, K256 und K274 durch Alanin (K3A; Acetylierungs-Mimetikum) oder Arginin (K3R;
Deacetylierungs-Mimetikum) im GFP-TFEB ersetzt und stabil und Doxycyclin-induzierbar in
Tet3G HeLa-Zellen exprimiert. Die in der vorliegenden Arbeit durchgefiihrten Experimente
fiihrten zu folgenden neuen Erkenntnissen:

e TFEB-K3A, aber nicht K3R, wird im Cytoplasma zuriickgehalten, auch in Kombination
mit gleichzeitiger Alanin-Substitution der mTORCI1 Phosphorylierungs-stellen
(S142/211A). K274 ist der hauptsdchlich acetylierte Rest und TFEB-K274A wird
partiell, ein zweiter Austausch (K237/274A) wird vollstindig sequestriert

e Die RNA-Sequenzierung unter zwei TFEB Expressionsbedingungen zeigte signifikante
Verdnderungen von mehreren tausend mRNAs, unter denen 190 bekannte TFEB-
aktivierte Transkripte einschlieBlich von 23 Lysosomen/Autophagie-Genen waren. Die
durch K3R aktivierten Genprofile waren geringer und unterschieden sich stark von dem
TFEB-Wildtyp Profil. Das zeigt, dass 1. die Translokation von TFEB in den Kern direkt
und sekundér zahlreiche Gene reguliert, und 2. Der K-R-Austausch die Erkennbarkeit
von CLEAR-Motiven im Promotor von TFEB-Zielgenen reduziert.

e  MS-basierte Analyse identifizierten 18 neu synthetisierte lysosomale Enzyme wéhrend
der 24-stiindigen Induktion von TFEB, aber nur ein Enzym durch K3R.

Zusammengefasst wurde die Acetylierung von TFEB als ein dominantes, cytoplasmatisches
Retentionssignal identifiziert, das eine neue Ebene der Feinregulation zur Kontrolle der
Kerntranslokation darstellt. Weiterhin ist TFEB ein regulatorischer Faktor flir die Biogenese

von Lysosomen und der Autophagie, der von posttranslationalen Modifikationen abhéngt, die

63



Summary

von vorausgehenden zelluldren Stress-Signalen gesteuert werden, die in einem komplexen

Netzwerk integriert sind, um die zelluldire Homedostase zu gewahrleisetn.
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6. Abbreviation and Supplementary Tables

3D
4EBP1
ACAT1
ACP5
ACTB
AD
ADAM
ADAMTS
ALR
AMPK
bHLH-Zip
BRD4
CaN
CASTOR
CLEAR
CRM-1
CTSB
CTSS
DBD
DEGs
elF2B
ELP3

FLCN:FNIP1/2

GATOR1
GBA
GNPDA1
GNPTAB
GO
GPNMB
GRB10
GSK3b
HCT116
HDAC2
IPMK
IRS1

ISR
LSDs
m5C
mM6A
M6P
m7G
MAFK4

three-dimensional

4E-binding protein 1

acetyl-CoA acetyltransferase 1

lysosomal tartrate-resistant acid phosphatase
actin

activation domain

a disintegrin and metalloprotease

a disintegrin and metalloprotease with thrombospondin type | motifs
autophagosome-lysosome reformation
AMP-activated kinase

helix-loop-helix leucine zipper
bromodomain-containing protein 4
calcineurin

arginine sensor

Coordinated Lysosomal Enhancement And Regulation
exportin-1

cathepsin B

cathepsin S

DNA binding domain

differentially expressed genes

eukaryotic translation initiation factor
elongator subunit 3
folliculin:folliculin-interacting proteinl/2
GAP towards Rags 1

B-glucocerebrosidase
glucosamine-6-phosphate isomerase 1
N-Acetylglucosamine-1-Phosphate Transferase Subunits oo And
Gene Onthology

transmembrane type | glycoprotein non-metastatic protein B
insulin receptor-binding protein

glycogen synthase kinase-3 f3

human colon cancer

histone-deacetylases 2

inositol polyphosphate multikinase

insulin receptor substrate 1

integrated stress response

lysosomal storage disorders
5-methylcytosine

N6-methyladenosine

mannose 6-phosphate

N7-methylguanosine

MAF-oncogene protein family 4
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MAP4K3 mitogen-activated protein Kinase 3
MCOLN1 Mucolipin, TRP Cation Channel 1
MIT/TFE microphthalmia/transcription factor E
mLST8 mammalian lethal with SEC13 protein 8
MLX Max-like protein X

MPR mannose 6-phosphate receptors

MPS mucopolysaccharidoses

MS mass-spectrometry

mSIN1 mammalian stress-activated map kinase-interacting protein 1
mTOR mechanistic target of rapamycin

mTORC1 mTOR complex-1

NES Nuclear Export Signal

NLS Nuclear Localization Signal

PCA principal component analyses

PCs proprotein convertases

PRAS40 proline-rich AKT1 substrate 1

PSAP pro-saposin

PTMs posttranslational modifications

RAPTOR Regulatory-associated protein of mMTOR
RICTOR rapamycin-insensitive companion of mMTOR
S1P site-1 protease

SAHA suberoylanilide hydroxamic acid

SAM S-adenosylmethionine

SGK1 serine/threonine-protein kinase

SIRT-1 sirtuin-1

STAT3 signal transducer and activator of transcription 3
STUB1 E3 ubiquitin ligase

TGN trans Golgi network

TSA trichostatin A

TSC Tuberous Sclerosis Complex

ULK1 unc51-like autophagy activating kinase 1
WIPI1 autophagy-related WD repeat domain phosphoinositide-interacting protein 1
ZKSCAN3 zinc-finger transcription factor
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Table S1: K3-to-alanine exchanges impair phosphorylation of TFEB at S211

TFEB-wt TFEB-K3A
cytoplasm nucleus cytoplasm nucleus
TFEB protein 38.4%+18.4 61.6 +18.4 82.1+11.0 179+ 11.0
TFEB-pS142 47.0 +22.8 53.0+22.8 96.2+4.4 3.8+4.4
(1.2)° (0.9) (1.2)° (0.2)
TFEB-pS211 79.8 + 13.7 20.2 +13.7 99.8+0.4 02+04
(21) (0.3) (1.2) )

3 mean percentage of total immunoreactivity in cytoplasm and nuclear fraction (n = 3-7)
b) in brackets the pS/TFEB protein ratio

Table S2: a-L-Fucosidase, a-mannosidase, and 3-hexosaminidase activities in cells and media
of TFEB-wt and -K3R expressing cells after 3h dox + 21h chase in dox-free medium. Cell
extract and concentrated media were used. Mean values are shown of enzyme assay specific
activity for conditioned media [mU/ml] or cell extract [mU/mg]. The enzyme activities of non-
induced HeLa TO cells were used as control and set to 1.

Media Cell extract
wt K3R wt K3R
o-L-fucosidase (n=3) 0.72 £ 0.06 041+0.13 |0.68+0.08| 0.44+0.22
-galactosidase (n=2) 0.49 + 0.05 0.50+0.09 |0.63+0.07| 0.61+0.14
o-mannosidase (n=3) 0.42 £0.03 048+0.21 |1.26%+0.14| 0.77+0.23
B-hexosaminidase (n=2-3) 0.45+0.01 049+0.06 |0.67+001| 0.74+0.06
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