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Abstract

Glioblastoma (GB) is the deadliest and most prevalent primary tumor of the central
nervous system (CNS) in adults. Despite invasive treatments of surgical resection
followed by radio- and chemotherapy, the median survival of patients hardly reaches
15 months. This aggressiveness is thought to be in part linked to the presence of a
subset of cancer stem cells termed glioblastoma stem-like cells (GSCs) within the
tumor mass. Involved in the initiation, growth, and recurrence of GB tumors, these
cells therefore represent a promising target.

In this context, lysosomes are critical for the maintenance of GSCs homeostasis.
These organelles, standing at the crossroad between anabolism and catabolism,
permit the survival of GSCs in unfavorable conditions. Their destabilization
culminates in the specific cell death of GSCs, defining lysosomes as a checkpoint for
life-and-death decisions in this cellular context.

The MALT1 paracaspase was recently defined as a crucial mediator of lysosomal
homeostasis in GSCs. This protease, initially involved in immune responses,
restrains the lysosomal compartment, its inhibition resulting in lysosomal-dependent
cell death of GSCs through a mechanism involving the RNA binding protein Quaking.
However, the events resulting in the lysosomal destabilization and cell death of GSCs
remained unclear.

In this context, my thesis work allowed the cartography of cellular and organellar
events leading to GSC cell death upon MALT1 inhibition and silencing. Notably, by
combining the proteomic definition of GSCs and of the purified lysosomal
compartment upon inhibition of MALT1, we uncovered the lysosomal-cholesterol
transport machinery as central in GSCs survival. The Niemann-Pick type C1 (NPC1)
protein, major lysosomal cholesterol exporter, was dispersed from the degradative
organelle, resulting in the sequestration of cholesterol in lysosomes of MALT1-
inhibited GSCs. Autophagy blockade, transcriptional upregulation of the cholesterol
synthesis pathway as well as cell death induced by loss of NPC1 lysosomal
localization were rescued by addition of exogenous cholesterol, placing this lipid at
the intersection between lysosomal homeostasis and GSCs fate. Consecutively, the
direct inhibition of NPC1 activity resulted in the specific elimination of GSCs,
emphasizing the functions of the lysosomal cholesterol handling machinery in GSCs’
life and death decisions.
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Résumé

Le glioblastome (GB) est le cancer du systéme nerveux central de I'adulte le plus
commun et le plus meurtrier. Malgré un traitement invasif de résection chirurgicale
suivi de séances de radio- et de chimiothérapies, la survie des patients atteints
difficilement les 15 mois. Cette agressivité est considérée comme liée notamment a
la présence de cellules souches cancéreuses appelées cellules de type souche de
glioblastome, ou GSCs. Ces cellules, impliquées dans l'initiation, la croissance, et la
récurrence du GB, sont considérées comme des cibles préférentielles.

Les lysosomes jouent un rdle critique dans le maintien de 'homéostasie des GSCs.
Ces organelles, agissant a la croisée des mécanismes d’anabolisme et de
catabolisme, permettent la survie des GSCs hors de leur niche protectrice. Dans les
GSCs, leur déstabilisation culmine en une mort spécifique, définissant ainsi les
lysosomes comme un point de contréle des décisions vie-et-mort dans ce contexte
cellulaire.

La paracaspase MALT1 a réecemment été définie comme un médiateur crucial de
'homéostasie des lysosomes dans les GSCs. Cette protéase, initialement décrite
comme impliqguée dans les réponses immunitaires, restreint le compartiment
lysosomal, son inhibition aboutissant en une mort lysosome-dépendante des GSCs,
via un mécanisme impliquant la protéine de liaison a TARNm Quaking. Cependant,
les événements engendrant la déstabilisation lysosomale ainsi que la mort des GSCs
restaient incertains.

Ainsi, mon travail de thése a permis la cartographie des événements participant a la
déstabilisation lysosomale suivant le ciblage de la paracaspase MALT1. Notamment,
par combinaison de la définition protéomique des GSCs et de leur compartiment
lysosomal suite a l'inhibition de MALT1, nous avons mis en évidence le rdle central
du transport lysosomal du cholestérol dans la survie des GSCs. La protéine
Niemann-Pick type C1 (NPC1), principal transporteur du cholestérol lysosomal, est
dispersée hors de cette organelle, entrainant la séquestration du cholestérol dans les
lysosomes. De maniére intéressante, le blocage de l'autophagie, I'augmentation
transcriptionnelle de la voie de synthése du cholestérol ainsi que la mort cellulaire
induite par la perte de la localisation lysosomale de NPC1, sont normalisés aprés
ajout de cholestérol exogéne, plagant ce lipide a l'intersection entre 'homéostasie
lysosomale et le destin des GSCs. En paralléle, I'inhibition directe de l'activité de
NPC1 entraine I'élimination spécifique des GSCs, soulignant ainsi les fonctions
primordiales de la machinerie d’export lysosomal du cholestérol dans la survie des
GSCs.

11



Introduction

12




13



A- The plurality of glioblastoma

A-l- An overview

A-1-1- World Health Organization (WHO) classification and definition

As stated in the fifth edition of the World Health Organization (WHO) classification of
Tumors of the Central Nervous System (CNS) published in 2021, glioblastoma (GB)
is considered a CNS grade 4 tumor'2. As compared to the previous edition,
histological, but also genetic and molecular parameters are now taking into account,
allowing a more accurate categorization of adult diffuse gliomas'3. As GB is
concerned, the moderate use of the Not Otherwise Specified (NOS) and Not
Elsewhere Classified (NEC) diagnoses, as well as the consideration of the wildtype
status of the isocitrate dehydrogenase 1 and 2 (IDH-wildtype) as a genetic criterion,
now allow to distinctly separate GB from astrocytoma and oligodendroglioma. In this
regard, GB is now classified in the setting of an IDH-wildtype diffuse and astrocytic
glioma in adults presenting necrosis or microvascular proliferation, and, in the
absence of these histological settings, on the highlight of at least one of the three
following genetic alterations: TERT promoter mutation, +7/-10 chromosome copy

number changes, or EGFR gene amplification?.

A-l-2- Epidemiology

According to the CBTRUS (central brain tumor registry of the United States)
statistical report that analyzed the incidence of CNS tumors in the United States
between 2015-2019 (classified according to the 2076 WHO classification), GB is the
most common primary malignant CNS tumor (50.1% of all malignant tumors, 3.26 per
100,000 U.S. population), affecting primarily older adults (median age of 65 at
diagnosis) and with a more frequent occurrence in males than females (1.6 times
more common)*. Still according to this U.S. database, the survival of glioblastoma
patients reached only 42.7% one year after diagnosis and 6.9% five years after
diagnosis, making it the most aggressive primary CNS tumor in adults*. It is
noteworthy that the 2021 WHO GB classification now only includes the most common
and aggressive form of GB (IDH-wildtype, 76.8% of all glioblastomas as per the 2016
WHO classification), making the numbers listed above probably low estimates of

actual figures'?.
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A-I-3- Clinical presentation

A Medial cut of a Human brain

Cerebrum

Lateral ventricle

Supratentorial
area

Tentorium .
Infratentorial
Brain stem area

Cerebellum

Spinal cord

Figure 1: A) Schematic representation of a human medial brain cut with major areas annotated. The
supratentorial area, where 95% of GB develop, is indicated. B) Magnetic resonance imaging (MRI) of a
human GB. Different methods of imaging were used to assess brain lesions of tumor perfusion. From
left to right: T1-weighted post contrast image; Apparent diffusion coefficient image; Standardization of
cerebral blood volume

GB pictures from: Svolos, P. et al., Cancer Imaging (2014)

GB may arise from different regions of the brain, but ninety-five percent of GB tumors
develop in the supratentorial region®. The five percent remaining are found in the
brainstem, spinal cord, or cerebellum (Fig. 1A).

While the precise causes for GB development are still debated, few risk factors are
associated with an increased occurrence of the disease. Beside age and gender?, the
only confirmed external risk factor is the exposure to high dose ionizing radiation.
Several studies demonstrated a link between radiotherapy and GB occurrence in
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both adults and children®°. Of note, routine exposure to diagnostic doses of radiation
does not increase the risk of developing GB in these two populations®.

GB is an aggressive brain cancer, developing rapidly, and therefore affecting several
primary functions. The location of the tumor in the brain is an important factor that
leads to the development of different symptoms. Cognitive impairment, neural deficit,
hearing and visual problems are classically associated with a temporal lobe tumor,
whereas personality change is a sign of frontal lobe localization®. The intracranial
pressure also increases in response to the tumoral mass resulting in unilaterally

localized headaches with progressive severity and seizures®.

A-l-4- Standard-of-care therapies

Imaging is an important step to guide patient care, to localize the tumor, formulate
treatment plans, and for post-treatment management. Computed tomography as well
as magnetic resonance imaging (MRI), are routinely used for these purposes.
Technological advances in MRI techniques now allow not only to visualize the tumor
mass, but also to assess important parameters, such as blood perfusion or brain
activation during task completion® (Fig. 1B).

GB treatment is a complicated challenge owing to its heterogenous and complex
biology, as well as its location. Surgical resection, when possible, is the most
effective treatment for GB. A more extensive resection is notably correlated with a
sixty-one percent increase in survival at one year compared to subtotal resection. At
two years, this number drops to nineteen percent, still proving efficacy. In parallel, the
progression-free survival is increased by fifty-one percent upon total debulking,
demonstrating the importance of the surgical resection step during GB treatment''.
The use of fluorescent dyes, such as 5-aminolevulinic acid, to guide neurosurgeons
during tumor removal, increases the rate of complete tumor removal from thirty-six
percent to sixty-five percent, and improves significantly the progression-free survival
rate'?.

Based on the pioneered clinical trials of Roger Stupp, the administration of the
alkylating agent temozolomide (TMZ, aka Temodal) concomitant to radiotherapy
became the standard-of-care therapy for newly diagnosed GB (Stupp protocol). This
20-years old treatment consists in focal irradiation of two Grays (Gy) five days per
week for six weeks (60 Gy total) plus daily administration of TMZ at 75mg per square

meter of body surface. These six weeks of treatment are followed by six cycles of
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adjuvant TMZ administration (150-200mg per square meter of body surface) for five
days every twenty-eight days'®'# (Fig. 2). More recently, the use of tumor-treating
fields in complement to the adjuvant TMZ have gained interest and received
approvals for its use in GB. It was notably demonstrated that the continuous use of
this portable and non-invasive device increased the median progression-free survival
of chemoradiation-treated patients by 3 months, therefore almost doubling the initial
value. Likewise, the median overall survival increased from sixteen months in the
TMZ-alone group to twenty and a half months in the tumor-treating fields plus TMZ

group™s.

Surgical Stupp
resection protocol e I 1 1 1 1 1
L —>
It A \
T Chemotherapy (TMZ) 1§ Radiotherapy
Diagnosis Relapse

Figure 2: The Stupp protocol. Patients diagnosed with GB undergo maximum surgical resection
followed by concomitant radio- and chemotherapy with TMZ. Adjuvant TMZ is then administered for 6
weeks. Despite this invasive protocol, relapses remain inevitable.

Of note, the MGMT (methylguanine methyltransferase) status of the patient is an
important parameter to consider when administrating TMZ. Indeed, this enzyme, by
removing methylation marks on DNA, counteracts TMZ mode of action'®. TMZ is an
alkylating agent belonging to the class of imidazotetrazines able to cross the BBB
(blood brain barrier) due to its relatively small size. Upon reaching neutral or basic
pH, TMZ is converted into the metabolite MTIC, itself rapidly converted in the active
methyldiazonium ion. This ion is responsible for the methylation of guanine residues
in DNA. 0% and N’-methylguanines generated upon TMZ administration lead to
apoptotic pathway activation, as well as cell cycle arrest'”.

Besides the Stupp protocol, many clinical trials were conducted in an attempt to
improve survival of GB patients. Anti-angiogenic therapies were promising, as GB
tumors importantly rely on the aberrant neo-vascularization for their growth, and
feature microvascular proliferation. Angiogenesis is the process by which new blood

vessels grow from preexisting ones, increasing the perfusion of nutrient and oxygen
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to cells. Therefore, this process is often hijacked in tumors and notably in GB. VEGF
(vascular endothelial growth factor) is a pro-angiogenic factor, promoting
angiogenesis via binding to its receptor (VEGFR) on endothelial cells (ECs), inducing
their growth and migration®. To counteract this process, the VEGF-blocking antibody
Bevacizumab was developed by Genentech'® and commercialized under the name
Avastin. Based on in vitro assays and mice models, Bevacizumab demonstrated
promising preliminary results, effectively blocking angiogenesis and tumor
growth?%2', However, clinical trials on recurrent or newly diagnosed GB failed to
demonstrate results on the overall survival of patients??=24. The best benefit observed
was the reduction of edema, allowing patients to reduce or stop the use of
corticosteroids, improving patient-quality of life?5. In contrast, the rate of adverse
events was higher in patients treated with Bevacizumab, as compared to the placebo
group??-24, Bevacizumab remains nonetheless still commonly administrated in
recurrent GB as a compassionate treatment.

Aside from the major development of the Stupp protocol for the treatment of newly
diagnosed GB in 2005, new strategies to fight this tumor clearly lack. The localization
as well as the important heterogeneity and invasive properties of this cancer makes

its treatment a complicated challenge.

A-1-5- Glioblastoma models

A-I-5-1- Conventional cell lines

Several GB cell lines are commercially available on the ATCC (American type culture
collection) or from biological research companies. The most widely used are U87MG
(isolated from a 44-year-old male patient with a malignant glioma, likely GB), T98G
(isolated from a 61-year-old male patient with GB), LN229 (isolated from a 60-year-
old female patient with GB), and U251MG (isolated from a 75-year-old male patient
with GB). These cells represent the easiest and fastest way to obtain in vitro results,
as their culture is relatively easy using media containing serum?®. In contrast, and as
it is the case for most immortalized cancer cell models, these cells fail to recapitulate
the initial tumor and its microenvironment?®. Of note, they grow in adherent
conditions, but low-adhesion culture plates can be employed to maintain them in
floating spheres, and to isolate cancer stem cells (CSCs) present in the original
population of these commercial cell lines?’. Even though these cell lines contain a

subpopulation of CSCs, the use of serum in the media induces their neuronal and
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astrocytic differentiation, rendering complicated the study of this important
population?”-?6, Moreover, a 2016 study made a striking discovery showing that the
widely used U87MG cell line was genetically and transcriptomically different when
compared to the cells of origin. The ATCC-available cells were demonstrated as
originating from a human GB, but from unknown origin, raising important questions

regarding the many studies using this commercially available cell line®°.

A-I-5-2- Patient-derived cell lines

The development of techniques to culture mouse and rat neural stem cells in vitro
unleashed the potential of using patient-derived neural stem cells in laboratories. It
was indeed proven that a precise mixture of serum-free media containing growth
factors including EGF (epithelial growth factor), FGF (fibroblast growth factor), and
insulin, was able to maintain the stemness properties of freshly isolated mammalian
neural stem cells3%3'. Of interest, the same growth-factors-enriched media can be
used to culture glioblastoma stem-like cells (GSCs)32-34. In these conditions, GSCs
grow in suspension in sphere-like structures defined as neurospheres, maintain the
transcriptional status of the parental tumor, and can recapitulate the tumor of origin
when transplanted in mice333%(Fig. 3). As such, they represent a more suitable model
than classical GB cellular models. However, even though the heterogeneity of
patient-derived samples is a clear advantage to understand the disease and to
explore new therapeutic opportunities in vitro, this heterogeneity is lost upon serial
passages. Indeed, quiescent GSCs, owing to their low proliferation rate, are counter
selected. In parallel, subclone populations can emerge as a result of proliferative
advantage®. Still, the use of these patient-derived cells provides meaningful

information as they mimic more closely the tumor of origin.
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Figure 3: Time-lapse imaging of patient-derived GSCs culture. Dissociated single GSCs have the
ability to form neurospheres with time when cultured in an appropriate media containing growth
factors and deprived of serum.

