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Chapter 1

Introduction



1.1. Bladder Cancer: Classification and Molecular Subtypes

Bladder cancer is among the most prevalent cancers. In 2022, an estimate of about
573,278 cases of bladder cancers were detected worldwide (Source: Cancer.net;
bladder cancer statistics). It has been observed as the 9" most common cancer
worldwide, and 4" most common cancer in men, with the high prevalence in older
people above the age of 55, and a median age of diagnosis of 65 years. Medical
comorbidities are thus a crucial consideration in patient management in this cancer
(Clark et al., 2013). Bladder cancers can be classified based on their invasiveness,
non-muscle-invasive bladder cancers (NMIBC) or muscle-invasive bladder cancers
(MIBC).

Tran et al.,2021
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Fig 1: Classifications of Bladder Cancer

NMIBC could be of Stage T1, Ta and CIS (Carcinoma In Situ). CIS cancers are usually
aggressive but are still limited to the inner bladder cancer linings; Ta and T1 NMIBC
are both superficial cancers found at the inner most lining/wall of the bladder, with T1
being the stage that starts growing into the connective tissue of the bladder (Fig 1)
(Source: cancerresearchuk.org; bladder cancer stages and grades).



MIBC are categorized in Stage T2, T3 and T4. At T2, the cancer has progressed to
invade the muscles around the bladder, T2a invading the superficial muscles and T2b
invading the deeper muscles. T3 cancers progress to the adipose tissue around the
bladder and T4 are the most aggressive, metastatic cancers that can spread to other
neighboring organs. (Source: cancerresearchuk.org; bladder cancer stages and

grades).

Both, NMIBC and MIBC have widely varied molecular alterations driving the cancer
and can thus be further classified into different subtypes. Chief among the various
molecular changes present in bladder cancers is the activating mutation in the
Telomerase Reverse Transcriptase (TERT), which is found to be present in about 80%
of the bladder cancer cases (Ledo et al., 2019)

Molecular features of the non-muscle invasive bladder cancers (NMIBC): NMIBC
are the most frequently detected bladder cancers with a high rate of recurrence within
5 years post treatments (Hidas et al., 2013). In clinical practice, NMIBC are diagnosed
in about 80% of the patients with a good survival rate (5-year survival rates greater
than 85%). The chances of this kind of bladder cancers to progress to invasive
diseases remain low about 7% (Berdik, 2017). As per the TNM system (Tumor, lymph
node, metastasis), these NMIBC can further be classified into 3 subtypes (Hedegaard
et al., 2016): Class 1, Class 2 and Class 3. Class 1 NMIBC show an upregulation or
activation of Fibroblast Growth Factor Receptor 3 (FGFR3) and also depict elevated
levels of early cell cycle regulators (such as, CCDN1). These class 1 NMIBC are
mostly low grade, are well differentiated with luminal-like features and have a good
prognosis. Class 2 NMIBC show upregulation of late cell cycle regulators, and they
also have elevated levels of transcription factors responsible for epithelial to
mesenchymal transition (EMT). These cancers also present luminal-like features.
Class 2 NMIBCs are described to be associated with very poor prognosis and low
survival rates. Both class 1 and class 2 NMIBC have a high expression of Uroplakins
(UPK) which is a marker of luminal cells and which is responsible for their luminal like
features (Hedegaard et al., 2016). Class 3 NMIBC have more basal like features due
the overexpression of KRTS and KRT15, markers of undifferentiated or basal cells.
Class 3 NMIBC can also possess mutations in the FGFR3 gene (The Cancer Genome
Atlas Research Network, 2014). (Fig2)
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Fig 2 : Molecular features of bladder cancers

Molecular subtypes of the muscle invasive bladder cancers (MIBC): Several
studies have worked towards dissecting clear molecular subtypes of MIBC. Large
number of criteria were taken in account to reach a consensus of non-overlapping and
distinct molecular subtypes of this strongly mutated type of cancer (Tran et al., 2021).
Classifications of MIBC have been considered on the bases of effectiveness of
therapy, biological features and clinical outcomes (Damrauer et al., 2014; Robertson
etal., 2017; Seiler et al., 2017). The MIBC are thus classified in 6 molecular subtypes:
Luminal unstable (LumU), Luminal non-specified (LumNS), Luminal papillary (LumP),
Stromal rich, Basal / Squamous (Ba/SQ) and neuroendocrine like (NE-like) (Tran et
al., 2021) (Fig 2). As per the common consensus, the luminal types i.e. the LumP,
LumNS and LumU MIBC showed PPARG (Peroxisome proliferator- activated receptor
gamma) mutations as well as gene mutation or genomic replication of FGFR3. Among
the Luminal types MIBC, LumP were observed to be less aggressive and also a good
target of FGFR3-based therapies due to multiple FGFR3 mutations observed in this

subtype of MIBC. The luminal subtypes of MIBCs also showed an enriched urothelial



differentiation. Contrary, the Stromal rich MIBC showed lesser urothelial
differentiation. This cancer subtype had a more endothelial, smooth muscle,
myofibroblast like genetic signature. The Ba/Sq type MIBC were the most aggressive,
showed most frequent mutations of tumor protein P53 (TP53) and retinoblastoma
protein (RB1) genes. These cancers also depicted an upregulation of the Epidermal
Growth Factor Receptor (EGFR) and hypoxia inducible factor 1A (HIF1A) activity.
Moreover, they had a characteristic loss of luminal markers such as GATA3 and
FOXA1. Finally, the NE-like MIBC, were the most homogenous, and about 80% of the
NE-like cancers showed neuro-endocrine like histology. These were also
characterized by ubiquitous TP53 mutations along with RB1 mutations. NE-like
cancers were also among the most aggressive MIBCs with a mean survival of the

patient after diagnosis to be about 1 year.

1.2. Signaling pathways implicated in bladder cancer

Bladder cancers have been shown to progress through multiple signaling pathways.
Thus, exploring the molecular targets implicated in bladder cancers is an important
step for the development of novel cancer therapies. Below | discuss, briefly, some of
the crucial signaling pathways described in NMIBCs and MIBCs.

Ras/Raf/MAPK pathway:

Ras proteins are a part of a super family of small GTPases (GTP binding proteins) that
control temporal signal transduction in mammalian cells. Ras super family includes
proteins from 6 different families namely, Ras, Rab, Rho, Arf, Ran and Rad. The
members of the Ras protein family are H-Ras, K-Ras, N-Ras and R-Ras. Mutations in
one or more of these Ras proteins have been found in several different cancers, and
they support cell proliferation and cancer growth. H-Ras mutations are very frequently
found in NMIBC. In-fact, overexpression of this oncogene (since Ras mutations have
potential to cause cancer) in animal models has been demonstrated to induce low-
grade non-invasive papillary tumors which indicates that H-Ras mutations could be an
inductor of bladder cancers (Zhang et al., 2001). Mutated Ras leads to extensive cell
proliferation and survival by activation of mitogen-activated protein kinase (MAPK)

pathway.
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Additionally, the majority of the NMIBC were also shown to have activating mutations
in FGFR3 as discussed above. FGFR3 activating mutations also contribute to
activation of the MAPK pathway in addition to the Ras family proteins (Mitra et al.,
2006). In fact, activating mutations in both Ras proteins and FGFR3 have been shown
to activate MAPK pathway in a mutually exclusive manner. This suggested that both
pathways could activate the MAPK pathway independently and could be a precursor
in the induction of NMIBC. Indeed, this has been shown to be the case in about 85%

of cases of these low grade cancers (Hernandez et al., 2006).

P53 pathway:

While the FGFR3 activating mutations appear as a precursor for less aggressive
bladder cancers, mutations in P53 are a characteristic of a majority of high grade MIBC
(>50%) (Esrig et al., 1994). P53 is a nuclear phosphoprotein coded by the gene TP53
which is a tumor suppressor protein as it acts as a gatekeeper of G1-S checkpoint of
the cell cycle (Levine, 1997). P53 binds to damaged DNA to prevent cell division and
signals cells to undergo apoptosis thus acting as a tumor suppressor. Deletions and
inactivating mutations in TP53 lead to reduced activity of this tumor suppressor in
bladder cancers, and thus uninhibited cell cycle progression. P53 accumulation in the
nucleus is associated with poor prognosis in patients suffering from bladder cancer
(Esrig et al., 1994). However, it has been shown that inducing P53 mutations in mouse
urothelium induces tumor formation, which does not progress to advanced invasive
stages (Gao et al., 2004). This pointed towards the hypothesis that single mutations
in certain genes were not sufficient to drive development of muscle invasive bladder
cancers. In another study, it has been shown that simultaneous mutations/ deletions
in TP53 and PTEN (Phosphatase and tensin homology) genes resulted in highly
aggressive bladder cancers, with metastasis to lymph nodes and other distant organs
such as liver, spleen etc. (Puzio-Kuter et al., 2009).

Whnt signalling pathway:

The Wnt pathway regulates several crucial cellular processes such as cell fate
determination, cell polarity, motility etc. Wnt signaling is initiated by binding of Wnt to
the cell surface receptors called Frizzled (FZD) leading to phosphorylation and
activation of effector protein called lipoprotein receptor related protein (LRP). The Wnt
— FZD-LRP complex then recruits proteins dishevelled (DVL) and Axin and inhibits -
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catenin phosphorylation. When inhibited (-catenin is targeted to the scaffold protein
Adenomatous polyposis coli (APC) (He et al., 2004; MacDonald and He, 2012). Wnt
signalling pathway has been shown to be implicated in cases of several cancers
mostly through mutations in the protein Adenomatous polyposis coli (APC). APC acts
as a scaffold for B-catenin, which is the key downstream responder of Wnt signaling.
Somatic and germline mutations in APC have been reported in a large percentage of
colorectal cancers (Kinzler et al., 1991; Rubinfeld et al., 1993). The role of Wnt
signalling pathway in bladder cancers remains unclear and somewhat controversial.
Some studies have reported somatic LOH (loss of heterozygosity) mutations in APC
in only about 6% of analysed bladder cancers (Miyamoto et al., 1996), whereas,
another study reported mutation in APC in about 50% of analysed tumor samples
(Bohm et al., 1997). Contradicting both of these findings, another larger study reported
no mutations in APC in the 22 bladder cancer tumor samples and 4 cell lines studied
(Stoehr et al., 2002). All these studies however do not differentiate between NMIBC
and MBIC. Immunohistochemistry analyses of several bladder cancer samples have
shown an upregulation of 3-catenin indicating that Wnt signalling (Kashibuchi et al.,
2006; Shimazui et al., 1996) and mutations in APC or other proteins of this signalling
pathway could be present in bladder cancers. Inhibition of Wif1 (Wnt inhibitory factor
1), an inhibitor of Wnt signalling, was reported through CpG island hypermethylation
of Wif1 promotor, supporting the hypothesis of upregulation of Wnt signalling in
bladder cancers (Urakami et al., 2006). Epigenetic inhibition of another antagonist of
Whnt signalling, secreted frizzled receptor proteins (SFRP), was found to be associated
with MIBC. Positive linear correlation was found between MIBC, frequency of
methylation (thus inactivation) of Wnt antagonist SFRPs and overall patient survival in
a study of a cohort of 355 patients, suggesting involvement of this signalling pathways
in MIBC (Marsit et al., 2005). Overall, Wnt signalling appears to be important in
invasive bladder cancers. A strong anti-correlation between Wnt signalling activation
and activation of either the MAPK pathway or PI3K pathway has also been implicated
in bladder cancers (Ahmad et al., 2012).

In summary, several crucial cell proliferation, motility and cell fate pathways are
implicated in bladder cancers (Fig 3). Some are specific and more prominent in
NMIBC, as for instance the RAS/MAPK pathway, and others are found in MIBC,
including the PTEN/PI3K pathway. However, most of these findings come from genetic
and epigenetic studies.
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PI3K-Akt-mTOR pathway:

PTEN (Phosphatase and tensin homology) is a lipid phosphatase, which functions in
the dephosphorylation of phosphatidyl-3,4,5-triphosphate. PTEN-dependent
dephosphorylation of this lipid is antagonistic to the function of class |
phosphoinositide-3-kinase (PI13K). PTEN activity leads to decrease in cell proliferation
and survival signals. Indeed, PI3K activity is important for the phosphorylation of AKT
(or protein kinase B), the serine/ threonine kinase that regulates multiple cellular
processes such as cell proliferation, glucose metabolism etc. PI3K dependent
phosphorylation and activation of the AKT signaling pathway. This pathway is crucial
for cell proliferation through downstream activation of mammalian target of rapamycin
complex 1 (mTORC1). Thus, PTEN activity collectively leads to inhibition of cell growth
and survival (Dahia, 2000). Inhibitory PTEN mutations or loss of PTEN heterozygosity
have been reported mostly in MIBC, and have been found in about 94% of advanced
bladder cancer cases (Tsuruta et al., 2006). In the case of NMIBC, PTEN mutations
are found to be very rare. In fact, the degree of the decrease in PTEN expression has
been positively correlated to bladder cancer aggressiveness (Tsuruta et al., 2006).
Because PTEN inhibition leads to aberrant cell proliferation, as a result of uninhibited
AKT signaling and downstream mTORC1 activation, studies have focused on the
effect of mTORC1 inhibitors in MIBC (Ching and Hansel, 2010). A whole genome
sequencing approach was performed to identify the genetic basis of durable remission
of MIBC patients that were treated with the mTORC1 inhibitor everolimus (lyer et al.,
2012). They found that loss of function mutations in tuberous sclerosis complex 1
(TSC1), which is a negative regulator of mMTORC1 pathway (discussed in more details
in later sections), correlated with the response to everolimus therapy in muscle
invasive bladder cancers (lyer et al., 2012). Identifying TSC1 mutations as a possible
biomarker for using mTORC1 inhibitor during therapy. Additionally, mammalian target
of rapamycin complex 2 (mMTORC2) activation levels have also been found to be
significantly increased in MIBC (Gupta et al., 2013). Interestingly, histology of tumors
from mice with simultaneous deletions of P53 and PTEN showed elevated levels of
phosphorylated mTORC1, and rapamycin treatment of these mice (that inhibits
mMmTORC1) led to regression of tumors (Puzio-Kuter et al., 2009).
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Ahmad et al., 2012
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Fig 3 : Signaling pathways implicated in Bladder cancers

1.3. Bladder cancer therapies

NMIBC therapeutic strategies:

Targeting NMIBC is relatively mild to the patients, as the therapy can be applied
directly to the intraluminal regions of the bladder. This is termed as intravesical
chemotherapy, avoiding the exposure of the rest of the body to toxic chemicals. Given
the high chances of reoccurrence of NMIBC, relapses of cancer therapy are very
frequent and add complexity to their treatment. Intravesical therapeutic drugs, such as
mitomycin C, doxorubicin, gemcitabine etc., all targeting the process of DNA synthesis
in mammalian cells, are currently in use for treatments of bladder cancers. Focus of
several studies is the better delivery of cancer therapeutics to the bladder in order to
increase the intravesical dwell time of these drugs and enhance their effectiveness on
the tumor cells lining the bladder (Tran et al., 2021). This is being achieved by
implantation of carriers of therapeutics into bladder, thus, facilitating slow diffusion of
the drug into tumor cells. One such carrier system is the gemcitabine-releasing
intravesical system (TAR-200) that is being used in NMIBC (Tran et al., 2021). Mixing
the chemotherapeutic drugs with hydrogels has also shown to improve dwell time and
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efficiency of the drug in NMIBC. Clinical trials using Mitomycin C with hydrogels for
NMIBC has been successful in reducing the reoccurrence rate of the disease and has
recently been approved by the FDA.

Immunotherapies are also being employed for the treatments of NMIBC. Bacillus
Calmette-Guerin (BCG) immunotherapy has been used as a standard treatment for
NMIBC. Especially for the cases with a high risk of reoccurrence, this therapy has
been very effective at preventing relapse and results in better patient survival (Lamm
et al., 2000). However, BCG refractory cases, in which the cancer reappears after 6
months of BCG treatment, also exists, and in these cases combining BCG therapy
with other therapies is being evaluated. Other immunotherapies include the ICls
(Immune Checkpoint Inhibitors) therapy (Bellmunt et al.,, 2017). Recently,
pembrolizumab, which is a blocking antibody against Programmed Death 1 (PD-1),
was approved by FDA as an ICI therapy drug that could be used in combination with
the BCG therapy for ‘BCG refractory’ patients. PD-1 receptor protein is expressed on
the surface of T cells and has an inhibitory activity on them. Blocking of PD-1 helps to
activate T cells, and thus, facilitates the targeting of tumor cells by patient immune
system (Fig 4). Several other immunotherapies are currently being used to treat
patients of NMIBC such as IFNa, IL15, IL2 etc. to mention a few.

MIBC therapeutic strategies:

The focus of the treatments of MIBC aims at slowing down the metastatic disease and
preventing reoccurrence of tumors at the metastatic sites post treatment. One
important consideration of MIBC treatments is predicting chemotherapy sensitivity of
patients in order to prevent exposure to unnecessary toxicity to the ones resistant to
chemotherapy. Expression of certain genes is monitored to predict sensitivity of
patients to chemotherapies. For instance, high expression of copper transporter 1
(CTR1), which delivers cisplatin to bladder cancer cells, is associated with better
sensitivity to chemotherapy. Additionally, patients with loss of function mutations in the
DNA damage response genes, such as BRCA1, ERCC1 and ERCC2, have also been
reported to have better cisplatin sensitivity and better survival post chemotherapies
(Teo etal., 2017).

Another approach of treatment of MIBC is monitoring the expression of different cell
surface markers on the bladder cancer cells. Targeting abundantly expressed cell
surface markers with a specific antibody that is tagged with a toxin or drug has given
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rise to specific chemotherapeutics termed ‘antibody-drug conjugates’ (ADC). FDA has
recently approved one such ADC called enfortumab vedotin that has given positive
outcomes in phase Il clinical trials and is now being used for patients suffering from
metastatic bladder cancers (Tran et al., 2021).

ICls (Immune Checkpoint Inhibitors) therapy is also used in MIBC. ICls have proven
to be very successful against cancers, which have a very high frequency of mutations
including melanomas and non-small-cell lung carcinomas. In MIBC, instead of
targeting the PD-1 receptor described previously for NMIBC, Programmed Death
Ligand 1 (PDL1) targeted therapies are approved by the FDA and are used. PDL1 is
present on tumor cells, binds to PD1 on activated T cells and exerts inhibitory signals

to T cells to escape their antitumor signals (Fig 4) (Lei et al., 2020).

Lei et al., 2020
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Avelumab is one such anti-PDL1 therapy drug that is used as the first line treatment
for the patients suffering from MIBC.

Described above are some basic and general therapies for patients suffering from
NMIBC or MIBC, focusing on blocking DNA synthesis in tumor cells or targeting them
through the patient immune system. Additionally, building on the knowledge of various
'‘omics’ studies, describing the pathways and molecular players involved in bladder
cancers, several pathway specific drugs are also in clinical trials for treatments of

bladder cancers, as discussed next.

Pathway specific bladder cancer therapeutics:

As mentioned earlier, reoccurrence and relapses are one of the pressing concerns of
NMIBC. This makes it important to build on the current therapies, but also develop
novel targeted therapies based on our current understanding of the molecular players
driving bladder cancers. Because the most frequent mutations observed in NMIBC are
whose in FGFR3 and Ras (discussed above), and both of these pathways lead to the
activation of MAPK signaling, most of the targeted therapeutics for NMIBC have
focused on inhibiting these targets. One tested way of inhibiting Ras proteins is
targeting their lipidation, or more precisely their farnesylation. Farnesylation is
facilitated by the farnesyltransferase, and farnesyltransferases inhibitors (FTls) have
shown positive results in the inhibition of tumor growth when tested on bladder cancer
cell lines (Wu, 2005). In clinical trials however, FTIs have not been very successful,
which has been attributed to the capability of tumor cells to compensate
farnesyltransferase inhibition with geranylgeranyl transferase. Several other Ras
inhibitors, for instance the dominant negative Ras mutant N116Y, have been shown
to have significant tumor reduction in aggressive bladder cancer cell lines (Wallerand
etal., 2011). Several other Ras pathway inhibitors have been tried and shown positive
results in bladder cancer cell lines, but unfortunately they have not been successful in
clinical trials (Wallerand et al., 2011) (Fig5) .

Anti-FGFR therapies are also developed for the use in NMIBC. Monoclonal antibodies
targeting FGFR3 extracellular domain have shown anti-tumor effects in preclinical
studies (for instance the bladder cancer cell lines RT112 used in the course of this
project, table 1). Moreover, specific small molecule inhibitors against FGFR3 that
target the cytoplasmic, catalytic domain have shown cytotoxic effects in tumor cells
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with FGFR3 mutations (Zhu et al., 2005). Fig 5 below highlights the various targeted
therapies (mentioned in brief above) being tested for the treatments of NMIBC.

Wallerand et al., 2011
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Fig 5. Targeted therapies against the potential molecular players and pathways
implicated in NMIBCs.

Anti-FGFR therapeutics are currently in several clinical trials for the treatment of MIBC.
In addition to the FGFR targeted therapeutics, the PISK/AKT/mTOR pathway is
targeted, which has also been reported to be important in advanced bladder cancers
with PTEN mutations (discussed above). Because PTEN mutations are most prevalent
in advanced bladder cancers, and mutant PTEN leads to downstream activation of
PI3K, several components of this pathway have been studied as molecular targets of
possible importance in MIBC. Drugs targeting PI3K, AKT or mTOR are currently in
clinical trials, however, have not given promising results in slowing cancer progression
in advanced MIBC. Rapamycin or sirolimus is one such mTOR inhibitor that is used in
treatments of pancreatic and kidney cancers. Although these drugs have shown to
slow down the proliferation in bladder cancer cell lines (Mansure et al., 2009), they
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unfortunately did not show a promising result in clinical trials (Thomas and Sonpavde,
2022). Additionally, Everolimus, another mTOR inhibitor used in phase Il clinical trials
with patients suffering from advanced bladder cancers with mTOR or TSC1/2
mutations (tuberous sclerosis complex 1 / 2, upstream regulator of mTORC1), has
also not shown positive results (Adib et al., 2021).

Failure of PI3K / AKT/ mTOR pathway inhibitors in advanced bladder cancers has
been attributed to crosstalk with the Ras-MAPK pathway as well as to redundancy in
the downstream effectors between these two signaling axes. This inter-pathway
crosstalk helps cancer cells to escape the inhibition of one signaling pathway by
upregulation of the other one, and hence makes therapy less effective or failing. This
kind of interdependency has also been observed in cases of melanomas (Nazarian et
al., 2010).

In addition to the inhibition of these classical signaling pathways, novel therapies
specific to lysosome functions and autophagy are emerging in the treatment of bladder
cancers (Lin and Hwang, 2017). Autophagy inhibitors such as Chloroquine (CQ) and
Hydroxychloroquine (HCQ) are wused as adjuncts along with routine
chemotherapeutics, such as cisplatin and mitomycin C (discussed above), and have
proved to be quite effective against bladder cancer (Ojha et al., 2016). Additionally,
increased autophagy and lysosome acidity have been highlighted in bladder cancers
without a clear explanation on the driver of these phenotypes or its importance in
cancer development. Inhibition of basal autophagy has been shown to induce
apoptosis in bladder cancer cells (Lin et al., 2016).

These observations point towards the importance of autophagy and lysosomal
pathways in bladder cancers. Lack of effective treatments also makes it crucial to
understand better the supporting features of lysosomal pathways in bladder cancers.
Additionally, as cancer cells are adapted to escape most of the molecular targeted
therapies by compensation mechanism, targeting cancer cells at a higher cellular
scale, such as at organelle levels, could provide alternative and more effective
strategies. During my PhD, | have focused on studying the lysosome-dependent
dysregulation in the bladder cancer model employing several cell lines representing
different molecular features and grades.
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1.4. Lysosomal functions: General overview and lysosomal
signaling pathways

Lysosomes are organelles discovered in 1955 by Christian de Duve (de Duve et al.,
1955). They perform diverse functions, starting from their classical role in degradation,
which was considered their primary function for a long time, to a wide range of other
crucial functions often implicated in cancers. There are multiple models in literature
explaining the formation of lysosomes. First model describes the ‘maturation’ pathway,
where endocytic vesicles (EV) with the endocytosed cargo mature into early
endosomes (EE) and then late endosomes (LE) and subsequently to lysosomes.
Cargo could be recycled through recycling vesicles (RV) or degraded in lysosomes.
In this model, lysosomes are formed during vesicular transport that involves formation
of multi vesicular bodies (MVB) with intraluminal vesicles (ILVs) from the endocytic
vesicles, transport of cargo from early to late endosomes (LE) and finally fusion with
lysosomes. Another model of lysosome formation is the ‘kiss and run’ mechanism
where LE derived from the endocytic vesicles, establish contacts with lysosomes to
deliver the cargo and then dissociate again back to LE and Lysosomes. Lastly, another
model describes a fusion and fission event involving fusion of LE and lysosomes to
give a hybrid organelle and lysosomal reformation (Trivedi et al., 2020) (Fig 6).
Lysosomes have gained attention over the last decade and emerge a crucial organelle
not only for lysosome-specific functions but also for the integration of different
metabolic pathways.
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Fig 6. Pathways of lysosome formation
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Multiple Functions of Lysosomes - an overview:

The primary role of lysosomes as ‘the garbage disposal system’ or ‘digestive bodies’
of the cell is based on findings that lysosomes contain a plethora of hydrolases that
can break down / digest proteins, carbohydrates, lipids and nucleic acids that are
delivered to lysosomes (Gordis, 1966; Schroder et al., 2010). The intracellular pH of
lysosomes is maintained at an acidic range of 4.5-5.0. This acidic pH is achieved
through the vacuolar ATPase (v-ATPase) H" pump, present as an integral membrane
protein at the lysosomes (Ohkuma et al., 1982). In addition to v-ATPases, lysosomes
contain several ion channels, lipid transporters and solute carriers (Mindell, 2012) that
participate in the transport of sugars, nucleosides and other products of lysosomal
degradation (Zoncu and Perera, 2022). Lysosomes also contain several heavily
glycosylated membrane proteins called lysosome-associated membrane proteins or
LAMPs that, among other functions, protect the membrane of lysosomes from
degradation. Lysosomes perform multifaceted functions in mammalian cells some of

which are summarized below:

1) Lysosomes as the signaling platform: The cytosolic face of lysosomes is the
platform for the assembly of several signaling complexes that associate with
lysosomes in response to cellular cues to such cellular nutrient status and other
environmental stimuli and maintain cellular homeostasis, as discussed next.

Nutrient sensing and mTORC1 signaling: Stimulus such as nutrient status of the
cells are sensed by the lysosomes through the nutrient regulated kinase complex
called mechanistic target of rapamycin complex 1 (mTORC1) (Saxton and Sabatini,
2017). mTORC1 associates dynamically on the surface of lysosomes to initiate
anabolic responses and to inhibit catabolic responses such as autophagy, for instance
by phosphorylation of Unc-51-like kinase 1 (ULK1) (Hosokawa et al., 2009). In
response to amino acids, mTORC1 is recruited and activated on lysosomes by the
protein complex containing Rag GTPases and Ragulator (Sancak et al., 2010). Rag
GTPases belong to the family of RAS related GTPases and are composed of 4 types,
which are RagA, RagB, RagC and RagD. They function in the form of heterodimers
formed by RagA or C and RagB or D. Ragulator is a big pentameric (LAMTOR1-5)
protein complex located on the surface of lysosomes, it activates mTORC1 together
with Rag GTPAses. Interestingly, in addition to sensing amino acids, the lysosome
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surface also harbors the cholesterol transporter Niemann—Pick type C1 protein
(NPC1) that, through the release of cholesterol, can activate mTORC1 (Castellano et
al., 2017). Surface of lysosomes also acts as the platform for recruitment of
transcription factors such as transcription actor EB (TFEB), to inactivate catabolic
pathways like autophagy, which are transcriptionally regulated by TFEB (Settembre et
al., 2013a). This recruitment also happens as a response to cellular nutrients (Martina
and Puertollano, 2013). The machinery of mTORC1 assembly and activation is
presented in the next section as the nutrient sensing function of lysosomes.

Calcium signaling: Lysosomes exhibit on their surface 3 main calcium channels,
which are the transient receptor potential cation channels of the mucolipin family
(TRPML), trimeric Ca2+ two-transmembrane channel P2X and the two-pore channels
(TPC) (Morgan et al., 2011). Calcium release from lysosomes has been shown to be
important for the fusion to endosomes, autophagosomes, plasma membrane, thus
regulating trafficking pathways (Morgan et al., 2011). TRPML1 or mucolipin 1 is the
most characterized calcium channel on lysosomes. Activation of TRPML1 happens
during starvation or oxidative stress and results in release of calcium from lysosome
to the cytosol (Wang et al.,, 2015). TRPML1 has been shown to be important for
lysosomal adaptation functions through TFEB, because calcium release from
TRPMLA1 is involved in activation and nuclear translocation of TFEB (Medina et al.,
2015). Overexpression of TRPML1 and calcium release from lysosomes facilitates
lysosomal exocytosis (Medina et al., 2011), which could provide membranes for
phagocytosis of large particles (Samie et al., 2013). Additionally, TRPML1 activation
facilitates migration of dendritic cells by activation of actin-dependent motor protein

myosin 2 (Bretou et al., 2017).

2) Lysosomes in cellular adaptation: Cellular metabolism needs to be adapted
according to the environmental conditions and requires lysosomes to change their
functions accordingly. Lysosomal functions are regulated through a gene network
termed as the ‘CLEAR’ network that stands for ‘coordinated lysosomal expression and
regulation’, and TFEB was found to be a master regulator of this gene network
(Sardiello et al., 2009; Settembre et al., 2011). TFEB belongs to the MiT/TFE family of
transcription factors along with MITF (Microphthalmia-associated transcription factor),
TFE3 (Transcription factor E3) and TFEC (Transcription factor EC), all of which are
helix-loop-helix leucine zipper proteins (Hemesath et al., 1994). TFEB broadly
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regulates genes involved in autophagosome biogenesis, autophagosome-lysosome
fusion, lysosomal acidification, lysosomal exocytosis, lysosomal degradation,
lysosomal biogenesis as well as lysosome positioning, and thus, broadly control
autophagy and lysosomal functions (Medina et al., 2011; Palmieri et al., 2011;
Sardiello et al., 2009; Settembre et al., 2011; Willett et al., 2017). Other members of
this family of transcription factors have some overlapping functions with TFEB. For
instance, TFE3 is known to regulate lysosomal biogenesis and autophagy. There is a
redundancy in metabolic functions of TFEB and TFE3 (Martina et al., 2014; Pastore
etal., 2017). Additionally, a recent report showed that both, TFEB and TFE3, regulated
genes involved in maintaining the circadian rhythm (Pastore et al., 2017). TFEB,
similar to its family members, is inactivated, and thus, regulated at the surface of
lysosomes through phosphorylation by mTORC1. Activation of TFEB during starvation
or cellular stress leading to nuclear translation of TFEB and activation of the CLEAR
network genes forms the basis of lysosomal adaptation functions (Ballabio and
Bonifacino, 2020). Mechanisms of regulation of TFEB are discussed in next sections

in more details.

3) Lysosomal in organelle fusion: Lysosomal functions as degradation, require
fusion of lysosomes with other organelles. Lysosomes can associate with several
tethering complexes, soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARE) proteins and small GTPases that facilitate these fusion events.
SNAREs assemble on lysosomes as trans SNAREs, which are composed of 4 a-helix
bundles. Depending on the residue in the layers of this bundle SNAREs can be either
‘Q’ or ‘R’ type. Organization of trans SNARE complex (with one R-SNARE and 2 or
more Q-SNARE) requires release of calcium from lysosomes (Hesketh et al., 2018).
The type of SNARE present on the lysosomes guides to which organelle lysosomes
will fuse. For instance, lysosomal fusion is important for degradation of cargos. An
important step in the degradation of endocytic vesicles is the fusion of late endosomes
(LE) and lysosomes (Fig 6). This fusion is regulated by the small GTPase, Arf-like
GTPase 8 (Arl8) and the hetero-hexameric tethering complex called mammalian
homotypic fusion and vacuole protein sorting (HOPS), which together assemble the
trans SNARE complex on lysosomes (Garg et al., 2011). This trans SNARE complex
is formed of syntaxin 7 (Q-SNARE), syntaxin 8 (Q-SNARE), VTI1B (Q-SNARE) and
Vesicle-associated membrane protein 7 and 8 (VAMP7/VAMPS8) (R-SNARE) (Ballabio
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and Bonifacino, 2020). Arl8 along with small GTPase Rab7 additionally, interact with
another tethering complex PLEKHM1 (pleckstrin homology domain-containing protein
family member 1) and promotes LE-lysosome fusion (Marwaha et al., 2017).

4) Lysosomal secretion via exocytosis: In addition to fusion with other organelles,
lysosomes can fuse with the plasma membrane during exocytosis. Lysosomal
exocytosis is required for plasma membrane repair (Reddy et al., 2001), secretion of
lysosomal contents out of the cells to the extracellular milieu (Medina et al., 2011), for
instance during bone reabsorption (Baron et al., 1988), or for the formation of invasive
protrusions (Naegeli et al., 2017), of importance during cancer invasion. One trigger
for lysosomal exocytosis is damage to the plasma membrane, which leads to a calcium
influx into the cell (Reddy et al., 2001). Calcium influx is sensed by the synaptotagmin-
VII (Syt-VIl) on lysosomes that interacts with a trans SNARE complex. This trans
SNARE complex is formed by VAMP7, (Vesicle-associated membrane protein 7, R-
SNARE) localized on lysosomes, syntaxin-4 (Q-SNARE) and SNAP23 (synaptosome-
associated protein 23 kDa, Q-SNARE) on the plasma membrane. Interestingly, the
fusion of lysosomes to the plasma membrane secretes the lysosomal enzyme
sphingomyelinase that converts sphingomyelin to ceramide (Tam et al., 2010). This
forms curvature in damaged plasma membrane that is removed by endocytosis

allowing resealing (Tam et al., 2010).

5) Lysosomal intra organelle contacts: Proteins present on lysosomes can facilitate
non-fusion dependent functions such as lipid transports or regulating lysosomal
positioning. These functions involve formation of membrane contact sites (MCS)
between lysosomes and other organelles such as ER, the Golgi complex,
mitochondria etc. ER-lysosome MCS are among the most characterized ones. These
MCS facilitate transfer of lipids between lysosomes and other organelles. For instance,
lysosomal cholesterol transporters Niemann—Pick type C1 and C2 proteins (NPC1 and
2) export cholesterol out of lysosomes. Cholesterol is taken up by the ER through the
lipid transport protein ORP1L localized on lysosomes and interacting with ER
membrane tethering proteins VAPA and VAPB (Luo et al., 2017). MCS also regulate

lysosome positioning that is discussed in later sections as well as Ca?* signaling.
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Fig 7 shows an overview of the lysosome topology and respective functions that were
briefly mentioned above. | will discuss lysosomal signaling pathways below as well as
highlight few other lysosomal functions, which are important in cancer.

Ballabio and Bonifacino, 2020

v-ATPase \
lon channels, % LAMPs SNAREs Organelle

transporters Tethering fusion
\&x & factors
‘;& pH 4.5-5.0 0’9 Organelle
ol contacts
ma
Cholesterol Hydrolases 0 GTPases
transporters )
@Enzyme activators/ M@ -
protective factors 58 So > Motility
Motor
Transport proteinsS adaptors
Signalling
Sugar complexes Metabolic
transporters signalling
Nucleoside % (O Transcription Gene
transporters factors — regulation
Amino acid
transporters

Fig 7. Lysosome topology and the associated functions.