A-I-5-3- 3D models and organoids

Because of the relatively simple culture conditions and of their properties, GB cell
lines and patient-derived cells are widely used in laboratories working on this cancer
and can provide valuable results when looking at new therapeutic opportunities.
However, this in vitro system does not fully recapitulate the tumor microenvironment.
To achieve this goal, several models were developed. For example, the interaction
between GB cells and extracellular matrix (ECM) components such as laminin or
collagen can be studied in a 2D model system by coating culture plates with these
proteins. Matrigel or hydrogels with various protein concentrations, composition, and
mechanical properties, can also be employed?’.

While better recapitulating the structural organization, 2D culture systems do not
completely copy 3D conditions, such as nutrient diffusion or hypoxia. With the need
of culture models resembling as much as possible the tumor of origin, 3 dimensions
GB cell culture methods were developed. Once again, Matrigel or hydrogels can be
used to culture neurospheres and monitor their invasive properties or response to
treatments®”-28 (Fig. 4A).
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Figure 4: 3D models employed to study GB. A) Confocal microscopy imaging of a spheroid
formed using patient-derived GSCs. B) Confocal imaging of an organotypic brain slice culture
system between a mouse brain and patient-derived GSCs (green). Isolectin (red) was used to
stain blood vessels.

Organotypic slice co-culture is also a valuable tool to study GB cell interactions within
a healthy microenvironment. This technique consists in the ex vivo engraftment of
mouse or human GSCs on freshly cut adult mouse brain slices that can remain alive
in serum-free media for several weeks. Using immunostaining, GSC implantation and
behavior can be monitored, therefore providing informative results concerning the ex
vivo functions of GSCs®* (Fig. 4B).

In 2013, Madeline Lancaster and colleagues developed a cerebral organoid model*°.
Starting from iPSCs (induced pluripotent stem cells) or Matrigel cultured-embryoid
bodies (aggregates of pluripotent stem cells derived from the blastocyst), cerebral
organoids can be formed in two to four weeks and survive at least ten months. Of
note, these organoids form brain regions reminiscent of the cerebral cortex, the
choroid plexus, the retina and the meninges, showing the spatial organization of this
model. However, and due to the lack of vascular system, nutrients and oxygen
availability is not ensured in the core of the organoid, promoting cell death. Still, this
ingenious tool provides the most developed and closely related brain model to study
GB development and response to treatments. In line with this, the group of Jeremy
Rich was able to use patient-derived GB tissue to generate organoids. By injecting 6-
months-old GB organoid cells into the brain of mice, they demonstrated the ability of
these cells to maintain their proliferative and tumorigenic potential as one hundred
percent of the mice died with a brain tumor. Using this model, a gradual organization
of GSCs within the organoid was uncovered, with quiescent cells residing in the

hypoxic core, whereas proliferative ones accumulated at the surface. Of note, this
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enable to maintain quiescent cells in culture, a complicated challenge otherwise, as
proliferative cells often take the lead in classical culture conditions*'.

Brain organoids, rather than generated from tumor samples, can also be transduced.
For example, the electroporation of plasmids encoding the oncogenic HRas®V'? and
a single-guide RNA against the TP53 locus into the organoid can lead to tumor
development. Of note, GSC markers were increased as compared to control
organoids, showing that this model permits the maintenance of this cell
subpopulation. As a proof of concept, these transduced GB organoid models were
shown to be serially transplantable in vivo*2. In parallel, Fadi Jacob demonstrated the
potential of using fresh surgically resected GB samples from patients to establish
organoids. Concomitantly to their biobanking, organoids were tested for their
biological properties, and demonstrated impressive abilities in recapitulating the
tumor of origin. Of interest, the inter- and intra-tumor heterogeneity was maintained,
allowing for personalized drug testing*>.

Finally, a recent study highlighted the potential of using brain organoids to
understand GSC implantation and infiltration. Indeed, one hundred percent of brain
organoids are infiltrated by GSCs when co-cultured for twenty four hours, and the
tumors formed preserve key genetic and signaling alterations of the parental tumor#“.
Overall, advanced 3D culture systems using brain organoids allow the in vitro study
of cancer growth in conditions similar to what can be observed in vivo. Notably, these
systems present important GB features such as hypoxia or necrosis, that are hardly
mimicked using classical culture conditions. However, the time consumption is
important, and again, the lack of vascularization does not allow the system to fully

reiterate in vivo tumor organization.

A-I-5-4- In vivo models

Animal study is a prerequisite before clinical investigations of potential new effective
therapeutics. Beside rodents, several animal models have been employed to study
GB, such as drosophila or zebrafish. Drosophila can be an interesting model to
screen for genetic alterations responsible for GB growth, as tissue-specific genetic
manipulation is relatively unchallenging in this model. Moreover, the CNS in flies and
humans share similarities*>. Zebrafishes, for their part, represent an attractive model
to study GB as their immune system is not fully developed during embryogenesis,

allowing for xenotransplantation experiment. In addition, and as for drosophila,
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genetic manipulation is relatively easy, and their complete transparency allow for
cellular tracking without sacrificing the animal. As an important point for drug testing,
zebrafishes possess a BBB resembling the one of humans?.

Canine models are also interesting for the study of GB. Indeed, some dogs
spontaneously develop tumors similar to human gliomas. For example, infiltration,
expression of immunohistochemical markers, as well as microscopical
characteristics, are found similar?®. Furthermore, the presence of highly proliferative
progenitor cells was demonstrated within canine tumors, further shown to be GSCs
as per the expression of specific markers and their ability to grow as neurospheres*’~
49 However, the detection of canine gliomas is complicated, and ethical rules need to
be respected for animal welfare.

Mice are the most accessible model to study GB and their use is widely developed.
Mice can be manipulated as host for allo- or xenograft transplantation either
orthotopically, or subcutaneously. Allografts allow the study of GB growth in an
immuno-competent model. Most of these studies employ the GL261 cell line that was
initially generated by glioma induction in a mouse by intracranial injection of
methylcholanthrene followed by serial transplantation of tumor in the brain. This was
accompanied by the establishment of the cell line in the mid-1990s*°. However, this
model is often neglected, as not perfectly reflecting the histology of human GB.
Oppositely, xenograft models take advantage of immuno-deficient mice, such as
NOD-SCID (non-obese diabetic severe combined immunodeficiency) or nude mice to
study human GB in vivo. Commercially available cell lines such as U87 can be used,
but as previously enunciated, the use of patient-derived cells is more efficient in
recapitulating the initial tumor?®. In any case, cells can be transplanted either
ectopically in the flank of the animal, or orthotopically in the brain. The first option
allows for an easier manipulation and visualization of the tumor, but does not
recapitulate the CNS microenvironment. Moreover, the absence of the BBB may
result in incorrect pharmacological studies as some molecules cannot cross this
barrier?s. As such, orthotopic investigation of GB biology in response to specific
inputs should be implemented alongside ectopic studies.

Genetic engineered mouse models (GEMMs) can be generated to understand the
mechanisms responsible for GB development and growth. Restrictive viral
transduction of specific genes leads to the development of GB in mice. For example,

adenoviral transduction of the mutant form of the EGFR (EGFRVIII) in mice harboring
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RAS activating mutation recapitulate GB development®'. These systems allow for the
growth of complex tumors without surgical intervention in an immuno-competent
animal. Several conventional mutations observed in patients can recapitulate tumor
growth in mice. These include: expression of the v-src kinase under the control of the
GFAP (glial fibrillary acidic protein) promoter®?; aberrant activation of the p21-RAS
signaling pathway®?; overexpression of an active form of IDH in the SVZ (sub-
ventricular zone) of adult mice®*; combination of Trp53 knockout and Nf1 inactivating
mutation®®, overexpression of c-Myc®57. Of note, combining the use of these
different models recapitulating the distinct subtypes of human GB can provide
important insights into GB biology. For example, the group of Simona Parrinello
demonstrated that regardless of the driver mutation, tumor cells converge on the
same neural-like state. Moreover, it was shown that the tumor bulk shelters neural
progenitor-like cells, oppositely to the margin, where cells differentiate toward an
astrocyte-like phenotype, responsible for the high infiltration of the tumor®®. In line
with this, Takashi Shingu demonstrated the preponderant function of the RNA
binding protein Quaking (QKIl) in the maintenance of stem properties by premalignant
neural stem cells (NSCs). In a Trp537 Pten’ background, NSCs were shown to
proliferate within the protective and nutritive SVZ niche, but failed to survive without,
and no gliomas were formed. However, deleting QKI in this genetic background
potently increases the formation of tumors, rising to a penetrance of ninety-two
percent. Mechanistically, QKI deletion downregulated the lysosomal compartment,
responsible for the degradation of plasma membrane signaling receptors. As such,
signaling was maintained even in harsh conditions, outside the protective niche®®.

Finally, a recent study highlighted that epigenetic lesions in specific DNA regions
enhance GB development in mice. Hypermethylation-mediated inhibition of CDKN2A
in combination with PDGFRA methylation-induced expression mediate
oligodendrocyte progenitor cells (OPCs) proliferation and gliomagenesis®®. As such,
not only the manipulation of genes, but also their expression via modification of the

DNA methylation status can be used in mice to study GB biology.
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GB model

Conventional cell
lines

Patient-derived
cell lines

3D culture

Organotypic slice
co-culture

Cerebral organoid

Drosophila

Zebrafish

Mice

Advantages

- Easy culture system
- Isolation of CSCs possible

- Maintain the transcriptional
status of the original tumor

- Replicate the original tumor in
mice models

- Heterogeneity

- Nutrient diffusion and hypoxia
- Ex vivo with viable mammalian
brain

- Interaction GB cells/micro-
environment

- In vitro "mini brain"

- Closely mirror brain organization
- Screening for genetic alterations
- CNS organization and
development conserved with
humans

- Functional BBB

- Immature immune system

- Transparent

- Spontaneous, allograft, or
xenograft models

- Ectopic or orthotopic
transplantation

- Different genetic backgrounds

Disadvantages
- Do not recapitulate the
tumor of origin
- Cultured in serum-
containing media

- Loss of heterogeneity
with passages
- No micro-environment

- Precise culture conditions

- Fresh brain slices
- Expert culture conditions

- Complicated process
- Time consuming

- Short lifetime
- Distant from Human

- Distant from Human
- Few materials developed
for analysis (antibodies)

- High cost
- Hardly scalable to high
throughput

Table 1: Different in vitro and in vivo GB models. Advantages and disadvantages of the different
models are indicated.

A-ll- Glioblastoma stem-like cells (GSCs)

A-ll-1- Discovery and definition

Cancer stem cells (CSCs) were first identified in acute myeloid leukemia (AML) in
1994, after injection of human AML cells into SCID mice, leading to the discovery of
the leukemia initiating cells®'. Later, their stem properties resembling these of normal
hematopoietic stem cells were described, notably their capacity to proliferate, self-
renew, and differentiate®®. In line with this discovery, the CSC hypothesis was
proposed, changing the way to think about therapeutic approaches. Indeed, this
hypothesis suggests that tumor heterogeneity is linked to the stem properties of
CSCs, and that treatments bypassing this cell subpopulation cannot be used as a

cure, as CSCs ultimately repopulate the tumor mass®3¢4. Concomitantly, CSCs were
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associated with development and recurrence of several other solid cancers such as
breast and colorectal cancers®.

The identification of brain stem cells able to repopulate the neuronal, glial, and
astrocytic populations in the adult brain led to the hypothesis that CSCs may also
exist in brain cancers3'%667, Pivotal findings by Sheila Singh from the group of Peter
Dirks highlighted that brain tumors are composed by a portion of cells positive for the
cell surface marker CD133 (prominin-1), able to self-renew and to initiate tumors in
immuno-deficient mice models®33*. These cells were termed glioblastoma stem-like
cells or GSCs, in reference to their stem properties. This discovery was further
confirmed by another independent group that also demonstrated the same properties
for these tumor initiating cells®. GSCs were later defined for their capacity to self-
renew, to proliferate indefinitely, to initiate tumor, to differentiate along multiple
lineages, and to express specific surface markers, such as CD133, CD15, or CD44%8.
Interestingly, CD133, originally described as a marker of GSC, today appears as non-
sufficient to define the whole cancer stem cell population within GB tumors®8°. Other
markers serve the definition and identification of this cell subpopulation, mostly
shared with normal neural stem cells such as SOX27°, OLIG27!, NANOG'?, or
NESTIN3. The expression profile of specific markers therefore does not allow to fully
identify the GSC population. They are rather defined with their stem properties, such
as self-renewal, neurosphere formation, differentiation, resistance to treatment, and

tumor initiation potential®®.

A-llI-2- Properties

Many terms are found in the literature to name GSCs, such as BTIC (brain tumor
initiating cells) or brain tumor stem cells. While the term “stem” is often used to
describe this cell population, the hypothesis that GSCs solely derive from neural stem
cells is still debated. Indeed, before the discovery of adult NSCs, astrocytes, through
a dedifferentiation mechanism, were believed to be the cell of origin for GSCs’4.
However, as NSCs display self-renewal and multipotency abilities, they were
suspected to give rise to the GSC population upon transformation. Astrocyte-like
NSCs contained within the SVZ in GB patients harbored driver mutations, such as in
EGFR, PTEN, or TP53, are able to migrate in distant brain regions to initiate tumor
development’. Together, while the origin of GSCs still remains uncertain, they can

be defined with their stem abilities, such as multipotency and self-renewal (Fig. 5).
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Figure 5: GSC properties. GSCs have a high self-renewal and differentiation capacity. They were
shown to differentiate into astrocytes, neurons, oligodendrocytes, endothelial cells, or pericytes.
GSCs are also highly resistant to current standard-of-care treatments. Finally, GSCs are able to
recapitulate the tumor of origin when implanted in the brain of mice model, demonstrating their
plasticity and tumor initiation potential.

Another major hallmark of GSCs is their ability to repopulate the tumor mass after
treatment or upon transplantation. Indeed, and as previously stated (see section A-II-
1), CD133-positive GSCs were demonstrated as capable of inducing a tumor
phenocopying the tumor of origin, even when injected at a very low concentration33.

GSCs also play a crucial role in the aberrations that distinguish tumor angiogenesis.
Indeed, alongside pro-angiogenic effectors, GSCs can secrete VEGF, therefore
promoting EC migration and tube formation?°. Moreover, it was proposed that GSCs
can transdifferentiate into EC, promoting aberrant vascularization, fueling the tumor
mass’®77. It was demonstrated the appearance of human ECs carrying the same
genomic alterations as the cells of origin in the brain of mice that received human
GSCs, pointing toward a differentiation mechanism’’. Interestingly, another group
demonstrated the potential transdifferentiation of GSCs toward pericytes, assisting
the constitution of new blood vessels in the tumor’®. In parallel, TGF-B and Notch
pathway activation were proposed as drivers of GSCs differentiation toward

pericytes’®8°. However, this phenomenon is still importantly debated.
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An important trait of GSCs is their ability to resist to current standard-of-care
treatments. The first line treatment for GB is surgical resection, proving efficacy for
patient survival based on the extent of debulking!" (please see section A-I-4).
However, GSCs are also highly invasive and engaged in tight interaction with healthy
brain cells, rendering their complete elimination by surgery almost impossible®8.
GSCs are therefore thought to play major functions in GB relapses.

In line with this, several studies using in vivo models defined the migratory and
invasive capacities of GSCs. For example, orthotopic implantation of transformed
NSCs demonstrated a remarkable invasive profile, weeks before the development of
the tumor. Notably, GB cells migrated along blood vessels, as well as fiber tracts®'.
Using in vivo live cell tracking, Frank Winkler showed the interactions between blood
vessels and glioma cells, and demonstrated that these interactions favor the tumor
cell migration®2. Of note, GSCs were shown to be more invasive than their non-stem
counterparts, and depending on the GSC model used, the mode of migration was
also different, ranging from single cell migration, to collective migration in “finger-like”
projections®. This is notably believed to be due to the expression of pro-invasive
genes, such as metalloproteinases®+8%. All these characteristics make GSCs highly
migratory and infiltrative.

On top of this ability to evade surgical resection, GSCs were shown to resist to
chemo- and radiotherapy. Indeed, a small population of human GB cells can survive
when treated to lethal doses using the chemotherapeutic agent BCNU (1,3-bis(2-
chloroethyl)-1-nitrosourea). Interestingly, these resistant cells were shown to be
enriched in CD133-positive GSCs, able to reproduce a tumor when injected in mice
models33. Furthermore, GSCs display increased expression of anti-apoptotic genes,
as well as DNA repair effectors, such as MGMT, counteracting TMZ% (please see
section A-l-4). Of note, MGMT promoter methylation status, that correlates with its
expression level, was linked to GB patients’ probability of survival, with a low activity
of MGMT associated to a better probability of survival of the patients?®”.

Moreover, Luis Parada’s group, using genetically engineered mice models,
demonstrated the high recurrency potential of GSCs upon TMZ treatment. Indeed,
administration of TMZ stopped the tumor growth, but inevitable re-growth originated
from a Nestin-positive population of quiescent GSCs. Of interest, eradicating this
subpopulation of cells completely abrogated tumor re-growth®. In line with this result,

GSCs were shown to be quiescent, slowly dividing cells, therefore not targeted by
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chemotherapeutic agents, such as TMZ, killing highly proliferative cells®. Therefore,
it was proposed that the quiescent pool of GSCs, resistant to chemotherapy, give rise
to the actively proliferating GSC subpopulation, able to regenerate the tumor
mass®-%° Radiotherapy has also proved difficulties to eradicate the GSC population
from tumors. A pivotal study by the group of Jeremy Rich identified the important
activation of the DDR (DNA damage response) in GSCs in response to radiation®'.
Notably, GSCs isolated from primary human tumors resist to ionizing radiation in
increased proportions compared to non-GSCs tumor cells. This was mechanistically
explained by the preferential activation of DNA repair mechanism. Indeed, checkpoint
kinases for DDR and repair were significantly more active in GSCs after radiation,
demonstrating their radio-resistance capacities®’.

Overall, this demonstrates the ability of GSCs to evade and resist to current
standard-of-care treatments and provide evidence for their ability to repopulate the
tumor mass albeit surgery, radio-, and chemotherapy efficiently eradicate a major
fraction of the tumor mass. Therefore, targeted therapies are urgently needed to

specifically eradicate this resistant initiating and recurrent cell subpopulation.

A-lll- Heterogeneity of glioblastoma

A-lll-1- Definition of tumor niches

GB is molecularly, cellularly (Fig. 6), and histologically highly heterogenous. This
feature differentiates GB from lower grade gliomas, as per the presentation of
pseudopalisading necrosis and vascular proliferation. Overall, GB can be dissected
into specific niches, modulating immune surveillance, metabolic needs, invasion, and
GSC maintenance. Three main niches coexist within GB tumors: perivascular,
hypoxic, and invasive®? (Fig. 7).

The perivascular niche provides a protective and nutritive environment for GSCs?'. In
turn, GSCs can produce pro-angiogenic factors such as VEGF, leading to aberrant
angiogenesis, therefore sustaining tumor growth?°. Moreover, GSCs are capable of
transdifferentiation into ECs or pericytes, therefore directly implicated in vasculature
organization within the tumor’®’7. However, this mechanism is still debated as

several groups obtained discordant results®?%.
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Figure 6: GB tumor cellular composition. GB tumors are a heterogenous mixture of malignant cells,
GSC, immunes cells (microglia, lymphocytes, DC), blood vessels, as well as healthy tumor associated
brain cells such as astrocytes and oligodendrocytes.

TAM: Tumor-associated macrophage, DC: Dendritic cell

Adapted from: Tang, M. et al., Advanced materials (2021)

GSCs were shown to rely on EC secretome to survive and proliferate. While Eric
Holland’s group identified that aberrant mMTOR (mechanistic Target Of Rapamycin)
signaling is necessary for GSC maintenance®, our group demonstrated that the
activation of the pathway relies on factors secreted by ECs, among which is apelin®.
Indeed, the use of selective competitive antagonists of the apelin receptor abrogated
GSC expansion in vitro and in vivo®. This result was further corroborated by an
independent group, highlighting that GSCs-mediated secretion of apelin can promote
tumor angiogenesis®’. Moreover, the protein GP130 governs the plasma membrane
availability of the apelin receptor, therefore acting as a switch for the endothelial
secretome-mediated GSCs growth%:9°, Interestingly, GP130 was also linked to GSC
plasticity and chemoresistance through STAT3 activation'®.

Deregulated vascular functions are a hallmark of GB. Notably, inconsistent tumor-
induced vascularization together with exponential tumor proliferation generate local
regions of hypoxia. When vascular defects are too important, pseudopalisading
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necrosis areas develop. This morphological feature of GB is formed by aligned tumor
cells around the necrotic centre'’. Of note, these areas showing increased cell death
and decreased oxygen perfusion are of particular importance for tumor progression
and aggressiveness. Indeed, several studies demonstrated that hypoxic niches
promote stemness and protect cells from chemotherapeutic agents, therefore
maintaining GSCs in conditions allowing GB expansion'02-104,

GB is a highly infiltrative tumor and migrating GB cells therefore form the invasive
niche. GB cells were shown to migrate along white matter tracts as well as blood
vessels allowing the invasion of the normal brain parenchyma'®®. Vessel co-option,
the mechanism by which cancer cells utilizes pre-existing blood vessels to sustain
their growth and infiltration, is a common mechanism they developed. Of note,
migratory GB cells were shown to displace healthy astrocytes along their invasive
route, disrupting the BBB, and taking control of the vascular tone for their growth'6,
Rather appearing as independent, these niches are however highly dynamic and
interconnected. Indeed, as GB cells migrate toward healthy tissues, the tumor mass
engulf the preceding invasive niche, transitioning toward hypoxic and perivascular
niches, generating a sequence favoring GB growth and resistance to treatment.

Figure 7: Different niches coexist
within GB tumors. The hypoxic
niche is often found at the center of
the tumor, excluded from the
perfusion by blood vessels.
Oppositely, the perivascular niche
is a nutritive environment for GB
‘1 cells. Cells that migrate along white
‘ matter tract or blood vessels and
. B Invasive niche invade the healthy brain are part of

Hypoxic/necrotic the invasive niche.
niche

GB tumor

<>

Perivascular niche
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A-lll-2- Molecular subtypes and plasticity in the GSC population

A-llI-2-1- Molecular subtypes

Roel Verhaak and colleagues published in 2010 a pioneering study concerning the
molecular classification of GB tumors'%’. Using in silico integration of TCGA (the
cancer genome atlas) GB data and independent GB datasets, the group defined four
distinct molecular subtypes named as proneural, neural, classical, and mesenchymal.
The following section will provide information relative to the functional annotation of
the different subtypes and their evolution%”.

Proneural: associated with higher frequencies of PDGFRA alteration, IDH1, TP53,
and PIK3CA/R1 mutations, higher expression of oligodendrocytic markers, such as
OLIG2, lower expression of the tumor suppressor p21, Increased level of proneural
development genes such as ASCL1 and TCF4. Of note, the gene-ontology
annotation of this subtype revealed signatures associated with proliferation and cell

cycle processes.

Subtype Proneural Classical Mesenchymal
Frequency 29% 39% 29%
PDGFRA
. IDH1 EGFRuvIII NF1
Mutations TP53 CDKN2A PTEN
PIK3CA/R1

Mean survival
(months)

Table 2: Molecular characterization of GB. Frequency, mean survival, and common mutations
observed in the three different GB molecular subtypes.

17.0 14.7 11.5

Classical: characterized by chromosome 7 amplification and chromosome 10 loss,
EGFR amplification and mutation (EGFRvIIl), homozygous deletion of CDKNZ2A, high
expression of the stem cell marker NES (Nestin) and of the components of the Notch
and Sonic hedgehog signaling pathways.

Mesenchymal: defined by the deletion and reduced expression of the NF1 tumor
suppressor gene, PTEN mutations, high expression of mesenchymal and astrocytic
markers such as CHI3L1 and MERTK, respectively, increased expression of the NF-
kB (Nuclear Factor-Kappa B) pathway members RELB and TRADD.

Neural: Expression of neural markers such as NEFL, SYT1, and SLC12A5, and
associated in silico with the neuron projection, axon and synaptic transmission
signatures. Interestingly, this molecular subtype was closely related to the healthy
brain tissue samples analyzed, as these samples felt in this category during the
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TCGA analysis. However, and as stated in the study, the pathology slides from the
proneural tumors contained few normal cells'””. Seven years later, and taking
advantage of technological advances, the group of Roel Verhaak performed
scRNAseq analysis on one-hundred thirty-three GB cells extracted from three distinct
tumors'. This analysis, coupled to the one performed by Anoop Patel'%,
determined that the neural subtype might indeed be healthy neural cells from the
margin of the tumor, and therefore, was removed from the molecular subtype
classification. In any case, the inter-tumor heterogeneity represented by the three
distinct molecular subtypes was confirmed'® (Table 2). In parallel, the study
uncovered the high intra-tumor heterogeneity of GB, a phenomenon already
described by Patel and colleagues three years before'9819° Indeed, GB tumors were
shown to present a mixture of cells belonging to the different subtypes, with variable
transcriptional programs, an important spectrum of stemness and differentiation
states, and irregular proliferative capacities'®® (Fig. 8). Overall, this study had a

remarkable impact on the understanding of GB biology as a heterogenous entity.

Tumor 1 Tumor 3 Tumor 4 Tumor 5
»~
State1 . .

4 Zm“e:"a' Figure 8: GB cellular heterogeneity. Hexagonal plots

® Neura . . . .
e Classical representing the cellular heterogeneity of five independent
: E”rii%”.‘;“yma' human GB tumors. Each point corresponds to a single cell and
State3 State2 @ Neu+Mes is positioned on the plot according to its corresponding score

® Mes+Cla .
e Oligodendrocyte  @long the different GB molecular subtypes.

# Unclassifisd Adapted from: Patel, A. P. et al., Science (2014)

Other studies gained interest in the differentiation between the core and the margin
of GB tumors. Indeed, the margins are often left behind during surgery as compared
to the tumor core. Therefore, characterizing the tumor margins possibly responsible
for GB relapses was of paramount importance. Combining radiographically localized
biopsies to RNAseq, Brian Gill and colleagues deciphered the molecular
characteristics of GB margins. They were notably able to explain that the important

infiltration of microglia within the margin of mesenchymal GB tumors was linked to
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the high expression level of inflammatory genes'°. In line with these results, another
group developed ex vivo culture of spatially distinct tumor tissues. Of interest, the
cultured samples recapitulated the original tumor, and tissues from the leading edge
appeared molecularly distinct from the core. Notably, cells from GB margins retained
their highly invasive properties, whether cells extracted from the core of the tumor
were strongly resistant to therapies. Mechanistically, it was demonstrated that the
secretome of core cells promoted aggressiveness of their edge counterparts'’.

In conclusion, GB is defined as a highly heterogenous tumor, from the classical inter-
patient heterogeneity to the intra-tumor one, either in term of spatial organization of
the tumor, or with the important mixture of the tumoral cell status. Understanding this
plurality of GB tumors is a complex but important challenge starting to be elucidated
thanks to technological advances. For example, freely available databases such as
Gliovis or Ivy Glioblastoma Atlas, allow researchers to explore GB RNAseq datasets
for the expression and correlation with the probability of survival of patients clustered

based on the expression of their genes of interest’'2.113,

A-l11-2-2- Cellular plasticity

Cellular plasticity is a major driver of intra-tumoral heterogeneity and is defined as the
ability for cells to modify their phenotypes without intervention of any genetic
alterations, but rather in response to environmental cues''®. In this context, GB
appears as highly plastic. This is notably believed to be due to the important
contribution of GSCs in GB development. In the normal brain, the development
process is pyramidal, with NSCs giving rise to various progenitors, themselves
creating fully differentiated and effector cells. In GB, this pyramidal hierarchy is not
maintained, with the heterogenous mixture of malignant cells existing in a gradient of
transcriptional states, and differences between GSCs and differentiated-like cells
being relatively small''® (Fig. 9). Therefore, identifying effective therapies appears
challenging, as these cells exist in multiple different states, not responding similarly to
treatments, and presenting the ability to remodel their transcriptional status to cope
with deleterious therapies.
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Figure 9: The GB cell heterogeneity and plasticity concept. A) In the normal brain, stem cells give rise
to defined progenitors, themselves giving rise to differentiated cells. Along the maturation route, the
plasticity of NSCs is lost, and specialized differentiated cells cannot go back to the stem state. B) In
GB, this hierarchical organization is lost, with GSCs able to give rise to malignant differentiated cells,
and vice versa. The different molecular and cellular states also coexist within a tumor, and was shown
to be highly plastic, making GB a highly heterogenous tumor.

Adapted from: Yabo, Y. A. et al., Neuro-oncology (2022)

Using scRNAseq analysis of twenty-eight tumors concomitantly to lineage tracing
experiments, a seminal study by Cyril Neftel and colleagues unraveled that malignant
GB cells exist in four distinct cellular states''®. Interestingly, they demonstrated that
these four cellular states recapitulate the distinct neural cell types, namely OPC
(oligodendrocyte progenitor), NPC (neural progenitor), astrocyte, and mesenchymal,
that coexist within one tumor. Notably, genetic alterations are linked to the increased
proportion of one given state, with CDK4 alteration being associated with the NPC-
like state, EGFR with astrocyte-like, PDGFRA with the OPC-like, and NF1 with the
mesenchymal-like. Finally, by deploying in vivo single cell lineage tracing
experiments, it was shown that the induction of a tumor with cells belonging to a
given cellular state was able to give rise to a tumor composed of the four identified
states previously described. The extracted tumor was even showing similarities to the
initial tumor in term of cellular states proportion, demonstrating the high plasticity of

GB malignant cells, able to transition among states"®.
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Figure 10: Distinct GB cellular
states coexist within GB
tumors. Four cellular states
drive GB heterogeneity and are
influenced by genetic and
micro-environmental
conditions. GB cells are
characterized by an important
plasticity, with one single cell
able to give rise to the four
different cellular states.
Adapted from: Neftel, C. et al.,
Cell (2019)
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In the last decades, GSCs appeared as major drivers of GB development and
recurrence. As such, several studies attempted to decipher their behavior and
transcriptional status.

For example, the YAP/TAZ transcriptional coactivators were implemented as
regulators of GSC plasticity, regardless of the subtype. Indeed, the inhibition of
YAP/TAZ blocked GSC properties, differentiation, and further initiation potential and
recurrence. The plasticity of differentiated GB cells was also abrogated, placing
YAP/TAZ as important regulators of GB heterogeneity and adaptation to
environmental cues''’. YAP/TAZ activity was also linked to GB recurrence in
response to radiation'"®. Indeed, radiation induces expression of the CD109 protein
in proneural GB cells localized at the invading edges of the tumor. This protein is
linked to the mesenchymal subtype of GB, and associates with a worse prognosis for
patients, showing the adaptative ability of GB cells. Finally, CD109 expression
correlates with a higher activity of the YAP/TAZ pathway, itself responsible for the
aggressivity of the transformed cells''.

In conjunction with these results showing plasticity and adaptation of GB cells to
treatment, the group of Paul Rabadan highlighted the clonal evolution of GB under
therapy''®. Using longitudinal genomic and transcriptomic analyses of one hundred
fourteen patients’ tumor, the group identified that upon recurrence, more than sixty
percent of patients experience a subtype change. It was also highlighted, using a

mathematical model, that cells responsible for recurrence were present in the tumor
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years before diagnosis, and that these cells presented hypermutated highly
expressed genes''®. This demonstrates the high adaptability of GB cells in response
to treatment, and how these cells can reproduce a tumor after surgery, radiotherapy,

and chemotherapy.