Different activities of lysosomes are interconnected and tightly regulated in order to
maintain homeostasis of mammalian cells. Thus, conditions that influence lysosomal
components and their interconnected functions, either genetic, epigenetic or post
translational in nature, could disturb the overall cell homeostasis, and thus, lead to
development of diseases. Given the wide range of functions that lysosomes participate
in, diseases originating from lysosomal dysfunctions are quite varied. Chief among
them are the lysosomal storage disorders (LSDs). LSD are the best example of
diseases that results from lysosome functional defects, and which result in complex
multisystemic pathologies. LSD often result from defects in genes coding for lysosomal
enzymes e.g., Pompe disorder is caused by deficiency of acid a-glucosidase and leads
to accumulation of glycogen in cell. Some LSD result from defects in lysosome
membrane proteins, e.g. mucolipidosis type IV is caused by mutations in TRPML1
calcium channel and causes defects in lysosomal trafficking (Bassi et al., 2000).
Moreover, Niemann—Pick disease type C1 is caused by mutations in the cholesterol
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channel NPC1 and leads to cholesterol accumulations in lysosomes (Platt, 2018). A
secondary effect of LSD can be aberrant mTORC1 signaling, as seen in Niemann—
Pick disease type C1, where accumulation of cholesterol causes mTORC1
overactivation (Bartolomeo et al., 2017). Other than LSDs, disruption of lysosomal
functions have been observed in some common neurodegenerative diseases such as
Parkinson’s, Alzheimer’s, Huntington’s disorders etc. (Nixon, 2013). More recently,
lysosomal dysfunctions have been implicated in cancers (Kimmelman and White,
2017).

Lysosomes are the nutrient sensors of the cell:

Fed state — Anabolic responses through mTORC1

Mechanistic target of rapamycin complex 1 (mMTORC1) is a master regulator of cell
anabolic responses, which assembles and signals from the surface of lysosomes.
mTORC1 signaling is regulated by amino acids and growth factors. mTORC1 is a
multi-subunit protein complex and has the following core components: the core kinase
mTOR, the regulatory protein associated with mTOR (RAPTOR), Proline-rich Akt
substrate of 40 kDa (PRAS40), DEP domain containing mTOR-interacting protein
(DEPTOR) and mammalian lethal with Sec13 protein 8 (mLST8) (Hara et al., 2002;
Peterson et al., 2009; Sancak et al., 2007). RAPTOR acts as a scaffold protein for
subcellular localization of mMTOR on lysosomes. mLST8 associates with the catalytic
domain of mTOR and stabilizes interaction of mMTOR and RAPTOR. PRAS40 and
DEPTOR are inhibitors of the kinase activity of mTORC1 (Saxton and Sabatini, 2017)
(Fig 8).

Saxton and Sabatini, 2017
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In response to nutrient rich conditions, mTORC1 is recruited to the surface of
lysosomes. This recruitment is regulated by Rag GTPases, which function as
heterodimers, the active form containing GTP-bound RagA or RagB and GDP- bound
RagC or RagD. Amino acids have been shown to regulate guanine nucleotide state
of the Rag GTPases (Kim et al., 2008; Sancak et al., 2008). In the presence of amino
acids, RagA or B are loaded with GTP and RagC or D are loaded with GDP. This
shuffling between GTP and GDP states is facilitated by specific GTPase-activating
proteins (GAPs) and guanine nucleotide exchange factors (GEFs). Particularly, the
pentameric scaffold protein called ‘Ragulator’ on lysosomes acts as the GEF for Rag
GTPases and leads to GTP binding of RagA/B. Two GAP complexes that cause GTP
hydrolysis to GDP have been characterized, GATOR1 and Folliculin. In the presence
of leucine and arginine, GATORZ2 inhibits GATOR1 and prevents its GAP activity on
RagA/B. In contrast, Folliculin causes RagC/D to become GDP bound in the presence
of amino acids, which is required for mTORC1 recruitment. Thus, Rag GTPases in
their active form (RagA/B with GTP and RagC/D with GDP) bind to lysosomes via the
‘Ragulator’ and interact with RAPTOR to bring mTOR to the surface of lysosomes
(Sancak et al.,, 2010) (Lim and Zoncu, 2016). v-ATPase, along with amino acid
transporter SLC38A9, also regulate the activity of Ragulator at lysosomes in an amino
acid dependent manner. Thus, lysosomes are not only the docking station for the
mTOR kinase but connect cellular and lysosomal amino acids concentration to
mTORC1 recruitment (Zoncu et al., 2011). At the surface of lysosomes, mTORC1 is
additionally activated by the small GTPase Rheb (Ras homolog enriched in brain).
Activity of Rheb is negatively regulated by the TSC1/2 complex (tuberous sclerosis
complex 1 and 2) and TBC1D7 (TBC1 domain family member 7), which act as GAPs
for Rheb (Puertollano, 2014). Activity of TSC1/2 complex is regulated by
phosphorylation through the PI3K-Akt signaling pathway downstream of growth
factors. Phosphorylation inactivates TSC1/2, and thus, reduces its inhibitory effect on
Rheb leading to activation of mMTORC1 (Demetriades et al., 2014). The activation of
mTORC1 in response to amino acids and growth factors through the lysosome nutrient
sensing machinery (LYNUS) is summarized in Fig 9 (Lim and Zoncu, 2016). mTORC1

activity is also regulated by lysosome positioning.
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Lim and Zoncu, 2016
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Fig 9. Lysosome nutrient sensing machinery (LYNUS): Activation of mTORC1
on lysosomes in response to amino acids (cytosolic and lysosomal) and growth

factors.

Downstream pathways of mTORC1 activation:

mTORC1 is a master regulator of cell anabolism that controls cellular functions like:
protein synthesis, protein turnover and lipid / nucleotide/ glucose metabolism (Saxton
and Sabatini, 2017).

Protein synthesis is regulated by mTORC1-dependent phosphorylation of p70S6
kinase 1 (S6K1) and elF4E Binding Protein (4EBP). mTORC1 kinase phosphorylates
S6K1 at Thr389 and 4EBP at multiple sites (Gingras et al., 1999). Phosphorylation of
S6K1 leads to its activation and thus downstream phosphorylation of different
substrates which promote initiation of mRNA translation. S6K1 phosphorylates and
activates elF4B, which helps in binding of elF4F to the 5’ cap of mRNA to initiate
translation (Holz et al., 2005). S6K1 also inhibits programmed cell death protein 4
(PDCD4) which is the negative regulator of elF4B (Dorrello et al., 2006). mTORC1
substrate 4EBP is a negative regulator of translation. 4EBP binds to elF4E and
prevents translation by inhibiting the assembly of the translation initiation complex.
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Phosphorylation of 4EBP by mTORC1 causes its inhibition and dissociation from
elF4F allowing 5’ cap dependent translation (Fig 10)(Saxton and Sabatini, 2017).
Protein turnover regulation is another function of mTORC1. Active mTORC1
suppresses catabolic processes such as autophagy. One of the direct substrates of
mTORC1 is Unc-51 Like Autophagy Activating Kinase 1 (ULK1) kinase, which when
phosphorylated and inactivated, is unable to assemble complexes of autophagy
initiation (Kim et al., 2011). Additionally, mMTORC1 phosphorylates the transcription
factor EB (TFEB), the master regulator of lysosomal biogenesis and autophagy genes.
Phosphorylation of TFEB leads to its cytosolic retention, and thus, inactivation
(Settembre et al., 2012). | will discuss in detail the function and regulation of TFEB in
the next section (Fig 10).

Finally, mTORC1 regulates cellular biochemical pathways involved in lipid, glucose
and nucleotide anabolism. mTORC1 controls lipid metabolism by activation of a lipid-
sensitive transcription factor, the sterol responsive element binding protein (SREBP).
SREBP regulates transcription of cholesterol and fatty acid biosynthesis genes
(Porstmann et al., 2008). SREBP is activated when cells are under low cholesterol
levels, but it has been shown that mTORC1 also activates this transcription factor
through an undescribed mechanism dependent on S6K (Duvel et al.,, 2010).
Additionally, mMTORC1 phosphorylates and inactivates Lipin1 that inhibits SREBP, and
thus again, mTORC1 activates lipid metabolism (Peterson et al., 2011). mTORCA1
regulates glucose metabolism by increased translation of hypoxia-inducible factor 1-
alpha (HIF1a) a transcriptional regulator of glycolytic enzymes such as phospho-fructo
kinase (Duvel et al., 2010). Finally, mTORC1 regulates nucleotide metabolism by
increasing activating transcription factor 4 (ATF4)-dependent expression of
methylenetetrahydrofolate dehydrogenase/cyclohydrolase (MTHFDZ2). This enzyme
provides one carbon units to the mitochondria tetrahydrofolate cycle for purine
synthesis (Ben-Sahra et al., 2016). These substrates of mMTORC1 involved in cellular
metabolism are highlighted in Fig 10

Overall, mMTORC1 signaling positively regulates cellular anabolic responses, which is
typically expected as a response to nutrient rich conditions. Activation of anabolism
leads to a ‘fed’ cellular state, increase in cell mass, which triggers cell proliferation.
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Fig 10. Downstream of mTORC1: Substrates phosphorylated by mTORC1 and
their respective function

Lysosomal adaptation and catabolic response through TFEB:

TFEB is a MiT/TFE family transcription factor that regulates autophagy and lysosomal
functions by regulating genes expression of the CLEAR (coordinated lysosomal
expression and regulation) network genes. In this section, | focus on the regulation of
TFEB and MIT/TFE transcription factor and downstream functions of TFEB that arise
from expression of CLEAR network genes. Older studies have shown that during
steady state or fed conditions, most of the TFEB is localized in the cytoplasm (Sardiello
et al.,, 2009). In conditions of starvation or stress conditions such as infections,
inflammation, exercise, mitochondrial damage etc., TFEB rapidly translocates to the
nucleus (Gray et al., 2016; Mansueto et al., 2017; Nezich et al., 2015; Pastore et al.,
2016; Visvikis et al., 2014). The central mechanism of regulation of TFEB, as well as
other MiT/TFE family members, is their cytosolic localization and the phosphorylation
status of certain serine residues of these proteins (Puertollano et al., 2018). In fed
state, mTORC1 phosphorylates, and thus, inactivates TFEB and other MiT/TFE
factors (Martina et al., 2012 ; Pena-Llopis et al., 2011 ; Roczniak-Ferguson et al., 2012
; Settembre et al., 2012). Phosphorylation of TFEB leads to its retention in the
cytoplasm there it remains bound to the protein 14-3-3 (Roczniak-Ferguson et al.,
2012; Settembre et al., 2012). In conditions of starvation, mTORC1 is however
inactivated, which prevents TFEB phosphorylation and results in TFEB nuclear
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translocation. Interestingly, as TFEB is phosphorylated (at S211) by mTORC1 at the
surface of lysosomes, it has been suggested that lysosomes regulate their own
biogenesis by regulating TFEB (Settembre et al., 2013a). Other than mTORCA1,
extracellular signal-regulated kinase (ERK) and glycogen synthase kinase 3 (GSK3)
also phosphorylate MiT/TFE factors, including TFEB (Marchand et al., 2015; Ploper et
al., 2015). Interestingly, it has been shown that Rag GTPases that activate mTORC1
also bind to TFEB (Martina and Puertollano, 2013) suggesting that mTORC1
dependent phosphorylation and inactivation of TFEB happens on the surface of
lysosomes. Whether ERK and GSK3 also phosphorylate MiT/TFE factors (and TFEB)
on lysosomes is still not clear. Nuclear translocation of TFEB is also regulated through
dephosphorylation by the phosphatase calcineurin (CaN). CaN is activated at
lysosomes through calcium released from the lysosomal calcium channel TRPML1 (or
mucolipin 1)(Medina et al., 2015), highlighting the importance of lysosomal calcium
signaling in regulation of TFEB activity. Surprisingly, phosphorylation of TFEB at the
residues S142 & S138 has been shown to be important for its nuclear export
(Napolitano et al.,, 2018). However, the exact mechanism for this unexpected
regulation remains unclear. Indeed, phosphorylation of TFEB at these sites would
indicate the presence of mTOR in the nucleus, which has not yet been reported. Fig
11 shows a summary of the regulation of TFEB and its shuffling between cytoplasm

and nucleus.
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Downstream pathways of TFEB activation:

Autophagy: Autophagy is the fundamental catabolic process in cells for the
degradation of damaged organelles and misfolded proteins, and also plays a role in
eliminating intracellular pathogens (Mizushima, 2007). Autophagy, particularly
macroautophagy, proceeds through the following main steps: A) Formation of the
isolation membrane during initiation, B) conjugation of ubiquitin like molecules, C)
elongation of autophagosomal membranes, D) cargo recruitment to the
autophagosomes, D) Fusion of autophagosomes to Iysosomes. TFEB
transcriptionally regulates multiple protein that are involved in these steps of
autophagy. For instance, it regulates protein involved in initiation, such as Beclin-1
(BECN1), WD Repeat Domain Phosphoinositide Interacting 1 (WIPI1), autophagy
related protein 9B (ATG9B), in membrane elongation, such as ATG5, LC3B, in cargo
recruitment, such as, Sequestosome-1 (SQSTM1 or P62), and in autophagosome-
lysosome fusion, such as Ras-related protein Rab-7 (Rab7), Vesicle Associated
Membrane Protein 8 (VAMPS8) etc. (Palmieri et al., 2011; Settembre et al., 2011).
Thus, TFEB is a major regulator of autophagy, and TFEB activation induced this
pathway in cells under starvation or stress.

Lysosomal biogenesis, membrane proteins and hydrolases: TFEB regulates a
extended group of lysosome-specific genes, which all are a part of the CLEAR
network. TFEB regulates lysosomal membrane proteins such as LAMP1 and
Transmembrane protein 192 (TMEM192), Osteopetrosis-associated transmembrane
protein1 (OSTM1), the calcium transporter TRPML1 implicated in TFEB
dephosphorylation, and therefore, contributing to a feedback loop. TFEB also
regulates transcription of lysosomal channels and transporters such as Chloride
Voltage-Gated Channel 7 (CLC7), Proton-coupled amino acid transporter A (SLC36A)
as well as subunits of v-ATPases that regulate lysosomal acidification. Several
lysosomal hydrolases, e.g. Glucocerebrosidase (GBA), acid alpha-glucosidase (GAA),
Beta-hexosaminidase (HEXB), are under the control of TFEB Thus, by regulating
lysosome membrane proteins, transporters and channels, lysosomal acidification
proteins and enzymes, TFEB is a master regulator of lysosome biogenesis and
functions.

Endocytosis: TFEB has been shown to regulate genes involved in endocytosis (Nnah
et al., 2019). Notably, clathrin, caveolin and EEA1 (Early Endosome Antigen 1) are
CLEAR network genes. In fact, regulation of endocytosis and endocytic genes has

32



been shown to be a mechanism of mMTORC1 re-activation after prolonged starvation
(Nnah et al., 2019). This study proposes that starvation induces activation of TFEB
that drives expression of endocytic genes. These contribute to endosome formation
that shuttle the components of LYNUS, including p-AKT, to lysosomes that
subsequently inactivates TSC complex via phosphorylation. Together, mTOR is
recruited to lysosomes by the LYNUS machinery and is activated by the Rag
GTPases. Fig 12. summarizes these steps of mTORC1 activation by TFEB driven

endocytosis.

Nnah et al., 2019
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Fig 12. TFEB driven endocytosis regulates mTORC1 activation post starvation

Autoregulatory feedback loop: TFEB can bind to its own promotor, and thus
regulates its own expression. In response to the lack of nutrients, there is a rapid
transport of TFEB into the nucleus due to mTORC1 inactivation and loss of
phosphorylation, which leads to auto-activation allowing a transcription-dependent,
sustained, slower and longer response (Settembre et al., 2013b) This feedback and
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autoregulation is a mediator for cells to adapt to starvation by inducing lipid catabolism
through active TFEB (Settembre et al., 2013b).

Tissue specific functions of TFEB:

Liver (Lipid catabolism): Autophagy is crucial for breakdown of lipids as it shuffles
lipid droplets to lysosomes where they can be broken down / hydrolyzed to free fatty
acids (FFA) and glycerol. This particular kind of autophagy is termed as
macrolipophagy (Singh and Cuervo, 2011; Singh et al.,, 2009). In contrast, the
presence of high amounts of lipids can lead to switching off of autophagy (Rodriguez-
Navarro et al., 2012). This can occur due to changes in the membrane proteins of
lysosomes that prevent their fusion to autophagosomes, as seen by the loss of stability
of LAMP2A during high fat diet. LAMP2A is a receptor on lysosomes whose loss leads
to the inhibition of chaperon mediated autophagy (CMA) (Rodriguez-Navarro et al.,
2012). Excess lipids can also turn off the expression of autophagic genes in liver and
lead to autophagy inhibition (Yang et al., 2010). These observations showed that
lysosomal and autophagic pathway, both of which are under TFEB regulation, affected
cellular lipid metabolism. Transcriptome analysis performed on mouse liver after an
overexpression of TFEB revealed that TFEB regulates expression of several genes
involved in lipid catabolism including lipophagy, ketogenesis and fatty acid oxidation
(Settembre et al., 2013b). In addition, it was found that TFEB induced protein
expressions of the peroxisome proliferator-activated receptor y coactivator 1a
(PPARGC1A) and peroxisome proliferator-activated receptor a (PPARa) in a
starvation induced manner (Settembre et al., 2013b). Both of these are key regulators
of lipid metabolism in cells (Finck and Kelly, 2006; Lin et al., 2005).

Immune cells: TFEB and TFE3 have been implicated in regulating inflammatory and
immune responses, because depletion of TFE3 and TFEB in macrophages resulted
in impaired expression as well as secretion of pro-inflammatory cytokines such as
Interleukin (IL)-18, IL-6, tumor necrosis factor a (TNFa) etc. (Pastore et al., 2016). In
T cells, depletion of both, TFE3 and TFEB, led to faulty antibody responses (Huan et
al., 2006). In dendritic cells, TFEB was important for antigen presentation through the
major histocompatibility complexes (MHC). These finding point towards a broad and

important role of TFEB in cellular immune responses (Samie and Cresswell, 2015).
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Bones: In osteoclasts, TFEB deletion has been shown to increase bone mass
suggesting that TFEB might be important for bone reabsorption (Ferron et al., 2013).

Secretion from lysosomes: TFEB overexpression has been shown to induce
lysosomal secretion/exocytosis (Palmieri et al., 2011). TFEB transcriptionally
regulates the calcium channel TRPML1 that releases calcium from lysosomes to
increase the cytoplasmic levels. Because calcium elevation is important for fusion of
lysosomes to plasma membrane (Rodriguez et al., 1997), it was found that TFEB
induced TRPML1 calcium release was important for lysosomal exocytosis (Medina et
al., 2011). Additionally, overexpression of TFEB increased peripheral lysosomes and
facilitated their docking to plasma membrane although the exact mechanism was
undescribed (Medina et al., 2011).

mTORC1-TFEB regulatory loop: Recently, a novel regulatory axis of MiT/TFE family
transcription factors regulating mTORC1 has been described. Di Malta et al. found
that, when active during prolonged starvation, MiT/TFE transcription factors (and
TFEB) led to upregulation of RRAGD and RRAGC (to a lesser extent), genes coding
for RagD and RagC, respectively. Rag GTPases are involved in the activation of
mTORC1 and constitutive activation of these transcripts lead to reactivation of
mTORC1 once nutrients are available again (Di Malta et al., 2017). Fig 13. shows a
brief summary of important functions driven by MiT/TFE transcription factors

In summary, the surface of lysosomes is a signaling hub. In response to varying
nutrient conditions, multitude of signaling events occur at the surface of lysosomes. In
the presence of nutrients, we see assembly of multiple regulators of mTORC1 that
initiate protein biogenesis, a general anabolic response leading to cell mass
accumulation and cell proliferation. Contrary, in conditions of starvation, catabolic
mechanisms that rely on lysosomal degradation are initiated by TFEB-dependent
transcriptional activation to meet the nutrient demands of starving cells. Next, | will
present how these lysosomal nutrients signaling pathways are hijacked by cancer
cells.
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1.5 Implications of lysosomal signaling pathways (mMTORC1 and
TFEB) in cancer

Given the complexity of metabolic regulation by mTORC1 and TFEB at lysosomes and
their integral role in protein homeostasis and cell proliferation, it is not surprising that
these pathways are reprogrammed in cancers. Here, | summarize how cancer cells
make use of lysosomal signaling complexes (MTORC1) and lysosome-dependent
gene regulation by TFEB to sustain their energy demands and for rapid uncontrolled

proliferation.

mTORC1 in cancer

Deregulation and hyperactivation of mMTORC1 has been reported in several cancers
such as lung cancer, gastric cancers, renal cell carcinomas, colorectal cancers,
prostate cancers, bladder cancers etc. (Tian et al., 2019). Since PI3K/AKT and Ras/
MAPK pathway mutations are common in cancers, including bladder cancers, and
mTORC1 functions downstream of PI3K signaling, mTORC1 hyperactivation is
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commonly seen in cancers with such mutations. Furthermore, mutations in proteins,
which are components of the mTORC1 regulon, such as TSC1/2, Rag GTPases,
GATOR or mTOR itself, are regularly found in cancer and are associated with
mTORC1 hyperactivity (Saxton and Sabatini, 2017). GATOR1 complex mutations
were found in low frequency in case of glioblastomas (Bar-Peled et al., 2013). Also,
recurrent mTORC1 activating mutations in RagC were detected in follicular
lymphomas (Okosun et al., 2016). mTOR gene mutations were also detected in a wide
array of cancers particularly distinct in the cases of kidney cancers. This study
highlighted a total of about 33 mutations in mTOR that could lead to mTOR
hyperactivity detected in cases of different cancers (Grabiner et al., 2014). Substrates
downstream of mMTORC1 have also been implicated in cancers. Phosphorylation of
4EBP has been shown to drive prostate cancer and T cell lymphoma in mice (Hsieh
et al., 2010). A study in bladder cancer has reported 4EBP to support cancer growth
and to be a possible therapeutic target (Nawroth et al., 2011). However, it has been
suggested that phosphorylation of 4EBP1 is independent of mTORC1 but is indirectly
driven through PI3K.

Apart from a hyperactivity in the tumor cells, mMTORC1 activity is also found to be
important in regulating tumor microenvironment. For instance, mTORC1 signaling
plays a role in tumor vasculature and is crucial for tumor angiogenesis (Guba et al.,
2002). Tumor angiogenesis or formation of new blood vessels is important for oxygen
and nutrient supply to tumor cells in situations of deprivation. Lack of oxygen, or
hypoxia, is known to induce tumor angiogenesis through the transcription factor HIF
(hypoxia inducible factor), which can be translationally regulated by mTORC1 (as
mentioned before), especially in cancers (Hudson et al., 2002). HIF induces proteins
involved in formation of new blood vessels, e.g. the vascular endothelial growth factor
(VEGF), which can promote angiogenesis through binding to the VEGF receptors on
vascular endothelial cells (Kim et al., 2017).

mTOR inhibitors used in cancers: Rapamycin is an mTORC1 specific inhibitor.

Rapamycin and rapamycin-derived therapeutics have been approved for treatment of
cancers. Temsirolimus and everolimus are derivatives of rapamycin, which were first
approved for treatment of renal carcinomas in early 2000s. Use of everolimus has also
been highlighted for treatment of bladder cancers, as discussed in earlier sections.
However, mTORC1 inhibitors have not been very successful in pre-clinical models,
which could be due to the inefficiency of the rapamycin derivatives to act equally on
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all mMTORC1 substrates (Choo and Blenis, 2009; Choo et al., 2008). Inactivation of
mTORC1 induces autophagy, which could be additionally exploited by cancers.

TFEB and MIiT/TFE family transcription factors in cancer:

Several cancers, including pancreatic cancers, renal carcinomas, melanomas and
prostate cancers, have shown increased dependency on autophagic degradation and
recycling pathways as nutrient scavenging alternatives (Kimmelman and White, 2017).
MIiT/TFE family members (MITF, TFE3, TFEB, TFEC) have been reported as
oncogenes in several cancers (Haq and Fisher, 2011). For instance, about 5-20% of
melanomas have genomic amplification of MITF (microphthalmia-associated
transcription factor). TFEB and TFE3 nuclear translocations and gene rearrangements
have been observed in renal cell carcinomas (RCC) and alveolar soft part sarcoma
(ASPS) (Argani et al., 2001; Ramphal et al., 2006). In patient derived pancreatic ductal
adenocarcinomas (PDA) cell lines, MiT/TFE family transcription factors are found to
be upregulated (Perera et al., 2015a).

Some of the cancers dependent on MiT/TFE family transcription factors show a higher
basal level of autophagy, e.g. PDA cancers (Yang et al., 2011). In PDA cell lines, an
upregulation of MiT/TFE factors was necessary for maintaining a higher level of
autophagy and lysosome biogenesis. In fact, in PDA, there was about a 12fold
increase in lysosomal biogenesis. Additionally, the MIiT/TFE factors escaped the
mTORC1-dependent regulation and were found to be constitutively in the nucleus
(Perera et al., 2015a). Moreover, in these cancers, an increase in MiT/TFE-dependen
lysosomal catabolic activity has been shown to be important for meeting the amino
acid demands. PDA cancers also performed a high rate of micropinocytosis.
Micropinocytosis is known to facilitate the uptake of extracellular serum albumin and
possibly other nutrients. In an experiment of carbon tracing with labelled albumin, it
was found that micropinocytosis-dependent uptake of albumin was degraded in
lysosomes to generate free amino acids. These amino acids were consumed in the
cytoplasm (Commisso et al., 2013; Davidson et al., 2017; Kamphorst et al., 2015),
although the exact role of MiT/TFE factors here remained unclear. Together, these
observations suggest that MiT/TFE cancers utilize autophagic flux and lysosomal
degradation for efficient cargo processing from autophagy and possibly also through
micropinocytosis (Perera et al., 2019).
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mTORC1-MiT/TFE feedback loop in cancer:

In cancers such as PDA, MiT/ TFE transcription factors have been reported to escape
mTORC1 regulation and show constitutive nuclear translocation independent of
nutrient conditions. Active MiT/TFE factors have shown to re-activate mTORC1 by
transcriptional regulation of Rag genes, specifically RRAGD that encodes RagD (Di
Malta et al., 2017). This finding suggests that constitutive activation of MiT/TFE factors
in tumors could lead to mMTORC1 hyperactivity by transcriptional regulation of RagD.
In line, in tumors such as RCC, melanoma and PDA that are MIiT/TFE factor
malignancies a constitutive induction of RRAGD was reported (Perera et al., 2019). A
positive correlation between MITF and RRAGD expression levels was also found in
melanoma cell lines. Similarly, an increase in RRAGD was found in a renal cell
carcinomas model upon TFEB overexpression and nuclear activation. Together, these
findings depict that cancers driven by MiT/TFE transcription factors could maintain
mTORC1 signaling (Di Malta et al., 2017). This activation pathway has been recently
termed ‘the non-canonical pathway of mMTORC1’ signaling (Napolitano et al., 2022).
Additionally, alveolar soft part sarcoma (ASPS) were described to have a translocation
of TFE3 resulting a chimeric transcription factor with the gene ASPSCR1 (that
encodes the tether containing UBX domain for GLUT4 (TUG), i.e. ASPSCR1-TFE3
(Ladanyi et al., 2001). A transcriptome study showed that ASPS cells with
overexpression of ASPSCR1-TFE3 had an elevated expression of RRAGD and other
autophagy genes (Kobos et al., 2013). However, it remains to be tested whether this
expression of RRAGD was important for mTORC1 activation in these cells.

In addition to the role of mTORC1 in supporting tumor vasculature, there are some
evidences for a possible role of MiT/TFE factors in angiogenesis. However, this is not
yet validated for MiT/TFE specific malignancies. The role of TFEB in angiogenesis
was highlighted in an old study, in which TFEB knock down mice died prenatally due
to defects in placental vasculature (Steingrimsson et al., 1998). A newer study found
that endothelial cell (EC)-specific TFEB transgenic mice (with TFEB over expression)
showed an increased blood perfusion, capillary density and better recovery post
ischemia, whereas, the EC specific knockout mice did not have this phenotype (Fan
et al.,, 2018). These findings again highlight that TFEB plays an important role in
angiogenesis, but it not known if this occurs in TFEB-driven cancers. Additionally,
MITF positively regulates angiogenesis, because it regulates the expression of HIF
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transcription factor (Busca et al., 2005) that induces angiogenesis in a VEGF
dependent manner in conditions of hypoxia. Here again, it is not known if MiT/TFE
factors play a role in cancer angiogenesis.

Finally, TFEB regulates lysosomal exocytosis by upregulating the expression of
TRPML1. Lysosomal exocytosis is an important function in cancers, because the
secretion of proteases allows cancer cells to breach the basement membrane and to
metastasize to other organs (Olson and Joyce, 2015). Whether TFEB-driven cancers
use this function of lysosomes for cancer progression remains however to be
established. Interestingly, significant elevations in the expression of MiT/TFE-targeted
‘CLEAR’ genes, including TRPML1, have been recently reported in primary tumors of
bladder carcinoma mutated in p53 in the Cancer Genome Atlas Research Network
database, (TCGA).

In summary, mTORC1 and TFEB can be dysregulated in cancers. Both pathways
converge at lysosomes and highlight the central role of lysosomes in tumorigenesis.
Very little is known about mMTORC1 and TFEB functions in bladder cells and bladder
cancer. Notably, lysosomes are dynamic organelles, and lysosomal positioning has
been shown to be involved in the complex regulation of lysosomal signaling. In the
next section, | will summarize the current knowledge on the regulation and functions

of lysosome positioning, in physiological conditions and in the context of cancer.

1.6. Regulators of lysosome positioning

Lysosomes are dynamic organelles, which move within the cells rapidly. Lysosomes
have certain spatiotemporal characteristics which could influence their functions, for
instance lysosomal pH in the peripheral lysosomes was reported to be less acidic. It
was proposed that reduced v-ATPase activity, and thus reduced lysosomal
acidification could indicate less proteolysis activity of these lysosomes (Johnson et al.,
2016). Lysosomes are part of the endocytic system of the cell. When cargo or plasma
membrane receptors enter the cell during endocytosis, they first traffick to early
endosomes, where they can be either recycled back to the plasma membrane through
recycling endosomes or assigned for breakdown in lysosomes (Bakker et al., 2017).
Lysosomes are distributed throughout the cell, some of them can be assigned to a
cloud around the perinuclear region, near to the MTOC (microtubule organizing

center), which could fuse to the autophagosomes and give autolysosomes (Nakamura
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and Yoshimori, 2017). Some lysosomes are observed in the cell periphery, close to
the plasma membrane, which are more dynamic and proposed to account for plasma
membrane repair and mTORC1 signaling (Encarnagéo et al., 2016; Korolchuk et al.,
2011; Nakamura and Yoshimori, 2017). Several cellular factors and conditions can
influence organization of lysosomes, for instance lysosome clustering can be observed
during cell starvation (Korolchuk et al., 2011), drug induced apoptosis (Yu et al., 2016)
or even in lysosome storage disorders (Li et al., 2016; Uusi-Rauva et al., 2012);
whereas lysosomal dispersion or tubulation can be observed in maturation of dendritic
cells to deliver the MHCII to the plasma membrane (Chow et al., 2002; Vyas et al.,
2007). Additionally, cell acidity has been shown to rapidly disperse lysosomes, and
alkalization to bring them back to their central localization (Heuser, 1989a). Positioning
of lysosomes is regulated by different sets of proteins. Because lysosomes move in a
‘stop and go’ fashion, it has been suggested that their movement is constantly
subjected to regulatory stimuli (Cabukusta and Neefjes, 2018). Next, | will highlight the
machinery involved in lysosomal movements and different regulators of lysosome

positioning.

Regulators of lysosome positioning:

Lysosome movements are performed by 3 main families of motor proteins, which are
kinesins, dyneins and myosins. Kinesins and dyneins move lysosomes on
microtubules, which leads to long-range directive movement. Mammalian cells
express over 40 kinesin proteins (Hollenbeck and Swanson, 1990) but only one
cytoplasmic dynein protein. Dynein works together with the dynactin complex for the
movement of the ‘cargo’ (the organelle) (Harada et al., 1998). Myosins have been
implicated in the tethering of lysosomes to the actin cytoskeleton (Cordonnier et al.,
2001), and could also participate in short-range directed movements (Kapitein et al.,
2013)

1) Microtubule-dependent movement

In a non-polarized cell, microtubules are often organized radially. Their ‘minus’ ends
are located at the MTOC and their ‘plus’ ends are pointing toward the cell periphery
(Sanders and Kaverina, 2015). Kinesins are motor proteins, most of them involved in

movement of organelles (but here we focus on lysosomal movements only) to the plus
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ends of microtubules, thus towards the cell periphery (anterograde movement).
Contrary, dynein moves lysosomes to the minus ends, thus cell center (retrograde
movement). Binding of these motor proteins to lysosomes are facilitated by small
GTPases and their effector proteins as well as the phospholipid composition of the
organelle (Bonifacino and Neefjes, 2017), lysosomes in this case.

Retrograde movement of lysosomes:

Retrograde or ‘minus end’ movement of lysosomes is mainly based on dynein. Dynein
is a multimeric protein that is composed of 2 heavy chains, 2 intermediate chains and
many light chains (Ishikawa, 2012). Dynein is shown to interact to another multimeric
protein called dynactin, which is required for its association to lysosomes (Burkhardt
et al., 1997). Dynein can be recruited to late endosomes and lysosomes by several
mechanisms. Mainly, this recruitment is through the small GTPase Rab7 (Ras related
protein 7). The GTP loading of this GTPase is under regulation of the Mon1-Ccz1
complex that acts as the guanine nucleotide exchange factors (GEF) (Nordmann et
al., 2010). GTPase activation is performed by the TBC domain family member 15
(TBC1D15) (Zhang et al., 2005) and the TBC domain family member 2 (TBC1D2)
(Frasa et al.,, 2010) ,which are the GAPs of Rab7. Rab7 interacts with several
downstream effectors that couple dynein to lysosomes. One of these effectors is RILP
(Rab interacting lysosomal protein) that interacts with the dynactin complex
(specifically the p1509¢d subunit of this complex) (Johansson et al., 2007; Rocha et
al., 2009) (Fig 14 (A)). Another effector of Rab7 is the oxysterol-binding protein-related
protein 1 (ORP1L) that associates with Rab7 at ER-Lysosomes contact sites.
Membrane contact sites (MCS) are an emerging topic of interest, because they
represent sites of lipid exchanges between organelles as well as intracellular domains
with several molecular functions, such as signaling and motor protein recruitment. The
ER being the most spread out organelle, it has been show to form contacts with
multiple organelles and the plasma membrane (Cabukusta and Neefjes, 2018). The
ER forms contacts with lysosomes, which is important for regulating lysosomal
cholesterol levels and also lysosome positioning. The protein critical for cholesterol
transport and lysosome positioning is ORP1L. At high cholesterol levels in lysosomes,
ORP1L associates to lysosomes through interaction with Rab7 as well as its PH
(pleckstrin homology) domain, through which it interacts with phosphoinositides on
lysosomes (Johansson et al., 2005). On lysosomes, ORP1L can also clamp onto
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cholesterol through its cholesterol interacting domain ORD. ORPL1 and Rab7
together with RILP recruit dynein and move lysosomes retrograde (Johansson et al.,
2007) (Fig 15 A). However, in conditions of low cholesterol, there is a conformational
change in ORP1L, which exposes its FFAT motif, a protein motif that binds to the
vesicle-associated membrane protein (VAMP)-associated ER protein A/B (VAPA/
VAPB) to tether it to the ER (Rocha et al., 2009). This interaction facilitates transfer of
cholesterol from lysosomes to ER. It has been proposed that ER-lysosome contacts
block retrograde transport of lysosomes in this context (Fig 15 A). ER-lysosome
contacts also facilitate anterograde transport that is discussed in next section. Other
mechanisms of retrograde transport of lysosomes include proteins JIP4 and ALG2 that
interact with dynein. JIP4 is recruited by the lysosomal membrane protein TMEMS5B.
JIP4 is the adaptor of dynein-dynactin complex and leads to retrograde transport of
lysosomes (Willett et al., 2017)(Fig 14 (C)). The ALGZ2 interaction to lysosomes is
dependent on phosphatidylinositol-3,5,-bisphosphate (PI(3,5)P2) and the lysosome
calcium channel TRPML1. PI(3,5)P2 activates TRPML1 and leads to calcium release
from lysosomes. Calcium activates the calcium sensor ALG2, which forms a complex
with TRPML1 on lysosomes and leads to interaction with dynein-dynactin complex for
retrograde movement of lysosomes (Li et al., 2016) (Fig 14 (B)). Several other Ras
related proteins (Rabs) have been shown to be involved in lysosome positioning. For
instance, overexpression of Rab34 and Rab36 causes perinuclear clustering of
lysosomes (Chen and Yu, 2013; Wang and Hong, 2002). Both Rabs can interact with
dynein interacting protein RILP, however they are localized to the Golgi complex /
trans Golgi network (TGN), so it is unclear how they regulate lysosome retrograde
movement. However, it has been suggested that regulation could be through
lysosomes and Golgi / TGN contacts (Pu et al., 2016).
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Anterograde movement of lysosomes:

Anterograde or ‘plus end’ movement of lysosomes is based on different kinesins that
are recruited by several mechanisms. Mammalian cells have about 45 kinesin proteins
(KIFs). Kinesins exhibit a globular motor domain that attaches to microtubules, and a
tail domain that interacts with the cargos or adaptor proteins. Hydrolysis of ATP at the

motor domain drives the movement of most kinesins to the ‘+’ ends of microtubules
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that are often found towards cell periphery. Exceptions are members of the kinesin-14
family that move in the opposite direction towards the -° ends of microtubules
(Hirokawa and Noda, 2008). Interestingly, movement of lysosomes is facilitated not by
one but several kinesins including the kinesin-1 (KIF5A, KIF5B, KIF5C)(Nakata and
Hirokawa, 1995; Rosa-Ferreira and Munro, 2011), kinesin-2 (KIF3) (Brown et al.,
2005), kinesin-3 (KIF1A, KIF1B) (Korolchuk et al., 2011; Matsushita et al., 2004) and
kinesin-13 (KIF2) (Santama, 1998) member proteins. It's unclear why so many
different kinesins are involved in lysosomal movement, but it could be due to cell type
specificity, functional redundancy, differential regulation, for different lysosomal
functions, or because of preferential association to different microtubule tracks as a
result of different post translational modifications (PTM) on tubulins, microtubule
associated proteins (MAPs) etc. (Marx et al., 2006). For instance, kinesin-1 are shown
to move faster on microtubules, which have acetylated and GTP bound tubulins (Reed
et al., 2006). Loss of polyglutamylation on tubulins decreases kinesin-3 (KIF1A)
association and movement on microtubules (Ikegami et al., 2007). Some MAPs on
microtubules hinder the movement of kinesis, such as MAP protein tau hinders
kinesin-1 movement (Dehmelt and Halpain, 2004). However, some others enhance
recruitments of kinesins on microtubules, e.g. ensconsin (Sung et al., 2008). Kinesin-
1 is the best described one for the movement of lysosomes. Kinesin-1 is composed of
2 heavy (KIF51, KIF5B or KIF5C) and 2 light chains (KLC1, KLC2, KLC3 or KLC4) to
form a heterotetramer (DeBoer et al., 2008). Mechanisms of kinesin recruitment on
lysosomes rely on BLOC-1-related complex (BORC), Arf-like small GTPase Arl8b, the
Arl8 effector SifA and kinesin-interacting protein (SKIP) (Bagshaw et al., 2006;
Hofmann and Munro, 2006; Pu et al., 2015). BORC is an octameric protein complex
composed of the following subunits BLOS1, BLOS2, snapin, KXD1, MEF2BNB,
myrlysin, lyspersin and diaskedin (Falcon-Pérez et al., 2002; Moriyama and
Bonifacino, 2002; Pu et al., 2015). BORC associates to lysosomes through its myrlysin
domain. On lysosomes, BORC can activate Arl8b (possible through being a GEF for
Arl8 that remains unclear yet), which loads its effector SKIP. SKIP binds to Arl8
through its N-terminal RUN domain and recruits kinesin-1 to lysosomes (Rosa-Ferreira
and Munro, 2011) (Fig 14 (D). Arl8b/SKIP can actually recruit 2 kinds of kinesins to
lysosomes. Kinesin-1 is recruited to more acetylated microtubules mostly found in

perinuclear regions, and kinesin-3 is recruited to tyrosinated a-tubulin containing

45



microtubules, which are mostly found towards cell periphery (Guardia et al., 2016).
This highlights the complexity and multistep regulation of lysosomal movement.

Another mechanism of lysosome anterograde transport is based on ER-lysosome
contact sites. Protrudin is an ER anchored protein that simultaneously binds to Rab7
and to phosphatidylinositol-3-phosphate (PI3P) on lysosomes through its FYVE
domain and establish ER-lysosomes (and late endosomes) contacts (Fig 14 (E) and
15 B). Protrudin then transfers kinesin-1 to the effector FYVE- and coiled-coil-domain-
containing protein (FYCO1) on lysosomes. FYCO1 also associates to lysosomes
through binding of its FYVE domain with PI3P on lysosomes. These interactions lead
to anterograde lysosomal movement toward the cell periphery (Pankiv et al., 2010;
Raiborg et al., 2015). This movement was found to be especially important for neurite
growth (Raiborg et al., 2015). Interestingly, this anterograde trafficking mechanism
involving PI3P, protrudin, Rab7 and FYCO was shown to be important for mTORC1

activation in response to nutrients, discussed next.

2) Cellular nutrients regulate lysosome positioning:

Lysosomes have been shown to change their positioning depending on the cellular
nutrients status (Korolchuk et al., 2011). It has been proposed that positioning changes
are part of the cellular mechanisms to coordinate catabolic and anabolic signaling
through mTORC1. Indeed, lysosome positioning has been shown to regulate
mTORC1 signaling (Korolchuk et al., 2011). Experimental induction of peripheral
dispersion of lysosomes was shown to induce mTORC1 activity, whereas
experimental induction of perinuclear clustering of lysosomes reduced mTORC1
activity.

Perinuclear clustering of lysosomes in starvation is attributes to changes in internal pH
(pHi) of the cell, among one proposed mechanism (Korolchuk et al., 2011). This study
showed that starvation increased pHi and reduced binding of Arl8b, thus decreasing
kinesin recruitment on lysosomes and inhibiting their anterograde movement. This
suggested that increased pHi is capable of displacing Arl8 from lysosomes (Korolchuk
et al., 2011). Old observations show that low pHi can disperse lysosomes (Heuser,
1989a). Additionally, starvation in normal cells inactivates mTORC1 and removes it
from lysosomes due to the absence of amino acids and growth factors, which are
required for activation of mMTORC1 machinery. Additionally, in absence of amino acids,
Ragulator complex interacts with BORC on lysosomes which prevents Arl8B/SKIP/
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kinesin-1 dependent peripheral movement of lysosomes (Filipek et al., 2017; Pu et al.,
2017). Finally, lysosomes clustering to the perinuclear region upon starvation, has
been shown to be anchored to the Golgi complex through lysosome-Golgi contact sites
for immobilization (Starling et al., 2016). This contact site has been shown to be
between RILP, the Golgi-associated Rab34 and FLCN (folliculin) (Starling et al., 2016).
Thus, although lack of nutrients leads to lysosomal retrograde movement, the
underlying mechanisms are not completely clear. (Fig 16).

Upon addition of amino acids and in presence of growth factors, lysosomes are found
to be dispersed to the cell periphery that actives mTORC1. Addition of amino acids
disrupts BORC-Ragulator interaction and activates Arl8b/SKIP/Kinesin-1 facilitated
lysosome movement to cell periphery (Filipek et al., 2017).

Also, amino acids have been shown to activate Class Ill PtdIns3 kinase (PI3KC3)
VPS34 (Nobukuni et al., 2005), which increases phosphatidylinositol-3-phosphate
(PI3P) on lysosomes. This facilitates ER-lysosome contacts through ER protein
protrudin and the recruitment of FYCO, the kinesin-1 adaptor for peripheral movement
of lysosomes (Hong et al., 2017; Raiborg et al., 2015). Increased activity of mTORC1
on peripheral lysosomes was also attributed to it closeness to growth factor signaling
at the plasma membrane, which activates AKT and leads to full activation of mTORC1
(Hong et al., 2017; Korolchuk et al., 2011; Raiborg, 2018) (Fig 16).

3) TFEB dependent regulation of lysosome positioning:

Starvation induces TFEB activation and nuclear translocation. Starvation also leads to
perinuclear lysosome clustering. Indeed, two TFEB-dependent mechanisms were
proposed to induce lysosomal retrograde movement. Firstly, TFEB has been found to
induce the expression of lysosomal membrane protein TMEM55B. TMEMS5B has
been shown to recruits JIP4 to lysosomes, which is a dynein adaptor and leads to
lysosomal retrograde transport (Willett et al., 2017).

Additionally, TFEB has been shown to increase the activity of lysosomal calcium
channel TRPML1 (Palmieri et al., 2011). Activated TRPML1 channel and subsequent
Ca*? release during starvation leads to the activation of ALG2, which then leads to its
interaction with the dynein-dynactin complex and retrograde movement of lysosomes
(Li et al., 2016) (Fig 16). This function is however surprising, given the role of the
TRPML1 calcium channel in supporting lysosomal exocytosis and TFEB
overexpression resulting in peripheral lysosomes that was reported before by Medina
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et al. (Medina et al., 2011). Because lysosomes are found at the cell periphery during
exocytosis, the authors propose that differences in effector proteins downstream Ca*?
release could be a reason for these contradictory observations (Li et al., 2016). Fig
16. summarizes the nutrient dependent regulation of lysosome positioning.

Together, these findings indicate that TFEB could regulate anterograde or retrograde
movement of lysosomes depending on the cell context and the downstream effectors.

Next, | focus on highlighting the cancer supporting functions of lysosome positioning.

Raiborg, 2018

Amino acids and growth factors absent Amino acids and growth factors present

Microtubule

Active
mTORC1

icrotubule

v
Inacrlve
mTORC1 /

Fig 16. Lysosome positioning pathways in fed and starvation conditions

1.7. Functions of lysosome positioning in cancer progression

Having established the different mechanisms that regulate lysosome positioning, | will
now introduce how lysosome positioning changes in cancer, and how this could
support carcinogenesis.

Lysosomal dispersion to the cell periphery has been reported in several cancers. For
instance, breast cancer cells have been reported to show peripheral distribution of
lysosomes in late 1900s and early 2000s (Nishimura et al., 1998, 2003; Sameni et al.,
1995). One proposed mechanism for lysosomal dispersion in cancer cells is the acidity
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of tumor microenvironments (Glunde et al., 2003). This study proposes that the acidity
of tumor microenvironment can lead to lysosomal dispersion which probably supports
lysosomal exocytosis. Another proposed mechanism for lysosomal dispersion is the
over-expression of genes regulation lysosomal anterograde transport, such as
kinesin-1 (Cardoso et al., 2009). Another study reported decrease in the levels of Rab7
resulting in peripheral lysosomal dispersion and more invasiveness in prostate cancer
(Steffan et al., 2014). However, given the complexity in the regulation of lysosomal
organization, the drivers of lysosomal dispersion remain widely unexplored.
Lysosomal exocytosis and ECM degradation

Lysosomal exocytosis is one of the proposed functions of peripheral lysosomes in
cancer. Lysosomal exocytosis is a Ca*? driven process that requires lysosomal
trafficking and docking to the plasma membrane (PM) to release their content outside
the cells (LaPlante et al., 2006; Rodriguez et al., 1997). Briefly, fusion of lysosomes to
the plasma membrane is initiated by synaptotagmin VII, a Ca*? sensor that upon
release of calcium from lysosomes or calcium influx from PM, interacts with SNARE
protein VAMP7 on lysosomes, syntaxin 4 and SNAP23 (synaptosomal associated
protein 23) on PM and leads to lysosomal fusion and exocytosis (Martinez et al.,
2000). One evidence of lysosomal exocytosis in cancers has been the presence of
lysosomal membrane proteins on the PM. For instance, in case of breast cancers,
LAMP1 and LAMP2 that are markers of lysosomal membranes have been found at
the PM (Damaghi et al., 2015; Machado et al., 2021). Lysosomal exocytosis could
perform several functions to support cancer progression. Lysosomal exocytosis is
important for remodeling of the extracellular matrix (ECM) to facilitate cancer cell
evasion. In prostate cancers and melanomas, lysosomal redistribution to the cell
periphery leads to increased release of proteases, such as cathepsins, that supports
invasion. In line with these results, it has been shown in breast cancer that increased
lysosomal exocytosis leads to secretion of HSP90s (Heat shock protein 90a) and
activation of MMP9 (Matrix metalloprotease 2) leading to ECM degradation and tumor
invasion (Hendrix et al., 2010; Quintero-Fabian et al., 2019). Another function of
increased lysosomal exocytosis in malignancies is to send oncogenic signals (such as
growth factors, cytokines, etc.) to cancer cells in proximity. This has been observed in
rhabdomyosarcoma cells, which were found to have fully sialylated LAMP1 lysosomes
that release exosomes and send out oncogenic signals to neighboring cancer cells
(Machado et al., 2015). Moreover, these signals promote transformation of
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macrophages and fibroblasts around cancers cells into CAFs (Cancer associated
fibroblasts) and TAMs (Tumor associated macrophages). Increased lysosomal
exocytosis has also been shown to contribute towards drug resistance of cancer cells
(Machado et al., 2015). Cancer cells trap lysomotropic drugs in their endosomes and
could release these drugs through lysosomal exocytosis. Finally, increased lysosomal
exocytosis could lead to changes in the composition of the plasma membrane of
cancer cells. In some cancers, increased accumulation of LAMP1 on the PM of cancer
cells was proposed to help survive the acidic tumor micro environment, as LAMP1
could forms a protective glycocalyx against the acidity of microenvironment (Damaghi
et al., 2015). Additionally, LAMP1 on PM could also contribute to acidification of tumor
microenvironment. These functions of lysosomal exocytosis in cancer progression are
highlighted in Fig 17.

Changes that lead to peripheral lysosomes in cancer are also proposed to be hijacked
by cancer cells to support increased lysosomal exocytosis. For instance, cancers
driven by hyperactivity of MiT/TFE family members could have increased lysosomal
exocytosis, as this process is regulated by TFEB through transcriptional regulation of
lysosomal calcium release through TRPML1 channel (Medina et al., 2011).
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Peripheral lysosomes in cell adhesion:

Another function of peripheral lysosomes is their role as a regulator of actin-based
adhesion structures, such as focal adhesions. Repeated formation and dissolution of
focal adhesion is pivotal in cell migration in 2D (Kim and Wirtz, 2013). It has been
shown that LAMTORZ2/3-positive lysosomes (component of Ragulator protein involved
in mTORC1 activation, Fig 8) localize at focal adhesions (FA) at the cell periphery.
This accumulation of LAMTOR 2/3 positive lysosomes was dependent on Arl8b and
kinesin-1. Peripheral lysosomes disturbed the stability of focal adhesions and
promoted cell motility (Schiefermeier et al., 2014). This observation of LAMTOR
positive lysosomes associated with focal adhesions supports the idea of active
mTORC1 in the proximity of focal adhesions due to the presence of its activator
LAMTOR. This was recently confirmed and focal adhesions were shown to be sites of
mTORC1 activation (Rabanal-Ruiz et al., 2021). This study also showed that lysosome
positioning could be dispensable for mTORC1 that was already targeted to and
activated at the focal adhesions, however it is unclear where the active mTORC1
would be localized once activated if not the lysosomes (Rabanal-Ruiz et al., 2021).
These observations add focal adhesions as another axis for the activation mTORC1
in addition to lysosome positioning and cellular nutrients. Additionally, peripheral
lysosomes have shown to be involved in integrin trafficking supporting invasion. For
instance, active a5p1 integrins that are targeted to lysosomes have been shown not
to be degraded, but instead targeted to the site of cancer invasion that promoted
release of cancer cell from the matrix (Dozynkiewicz et al., 2012). Peripheral
lysosomes have been shown to regulate the activity of FAK (Focal adhesion kinases).
It has been proposed that lysosomal cathepsins degrade FAK Src and Talin, the
activator of integrins, and disturb focal adhesions in cancer cells, thus resulting in
tumor invasion (Akkari et al., 2014; Jevnikar et al., 2013). Whether cathepsins are
released from lysosomes for the degradation of these substrate is unclear yet (Olson
and Joyce, 2015).

To summarize, peripheral lysosome could be implicated in lysosomal exocytosis, ECM
degradation, mMTORC1 signaling, propagation of oncogenic signals to cancers cells in
proximity, cell adhesion dynamics and providing drug resistance against lysomotropic
drugs. Because many different functions of lysosomes converge on their positioning,

the cellular landscape of lysosomes could be a biomarker of predicting underlying
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molecular changes in cancer development. The complexity and the ability of
lysosomes to use different molecular mechanisms to adapt and perform cellular
functions could be used in cancer cells. The question remains to which extend tumors
depend on lysosomes. Although several independent studies have tackled the difficult
task of understanding the integrated functions of lysosome positioning in cancers, the
phenotype of lysosomal dispersion in the context of cancer has not been exploited for

treatment.

1.8. Phosphatidylinositol Phosphates: regulators of cellular

lysosomal functions

| will next introduce the importance of phosphatidylinositol (Pl) phosphates (PIPs) in
regulating the various functions of lysosomes. | have briefly mentioned the
involvement of phosphatidylinositol-3-phosphate in regulating lysosome positioning, in
this section, | will summarize the current knowledge on how PIPs underly the
previously discussed functions of lysosomes.

PIPs are minor phospholipids which define organelle membrane identity. In
eukaryotes, 7 species of PIPs and 90 kinases and phosphatases that regulate their
interconversions have been identified. 7 species of PIPs result from addition of
phosphate group to the 3-, 4-, and 5- OH group of the inositol ring of the
phosphatidylinositol. These 7 PIPs can be monophosphorylated, bisphosphorylated or
triphosphorylated. Monophosphorylated PIPs are: PI3P, PI4P, and PI5P;
bisphosphorylated PIPs are: PI(3,4)P2, PI(3,5)P2, and PI4,5)P. and the
triphosphorylated one is: PI(3,4,5)P3. These species are interconvertible, which is
regulated by specific Pl kinases or phosphatases (Balla, 2013; Di Paolo and De
Camilli, 2006; Stahelin et al., 2014).

In brief, PI can be phosphorylated at 4-OH position by PI4K (PI 4 kinase) to give PI4P.
PI4P can again be phosphorylated by PIP5K to give PI(4,5)P2. P1(4,5)P2 can further
be phosphorylated by the class | PI3K to yield the triphosphorylated PI(3,4,5)Ps.
Similarly, Pl can also be phosphorylated at 3-OH positioning by the class Il or class Il
PI3K enzymes to give the monophosphorylated PI3P. This PI3P when phosphorylated
by the enzyme PIKFYVE results in formation of the bisphosphorylated PI(3,5)P2. Fig
18 Gives a brief highlight of these interconversions and the kinases and phosphatases

involved.
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Wallroth and Haucke, 2017
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Proteins that bind to organelle membranes recognize different phosphoinositides on
them through their specific domains such as Pleckstrin Homology (PH) domain, Phox
homology (PX), Fab1, YOTB, Vac1, and EEA1 (FYVE) domains, protein kinase C
(PKC) conserved 2 (C2) domain, AP180 amino-terminal homology (ANTH) domain,
epsin amino-terminal homology (ENTH) domain, PROPPIN domain etc. (Stahelin et
al., 2014). FYVE domain proteins, for instance EEA1, recognize the PI3P on
endomembranes (Lemmon, 2008). Additionally, some PX proteins have also been
shown to bind to PI3P on membranes. C2 domain proteins such as synaptotagmins
bind to phosphoinositides PI1(4,5)P2 and some other PIPs (Stahelin et al., 2014).

Different species of PIPs are found enriched on different organelles, which also
contribute to regulating their functions. They are considered as determinants for the
interactions and binding of proteins (involved in signaling, motility etc.) (Di Paolo and
De Camilli, 2006; Posor et al., 2022; Wallroth and Haucke, 2018). Pl4 phosphates
such as PI4P are mostly concentrated at the Golgi complex, trans Golgi network (TGN)
and also some at the plasma membrane. Contrastingly, PI3P is found at endosomes
mostly including late endosomes, lysosomes and multi vescicular bodies (MVBSs).
PI1(3,5)P2 is mostly found at lysosomes and MVBs. PIPs have been shown to be
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important for several lysosomal functions, as regulators of lysosomal signaling
pathways, lysosome mobility, autophagosome lysosome fusion, and lysosomal
homeostasis (Wallroth and Haucke, 2018). Fig 19. gives a concise overview of the

different PIP species found on different organelles.

Posor et al., 2022
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Interestingly, lysosomes can contain many species of PIPs. Lysosomes harbor
phosphatidylinositol-3-phosphate (PI3P), which is prominently present on endocytic
vesicles. At endosomes, PI3P is crucial for the binding of the FYVE domain containing
proteins, such as for instance EEA1 (Lawe et al., 2000). Lysosomes also contain
phosphatidylinositol-3,5-bisphosphate  (PI(3,5)P2), and phosphatidylinositol-5-
phosphate (PI5P), which are considered as PIPs specific to late endosomes and
lysosome related organelles. A small fraction of Golgi-specific (P14P) and plasma
membrane-specific PIPs (PI(4,5)P2) are also observed on lysosomes (Ebner et al.,
2019). Given the understanding that different PIPs perform different functions,
presence of so many different species of PIPs on lysosomes could possibly have a
role on regulating different functions of lysosomes and a change in the balance of

54



specific PIP species could determine the prominent role of lysosomes in a given
functional state or in response to a particular stimulus (Ebner et al., 2019).

PIPs can act as regulators of mMTORC1 and TFEB signaling through lysosome
positioning. Several metabolizing enzymes of PIPs have been implicated in the
regulation of these pathways as well as also lysosome dynamics. Particularly, | will
highlight 3 species of PIPs: PI3P, PI(3,4)P2,and PI(3,5)P2, which have been shown to
play a regulatory roles in lysosomal functions.

PIPs regulate lysosome dynamics, mTORC1 and TFEB signaling:

1) PI3P (Phosphatidylinositol-3-phosphate): PI3P is generated predominantly by
the class Il P13 kinase (PIK3C3) or VPS34 but also to a minor extent by class Il PI3
kinase (e.g. PISBKC2 a) (Devereaux et al., 2013; Franco et al., 2014). Class Il PI3K
forms 2 distinct complexes. One complex functions with the autophagy vesicles
VPS34/ VPS15/ Beclin1 /ATG14 (ltakura et al., 2008) during autophagy and the other
one at the endosomes and lysosomes that is formed of VPS15/ VPS34/ Beclin 1/
UVRAG!/ BIF-1 (Thoresen et al., 2010). Dephosphorylation of PI3P is performed by
the myotubularin family phosphatases (MTMs), which include MTM1 and myotubularin
related proteins (MTMR), i.e. MTMR1, MTMR2, MTMRA4.

Vps34 is important for mTORC1 re-activation during starvation or refeeding (Nobukuni
et al., 2005; Yoon et al., 2011). It has been proposed that this is through generation of
PI3P. PI3P is required for the formation of ER-lysosome contacts through ER protein
protrudin, Rab7 and FYCO1 on lysosomes. This contact leads to anterograde
transport of lysosomes to cell periphery, through recruitment of kinesin-1 to the
adaptor FYCO1 on lysosomes (Fig 14, 15 shown in previous section and Fig 20).
Additionally, this translocation has been shown to be crucial for mTORC1 activation
through growth factor signaling dependent activation (Hong et al., 2017). Depletion of
PI3P phosphatase MTMR4 that leads to more PI3P on lysosomes did not increase
mTORC1 activity but led to TFEB nuclear translocation (Pham et al., 2018). This
suggested that PI3P regulates TFEB activation in a mTORC1-independent,

undescribed mechanism.

2) PI(3,4)P. (Phosphatidylinositol-3,4-bisphosphate): PI(3,4)P> plays a role in
mTORC1 inhibition. PI(3,4)P2 is generated on lysosomes by class Il PI3 kinase
(PIBKC2B). In starvation conditions, PI3KC2B associates to the mTORC1 subunit
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Raptor and converts PI4P to PI3,4P2 on lysosomes. Increase in the levels of PI3,4P>
leads to binding of protein 14-3-3 to Raptor and to mTORC1 inactivation (Marat et al.,
2017). Additionally, increased PI(3,4)P> levels on lysosomes activate lysosomal
ORP1L and facilitate cholesterol transport from lysosome to ER (Dong et al., 2019).
Low cholesterol in lysosomes inactivate mTORC1 signaling and induce nuclear
translocation of TFEB (Castellano et al., 2017). Finally, perinuclear accumulation of
lysosomes is observed upon increase in PI(3,4)P- levels but the exact mechanism of

the retrograde movement remains unknown (Marat et al., 2017) .

3) PI(3,5)P2 (Phosphatidylinositol-3,5-bisphosphate): PI(3,5)P: is generated by the
kinase PIKfyve. PI(3,5)P2 has been shown to activate the calcium channel TRPML1
(or MCOLNT1) on lysosomes during starvation (Dong et al., 2010). Release of calcium
from this channel leads to activation of TFEB dephosphorylation by the phosphatase
calcineurin and TFEB nuclear translocation (Medina et al., 2015) (Fig 20). Thus,
formation of PI(3,5)P> on lysosomes in starvation leads to activation of TFEB.
Contrastingly, in yeast, PI(3,5)P2 in fed conditions, leads to mTORC1 activation by
binding to Raptor subunit of mMTORC1 (Bridges et al., 2012). Fig 20. summarizes the
regulations of lysosome functions by PIPs discussed above.

PIPs regulate sterol transfer at lysosome contact sites:

| have introduced how lysosome-ER contact sites influence lysosome positioning and
mTORC1 signaling. These contact sites also are known for non-vesicular transfer of
sterols from lysosomes to ER and PIPs are important in this transport. LDL-cholesterol
that reached lysosomes through the endocytic pathway is degraded here to give rise
to free cholesterol. This free cholesterol is transported to the lysosome membrane via
the cholesterol transporter NPC1/2 (Pfeffer, 2019). From there, cholesterol is
transferred to the ER via the ORP1L by formation of ER-lysosome contact sites.
Interestingly, this transport is stimulated by PI(3,4)P2 and impaired when cells were
depleted of PISKC2B kinase, which is required for generation of PI(3,4)P. at
lysosomes (Dong et al., 2019; Marat et al., 2017). In addition, PIPs also regulate sterol
transfer through proteins for e.g., Oxysterol-binding protein (OSBP) interacts with golgi
PI14P through its PH domain and with ER protein VAPA through its FFAT domain. This
contact site enables transfer of cholesterol from ER to golgi in exchange for
Pl4P(Mesmin et al., 2013). Another example would be the oxysterol-binding protein
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related protein 2 (ORP2). ORP2 shows affinity of binding to the plasma membrane
P1(4,5)P2 and it facilitates transport of cholesterol to plasma membrane in exchange
for PI(4,5)P2 (Koponen et al., 2019; Wang et al., 2019).

In summary, PIPs are integral components of organelle membranes and define their
identity and functions. | have here highlighted the functions of PIPs in mTORC1 and
TFEB signaling on lysosomes as well as lysosome positioning. Lysosomes contain
several PIP species, which could indicate that they regulate several lysosomal
functions. PIPs can regulate different proteins by affecting their activity or binding on
the lysosomes. In the course of this project, | will study the role of PIPs on lysosomes

in bladder cancer.
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Fig 20. Role of PIPs in regulation of mTORC1, TFEB signaling and lysosome

positioning

57



1.9. TFEB, cancer cell metabolism and functions of lysosome

membrane contact sites

| have introduced the central role of lysosomes in cellular nutrient homeostasis and
how this balance is disrupted in cancer. Because TFEB plays a crucial role in cellular
metabolic pathways, alterations in its regulation at lysosomes could be exploited by
cancer cells to rewire the cellular metabolism. In this section, | focus on our current
knowledge of the role of TFEB in regulating cancer cell metabolic pathways. Because
membrane contact sites emerge as important players in cancer cell metabolism, | will
also mention contact sites formed by lysosomes and their relevance in cancer

progression.

Cancer cell metabolism and metabolic rewiring is established as a crucial hallmark of
cancer (Pavlova and Thompson, 2016). This is highlighted by the pivotal finding of
Otto Warburg that cancer cells depend on glucose instead of the more energy
generating oxidative phosphorylation (Warburg, 1925, 1956). The major pathways of
glucose uptake in cells is through stimulation of growth factor signaling by molecules
such as PDGF (Platelet Derived Growth Factor) or EGF (Epidermal Growth Factor)
(Thompson, 2011). Growth factors stimulate the PI3K-Akt signaling axis, which leads
to more expression and plasma membrane localization of the glucose uptake receptor
GLUT-1 facilitating cellular glucose uptake (Wieman et al., 2007). Activity of the
enzyme hexokinase, which is important for the phosphorylation of glucose and its
utilization in glycolysis, is also elevated in cells with increased Akt signaling supporting
increased glycolysis (Rathmell et al., 2003). In cancer cells, deregulation of EGFR
signaling and activating mutations in PI3K or inactivating mutations in PTEN that
negatively regulates PI3K pathway are usually observed, including bladder cancers.
This leads to upregulated glucose uptake and metabolism in tumor cells. Other than
this mechanism, other factors such as degradation of the ECM components, for
instance hyaluronic acid, has recently been shown to regulate glucose uptake as well
as utilization (Pavlova et al., 2022; Sullivan et al., 2018). Interestingly, TFEB has been
reported to control several genes involved in glucose uptake and metabolism
(Mansueto et al., 2017). It has been shown in skeletal muscles that during exercise/
starvation activated TFEB regulated glucose uptake and metabolism. TFEB directly

binds to the promotor of GLUT1/4 and increases their expression resulting in higher
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glucose uptake. TFEB overexpression also correlated with increased expression of
hexokinase, the enzyme of glycolysis that regulates glucose metabolism (Mansueto
et al., 2017). These observations could suggest that in malignancies, which dependent
of TFEB hyperactivity, TFEB could be responsible for driving glucose uptake and
metabolism.

Other than glucose, glutamine dependency has been observed in many cancers.
Glutamine is an important source of nitrogen for cancer cells and is important for
nucleotide synthesis and the production of non-essential amino acids. It has been
shown that glutamine is also important for the uptake of essential amino acids such
as leucine, which cannot be synthesised by the cells and are acquired by external
sources. Efflux of glutamine was shown to be coupled to the activity of plasma
membrane localized amino acid anti-transporter (LAT1) for the uptake of essential
amino acids like leucine. This also regulated mTORC1 activity, which was dependent
on amino acids (Nicklin et al., 2009). Glutamine has been shown to control mTORC1
and autophagy pathways through other mechanisms as well (Duran and Hall, 2012).
Glutamine can be substituted as a carbon source to fuel the TCA cycle by the process
of anaplerosis, in which the TCA cycle proceeds through non-conventional alternative
substrates in stress conditions or malignancies. Glutamine is deaminated and
converted to alpha-KG (alpha-ketoglutarate) by the enzyme GLS (glutaminase) and
GLUD1 (glutamate dehydrogenase). Thus, the TCA cycle is sustained through
formation of alpha-KG instead of citrate. Alpha-KG formed in mitochondria through
glutamine can be transported to the cytosol and increase GTP loading of Rag
GTPases. This activates mTORC1 (Duran and Hall, 2012) and inhibits autophagy and
TFEB. Interestingly, glutaminolysis produces ammonia, which when diffused to the
tumor microenvironment and taken up by stromal cells, facilitates autophagy. This
way, increased autophagy in stromal cells provides support and growth advantage to
tumor cells in a co-dependent manner. This shows that glutamine can stimulate the
TCA cycle, activate mTORC1 and induce autophagy in cancer-surrounding stromal
cells. This could underly the coactivation of mMTORC1 and autophagic pathways
observed in certain cancers (Villar et al., 2015).

Glutamine metabolising enzymes, such as GLS (glutaminase), have been recently
shown to be under the control of TFEB in a recent study of pancreatic MiT/TFE family
driven cancers. TFEB knockdown in these cells resulted in reduced glutamine

metabolism and reduced growth, whereas supplementation of growth medium with
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glutamate recovered the growth inhibition by TFEB depletion (Kim et al., 2021).
Together these findings point toward an important role of TFEB in cancer cell
metabolism, increased glucose and glutamine utilization being one of the functional
axis. Although many studies independently have characterized the role of TFEB in
metabolism in mouse models, cancer specific studies are very few. Particularly, the
integration between different roles of TFEB and its functional importance in cancers is
an interesting area of malignancies driven by TFEB.

Another interesting role of TFEB is mitochondrial biogenesis. Shown in skeletal
muscles, TFEB depletion significantly led to abnormal mitochondria, which also
affected their activity. Contrary, when TFEB was overexpressed in skeletal muscles,
it increased mitochondrial respiration and ATP production. TFEB regulates the activity
of PPAR gamma co-activator 1 alpha, (PGC1a) by directly binding to its promotor
(Settembre et al., 2013b). PGC1a regulates lipid metabolism along with PPAR
gamma, however, PGC1a is also a master regulator of mitochondrial biogenesis and
functions. Thus, TFEB regulates mitochondrial biogenesis through PGC1a. However,
in the study of skeletal muscles, TFEB regulates mitochondrial biogenesis
independent of PGC1a, instead it regulates the expression of NRF1/2 and Tfam, both
of which can regulate mitochondrial biogenesis in muscles (Mansueto et al., 2017)
(Fig 21).

Since proper mitochondrial functions are important in meeting the high energy
demands of cancer cells, this opens another interesting area of studying the role of
TFEB in cancer cell metabolism through mitochondrial quality control (Wang et al.,
2020).
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Fig 21. TFEB regulates mitochondrial biogenesis and functions

Lysosomes membrane contact sites in cancer:

Membrane contact sites formed between lysosomes and cellular organelles are
important for the regulation of their positioning but could also be a consequence of
lysosome positioning alterations observed in some cancers. This however is a
prospective area of research, and our current knowledge in this regards remains
limited. Below we introduce some of the known functions of lysosome membrane
contact sites in cancer progression.

ER-Lysosomes MCS: Lysosome-ER membrane contact sites were presented in the
context of lysosome anterograde trafficking that rely on ER protein protrudin and Rab7
that recruit kinesin-1 through the adaptor FYCO1. Interestingly, this contact has been
shown to facilitate invasion (Pedersen et al., 2020). In a study of breast cancer,
protrudin overexpression led to transport of late endosomes/lysosomes to invadopodia
in 3D cell cultures, which facilitated exocytosis of MMP14 and invasion (Pedersen et
al., 2020).

Other proteins forming ER-lysosomes contacts are VAPA/B on ER and ORP1L on
lysosomes. In addition to ORP1L, ER resident VAPA/B also have been shown to
interact with STARD3 (steroidogenic acute regulatory protein-related lipid
transferdomain protein 3) (Prinz et al., 2020). Although the function of STARD3 was
previously shown to be the redistribution of cholesterol to the plasma membrane, this
correlated with FAK/Src signaling and was shown to be elevated in cancers (Vassilev
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et al., 2015). It could be speculated that ER-lysosome contact sites through STARD3
could contribute to this phenotype in cancers (Machado et al., 2021).

Finally, ER-Lysosome contacts have been described to maintain calcium transfer in
these organelle. These contacts involve IP3R (Inositol 1,4,5-trisphosphate receptor)
that are localized at ER and release calcium from ER. Although IP3R does not form
a tether of the MCS, calcium is up-taken by lysosomes due to the close opposition
between lysosomal and ER membranes. This activity controls lysosome dynamics and
positioning. As lysosomes disperse to the cell periphery, the uptake of calcium could
potentially decrease, probably due to disturbed ER-lysosome contacts as
hypothesised in the study (Machado et al., 2021). It has been speculated that these
ER-lysosomes contacts might be crucial for mTORC1 constitutive activation in cancers

and help tumor cells to evade calcium mediated cell death (Machado et al., 2021).

Mitochondria-lysosome contact sites: A relative new and mostly uncharacterized
MCS are whose between mitochondria and lysosomes. Although their function in
cancer is not yet clear, a role of GTP loaded Rab7 has been described in the formation
of these lysosome-mitochondria contacts. The mitochondrial TBC1D15, which is a
GAP for Rab7, functions in untethering of these contacts between lysosome and
mitochondria. Mitochondria-lysosomes contacts regulate lysosome dynamics: indeed,
TBC1D15 activates hydrolysis of Rab7-GTP (Wong et al., 2018) that could lead to
dissociation of Rab7 from lysosomes and affect lysosomes trafficking (retrograde and
anterograde) through RILP or FYCO (Fig 22A). Additionally, mitochondria-lysosomes
contacts regulate mitochondrial dynamics, because lysosomes have been shown to
mark the sites of mitochondrial fission, and disruption of these contacts lead to
decreased mitochondrial fission (Wong et al., 2018) (Fig 22B). Mitochondria-
lysosomes contact sites are speculated to be the sites of metabolite transfer such as
lipids, calcium etc. Recently it has been shown that lysosomal calcium channel
TRPML1 is important at these contact sites for calcium flux from lysosomes into
mitochondria. This transport was found to be disturbed in patients with lysosomal
storage disorder mucolipidosis type IV (Peng et al., 2020; Wong et al., 2019) and
remain of potential interest in other pathologies (Fig 22C). Fig 22 summarizes these
interesting functions of the mitochondria-lysosome contacts.