A-llI-3- Weaknesses and opportunities

Because of their primordial implication in GB development and recurrence, and of
their apparent resistance to current standard-of-care treatments, GSCs have
attracted important scientific attention. The eradication of GSCs indeed appears as
the starting point to better treat GB. In this context, many research groups have
identified several weaknesses and opportunities for their targeting.

As it will be discussed later (see section B-Il), lysosomes are major metabolic,
signaling, and degradative hubs of cells'?°. In the context of GSCs, lysosomes act in
the maintenance of their stemness properties, as well as their survival®®121122_ Ag
such, our group and others have linked lysosomal destabilization to the specific
eradication of GSCs, opening new therapeutic opportunities, notably via the use of
repurposed pharmaceutical compounds (see section B-111-3)121-127,

In line with this, the mTOR pathway, major regulator of cellular catabolism and
anabolism acting at the surface of lysosomes'?® was demonstrated as a pillar of
GSCs survival and growth. EGFR amplification and PTEN loss are commonly
observed in GB tumors and correlate with a stronger basal activity of the
PI3K/AKt/mTOR pathway'?7-'2%, Because mTOR controls cellular growth and
proliferation, its inhibition appeared attractive for GB treatment. However, classical
mTOR inhibitors such as rapalogs failed to prove efficacy in clinical trials'3%-133, This
is notably believed to be due to the inability of rapalogs to efficiently inhibit mMTORC2,
therefore allowing the reactivation of the pathway'®*, but also to the incapacity of
these inhibitors to block specific functions of mMTORC1 such as repression of
autophagy’®. As such, new dual inhibitors of mMTORC1 and mTORC2 are under
development and phase | clinical trials for GB'3¢. This is an interesting option as
GSCs are addicted to the mTOR pathway®>'¥’. mTOR, via the regulation of
translation and transcription, modulates the sensitivity of cancer cells to radiotherapy,
notably GSCs. In this context, it has been proven that the dual blockade of mTORC1
and mTORC2 using AZD2014 enhances GSC radiosensitivity. Moreover, orthotopic
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xenotransplanted mice survived significantly longer when treated with the mTOR
inhibitor and irradiated, as compared to the irradiation-alone condition38.

In line with the hypothesis that lysosomes and mTOR represent weaknesses of
GSCs, autophagy, standing at the crossroad, therefore also modulates GB biology
and GSCs behavior. However, the precise implication of autophagy is still
controversial. As it will be discussed later, the autophagic degradative pathway is
repressed by mTOR (see section B-lI-3) and requires a functional lysosomal
compartment to fulfil its functions (see section B-II-1). In healthy cells, autophagy is
viewed as a tumor-suppressive function, maintaining cellular homeostasis. In GB, it
however appears as a double-edged sword, regulating cell fithess, but also strongly
implicated in cell death mechanisms'3°. As an example, the activation of the Notch
pathway induces protective autophagy, allowing GSC resistance to chemotherapy'4.
Indeed, autophagy activation under metabolic stress might allow GSCs to survive by
switching their metabolic input'®. Conversely, autophagy activation was
demonstrated as implicated in several GSC characteristics such as migration,
proliferation, treatment resistance, and stem properties'41-145,

Altogether, this demonstrates the potential of targeting these three interconnected
pathways (lysosomes-mTOR-autophagy) for the eradication of GSCs. However, as
their implication in GB biology is still controversial, further work needs to be
established and validated to pursue the use of mTOR or autophagy inhibitors in
clinic.

Alternatively, therapies targeting lipid synthesis and storage have emerged as
potential opportunities for GB treatment. Indeed, GSCs have an altered lipid
metabolism when compared to their non-stem counterparts. Of interest, this was
demonstrated to be linked to the modified expression of key fatty acid synthesis
enzymes such as FADS1/2. As stated by the authors, this may be linked not only to
an adaptation to the microenvironment, but also to a specific cellular state,
demonstrating the possibility to target lipid synthesis pathways to eradicate GSCs'6.
In this context, the group of Deliang Guo analyzed the influence of fatty acid
accumulation. They notably discovered that GB cells accumulate high amount of
triglycerides within lipid droplets. Inhibiting DGAT1 (triglyceride-synthesizing enzyme
diacylglycerol acyltransferase-1), a critical enzyme for lipid droplet formation, resulted
in GB cell death'¥”. In parallel, they discovered that lipid droplets are hydrolyzed by

autophagy in nutrient-poor conditions, favoring energy production when in
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unpropitious conditions. Therefore, inhibiting autophagy resulted in lipid droplet
accumulation and loss of energy production in the mitochondria, culminating in GB
cell death™s8.

Recently, the group of Pirjo Laakkonen identified a weakness of GB cells linked to
lysosomal fitness and lipid homeostasis. They identified MDGI (fatty acid binding
protein 3; FABP3), a linoleic acid importer, as upregulated by mesenchymal GB
tumors and linked it to the poor probability of survival of patients. This protein was
further shown to mediate lysosomal membrane composition, and its silencing
induced lysosomal membrane permeabilization and further lysosomal-dependent cell
death of GB cells'®.

Cholesterol, a major signaling lipid and critical for membrane constitution is also
strongly implicated in GB biology and expansion. This is of particular interest as
almost twenty percent of the whole-body cholesterol is located in the brain, and as its
homeostasis is finely regulated to maintain neural and cognitive functions'°.
Astrocytes and oligodendrocytes are the main sources of brain cholesterol, as this
lipid can hardly cross the BBB. In parallel, its excretion by specialized transporters
beforehand requests its transformation in hydroxylated cholesterol to cross the BBB
and reach the liver to be eliminated. In this context, Mingzhi Han identified CYP46A1,
an enzyme necessary for the transformation of cholesterol into 24(S)-
hydroxycholesterol, as strongly downregulated in GB samples as compared to
healthy tissues. The low expression of this enzyme correlates with poor survival of
GB patients, while its re-expression induced a strong cell death of patient-derived GB
cells. Mechanistically, 24(S)-hydroxycholesterol generated by this enzyme was
shown to reduce the overall cholesterol content of GB cells by activating cholesterol
efflux pathways, and inhibiting cholesterol synthesis pathways, ultimately leading to
their death. Of interest, a chemical compound, Efavirenz, a known activator of
CYP46A1 and able to cross the BBB, reduces GB tumor growth in mice models'".
Linked to this result, the group of Paul Mischel, that previously demonstrated that GB
cells upregulate the expression of the cholesterol importer LDLR (low-density
lipoprotein receptor) for their survival'®?, showed the dependency of this cancer
toward a finely regulated cholesterol homeostasis'®3. They first identified that the rate
limiting enzymes for cholesterol synthesis were strongly downregulated as compared
to normal brain, indicative of a probable external uptake of this lipid. As such, these

cells were resistant to inhibitors of cholesterol synthesis, statins, oppositely to
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astrocytes, that synthetize an important amount of this lipid. In contrast, GB cells
were highly sensitive to 24(S)-hydroxycholesterol, known activation of the
transcription factor LXR (liver X receptor). Mechanistically, LXR activation induces
the expression of enzymes necessary for cholesterol export, therefore depleting GB
cells of cholesterol, and significantly impairing their viability. Notably, the use of LXR-
623, an LXR agonist already used in clinical trials, demonstrated promising results in
mice models for the treatment of GB'%3.

Oppositely, a study demonstrated that inhibiting the cholesterol uptake and synthesis
in GB cells could be an interesting option. They notably investigated the activity of the
sterol regulatory element-binding protein (SREBP) transcription factors in GB cells.
This family of transcription factor controls the synthesis and uptake of fatty acids and
cholesterol in response to nutrient availability’>*. SREBPs were found activated in
low-nutrients conditions, favoring GB growth. Therefore, their inhibition resulted in the
arrest of GB cell growth in hypoxic conditions'®. However, other data argue in favor
of a downregulation of the SREBP2 transcription factor in GB samples, hypothesizing
that cholesterol synthesis and uptake is decreased in this cancer'®. The role of
SREBP activity in GB growth and survival therefore remains to be clearly elucidated.
It however appears clear that this tumor, as others, is sensitive to fluctuations in lipid
homeostasis. Cholesterol, important modulator of brain functions, emerges as central
in GB sustenance, and modulation of its synthesis, traffic, or elimination, could

improve GB treatment strategies.
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B- The catabolic and anabolic lysosome in brain

homeostasis

B-I- Allegory of a degradative organelle

B-I-1- Historical overview

The year 1949 marked the premises of the discovery of lysosomes. Christian de
Duve and colleagues, while working on the activity of the glucose-6-phosphatase in
livers, identified a specific subset of this enzyme'>” and therefore started in 1951 the
"Tissue Fractionation Studies" series in rat livers, studying the roles and localization
of this enzyme'%8. Firstly identified as linked to mitochondria®8159, it quickly appeared
that the acid phosphatase enzyme was in fact localized in specialized but
heterogenous membrane-bounded cytoplasmic granules'®®'®'. In 1954, four
additional acid hydrolases, including cathepsin, were added to the list of these
cytoplasmic granules components'®.162. One year later, the 18" February 1955, the
term lysosome (lUsis séma, "digestive body" in Greek) was introduced for the first
time by Christian de Duve and colleagues in the article entitled: 6. intracellular
distribution patterns of enzymes in rat-liver tissue, from the series "Tissue
“- ' Fractionation Studies", in reference of their
enrichment in hydrolytic enzymes'®3. In a collaborative
work published in 1956, Alex Novikoff, Christian de
Duve, and colleagues where the first to image
lysosomes by electron microscopy, defining these
entities as electron-dense bodies, a feature still widely
used today to identify lysosomes'®* (Fig. 11). The
definitive identification of lysosomes was set in 1965
with the imaging of highly purified lysosomes from rat

livers'®®, irrevocably opening the path to decades of

Figure  11:  First  electron research on the major, but still incompletely

microscopy imaging of highly

i understood, catabolic and anabolic organelle. This
purified lysosomes, referred as

dense bodies. pioneer discovery, as well as the incredible
From Baudhuin, P. et al., JCB
(1965) technological development of cellular fractionation

and electronic microscopy, led Christian de Duve, Albert Claude, and George E.
Palade, to jointly obtain the Nobel Prize in Physiology or Medicine in 1974 for their

definition of "the structural and functional organization of the cell"6.
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B-l-2- Lysosome biogenesis and composition

B-1-2-1- Biogenesis

Vesicular trafficking

The lysosomes are defined and characterized as specific entities, with an acidic
lumen containing hydrolases, and able to degrade imported compounds'®”. Even
though lysosomes are specialized organelles, they are part of a complex continuum
of vesicles, the endosomal system / endocytic pathway, that needs to be taken into
account when defining their biogenesis'®®-170 (Fig. 12).

Endocytic vesicles bud intracellularly from the plasma membrane via active
mechanisms involving modifications in membrane tension and activity of coating
proteins, such as clathrin and caveolin'”'. The resulting vesicles can fuse together to
form early-endosomes (EE), or to a pre-existing EE'®®. EEs are themselves nested in
a complex entanglement of vesicles oscillating between recycling and
degradation8170.172 " Recycling can occur within minutes after endocytosis, and
allows to bring back to the plasma membrane, both receptors and membranes that
were incorporated into EEs during the process'®®'72 If not recycled back to the
plasma membrane, EEs undergo a maturation process that consists in the stamping
of the vesicles with specific effector proteins and lipids allowing them to accept
proteins from the trans-golgi network (TGN) and to form intra-luminal vesicles (ILVs),
ultimately evolving in late-endosomes (LEs) / multivesicular bodies (MVBs)'68.170.173-
75, Rab-GTPases play a prominent function in this process, together with the
phosphoinositide composition of the endosomal membranes (Fig. 12). Rab5, for
example, is predominantly found on EEs, and, via the recruitment of class Il or class
lll phosphoinositide 3-kinases (PI3K), such as the Vps34 complex Il, allows the
synthesis of phosphoinositide 3-phosphate (PI3P) at the EE membrane. The
recruitment of phosphatases also permits the conversion of PI(3,4)P2 into PI(3)P, a
major determinant of EE fate'®®173.1774, The maturation of EEs to LEs is marked by the
conversion from Rab5 to Rab7, controlling the recruitment of different effectors at the
endosomal membrane'®®.174.176 The EE pool of PI(3)P enables the recruitment of the
PIKFYVE kinase, able to generate PI(3,5)P2 from this original reservoir of
phosphoinositide'®. PIKFYVE activity was notably linked to lysosome reformation
form endo-lysosomes. Indeed, the inhibition of the kinase and further down-
regulation of the level of PI(3,5)P> on endo-lysosomes lead to enlargement of

LAMP1-positive vesicles, less able to generate tubules, reducing the overall number
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of terminal storage lysosomes'””. Altogether, Rab7 and PI(3,5)P2, among a plethora
of effectors, are involved in the generation of ILVs and the acidification of the
endocytic vacuole, and therefore in EE-LE transition, as well as the regeneration of

the Compartment168,173—175,178_
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Figure 12: Endosome maturation. Endocytosis generates endocytic vesicles that can fuse together or with
pre-existing EEs. Recycling occurs rapidly after endocytosis thourgh recycling endosomes. Otherwise, EEs
undergo several maturation processes involving conversion of Rab-GTPases and Pls. Degradation occurs
upon fusion of LEs with lysosomes. Lysosomes can regenerate via fission from ELs or being synthesized from
the TGN. The pH of endodomes greatly varies, ranging from 6 for EEs to 4.5 for lysosomes and ELs as a
result of V-ATPase activity, and strongly influence endosomes functions.

EE: Early-endosomes, PI: Phosphoinositide, TGN: Trans-Golgi network

LEs/MVBs, although committed to the dead-end of the degradative pathway, are still
able to fuse with the plasma membrane in order to operate the secretion of small
extracellular vesicles (sEVs)'’®. Along the maturation route, endosomes also acquire
an acidic pH, ranging from pH:6 for EEs to pH:4.5 for lysosomes, allowing the
activation of hydrolases to ensure an appropriate degradative capacity'8'8°, The pH
of the endosomal compartment is tightly controlled by the activity of a proton (H+)
pump, the vacuolar-ATPase (V-ATPase / H+-ATPase), found inserted in the
membranes of all type of endosomes'®'. The V-ATPase activity is dependent on the
assembly of two multimeric subunits V1 (cytoplasmic) and VO (inserted in the
vacuolar membrane), that itself depends on the cellular need for increased
degradation burden sensed by nutrient availability'’8181-184  Studies demonstrated
that the phosphoinositide composition of endosomal membranes tunes V-ATPase
activity, reinforcing the idea that the evolution of endosomes throughout the
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maturation process unleashes their recycling or degradative ability'®. Along the
maturation process, and for their acidification, hydrolases stability and
macromolecules degradation, endosomes also acquire a precise ionic
balance'69.175.180.186,187 (see section B-I-2-3).

The endo-lysosomes (ELs), the main degradative organelles, represent the last step
of the endocytic pathway'%8170_ ELs are generated by direct maturation of LEs or their
fusion with pre-existing lysosomes. Therefore, lysosomes, even though shown as
dynamic and heterogenous, co-exist as a separate, unique entity, characterized by
an extremely acidic pH (pH:4.5), the abundance of acid hydrolases, and the presence
of specific membrane-associated proteins heavily glycosylated!6”.170.187-189 (gge
sections B-I-2-2 and B-I-2-3). The incorporation of dedicated acid hydrolases and
membrane proteins is one of the main steps in the process of lysosomal biogenesis
and maturation.