In summary, intra-organelle contacts formed by lysosomes regulate not only their
positioning in the cells but also certain metabolic processes. TFEB appears as in
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interesting driver of this process, as it lies at the centre of lysosomal functions, cell
metabolism and lysosome organization. Establishing the connection between these
various multifaceted functions of TFEB and how it converges on lysosome positioning

presents a very interesting area of research.

Wong et al., 2019
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Chapter 2

Aims and Objectives
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2.1 Premise and preliminary results

Intra-organelle cross talks are an emerging area of interest in tumorigenesis studies.
Organelles were earlier considered as membrane limited structures acting as
independent units within the cells, with specialized and well-defined functions. This
perception changed with advanced microscopy techniques revealing reproducible
contact sites between several organelles in mammalian cells. Studies have revealed
that organelles interact with each other through membrane contact sites (MCS),
formed by specialized proteins. MCS regulate a wide range of cellular functions such
as metabolism, immune responses, organelle identity and integrity, cell responses to
external stimulus and cell death (Patergnani et al., 2021). All these functions are of
crucial importance in the development of cancers as they form some of the cancer
hallmarks. Thus, intra organelle organization could be an important pre-determinant
of cellular functions and an interesting area of study to understand how perturbations
in the organization of organelles could lead to pathologies such as cancers. Since
organelle organization and positioning is an important element for the contacts formed
and potentially their functions, the interest of our lab is to study organelle landscape in
normal and bladder cancer cells, which is our model of study.

Previous investigations in the laboratory have focused on the organelle landscape in
bladder cancers and have revealed important, consistent changes in the organization
of lysosomes between NHU (Normal Human Urothelium) and bladder cancer cell lines
(MGHU3, RT112, KU19-19, JMSU1) that represent different aggressiveness of
cancer. They had employed the technique of cell culture on adhesive micropatterns of
defined geometry that allow normalization of cell shape and compared the positioning
of lysosomes between the bladder cancer cell lines mentioned above. The results
have shown that, when compared on these normalized cultures on micropatterns,
lysosomes are found to be perinuclear, in the cell centre, in normal cells and cancer
cell lines representing low grade, but peripheral in cell lines representing high grades
(Fig 23A). Concomitantly, the Nearest Neighbour Distance (NND) between lysosomes
significantly increased in more aggressive bladder cancer cells as compared to normal
cells (Fig 23B).

To verify the importance of lysosome positioning in bladder cancer invasion, 3D
spheroid invasion assays were performed in conditions inducing either peripheral
scattering or central clustering (Fig 24A). Preliminary experiments demonstrated that
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in the cell line RT112 central lysosomes, after knockdown of Arl8b GTPase, slowed
down invasion from 3D spheroids (Fig 24C), whereas, Rab7 knockdown, which
scattered lysosomes toward the cell peripheral, led to faster invasion from 3D
spheroids (Fig 24B). These result indicated that changing lysosome positioning alone
was enough to regulate cancer progression in RT112 bladder cancer cells. Together
these results pointed toward the hypothesis that lysosomal homeostasis was
potentially disrupted in bladder cancers. During my PhD project, | have tested this

hypothesis and have defined the following aims.

2.2 Aims

1. Investigation of the crosstalk between lysosome positioning and lysosomal
signalling pathways:
a) Role of altered lysosome positioning in mTORC1-dependent signaling
b) Role of lysosomal signaling pathways in the regulation of lysosome
positioning
2. Molecular mechanisms regulating lysosomal dispersion in bladder cancer cells
3. Implications of lysosomal signaling and positioning in bladder cancer
progression

4. Role of lysosome positioning in bladder cancer metabolism

2.3 Objectives

Aim 1. Investigation of the crosstalk between lysosome positioning and
lysosomal signalling pathways

Lysosomes act as a sensitive monitor of cellular nutrient status by providing a platform
for the signalling of MTORC1 kinase. mTORC1, in response to cellular nutrient
availability, can initiate anabolic or catabolic pathways from the surface of lysosomes.
Since lysosome positioning has been established as an important regulator of
signaling through mTORC1, | have investigated whether the inherent phenotypic
lysosome positioning changes observed in aggressive bladder cancer cell lines result
in alterations in mTORC1 signaling. Additionally, | have tested the reverse, how
inducing changes in lysosome positioning in different bladder cancer cell lines
regulates mTORC1 signaling.
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Aim 2. Molecular mechanisms regulating lysosomal dispersion in bladder
cancer cells

| have focussed on the molecular mechanisms that regulate lysosome positioning.
Firstly, | have studied the transcription factor EB (TFEB), a downstream target of
mTORC1 that regulates not only lysosomal biogenesis and autophagy but also
lysosome positioning (Sbano et al.,, 2017; Willett et al., 2017). Secondly, | have
focused on phosphatidylinositol-3-phosphate (PI3P) that is a phospholipid enriched on
endosomes that is an key factor in the recruitment of proteins for lysosome intracellular
transport (Ebner et al., 2019)

Aim 3. Implications of lysosomal signaling and positioning in bladder cancer
progression

| have studied the impact of lysosome alterations during 3D invasion. | have monitored
lysosomal secretion, cell proliferation and migration to provide insights on the role of

lysosomal changes in cancer-supporting phenotypes.

Aim 4. Role of lysosome positioning in bladder cancer metabolism
Finally, | have started to explore how metabolism is influenced by lysosomal changes
in different bladder cancer cell lines. Lysosomes are known to respond to cellular

nutrient status, and thus, they could contribute to metabolic rewirering in cancer.
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Fig 22. Altered lysosome positioning in bladder cancer cells

A. Representative images of Ilysosomes visualized by
immunofluorescence staining against the lysosomal-associated
membrane protein 1 (LAMP1/CD107a) in normal human urothelium
(NHU) and bladder cancer cell MGHU3 , RT112, KU19-19, JMSU1 cells
cultured on crossbow-shaped adhesive micropatterns for better
comparison. Scale bar is 10 um

B. Distribution of nearest neighbour distance (NND) between lysosomes
in NHU (n=80), MGHU3 (n=80), RT112 (n=64), KU19-19 (n=77) and
JMSU1 (n=72). Adjusted p-values of testing against NHU condition are
MGHU3: 0.1501; RT112: <0.0001; KU19-19: <0.0001; JMSU1 : <0.0001
in a Kruskal-Wallis test with Dunn post-hoc test with Sidak correction for
multiple comparisons. ns p >0.01 and *** p < 0.0001.
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Fig 23. Lysosome positioning regulates 3D invasion in non-aggressive cancer cells

A. 3D invasion of RT112 spheroids into collagen | matrix in control conditions (siLUC) or after siRNA targeting
of Arl8b (siArl8b) or Rab7 (siRab7). Red arrows represent invading cells. Scale bar is 0.5 mm. B. Invasion
rate of RT112 siLUC (black, n=51) and RT112 siRab7 (red, n=21) spheroids as a function of the time
(observed at the interval of 1d). * p < 0.05 in a logrank test. C. Invasion rate of RT112 siLUC (black, n=51)
and RT112 siArf8b (red, n=23) spheroids as a function of the time (observed at the interval of 1d). * p < 0.05
in a logrank test
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Chapter 3

Experimental Procedures
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We have used the following four cell lines representing different bladder cancer

aggressiveness:
Cell line Stage  Subtype Prominent Mutation
1 MGHU3 (non-aggressive)  Ta/T1 Luminal FGFR3 Mutant
2 RT112 (non-aggressive) T2 Luminal FGFR3 Mutant
3 KU19-19 (aggressive) T3b Basal NRAS Mutant
4 JMSU1 (aggressive) T4 Mixed type P53 Mutant

(Justin et al., 2020; Zuiverloon et al., 2018)
Table 1: Bladder cancer cell lines used and underlying prominent mutations

3.1 Cell culture and treatments

Bladder cancer cells lines MGHU3, RT112, KU19-19, JMSU1 were grown in RPMI-
1640 medium (Life Technologies, Carlsbad, CA, USA), supplemented with 10% Fetal
Bovine Serum (FBS; Eurobio, Courtaboeuf, France). RT112 and JMSU1 cells stably
expressing Lamp1-mCherry-FKBP and BicD2-HA-FRB were obtained via viral
transduction previously in the lab. For A/C heterodimerizer induced endolysosome
clustering in cells stably expressing the FKBP-FRB system, 0.5 pM of A/C
heterodimerizer (635056; Takara) was added in complete media for 1 hour at 37 °C.
For experiments with inhibitors, as per the experiment either the day after cell seeding
or after transfection respective drugs were added for incubation time of 24 h or as
indicated and cells were incubated, at 37°C. The concentration of inhibitors used were
as follows: rapamycin (10 yM), wortmannin (1 uM, 2 h), ML-SI1 (20 uM, 3 h), BAPTA
AM (10pM, 3 h) and cycloheximide (20 pg/mL). For starvation experiments, the day
after cell seeding, the medium was removed and cells were washed once with EBSS
(Earle’s Balanced Salt Solution) and incubated in EBSS for 4 or 24 h, as per the
experiment, before lysate preparation or cell fixation with 4% PFA.

3.2 Cell transfection

For RNA interference studies, 200,000 cells were transfected in 12 well plate with
50nM siRNA. SiRNA used were : siTFEB : ON-TARGETplus Human TFEB, L-009798-
00-0005, Dharmacon™; si4EBP1: ON-TARGETplus Human EIF4EBP1, L-003005-
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00-0005, Dharmacon™; siLuc: 5-CGTACGCGGAATACTTCGA-3; siRab7: 5'-
CACGTAGGCCTTCAACACAAT-3 and 5-CTGCTGCGTTCTGGTATTTGA-3’; siArl8b: 5'-
GAUAGAAGCUUCCCGAAAU-3’;  Sigma-Aldrich.Transfection was performed using
Lipofectamine RNAIMAX Transfection Reagent (1:30; Life Technologies). Cells were
incubated 72 h at 37°C prior to further manipulation or drug treatment. Efficiency of
gene silencing was verified by western blot of cell lysate after three days of
transfection.

For plasmid transfection, 200,000 cells were transfected in a 12 well plate.
Transfection was performed using Lipofectamine LTX with Plus reagent (Invitrogen)
using 1 pg of plasmid. pEGFP-N1-TFEB plasmid was a gift from Shawn Ferguson
(Addgene plasmid # 38119; http://n2t.net/addgene:38119; RRID:Addgene_38119n
(Roczniak-Ferguson et al.,, 2012), EGFP-2X FYVE plasmid (kind gift from B.
Payrastre, Toulouse) )(Gillooly et al., 2000), or VAMP7. 48 h post transfection, cells
were trypsinized and transferred to sterilized coverslips (12 mm) in 1 mL medium in
12 well plate. Cells were fixed with 4%PFA 72 h after transfection and used for

immunofluorescence and imaging.

3.3 Micropatterned coverslips preparation and cell seeding

Micropattern production was as previously described (Duong et al., 2012; Schauer et
al., 2010a) using photo-lithography methods. Briefly, coverslips were coated with Poly-
L-Lysine(20)-grafted[3.5]-Polyethyleneglycol(2) (PLL-g-PEG) from SuSoS
(Dubendorf, Switzerland) at a final concentration of 0.1 mg/mL in 10 mM HEPES (pH
7,3) solution. Coverslips were exposed to deep UV during 5 min using a photomask
containing arrays of crossbows (37 ym diameter, 7 ym thick). Prior to cell seeding, the
patterned surface was incubated for 1 h with a mixture of 50 pg/mL fibronectin (Sigma-
Aldrich, St. Louis, MO, USA), 5 uyg/mL concanavalin A (Sigma-Aldrich, St. Louis, MO,
USA) and 1 pg/mL fibrinogen—Cy5 (Invitrogen). Cells were seeded on micropatterns
in RPMI medium supplemented with 20 mM HEPES (Life Technologies) for 4 h prior

the experiment.

3.4 Invasion assay
Cells were trypsinized and re-suspended in RPMI medium containing 10% FBS and

1% Penicillin-Streptomycin (Life Technologies) in concentration of 100,000 cells/mL.
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Then 100 pl of cell suspension was plated in 96-well plates previously coated with 1%
agarose (left at room temperature (RT) after coating for 1h) (Life Technologies) and
incubated for 3 days. In each well, a spheroid was formed from 10,000 cells. Next, the
spheroids were plated on the 8 well Lab-Tek chambered slides (Sigma), in a 15uL
drop containing a mixture of collagen | from rat tail (Corning) at a final concentration
of 2 mg/ml, 1X PBS, sodium hydroxide (NaOH, 0.05M) and serum-free medium. The
spheroid in the collagen mix was left undisturbed until collagen was polymerized
(about 20-30min at RT). 400uL of complete media was added to each 8 well of the
chambered slide with the spheroid, carefully as to not disturb the collagen drop that
contained the spheroid at incubated at 37°C (Fig 25). The spheroids were monitored
for 3-4 consecutive days by using the EVOS FL microscope with camera device using
4x objective. For invasion assay after TFEB depletion, siRNA knock down was
performed, as described before, prior to formation of spheroid and siTFEB was added
to the mixture during collagen coating in the serum free media (50nM) that was the

component of the collagen mix.

Collagen Gel
Coating
Cells

10K Spheroid

Media 4 days ' pipetted /\! .
—> — > Monitor 3-4
chambered slides

Fig 25. Invasion assay protocol

3.5 Immunofluorescence

Cells were fixed with 4 % formaldehyde for 15 min at room temperature, washed three
times with PBS and permeabilized in PBS containing 0.2% BSA and 0.05% saponin.
Cells were then incubated with the primary antibodies (mouse monoclonal antibody
against Lamp1/CD107a (1:1000, 555798, BP Pharmingen™), rabbit mAb against
mTOR (1:1000, 7C10, #2983, Cell Signaling Technology), EEA1 (1:200; 610456, BD
Biosciences), protrudin / ZFYVEZ27 (1:500; 12680-1-AP, Proteintech) and Alexa Fluor
488 (1:400), or Alexa Fluor 647 (1:400) or Cy3-coupled (1:400) secondary antibodies
(Jackson ImmunoResearch) for 1 h. Actin was visualized by FluoProbes 547H
(557/572nm) coupled Phalloidin (Interchim) and nuclei with 0.2 uyg/mL 4',6-diamidino-
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2-phenylindole (DAPI; Sigma-Aldrich). Coverslips were mounted in Mowiol (Sigma-
Aldrich).

3.6 Western blot

250,000 cells were seeded in a 12 well plate one day prior to the experiment. Drug
treatments or knock-down experiments were performed as mentioned before. Equal
volumes of lysate from each cell line was loaded on a 10% or 12% polyacrylamide gel,
resolved by SDS-PAGE and electrotransferred to nitrocellulose membranes.
Membranes were incubated with primary antibodies at 4°C overnight: Phospho P-70
(Thr389)-S6K (CST: 9205S, 1:1000 in 5% BSA in TBST), P-70 S6K (CST: 9202S,
1:1000 in 5% milk in TBST), GAPDH (Sigma: G9545, 1:10,000 in 5% milk in TBST),
EEA1(610456, BD Biosciences, 1:500 in 5% milk in TBST), protrudin (ZFYVEZ27,
Proteintech 12680-1-AP) and species specific HRP secondary antibodies (1:10,000)
for 1 hour at room temperature, following ECL western blotting substrate.

3.7 Image acquisition

Images for immunolabelled cells on micropatterns were acquired with an inverted wide
field Deltavision Core Microscope (Applied Precision) equipped with highly sensitive
cooled interlined charge-coupled device (CCD) camera (CoolSnap Hq2,
Photometrics). Z-dimension series were acquired every 0.5 ym.

Images for non-pattered immuolabelled cells were acquired with a spinning disk
confocal microscope (Inverted Eclipse Ti-E (Nikon) + spinning disk CSU-X1
(Yokogawa) integrated with Metamorph software by Gataca Systems). Cells were

imaged as z-stacks with 0.2 ym distance and 12 ym total height.

3.8 Image processing and analysis

For cells on micropatterns, several tens of single cell images were aligned using the
coordinates of the micropattern (determined on ImageJ (Bethesda, MD, USA) as
previously described (Grossier et al., 2014; Schauer et al., 2010b). To extract the 3D
spatial coordinates of lysosomes, images were segmented with the multidimensional
image analysis (MIA) interface on MetaMorph (Molecular Devices, Sunnyvale, CA,
USA) based on wavelet decomposition.
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Image analysis for colocalization results was done using CellProfiler (version: 3.1.9)
on one-plane of the images. The pipelines for different analysis were prepared as
follows:

To detect the total and membrane bound intensities of protein of interest (labelled as
total integrated intensity or spots/total, respectively, in the figures) or intensities of co-
localized proteins the pipeline was created as follows:

Step 1: Module ‘EnhanceorSuppressFeatures’ was applied to channels where the
objects needs to be segmented, either to obtain their intensities or objects for the
intensities of co-localized proteins, to get sharp and defined objects which makes
segmentation easier (for eg. On channels with LAMP1 or EEA1 or GFP-FYVE).

Step 2: Nucleus was identified in the DAPI channel using the ‘IndentifyPrimaryObject
module

Step 3: Module ‘IndentifyPrimaryObject’ was used again on the images obtained from
Step 1 to segments objects whose measurements are required (such LAMP1, EEAA1,
EGFP-FYVE)

Step 4: Cells were segmented using the ‘IdentifySecondaryObject module with
nucleus as the ‘primary object’ (identified in step 2) and using phalloidin or another
cytoplasmic protein channel to recognize the cell boundaries.

Step 5: Module ‘RelateObjects’ was used to relate the objects obtained in step 3 to
each cell obtained in Step 4. Output of this channel was saved as another object which
gives the objects of protein of interest per cell.

Step 6: Objects from step 3 were masked on the channel whose co-location or
membrane bound fraction had to be calculated using the ‘Maskimage’ module. (for eg:
to calculate EGFP-FYVE on lysosomes in Fig. 4B, Lysosomes were segmented in
step 3 and the output objects were masked on EGFP-FYVE channel or to calculate
membrane bound EGFP-FYVE, segmentation of EGFP-FYVE objects from step 3 was
masked on EGFP-FYVE channel)). Output of this step was saved as a new image in
the pipeline.

Step 7: ‘MeasureObjectintensity’ module was used to obtain total ‘per cell intensity’
and ‘intensity on spots’ of protein of interest. Intensities were picked from images from
step 6 and raw images of channel of interest using cells from step 4 as the objects.
Step 8: Cell size was obtained using the module ‘MeasureObjectSizeandShape’ on
the cells segments in Step 4 as the objects

Step 9: Finally, all the measurements were exported to the excel sheet using the
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module ‘ExporttoSpreadsheet

Step 10: The final values were exported to a csv file named ‘cell’. This file had the
values of cell size (in pixels), total intensity of protein of interest per cell, intensity of
protein of interest on spots and intensity of co-localized protein on the object of interest
(eg: GFP-FYVE on lysosomes). Integrated intensities were used for the analysis and
to plot the graphs.

3.9 Statistical analysis

The statistical analysis of endolysosome volume, number and normalized NND was
performed with R (3.6.0). For NND analysis, the centroids distance between structures
was calculated from a constant number of lysosomes that was randomly sampled from
each cell. Therefore, variation in NNDs cannot be imputed to variation in the number
of lysosomes but to bona-fide variation of their spatial organization. The statistical
analysis was a Kruskal-Wallis test with Dunn test for multiple comparisons correction.
For all experiment, a large number of cells were monitored from 3 to 6 independent
experiments. Two-sided Mann-Whitney U test were performed for 2 conditions
comparisons. For multiple comparisons, a Kruskal-Wallis has been used with Dunn’s
test for multiple comparisons. Additionally, to compare the global distribution of cell
population, x> tests were performed (R function “chi-square()’) and Benjamini-
Hochberg multiple comparison correction has been applied. For the statistical analysis
on the data from CellProfiler, Prism was used. Mann-Whitney U test was applied for
the two conditions comparison or Kruskall-Wallis test with Dunn test for multiple

comparison.

3.10 Seahorse assay for cell metabolism:

Seahorse assays were performed as per the commercial kit protocols. Either Cell
Phenotype Assay was performed or the Mito Fuel Flex test was performed.

Cell Phenotype assay: This assay measures mitochondrial respiration and rate of
glycolysis as the OCR (oxygen consumption rate) and ECR (extracellular acidification
rate) respectively. This assay uses a mixture of 2 drugs: Oligomycin, that blocks
mitochondrial ATP synthase and causes compensatory increase in glycolysis to meet
the energy demand in the cells; and FCCP that depolarizes mitochondrial membranes

and facilitates the cells to consume more oxygen as mitochondrial membrane potential

75



is restored. The readings are taken before and after drug addition to assess the
baseline and stressed metabolic phenotype of the cell.

Detailed protocol for the Cell Phenotype Assay is described at:
(https://www.agilent.com/cs/library/usermanuals/public/XF_Cell Energy Phenotype
Test Kit User Guide.pdf)

Mito Fuel Flex test: This assay measures the rate of consumption of different fuels in
the cells namely, glucose (pyruvate), Glutamine (glutamate) and fatty acids (FA). It
measures mitochondrial respiration (OCR) in cells by using drugs in different
combinations to block pathways specific to each fuel and asses the dependency of
cells on specific type of fuel and flexibility to use alternative fuel when they cannot
utilize the others. The drug used in this assay are UK5099, that block consumption of
pyruvate in oxidative phosphorylation by blocking mitochondrial pyruvate carrier;
BPTES, block consumption of glutamine in oxidative phosphorylation by blocking the
enzyme Glutaminase (GLS) the prevents conversion of glutamine to glutamate; and
Etomoxir blocks consumption of FA in mitochondrial beta oxidation by inhibiting
carnitine palmitoyl-transferase 1A (CPT1A) that is required for transport of FA to
mitochondria.

Detailed protocol for the Mito Fuel Flex test is described:
(https://www.agilent.com/cs/library/usermanuals/public/XF_Mito Fuel Flex Test Kit

User Guide%200ld.pdf)

Steps of the assays were as follows:
1) One day before the seahorse assay, bladder cancer cells were seeded in a 96 well
seahorse plate, 20,000 cells per well each in 80uL media. The cartridge was hydrated
(it contains the sensors which go to each well of the assay plate) as per the protocol,
seal and incubate it overnight at 37°C
2) On the day of the assay assay medium DMEM provided by Agilent was
supplemented as follows (for 50mL media)

e 1mM Pyruvate (100mM Stock) - 0.5mL

e 2mM Glutamine (200mM Stock) - 0.5mL

e 10mM Glucose - 90mg; pH was adjusted if required to 7.4 with 0.1M NaOH

3) Cells were washed in assay media multiple times as follow
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e Remove: 60uL

e Add: 160pL

¢ Remove: 160uL

e Add: 160pL

e Remove: 180uL; Add: 180uL and incubate cells in CO- free incubator at 37°C.
4) For the Cell Phenotype Assay: Working solutions (10X) for the drugs FCCP and
Oligomycine were prepared to get the following concentrations in the wells: FCCP
0.5uM, Oligomycine 1uM diluted from a previously prepared stock solutions (stock
solutions were 100X, working solution was 10X to get 1X in each well when added to
cells with 200 pL media).
For the Mito Fuel Flex test : Working solutions for the drugs BPTES, Etomoxir,
UK5099 were as follows: BPTES (3 uM), Etomoxir (4 pM), UK5099 (2 uM) diluted
from previously prepared stock solutions (stock solutions were 100X, working solution
was 10X to get 1X in each well when added to cells with 200 yL media).
5) 20uL of drugs were loaded to the ports of the cartridge using the guide plate.
Sensors of the cartridge were still in the calibrant plate.
For Cell Phenotype Assay 20uL already contained the mixture of oligomycin and
FCCP.
For Mito Fuel Flex test, each of the 3 drugs were added to the ports of the cartridge
in different combinations which is described in the commercial protocol.
6) Guide plate was removed and the cartridge with calibrant plate was inserted in the
seahorse machine to run the calibration and to enter the cell plate layout and the assay
parameters for the run cycle in WAVE software.
8) After calibration: The cell plate is inserted in the machine after removing the
calibrant plate (cartridge is retained in the machine after calibration)
9) Assay was run and the results were exported to excel .

3.11 Matrix metalloproteinases (MMP) assay

MMP assay was performed using the SensoLyte® 520 Generic MMP Assay Kit (Cat
No. AS-71158). It detects a variety of MMPs and is based on fluorescence detection
after proteolysis of the generic MMP substrate when incubated with samples
containing MMPs. The kit uses a generic MMP substrate tagged with a quencher i.e.
5-FAM/QXL™520. When intact the 5-FAM is quenched by QXL™520, however when
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cleaved by the MMPs in the samples the quencher releases the (-FAM and its
fluorescence can be detected at excitation/emission wavelengths of 490nm / 520nm
(Fig 26). The fluorescence was measured using the microplate reader CLARIOstar
(BMG LABTECH).

The detailed protocol can be found at (https://www.anaspec.com/assets/2410244f-
dac2-4150-9887-21f80b5f4a98/tds-en-as-71158-sensolyte-520-generic-mmp-

activity-kit-fluorimetric.pdf).

MMP
substrate

lMMP

MMP

l substrate

The fluorescence of 5-FAM is recovered, and can
be monitored at excitation/emission wavelengths
=490 nm/520 nm

Fig 26. Working principle of MMP assay

Calibration using the standards : Before the assay, instrument calibration was
performed using the 5-FAM reference standard (5-FAM-Pro-Leu-OH) provided with
the kit. Standards were diluted serially in a 2-fold manner to obtain the concentrations
2.5,1.25, 0.625, 0.3125, 0.156 and 0.078uM in a assay buffer included with the kit in
a volume of 50uL. 50uL of standards were added to a 96 well plate and fluorescence
reading were taken using the microplate reader (490nm / 520nm). A linear standard
curve was plotted to get the line equation (Fig 27)
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Fig 27. MMP assay standard curve

Assay protocol:

1) Equal number of cells (200,000/ well) were seeded in a 12 well plate 24h before the
experiment and incubated at 37°C

2) 200uL of media supernatant was collected from each well in ice and centrifuged at
1000xg at 4°C

3) Samples were incubated with 1mM AMPA (4-aminophenylmercuric acetate)
provided with the kit to activate the MMPs in the samples and incubated at 37°C for
3h.

4) After 3h of incubation, 50uL of sample was added to wells of a 96 well plate (4
replicated were recorded for each sample from the 200uL sample collected in step 2).
5) 50uL of MMP substrate (5-FAM/QXL™520), diluted 1:100 in assay buffer (provided
with the kit) was added to each sample well in the 96 well plate.

6) Fluorescence reading were taken at time intervals of 5h, 18h and 24h post addition
of MMP substrate using the microplate reader at the wavelength 490nm / 520nm.

3.12 Glutamine uptake assay

Glutamine uptake in bladder cells was detected using the protocol of the commercial
kit - Megazyme L-Glutamine/Ammonia Assay Kit (product code: K-GLNAM).
Glutamine in the samples is detected in two steps:

Step1: Glutamine is first converted to glutamate by addition of the enzyme
Glutaminase to the samples. This reaction generated ammonium ions (NH4%) in
addition to glutamamte.
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Step2: Reduced nicotinamide-adenine dinucleotide phosphate (NADPH) and the
enzyme glutamate dehydrogenase (GIDH) are then added to the samples (provided
in the kit) . GIDH converts glutamate formed in step1 to 2-oxoglutarate. NH4* formed
in step1 reacts with 2-oxogultarate to convert NADPH to NADP* . Absorbance of
samples is taken before and after GIDH addition at wavelength of 340nM to calculate
decrease in NADPH levels. Amount of NADP* formed is stoichiometric to the amount
of glutamine in the sample.

The detailed protocol can be found at:
(https://www.megazyme.com/documents/Assay Protocol/K-GLNAM DATA.pdf)

Assay protocol

1) Equal number of cells (200,000/ well) were seeded in a 12 well plate 24h before the
experiment and incubated at 37°C

2) 100uL of media supernatant was collected from each well and added to plastic
cuvettes. To 100 pL of test sample, 200uL of solution 1 buffer and 200uL of
suspension 4 (glutaminase) was added from the kit. To the blank reading no sample
was added but just the other 2 components.

3) Mix was incubated at room temperature (RT) for 5mins

4) To both the test and sample cuvette, 1.5mL of distilled water, 300uL of solution 2
buffer and 200pL of solution 3 (NADPH) was added and after 4 min, absorbance (A1)
was taken at 340nm using a spectrophotometer.

5) 20uL of suspension 5 (GIDH) was added to both the cuvettes and after Smins of
reaction at RT, absorbance (A2) was taken at 340nm using a spectrophotometer.

6) Glutamine concentration was calculated using the formula described in the kit.

3.13 Total Internal Reflection Microscopy (TIRF) and analysis

Bladder cancer cells were transfected with VAMP7-pHluorin after described before.
For TIRF assay with cells having TFEB knockdown, siRNA transfection was performed
and then subsequent transfection with VAMP7-pHIluorin was performed, as per the
protocol described before. One day before the experiment the cells with transfections
were seeded on 35mm glass bottom fluorodishes. Secretion from cells was imaged
using the Nikon Super Resolution TIRF/STORM-PALM microscope. Movies were
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imaged for about 1-2mins and secretion events were calculated manually by counting

the burst of fluorescence observed on the plasma membrane of the cells.

3.14 Cytoplasmic pH testing:
Cells (200,000) were seeded in 35mm Fluorodishes and stained with pHRodo Green

(Invitrogen) according to the manufacturer’s protocol along with 50nM LysoTracker Deep Red
(Invitrogen) and incubated at 37°C for 1 hour. Cells were washed with complete RPMI media
and imaged live using an inverted wide field Deltavision Core Microscope. For calculating the
RFU (Relative Fluorescence Unit) of cytoplasmic pH, 25,000 cells were seeded in black
bottom 96 well cell culture plates and stained with pHRodo Green as before for 1 hour at 37°C.
Cells were then washed with complete RMPI 1640 media and readings were taken using
CLARIOstar plate reader (BMG LABTECH) using excitation/emission of 509/533.

3.15 Cell proliferation and migration analysis through lens free

microscope

We used the lens free microscope setup called Cytonote (from Iprasense, Montpellier,
France) to obtain videos of cells over 3 days to monitor their proliferation and migration
in different treatment conditions. Cytonote images cells over a wide field of view (FOV)
of area of 29.4 mm?2. This microscope uses RBG (Red, Green and Blue) illumination
delivered by LEDs through a pinhole that is about 5cm above the cells / samples.
Cytonote is equipped with a CMOS image sensor, cell culture plates are placed above
the CMOS sensor in the setup of the assay and the whole setup is compact enough
to fit inside the cell culture incubator to monitor different cellular parameters in live
cells. When cells are illuminated, the CMOS sensor receives the holographic
interphase pattern formed by the scattering of light by the cells and light passing
through directly from the source to the sensor, which is recorded as images/videos.
These images of the cells are then reconstructed through holographic reconstruction
method which involved back propagating the light intensity recorded by the sensor.
(Allier et al., 2017). The assay was performed in collaboration with Dr. Cédric Allier
(CEA LETI, Grenoble) who performed the reconstruction of images obtained from
Cytonote and the analysis of the data.
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Assay protocol:

1) 6 well glass bottom plates were coated in fibronectin (30ug / mL, Sigma-Aldrich, St.
Louis, MO, USA) for 1h at room temperature. After which the fibronectin solution was
removed the cells were seeded

2) One day before the imaging in Cytonote, cells were seeded at a concentration of
3000 cells / well and incubated at 37°C overnight.

3) Next day, siTFEB or siLuc was added to the cells (50nM) and the plate was placed
on the Cytonote fixed inside the cell culture incubator.

4) Cytonote was connected to the computer outside the incubator where the images
are recorded, one image is recorded every 5 min for a total duration of 3 days.

3.16 Cell fragmentation

1) 1.5 million cells were seeded in a 10cm dish 2-3 days before the experiment and
allowed to grow

2) After 3 days cells were washed once in ice cold PBS, pH 7.4 and scrapped using a
plastic scrapper in 1.5mL ice cold PBS

3) Cells were centrifuged for 10sec in a tabletop pop-spin centrifuge and the
supernatant were discarded

4) The pellet was resuspended in 1.2mL of ice cold 0.1% NP40 (Sigma Aldrich) in PBS
and 400puL of mix was removed as the whole cell lysate. 100pL of 5X laemmli buffer
was added and the sample was boiled for 1 min

5) Rest of the sample was centrifuged as above and 400uL of supernatant was
collected as the cytosolic fraction. 100uL of 5X laemmli buffer was added and the
sample was boiled for 1 min. Rest of the supernatant was discarded

6) Pellet containing the nuclear fraction was resuspended in 400uL of 1X laemmli
buffer and the sample was boiled for 1 min

3.17 DQ BSA uptake assay

1) 100,000 cells were seeded on a coverslip in 1mL media in a 12 well plate one day
before the uptake assay.

2) Next day, DQ BSA (50ug/mL) was added to the cells in the cell culture media and
the cells were incubated for required time points at 37°C in the cell culture incubator
3) Cells were fixed with 4% PFA and imaged
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For siTFEB treatment, the transfection was performed as per the protocol described
before 1 day before and on the 2" day cells were transferred to coverslips in a 12 well
plate. On 3 day the DQ BSA staining was performed as described above.
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Chapter 4

Results and Conclusions
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(Note: Results of aims 1 and 2 correspond to a complete story under revision

in Communications Biology)

Results Aim 1- Investigation of the crosstalk between lysosome

positioning and lysosomal signaling pathways

4.1. Signaling from lysosomes — mTORC1 signaling in different

bladder cancer cell lines

Because mTORC1 activity has been shown to be regulated by the positioning of
lysosomes, we first tested whether the alteration in lysosome positioning that we see
in the different bladder cancer cell lines are also reflected by changes in mTORCA1
signaling. To test this, we monitored mTORC1 activity by studying the two steps crucial
for the activation of mMTORC1, the recruitment of mTOR to the surface of lysosomes
and the phosphorylation of mMTORC1 substrates. First, we analyzed mTOR localization
by co-visualizing it with LAMP1 by immunofluorescence and measuring the fraction of
mTOR that localized on the LAMP1-positive compartment. We found that about 15-20
% of mTOR signal was found on lysosomes in different cell lines. Although RT112
showed slightly but significantly more mTOR on lysosomes, the levels of mTOR on
lysosomes were comparable between the tested cell lines (Fig 28). Next, we tested
mTORC1 activity by monitoring the phosphorylation of the direct downstream
substrates. We analysed elF4E Binding Protein (4EBP1) and p70-S6 Kinase 1 (S6K1)
that are phosphorylated by mTORC1 to activate protein synthesis. Interestingly,
phosphorylation of 4EBP1 was high in KU19-19 and JMSU1 cells that represent the
aggressive cancer cell lines as compared to MGHU3 and RT112 cells that represent
non-aggressive cancers (Fig 29). Contrary, phosphorylation of S6K1 was opposite:
we detected low phosphorylation of S6K1 in aggressive KU19-19 and JMSU1 cells but
high levels of phosphorylation in non-aggressive MGHU3 and RT112 cells (Fig 30).
Increase of 4EBP1 phosphorylation correlated with an increase of total levels of
4EBP1 (Fig 29), whereas the total protein levels of S6K1 remained the same in all cell
lines (Fig 30).

85



Fig 28
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Fig 28: mTORC1 localization on lysosomes in bladder cancer cells

A. Immunofluorescence staining of the lysosomal-associated membrane protein 1 (LAMP1, CD107a) and
mTOR in MGHU3, RT112, KU19-19 and JMSU1. The zoom shows the merged image for both proteins of
the area in white box. Scale bars equal 15 um. B. Quantification of mTOR intensity on lysosomes normalized
to total cellular mTOR (approximately 50 cells) for each cell line; **** p <0.0001; Kruskal-Wallis test with

Dunn post-hoc test with Sidak correction
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Fig 29. 4EBP1 analysis

A. Western blot analysis of phosphorylated p70-S6
Kinase 1 (P-4EBP1 Ser65) and total 4EBP1 as well as
GAPDH loading control in MGHU3, RT112, KU19-19
and JMSU1 cells and quantification of B. P-4EBP1 and
C. 4EBP1 levels from multiple experiments, error bars
are SEM.

Fig 30. p70-S6K analysis

A. Western blot analysis of phosphorylated p70-S6
Kinase 1 (P-p70-S6K1 Thr389) and total p70-S6K1 as
well as GAPDH loading control in MGHU3, RT112,
KU19-19 and JMSU1 cells and quantification of B. P-
p70-S6K1 C. and p-70-S6K1 levels from multiple
experiments, error bars are SEM.
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Fig 31
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Fig 31. mTORC1 substrate phosphorylation after mTORC1 inhibition

Western Blot analysis of 4EBP1 phosphorylation (P-4EBP1 Ser65) and p70-S6 Kinase 1
(S6K1) phosphorylation (P-p70-S6K Thr389) in MGHU3, RT112, KU19-19 and JMSU1 in
control conditions (full media) and after treatment with A. Rapamycin at 20uM for 2 h. B.
Torin at 1uM for 2 h. C. starvation in EBSS for 4h. Along with the loading control GAPDH.
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We confirmed that the phosphorylation of these substrates was mTORC1 specific in
all bladder cancer cell lines employing the well-established inhibitors of mTORC1
kinase, rapamycin and torin (Dumont and Su, 1995; Liu et al., 2010). As expected,
both treatments decreased phosphorylation of both 4EBP1 and S6K1 (Fig 31 A, B)
Additionally, complete starvation (in EBBS) of bladder cancer cells that also switches
off mMTORC1, decreased both 4EBP1 and S6K1 phosphorylation confirming that both
substrates were under the control of mMTORC1 (Fig 31C).

Conclusion: Our results of mMTORC1 activity assays showed that mTORC1 is active
in the four bladder cancer cell lines tested. This indicated that the phenotypic
differences in lysosome positioning did not correlate with a loss of overall mMTORC1
activity. mTORC1 was active in all cell lines tested and was sensitive to nutrient
availability, because we observed a loss of mTORC1 dependent substrate
phosphorylation upon starvation. We observed that peripheral dispersion of
lysosomes in aggressive bladder cancer cell lines did not increase mTORC1 activity
as has been described in previous reports. However, we found surprising differences
in mTORC1 downstream substrate specificity, indicating that certain substrates of
mTORC1 are preferentially phosphorylated in aggressive versus non-aggressive
bladder cancer cell lines.

4.2 Regulation of mMTORC1 by lysosome positioning

Next, we asked whether lysosome positioning regulates mTORC1 signaling in these
cancer cells. To test this, we specifically altered lysosome positioning via recruitment
of motor proteins to lysosomes in full media conditions. Dynein is the retrograde motor
required for lysosomal transport towards the cell center (Pu et al., 2016). To cluster
lysosomes in the cell center, we thus induced recruitment of dynein on them employing
the FKBP/FRB heterodimerization by the A/C heterodimerizer, a strategy that has
been previously validated (van Bergeijk et al., 2015). We used our previously
engineered RT112 and JMSU1 cells, representing non-aggressive and aggressive cell
lines, respectively, that stably expressed FKBP-fused to LAMP1-mCherry and FRB-
fused to the dynein adaptor BicD2. In these cell lines, addition of A/C heterodimerizer
to the culture medium induced lysosomes to cluster at the cell center (Fig 32). We
ensured that the overexpression of LAMP1-mCherry and FRB-BicD2 did not disrupt

the lysosomal degradation of cell surface receptors such as EGFR (Epidermal Growth
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Factor Receptor). For this, we added EGF (Epidermal Growth Factor) for different time
intervals to cells. EGF binds to the EGFR and is endocytosed before being degraded
in lysosomes. Our western blot results showed that EGFR degradation was similar
between control cells and cells expressing the BicD2 system (Fig 33) in both, RT112
and JMSU1. We further confirmed that mCherry specifically labelled lysosomes in
engineered cells by performing immunofluorescence (IF) in JMSU1 cells with LAMP1
and CD63, markers of lysosomes and multi-vesicular bodies, respectively. IF showed
colocation of both LAMP1 and CD63 to mCherry-positive compartments indicating that
Lamp1-mCherry was labelling lysosomes and MVBs (Fig 34). We then monitored
mTORC1 activity in these cells by visualizing phosphorylation of 4EBP1 and S6K1.
We found that A/C-induced clustering of lysosomes in RT112 cells drastically
decreased 4EBP1 and S6K1 phosphorylation (Fig 35 A-D). Contrary, clustering of
lysosomes in JMSU1 cells did not change 4EBP1 phosphorylation levels but did
reduce phosphorylation of S6K1 (Fig 36 A-D). To further confirm these results, we
altered lysosome positioning via siRNA knockdown (Fig 37) by targeting the small
GTPases Arl8b or Rab7, which regulate the recruitment of molecular motors on
lysosomes, Arl8b recruits kinesins for anterograde transport (Pu et al., 2016), and
thus, gene silencing of Arl8b leads to retrograde movement of lysosomes to the cell
center. Silencing of Rab7 prevents recruitment of dynein, and thus, anterograde
movement of lysosomes to the cell periphery in these cells. Similar to the A/C-induced
clustering of lysosomes, siArl8b decreased phosphorylation of 4EBP1 in RT112 but
not in JMSU1 cells (Fig 38, 39). However, increasing peripheral lysosomes by siRab7
did not change the levels of phosphorylated 4EBP1 in either cell line (Fig 38, 39). To
better understand mTORC1 activity after lysosome clustering in RT112 and JMSU1
cells we monitored mTOR recruitment to lysosomes in these cells. Consistent with our
previous results, we found that upon A/C-induced clustering mTOR was lost from
lysosomes in RT112 cells (Fig 40). Contrary, in JMSU1 cells, mTOR remained on

clustered lysosomes (Fig 41).

Conclusion: Lysosome positioning is an important regulator of mTORC1 activity in
non-aggressive RT112 cells, because central clustering of lysosomes induces loss of
mTOR and decreases downstream phosphorylation. However, in aggressive JMSU1
cells, lysosome positioning changes do not impact mTOR recruitment or activity.
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Fig 32. Schematic of lysosome clustering using the BicD2 dimerization system
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Fig 33. EGFR degradation in
lysosomes in RT112 and JMSU1 cells
WT: represents the Wild type cells; BicD2:
cells with the Bicd2 dimerization system;
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minutes after EGF addition. Tubulin is the
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Fig 35. mTORC1 substrate phosphorylation in RT112 cells with BicD2dimerization system

A. Western Blot analysis of 4EBP1 phosphorylation (P-4EBP1 Ser65) in WT RT112 cells and
RT112 cells with BicD2 dimerization system in control condition (DMSO Ctrl) and after addition of
A/C heterodimerizer (A/C) and B. quantification of relative phosphorylated P-4EBP1 normalized to
GAPDH levels. Error bars show s.d. of three independent experiments. C. Western Blot analysis
of p70-S6 Kinase 1 (S6K1) phosphorylation (P-p70-S6K Thr389) in WT RT112 cells and RT112
cells with BicD2 dimerization system in control condition (DMSO, Ctrl) and after addition of A/C
heterodimerizer (A/C) and D. quantification of relative phosphorylated P-p70-S6K1 normalized to

GAPDH levels.
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Fig 36. mTORC1 substrate phosphorylation in JMSU1 cells with BicD2dimerization system

A. Western Blot analysis of 4EBP1 phosphorylation (P-4EBP1 Ser65) in WT RT112 cells and RT112
cells with BicD2 dimerization system in control condition (DMSO Ctrl) and after addition of A/C
heterodimerizer (A/C) and B. quantification of relative phosphorylated P-4EBP1 normalized to GAPDH
levels. Error bars show s.d. of three independent experiments. C. Western Blot analysis of p70-S6
Kinase 1 (S6K1) phosphorylation (P-p70-S6K Thr389) in WT RT112 cells and RT112 cells with BicD2
dimerization system in control condition (DMSO Citrl) and after addition of A/C heterodimerizer (A/C)
and B. quantification of relative phosphorylated P-p70-S6K1 normalized to GAPDH levels.
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Fig 38. mTORC1 substrate Fig 39. mTORC1 substrate

phosphorylation in JMSU1 cells with
Rab7 and Arl8 knockdown

A. Western Blot analysis of
phosphorylation (P-4EBP1 Ser65) in
JMSU1 cells in control condition (siLUC)

phosphorylation in RT112 cells with
Rab7 and Arl8 knockdown

A. Western Blot analysis of
phosphorylation (P-4EBP1 Ser65) in
RT112 cells in control condition (siLUC)

and upon targeting of Rab7 (siRab7) or
Arl8b (siArl8b) and B. quantification of
relative phosphorylated P-4EBP1 to
GAPDH levels. Error bars show s.d. of
three independent experiments.

and upon targeting of Rab7 (siRab7) or
Arl8b (siArl8b) and B. quantification of
relative phosphorylated P-4EBP1 to
GAPDH levels. Error bars show s.d. of
three independent experiments.
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Fig 40. mTORC1 localization on lysosomes in RT112 cells with BicD2dimerization system

A. Representative images of mCherry-LAMP1 lysosomes and mTORC1 in RT112 BicD2 cells in
control condition (DMSO, Ctrl) and after addition of A/C heterodimerizer (A/C). Scale bars are 5 um.
B. Quantification of mTOR intensity on lysosomes normalized to total cellular mTOR in RT112 WT
(control) and RT112 BicD2 cells in control (DMSO, Ctrl) and after addition of A/C heterodimerizer (A/C).
Error bards are s.d. **** p <0.0001; Kruskal-Wallis test with Dunn post-hoc test with Sidak correction
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Fig 41. mTORC1 localization on lysosomes in JMSU1 cells with BicD2dimerization system

A. Representative images of mCherry-LAMP1 lysosomes and mTORC1 in JMSU1 BicD2 cells in
control condition (DMSO, Ctrl) and after addition of A/C heterodimerizer (A/C). Scale bars are 5 um.
B. Quantification of mTOR intensity on lysosomes normalized to total cellular mTOR in JMSU1 WT
(control) and RT112 BicD2 cells in control (DMSO, Ctrl) and after addition of A/C heterodimerizer (A/C).
Error bards are s.d. ns; Kruskal-Wallis test with Dunn post-hoc test with Sidak correction
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Results Aim 2- Molecular mechanisms regulating lysosomal

dispersion in bladder cancer cells

4.3 TFEB status and regulation in bladder cancer cells

Because our results showed differences in mTORC1 substrate phosphorylation in
bladder cancer cells, we tested the status of another well-established substrate of
mTORCA1, the Transcription Factor EB (TFEB). TFEB is a key regulator of autophagy,
lysosomal functions through regulation of genes involved in these pathways.
Interestingly, TFEB has been shown to regulate lysosome positioning (Sbano et al.,
2017; Willett et al., 2017). Because phosphorylation of TFEB retains this transcription
factor in the cytosol, whereas the active, non-phosphorylated form is nuclear, we
monitored TFEB localization in bladder cancer cells by expressing TFEB-GFP.
Whereas TFEB-GFP showed cytosolic localization in MGHU3 and RT112 cells (40%
of mean TFEB-GFP intensity was found in the nucleus), more than 70% of the mean
intensity of TFEB-GFP was found in the nucleus of KU19-19 and JMSU1 cells (Fig 42
A, B). Next, we tested if this cytosolic retention in MGHU3 and RT112 cells was
mTORC1 dependent. For this, we transfected cells with TFEB-GFP and then treated
them with rapamycin, an inhibitor of mMTORC1. We observed that nuclear fraction of
TFEB-GFP increases upon inhibition of mMTORC1 (Fig 42 C, D) indicating that TFEB
cytosolic retention in non-aggressive MGHU3 and RT112 cells was mTORC1
dependent. No change was observed in KU19-19 and JMSU1 cells (Fig 42 C, D).
Together these results indicated that TFEB was under the control of mTORC1 in non-
aggressive bladder cancer cells and nuclear, thus probably active, in aggressive cells.
To confirm the results of overexpressed TFEB-GFP, we performed cell fractionation
and separated the nuclear and cytosolic fractions, in which endogenous TFEB was
monitored by western blotting. We used LaminB, component of the nuclear lamina that
is part of the nuclear envelope, as the nuclear marker and GAPDH as the cytosolic
marker to ensure the efficiency of fractionation (Fig 43A). Consistent with the TFEB-
GFP results, we observed that nuclear fraction of JMSU1 was enriched in TFEB,
whereas the in RT112 cells, TFEB was predominantly found in the cytosol (Fig 43A,
B).
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We next used the RT112 and JMSU1 cells with the BicD2 dimerization system
(explained before) to test if changing lysosome positioning regulates TFEB
localization. Because TFEB is a substrate of mTORCH1, its phosphorylation, and thus,
cytosolic retention could be regulated by mTORC1 recruitment on lysosomes. Indeed,
we observed that A/C-induced lysosome clustering promoted TFEB-GFP nuclear
translocation in RT112 cells (about 70% of the mean intensity of TFEB-GFP was found
in the nucleus), consistent with our results of loss of mMTORC1 substrate
phosphorylation upon lysosome clustering in this cell line (Fig 44 A, B). Contrary, no
difference in TFEB-GFP localization before or after clustering of lysosomes was
observed in JMSU1 cells (Fig 45 A, B).

To confirm our observation that TFEB is active in aggressive JMSU1 cells, we
monitored the levels of Microtubule-associated protein light chain 3 1 and Il (LC3I and
LC3Il) in bladder cancer cells in control and bafilomycin treatment conditions.
Detection of LC3 by western blots is a common method of studying autophagy.
Endogenous LC3 is detected in two forms in western blot, LC3l is the cytosolic form
of the protein whereas LC3Ill is the lipidated form that is conjugated with
phosphatidylethanolamine (PE) and is localized to autophagosomes. LC3Il however
is degraded by lysosomes upon autophagosome - lysosome fusion, making it difficult
to monitor the autophagic flux in the cells. Thus, BafilomycinA1, an inhibitor of
vATPase on lysosomes and thus inhibitor autophagosome-lysosome, is used to
prevent LC3Il degradation and monitor the autophagic flux in the cells (Mizushima and
Yoshimori, 2007). Our results showed that while the levels of LC3l and LC3Il were
comparable in control conditions in the four cell lines tested, the levels of LC3Il were
found to be higher in aggressive KU19-19 and JMSU1 cells upon bafilomycin-
dependent inhibition of vATPase that is important for the fusion of autophagosomes
to lysosomes. This indicated that autophagosome maturation (or autophagic flux) was
increased in aggressive cells, consistent with the hypothesis of active TFEB in these
cell lines (Fig 46). Additionally, since RRAGD, that codes for the protein RagD
(required for mMTORC1 activation ) (Di Malta et al., 2017) is regulated by TFEB and we
monitored the mRNA levels of RRAGD in the transcriptome of the four bladder cancer
cell lines (MGHU3, RT112, KU19-19 and JMSU1). We found that nuclear
translocation of TFEB also correlated with upregulation of RRAGD aggressive cell
lines KU19-19 and JMSU1 (Fig 47A).
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Fig 42. TFEB-GFP localization in bladder cancer cell lines
Representative images of MGHU3, RT112, KU19-19 and JMSU1 cells transfected with TFEB-GFP for 72 h
A. control (full media) condition. C. treated with 10 uM rapamycin for 2 h Scale bars equal 5 pm. Quantification
of the nuclear fraction of the total mean TFEB-EGFP fluorescent intensity in MGHU3, RT112, KU19-19 and
JMSU1 in B. control (full media) condition and D. treated with 10 uM rapamycin for 2 h. n>20 cells in each
condition. Data are depicted as mean + SEM. * p<0.05, ** p<0.01, **** p<0.0001 Kruskal-Wallis test with Dunn
post-hoc test with Sidak correction
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Fig 43. Endogenous TFEB localization in RT112 and JMSU1 bladder cancer cell lines

A. Western blot analysis of TFEB in RT112 and JMSU1 cells in Whole Cell Lysate (WCL), Nuclear fraction
and cytosolic fraction. LAMIN B blot represents the nuclear fraction marker and GAPDH as the cytosolic
fraction marker. B. Quantification of TFEB in nuclear and cytosolic fraction in RT112 and JMSU1 normalized
to TFEB in the WCL.
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Fig 44. TFEB-GFP localization in RT112 cells with BicD2dimerization system

A. Representative images of RT112 WT transfected with TFEB-GFP (green) for 72h and BicD2 cells
transfected with TFEB-GFP (green) for 72h in control condition (DMSO, Ctrl) and after addition of A/C
heterodimerizer (A/C). In red, representation image of clustering of mCherry-LAMP1 tagged lysosomes
after addition of A/C heterodimerizer. B. Quantification of the nuclear fraction of the total mean TFEB-
EGFP fluorescent intensity in RT112 WT cells and RT112 BicD2 cells in control condition (DMSO, Ctrl)
and after addition of A/C heterodimerizer (A/C). Scale bars are 10 um. Error bars show s.d. of three
independent experiments
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Fig 45. TFEB-GFP localization in JMSU1 cells with BicD2dimerization system

A. Representative images of JMSU1 WT transfected with TFEB-GFP (green) for 72h and BicD2 cells
transfected with TFEB-GFP (green) for 72h in control condition (DMSO, Ctrl) and after addition of A/C
heterodimerizer (A/C). In red, representation image of clustering of mCherry-LAMP1 tagged lysosomes
after addition of A/C heterodimerizer. B. Quantification of the nuclear fraction of the total mean TFEB-
EGFP fluorescent intensity in JMSU1 WT cells and RT112 BicD2 cells in control condition (DMSO, Ctrl)
and after addition of A/C heterodimerizer (A/C). Scale bars are 10 um. Error bars show s.d. of three
independent experiments
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Fig 46. Autophagic flux in bladder cancer cells
Western blot analysis of LC3l and LC3II in control and Bafilomycin (10uM, 2h) treatment conditions
in MGHU3, RT112, KU19-19 and JMSU1. GAPDH blot shows the loading control
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Fig 47. Transcriptome analysis for TFEB regulated genes in bladder cancer cells
A. Normalized Log2 RNA expression levels of TFEB regulated genes RRAGD in NHU, MGHU3, RT112,
KU19-19 and JMSU1. B. Gene set enrichment analysis (GSEA) of the CLEAR network genes in the
transcriptome of aggressive (KU19-19 and JMSU1) vs non-aggressive bladder cancer cell lines (MGHU3
and RT112). ES shows the enrichment score; p represents the p value of the analysis.
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Finally, to further test whether TFEB activity is different between cancer cell lines, we
performed a GSEA (Gene Set Enrichment Analysis) of their transcriptome. We
compared the TFEB regulated CLEAR network genes in transcriptome of non-
aggressive (MGHU3 and RT112) vs aggressive (KU19-19 and JMSU1) cell lines. This
data showed significant enrichment of TFEB genes in aggressive KU19-19 and
JMSU1 cells compared to the non-aggressive MGHU3 and RT112 cells and strongly
indicated that TFEB is active in aggressive bladder cancer cells (Fig 47B).

Conclusion: The bladder cancer cells MGHU3 and RT112 have a more cytosolic, and
hence presumably inactive TFEB, whereas aggressive cell lines KU19-19 and JMSU1
have a more nuclear/active TFEB. Our results indicate that cytosolic retention of
TFEB-GFP in RT112 cells is mTORC1-dependent. We find that autophagic flux and
expression of RRAGD is upregulated in aggressive cells (KU19-19 and JMSU1).
Because TFEB is a crucial transcriptional regulator of autophagy, this indicates a
TFEB hyperactivity in aggressive bladder cancer cells. Finally, our results of GSEA
analysis on the transcriptome of different bladder cancer cells vs NHU also showed
enrichment of TFEB genes in aggressive cell lines.

4.4 Regulation of TFEB in aggressive bladder cancer cells

We next focused on the understanding of the mechanisms behind TFEB activity /
nuclear translocation in aggressive cancer cells. As mentioned before, we observed
an upregulation of total protein level of 4EBP1 in these cells (KU19-19 and JMSU1).
Because both TFEB and 4EBP1 are substrates of mMTORC1, we tested whether TFEB
nuclear translocation could be due to substrate competition for mTORC1 dependent
phosphorylation between 4EBP1 and TFEB. We depleted 4EBP1 in JMSU1 cells by
siRNA knockdown (Fig 48A) and compared TFEB-GFP cellular localization between
control and si4EBP1 conditions. We did not observe any change in the localization of
TFEB-GFP in these cells (Fig 48B), TFEB-GFP remained mostly nuclear.

An important step of nuclear translocation of TFEB involves its dephosphorylation by
the phosphatase Calcineurin. Calcineurin activation has been shown to be dependent
on calcium release from lysosomes through the lysosomal calcium channel TRPML1
(MCOLN1) (Medina et al., 2015). Thus, we inhibited TRPML1 in JMSU1 cells using
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GW-405833 (ML-SI1) or incubated cells with the calcium chelator BAPTA (1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid). Both treatments led to the
cytoplasmic translocation of TFEB-GFP (Fig 49 A, B). This indicated that increased
dephosphorylation of TFEB by calcineurin in response to lysosomal calcium release
strongly contributes to the nuclear accumulation of TFEB in aggressive bladder cancer
cells.

Conclusion: Our results indicated that activation / nuclear translocation in JMSU1
cells could be due to increase lysosomal calcium signaling. Previous reports have
shown that TFEB increases peripheral lysosomes and regulates calcium homeostasis
(Sbano et al., 2017) proposing the hypothesis that TFEB activation could be an

important regulator of lysosomal dispersion in aggressive bladder cancer cells.

4.5 mTORC1-TFEB feed-back loop in aggressive bladder cancer
Our results indicated that there is concurrent activation of mMTORC1 and TFEB in
aggressive cell lines, JMSU1 and KU19-19. It has been previously shown that TFEB
induces RagD-mediated mTORC1 recruitment to lysosomes and its activation in
cancers such as melanomas, renal carcinomas and pancreatic adenocarcinomas with
upregulated MiT/TFE genes (Di Malta et al., 2017). We tested if mMTORC1 activity is
TFEB-dependent in bladder cancer cells. For this, we depleted TFEB in JMSU1 cells
and monitored mTORC1 phosphorylation of its substrates, 4EBP1 and S6K1. We
observed no change in 4EBP1 phosphorylation, but a very slight decrease in S6K1
phosphorylation (Fig 50A). Next, we tested if TFEB regulated the recruitment of mMTOR
to lysosomes. For this, we performed an immunofluorescence staining of LAMP1 and
mTOR in JMSU1 cells in control and siTFEB conditions. We observed a decrease in
mMTOR localization on lysosomes after siTFEB (Fig 50B) indicating that mTORC1
recruitment to lysosomes is regulated by TFEB possibly through inducing expression
of RagD which we find upregulated in these aggressive cells. However, no significant
change in phosphorylation of mTORC1 substrate S6K1 and 4EBP1 could indicate
presence of compensatory mechanisms in absence of mTORC1.

Conclusion: These results suggest that nuclear TFEB in aggressive bladder cancer
cell lines could be important for mTORC1 activation. This phenotype has been
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reported in several other cancers and is required for hyper cell proliferation and cancer
growth (Di Malta et al., 2017). However, a role of TFEB has not been reported in

bladder cancers yet, and thus could be of interest for further investigations.
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Fig 48. TFEB-GFP in JMSU1 after 4EBP1 depletion

A. Western blot analysis of 4EBP1 in siLUC and si4EBP1 conditions in JMSU1 cells, GAPDH represents the
loading control. B. Representative images of JMSU1 cells transfected with TFEB-GFP in siLUC and si4EBP1
conditions after 72h siRNA knockdown. Scale bar is (5um)
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Fig 49. TFEB-GFP in JMSU1 cells after inhibition of lysosomal calcium signaling calcium chelation in
cells

A. Representative images of JMSU1 cells transfected with TFEB-EGFP for 72 h and treated with ML-SI1 or
BAPTA AM for 3 h. Scale bars equal 10 um. B. Quantification of the nuclear fraction of the total mean TFEB-
EGFP fluorescent intensity in control, ML-SI1 and BAPTA AM treatment conditions (for >15 cells in each
condition). Data are depicted as mean + SEM. *** p<0.001, **** p<0.0001 Kruskal-Wallis test with Dunn post-
hoc test with Sidak correction
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Fig 50
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Fig 50. mTORC1 substrate phosphorylation and localization on lysosomes after TFEB
depletion

A. Western blot analysis of phosphorylated p-70-S6K1 (P-p70-S6K1) and phosphorylated 4EBP1
(P-4EBP1) in siLUC and siTFEB conditions in JMSU1 cells

B. Immunofluorescence staining of the lysosomal-associated membrane protein 1 (LAMP1,

CD107a) and mTOR in MGHUS3, RT112, KU19-19 and JMSU1. The zoom shows the merged
image for both proteins of the area in white box. Scale bars equal 15 pm.
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4.6 Regulators of lysosome positioning in bladder cancer cells lines
Because nuclear TFEB localization correlated with lysosome dispersion in bladder
cancer cells, we further investigated the role of TFEB in lysosome positioning. First,
we tested whether inducing nuclear translocation of TFEB in cells with cytoplasmic
TFEB (RT112) triggered anterograde lysosome movements. RT112 cells were treated
with rapamycin (4h) to induce TFEB nuclear translocation (Fig 42C, D), and
lysosomes were visualized by immunofluorescence against LAMP1. Inspection of
classically cultured cells revealed recurrent accumulation of lysosomes at the cell
periphery (Fig 51A). To better quantify lysosome positioning changes, we cultured
cells on adhesive micropatterns and calculated the nearest neighbor distance (NND)
of lysosomes in RT112 cells. Lysosomes were more dispersed after rapamycin
treatment in micropatterned cells (Fig 51B), and the average NND was significantly
increased as compared to untreated controls (Fig 51C). We additionally tested the
effect of TFEB activation by starvation (4h) in classically cultured RT112 cells.
Starvation induced nuclear translocation of TFEB in RT112 cells (Fig 52A, B) and
lysosomal dispersion post starvation (Fig 52 C).

Next, we targeted TFEB by siRNA depletion in JMSU1 cells, where TFEB was mostly
nuclear. Silencing of TFEB by either a pool of four siRNAs or four individual siRNAs
significantly reduced TFEB protein levels after 3d and reversed the scattered
lysosome phenotype in classically cultures JMSU1 cells (Fig 53 A-C). Quantification
of lysosome positioning on micropatterns revealed a significant decrease in the
average NND of lysosomes (Fig 54A, B) confirming TFEB-dependent regulation in
these high-grade bladder cancer cells.
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Fig 52. TEFB-GFP localization and lysosome positioning in RT112 cells after starvation

A. Representative images of RT112 cells transfected with TFEB-GFP for 72h in control and starvation
(EBSS,4h) conditions. B. Quantification of total mean intensity of TFEB-GFP in nucleus in RT112 cells in
control and starvation conditions. **** p<0.0001 in a Mann-Whitney U test, error bars are SEM C.
Immunofluorescence staining of the LAMP1 in control and starvation treated RT112 cells. White arrow
shows the peripheral clustering of lysosomes. Scale bars equal 10 pm.
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Fig 53. Lysosome positioning in JMSU1 cells after TFEB depletion

A. Immunofluorescence staining of LAMP1 in JMSU1 cells treated with siLUC and siTFEB for 72 h. Arrow
shows the perinuclear clustering of lysosomes. Scale bars equal 10 um. B. Western blot analysis of siTFEB
(72 h, with siRNA pool) in JMSU1 cells and quantification of TFEB levels normalized to GAPDH. Error bars
are SED of 7 independent experiments. ** p < 0.005 in a Mann-Whitney U test, error bars are SEM C.
Immunofluorescence staining against the lysosomal-associated membrane protein 1 (LAMP1, CD107a) in
JMSU1 cells after TFEB knockdown with individual siTFEB RNAs (72 h). Arrows show the perinuclear
clustering of lysosomes. Scale bar is 15 um. D. Western blot of TFEB knockdown with individual siTFEB RNAs
(72 h).
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Fig 54. Lysosome positioning on micropatterns in JMSU1 cells after TFEB depletion

A. Representative images of lysosomes visualized by immunofluorescence staining against LAMP1 in
micropatterned JMSU1 cells in control and siTFEB treatment conditions. B. Nearest neighbor distance
(NND in um) between lysosomes in micropatterned control (n= 23) and siTFEB (n= 34) treated JMSU1
cells; ** p < 0.01 in a Mann-Whitney U test, error bars are SEM
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Fig 55. Lysosome positioning in JMSU1 cells after Rapamycin treatment.

A. Immunofluorescence staining of the LAMP1 in control (DMSQO) and rapamycin (10 uM) treated
JMSU1 cells. White arrow shows the peripheral clustering of lysosomes. Scale bars equal 10 pm.
B. Representative images of lysosomes visualized by immunofluorescence staining against
LAMP1 in micropatterned JMSU1 cells in control and rapamycin treatment. C. Nearest neighbour
distance (NND in pm) between lysosomes in micropatterned control (n=25) and rapamycin treated
(n=24) JMSU1 cells; **** p <0.0001 in a Mann-Whitney U test, error bars are SEM
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Additionally, we tested the effect of rapamycin treatment on lysosome positioning in
JMSU1 cells. As shown before, rapamycin treatment in these cells led to inhibition of
mTORC1 activity. Because our results indicate that both, mTORC1 and TFEB, are
active in these cells, and TFEB is important for lysosomal dispersion, we aimed to test
if mMTORC1 regulates lysosomal dispersion in these cells. After rapamycin-dependent
inhibition of MTORCA1, lysosomes were visualized by LAMP1 IF in JMSU1 cells.
Classically cultured cells revealed accumulation of lysosomes at the cell center (Fig
55A). We also quantified this by culturing JMSU1 cells on micropatterns and
calculated the nearest neighbor distance (NND) of lysosomes. Lysosomes were more
clustered after rapamycin treatment in micropatterned cells (Fig 55B), and the average

NND was significantly increased as compared to untreated controls (Fig 55C).

Conclusion: TFEB regulates lysosomal dispersion in JMSU1 cells, because
lysosomal clustering is observed upon TFEB silencing in these cells. This suggests
that TFEB nuclear translocation drives lysosomal dispersion in these cells. In addition,
we reveal that mTORC1, which we find active in JMSU1 cells, is important for
lysosomal dispersion, because lysosomal clustering is observed upon mTORC1
inhibition. It seems that both, the TFEB and mTORC1 pathways, are active and
together participate in anterograde lysosome movement in aggressive bladder cancer
cell lines. Potentially, this could support the hyper proliferation of these cell lines.
Interestingly, treatment of less aggressive RT112 cells with rapamycin or nutrient
depletion inhibits mMTORC1, translocate TFEB into the nucleus and induces lysosomal

scattering. The specificity of TFEB is investigated in the next section.

4.7 TFEB-dependent mechanism of lysosome dispersion in RT112

cells

It has been shown that lysosomes translocate to the cell periphery upon
overexpression of protrudin, and conversely, cluster perinuclearly upon protrudin
depletion (Hong et al., 2017). Protrudin has been shown to form ER-lysosome
contacts, which helps in loading of kinesisn-1 to the motor adaptor FYCO1 on
lysosomes for anterograde trafficking (Raiborg et al., 2015) (Fig 59A). Thus, we next

tested whether recruitment of protrudin to lysosomes is TFEB-dependent. Again, we
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first induced nuclear translocation in RT112 cells, and thus, activation of TFEB by
rapamycin treatment and visualized protrudin by immunofluorescence. Because
protrudin is an ER-localized protein and only is found on lysosomes at ER-lysosome
contact sites, we measured the fraction of protrudin that is found on LAMP1-positive
lysosomes. We either treated RT112 cells with rapamycin or starved them (in Earle’s
Balanced Saline Solution, EBSS) for 4h, two conditions that induce nuclear TFEB. We
then monitored colocalization between LAMP1 and protrudin. We found that treatment
with rapamycin or starvation, significantly increased the fraction of protrudin found on
lysosomes (Fig 56 A, B). Next, we checked for the presence of colocalization in these
cells after a 24h treatment of rapamycin or starvation. This was done to confirm that
the observed colocalization was maintained at longer time intervals and could be
supported by the activation of transcription factor EB and downstream translation. We
found that treatment with rapamycin or starvation, significantly increased the fraction
of protrudin found on lysosomes after 24h of treatments (Fig 57 A, B). We next
investigated if the increased protrudin colocalization at lysosomes could be a result of
increased protein levels of protrudin induced by activated TFEB. We found no changes
in the total level of protrudin in RT112 cells after treatment of rapamycin or starvation,
either at 4h or 24h (Fig 58). However, starvation induced increased cell death in
RT112 cells, as observed by low signals of housekeeping protein GAPDH.
Recruitment of protrudin to lysosomes is regulated by the binding of its FYVE (Fab 1,
YOTB, Vac 1, and EEA1) domain to phosphatidylinositol-3-phosphate (PI13P) found on
endomembranes (Hong et al., 2017) (Fig 59A). We thus tested whether TFEB
regulated recruitment of another well-characterized FYVE domain protein, EEA1
(Early Endosome Antigen 1). EEA1 is recruited to early endosomes through binding
of its FYVE domain to PI3P on the early endosome membrane (Lawe et al., 2000) (Fig
59B). Consistent with protrudin results, we found a significant increase of EEA1 on
endomembranes upon treatment of RT112 cells with rapamycin as well as starvation,
both conditions which induce nuclear TFEB. In case of starvation, both 4h and 24h
treatment significantly induced more membrane bound EEA1 (Fig 60, 61) in RT112
cells. However, treatment with rapamycin showed no change in the levels of
membrane bound EEA1 at 4h and only significant increase in membrane bound EEA1
after 24h treatment (Fig 60, 61). No change was observed in the total protein levels of
EEA1 after treatments with rapamycin or starvation at either 4h or 24h time points in
RT112 cells (Fig 62).
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Fig 56. Protrudin colocalization on Lysosomes after 4h of rapamycin or starvation in RT112 cells
A. Immunofluorescence staining of LAMP1 (red) and protrudin (green) in control, rapamycin (10 uM, 4h)
and starvation (EBSS, 4h) treated RT112 cells. Zoom shows the merged image of both proteins in the
white box. White arrow shows the colocalization between LAMP1 and protrudin. Scale bars are 15 um.
B. Quantification of protrudin integrated intensity on lysosomes normalized to total cellular protrudin, in
control, rapamycin and starvation treated RT112 cells; **** p<0.0001 Kruskal-Wallis test with Dunn post-
hoc test with Sidak correction

Fig 57 RT112

LAMP1 Protrudin Merge ZOOM

%k %k %k %k

Control

Rapamvcin 24h
Protrudin on lysosomes /
total Protrudin
(Integrated Intensity)

Starvation 24h

Fig 57. Protrudin colocalization on Lysosomes after 24h of rapamycin or starvation in RT112 cells

A. Immunofluorescence staining of LAMP1 (red) and protrudin (green) in control, rapamycin (10 yM, 24h) and
starvation (EBSS, 24h) treated RT112 cells. Zoom shows the merged image of both proteins in the white box. White
arrow shows the colocalization between LAMP1 and protrudin. Scale bars are 15 ym. B. Quantification of protrudin
integrated intensity on lysosomes normalized to total cellular protrudin, in control, rapamycin and starvation treated

RT112 cells; * p<0.05, **** p<0.0001 Kruskal-Wallis test with Dunn post-hoc test with Sidak correction.
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Fig 59. Schematic showing binding of protrudin and EEA1 to lysosome and endosome

A. Schematic showing binding of protrudin to lysosomes through its FYVE domain and lysosome
anterograde movement through kinesin-1. B. Binding or EEA1 to early endosomes through its FYVE
domain
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Fig 61. EEA1 localization on endomembranes after 24h of rapamycin or starvation in RT112 cells
A. Representative images of EEA1 staining in RT112 cells in control rapamycin (10 uM, 24h) and
starvation (EBSS, 24h) conditions. Zoom shows one single cell. Scale bars are 15 ym. B. Quantification
of EEA1 integrated intensity on segmented spots normalized to total cellular EEA1, in control, rapamycin
and starvation conditions in RT112 cells; ****p<0.0001 in a Kruskal-Wallis test with Dunn post-hoc test
with Sidak correction, error bars are SEM.
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Fig. 62. Total EEA1 in RT112 cells after Rapamycin or starvation treatments