Important fusion processes occur within the endocytic pathway for endosome
maturation. As such, dedicated machineries are at play to ensure homotypic and
heterotypic fusion of the vesicles comprised in the endosomal compartment. In this
context, the CORVET (class C core vacuole/endosome tethering complex) and
HOPS (homotypic fusion and protein sorting) complexes play major functions. The
two complexes share most of their components (Vps11, -16, -18, and -33) but differ
on two, with CORVET assembling with Vps3 and -8, and HOPS with Vps39 and -
41190191 Even though structurally similar and able to interconvert, the two complexes
play different functions. The CORVET complex is recruited to EEs in a Rab5-GTP
dependent fashion and allows the homotypic tethering and fusion of early
endosomes'92193  whereas HOPS is recruited to Rab7-GTP late-endosomes /
lysosomes for their homo- or heterotypic fusion'%1%4 Accordingly, a recent study by
the group of Juan Bonifacino demonstrated that inhibiting the ability of intracellular
vesicles destined for degradation to fuse with the lysosomes resulted in an increase
in the fusion of these vesicles with the plasma membrane. Consequently,
extracellular vesicles contained in MVBs where found secreted in higher
concentration in Vps39 knock-out cells."%.

Autophagy, the process by which cells engulf and digest cytoplasmic materials, is
governed by the generation of double-membraned vesicles termed autophagosomes,
and relies on the degradative activity of lysosomes for the recycling of their
content'®. Autophagosomes gravitate around the endocytic pathway and their direct
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fusion with lysosomes generates autolysosomes, defined by the presence of
lysosomal markers together with autophagic components, such as the ATG8 protein
microtubule-associated proteins 1A/1B light chain 3B (MAP1LC3B/LC3B)"".
Similarly, autophagosomes can fuse with LEs/MVBs, generating an intermediate
organelle termed as amphisome, maturing in autolysosome upon fusion with a
lysosome'®®. The acidic pH of autolysosomes, provided by the lysosome, supports
the optimal activation of lysosomal hydrolases required for the degradation of the
autophagosome content. At the peak of autophagy, most of the lysosomes can be
consumed to form autolysosomes. Autophagic lysosome reformation (ALR) is the
mechanism by which the pool of lysosomes is regenerated'®. The activity of the
mechanistic target of rapamycin (mTOR) kinase, in response to nutrient
replenishment, have been shown to be primordial in this context, by first inhibiting the
autophagic process, and secondly by generating tubules on autolysosomes that
extrude and mature into fully functional lysosomes?®. Notably, the generation of a
cluster of PI(4,5)P2 allows the recruitment of clathrin adaptors together with the
protein kinesin family member 5B (KIF5B) motor protein, pulling on tubules?!. A
recent study by the group of lvan Diki¢ however demonstrated a primordial function
of the TBC1 domain family member 15 (TBC1D15) protein in the ALR process
independtly of the mTOR and TFEB pathways. Upon lysosomal damage, TBC1D15
interacts with the lysosomal integral membrane protein type 2 (LIMP2), acting as a
lysophagy receptor in this context, and bridging the ALR machinery (clathrin,
dynamin, kinesin) to lysosomes for their reformation2°2.

Protein sorting

Several specialized trafficking roads orchestrate the sorting of proteins destined to
the lysosomal compartment??3-219. Many hydrolases, synthesized as pro-enzymes in
the endoplasmic reticulum (ER), traffic through the TGN before reaching maturing
endosomes?%6-2%8 This marks lysosomal hydrolases with a mannose-6-phosphate
(M6P) modification on N-linked glycan chains achieved via the consecutive actions of
GlcNAc-1-phosphotransferase (GNPT) and M6P-uncovering enzyme (UCE)?06:208,
The transmembrane protein TMEM251 (LYSET) was recently shown to be necessary
for GNPT enzyme activity by maintaining its Golgi localization. LYSET was therefore
defined as an integral actor of the M6P pathway for lysosomal enzyme
trafficking?'12'2, M6P tagged lysosomal proteins are then recognized by two distinct
type of M6P-receptors (M6PR) in the luminal part of the Golgi apparatus?°6-2%¢, The
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cation-independent of 46kDa (CI-M6PR / M6PR46) and cation-dependant of 300kDa
(CD-M6PR / M6PR300), although structurally different, operate similar functions (Fig.
13). Several studies indicated a complementary role of the two receptors in the
trafficking of lysosomal enzymes toward their final destination206-208.213 M6PR
genetic loss or loss-of-functions mutations lead to massive mistargeting of lysosomal
enzymes, rewired extracellularly by the secretory pathway. This phenocopies the
defects observed in cells from patients carrying mutations in the enzymes
responsible for the M6P modification?''-2'5. Depending on the cell type, recapture of
extracellularly targeted lysosomal enzymes can however minimize the intralysosomal
defects in hydrolases?'S. Other lysosomal enzymes-sorting pathways complement the
M6PR road. LIMP2 was demonstrated to be the main sorting receptor for the (BGC)
protein via the binding of the soluble enzyme to a luminal coiled-coil domain2%s,
Likewise, Sortilin is a transmembrane protein presenting a dileucine-based sorting
signal (DXXLL, with X being any amino acid) necessary for its recognition by clathrin
adaptor proteins and further shuttling from the TGN to the endo-lysosomes?'°. Sortilin
is notably involved in the sorting of cathepsins D and H, prosaposins, and acid

sphingomyelinase (ASM)203.204.209.210

AN,
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pathway ¢ lumenal protein Sortilin

/ Direct sorting 'Lysosomal

pathway membrane protein I LIMP2

Figure 13: Major pathways deployed by cells for lysosomal protein sorting. Lysosomal proteins are
synthesized in the ER and transit through the Golgi where some acquire a M6P tag. Specialized
receptors are involved in the direct sorting of lysosomal proteins from the TGN to LEs via transport
vesicles. Lysosomal proteins can be secreted into secretory vesicles and be re-internalized via active
mechanisms involving recognition by specialized receptors and endocytosis, therefore ending up in
their final destination, LEs, via the indirect sorting pathway.

LE: Late-endosomes, ER: Endoplasmic reticulum, TGN: Trans-Golgi network, M6P: Mannose-6-
phosphate, CI-M6PR: Clathrin independent mannose-6-phosphate receptor, CD-M6PR: Clathrin
dependent mannose-6-phosphate receptor
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Lysosomal transmembrane proteins, such as lysosome associated transmembrane
proteins (LAMPs), also express the specific dileucine-based or tyrosine-based
(YXXd, with @ being an hydrophobic residue) sorting signal, allowing their
recognition by clathrin adaptors and direct transfer to endosomes?'%2'_ In parallel,
the transport of these lysosomal transmembrane proteins from the TGN to the
plasma membrane and further internalization through the endocytic pathway

represents the indirect sorting pathway?8.21°,

Transcriptional regulation

The transcriptional regulation of lysosomal genes is tightly regulated in regard to
environmental conditions or tissue type. To this end, most of the known lysosomal
genes possess a coordinated lysosomal expression and regulation (CLEAR;
GTCACGTGAC) consensus sequence in the promoter region. This palindromic 10-
base pair motif is recognized by basic helix-loop-helix (bHLH) transcription factors?'”.
Among them, transcription factor EB (TFEB) and transcription factor binding to IGHM
enhancer 3 (TFE3) are recognized as master regulators of lysosomal biogenesis?'®.
The autophagic degradative process, that depends on lysosome activity, was also
shown to be transcriptionally regulated by TFEB and TFE32'°. As major switches
between anabolism and catabolism, lysosomes and autophagy are strictly regulated
in starvation and nutrient-rich conditions. As such, phosphorylation events sensitive
to nutrients articulate TFEB localization and activity. Notably, when nutrients are
abundant, the TFEB phosphorylation juxtaposed to its nuclear export signal induces
its shuttling to the cytosol??°. Further phosphorylation at several serine residues by
extracellular signal-regulated kinase 2 (ERK2), glycogen synthase kinase 3 beta
(GSK3pB) or mechanistic target of rapamycin complex 1 (mTORC1) provokes binding
to 14-3-3, abolishing its ability to shuttle to the nucleus?'®-??4. Conversely, starvation,
reactive oxygen species (ROS) production, and lysosomal stress, induce both the
inhibition of TFEB phosphorylation, and activates the calcineurin phosphatase (ie
TFEB dephosphorylation), inducing its nuclear localization, and ultimately the
transcription of lysosomal and autophagic genes??4226. Additional actors play
important roles in autophagy/lysosomes transcriptional regulation. The co-activator-
associated arginine methyltransferase 1 (CARM1) protein was shown, in response to
nutrient cues, to bind to TFEB and regulate histone H3 arginine 17 dimethylation and

subsequent TFEB transcriptional activity??’”. Bromodomain-containing protein 4
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(BRD4), a protein known to bind to acetylated histones and to recruit transcriptional
regulators®®®, was reported to inhibit an autophagic and lysosomal transcriptional
program independent of TFEB. Via binding to acetylated histones, BRD4 recruits the
lysine methyltransferase G9a and blocks the transcription of major lysosomal genes,
such as lysosomal associated membrane protein 2 (LAMP2), acid sphingomyelinase
(ASM), and cathepsins B and D (CTSB, CTSD). Removal of BRD4 increases
lysosomal activity even in TFEB/TFE3 silenced cells??°. At another level of regulation,
the Quaking (QKI) STAR RNA-binding protein is a regulator of the endo-lysosome
compartment. Indeed, QKI was shown to bind and regulate the stability / splicing /
translation of endo-lysosomes-encoding RNAs, still in a TFEB-independent

fashion?230,

B-1-2-2- Limiting membrane

Delineating the composition of different cellular compartments or specific organelles
is of upmost importance. Indeed, the high complexity of the cellular organization into
several compartments allows to discriminate their functions and capacities.
Lysosomes, since their discovery, have attracted a lot of effort for their
characterization. Back in 1949, Christian de Duve and collaborators were already
deploying cellular fractionation to purify lysosomes'’. This notably allowed the
characterization of the hydrolases rich lumen, enclosing notably cathepsins'®2.
Combining this purification method to high resolution microscopy allowed to further
define the lysosome morphology'®®. The collective effort in lysosome research and
the technological advances have considerably pushed our knowledge of this complex
organelle (Fig. 14).

Lysosomes are heterogenous in terms of composition and morphology, with a size
comprised between 0.1 and 0.5um in diameter?3'. The lysosomal limiting membrane
consists in a 7 to 10nm thick single phospholipid bilayer appearing of low electron
density by electron-microscopy?32. As lysosomes do not possess the machinery for
lipid biosynthesis, they rely on their import from the plasma membrane via the
endocytic pathway or via active exchanges with close organelles. The lysosomal
limiting membrane is rich in sphingomyelin while the internal lysosomal membranes
can be selectively identified by the presence of a specific lipid called
lysobisphosphatidic acid (LBPA/BMP)?33. As previously described, phosphoinositides
are major signaling lipids stamping the endocytic route and evolving together with the
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maturation of endosomes. Plethora of kinases and phosphatases are involved in the
regulation of the phosphoinositide code to dictate intracellular vesicle functions, such
as lysosomal positioning or recruitment of signaling complexes'”3. Moreover, as
lysosomes acquire membranes from other organelles via membrane contact sites or
vesicle-mediated transport, the phosphoinositide composition remains highly versatile
as compared to maturing endosomes'’®. However, a dysregulated balance of
phosphoinositides at the surface of lysosomes have notably been associated with the
development of human diseases, such as Parkinson's or Charcot-Marie-Tooth!"3.
Cholesterol, typically inserted in cellular membranes, is found in a limited
concentration in the lysosomal membrane. Conversely, this lipid is found enriched in
recycling endosomes and MVBs?33. Even at low concentration, cholesterol is thought
to play major roles in the organization of the lysosomal limiting membrane, notably
via high-order microdomains or lipid rafts enriched with the marker flotillin-1. This
process, relying on the concentration of cholesterol, was notably shown to promote
clusterization of the lysosomal membrane protein LAMP2 and further proteolytic
processing, therefore modulating the process of chaperone-mediated autophagy
(CMA)?34. More recently, senescence-associated lysosomal-cholesterol accumulation
was demonstrated as important for mTORC1 activation through the increase of
microdomains structures at the lysosomal membrane?3.

Alongside their atypic lipidic composition, the lysosomal membrane also exposes a
specific set of proteins, with LAMP1, LAMP2, LIMP2 and the tetraspanin CD63 being
the most representated lysosomal membrane proteins. Of note, these lysosomal
membrane proteins are heavily glycosylated in the Golgi apparatus en route for their
final destination?322%6. This process is of particular interest in the case of LAMP1 and
LAMP2, as defects in their glycosylation lead to their degradation by intralysosomal
hydrolases?®?2%”. Robin Kundra and Stuart Kornfeld demonstrated that this defect
was however not affecting the general organization of lysosomes, but rather their
capacity to fuse with autophagosomes?®’. Linked to that, the generation of mice
lacking LAMP2 allowed the in vivo demonstration of the role of this protein in
autophagy termination. Indeed, mice recapitulated Danon's disease, a syndrome
characterized by autophagosome accumulation leading to cardiomyopathy and
mental retardation?3®23°. The lysosomal distribution of cholesterol also appeared
modified upon deficiency of both LAMPs in mouse fibroblasts, allowing Paul Saftig's

group to demonstrate the primordial function of LAMP2 in lysosomal cholesterol
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transport?*°. Conversely, LAMP1-specific deficient mice only showed an increased
expression in LAMP2, probably by a compensatory mechanism, without any major
effect on the lysosomal compartment, except mild alterations in the brain (increased
and altered pattern of expression of cathepsin D and astrogliosis)?*'. The authors
stated that since LAMP2 is almost not detectable in the brain of mice, LAMP1
deficiency could not be compensated in this organ?*'. More recently, Paul Saftig's
group demonstrated the role of LIMP2 in lysosomal cholesterol transport. Using in
silico structural description as well as cell biology and biochemistry assays, the
channel structure of LIMP2 was shown to export cholesterol from the endo-lysosomal
compartment toward lipid droplets or the plasma membrane?42.

In the last decade, the considerable technological advances of organelle isolation,
combined with the increased sensibility and specificity of proteomic analysis allowed
to extend the list of proteins found in each organelle, notably lysosomes. In 2009,
lysosomes were thought to contain approximately twenty-five membrane
proteins'7%243 but several studies were already demonstrating that it might be way
more important?44-246_ |n addition to the "structural core proteins" LAMPs and LIMPs,
lysosomes harbor numerous ion transporters involved in the maintenance of the
acidity of the lumen, as well as exporters able to transfer the recycled materials'’°.
Linked to their dynamic interactions with various organelles and their high maotility,
proteomic studies of lysosomes often highlight this phenomenon. Whether proteins
transiently interacting with the organelle needs to be classified as lysosomal proteins
is still under debate. It is notably the case for mTORC1, a cytosolic complex found at
the surface of lysosomes upon activation?4248, However, the generation of lysosomal
proteomic datasets helps researchers defining the precise composition of the
lysosomal membrane. This was notably useful for the group of Roberto Zoncu via the
generation of a "lysosome master list" of proteins. Applying different criteria such as
the specific localization in the lysosomal membrane and the predicted structure of the
protein, the protein GPR155 of unknown function was reported for its role in the
cholesterol-dependent activation of mMTORC1 on lysosomes?#°. The composition of
the lysosomal membrane is far from being solved and informatics tools as well as
multi-cell line analysis of the lysosomal proteome might assist the characterization of

unknown lysosomal proteins?°°.
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Figure 14: Lysosomes are composed
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Comparably to the description of the lysosomal limiting membrane, the technological
innovations developed in the recent years (Fig. 15) have allowed to lengthen the list
of intra-lysosomal proteins and metabolites (Fig. 14). Lysosomes enclose more than
sixty acid hydrolases with cathepsins being the most predominant. Fifteen cathepsins
have been described, falling into three distinct protease families that are as follow:
serine proteases (CTSA and G), aspartic proteases (CTSD and E), and cysteine
proteases (CTSB, C, F, H, K, L, O, S, V, X and W)?5'. Cathepsins are essential for
protein processing in the lumen of lysosomes. As such, cathepsin inactivation leads
to the development of broad variety of pathologies, such as Alzheimer's and
Parkinson's, as well as auto-immune diseases?'. Cathepsins are all synthesized in
the ER as preprocathepsins. A co-translational cleavage occurs in the lumen of the
ER generating procathepsins, able to transit through the Golgi apparatus where they
acquire a M6P tag for their subsequent transfer to the endo-lysosomal
compartment?%6-25' When reaching the acidic lumen of lysosomes, cathepsins are
further processed by other proteases or autonomously?®'. This lysosomal processing
has been demonstrated to be dependent on the acidic pH of lysosomes, comprised
between 4.5 and 5, and maintained by the activity of the V-ATPase'832%", |t should be
noted that lysosomes are heterogenous in term of pH and hydrolase activity. Indeed,
the fusion of storage lysosomes with late-endosomes into endo-lysosomes was

shown to promotes the acidification and further activation of hydrolases. The pH was
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further demonstrated to increase upon processing of the engulfed substrates and
during the cycle of lysosome maturation and reformation, regenerating deacidified
storage lysosomes'®8. Accordingly, the perinuclear localization of lysosomes favors
the activity of the V-ATPase through a Rab7-dependent recruitment of the V1G1
subunit of the proton pump, generating a gradient of acidity in between peripheral
and perinuclear lysosomes?%2.