A. Western blot analysis of Protrudin in control, Rapamycin (10 uM, 4h) and starvation
treatments (EBSS, 4h) in RT112 cells. GAPDH represents the loading control. B. Western
blot analysis of Protrudin in control, Rapamycin (10 yM, 24h) and starvation treatments
(EBSS, 24h) in RT112 cells. GAPDH represents the loading control
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TFEB being a transcription factor, we checked if the accumulation of these two FYVE
domain proteins on lysosomes was translation dependent. We treated RT112 cells
with rapamycin for 24h, either in the presence or absence of the translation inhibitor
cycloheximide (CHK). We monitored localization of protrudin on lysosomes and levels
of membrane bound EEA1 by immunofluorescence and colocalization with Lamp1. In
the presence of translation inhibitor CHK, EEA1 binding to endomembranes
decreased in cells treated with rapamycin (Fig 64 A, B). Recruitment of protrudin to
lysosomes however showed no decrease after treatment of RT112 cells with CHK.
Rapamycin induced recruitment of protrudin to lysosomes was maintained even after
blocking of translation with CHK (Fig 63 A, B), As before, no changes in the total levels
of protrudin or EEA1 was observed after treatment with rapamycin or rapamycin along
with cycloheximide when compared to control RT112 cells (Fig 65 A, B)

Finally, we tested whether the phenotype of increased recruitment of FYVE domain
proteins to endomembranes, namely protrudin and EEA1, was TFEB dependent. We
performed TFEB depletion through a siRNA approach (72h) in RT112 cells and
monitored recruitment of protrudin or EEA1 to lysosomes in control, rapamycin 24h,
siTFEB + rapamycin24h and only siTFEB conditions. We observed an increase in the
levels of protrudin and EEA1 on lysosomes after 24h treatment of rapamycin, (Fig 66
A, B; Fig 67A, B). Whereas TFEB depletion significantly decreased the fraction of
membrane bound EEA1 (Fig 67 A, B), we did not observe differences in protrudin
levels on lysosomes after siTFEB (Fig 66 A, B). Additionally, siTFEB treatment in
RT112 cells (without any rapamycin activation) significantly decreased membrane
bound EEA1 compared to control (Fig 67 A, B). siTFEB treatment (without any
rapamycin activation) gave no change in recruitment of protrudin on lysosomes and
the fraction of protrudin found on lysosomes was comparable to control RT112 cells
(Fig 66 A, B). As before, we also monitored levels of total EEA1 and protrudin protein
after siTFEB treatment and found very slight decrease in the levels of both EEA1 and
protrudin after TFEB depletion in RT112 cells (Fig 68 A-C).
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Fig 63. Protrudin localization on lysosomes after rapamycin and rapamycin + CHK treatment in
RT112 cells

A. Immunofluorescence staining of LAMP1 (red) and protrudin (green) in control (DMSO), rapamycin (10
MM, 24 h) and cycloheximide (20 ug/mL, 24 h) conditions. Zoom shows the merged image of both proteins
in the white box. White arrow shows the colocalization between LAMP1 and protrudin. Scale bars are 15
pum. B. Quantification of protrudin integrated intensity on lysosomes normalized to total cellular protrudin
in control, rapamycin and cycloheximide treatment conditions in RT112 cells; ****p<0.0001in a Kruskal-
Wallis test with Dunn post-hoc test with Sidak correction, error bars are SEM)
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Fig. 65. Total EEA1 and protrudin in RT112 cells after Rapamycin and rapamycin

CHK treatments

A. Western blot analysis of Protrudin in control, Rapamycin (10 uM, 24h) and Rapamycin + CHK (20 pg/mL,
24 h) treatments in RT112 cells. GAPDH represents the loading control. B. Western blot analysis of EEA1
in control, Rapamycin (10 uM, 24h) and Rapamycin + CHK (20 pg/mL, 24 h) treatments in RT112 cells.
GAPDH represents the loading control.
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Fig 66. Protrudin localization on lysosomes after rapamycin and siTFEB + rapamycin treatment in
RT112 cells

A. Immunofluorescence staining of LAMP1 (red) and protrudin (green) in control, rapamycin (10 uM, 24 h),
siTFEB (72h) + Rapamycin and siTFEB (72h) conditions in RT112 cells. Zoom shows the merged image of
both proteins in the white box. White arrow shows the colocalization between LAMP1 and protrudin. Scale
bars are 15 ym. B. Quantification of protrudin integrated intensity on lysosomes normalized to total cellular
protrudin in control, rapamycin, rapamycin + siTFEB and siTFEB treatment conditions in RT112 cells;
****n<0.0001in a Kruskal-Wallis test with Dunn post-hoc test with Sidak correction, error bars are SEM)
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Fig 67. EEA1 localization on endomembranes after rapamycin and siTFEB + rapamycin treatment

RT112 cells

A. Representative images of EEA1 staining in RT112 cells in control, rapamycin (10 yM, 24 h), siTFEB (72h) +
Rapamycin and siTFEB (72h) conditions. Zoom shows one single cell. Scale bars are 15 ym. B. Quantification
of EEA1 integrated intensity on segmented spots normalized to total cellular EEA1, in control, rapamycin (10
MM, 24 h), siTFEB (72h) + Rapamycin and siTFEB (72h) conditions in RT112 cells; ****p<0.0001, **p<0.01in a

Kruskal-Wallis test with Dunn post-hoc test with Sidak correction, error bars are SEM)
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Fig. 68. Total EEA1 and protrudin in RT112 cells after rapamycin and siTFEB + rapamycin treatment
A. Western blot analysis of Protrudin, EEA1 and TFEB in control, rapamycin (10 uM, 24 h), siTFEB (72h) +
Rapamycin (24h) and siTFEB (72h) conditions in RT112 cells. GAPDH represents the loading control. B.
Western blot quantification of EEA1 and C. protrudin in control, rapamycin (10 uM, 24 h), siTFEB (72h) +
Rapamycin (24h) and siTFEB (72h) normalized to GAPDH in RT112 cells. Error bars represent the s.d of
multiple experiments
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Conclusion: Our results showed that in RT112 cells, treatment of rapamycin or
starvation induced nuclear TFEB and significantly induced recruitment of protrudin to
lysosomes required for lysosomal dispersion. Since recruitment of protrudin to
lysosome is through its FYVE domain, we also tested if TFEB was important for
recruitment of another classic FYVE domain protein, EEA1. We found that similar to
protrudin EEA1 recruitment to endomembrane was significantly increased upon TFEB
nuclear induction by rapamycin or starvation. This indicated that TFEB activation
regulated binding of FYVE domain protein to lysosomes, and in general to
endomembranes, and thus, regulated lysosomal dispersion. We tested the specific
role of TFEB in recruitment of these FYVE domain proteins by inhibition of translation
post TFEB nuclear induction or by depletion of TFEB by siRNA. We observed no
decrease in fraction of protrudin on lysosome that was induced by rapamycin
treatment after concurrent treatments with cycloheximide (CHK) or siTFEB. This
indicated that recruitment of protrudin could also be maintained by TFEB-independent
mechanisms. In case of EEA1, we observed that the fraction of membrane bound
protein after rapamycin treatment was decreased when concurrently treated with
either translation inhibitor or siTFEB. Because the FYVE domain specifically binds
PI3P at endomembranes, we hypothesize that TFEB regulated PI3P levels that we

further investigated.

4.8 TFEB-dependent mechanism of lysosome dispersion in JMSU1

cells

Building on our results from RT112 cells, we next tested whether TFEB regulates
PI3P levels in JMSU1 cells. We performed TFEB depletion in these cells through
siRNA interference. We then observed through immunofluorescence the recruitment
of protrudin and EEA1 to lysosomes between control and siTFEB conditions. We found
that depletion of TFEB (72h) significantly reduced the fraction of protrudin and EEA1
on lysosomes (Fig 69A, B) (Fig 70A, B). Again, we tested if this phenotype was a
result of changes in the total levels of protrudin or EEA1 after TFEB depletion and
found no major changes in the total levels of these two FYVE domain proteins (Fig
71A, B).
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Fig 69. Protrudin colocalization on Lysosomes after TFEB depletion in JMSU1 cells

A. Immunofluorescence staining of LAMP1 (red) in and protrudin (green) in JMSU1 cells in control
(siLUC) and siTFEB (72 h) treatment conditions. Zoom shows the merged image of the two proteins
in the white box. White arrow shows the colocalization between LAMP1 and protrudin. Scale bars are
15 uym. B. Quantification of protrudin integrated intensity on lysosomes normalized to total cellular
protrudin, in control (siLUC) and siTFEB in JMSU1 cells; p<0.0001 in a Mann-Whitney U test, error

bars are SEM
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Fig 70. EEA1 localization on
endomembranes after TFEB
depletion in JMSU1 cells

A. Representative images of
EEA1 staining in JMSU1 cells in
control (siLUC) and siTFEB (72 h)
conditions. Zoom shows area in
white box. Scale bars are 15 ym.
B. Quantification of EEA1
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Fig. 71. Total protrudin and EEA1 and
JMSU1 cells siTFEB

A. Western blot analysis of Protrudin in
control (siLuc) and siTFEB (72h) in JMSU1
cells. GAPDH represents the loading control.
B. Western blot analysis of EEA1 in control
(siLuc) and siTFEB (72h) in JMSU1 cells.
GAPDH represents the loading control
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Conclusion: In JMSU1 cells, TFEB regulates recruitment of FYVE domain proteins
such as protrudin and EEA1. Since FYVE domains specifically bind PI3P
(Phosphatidylinositol-3-phosphate), our results indicated that TFEB could potentially
regulate PI3P levels.

4.9 Regulation of Phosphatidyl inositol 3-phosphate in JMSU1 cells
We then studied levels of PI3P in JMSU1 cells in the presence and absence of TFEB.
To monitor PI3P, we transiently expressed a cellular probe consisting of the PI3P-
binding FYVE domain from the human homologue of the hepatocyte growth factor-
regulated tyrosine kinase substrate Hrs, duplicated in tandem as an EGFP fusion
construct (EGFP-FYVE)(Gillooly et al., 2000). We expressed EGFP-FYVE in JMSU1
cells and monitored the fraction of this construct (normalized to its total expression) on
LAMP1-positive lysosomes upon knock down of TFEB. Most PI3P is found to be on
early and late endosomes, thus as expected, EGFP-FYVE showed an endosomal
staining and only partially colocalized with lysosomes (Fig 72A, B). Silencing of TFEB
by siRNA significantly decreased the normalized fraction of EGFP-FYVE found on
LAMP1-positve lysosomes in JMSU1 cells (Fig 72A, B). Moreover, we measured a
significant reduction of membrane-bound EGFP-FYVE (normalized to total cellular
expression levels) after knock-down of TFEB (Fig 73A, B). As a control, membrane-
bound EGFP-FYVE was lost after treated with Wortmannin, an inhibitor of class Il and
class Ill PI3 kinases, which reduces the cellular levels of PI3P. Moreover, levels of
EGFP-FYVE on LAMP1-positive lysosomes were significantly decreased after
wortmannin treatment in JMSU1 cells (Fig 74A, B). To confirm the role of PI3P in in
lysosomal dispersion, we cultured JMSU1 cells in classic cultures and on
micropatterns and treated them with wortmannin. We observed that this significantly
reversed the scattered lysosome phenotype (Fig 75A, B). Quantification on
micropatterns revealed a significant decrease in the average NND of lysosomes (Fig
75C) confirming a PI3P-dependent lysosome scattering in these cells.

Finally, we investigated whether TFEB regulates class Il PI3 kinase (PIK3C3 /
VPS34). PIK3C3 is important for the localized conversion of phosphatidylinositol (PI)
to phosphatidylinositol-3-phosphate at endosomes, which is important for fusion of

lysosomes and autophagosomes (Bechtel et al., 2013). We performed TFEB knock
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Fig 72. EGFP-FYVE colocalization on lysosomes after siTFEB in JMSU1 cells.

A. Immunofluorescence staining of LAMP1 (red) in control (siLUC) and siTFEB (72 h) treated JMSU1 cells
transfected with EGFP-FYVE (green). Zoom shows the merged images of LAMP1 and EGFP-FYVE in
white box. White arrow shows the colocalization between LAMP1 and EGFP-FYVE. Scale bars equal 10
pum. B. Quantification of EGFP-FYVE integrated intensity on lysosomes normalized to total cellular EGFP-
FYVE, in siLUC and siTFEB treated JMSU1 cells; p<0.0001 in a Mann-Whitney U test, error bars are
SEM.
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Fig 73. EGFP-FYVE localization on endomembranes after siTFEB in JMSU1 cells

A. Representative images of control (siLUC) and siTFEB (72 h) treated JMSU1 cells
expressing EGFP-FYVE. Zoom shows EGFP-FYVE in white box. Scale bars equal 15 um. D.
Quantification of EGFP-FYVE integrated intensity on segmented spots normalized to total
cellular EGFP-FYVE, in siLUC and siTFEB JMSU1 cells; p<0.0001 in a Mann-Whitney U test,
error bars are SEM
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Fig 74. EGFP-FYVE localization on lysosomes after wortmannin treatment in JMSU1 cells

A. Immunofluorescence staining of LAMP1 (red) in control (DMSO) and Wortmannin(1puM) treated JMSU1
cells transfected with EGFP-FYVE (green). Zoom shows the merged images of LAMP1 and EGFP-FYVE in
white box. White arrow shows the colocalization between LAMP1 and EGFP-FYVE. Scale bars equal 10 um.
B. Quantification of EGFP-FYVE integrated intensity on lysosomes normalized to total cellular EGFP-FYVE, in

control and wortmannin treated JMSU1 cells; ***p<0.001 in a Mann-Whitney U test, error bars are SEM
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A. Immunofluorescence staining of LAMP1 in control (DMSO) and wortmannin
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down in JMSU1 cells and monitored PIK3C3 levels by western blotting. We found that
TFEB depletion significantly decreased protein levels of PIK3C3 in JMSU1 cells (Fig
76A, B). This indicated that expression of this P13 kinase is under the regulation of
TFEB in this aggressive bladder cancer cell line.

Conclusion: Our results indicate that TFEB regulates PI3P levels on lysosomes,
which is required for lysosomal dispersion. This proposes that increased cellular PI3P
levels in JMSU1 downstream of TFEB activation could results in a scattered lysosome
phenotype observed in this cell line.

Results Aim 3 - Implications of lysosomal signaling and positioning

in bladder cancer progression

4.10 Regulation of lysosome-dependent secretion and invasion in

bladder cancer cells

Lysosomal exocytosis is known to facilitate secretion (release) of matrix
metalloproteinases (MMPs) and cathepsins, which degrade the tumor extracellular
matrix and support cancer invasion. Since role of peripheral lysosomes in cancer has
been implicated in lysosomal secretion/exocytosis, we studies whether dispersion of
lysosomes in bladder cancer cell lines correlates with increased secretion from these
cells. We monitored the secretion of matrix metalloproteinase (MMPs) by measuring
the MMP enzymatic activity in the supernatant from same number of cells after
overnight culture. We used a MMP activity assay kit that employs a generic MMP
peptide substrate tagged with 5-FAM (5-Carboxyfluorescein) and a quencher so that
it does not fluoresce, however, when cleaved by MMPs in the samples, it emits a
fluorescence that can be monitored to estimate the MMPs activity. Our results
indicated that JMSU1 cells showed MMP activity of about 0.6 uM at the end of the 24h
reaction / degradation of the MMP substrate, this was higher than those of the other
three cell lines that had comparable MMP activity of about 0.4 uM after the 24h
reaction (Fig 77A). To investigate if MMP secretion was dependent on the lysosome
positioning, we used RT112 cells and JMSU1 cells with the BicD2 dimerization system
cluster lysosomes. We performed the MMP activity assay from the media collected
from these cell lines growing for 24h in control conditions or with A/C heterodimerizer.
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We found no difference in the MMP activity between the cells without or with A/C-
induced lysosome clustering, in either of the two cell lines (Fig 77B, C). This indicated
that lysosome clustering did not impact the total MMP secretion in these cells.
However the differences could be more subtle, thus, we next monitored the direct
fusion of a lysosomal Soluble N-ethylmaleimide-sensitive-factor Attachment protein
REceptor (SNARE), namely the Vesicle-associated membrane protein 7 (VAMP7) by
TIRF (Total Internal Reflection Microscopy). VAMP7 was tagged with pHluorin and
transiently expressed in the bladder cancer cell lines. The pHIluorin signals are
quenched in the acidic lysosomal lumen, but upon fusion of lysosomes to the plasma
membrane, protons are released from the lumen that leads to a rapid increase in
fluorescence (Fig 78A, C). We observed that non aggressive MGHU3 and RT112 cell
lines had barely any of lysosomal exocytosis (Fig 78B). The KU19-19 and JMSU1 cell
lines however showed events of lysosomal exocytosis (Fig 78B). The mean rate of
exocytosis was about 5 secretion events / min in KU19-19 cells and about 20 secretion
events/ min in JMSU1 cells (Fig 78B). We next investigated if VAMP7-facilitated
exocytosis was dependent on lysosomal positioning. For this, we used JMSU1 cells
stably expressing the BicD2 dimerization system for lysosomal clustering (Fig 79A,
B), which transiently expressed VAMP7-pHIluorin. We found the rate of lysosomal
exocytosis per minute to be reduced by about half upon clustering of lysosomes than
compared to the control cells. This indicated that lysosome positioning regulated
secretion in JMSU1 cells.

Next, we investigated if TFEB-dependent lysosomal changes impacted invasion. We
performed 3D spheroid invasion assays after treating JMSU1 cells with siLuc or
siTFEB. Cells were siRNA transfected before formation of spheroids, which took about
4 days, and again once spheroids were embedded in collagen gel and grown at 37°C.
We observed that invasion started from both, siLUC and siTFEB-treated spheroids,
within 24h of collagen embedding, with no differences between the two conditions (Fig
80A). However, after monitoring the spheroids in the subsequent days (upto 3 days),
we found that the spheroids with a TFEB knock down did not invade as much as the
control (siLUC) spheroids (Fig 80A). We quantified the area of invasion by
segmentation of all cells (in yellow, Fig 80A) and found significant decrease in the
area of invasion after siTFEB (Fig 80B).
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Finally, we tested whether TFEB regulated cell proliferation and cell migration in this
aggressive cell line employing the technique of lens-free microscopy. We transfected
JMSU1 cells with siTFEB or siLuc and captured movies of a big field of view (29.4m?)
for 3 days. Cell proliferation was measured by monitoring the increase in the number
of cells as a function of time (over 3 days) in either of the treatment conditions. Cell
migration was measured by tracking individual cells in siLuc and siTFEB conditions to
calculate the speed of cell migration (um/hour). Cells proliferated in logarithmic
manner in control siLuc condition, reaching a peak (confluency) at around 3days, but
the proliferation was significantly slower in cells treated with siTFEB. (Fig 81A). Cell
migration in most of the cells of control siLuc condition was about 0.2um / hour and
which was reduced to almost zero post TFEB knockdown (Fig 82B).

Conclusion: JMSU1 and KU19-19 cells show more lysosomal exocytosis as
compared to MGHUS3 and RT112 cells. MMP activity in media from growing bladder
cancer cells correlates to secretion rates found by TIRF imaging. However, although
VAMP-7-dependent secretion was reduced after lysosomal clustering by A/C
heterodimerizer, no changes in MMP activity were detected. Depletion of TFEB in
JMSU1 cells leads to less VAMP7- pHluorin exocytosis and decreased invasion from
3D spheroids.
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Fig 77. MMP secretion in bladder cancer cells
A. MMP activity (uM) in MGHU3, RT112, KU19-19 and JMSU1 cells over 24h of reaction with MMP
substrate . Data represented as mean and s.d of 3 independent experiments.

B. MMP activity (uM) in RT112 cells with BicD2 dimerization system in control (DMSO) and with A/C
heterodimerizer treatment condition, over 24h of reaction with MMP substrate. Data represented as
mean and s.d of 3 independent experiments. C. MMP activity (uM) in JMSU1 cells with BicD2
dimerization system in control (DMSQO) and with A/C heterodimerizer treatment condition, over 24h
of reaction with MMP substrate. Data represented as mean and s.d of 3 independent experiments
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Fig 78. Lysosomal exocytosis in bladder cancer cells

A. Schematic of VAMP7-pHIluorin tagged lysosomes exocytosis and fluorescence detection. B.
Quantification of VAMP7-pHIuorin tagged lysosome exocytosis in MGHU3, RT112, KU19-19 and JMSU1.*
p value<0.05, ** p value <0.01, **** p value <0.0001 in a Kruskal-Wallis test with Dunn post-hoc test with
Sidak correction, error bars are SEM.) C. Representative images showing appearance of VAMP7-pHluorin
tagged lysosome and its exocytosis in subsequent time frames (in seconds). White circle and arrow mark
the region of exocytosis.
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Fig 79. Lysosomal exocytosis in JMSU1 after lysosome clustering

A. Representative image of mCherry-LAMP1 tagged lysosomes in JMSU1 cells with the BicD2
dimerization system in control (DMSOQ) or A/C heterodimerizer treated conditions. Scale bar is 5pm.
B. Quantification of VAMP7-pHluorin tagged lysosome exocytosis in mCherry-LAMP1 tagged
lysosomes in JMSU1 cells with the BicD2 dimerization system in control (DMSO) or A/C
heterodimerizer treated conditions. * p value < 0.05 in a Mann-Whitney U test, error bars are SEM
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Fig 80. Spheroid invasion assay in JMSU1 cells in control (siLuc) and siTFEB conditions
A. 3D invasion of JMSU1 spheroids into collagen | matrix in control conditions of control (siLUC)
or siTFEB. Scale bar is 300um (unless stated otherwise) Yellow border around the spheroid
represents the area of segmentation for analysis of area of invasion. B. Quantification of the area
of invasion of 3D spheroids of JMSU1 in control (siLuc, n=15) or siTFEB (n=15) conditions. * p
value< 0.05 in a Mann-Whitney U test, error bars are SEM.
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Fig 81. JMSU1 cell proliferation and migration after TFEB depletion

A. Proliferation of JMSU1 cells analysed as the increase in the number of cells in the treatment with
siLuc or siTFEB over a course of 3 days.

B. Migration of JMSU1 cells analysed as the number of cells moving at a particular cell speed (um/hour)
in the treatment with siLuc or siTFEB. Area under the curve of the red line represents the distribution
of the cell population as a function of their speed.
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Results Aim 4 — Role of lysosome positioning in bladder cancer

metabolism

4.11 Role of lysosome positioning in bladder cancer metabolism
Since TFEB is a well-established regulator of cellular metabolism (Mansueto et al.,
2017) the question emerges if lysosome positioning impacts cancer cell metabolism.
Altered cell metabolism is an important hallmark of cancer (Pavlova and Thompson,
2016). Cancer cells are known to use opportunistic ways of nutrient accumulation and
depict an increased dependency on nutrients such as glucose, glutamine etc. for cell
proliferation. Glutamine addiction has been observed in several cancers and has been
established as an important cancer characteristic (Wise and Thompson, 2010).
Glutamine serves not only as a nitrogen source for nucleotide synthesis, but also is
used by cancer cells as a substrate for mitochondrial tricarboxylic acid (TCA) cycle
(Pavlova and Thompson, 2016). Bladder cancers have shown dependency on
glutamine under conditions of glucose depletion (Whyard et al., 2016). We thus first
tested the rate of glutamine consumption in different cell lines (MGHU3, RT112, KU19-
19 and JMSU1). We performed glutamine measurements in the media collected from
equal number of cells growing for 24h in standard cell culture conditions and compared
it to the cell culture media without the cells. Cell culture media contained about 200
mg/L (0.2g/L) of glutamine and the concentration of glutamine in the media collected
from bladder cancer cells reduced gradually between non aggressive MGHU3 to
aggressive JMSU1 cells (Fig 82). This showed that cells with more peripheral
lysosomes, consumed more glutamine compared to whose with central lysosomes.
We next employed the Seahorse Mito Fuel Flex assay which measure the cellular fuel
preference for mitochondrial respiration. This assay uses a combination of inhibitors
to study the dependency and flexibility (in stress conditions when the consumption of
alternative nutrient is blocked) of cells to oxidize the 3 basic substrates for
mitochondrial oxidation, namely glucose (which is converted to pyruvate at the end of
glycolysis and used for mitochondrial TCA cycle), glutamine and fatty acids (FA). We
performed this assay with non-aggressive RT112 and aggressive JMSU1 cells and
found that the reliance on glucose (or pyruvate) for mitochondrial respiration was
similar between these (Fig 83). However, JMSU1 cells had more flexibility of
consuming glutamine and FA in stress conditions compared to the RT112 cells (Fig
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83). These results indicated that the JMSU1 cells were better adapted to upregulate
mitochondrial respiration and energy production by switching to alternative fuels in
stress conditions compared to RT112 cells. Cancer cells are known to drastically
increase the uptake of glucose and to rely on glycolysis for energy production rather
than the more energetic mitochondrial respiration pathway, an effect termed the
Warburg effect (Warburg, 1956). We thus analyzed the cell energetic phenotype of all
bladder cancer cells to understand the preferred energetic pathways employed using
the Seahorse Cell Energy Phenotype assay. This assay calculates cellular glycolysis
by monitoring the Extra Cellular Acidification Rate (ECAR), because glycolysis
generates H* ions and leads to cellular and extracellular acidification. Mitochondrial
respiration/oxidative phosphorylation is calculated in terms of Oxygen Consumption
Rate (OCR). Our results indicated that aggressive KU19-19 and JMSU1cells exhibited
a higher rate of glycolysis and oxidative phosphorylation than the non-aggressive
RT112 and MGHU3 cells (Fig 84A, B). Additionally, the cell energetic phenotype
showed that all four bladder cancer cell lines were capable of upregulating both
glycolysis and mitochondrial respiration under stress conditions, although at a widely
different scale (Fig 84C).

To better understand the role of lysosome positioning for cell metabolism we further
monitored cellular pH in bladder cancer cells. Lysosomes change their positioning as
a response to changes in the cytosolic pH and acidic conditions disperse the
lysosomes to cell periphery in a rapid and reversible manner (Korolchuk et al., 2011)
(Heuser, 1989b). Changes in cellular pH could be a downstream phenotype of cellular
metabolism such as glycolysis, which decreases cytoplasmic pH by generation of H*
ions. Thus, we asked whether peripheral positioning in bladder cancer cell lines is
correlated with acidification of the cytoplasm. To test this, we incubated cells with the
commercially available dye pHrodo-green, whose fluorescence intensity increases
with decreasing pH. We found that cytoplasmic pH was indeed decreased in KU19-19
and JMSU1 as compared to MGHU3 and RT112. JMSU1 cells showing the lowest pH
as observed by highest fluorescence of pHRodo-green (Fig 85A, B).

Next, we tested if the TFEB-dependent lysosomal scattering in JMSU1 cells could
result from changes in cellular pH. To test this, we performed TFEB depletion in
JMSU1 cells and monitored cell pH by incubating the cells with pHrodo-green in
control (siLuc) and siTFEB conditions (Fig 86A). Quantification of pHrodo-green
signals showed that TFEB knock down in JMSU1 cells increases the cell pH observed,
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because pHrodo-green fluorescence intensity decreased in cells with TFEB depletion
(Fig 86B).

Mammalian cells are surrounded by different kinds of nutrients such as glucose, amino
acids and other micronutrients which need to be internalized via the endosomal
pathway for cells to utilize metabolize them and meet their energy demands (Palm and
Thompson, 2017). Because TFEB has been shown to regulate endocytic genes, one
of the most prominent pathways of nutrient acquisition in mammalian cells, we
monitored endocytosis in RT112 and JMSU1 cells. We performed the DQ BSA (Dye
Quenched-Bovine Serum Albumin) uptake assay: DQ BSA is endocytosed and
delivered to the lysosomes, where it is lysed by lysosomal proteases and allows to
releases the quencher for fluorescence. We first compared the rate of DQ BSA uptake
between RT112 and JMSU1 cells by incubating the cells with the dye at 37°C for
different timepoints, 2h, 3h and 5h (Fig 87A). We observed that the JMSU1 cells had
more uptake of DQ BSA, which increased over the timepoints. In RT112 cells, the
uptake of DQ BSA was lower compared to JMSU1 cells and showed almost no change
between the time points (Fig 87B). These results showed that JMSU1 cells performed
more endocytosis of DQ BSA than RT112 cells. To check the role of TFEB in
regulating DQ BSA uptake, and hence endocytosis of nutrients, we performed TFEB
depletion in both RT112 and JMSU1 cells before incubation with DQ BSA at 37°C for
3h. We observed that while there was no difference in the DQ BSA signals between
siLuc and siTFEB treatments (Fig 88A, B) in RT112 cells, there was a slight but
significant decrease in DQ BSA signals after siTFEB in JMSU1 cells (Fig 88C, D).
Together these results indicated that nuclear TFEB in JMSU1 cells increased

endocytosis.

Conclusion: We found that aggressive KU19-19 and JMSU1 cells reveal an
upregulation of both, glycolysis and oxidative phosphorylation, compared to less
aggressive cells. Interestingly, lysosomal dispersion correlated with lower cytosolic pH
in aggressive cells. However, TFEB depletion that reversed the lysosomal dispersion
in high grade JMSU1 cells did not decrease intracellular pH, as expected, but showed
the contrary phenotype of pH increase. This indicated that there is a more complex
regulation between cellular pH, metabolism, TFEB and lysosomal positioning.
Additionally, we found that endocytosis, the pathway of acquiring nutrients, was also
upregulated in JMSU1 cells and was under regulation of TFEB. The connection
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between TFEB activation and metabolic dysregulation in cancer requires further

experimentation.
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Fig 82. Glutamine utilization by bladder cancer cells
Measurement of glutamine concentration in the media taken from equal number of
bladder cancer cells (MGHU3, RT112, KU19-19, JMSU1) growing at 37°C for 24h
compared to the concentration of complete media control. Data is represented as mean
and s.d of 3 independent experiments.
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Fig 83. Seahorse Mito Fuel Flex assay in RT112 and JMSU1 cells
Analysis of percentage of dependency and percentage of flexibility of
consumption of glucose, glutamine or Fatty acids (FA) for mitochondrial
respiration in RT112 and JMSU1 cells. Data represented as mean and s.d
of the cell population.
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Fig 84. Seahorse Cell Phenotype assay in bladder cancer cells

A. Graph showing glycolysis in MGHU3, RT112, KU19-19, and JMSU1 cells measured as the
extra cellular acidification rate (ECAR) (mpH/min). Data represented as mean and s.d. of the cell
population B. Graph showing mitochondrial oxidative phosphorylation in MGHU3, RT112, KU19-
19, and JMSU1 cells measured as the oxygen consumption rate (OCR) (pmol/min). Data

represented

as mean and s.d. of the cell population. C. Graph depicting the cell energy

phenotype of MGHU3, RT112, KU19-19, and JMSU1 cells. For each cell lines, relative utilization

of glycolysis

and oxidative phosphorylation is represented at baseline condition (Lighter circle)

and stressed condition (solid circle). Data is represented at the mean and s.d. of the cell

population.
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Fig 86. Intracellular pH in JMSU1 after siTFEB

A. Representative images of intracellular pH sensor pHrodo-green (green) in JMSU1 cells in
control (siLuc) and siTFEB treatment conditions. Scale bar is 5 um. B. Quantification of pH
sensor pHrodo-green (a.u) normalized to cell area in JMSU1 in control (siLuc) and siTFEB
treatment conditions. **** p value < 0.0001 in a Mann-Whitney U test, error bars are SEM.
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Fig 87. DQ BSA (Dye Quenched-Bovine Serum Albumin) uptake assay in RT112 and JMSU1

A. Representative image of DQBSA staining in RT112 and JMSU1 cells after 2h, 3h and 5h of DOBSA
addition to the cells. Scale bar are 10um. B. Quantification of the mean DQBSA intensity per cell in
RT112 and JMSU1 after 2h, 3h and 5h of uptake. Error bars are the s.d.
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Fig 88. DQ BSA (Dye Quenched-Bovine Serum Albumin) uptake assay in RT112 and JMSU1
after siTFEB

A. Representative image of DQBSA staining in RT112 cells after 3h of DOBSA addition to the cells in
control (siLuc) and siTFEB conditions (72h). Scale bar are 10pym. B. Quantification of the mean
integrated DQBSA intensity per cell in RT112 in control (siLuc) and siTFEB treatment conditions. Ns
p value> 0.05 in a a Mann-Whitney U test, error bars are SEM. C. Representative image of DQBSA
staining in JMSU1 cells after 3h of DOBSA addition to the cells in control (siLuc) and siTFEB conditions
(72h). Scale bar are 10um. D. Quantification of the mean integrated DQBSA intensity per cell in
JMSU1 in control (siLuc) and siTFEB treatment conditions. ** p value < 0.01 in a Mann-Whitney U test,
error bars are SEM.
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Chapter 5

Discussion and Perspectives
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Discussion and perspectives:

Previous results in the lab have shown that lysosomes disperse towards the
cell periphery in aggressive bladder cancer cell lines that represent high grade tumors,
a phenotype that was not seen in normal human urothelium cells. The objective of this
project was to study lysosomal functional changes that accompany the lysosomal
dispersion, and the mechanism that sustain this phenotype.

5.1 Impact of lysosome dispersion on mTORC1 signaling

mTORC1 signaling takes place at the surface of lysosomes, and mTORC1 has
been shown to assemble on peripheral lysosomes in response to cellular nutrients
(Hong et al., 2017; Korolchuk et al., 2011). Thus, we first studied whether intrinsic
lysosomal dispersion in aggressive cancer cell lines could activate mTORC1. We
found that mTORC1 was localized on lysosomes in all cell lines analyzed, non-
aggressive (MGHU3, RT112) and aggressive (KU19-19 and JMSU1) cells.
Additionally, we revealed that both classical substrate of mMTORC1, namely p70-S6K1
and 4EBP1, were phosphorylated, indicating that mTORC1 was active in all bladder
cancer cell lines. We confirmed the specificity of these substrates by using mTORC1
inhibitors such as rapamycin, torin and starvation, which abolished the
phosphorylation of these substrates. Interestingly, we observe a differential substrate
specificity between cell lines. Whereas non-aggressive cell lines MGHU3 and RT112
showed high phosphorylation of p70-S6K1, aggressive cell lines, KU19-19 and JMSU1
showed higher phosphorylation of 4EBP1. It should be noted, that the total levels of
4EBP1 were increased in aggressive cell lines. We also studies TFEB, which is a
substrate of MTORC1 kinase and whose phosphorylation leads to its cytosolic
retention and thus inactivation. We found that while TFEB was mostly cytosolic and
inactive in non-aggressive cell lines, TFEB was translocated to nucleus despite an
active mTORC1 in aggressive cell lines. Altogether, our results did not show an
increase in MTORC1 activity correlating with more peripheral lysosomes. The
differential mMTORC1 substrate phosphorylation that we observed was however quite
interesting. 4EBP1 overexpression was shown to be associated with an unfavourable
prognosis in a meta-analysis of different cancers (Zhang et al., 2017). 4EBP1 is a
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negative regulator of protein translation, and an overexpression of this protein in
cancers should decrease translation. However, an active mTORC1 inactivates it, and
thus induces protein translation. Since 4EBP1 has been reported to show a higher
affinity towards mTORC1 (Choo and Blenis, 2009), we tested whether decreasing
4EBP1 levels by siRNA could increase the phosphorylation of other substrates, such
as TFEB or p70-S6K1. This was not the case in JMSU1 cells, where depletion of
4EBP1 did not change the nuclear localization of TFEB. Thus, overexpression of
4EBP1 seems not to be a strategy of bladder cancers to leave other substrate such
as TFEB less phosphorylated. Although the exact function of 4EBP1 overexpression
in cancers remains unknown, some studies have shown that overexpression of 4EBP1
correlated with increased infiltration of cancer associated fibroblasts (CAFs), including
bladder cancers, and resulted in poor prognosis (Du et al., 2022). In breast cancers,
knock down of 4EBP1 in overexpressing cancer cells was shown to result in
significantly decreased proliferation, and thus, pointed to the role of 4EBP1 in cell
proliferation distinct from its role as a regulator of translation (Rutkovsky et al., 2019).