In parallel, chloride (CI") concentration is essential for optimal activation of a subset of
lysosomal hydrolases. Notably, two recent studies showed that depleting the
lysosomal CI'/H* exchanger CIC-7 led to defects in autophagosome processing in the
lysosomes, due to CTSC, lysozyme, and DNase Il reduced activity. These studies
also demonstrated that the H* gradient generated by the activity of the V-ATPase
was necessary for CI" entry in the lysosomes, and further optimal activation of
hydrolases?®32%*. In parallel, James Osei-Owusu highlighted that CI, as the
counterion of H*, could be exported from lysosomes by the proton-activated CI
(PAC) channel in a pH dependent manner, therefore regulating H* influx and
subsequently the lysosomal pH. The study notably showed that overexpression of
PAC induced a large export of lysosomal CI- and deacidified lysosomes'®. Calcium
(Ca?*) signaling is also key for lysosomal functions such as fusion events'?. As for
Cl, lysosomal Ca?* concentration appears dependent on lysosomal pH. Indeed,
alkalinization of lysosomes correlates with Ca?* efflux into the cytosol?®®, probably
through a mechanism involving the P2X4 channel?®%. TRPML1 is a major lysosomal
Ca?* exporter'?. The gene encoding the TRPML1 transporter was identified in 2000
in patients presenting the mucolipidosis type IV lysosome storage disease?®”2%. This
disease is characterized by defective lysosomal exocytosis, lysosomal cholesterol
retention, and accumulation of undigested autophagosomes, demonstrating the
primordial role of calcium in lysosomal activity?°®-2¢9, In keeping with this idea, most of
the phenotypes presented by lysosomal storage diseases-patient fibroblasts can be
rescued by chemically activating the lysosomal Ca?* channel TPC226",

The development of the lysolP technique by David Sabatini's group allowed the
absolute quantification of intra-lysosomal metabolites. Notably the lysosomal
concentration of specific metabolites showed a discrepancy with the one defined in
the whole-cell samples, demonstrating that lysosomes might deploy specific transport
machinery. This was notably true for proline, glutamate or alanine, found less

concentrated in lysosomes than in whole-cell samples. This study also enabled the
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description of mTOR and proton gradient-dependent mechanisms for amino acid
transport across the lysosomal membrane?®?. In a parallel study, lysosomal arginine
concentration was found correlated with the ability of lysosomes to export most of the
essential amino acids they contain in an SLC38A9 dependent fashion?%3. This was in
link with previous studies reporting that SLC38A9 regulates mTORC1 in an amino

acid dependent mechanism?64-266,
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Figure 15: Lysosomes enrichment techniques. (A) Three main protocols allow efficient lysosomes purification
and enrichment from cultured cells: i) differential centrifugation, ii) LysolP, iii) iron partciles loading. Purified
lysosomes can then be analyzed by mass-spectrometry or biochemically. B) Graph represents the number of
proteins identified in the GSCs whole cell lysate (WCL), in the immunopurified lysosome fraction after LysolP
(IP), and in the lysosomes associated proteins fraction (LAP, proteins significantly enriched in the IP) of
GSCs. The percentage of GO:CC lysosomes proteins identified in silico is indicated in purple. The donut
graphic represents the percentage of membranous (blue) and lumenal (pink) lysosomal proteins identified in
a lysolP proteomic analysis of GSCs. The percentage of other type of proteins is indicated in grey. For each
graphic, the number of proteins is reported.

Adapted from: Chen, C. et al., Biomolecules (2022)

53



As endo-lysosomes are the digestive organ of cells, many various and miscellaneous
proteins abound in its lumen. It is therefore important to discriminate lysosomal-
resident proteins, from the ones sent for degradation. The identification of the nuclear
fragile X mental retardation-interacting protein 1 (NUFIP1) as a bridge for autophagic
degradation of ribosomes is a good example?®’. Using the lysolP technique, eight
hundred twenty-eight unique proteins were identified in HEK293T purified lysosomes,
among which the regulatory network of mTOR. Interestingly, upon mTOR inhibition
using Torin1 or nutrient starvation, the lysosomal proteome was modulated and
NUFIP1 was found enriched in the degradative compartment. Using biochemical
assays, NUFIP1 was further shown to act as a specific autophagy receptor, bridging
LC3B to ribosomes, inducing mTORC1 dependent ribophagy and regulation of
protein translation%7.

Similar to proteins, many lipids are transported to the lysosomal lumen in an
endocytic and autophagic dependent fashion. The selective autophagic degradation
of lipid droplets, termed lipophagy, is an important process for intracellular lipid
metabolism?®8, The endocytosis of low-density lipoproteins (LDL) from the
extracellular milieu and digestion into lysosomes also contribute to the maintenance
of lipid homeostasis?®. In this context, the activity of the lysosomal acid lipase (LAL)
enzyme is primordial. Triglycerides and cholesteryl ester, the respective storage
forms of fatty acids and cholesterol are indeed digested by the LAL in the acidic
environment of the lysosomes?®®-2"", The free fatty acids generated can then freely
diffuse in the cytosol to be used for ATP generation. As such, LAL deficiency causes
Wolman disease, a severe form of lysosomal storage disease characterized by liver
and brain accumulation of lipids?’2. For cholesterol, its water insoluble biophysical
property makes it necessary to rapidly engage specific handling in lysosomes, such
as incorporation into pre-existing membranes, association to specific transporters, or
modification into a more water-soluble form?%°. The glucosylation of free cholesterol
by B-glucocerebrosidase was shown to promote formation of glucosyl--D-cholesterol
(GlcChol), a form of cholesterol more suited for transport?’®. In parallel, protein-
dependent transport of cholesterol out of the lysosomes is crucial. This mechanism is
thought to be regulated by the Niemann-Pick disease type C2 (NPC2) protein. NPC2
is a small 132-amino-acids lysosomal soluble protein harboring a cholesterol binding
pocket, allowing transfer of lysosomal-soluble free cholesterol toward the lysosomal
membrane-anchored cholesterol transporter Niemann-Pick type C1 (NPC1) protein
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for cholesterol egress in a pH dependent fashion?’4. As already mentioned, LAMP2
and LIMP2 lysosomal membrane proteins were also ascribed a function in lysosomal
cholesterol exit?49242275  Ag for fatty acids, lysosomal handling of cholesterol is
necessary for lysosomal functions and further maintenance of cellular homeostasis.
Mutations in NPC1 or NPC2 engender Niemann-Pick disease, a rare metabolic
lysosomal storage disease characterized by cholesterol retention in lysosomes of
several organs?76.

Recently, the group of Roberto Zoncu demonstrated the important function of intra-
lysosomal cholesterol concentration and of its regulatory proteins in mTORC1
activity. NPC1 was shown, via its cholesterol transport activity, to couple lysosomal
cholesterol concentration to mTOR recruitment and activation on lysosomes?4%:277.278,
Indeed, loss of function mutations of NPC1 led to the constitutive activity of mTOR,
deregulating mitochondria homeostasis, a phenotype observed in patients carrying
NPC1 mutations?’’. Linked to that, LYCHOS (lysosomal cholesterol sensing protein)
was shown to directly sense intra-lysosomal cholesterol via its amino-terminal
permease-like region and to positively regulates mTORC1 through the cytosolic
sequestration of the mTORC1-inhibitory complex GATOR1 (GAP Activity Toward
Rags complex 1)?*° (see section B-II-3). Oppositely, mMTORC1 activity was described
as a regulator of intra-lysosomal turnover of lipids. By performing lysosomes
purification and targeted lipidomic analysis, Aaron Hosios described that upon mTOR
inhibition, the endocytic delivery of plasma membrane phospholipids to the
lysosomes is favored, increasing the release of free fatty acids necessary for
triglycerides synthesis and storage into lipid droplets. A contrario, mTOR activation
switched this pathway toward phospholipid synthesis, demonstrating the important
role of mMTOR in lysosomal lipid turnover and more globally in cellular lipid handling

and energy production?.
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B-ll- A multifaceted organelle

B-ll-1- Degradative ability

Autophagy

Active destruction of cellular biomass is necessary for removal of damaged or toxic
components as well as nutrient cycling during fasting. In this context, both the
autophagic pathway and the lysosomes play considerable functions'®’. The activity of
lysosomes, as previously stated, relies on acidic hydrolases and acidic pH via the
activity of the V-ATPase. Autophagy, for its part, can be classified into three main
types, namely chaperone-mediated autophagy, micro-autophagy, and macro-
autophagy, depending on the nature of the substrate or the delivery route to
lysosomes'®®. Micro-autophagy, unlike the two other types of autophagy, is directly
mediated by lysosomal action. Either by protrusion or invagination of the lysosomal
membrane, non-specific cargoes are directly catched by Ilysosomes to be
degraded?®. Rather appearing as a nonspecific and random mechanism, increasing
evidence also demonstrated the existence of selective micro-autophagy. As an
example, micro-lysophagy, the process by which lysosomal membrane is internalized
into the lysosomal lumen for recycling, was shown to play a prominent role in
lysosome turnover under stress. Mechanistically, Lee C. and colleagues
demonstrated that under glucose starvation or lysosomal osmotic stress induced by
the use of the chemical compound L-Leucyl-L-Leucine methyl ester (LLOMe),
lysosomes are decorated by the lipidated form of LC3B, inducing the formation of
intraluminal vesicles, maintaining lysosomal fitness?8'. The authors also highlighted
that depending on the stress input, the micro-autophagy observed was either globally
affecting lysosomes, or specific of certain substrates. Indeed, LLOMe treatment
induced the recycling of most of lysosomal proteins, whereas glucose starvation
affected the internalization of a specific pool of lysosomal ion channels?®'.
Macro-autophagy, referred to as autophagy, is the most studied form of autophagy.
Long seen as a non-specific degradative pathway, macro-autophagy is however
tightly modulated under distinct environmental or stress conditions and can be highly
specific of the substrate?®?. Macro-autophagy is a complex mechanism involving
cargo recognition, encapsulation of the cargo in a double-membraned

autophagosome, and fusion with a LE or lysosome for degradation.
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Selective autophagy allows to maintain the integrity and number of organelles as well
as the clearance of toxic protein aggregates and pathogens. Upon cellular stress,
cargoes are stamped with signaling molecules such as ubiquitin, sugars, or lipids?®.
These marks are then recognized by selective autophagy receptors (SAR). An
extensive number of studies allowed the description and classification of SARs
(Table 3)?%4. Among them, the proteins sequestosome-1 (SQSTM1/P62), next to
BRCA1 gene 1 protein (NBR1) or tax1-binding protein 1 (TAX1BP1), are involved in
the recognition of different cargoes??4. By presentation of a LC3-interaction region
(LIR), SAR and their bound cargo are recruited to ATG8s decorated nascent
phagophores for their engulfment, a process explained later in the paragraph?®.
Lysosome permeabilization (see section B-II-4) can lead to cell death if the
machinery for repair or turnover of the organelle is not efficient. The integrity of
lysosomes is therefore strictly regulated. Several SAR have been shown to recognize
damaged lysosomes for their autophagic recycling, among which P62, TAX1BP1 and
NDP52283.286  Upon lysosomal membrane permeabilization (LMP), intra-lysosomal
glycans directly recruit the ubiquitin ligases UBE2QL1 or FBXO27, that ubiquitinate
lysosomal membrane proteins and lead to the recognition of damaged lysosomes by
P62 or TAX1BP1 SAR?#7-289. NDP52 does not recognize ubiquitin modifications, but
rather lectins bound to exposed lysosomal glycans, notably galectin-82°. Other
galectins, such as galectin-3, were also shown to play important functions in
lysosomal repair and autophagic clearance by directing mTOR activity as well as
recruiting autophagic effectors?®'-2%% (see section B-lI-4). Once tagged with SAR,
damaged lysosomes are engulfed in a phagophore to be sent for degradation in

another lysosome.

Aggrephagy P62, NBR1, OPTN, TOLLIP, TAX1BP1
Lipophagy P62

Lysophagy P62, TAX1BP1, NDP52, TRIM16

Mitophagy P62, NDP52, TAX1BP1, OPTN, TOLLIP, BNIP3
Ribophagy NUFIP1

Pexophagy P62, NBR1

Xenophagy P62, NDP52, OPTN, TAX1BP1

Table 3: Major types of selective autophagy and associated selective autophagy receptors (SARSs).
SAR: Specific autophagy receptor.
Adapted from: Gubas, A. & Dikic, I., FEBS J. (2022)
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Five core autophagy complexes are involved in the processes of membrane
nucleation, elongation, and closure of the autophagosome?®* (Table 4, Fig. 16).
Nutrient availability is an important determinant of autophagosome biogenesis, with
mTORC1 and AMPK (AMP-activated protein kinase) being upstream negative
regulators of the ULK (Unc-51-like kinase) and PIK3C3-C1 complexes under nutrient-
rich conditions?®®. Upon activation, the ULK complex is recruited to the endoplasmic
reticulum membrane in a PI(4)P dependent manner, where it can stabilize the
PIK3C3-C1 complex, generating PI(3)P-rich domains termed omegasomes?°6:2°7,
The phagophore elongation process further relies on several lipids transport
pathways, such as vesicle-mediated delivery, extrusion from pre-existing organelles
or protein-mediated transport?®*. Notably, ATG9-containing vesicles emanating from
the Golgi apparatus, the ER, or endosomes, were shown to feed the nascent
autophagosome?®2%.  Recently, using purified proteins and biochemical
reconstitution of the autophagic initiation complexes, Ahn Nguyen and colleagues
uncovered the predominant function of ATG13 and ATG101, two components of the
ULK complex, in the assembly of the supercomplex necessary for phagophore
generation on the endoplasmic reticulum. They notably show that the conformational
changes, that they defined as metamorphosis, in a tripartite complex (ATG13,
ATG101, ATG9), provide a time-dependent regulatory mechanism for lipid transfer to
the nascent phagophore via the classical lipid transfer protein ATG23%,

ATG8s (LC3s/GABARAPs) proteins are also major determinant of phagophore
elongation and substrate recognition. Through the activity of a lipidation complex,
ATG8s are cleaved and subsequently conjugated to phosphatidylethanolamine (PE)
for their anchorage to the phagophore®®'. As previously discussed, lipidated ATG8s
are able to recognize SAR decorated-cargoes destined for specific macro-
autophagy?®®. Lipidated ATG8s were also shown to play an important function in
phagophore curvature, elongation, and closure. Indeed, the expression of an inactive
mutant form of ATG4B, one of the component of the lipidation machinery of ATGSs,
was shown to induce accumulation of unclosed phagophores3®2. Another study
demonstrated, in a cell-free system, that LC3 itself, via the presentation of charged
amino acids in its N terminus, could trigger membrane tethering and fusion3°3,

The ESCRT machinery (see section B-lI-4) is strongly implicated in the phagophore
closure. ESCRT-I binding to the site of closure is followed by the recruitment of the
ESCRT-IIl components CHMP2A and -4B, further polymerazing and closely
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appositioning the two adjacent membranes, inducing their fission and phagophore
closure3%4305  Recent studies demonstrated other sites of phagophore formation.
Indeed, the FAK family kinase-interacting protein of 200 kDa (FIP200) protein,
component of the ULK complex, was demonstrated to interact directly with SAR
decorated cargoes. Notably, NDP52 was shown to promote this interaction through
its activation by the TANK-binding kinase 1 (TBK1)36:397 The PIK3C3-C1 complex,
recruited together with the ULK complex, induces PI(3)P production on the nascent
phagophore, enabling the recruitment of ATG8 and its lipidation machinery, inducing
phagophore elongation and closure, as discussed previously?%*. This is notably true
for mitophagy in which ubiquitin-decorated mitochondria are recognized by NDP52
for their subsequent engulfment. In parallel, an unconventional mechanism for
mitophagy was recently described. Optineurin (OPTN), another SAR recognizing
ubiquitin chains, directly recruits TBK1 at the surface of mitochondria for PIK3C3-C1
activation, PI3P production, and subsequent generation of the phagophore around

the cargo, bypassing the activity of the ULK complex3°8

Complex Components Functions

ULK complex ULK1/2, ATG13, Recruitment and stabilization of the core
FIP200, ATG101 autophagic-biogenesis machinery

PIK3C3-C1 VPS34, BECN1, Generation of PI(3)P-rich domains,
p150, ATG14L, omegasomes, necessary for nucleation
NRFB2

ATG12 ATG5, ATG7, Cleavage and lipidation of ATGS8s proteins.
ATG10, ATG12, Also involved in the delipidation process for
ATG16L1 recycling of ATG8s

ATG8 ATG3, ATG4A-D, Ubiquitin-like proteins anchored to membrane

ATG7, ATG12-ATG5, through PE conjugation. Involved in
ATG16L1, ATGS8s phagophore expansion, transport to
lysosomes and capture of cargoes

ATG2 ATG2A/B, ATG9, Tethering of the autophagosome to the ER
WIPI1-4 for lipid transfer

Table 4: List of core autophagy complexes composition and functions.

ATG8s: LC3A-C, GABARAP, GABARAPL1/2, ATG: Autophagy-related genes, ULK: Unc51-like

kinase, PIK3C3-C1: Class Ill phosphatidylinositol 3-kinase complex |, PI(3)P: Phosphatidylinositol 3-

phosphate, PE: Phosphatidylethanolamine, ER: Endoplasmic reticulum.
Adapted from: Melia, T. J. et al., JCB (2020)
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The last step of autophagy involves the fusion between the degradative lysosomes
and autophagosomes for their destruction. The precise molecular mechanism started
to be elucidated by Eisuke Itakura in 201239, Syntaxin-17 (STX17), a classical
SNARE (N-ethylmaleimide-sensitive factor-attachment protein receptor) was
described to specifically associate with completed autophagosomes in their
membrane and to mediate lysosome-autophagosome fusion events. Via its
interaction with SNAP29 (synaptosomal-associated protein 29) on the
autophagosomal membrane, and its link with VAMP8 (vesicle-associated membrane
protein 8) on the lysosomal membrane, STX17 induces the formation of a trans-
SNARE complex driving membrane apposition and fusion. It was notably
demonstrated that the independent removal of each of these components are
impairing  lysosome-autophagosome  fusion, leading to autophagosome
accumulation®®. This discovery opened the path for a more precise description of the
machinery involved in this fusion process. The HOPS tethering complex, previously
described as necessary for Ilysosome homotypic fusion®'®, promotes
autophagosome-lysosome fusion through interaction with STX17 and its fusion
partners. As such, removal of the main components within the complex, such as
VPS33A, VPS16, or VPS39 blocked the autophagic flux3''. A later study by the group
of Ivan Dikic demonstrated the role of PLEKHM1 (pleckstrin homology domain
containing protein family member 1) in bridging ATG8 positive autophagosomes
together with Rab7 and the HOPS complex for lysosome-autophagosome fusion3'2.
As previously discussed, Rab7 is an important determinant of LE/lysosome fate. It
also appears as an important effector of autophagosome-lysosome fusion via
recruitment of specific effectors such as PLEKHM1*'2, Among others, the proteins
FYCO1 (FYVE and coiled-coil containing 1) and RILP (rab-interacting lysosomal
protein) were shown to promote fusion between lysosomes and autophagosomes via
interaction with GTP-loaded Rab7 and further regulation of the traffic and localization
of lysosomes and autophagosomes®'33'4 (see section B-lI-2). The technological
advances operated during the last twenty years allowed to physically resolve the
structure of SNARE complexes®'5316. Today, with the development of optimized cryo-
electron microscopy, as well as in silico structural prediction, entire fusion complexes
and their function are deciphered, as it was recently published for the HOPS
complex3'’, allowing a more complex and precise description of fusion events and

their subsequent regulation.

60



Phagophore Autophagosome

\ K\ /// / FuS|on
\\\i‘ \\\::4/// &

PI3KC3 SNARES
e @ )

Tethers
Initiation  Nucleation Elongation Closure Maturation

-~

.
e

Motors

Figure 16: Autophagosome biogenesis. Key effector complexes and molecules are linked to the
different steps of autophagosome biogenesis. See table 4 for complete composition and function of the
different complexes.

ULK: Unc-51 like autophagy activating kinase, PI3KC3: Class Il phosphatidylinositol 3-kinase, ATG:
Autophagy related genes, ESCRT: Endosomal sorting complexes required for transport, SNARE:
Soluble N-ethylmaleimide-sensitive-factor attachment protein receptor.

Adapted from: Reggiori, F. et al., Glycoconj J. (2021)

Lysosomal-degradative ability subversion

In recent years, the development of targeted protein degradation (TPD) has
considerably improved the arsenal of approaches used to deplete specific proteins.
TPD takes advantage of the cells' own degradation machinery, namely the ubiquitin
proteasome system (UPS) and the autophagy-lysosome pathway3'°. In 2001, the first
proteolysis targeting chimera (PROTAC) molecule was developed in order to target
the protein methionine aminopeptidase-2 (MetAP-2) to a specific ubiquitin ligase
complex and further proteasome dependent degradation3?°. This first demonstration
of molecular-based TPD led to the generation of several classes of technologies
classified according to the use of the UPS, the endo-lysosome system, or the
autophagy-lysosome system, for the final degradation of the targeted product3'®.
Lysosome-based TPD have the potential to target numerous compounds, such as
intra- or extra-cellular proteins, either cytoplasmic or anchored in membranes, protein
aggregates and entire organelles, making them much more attractive than
proteasome-based TPD, that can only target certain intracellular proteins3'®. The first
lysosome-based TPD technology was developed in 2014, taking advantage of the
chaperone-mediated autophagy process, provoked by the recognition of a KFERQ
sequence on the target protein by the heat shock cognate 71 kDa protein
(HSPAB8)32'. Thus, a synthetic peptide harboring a cell penetrating domain, the
KFERQ sequence, and a protein of interest (POI) binding sequence, can effectively
send the cytoplasmic target to the surface of lysosomes, where the interaction with
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Figure 17: LYTAC system. MG6P-
coupled molecules or antibodies
target the soluble or membrane
bounded protein of interest. Once
recognized, the M6P tag binds CI-

endocytic pathway. The protein is

proteases.

mannose-6-phosphate receptor. \
Adapted from: Zhao, L. et al, Signal

the LAMP2 protein allows its internalization inside the lumen of lysosomes for
degradation®?2. Following this innovation, other groups demonstrated the potential of
using the autophagic machinery for the degradation of intracellular components. The
autophagosome tethering compound (ATTEC) and autophagy-targeting chimeras
(AUTOTAC and AUTAC) systems indeed target the protein of interest to nascent
autophagosomes for their subsequent degradation in the autolysosomes3®?3-325, As
compared to the CMA-based TPD, autophagy-based TPD can lead to the
degradation of protein aggregates and entire organelles3?*-325. Since 2020, several
technologies subverting the endo-lysosomal pathway for TPD were engineered. The
antibody-based PROTAC (AbTAC) utilizes bispecific antibodies that recognizes on
one hand an extracellular or transmembrane POI, and on the other hand, the
transmembrane E3 ligase RNF43, leading to the complexation of the two targets and
further internalization and degradation in the lysosomal compartment3?6. This
technique has notably proven efficient for the degradation of the transmembrane
protein programmed death-ligand 1 (PD-L1), a known suppressor of T-cell response,
overexpressed in numerous cancers®?®, Such as AbTAC, the lysosome-targeting
chimera (LYTAC) system was also developed in order to degrade transmembrane or
extracellular proteins. The later benefits from the presence at the plasma membrane
of residual CI-M6PR. By fusing poly-M6P (CI-M6PR-targeting ligand) on molecules or
antibodies directed against specific proteins, the targeted substrate is then
recognized by the lysosomal-targeting receptor for further internalization and delivery
to the lysosomes®’ (Fig. 17). Although effective in removing proteins or entire
organelles, these nascent lysosome-based TPD systems need further investigations
to decipher the impact of this hijacking on the lysosomal system.
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B-lI-2- Intracellular trafficking / Lysosomal positioning

Lysosomes are dynamic organelles and their distribution throughout the cytosol have
been shown to correlate with their degradative and signaling abilities. Because of
their implication in catabolism and anabolism, their position therefore contributes to
many cellular functions. Two main pools of lysosomes exist within cells: a peripheral,
moving one, and a perinuclear, relatively immobile3?®32° As such, lysosomes
associate with active directional effectors moving along microtubules (Fig. 18A-C).
For the minus-end transport of lysosomes (toward the microtubule-organizing center;
MTOC; perinuclear), Rab7 stamped LEs/lysosomes recruits RILP, itself recruiting
p150(Glued), further interacting with dynein and dynactin, important motor machinery
for lysosome transport330331, Interestingly, lysosomal cholesterol level was shown to
promote this process via the cholesterol-sensing ability of ORP1L (oxysterol binding
protein related protein 1L). Under low lysosomal-cholesterol level, ORP1L induces
ER-lysosomes contacts. These contacts allow the ER protein VAP (VAMP-
associated protein) to untie the interaction of motor proteins with Rab7, unleashing
lysosomes toward the periphery. Oppositely, lysosomal cholesterol accumulation, as
in Niemann-Pick type C disease, leads to lysosomal clustering in the perinuclear
cloud3%?,

Even though Rab7 is a major actor of lysosomal positioning, the GTP-binding protein
SEPT9 (Septin-9) was recently shown to induce dynein-dynactin-retrograde transport
of lysosomes in a Rab7-independent fashion. In contrast to Rab7, SEPT9
preferentially binds to GDP-bound dynein, favoring this mode of transport during
oxidative stress or allowing another regulatory layer of movement at steady state332,
Other signals enable lysosomal transport next to the nucleus. Ca?" and
phosphoinositides were linked to lysosomal movement. During the maturation
process, PI(3)P is converted into PI(3,5)P2 (see section B-I-2-1), upstream regulator
of the lysosomal calcium channel TRPML1334, Ca?* release from lysosomes recruits
ALG-2 (Apoptosis-linked gene 2), a known interactor of dynein for minus-end
transport®3®. Of note, nutrient starvation was shown, via mTORC1 activation and
TFEB nuclear translocation, to increase TRPML1 activity, therefore inducing

lysosomal perinuclear localization336.
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Figure 18: Mechanisms of lysosomal positioning. (A) Main lysosomal localizations in cells.
Lysosomes can transit from a perinuclear cloud to the cell periphery along microtubules. (B) Major
inputs regulating lysosomal positioning. (C) Main molecular actors of lysosomes positioning.

Adapted from: Cabukusta, B. & Neefjes, J., Traffic (2018)

TFEB activity was found linked to lysosomes positioning via the upregulation of
TMEMSSB, a lysosomal interactor of JIP4 (JNK-interacting protein 4), connecting
dynein to their surface3¥’. Moreover, oxidative stress induced by H»O, treatment
promotes TRPML1-dependent Ca?* release, ALG-2 recruitment to lysosomes and
JIP4 phosphorylation, leading to nuclear clusterization of lysosomes for increased
autophagic degradation as a defence mechanism33%,

Plus-end transport of lysosomes toward the cell periphery requires the activity of
kinesins. PI(3)P level on the lysosomal membrane, in combination with the activity of
Rab7, recruits FYCO1, bridging lysosomes and autophagosomes to kinesin-1 motor
protein3'3. As mediated by phosphoinositide level, this process is highly dependent
on ER-lysosomes contacts. Indeed, when such contacts happen, kinesin-1 is
transferred from ER-localized protrudin to FYCO1-stamped lysosomes33°. This is
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notably true in fed cells in which PI(3)P is generated at the surface of lysosomes'”3.
Alternatively, the BORC (BLOC1-related complex; composed of BLOS-1 and -2,
Snapin, KXD1, myrlysin, lyspersin, diaskedin, and MEF2BNB) recruits SKIP via
activation of Arl8b. SKIP can then bind to kinesin-1 (KIF5B) or kinesin-3 (KIF3B and
KIF1A) for anterograde transport of lysosomes340-342. Starvation triggers dynein-
mediated anterograde transport of lysosomes toward the nuclear cloud, while inhibits
kinesin-mediated transport toward the periphery3?®. Indeed, amino acids removal
induces folliculin recruitment to RILP, tethering lysosomes at Golgi contact sites
through interaction with Rab34343, Concomitantly, Arl8b, via the BORC complex, is
recruited to the Ragulator complex on lysosomes through the C-terminal domain of
lyspersin, blocking its ability to bind kinesin-134434%_ Altogether, this demonstrates that
lysosomes are dynamically responding to different cellular inputs, such as stress or
nutrients. Subsequently, lysosomal positioning regulates the ability of lysosomes to
fuse with membranes, degrade their substrates, and activate the mTOR kinase.

Lysosome positioning is of particular importance for the optimal regulation of
mTORC1. Pioneering work performed by Viktor Korolchuk demonstrated that
lysosomal positioning modulates mTORC1 in response to nutrients availability.
Peripherally localized mTORC1 is indeed closer to its upstream regulators, resulting
in a faster response to nutrient input. Oppositely, in response to starvation,
lysosomes are clustered perinuclearly, resulting in a slowest response of mMTORCA1
upon amino acids replenishment346. Mechanistically, the intracellular pH, which
modulates lysosome positioning3*’, was shown to increase in response to starvation.
This affected the ability of Arl8b and KIF2A to bind to lysosomes, resulting in the
perinuclear clustering of lysosomes3#¢. Even though the mechanism by which
lysosome positioning controls mTORC1 activity appears complex, studies tend to
demonstrate that peripheral dispersion of this organelle indeed converge on mTOR
activation. PI(3)P production upon amino acid stimulation was indeed shown to
promote lysosomal peripheral positioning in a Protrudin-FYCO1 dependent fashion
and to allow mTORC1 activation®48. Starvation induces mTOR inhibition, as well as
increased autophagic flux. In accordance, lysosomal positioning also matches with
their ability to fuse with autophagosomes and to degrade them34°. Under starvation
conditions, when cellular need for recycling is increased, newly generated
autophagosomes are rapidly transported to the perinuclear cloud of lysosomes in an
LC3-dynein dependent fashion3°. This is thought to increase the probability of
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encounter of the two vesicles®*6:3%0, Lysosome position correlates with the level of
Rab7 at their surface, with peripheral lysosomes harboring less of the GTPase.
Concomitantly, this results in less recruitment of the Rab7-interacting protein RILP, a
known recruitment factor of the V1G1 V-ATPase subunit. As a consequence,
peripheral lysosomes are found less acidic than perinuclear ones, less able to
degrade autophagic cargoes?%2. This study was in accordance with the concept that
lysosomes, within a cell, are highly heterogenous in their composition and
functions'®.