It has been shown that peripheral movement of lysosomes in the presence of
nutrients was required for mMTORC1 activation, possible through the close proximity to
growth factor receptors that are localized on the plasma membrane (Hong et al.,
2017). We thus studied whether lysosome positioning alone was sufficient to regulate
mTORC1 signaling in different bladder cancer cell lines. In the non-aggressive cell line
RT112, we found that central clustering of lysosomes via enforced recruitment of
dynein or through depletion of Arl8b, which recruits kinesin-1 for lysosomal dispersion,
leads to loss of MTORC1 from lysosomes and attenuation of mTORC1 substrate
phosphorylation (S6K and 4EBP1). Indeed, displacement of lysosomes to the cell
center often correlates with mTORC1 dissociation from lysosomes in nutrient deficient
or starvation conditions (Korolchuk et al., 2011; Perera and Zoncu, 2016). However,
we performed the experiments in complete nutrient conditions, and thus, our results
indicated that lysosome positioning can regulate mTORC1 signaling independent of
nutrient status in RT112 cells. Contrary, we found that mTORC1 signaling is
specifically decoupled from lysosome positioning in aggressive JMSU1 cells.
Interestingly, we did not observe a loss of MTORC1 from clustered lysosomes in these
cells. Because nutrient status and lysosome positioning are often tightly linked
(Korolchuk et al., 2011), the loss of the spatial compartmentalization of mTORCA1
signaling may help cancer cells to evade metabolic checks on anabolism and
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proliferation. Future studies are required to elucidate the mechanisms by which
mTORC1 is retained on central lysosomes in the aggressive bladder cancer cell line
JMSU1.

We next studied the mTORC1-dependent regulation of TFEB. We found that
inactivating mTORC1 with rapamycin induced nuclear translocation of TFEB in the
bladder cancer cell lines MGHU3 and RT112. Additionally, starvation that also
inactivates mTORC1 induced nuclear TFEB in RT112 cells. Some studies have
reported TFEB as a rapamycin insensitive substrate (Roczniak-Ferguson et al., 2012;
Settembre et al., 2011), however other studies have observed nuclear TFEB
translocation upon rapamycin treatment (Martina et al., 2012; Pefa-Llopis et al.,
2011). From our results, we concluded that in MGHU3 and RT112 cells TFEB was
regulated by mTORC1. Interestingly, we found that in the aggressive cell lines, KU19-
19 and JMSU1, TFEB was translocated to nucleus although mTORC1 was active,
suggesting that the mTORC1-dependent TFEB regulation was non-functional or non-
important. Deregulation of mTORC1 signaling and MiT/TFE family hyper-activation
parallels previous studies in other cancer types (Bar-Peled et al., 2013; Di Malta et al.,
2017; Haq and Fisher, 2011; Kauffman et al., 2014; Perera et al., 2015b). Nuclear
translocation of TFEB with an active mTORC1 indicated a TFEB hyperactivity in these
aggressive bladder cancer cell lines, which has not yet been reported for bladder
cancer. Additionally, these results also point towards a possible role of other MiT/TFE
family transcription factors (such as MITF) in bladder cancer progression that remains
to be tested. Gene set enrichment analysis (GSEA ) on the expression of CLEAR
network genes (regulated by TFEB) correlated with aggressiveness of bladder cancer
cell lines supporting TFEB hyperactivity in these cells.

We found that inhibition of lysosomal calcium channel, TRPML1, resulted in
cytosolic retention of TFEB. Since Ca*?release from the lysosomes through TRPML1
has been shown to activate the TFEB dephosphorylating phosphatase calcineurin
(Medina et al., 2015), the observed increased TFEB nuclear translocation could be a
result of its increased dephosphorylation by calcineurin. A previous study has reported
that, upon starvation, nuclear translocation and activation of TFEB induced mTORC1
reactivation. This was achieved by TFEB directly regulating the expression of RRAGD
(gene that codes for protein RagD) that is important for mTORC1 recruitment to
lysosomes, and thus, subsequent activation (Di Malta et al., 2017). We found an
increase in the expression of RRAGD (mRNA levels) in KU19-19 and JMSU1 cells
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and thus tested whether nuclear TFEB could sustain mTORC1 recruitment and
signaling through RagD in these cells. We observed that depletion of TFEB in JMSU1
cells reduced mTORC1 localization on lysosomes showing that nuclear TFEB
regulated mTORC1 recruitment. However, we did not see a major decrease in the
phosphorylation of mTORC1 substrates S6K and 4EBP1, although a slight decrease
of S6K phosphorylation could be observed. One possible explanation of this could be
that, although both these substrates are mTORC1 specific (also confirmed by us
before), alternative mechanism of phosphorylating may exist. For instance, it has been
reported that in bladder cancers 4EBP1 can be phosphorylated indirectly through
PI3K, bypassing mTORC1 (Nawroth et al., 2011).

5.2 Mechanism that sustain lysosome dispersion observed in

aggressive bladder cancer cell lines

Reports that TFEB regulated lysosome positioning (Medina et al., 2011; Willett
et al., 2017) and the fact that peripheral lysosomes correlated with a hyperactivate,
nuclear TFEB phenotype, led us to investigate if TFEB regulated lysosome positioning
in bladder cancer cells. We found that knockdown of TFEB in JMSU1 cells that showed
nuclear TFEB, induced perinuclear clustering of lysosomes. Investigating the
molecular mechanisms by which TFEB controls lysosome positioning, we discovered
that TFEB transcriptionally regulates phosphatidylinositol-3-phosphate (PI3P) levels
by regulating the expression of the class Ill PI3 kinase PIK3C3 / VPS34 in JMSU1
cells. Increased levels of PI3P on endosomes lead to enhanced recruitment of FYVE-
containing proteins such as EEA1 or protrudin. Interestingly, protrudin is known to bind
to PI3P at lysosome-ER membrane contact sites and to recruit kinesin-1 to lysosomes
through the motor adaptor FYCO1. FYCO1-kinesin-1 have been shown to promote
the microtubule-dependent translocation of lysosomes to the cell periphery (Raiborg
et al., 2015).

In line with these results, we also observed that induction of nuclear TFEB by
rapamycin or starvation in RT112 cells promoted lysosomal dispersion. These
conditions also increased the recruitment of FYVE domain proteins such as EEA1 and
protrudin to lysosomes indicative of an increase of PI3P in these cells upon TFEB

activation. Interestingly, rapamycin treatment in the absence of TFEB (upon siRNA-
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mediated depletion) did not reduce binding of protrudin to lysosomes, whereas binding
of EEA1 was decreased. This suggested that rapamycin could regulate recruitment of
protrudin to lysosomes independent of TFEB. One possible explanation could be as
follows: VPS34, which produces PI3P, can exist in different complexes depending on
the function in the cells. On late endosomes/ lysosomes, PI3P can be produced by
VPS34 in a complex with VPS34/ VPS15/ Beclin 1/ UVRAG/ BIF-1 that is required for
binding of protrudin (Hong et al., 2017; Thoresen et al., 2010). However, during the
formation of autophagy vesicles, VPS34 exists in a complex with VPS34/ VPS15/
Beclin 1/ ATG14 (Itakura et al., 2008). Interestingly, rapamycin has been shown to
activate the lysosomal calcium channel TRMPL1 (Zhang et al., 2019), and activation
of TRMPL1 has been shown generates PI3P for autophagy vesicles formation through
the VPS34/ VPS15/ Beclin 1/ ATG14 complex. Thus, our results that rapamycin
treatment maintains protrudin on lysosomes even in absence of TFEB could be
explained by the possibility of overlapping functions of the different VPS34 complexes.
Indeed, VPS34/ VPS15/ Beclin 1/ ATG14 could be involved in the formation of PI3P
on lysosomes upon TRPML1 activation by rapamycin, independent of TFEB. This
interesting hypothesis however remains to be tested. However, our results indicate
that EEA1 is more membrane bound upon TFEB nuclear translocation in RT112 cells,
and specifically dependent on TFEB, because siRNA-dependent depletion
significantly inhibits recruitment. This suggests differences between the recruitment of
FYVE domain containing proteins that need to be further investigated.

Several pathways for anterograde lysosome trafficking have been described
that all require endosomal PI3P, and could be exploited by cancer cells. The
alternative kinesin-1 adaptor SKIP (also known as PLEKHMZ2) also contains three
lipid-binding pleckstrin homology (PH) domains that conceivably could bind to
lysosomal PI3P. Moreover, KIF16B, a highly processive kinesin-3 family member that
participates in the trafficking of endosomes along microtubules contains a PX (Phox
homology) motif binding PI3P (Pyrpassopoulos et al., 2017).

In addition to anterograde transport, it has been shown that endosomal PI3P
levels regulate mTORC1 recruitment and signaling. For instance, this can be achieved
via stimulation of class Il PI3K/Vps34-mediated PI3P synthesis by amino acids (Gulati
and Thomas, 2007). Moreover, PI3P facilitates lysosomal recruitment of
phospholipase D1 (PLD1) via its PX domain that produces phosphatidic acid, which
triggers dissociation of the inhibitory DEPTOR subunit from mTORC1 (Song and
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Yoon, 2016). Additionally, the PI3P-phosphatase MTMR3 interacts with mTORC1,
and overexpression of this enzyme inhibits mMTORC1 activity (Hao et al., 2016). Finally,
the formation of phosphatidylinositol-3,5-bisphosphate (P13,5P2) from PI3P regulates
mTORC1 via raptor (Bridges et al., 2012). As increased endosomal PI3P levels
globally activate mTORC1 that deactivates TFEB, we speculate that PI3P could be
part of a feedback loop in the mTORC1/TFEB signaling axis.

5.3 Role of peripheral lysosomes in cancer supporting phenotypes

We finally started to test the role of peripheral lysosomes in cancer supporting
phenotypes. Our results revealed a correlation between lysosomal dispersion, the
secretion of matrix metalloproteinases and lysosomal exocytosis. Lysosomal
exocytosis has been the most explored function of peripheral lysosomes (Machado et
al., 2021) with an established role of TFEB. Studying lysosomal exocytosis via
VAMP7-pHIuorin dynamics at the plasma membrane in TIRF microscopy revealed that
increased lysosomal exocytosis correlated with TFEB nuclear translocation/ activation
in bladder cancer cell lines. TFEB overexpression has been shown to induce
expression of lysosomal calcium channel TRPML1, to increase intracellular calcium
and the docking of lysosomes to the plasma membrane in order to facilitate cell
clearance. Activation of this pathway was exploited in lysosomal storage disorders
such as multiple sulfatase deficiency (MSD) and reduced pathological signatures of
this diseases (Medina et al., 2011). Our results indicate that this pathway could be
active in JMSU1 cells, in which we observed an increased activity of TRPMLA1,
required for TFEB nuclear translocation and activation. Indeed, TFEB-regulated
lysosomal exocytosis could be possible through a feedback regulation on the
expression of TRPML1 on lysosomes that could increase their docking to plasma
membrane. Additionally, we observed that TFEB regulates cell migration in JMSU1
cells. A recent report showed that TFEB driven transcriptional regulation of Rab5a
induces the endocytosis of a5B1 integrins and the disassembly of focal adhesions to
promote migration and metastasis in pancreatic cancer (He et al., 2019). Pancreatic
cancers have characteristic hyperactivation if MiT/TFE transcription factors, which
regulate metabolism and drive cancer progression (Perera et al., 2015b). These
results propose to study integrin trafficking in JMSU1 cells that show nuclear
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translocation in TFEB and TFEB dependent migration. However, the exact mechanism
of migration regulation by TFEB remained to be studied.

Metabolic imbalance and opportunistic acquisition of nutrients is a hallmark of
cancers (Pavlova and Thompson, 2016; Pavlova et al., 2022). We found some
evidences that hyperactivation of TFEB correlates with differential cellular metabolism.

Firstly, we found that aggressive JMSU1 cells perform higher rate of endocytosis as

compared to less aggressive RT112 cells. Moreover, we evidenced that TFEB
regulated endocytosis in JMSU1 cells, as seen from decreased DQ BSA uptake upon
TFEB depletion. TFEB has been shown to regulate expression of several endocytic
proteins (such as EEA1, clathrin, Rab5) and to induce endocytic vesicles which
assemble mTORC1-regulating machinery on lysosomes. This increase in endocytosis
leads to a reactivation of mMTORC1 after starvation (Nnah et al., 2019). This is an
alternative mechanism for mTORC1 activation by nuclear TFEB in aggressive JMSU1
cells (in addition to the once discussed previously). Indeed, an increase in endocytosis
would also help cancer cells to acquire nutrients to drive pathways of cellular
energetics. Secondly, we find that lysosomal dispersion and TFEB nuclear
translocation in aggressive bladder cancer cell lines correlates with increased
glutamine uptake. A role of TFEB in glutamine metabolism by regulating the
expression of Glutaminase (GLS) has been shown in pancreatic cancers (Kim et al.,
2021), and could thus be an interesting topic to be further studied. Thirdly, cell
metabolism is an important contributor to changes in cellular pH and acidity of tumors
(Schornack and Gillies, 2003). We observes a decrease in intracellular pH in
aggressive cancer cell lines KU19-19 and JMSU1. Interestingly, TFEB depletion leads
to increase in cell pH correlating with lysosome clustering upon TFEB depletion. We
thus take this as another indicator to the involvement of TFEB in regulating cellular pH
that could possible underly lysosomal dispersion.

Lastly, in our bladder cancer model, we found an increase in the utilization of
both glycolysis and oxidative phosphorylation in aggressive cancer cells (KU19-19 and
JMSU1) that correlated lysosomal dispersion and TFEB hyperactivation. TFEB has
been shown to regulate metabolic flexibility in skeletal muscles and is known to control
expression of genes involved in glycolysis, mitochondrial respiration and mitochondrial
biogenesis (Mansueto et al., 2017). Lysosome positioning has also been shown to
regulate mitochondrial dynamics by marking the sited of mitochondrial fission via Rab7
GTPase (Wong et al., 2018). It is thus tempting to hypothesize that hyperactivation of
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TFEB and lysosomal dispersion underly differences in energetic pathways of bladder
cancer cells through transcriptional regulation of metabolic genes and the formation of
differential membrane contact sites. These observations open several questions and
prospects that can be explored in future to integrate altered lysosome positioning,
TFEB hyperactivation and cancer metabolism in bladder cancers.
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Abstract

Lysosomes orchestrate degradation and recycling of exogenous and endogenous
material thus controlling cellular homeostasis. Little is known how this organelle
changes during malignant transformation. We investigate the intracellular landscape of
lysosomes in a cellular model of bladder cancer. Employing standardized cell culture on
micropatterns we identify a phenotype of peripheral lysosome positioning prevailing in
bladder cancer but not normal urothelium. We show that lysosome positioning is
controlled by transcription factor EB (TFEB) with lysosomal dispersion resulting from
TFEB activation downstream of lysosomal Ca** release. Mechanistically, TFEB
regulates phosphatidylinositol-3-phosphate (PtdIns3P) levels on endomembranes which
control recruitment of FYVE-domain containing proteins and dictate lysosomal
positioning. This conceptually clarifies the dual role of TFEB as regulator of endosomal
maturation and autophagy, two distinct processes controlled by PtdIns3P. Altogether,
our findings uncover lysosome positioning as result of Ptdins3P activation downstream

of TFEB as a potential biomarker for bladder cancer.

Statement of significance

Here we provide the first atlas for the landscape of the lysosomal compartment
in bladder cancer and reveal the mechanistic role of TFEB in regulating endosomal
PtdIns3P levels and subsequent lysosomal dispersion. We unveiled lysosomal
positioning as a potential biomarker for malignant bladder cancer which might arise as

an actionable target for cancer therapy.
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Introduction

Accelerated cellular division and enhanced motility are pathological
characteristics of malignant cells both leading to an increase in energetic demand. More
than being the ‘stomach’ of eukaryotic cells for nutrient acquisition, late
endosomes/lysosomes (referred to as lysosomes hereafter) have emerged as a cellular
hub for metabolism and signaling (Ballabio and Bonifacino, 2020; Lawrence and
Zoncu, 2019; Perera and Zoncu, 2016; Perera et al., 2019; Thelen and Zoncu, 2017) and
play an important role during cancer development (Hamalisto and Jaatteld, 2016; Perera
and Zoncu, 2016). Lysosomes are morphologically heterogeneous acidic compartments
that are functionally similar to yeast and plant vacuoles. They are specialized in the
degradation of extracellular molecules and pathogens internalized by endocytosis or
phagocytosis, as well as the intracellular recycling of macromolecules and organelles
sequestered by autophagy. In addition to the orchestration of cellular clearance,
lysosomes play an important role in cellular nutrient availability controlled by the
serine/threonine kinase complex of mammalian target of rapamycin complex 1
(MTORC1) (Saxton and Sabatini, 2017). Active mTORC1 assembles at the surface of
lysosomes through the integration of chemically diverse nutrient and growth factor
signaling to promote protein biosynthesis (Ballabio and Bonifacino, 2020; Saxton and
Sabatini, 2017; Thelen and Zoncu, 2017) . Conversely, absence of nutrients triggers the
dissociation and inactivation of mTORC1 and consequently to the activation of
downstream catabolic pathways. Active mTORC1 targets MIT/TFE transcription
factors, including transcription factor EB (TFEB) and MITF, that are both master
regulators of lysosome biogenesis and autophagy (Settembre et al., 2011). MiT/TFE
transcription factors have been implicated in the development of cancer, including renal

cell carcinoma, pancreatic adenocarcinoma, sarcoma and melanoma, MITF being an
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important oncogene in melanoma (Perera et al., 2019). Moreover, it has been shown that
TFEB overexpression as well as a positive feedback mechanism between mTORCL1 and
TFEB was sufficient to promote cancer growth in mouse models (Calcagni et al., 2016;
Di Malta et al., 2017).

Although lysosomes are important for nutrient acquisition and the regulation of
metabolism, both prerequisites for malignant growth, little is known how lysosomes
change during cancer development. Here, we compare the intracellular landscape of the
lysosomal compartment in a collection of bladder cancer cell lines to normal human
urothelium (NHU). Bladder cancer represents one of the most frequently-diagnosed
cancer types worldwide and is among the most common neoplasms in men in North
America and Europe, thus representing an important health burden(Antoni et al., 2017).
Bladder carcinomas are highly diverse and are classified into non-muscle-invasive
bladder cancers (NMIBC) and muscle-invasive bladder cancers (MIBC) with luminal-
like and basal-like subtypes (Choi et al., 2014; Rebouissou et al., 2014). NMIBC are
often papillary (stage Ta) and low-grade but show a high recurrence rate (60%).
Alternatively, NMIBC can be carcinoma in situ (CIS, stage Tis) showing flat lesions
and frequent progression to invasive cancers (T1). MIBC are classified by stages T2-T4
and high-grade malignant transformation. Investigating the normal and pathologic
landscape of lysosome positioning in cells representing different stages of bladder
cancer, we here reveal organelle-level deregulation in malignant cells and identify
TFEB as major regulator of phosphatidylinositol-3-phosphate (PtdIins3P) homeostasis in

this context.
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Results

High-grade bladder cancers are characterized by the peripheral positioning of
lysosomes

Because of the importance of lysosomes in cellular homeostasis and their role in
promoting cancer progression, we aimed at a systematic analysis of lysosome
morphology in a panel of genetically diverse bladder cell lines in comparison to primary
normal human urothelium (NHU) cells. We have analyzed the broadly studied bladder
cancer cell lines RT4, MGHU3, RT112, KU19-19, T24, TCCSup and JMSUL that
represent the diversity of bladder carcinomas (Zuiverloon et al., 2018). RT4, MGHUS3,
RT112 represent low-grade, luminal cancers of the papillary subtype, whereas KU19-19
represents high-grade, basal cancers and T24, TCCSup and JMSU1 represent high-
grade cancers of mixed subtypes (Warrick et al., 2016; Zuiverloon et al., 2018) . To
compare these different cells at the morphological level, we cultured them on identical
crossbow-shaped micropattern substrates. All tested cells were fully spread after 3 h of
incubation, visualized by the average projection of the actin cytoskeleton (Fig. S1A),
indicating that all cells adapted well to the micropatterns. We visualized the lysosomal
compartment in all cells by immunofluorescence staining of the lysosomal-associated
membrane protein 1 (LAMP1/CD107a) (Fig. 1A). Images were acquired in 3D and
lysosomes were segmented to obtain quantitative information of their spatial
organization, volume and numbers per cell. To visualize the average lysosome
organization, we plotted 3D density maps (Duong et al., 2012; Schauer et al., 2010b)
representing the smallest cellular volume that contains 50% of lysosomes (Fig. 1B).
Notably, while in NHU cells lysosomes were positioned centrally, they were found to
be spread out to the periphery in cancerous cells with the strongest phenotype exhibited

in high-grade lines (Fig. 1A, B). Because the total cell area is standardized by the
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micropattern and thus identical in all cells, we calculated the nearest neighbor distance
(NND) of lysosomes in each cell. Concomitantly, whereas the average NND in low-
grade RT4 and MGHU3 cells was not significantly different from NHU cells, those of
all other analyzed cell lines was significantly increased (Fig. 1C), indicating that
lysosomes are more scattered in these cells. No clear trend in the number of lysosomes
per cell (Fig. 1D) or average volume (Fig. 1E) was found among the tested cell lines.
However, lysosomal volume negatively correlated with lysosomal number (Fig. S1B),
indicating that few large lysosomes are in balance with many small ones. Principal
component analysis (PCA) of the transcriptome data of these cells indicated that
replicates of the NHU clustered together and separately, and that RT4 and MGHU3
were the most different compared to the other cell lines (Fig. S1C). Comparison
between selected low-grade MGHU3 (luminal-type and central lysosomes) and RT112
(luminal-type and scattered lysosomes), and high-grade KU19-19 (basal-type) and
JMSU1 cells (mixed-type) in invasion assays into collagen matrix from spheroids
revealed, as expected, that MHGU3 was the less invasive cell line (invasion at 5 d),
followed by RT112 (invasion at 3 d), KU19-19 and finally JMSUL1 that both invaded at
1 d with different efficiency (Fig. S1D). To verify that changes in lysosomal positioning
were not induced by micropatterning, we additionally analyzed lysosomes in classical
cell culture conditions in selected cell lines. We measured the averaged squared distance
of lysosomes to the center of mass of the cell (statistical inertia) normalized to the cell
size (Fig. S1E,F). In agreement with our density map and NND analysis, the lysosome
dispersion significantly increased from MGHU3 to JMSUL cells. Our analyses
collectively indicate that the lysosomal compartment shows differences between NHU

and bladder cancer cell lines. Whereas some low-grade bladder cancer cell lines reveal
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central lysosomes similar to NHU cells, high-grade bladder cancer cells are

characterized by a scattered, peripheral positioning of the lysosomal compartment.

Dispersed lysosomes reveal alterationsin the mTORC1-TFEB signaling axis
Lysosomes are the cellular signaling platform for the mammalian target of
rapamycin complexl (mTORC1), a main regulator of metabolisms, proliferation and
survival. Because mTORCL1 is regulated by lysosomes positioning (Korolchuk et al.,
2011; Perera and Zoncu, 2016), we tested whether altered lysosome landscape across
different bladder cancer cell lines affected mMTORCL1 signaling. First, we analyzed
mMTORCL localization by co-visualizing mTOR and LAMP1 by immunofluorescence
and measuring the fraction of mTOR that localized on the LAMP1-positive
compartment. We found that about 15-20 % of mTOR signal was found on lysosomes.
Although RT112 showed slightly but significantly more mTOR on lysosomes, the
levels of mTOR on lysosomes were comparable between the tested cell lines (Fig. 2A,
B). Next, we tested mTORC1 activity monitoring the phosphorylation of the direct
downstream substrate p70-S6 Kinase 1 (S6K1). Surprisingly, we found that less S6K1
was phosphorylated in high-grade as compared to low-grade cells although total S6K1
levels were similar in all cell lines (Fig. 2C and S2A). As expected, the mTORC1
inhibitor rapamycin (Dumont and Su, 1995; Liu et al., 2010) as well as starvation
decreased S6K1 phosphorylation in all cell lines confirming mTORC1 specificity (Fig.
S2B). Next, we tested another important mTORCL substrate, the transcription factor EB
(TFEB), which appears as a novel player in carcinogenesis (Calcagni et al., 2016; Di
Malta et al., 2017). We transfected cells with TFEB-EGFP and monitored its
localization in cells 72 h post transfection. Whereas TFEB-EGFP showed cytosolic

localization in MGHU3 and RT112 cells (40% of mean TFEB-EGFP intensity was
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found in nucleus), more than 70% of the mean intensity of TFEB-EGFP was found in
the nucleus of KU19-19 and JMSUL cells (Fig. 2D, E). This nuclear localization
indicated hyperactivation of TFEB in high-grade bladder cancer cells. Indeed,
inspection of the gene expression of known TFEB-regulated genes such as RAGD and
TSC1 revealed an increase in the expression of these genes in high-grade as compared
to low-grade cells (Fig. S2C). Inhibition of mTORC1 by rapamycin in low-grade
RT112 led to a translocation of TFEB-EGFP to the nucleus (Fig. 2F,G) consistent with
mTORC1-specific TFEB-EGFP phosphorylation. Contrary, activation of mMTORC1 by
U-18666 to stimulate phosphorylation of TFEB (Davis et al., 2021) in high-grade
JMSUL1 cells did not change TFEB-EGFP localization (Fig. S2D, E). It has been shown
that the nuclear translocation of TFEB is additionally regulated through
dephosphorylation by calcineurin (Medina et al., 2015). Calcineurin is activated by
cytosolic calcium that is released from the lysosomes via mucolipin-1, also known as
transient receptor potential cation channel, mucolipin subfamily, member 1 (TRPML1).
Thus, we inhibited mucolipin-1 in high-grade bladder cancer cells using GW-405833
(ML-SI1) or incubated cells with the calcium chelator BAPTA for 2 h each. Both
treatments led to the cytoplasmic translocation of TFEB-EGFP (Fig. 2H, 1) indicating
that increased dephosphorylation of TFEB by calcineurin in response to lysosomal
calcium release strongly contributes to the nuclear accumulation of TFEB in high-grade
bladder cancer cells. Together, our results indicate that peripheral lysosome positioning
in high-grade KU19-19 and JMSU1 cells correlates with differences in the mTORC1-
TFEB nutrient signaling pathway as compared to low-grade cell MGHU3 and RT112
although similar levels of mTORCL1 recruitment on lysosomes was observed between

the different grade cell lines. Moreover, our results depict an increased nuclear
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localization of TFEB in high-grade KU19-19 and JMSUL1 cells, thus, a possible

transactivation of TFEB regulated genes.

Lysosome positioning changes are under the control of TFEB in bladder cancer cells

It has been previously reported that TFEB regulates lysosomal positioning
(Willett et al., 2017), thus, we investigated whether increased nuclear translocation of
TFEB in bladder cancer cell lines could lead to peripheral lysosome positioning. First,
we tested whether stimulating nuclear translocation of TFEB in low-grade bladder
cancer cells (RT112) triggered peripheral lysosome positioning. Cells were treated with
rapamycin to induce TFEB nuclear translocation (Fig. 2F,G and 3A) and lysosomes
were visualized by immunofluorescence against LAMPL. Inspection of classically
cultured cells revealed recurrent accumulation of lysosomes at the cell periphery (Fig.
3A). To quantify this, we cultured cells on adhesive micropatterns and calculated the
nearest neighbor distance (NND) of lysosomes in RT112 cells. Lysosomes were more
dispersed after rapamycin treatment in micropatterned cells (Fig. 3B) and the average
NND was significantly increased as compared to untreated controls (Fig. 3C). To
specifically test the role of TFEB, we next targeted this member of the MiT/TFE family
via RNA interference in high-grade (JMSUL) cells where TFEB is mostly nuclear.
Silencing of TFEB by either a pool of four siRNAs or four individual siRNAs
significantly reduced TFEB protein levels after 3 d and reversed the scattered lysosome
phenotype in high-grade JMSU1 cells (Fig. 3D and S3A-C). Quantification on
micropatterns revealed a significant decrease in the average NND of lysosomes (Fig.
3E, F) confirming TFEB-dependent regulation of lysosomes in these high-grade bladder

cancer cells.
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It has been shown that lysosomes translocate to the cell periphery upon
overexpression of protrudin, and conversely, cluster perinuclearly upon protrudin
depletion (Hong et al., 2017). Thus, we next tested whether recruitment of protrudin to
lysosomes is TFEB-dependent. Again, we first induced nuclear translocation and thus
activation of TFEB by rapamycin treatment of RT112 cells and visualized protrudin by
immunofluorescence (Fig. 3G). Because protrudin is an ER- localized protein and only
is found on lysosomes at ER-lysosome contact sites, we measured the fraction of
protrudin that is found on LAMP1-positive lysosomes (Fig. 3H). We revealed that
activation of TFEB significantly increased the fraction of protrudin found on lysosomes.
Concomitantly, depletion of TFEB by siRNA in high-grade JMSUL1 cells significantly
reduced protrudin levels on LAMP1-positive lysosomes (Fig. 3I, J). Interestingly,
protrudin gene expression was not up-regulated in high-grade cells (Fig. S3D), nor did
the total protein level of protrudin change after rapamycin treatment in RT112 cells or
when TFEB was targeted by siRNA in IMSU1 (Fig. S3E, F). This suggested that TFEB
specifically regulated the recruitment of protrudin to lysosomes rather than its
expression levels. Together our results indicate that lysosome positioning and protrudin

recruitment on lysosomes in bladder cancer cells is under the control of TFEB.

TFEB regulates phosphatidylinositol-3-phosphate levels on endomembranes in
bladder cancer cells

Recruitment of protrudin to lysosomes is regulated by the binding of its FYVE
domain to phosphatidylinositol-3-phosphate (PtdIns3P) found on endomembranes
(Hong et al., 2017). We thus tested whether TFEB could regulate lysosomal PtdIns3P
levels. We expressed the PtdIns3P-binding FYVE domain from the human homologue

of the hepatocyte growth factor-regulated tyrosine kinase substrate Hrs, duplicated in
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tandem as an EGFP fusion construct (EGFP-FYVE) and monitored total level of this
construct on LAMP1-positive lysosomes upon knock down of TFEB. PtdIns3P is found
on early and late endosomes, thus as expected, EGFP-FYVE showed an endosomal
staining but only partially colocalized with lysosomes (Fig. 4A). Silencing of TFEB by
siRNA significantly decreased the fraction of EGFP-FYVE that was found on Lampl-
positve lysosomes in high-grade JMSU1 cells (Fig. 4B). Moreover, measuring the
global cellular level of EGFP-FYVE showed a significant reduction on endomembranes
after knock down of TFEB (Fig. 4C, D).

To further validate the TFEB regulated recruitment of PtdIns3P-binding proteins
to endosomal membranes, we analyzed EEA1, a well-studied FYVE containing protein.
Consistent with protrudin, we found a significant increase of EEA1 on endomembranes
upon treatment of low-grade RT112 cells with rapamycin and activation of TFEB (Fig.
SAA, B). Addition of the protein translation inhibitor cycloheximide along with
rapamycin treatment abolished the increase of EEA1 on endomembranes. Surprisingly,
total EEA1 protein levels did not change under tested conditions (Fig. S4A-C) although
EEAL expression has been previously described to be under the control of TFEB (Nnah
et al., 2019). No increase of endosomal EEA1 was observed in the first 4 h after
rapamycin treatment (Fig. $4D-F). Conversely, gene silencing of TFEB in high-grade
JMSUL1 cells significantly decreased EEAL levels on endosomes without affecting the
total amount of EEA protein level (Fig. AG-I).

Finally, we tested the role of endosomal PtdIns3P levels on protein recruitment
and lysosome positioning. As expected, inhibition of phosphatidylinositol-3-phosphate
kinases by wortmannin in high-grade JMSU1 cells strongly depleted EEA1 from
endosomes (Fig. 4E, F) mimicking the phenotype of TFEB knock down (Fig. S4G-I).

Moreover, wortmannin treatment induced the central clustering of lysosomes in JMSU1
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cells, leading to a significant reduction of the NND of lysosomes (Fig. 3E, F). This
showed that dispersion of lysosomes towards cell periphery requires endosomal
PtdIns3P. Altogether, our results indicate that endosomal PtdIns3P levels dictate

lysosomal positioning and are regulated by TFEB in high-grade bladder cancer.

Discussion

Our study identifies and characterizes a novel cellular phenotype of aggressive
malignancy in a cellular model of bladder cancer. We show that the lysosomal
compartment is scattered to the cell periphery in all analyzed high-grade bladder cancer
cells, a phenotype that we did not see in normal urothelial cells. This is different to the
previously described expansion of the lysosomal compartment, characterized by an
increase in volume or numbers of lysosomes in pancreatic ductal adenocarcinoma
(PDA) and indicative of increased lysosome biogenesis (Perera et al., 2015). Moreover,
lysosome positioning changes are correlated with changes in mTORCL1 signaling that
assembles on lysosomes. In high-grade cells, the classic mMTORC1 substrate p70-S6K1
was less phosphorylated, and TFEB translocated to the nucleus, potentially due to either
reduced phosphorylation by mTORC1 or increased dephosphorylation by the calcium-
dependent phosphatase, calcineurin (Medina et al., 2015). Deregulation of mTORC1
signaling and TFEB hyper-activation parallels previous studies in other cancer types
(Bar-Peled et al., 2013; Di Malta et al., 2017; Perera and Zoncu, 2016; Perera et al.,
2019; Zoncu et al., 2011) and aligns with a genetic study of NMIBC that identified
alterations in mTORCL1 signaling in several bladder cancer subtypes (Hurst et al., 2017).

Peripheral dispersion of lysosomes has been previously reported in prostate
cancer cells due to the acidification of the extracellular milieu (Steffan et al., 2009).

Such a mechanism is unlikely in the case of bladder cancer cells, because all cells used
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in this study were grown in the same pH-buffering medium. Reports that TFEB
regulated lysosome positioning (Medina et al., 2011; Willett et al., 2017), and the fact
that peripheral lysosomes correlated with a hyperactivated TFEB phenotype (nuclear
localization of TFEB-GFP), let us to investigate if TFEB regulated lysosome
positioning in bladder cancer cells. We found that induction of nuclear TFEB by
rapamycin in low-grade RT112 cells induced lysosomal dispersion. Conversely,
knockdown of TFEB in high-grade JMSU1 cells with nuclear TFEB-GFP induced
perinuclear clustering of lysosomes. Thus, our results confirm that lysosome positioning
is under the regulation of TFEB in the bladder cancer model.

TFEB is a key transcription factor that orchestrates the expression of many
genes involved in metabolism (Sardiello et al., 2009; Settembre et al., 2013) but also in
intracellular trafficking of organelles (Nnah et al., 2019). Investigating the molecular
mechanisms by which TFEB controls lysosome positioning, we discovered that TFEB
regulates endosomal PtdIns3P levels that leads to enhanced recruitment of FYVE-
containing proteins such as protrudin. Protrudin is known to bind to PtdIns3P on
endosomes at membrane contact sites with the endoplasmic reticulum (ER) and to
recruit the Kkinesin-1 adaptors FYCO1 to promote the microtubule-dependent
translocation of endosomes to the cell periphery (Pedersen et al., 2020; Raiborg et al.,
2015). However, several alternative pathways for anterograde lysosome trafficking have
been described that all require endosomal PtdIns3P and could additionally be harnessed
by cancer cells. The alternative kinesin-1 adaptor SKIP (also known as PLEKHM?2) also
contains three lipid-binding pleckstrin homology (PH) that conceivably could bind to
lysosomal Ptdins3P. Moreover, KIF16B, a highly processive kinesin-3 family member
that participates in the trafficking of endosomes along microtubules contains a PX

(Phox homology) motif binding PtdIns3P (Pyrpassopoulos et al., 2017). Importantly,
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whereas we only observed a moderate change in the protein levels of the direct TFEB
target EEAL after knock down of TFEB, our data indicates that the upregulation of
endosomal PtdIns3P levels is transcriptionally regulated. Indeed, increase of endosomal
FYVE-protein recruitment was not obvious in the first 4 hours after nuclear TFEB
induction and was abolished upon the protein translation inhibitor cycloheximide (Fig.
A A-F). PtdIns3P formation depends on either the class Il phosphatidylinositol 3-
kinase (PI3K) PISKC2A, or the class Il PI3K Vps34 (or PIK3C3) (Burke, 2018).
Although no experimental evidence currently shows that TFEB regulates the expression
of class Il PI3 kinase, it has been shown in skeletal muscles that TFEB overexpression
induced the expression of several Pl kinases subunits, for instance, PIK3CD, PIK3C2A
(Mansueto et al., 2017). Moreover, TFEB is known to regulate genes involved in lipid
catabolism in liver and skeletal muscle (Settembre et al., 2013), some via co-induction
of peroxisome proliferator-activated receptor-y coactivatorla (PGCla) and peroxisome
proliferator-activated receptors (PPAR). Because PIP metabolism is complex and
dynamic, additional studies are required to reveal the specific mechanisms of PtdIns3P
increase.

Interestingly, it has been shown that endosomal PtdIns3P levels regulate
MTORCL1 recruitment and signaling via amino acids and stimulation of class Il
PI3K/Vps34-mediated PtdIns3P synthesis (Gulati and Thomas, 2007). PtdIns3P also
facilitates lysosomal recruitment of phospholipase D1 (PLD1) via its PX domain that
produces phosphatidic acid, which triggers dissociation of the inhibitory DEPTOR
subunit from mTORC1 (Song and Yoon, 2016). Additionally, the PtdIns3P3-
phosphatase MTMR3 interacts with mTORC1, and overexpression of this enzyme
inhibits mTORC1 activity (Hao et al, 2016). Finally, the formation of

phosphatidylinositol 3,5-bisphosphate (PtdIns3,5P;) from PtdIns3P regulates mTORC1
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via raptor (Bridges et al., 2012). As increased endosomal PtdIns3P levels globally
activate mTORC1 that deactivates TFEB, we speculate that PtdIns3P could be part of a
feedback loop in the mTORC1/TFEB signaling axis. Indeed, TFEB has been shown to
feedback on mTORC1 (Nnah et al., 2019). Our current understanding is that nutrient
status, pH and growth factors assemble a sophisticated machinery on the surface of
lysosomes to integrate the different inputs upstream of mTORC1 (Ballabio and
Bonifacino, 2020; Lawrence and Zoncu, 2019; Shin and Zoncu, 2020). Because
PtdIns3P and several motor proteins/adapters are part of this machinery, mTORC1
signaling is coupled with lysosome positioning (Korolchuk et al., 2011). Our data are
consistent with the following model: In high-grade bladder cancer cells, TFEB
localization is mostly nuclear. Nuclear presence of TFEB and its transcription activity
leads to an increase in PtdIns3P levels on different endomembranes, including
lysosomes. This increase leads to the recruitment of FYVE-domain containing proteins
such as EEAL and protrudin and supports anterograde movement of lysosomes. The
anterograde movement gives rise to the typical signature of peripheral lysosomes that
we find in all studied high-grade bladder cancer cells. Peripheral lysosomes have been
shown to recruit more mTORCL and increase phosphorylation of downstream substrates
(Hong et al., 2017; Korolchuk et al., 2011; Perera and Zoncu, 2016). This would allow a
feedback control of TFEB by mTORC1. However, this seems not to occur in high-grade
bladder cancer cells, because mTOR levels on lysosomes do not increase, and another
mMTORC1 substrate (S6K) shows less phosphorylation. Instead, the efficient calcium-
dependent dephosphorylation of TFEB hinders its cytoplasmic translocation and control
by mTORCL1 in bladder cancer cells. Together, our results provide a mechanistic
explanation to the characteristic cellular phenotype of lysosome dispersion in high-

grade bladder cancer cells. Yet, further studies will be required to reveal in detail the
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deregulation of the mTORCL/TFEB axis in different bladder cancer cells. In addition to
signaling, lysosome positioning has been implicated in the regulation of protease
secretion/proteolysis (Pedersen et al., 2020), migration (Dozynkiewicz et al., 2012; Pu
et al., 2015, 2016; Schiefermeier et al., 2014) and remodeling of the tumor environment
through the release of exosomes (Hyenne et al., 2017). Thus, it is tempting to speculate
that altered lysosome signaling could link dysfunctional cancer cell metabolism with
cancer invasiveness.

In addition to revealing a novel cellular phenotype characteristic of cancer cells
together with the underlying molecular mechanism, our results uncover a novel role of
TFEB in regulating PtdIns3Ps levels on endosomes. Several studies have illustrated the
crucial role of TFEB in regulating fundamental but distinct cellular processes such as
endocytosis, lysosomal biogenesis and autophagy. Because these different
compartments of the endolysosomal system retain their identities based on the lipid
composition of their membranes and are regulated by PtdIns3P levels, our results

conceptually clarify the role of TFEB as regulator of endosomal maturation.
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Material and methods

Cell culture and treatments

Bladder cancer cells lines MGHU3, RT112, KU19-19, JMSU1, T24 and
TCCSup were grown in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA),
supplemented with 10% Fetal Bovine Serum (FBS; Eurobio, Courtaboeuf, France).
Normal human urothelium (NHU) cells were from Jennifer Southgate (University of
York, UK). NHU were grown in KSFMC medium according to (Southgate et al., 1994).
For experiments with inhibitors, as per the experiment either the day after cell seeding
or after transfection respective drugs were added for incubation time of 24 h or as
indicated and cells were incubated, at 37°C. The concentration of inhibitors used were
as follows: rapamycin (10 uM), wortmannin (1 uM, 2 h), ML-SI1 (20 uM, 3 h),
BAPTA AM (10uM, 3 h) and cycloheximide (20 pg/mL). For starvation experiments,
the day after cell seeding, the medium was removed and cells were washed once with
EBSS (Earle’s Balanced Salt Solution) and incubated in EBSS for 4 or 24 h, as per the

experiment, before lysate preparation or cell fixation with 4% PFA.

Cell transfection

For RNA interference studies, 200,000 cells were transfected in 12 well plate
with 25 pmol siRNA (siTFEB : ON-TARGETplus Human TFEB, L-009798-00-0005,
Dharmacon™) using Lipofectamine RNAIMAX Transfection Reagent (1:200; Life
Technologies). Cells were incubated 72 h at 37°C prior to further manipulation or drug
treatment. Efficiency of gene silencing was verified by western blot of cell lysate after
three days of transfection.
For plasmid transfection, 200,000 cells were transfected in a 12 well plate. Transfection

was performed using Lipofectamine LTX with Plus reagent (Invitrogen) using 1 pg of
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plasmid. pEGFP-N1-TFEB plasmid was a gift from Shawn Ferguson (Addgene plasmid
# 38119; http://n2t.net/addgene:38119; RRID:Addgene_38119n (Roczniak-Ferguson et
al., 2012)) or EGFP-2X FYVE plasmid (kind gift from B. Payrastre, Toulouse). 48 h
post transfection, cells were trypsinized and transferred to sterilized coverslips (12 mm)
in 1 mL medium in 12 well plate. Cells were fixed with 4%PFA 72 h after transfection

and used for immunofluorescence and imaging.

Micro-array analysis

Micro array data were analyzed with R (3.5.2). The annotation was performed
using affy package (1.58.0) with a custom CDF (Chip Description File) from brain array
(huex10st, genome version 23). Normalization was done with RMA algorithm using
affy library (Gautier et al., 2004) and batch effect corrected with ComBat (Johnson et

al., 2007). The PCA was computed from these normalized and corrected data.

Micropatterned coverslips preparation and cell seeding

Micropattern production was as previously described (Duong et al., 2012;
Schauer et al., 2010a) using photo-lithography methods. Briefly, coverslips were coated
with Poly-L-Lysine(20)-grafted[3.5]-Polyethyleneglycol(2) (PLL-g-PEG) from SuSoS
(Dubendorf, Switzerland) at a final concentration of 0.1 mg/mL in 10 mM HEPES (pH
7,3) solution. Coverslips were exposed to deep UV during 5 min using a photomask
containing arrays of crossbows (37 um diameter, 7 um thick). Prior to cell seeding, the
patterned surface was incubated for 1 h with a mixture of 50 ug/mL fibronectin (Sigma-
Aldrich, St. Louis, MO, USA), 5 ug/mL concanavalin A (Sigma-Aldrich, St. Louis,
MO, USA) and 1 pg/mL fibrinogen—-Cy5 (Invitrogen). Cells were seeded on

micropatterns in RPMI medium supplemented with 20 mM HEPES (Life Technologies)
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for 4 h prior the experiment.

I nvasion assay

Cells were trypsinized and 10* cells/ml were re-suspended in RPMI medium
containing 10% FBS and 1% Penicillin-Streptomycin (Life Technologies). Then 100 pul
of cell suspension was plated in 48-well plates coated with 1% agarose (Life
Technologies) and incubated for 3 days. In each well, a spheroid was formed from 10°
cells. Next, the spheroids were plated on Lab-Tek chambers (Sigma), in a mixture of
collagen I from rat tail (Corning) at a final concentration of 2 mg/ml, PBS, sodium
hydroxide (NaOH) and serum-free medium. The spheroids were monitored for 5
consecutive days by using an inverted Leica microscope (Wetzlar, Alemanha) equipped

with camera device using 4x objective.

I mmunofluorescence

Cells were fixed with 4 % formaldehyde for 15 min at room temperature,
washed three times with PBS and permeabilized in PBS containing 0.2% BSA and
0.05% saponin. Cells were then incubated with the primary antibodies (mouse
monoclonal antibody against Lamp1/CD107a (555798, BP Pharmingen™), rabbit mAb
against mTOR (7C10, #2983, Cell Signaling Technology), EEAl (610456, BD
Biosciences), protrudin / ZFYVE27 (12680-1-AP, Proteintech) and Alexa Fluor 488, or
Alexa Fluor 647 or Cy3-coupled secondary antibodies (Jackson ImmunoResearch) for 1
h. Actin was visualized by FluoProbes 547H (557/572nm) coupled Phalloidin
(Interchim) and nuclei with 0.2 ug/mL 4',6-diamidino-2-phenylindole (DAPI; Sigma-

Aldrich). Coverslips were mounted in Mowiol (Sigma-Aldrich).
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Western Blot

250,000 cells were seeded in a 12 well plate one day prior to the experiment.
Drug treatments or knock-down experiments were performed as mentioned before.
Equal volumes of lysate from each cell line was loaded on a 10% or 12%
polyacrylamide gel, resolved by SDS-PAGE and electrotransferred to nitrocellulose
membranes. Membranes were incubated with primary antibodies at 4°C overnight:
Phospho P-70 (Thr389)-S6K (CST: 9205S, 1:1000 in 5% BSA in TBST), P-70 S6K
(CST: 9202S, 1:1000 in 5% milk in TBST), GAPDH (Sigma: G9545, 1:10,000 in 5%
milk in TBST), EEA1(610456, BD Biosciences, 1:500 in 5% milk in TBST), protrudin
(ZFYVE27, Proteintech 12680-1-AP) and species specific HRP secondary antibodies

(1:10,000) for 1 hour at room temperature, following ECL western blotting substrate.

I mage acquisition

Images for immunolabelled cells on micropatterns were acquired with an
inverted wide field Deltavision Core Microscope (Applied Precision) equipped with
highly sensitive cooled interlined charge-coupled device (CCD) camera (CoolSnap
Hg2, Photometrics). Z-dimension series were acquired every 0.5 pm.

Images for non-pattered immuolabelled cells were acquired with a spinning disk
confocal microscope (Inverted Eclipse Ti-E (Nikon) + spinning disk CSU-X1
(Yokogawa) integrated with Metamorph software by Gataca Systems). Cells were

imaged as Z-stacks with 0.2 pm distance and 12 um total height.

I mage processing and analysis

For cells on micropatterns, several tens of single cell images were aligned using

the coordinates of the micropattern (determined on ImageJ (Bethesda, MD, USA) as
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previously described (Grossier et al., 2014; Schauer et al., 2010b). To extract the 3D
spatial coordinates of lysosomes, images were segmented with the multidimensional
image analysis (MIA) interface on MetaMorph (Molecular Devices, Sunnyvale, CA,
USA) based on wavelet decomposition. The coordinates of the segmented structures
were processed for density estimation programmed in the ks library in R according to
(Schauer et al., 2010b). For visualizing kernel density estimates, probability contours
were visualized using the extension libraries mvtnorm, rgl, and miscd.

Levels of lysosome dispersion in non patterned MGHU3, RT112, KU19-19 and
JMSUL cells were measured using statistical inertia (=averaged squared distance to the
center of mass). To control for variations in cell size differences, normalization to cell
size has been applied. Lysosome coordinates have been divided by the coordinates of
the center of the mass (setting the center mass at x=1, y=1). This quantifies the
dispersing of the lysosome structures independently of homogeneous dilations due to
cell size. To test statistical significance, a Kruskal-Wallis test with Dunn post-hoc test
with Sidak correction for multiple comparisons has been applied.

Image analysis for the figures (2B, 3H, J, 4 B,D,F and S4B, E, H) was done
using CellProfiler (version: 3.1.9) on one Z-plane of the images. The pipelines for
different analysis were prepared as follows:

To detect the total and membrane bound intensities of protein of interest (labelled as
total integrated intensity or spots/total, respectively, in the figures) or intensities of co-
localized proteins the pipeline was created as follows:

Step 1: Module ‘EnhanceorSuppressiFeatures’ was applied to channels where the
objects needs to be segmented, either to obtain their intensities or objects for the
intensities of co-localized proteins, to get sharp and defined objects which makes

segmentation easier (for eg. On channels with LAMP1 or EEAL or GFP-FYVE).
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Step 2: Nucleus was identified in the DAPI channel using the ‘IndentifyPrimaryObject’
module

Step 3: Module ‘IndentifyPrimaryObject’ was used again on the images obtained from
Step 1 to segments objects whose measurements are required (such LAMPL, EEAL,
EGFP-FYVE)

Step 4: Cells were segmented using the ‘IdentifySecondaryObject” module with nucleus
as the ‘primary object’ (identified in step 2) and using phalloidin or another cytoplasmic
protein channel to recognize the cell boundaries.

Step 5: Module ‘RelateObjects’ was used to relate the objects obtained in step 3 to each
cell obtained in Step 4. Output of this channel was saved as another object which gives
the objects of protein of interest per cell.

Step 6: Objects from step 3 were masked on the channel whose co-location or
membrane bound fraction had to be calculated using the ‘Maskimage’ module. (for eg:
to calculate EGFP-FYVE on lysosomes in Fig. 4B, Lysosomes were segmented in step
3 and the output objects were masked on EGFP-FYVE channel or to calculate
membrane bound EGFP-FYVE, segmentation of EGFP-FYVE objects from step 3 was
masked on EGFP-FYVE channel)). Output of this step was saved as a new image in the
pipeline.

Step 7: “MeasureObjectintensity’ module was used to obtain total ‘per cell intensity’
and ‘intensity on spots’ of protein of interest. Intensities were picked from images from
step 6 and raw images of channel of interest using cells from step 4 as the objects.

Step 8: Cell size was obtained using the module ‘MeasureObjectSzeandShape’ on the
cells segments in Step 4 as the objects

Step 9: Finally, all the measurements were exported to the excel sheet using the module

‘Expor ttoSpr eadsheet’
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Step 10: The final values were exported to a csv file named ‘cell’. This file had the
values of cell size (in pixels), total intensity of protein of interest per cell, intensity of
protein of interest on spots and intensity of co-localized protein on the object of interest
(eg: GFP-FYVE on lysosomes). Integrated intensities were used for the analysis and to

plot the graphs.

Statistical analysis

The statistical analysis of endolysosome volume, number and normalized NND
was performed with R (3.6.0). For NND analysis, the centroids distance between
structures was calculated from a constant number of lysosomes that was randomly
sampled from each cell. Therefore, variation in NNDs cannot be imputed to variation in
the number of lysosomes but to bona-fide variation of their spatial organization. The
statistical analysis was a Kruskal-Wallis test with Dunn test for multiple comparisons
correction.

For all experiment, a large number of cells were monitored from 3 to 6
independent experiments. Two-sided Mann-Whitney U test were performed for 2
conditions comparisons. For multiple comparisons, a Kruskal-Wallis has been used with
Dunn’s test for multiple comparisons. Additionally, to compare the global distribution
of cell population, y? tests were performed (R function “chi-square()”’) and Benjamini-
Hochberg multiple comparison correction has been applied. For the statistical analysis
on the data from CellProfiler, Prism was used. Mann-Whitney U test was applied for the
two conditions comparison or Kruskall-Wallis test with Dunn test for multiple

comparison.
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Figurelegends

Figure 1. High-grade cancer cell lines are specifically characterized by scattered,
peripheral positioning of lysosomes

A. Representative images of lysosomes visualized by immunofluorescence staining against
the lysosomal-associated membrane protein 1 (LAMP1/CD107a) in normal human
urothelium (NHU) and bladder cancer cell lines RT4 (ATCC® HTB-2™), MGHU3 (Lin et
al., 1985), RT112 (Marshall et al., 1977), KU19-19 (Tachibana et al., 1995), T24, TCCSup
(Nayak et al., 1977), IMSU1 (Morita et al., 1995) cells cultured on crossbow-shaped adhesive
micropatterns for better comparison. Scale bar is 10 um. B. 3D probabilistic density maps of
lysosomes of n cells of NHU, MGHU3, RT112, KU19-19 and JMSUL. The 50% contour
visualizes the smallest cellular volume containing 50% of lysosomes. C. Nearest neighbor
distance (NND) between lysosomes in NHU (n=76), RT4 (n=73), MGHU3 (n=65), RT112
(n=64), KU19-19 (n=64), T24 (n=72), TCCSup (n=48) and JMSU1 (n=60). Adjusted p-
values of testing against NHU condition are RT4: >0.9999, MGHU3: 0.1943; RT112:
<0.0001; KU19-19: <0.0001; T24: <0.0001; TCCsup: <0.0001; JMSU1: <0.0001 in a
Kruskal-Wallis test with Dunn’s test for multiple comparisons; ns p >0.1 and **** p <
0.0001, error bars are SEM. D. Average numbers of lysosomes per cell in NHU (n=76), RT4
(n=73), MGHU3 (n=65), RT112 (n=64), KU19-19 (n=64), T24 (n=72), TCCSup (n=48) and
JMSU1 (n=60). Adjusted p-values of testing against NHU condition are RT4: <0.0001;
MGHU3: <0.0001; RT112: >0.9999; KU19-19: 0.8807; T24: >0.9999; TCCsup: 0.2068;
JMSU1: <0.0001 in a Kruskal-Wallis test with Dunn’s test for correction for multiple
comparisons; ns p > 0.1 and **** p < 0.0001, error bars are SEM. E. Average volume of
lysosomes in NHU (n=76), RT4 (n=73), MGHU3 (n=65), RT112 (n=64), KU19-19 (n=64),
T24 (n=72), TCCSup (n=48) and JMSU1 (n=60). Adjusted p-values of testing against NHU

condition are RT4: 0.1414; MGHU3: <0.0001; RT112: 0.0048; KU19-19: 0.0110; T24:
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>0.9999; TCCsup: 0.0003; JMSUL: <0.0001 in a Kruskal-Wallis test with Dunn’s test for
multiple comparisons; nsp > 0.1, *p < 0.1, *** p < 0.001 and **** p < 0.0001, error bars are

SEM.

Figure 2. Disper sed lysosomesreveal alterationsin the mTORC1-TFEB signaling axis

A. Immunofluorescence staining of the lysosomal-associated membrane protein 1 (LAMPL1,
CD107a) and mTOR in MGHU3, RT112, KU19-19 and JMSUL. The zoom shows the merged
image for both proteins in the white box. Scale bars equal 15 um B. Quantification of mMTOR
intensity on lysosomes normalized to total cellular mTOR (approximately 50 cells for each
cell line; **** p <0.0001; Kruskal-Wallis test with Dunn’s test for multiple comparison, error
bars are SEM. C. Western blot analysis of phosphorylated p70-S6 Kinase 1 (P-p70-S6K1
Thr389) and total p70-S6K1 as well as GAPDH loading control in MGHU3, RT112, KU19-
19 and JMSUL1 cells and quantification of P-p70-S6K1 levels from n=7 experiments, error
bars are SEM. D. Representative images of MGHU3, RT112, KU19-19 and JMSUL cells
transfected with TFEB-EGFP for 72 h. Scale bars equal 10 pm. E. Quantification of the
nuclear fraction of the total mean TFEB-EGFP fluorescent intensity in MGHU3 (n=23),
RT112 (n=31), KU19-19 (n-39) and JMSUL1 cells (n=57). **** p <0.0001; Kruskal-Wallis
test with Dunn’s test for multiple comparison. Data are depicted as mean = SD. F.
Representative images of RT112 cells transfected with TFEB-EGFP for 72 h and treated with
10 uM rapamycin for 2 h. Scale bars equal 10 um. G. Quantification of the nuclear fraction of
the total mean TFEB-EGFP fluorescent intensity in control and rapamycin conditions (for
n>20 cells in each condition). **** p <0.0001; Mann-Whitney test. Data are depicted as mean
+ SD. H. Representative images of JMSUL1 cells transfected with TFEB-EGFP for 72 h and
treated with ML-SI1 or BAPTA AM for 3 h. Scale bars equal 10 um. I. Quantification of the

nuclear fraction of the total mean TFEB-EGFP fluorescent intensity in control, ML-SI1 and
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BAPTA AM treatment conditions (for >15 cells in each condition). *** p<0.001 and **** p

<0.0001; Mann-Whitney test. Data are depicted as mean + SD.

Figure 3. Lysosome positioning changes are under the control of TFEB in bladder
cancer cells

A. Immunofluorescence staining of the lysosomal-associated membrane protein 1 (LAMPL,
CD107a) in control (DMSO) and rapamycin (10 pM) treated RT112 cells. White arrow shows
the peripheral clustering of lysosomes. Scale bars equal 10 um. B. Representative images of
lysosomes visualized by immunofluorescence staining against LAMPL in micropatterned
RT112 cells in control and rapamycin treatment. C. Nearest neighbor distance (NND in pm)
between lysosomes in micropatterned control (n=25) and rapamycin treated (n=27) RT112
cells; * p <0.05 in a Mann-Whitney U test, error bars are SEM. D. Immunofluorescence
staining of LAMP1 in JMSUL cells treated with siLUC and siTFEB for 72 h. White arrow
shows the perinuclear clustering of lysosomes. Scale bars equal 10 um. E. Representative
images of lysosomes visualized by immunofluorescence staining against LAMPL in
micropatterned JMSUL1 cells in control and siTFEB treatment conditions. F. Nearest neighbor
distance (NND in um) between lysosomes in micropatterned control (n= 23) and siTFEB (n=
34) treated JMSUL cells; ** p < 0.005 in a Mann-Whitney U test, error bars are SEM. G.
Immunofluorescence staining of LAMP1 (red) and protrudin (green) in control (DMSO) and
rapamycin (10 pM) treated RT112 cells. Zoom shows the merged image of both proteins in
the white box. White arrow shows the colocalization between LAMP1 and protrudin. Scale
bars are 15 pm. H. Quantification of protrudin integrated intensity on lysosomes normalized
to total cellular protrudin, in 290 control and 227 rapamycin treated RT112 cells;
****pn<0.0001 in a Mann-Whitney U test, error bars are SEM. |. Immunofluorescence

staining of LAMP1 (red) in and protrudin (green) in JMSU1 cells in control (siLUC) and
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SITFEB (72 h) treatment conditions. Zoom shows the merged image of the two proteins in the
white box. White arrow shows the colocalization between LAMP1 and protrudin. Scale bars
are 15 um. J. Quantification of protrudin integrated intensity on lysosomes normalized to
total cellular protrudin, in 131 control (siLUC) and 167 siTFEB JMSUL cells; **** p<0.0001

in a Mann-Whitney U test, error bars are SEM.

Figure 4. TFEB regulates phosphatidylinositol-3-phosphate levels on endomembranesin
bladder cancer cells

A. Immunofluorescence staining of the lysosomal-associated membrane protein 1
(LAMP1/CD107a) (red) in control (siLUC) and SiTFEB (72 h) treated JMSU1 cells
transfected with EGFP-FYVE (green). Zoom shows the merged images of LAMP1 and
EGFP-FYVE in white box. White arrow shows the colocalization between LAMP1 and
EGFP-FYVE. Scale bars equal 10 pm. B. Quantification of EGFP-FYVE integrated intensity
on lysosomes normalized to total cellular EGFP-FYVE, in 147 siLUC and 167 siTFEB
treated JMSU1L cells; **** p<0.0001 in a Mann-Whitney U test, error bars are SEM. C.
Representative images of control (siLUC) and siTFEB (72 h) treated JMSUL cells expressing
EGFP-FYVE. Zoom shows EGFP-FYVE in white box. Scale bars equal 15 pm. D.
Quantification of EGFP-FYVE integrated intensity on segmented spots normalized to total
cellular EGFP-FYVE, in 241 siLUC and 307 siTFEB JMSUL cells; p<0.0001 in a Mann-
Whitney U test, error bars are SEM. E. Immunofluorescence staining of early endosome
antigen 1 (EEAL) in control (DMSO) and wortmannin (1 pM) treated JMSU1 cells. Zoom
shows one single cell in white box. Scale bars equal 15 pm. F. Quantification of EEA1
integrated intensity on segmented spots normalized to total cellular EEA1, in 228 control and
56 wortmannin treated JIMSUL1 cells; **** p<0.0001 in a Mann-Whitney U test, error bars are

SEM. G. Immunofluorescence staining of LAMP1 in control (DMSO) and wortmannin (1
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uM) treated JIMSUL cells. White arrows show the perinuclear clustering of lysosomes. H.
Representative images of lysosomes visualized by immunofluorescence staining against
LAMPL in micropatterned control and wortmannin (1 uM) treated JMSUL cells. |. Nearest
neighbor distance (NND in um) between lysosomes in micropatterned in control (n=19) and
wortmannin (n=25) JMSUL cells; *** p < 0.0005 p-value in a Mann-Whitney U test, error

bars are SEM.

Supplemental figure legends

Figure S1. High-grade cancer cell lines are specifically characterized by scattered,
peripheral positioning of lysosomes

A. Average intensity projections of the actin cytoskeleton visualized by phalloidin of n cells
of normal human urothelium (NHU) and bladder cancer cell lines RT4 (ATCC® HTB-2™),
MGHUS3 (Lin et al., 1985), RT112 (Marshall et al., 1977), KU19-19 (Tachibana et al., 1995),
T24, TCCSup (Nayak et al., 1977), IMSU1 (Morita et al., 1995). Scale bar equals 10 pm. B.
Correlation analysis between average endolysosomal volume and average numbers per cell
shows a weak (R2=0.19) but significant association; p-value < 0.001 in a t-test for correlation.
C. Principal component analysis of transcriptome data of normal human urothelium (NHU)
cells and the bladder cancer cell lines RT4, MGHU3, RT112, KU19-19, T24, TCCSup and
JMSUL. D. Average day of invasion from spheroids into collagen matrix of MGHU3 (n=13),
RT112 (n=9), KU19-19 (n=5), and JIMSUL1 (n=8), and representative images of 3D spheroids
from KU19-19 (upper panel) and JMSU1 (lower panel) at 1 day after matrix embedding.
White arrow indicates invasion of collagen matrix by escaping cells. Scale bar equals 500 pm.
E. Schematic representation of the analysis of endolysosome distribution in classical cell

culture conditions (see F). F. Normalized lysosome dispersion in non patterned MGHU3,
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RT112, KU19-19 and JMSUL cells based on statistical inertia measurement (=averaged
squared distance to the center of mass normalized to cell size) for n>60 cells per cell line

analyzed, **** p < 0.0001 in a Kruskal-Wallis test with Dunn‘s test for multiple comparison .

Figure S2. Altered lysosomes correlate with changes in the mTORC1-TFEB nutrient
signaling pathway

A. Quantification of total p70-S6 Kinase 1 levels from n=3 Western Blot experiments in
MGHU3, RT112, KU19-19 and JMSUL1 (see also Figure 2C). Error bars show SEM. B.
Western Blot analysis of phosphorylated p70-S6 Kinase 1 (P-p70-S6K1 Thr389) and GAPDH
loading control in MGHU3, RT112, KU19-19 and JMSUL cells in control conditions (full
media) and after treatment with rapamycin at 10 uM for 2 h or grown under starvation in
EBSS (Earle's Balanced Saline Solution) for 4 h. C. Normalized Log2 RNA expression levels
of housekeeping gene (GAPDH) and TFEB regulated genes (RRAGD and TSC1) in NHU,
MGHU3, RT112, KU19-19 and JMSU1l. D. Representative images of JMSU1 cells
transfected with TFEB-EGFP for 72 h and treated with NPCL1 inhibitor U18666A (10 uM, 2
h, 37°C). Scale bars are 10 pum. E. Quantification of the nuclear fraction of the total mean
TFEB-EGFP fluorescent intensity in in control and U18666A treated JIMSU1 cells (for n>15

cells in each condition). ns is p >0.1; Mann-Whitney test. Data are depicted as mean + SD.

Figure S3. Lysosome positioning changes are under the control of TFEB in bladder
cancer cells

A. Western blot analysis of SiTFEB (72 h, with siRNA pool) in JMSU1 cells and
quantification of TFEB levels normalized to GAPDH. Error bars are SEM of 7 independent
experiments. B. Western blot of TFEB knockdown with individual sSiTFEB RNAs (72 h). C.
Immunofluorescence staining against the lysosomal-associated membrane protein 1 (LAMP1,

CD107a) in JMSU1 cells after TFEB knockdown with individual SiTFEB RNAs (72 h).
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White arrows show the perinuclear clustering of lysosomes. Scale bar is 15 pum. D.
Normalized Log2 RNA expression levels of protrudin (ZFYVE27). E. Western blot analysis
of protrudin in RT112 cells in control (DMSO) and rapamycin (10 uM, 24 h) treatment
conditions. F. Western blot analysis of protrudin in JMSUL cells in control (siLUC) and

SITFEB (72 h) conditions.

Figure $4. TFEB regulates phosphatidylinositol-3-phosphate levels on endomembranes
in bladder cancer cells

A. Representative images of EEA1L staining in RT112 cells in control (DMSO), rapamycin
(10 uM, 24 h) and cycloheximide (20 ug/mL, 24 h) conditions. Zoom shows one single cell in
white box. Scale bars are 15 um. B. Quantification of EEA1 integrated intensity on
segmented spots normalized to total cellular EEAL, in control, rapamycin and cycloheximide
treatment conditions in 234 control, 245 rapamycin and 201 cycloheximide treated RT112
cells; ****p<0.0001, ***p<0.001 in a Kruskal-Wallis test with Dunn’s test for multiple
comparison, error bars are SEM. C. Western blot analysis of EEAL in RT112 cells in control,
rapamycin and cycloheximide treatment conditions. D. Representative images of EEAl
staining in RT112 cells in control (DMSO) and rapamycin (10 pM, 4 h) conditions. Zoom
shows one single cell in white box. Scale bars are 15 um. E. Quantification of EEA1
integrated intensity on segmented spots normalized to total cellular EEA1L, in control and
rapamycin conditions in 332 control and 330 rapamycin treated RT112 cells; ns p>0.1 in a
Mann-Whitney test, error bars are SEM. F. Western blot analysis of EEA1 in RT112 cells in
control and rapamycin (4 h) conditions, error bars are SEM from 3 independent experiments.
G. Representative images of EEAL staining in JMSUL1 cells in control (siLUC) and siTFEB
(72 h) conditions. Zoom shows one single cell in white box. Scale bars are 15 um. H.

Quantification of EEAL integrated intensity on segmented spots normalized to total cellular
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EEAL, in control and siTFEB conditions in 94 siLUC and 212 siTFEB JMSUL cells; **
p<0.01 in Mann-Whitney test, error bars are SEM). |I. Western blot analysis of EEAL in

JMSUL1 cells in control and siTFEB (72 h) conditions, error bars are SEM from 9 independent

experiments.
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RESUME

Les lysosomes sont un centre de régulation intracellulaire pour le métabolisme et la signalisation. De
nombreuses fonctions des lysosomes sont impliquées dans le cancer et ils restent donc une cible
intéressante pour les thérapies anticancéreuses. Nous avons précédemment étudié le paysage intracellulaire
de cet organite dans une collection de lignées cellulaires de cancer de la vessie et de cellules urothéliales
humaines normales et nous avons constaté que les lysosomes sont plus dispersés vers la périphérie des
cellules dans les cellules agressives de cancer de la vessie. Nous constatons ici une régulation différentielle
de la kinase mTORC1 (cible mammalienne du complexe 1 de rapamycine), qui émet des signaux a partir
des lysosomes, entre des lignées cellulaires de cancer de la vessie non agressives et agressives, et nous
constatons une translocation nucléaire constitutive du facteur de transcription EB (TFEB) dans les cellules
de cancer de la vessie agressives. Le silencage de TFEB dans les cellules cancéreuses agressives inverse
le phénotype de dispersion des lysosomes, ce qui suggére un rdle de TFEB dans la régulation de la
dispersion lysosomale dans ces cellules. De maniére cohérente, nous constatons que l'induction de la
translocation nucléaire de TFEB aprés l'inhibition de mTORC1 induit un mouvement périphérique des
lysosomes dans les cellules non agressives. Les phosphoinositols étant des régulateurs importants de la
fonction et du mouvement des lysosomes, en particulier le phosphatidylinositol-3-phosphate (PI3P) qui est
impliqué dans le positionnement des lysosomes, nous avons testé si TFEB régule les niveaux de PI3P dans
les cellules cancéreuses agressives de la vessie et donc la dispersion des lysosomes. Nous constatons que
la GFP-FYVE qui se lie a PI3P est fortement diminuée apres un traitement avec un siTFEB dans les cellules
agressives.

L'ensemble de nos résultats indique que le positionnement des lysosomes est sous le contréle de TFEB et
que I'hyperactivation de TFEB conduit au phénotype cellulaire caractéristique de dispersion des lysosomes
dans les cellules cancéreuses de la vessie agressives. De plus, nos résultats montrent que I'activation de
TFEB entraine une augmentation globale de PI3P au niveau des lysosomes et un fort recrutement des
protéines contenant le domaine FYVE. Ainsi, nos résultats révélent un nouveau réle de TFEB dans la
régulation des niveaux de PI3P. Cela clarifie conceptuellement le double réle de TFEB en tant que régulateur
de la maturation endosomale et de I'autophagie, deux processus cellulaires fondamentaux mais distincts qui
dépendent et sont régulés par les niveaux de PI3P. Nous proposons que les changements de positionnement
des lysosomes soient un biomarqueur crucial des altérations de la voie PI3P dans le modéle de cancer de
la vessie.

MOTS CLES
Lysosome positionnement, mMTORC1, TFEB, PI3P

ABSTRACT

Lysosomes are an intracellular regulatory hub for metabolism and signaling. Many functions of lysosomes are
implicated in cancer and thus they remain an interesting target for cancer therapies. We had previously
investigate the intracellular landscape of this organelle in a collection of bladder cancer cell lines and normal
human urothelium cells and found that lysosomes become increasingly scattered towards the cell periphery
in aggressive bladder cancer cells. Here we find differential regulation of mMTORC1 (mammalian target of
rapamycin complex 1) kinase, which signals from lysosomes, between non- aggressive and aggressive
bladder cancer cell lines and we find constitutive nuclear translocation of the transcription factor EB (TFEB)
in aggressive bladder cancer cells . Silencing of TFEB in aggressive cancer cells reverses the scattered
lysosome phenotype, suggesting a role of TFEB in regulation of lysosomal dispersion in these cells.
Consistently, we find that inducing nuclear translocation of TFEB after inhibition of mTORC1 induces
peripheral movement of lysosomes in non-aggressive cells. Since phosphoinositols are important regulators
of lysosomal function and movement, especially phosphatidylinositol-3-phosphate (PI3P) which is involved in
lysosomal positioning, we tested whether TFEB regulates levels of PI3P in aggressive bladder cancer cells
and thus lysosomal dispersion. We find that GFP-FYVE that binds to PI3P is strongly decreased after siTFEB
in aggressive cells.

Together our results indicate that lysosome positioning is under the control of TFEB and that hyperactivation
of TFEB leads to the characteristic cellular phenotype of lysosome dispersion in aggressive bladder cancer
cells. Moreover, our results show that activation of TFEB leads to a global increase of PI3P at lysosomes and
strong recruitment of FYVE-domain-containing proteins. Thus, our findings uncover a novel role of TFEB in
regulating PI3Ps levels. This conceptually clarifies the double role of TFEB as regulator of endosomal
maturation and autophagy, two fundamental but distinct cellular processes that rely and are regulated by PI3P
levels. We propose that lysosome positioning changes are a crucial biomarker of alterations in the PI3P
pathway in the bladder cancer model.
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Lysosome positioning, mMTORC1, TFEB, PI3P