Exocytosis of lysosomes is an important process in several pathological conditions.
The peripheral localization and apposition of lysosomes next-to the plasma
membrane are important determinant of this process®®'. The fusion process, that
involves SNARE interaction and Ca?* signaling, mediates plasma membrane repair
and remodelling. LAMP1 indeed accumulates at sites of plasma membrane damage
in a Ca?* and fusion machinery-dependent fashion3%2. Lately, extracellularly released
cathepsins B and L were shown to promote extracellular matrix remodelling allowing
sphingomyelinase activity at the site of wound for repair. Cathepsin D in turn degrade
the sphingomyelinase enzyme to terminate the process®>3. Lysosome exocytosis
plays a major function in cellular detoxification. TRPML1 dependent Ca?* release
from lysosomes is an important process for lipid extrusion from lysosomes to the
extracellular milieu. It is notably the case in lysosome storage diseases such as
mucolipidosis type IV or Niemann-Pick disease in which TFEB is inhibited by
constitutive mTORC1 signaling, downregulating TRPML1 and further lysosomal
exocytosis. Lipid accumulation was also shown to directly inhibit TRPML1 function3%+-
357 Even though appearing as essential for detoxification, lysosomal exocytosis can
also be hijacked. B-coronaviruses uses this uncommon secretory pathway for their
egress. This was shown to rely on a Arl8b and Rab7-dependent lysosomal
positioning pathway3°8. More recently, SARS-CoV-2 protein ORF3a was shown to
recruit the HOPS complex component VPS39 to the lysosomal surface, further
implicated in the assembly of a BORC-VAMP7-STX4 complex, enforcing peripheral

positioning of lysosomes and exocytosis of newly generated viruses3%°.
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B-lI-3- The lysosome as a signaling platform

Lysosomes, via their degradative capacity, act as major regulators of catabolism. In
parallel, through recycling of substrates into basic building blocks and via the
regulation of the mTORC1 signaling complex, are primordial effectors of cellular
anabolism'8. As previously stated, the lysosomal lumen is a complex cluster of |)
hydrolases dividing proteins, sugars, and lipids into their precursors units, II)
transporters, allowing the exit of these components toward other organelles, and IIl)
sensors, transmitting the concentration of amino acids, fatty acids, and cholesterol to
dedicated signaling pathways'®”'8  In this context, the mechanistic target of
rapamycin (mTOR) serine/threonine kinase is central to coordinate the nutrient
concentrations to anabolism and catabolism. mTOR assembles into two distinct
complexes known as mMTOR complex 1 (mTORC1) and mTOR complex 2
(MTORC2)'?8, mTORC1 is composed of three core components: mTOR, Raptor and
mLST8, with the two latest regulating mTOR localization and substrate binding to the
kinase, and stabilization of the kinase domain of mTOR for optimal activation,
respectively®6°-3¢4 |n addition, DEPTOR and PRAS40, two negative regulators of
mTOR activity, were described as part of the complex365-368,

The complete description of the pathway started in 1994 with the description of
mTOR as the direct target of the rapamycin-FKBP12 complex, previously shown to
block cell growth and proliferation36%-37° This inhibitory complex binds mTOR to the
subsequently named FKBP12-rapamycin-binding (FRB) domain, blocking the
interaction between the kinase domain of mTOR and its substrates®’!. Because of its
functions on proliferation and growth, mTOR received incredible consideration in
order to decipher its upstream regulators.

Growth factors

The response to growth factors of mMTORC1 was the first one to be described.
Indeed, as far as the discovery of the effect of the rapamycin-FKBP12 complex in
1992, serum was shown to promote the growth effect of mTOR3"2. EGF, VEGF, IGF,
and insulin, are among the many growth factors positively regulating mTORC1373.
Upon binding to their respective receptors, growth factor-associated tyrosine kinase
receptors converge on the activation of the ERK or AKT pathways, central regulators
of cell survival and growth3’4. ERK and AKT regulate mTORC1 activity through the
inhibition of the inhibitory tuberous sclerosis complex (TSC). The TSC is composed
of TSC1, TSC2, and TBC1D7, and negatively regulates the small GTPase Rheb.
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Upon growth factor stimulation, lysosome-bound TSC, via the G3BP tethers,
therefore dissociates from the lysosomal surface, enabling Rheb GTP loading and
further mTORC1 activation by conformational reorganization of the kinase3"5-37°,
Cellular stress response

ATP, oxygen levels, as well as DNA damage, were shown to modulate the activity of
mTORC1. AMPK appears as a central regulator of the stress regulation of mTOR'2%.
A decreased level of glucose and oxygen correlates with a reduced production of
ATP within mitochondria, activating AMPK, itself inhibiting mTORC1 via activation of
TSC0:381 |n parallel, oxygen can promote REDD1 (regulated in development DNA
damages responses 1) activity that acts in parallel of AMPK to activate TSC, thereby
negatively regulating mTORC1 activity3®2. Notably, AMPK was shown to directly
phosphorylate Raptor to block the activity of mTOR33. Lysosomal damage sensed by
the GALTOR system also converge in the activation of AMPK and inhibition of
mTORC12%2384 (see section B-1l-4). DNA damage, via a transcriptional regulatory
network induced by p53 increases TSC activity38°.

Amino acids

As a sensor of nutrient availability, it is not surprising that mTORC1 responds to
amino-acid level. The upstream regulation of mMTOR by amino-acids is complex and
involves several cytoplasmic sensors, as well as lysosomal transporters and tethers
for mTORC1 anchorage to the lysosomal surface'?®167.189.373 (Fig. 19). Three main
complexes transmit the cytosolic level of amino acids toward the Ragulator-
RagGTPases for mTORC1 recruitment to the surface of lysosomes. GATOR2 (Mios,
WDR24, WDR59, Seh1L and Sec13) negatively regulates GATOR1 (DEPDC5, Nprl2
and Nprl3)3%6, itself tethered to the lysosomal membrane by KICSTOR (Kaptin,
ITFG2, C120RF66 and SZT2)?48387 The Ragulator complex (MP1, P14, p18, HBXIP
and C7ORF59, also known as Lamtor1-5) bridges the Rags to the lysosomal surface
for mTORC1 activation3838_ One important determinant of mTORC1 activity is the
nucleotide-bound state of the Rags. Rags are heterodimers comprised of RagA or
RagB bound to RagC or RagD. The GAP activity of GATOR1 toward RagA
negatively regulates the ability of Rags to recruit mTOR-bound RAPTOR to the
lysosomes to further complete the activation by Rheb-GTPase38:38_ In parallel, the
FLCN/FNIP complex acts as a GAP for RagC/D, helping mTORC1 recruitment and
activation upon high nutrient configuration3°°-3%3, However, as recently published, the

Rag dimer code regulation of mMTORC1 appears more sophisticated than the one
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previously described. Indeed, the expression of RagC/D correlated with the
mTORC1-substrate specificity, whereas RagA/B expression was linked to mTORCA1
recruitment to lysosomes, with RagB expressing cells maintaining the lysosomal
localization of mTORC1 even upon starvation3%4. Interestingly, the expression of the
different Rags varies between cell types, depending on the feeding state, and seems
altered in certain cancers, opening new regulatory modes in disease-associated
states3%*. Several sensors of amino acids transmit the feeding state of cells to the
GATOR1 complex for further mTORC1 activation. CASTOR1, Sestrin2, and
SAMTOR, senses respectively arginine, leucine, and methionine. SAMTOR indirectly
transmits methionine availability via S-adenosylmethione (SAM), a metabolite

generated depending on methionine concentration3%.
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Figure 19: mTORC1 signaling pathway. An important signaling platform is present at the surface of
lysosomes to regulate mTORC1 lysosomal recruitment and activation. The TSC complex integrates
growth factors and stress signals. When activated, negatively regulates the small GTPase Rheb, an
essential activator of mMTORC1 when in a GTP bound form. On the other side, several cytoplasmic
proteins and complexes sense amino acids concentration and transmit it the GATOR complexes. For
optimal activation of mMTORC1, GATOR1 needs to be inactivated. LYCHOS and GATOR2 acts as
negative regulators of GATOR1 in response to amino acids or cholesterol concentration, respectively.
The amino acids and cholesterol sensing machineries converge on the RagGTPases. The GTP bound
form of RagA/B in complex with the GDP bound form of RagC/D regulates substrates recruitment and
bridges mTORC1 to the surface of lysosomes through interaction with the lysosomal bound Ragulator
complex.

Positive regulators are depicted in green, negative regulators in red.

GTP: Guanosine triphosphate, GDP: Guanosine diphosphate, LPS: Lipopolysaccharide, TSC:
Tuberous sclerosis complex, mTORC1: mammalian target of rapamycin complex 1.

Adapted from: Kim, J. & Guan, K-L., Nat. Cell Biol. (2019)
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Upon sensing, these proteins are inhibited, releasing the pressure put on GATOR2
thereby inhibiting GATOR1, leading to RagA/B GTP loading and further mTORC1
recruitment3®5-4%0_ Recently, SAR1B was demonstrated to act in parallel of Sestrin2
for leucine sensing, GATOR2 inhibition, and further Rags activation*'. Interestingly,
the lysosomal level of arginine can be sensed by the amino-acid permease
SLC38A9. When the lysosomal-arginine level is high, SLC38A9 regulates leucine
export for its cytosolic sensing and activation of mTOR(C1262-266,

The V-ATPase is also importantly implicated in the process via binding to the
Ragulator and SLC38A9262:389.402 Of note, mTORC1 also appears essential for
optimal V-ATPase assembly and activity, proposing a regulatory loop mechanism'83.
Therefore, the combined regulation of mTORC1 localization by the cytosolic and
lysosomal amino sensing machinery and Rags recruitment, coupled to the growth
factors regulation of Rheb activity through TSC, contributes to the lysosomal
activation of mTORC1.

Cholesterol

The description of cholesterol as an input signal for mTORC1 started with the
discovery that obese and high fat diet-fed rat presents high mTORC1 activity*?3. Ten
years later, the group of Roberto Zoncu officially identified cholesterol as a nutrient
input regulating mTORC1 recruitment at the lysosomes and activation. Intra-
lysosomal cholesterol recognition by SLC38A9 as well as the cholesterol export
function of NPC1 were shown essential in this process. In the following years, many
aspects of the NPC1-mTORC1 axis were deciphered, notably how NPC1 deficient
cells sustain a constitutive activity of mTOR. Membrane contact sites between the ER
and lysosomes indeed induce the translocation of cholesterol from its synthesis site
toward its sensing platform, lysosomes. The OSBP cholesterol transporter was
shown essential, as its removal restores mMTORC1 activity in an NPC model*%*.
Furthermore, lysosomal targeted proteomic uncovered the degradative defects
induced by cholesterol build-up in NPC1-deficient cells. This study revealed that
autophagic cargo accumulation in lysosomes as well as the increased propensity for
lysosomal membrane permeabilization upon NPC1 inhibition resulted from the
constitutive activity of mTORC1, as its inhibition using Torin1 restored these
phenotypes. Interestingly, cholesterol accumulation was not restored, indicative of a
mechanism consistent with classical mTOR regulated processes such as protein

synthesis or autophagy inhibition?””. Lastly, LYCHOS, a multidomain lysosomal
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transmembrane protein, was identified as the lysosomal cholesterol sensor and Rags
activator. Upon intra-lysosomal cholesterol sensing, LYCHOS sequesters the
GATOR1 complex, thereby allowing Rags dependent recruitment of mMTORC1 to its
activating platform?4°. Of note, and as for the Rags, LYCHOS and NPC1 protein
levels are correlated with the feeding state of cells. High nutrients availability indeed
increases transcription of LYCHOS and decreases the one of NPC1, fuelling the
mTORC1 activating machinery?4°,

As a pleiotropic kinase regulated by the feeding state, activated mTOR regulates
major anabolic and catabolic processes. When nutrients are abundant, mTOR activity
allows cell growth and proliferation while negatively regulates the lysosomal-
autophagic catabolic process (Fig. 20).

Anabolism

The activating phosphorylation of p70S6 kinase 1 (S6K) and the parallel inhibitory
phosphorylation of elF4E binding protein (4EBP) by mTORC1 favors protein
translation*%-407, SG6K phosphorylation by mTORC1 was also shown to activate a
lipid and pyrimidine synthesis pathway through the activation of sterol responsive
element binding protein 1 (SREBP1) and carbamoyl-phosphate synthetase (CAD),
respectively*%8-41° Moreover, mTORC1 indirectly increases the expression of
MTHFD2, a key enzyme in purine synthesis*!". mTORC1 also phosphorylates Lipin1,
known negative regulator of SREBP1, a key transcription factor involved in lipid
synthesis*12413, Finally, STAT3 phosphorylation by mTORC1 was shown to promote
HIF1a transcription, further increasingly translated because of S6K and 4EBP
regulation, regulating glucose production*®®4'4  Altogether, this demonstrates the
preponderant role of mTORC1 in regulation of proliferation and cell growth by
modulating lipid and protein synthesis.

Catabolism

mTORCH1 activation negatively correlates with the main cellular catabolic process, the
autophagic/lysosome degradative pathway. mTORC1 directly phosphorylates and
inhibits ULK1, ATG13, UVRAG, and ATG14L, regulators of autophagosome
biogenesis and maturation?%%415416 TFEB, the master transcriptional regulator of
lysosomes and autophagy is also directly controlled by mTORC1. Indeed, TFEB
phosphorylation by mTOR at the serines S122, S138, S142, and S211, induces its
shuttling from the nucleus to the cytosol and retention by the 14-3-3 proteins,
blocking its transcriptional activity??-224, TFEB retention results in a global decrease

71



of the autophagic flux as a consequence of reduced autophagosome and lysosomes
biogenesis. In parallel of the regulation of autophagy, mTORC1 inhibits ERKS5,
blocking proteasome assembly and downregulating its ability to degrade ubiquitin-
tagged proteins. General protein ubiquitylation was also globally increased upon
mTORC1 activation*'7418, Of note, several studies demonstrated a RagC/D
dependent recruitment of TFEB to mTORC1 for its phosphorylation, suggesting an
amino acid-exclusive regulation of TFEB?223%, This is of particular interest in Birt-
Hogg-Dubé syndrome, in which the upstream regulator of Rags, FLCN, is mutated. A
study by the group of Andrea Ballabio showed that mutated FLCN blocks RagC/D in
their GTP form, enabling TFEB dephosphorylation and shuttling to the nucleus. Of
note, TFEB upregulates the transcription of RagC/D, increasing their activity.
Therefore, the mechanistic understanding of this syndrome allowed the description of
the specific roles of the Rags and of their GTP-GDP bound state for mTORC1

activity*1°,
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Figure 20: mTORC1 at the crossroad between anabolism and catabolism. Once activated, mTORC1
positively regulates protein, lipid, nucleotide, and glucose synthesis. Oppositely, it counteracts
lysosome biogenesis and autophagy initiation. Numerous mTORC1 substrates have been described,
some of them are annotated here.

Adapted from: Saxton R. A. & Sabatini, D. M., Cell (2017)

B-lI-4- Implications in cell death

Lysosomal cell death

When firstly classified, cell death pathways were categorized according to
morphological changes. Because of the difficulty to observe changes in lysosomal
morphology depending on the cell death pathway engaged, lysosomal cell death
(LCD) was only recently brought up to date, even though lysosomes, when
described, were already nicknamed as "suicide bags". LCD occurs upon lysosomal

membrane permeabilization and release in the cytosol of the lysosomal content#20421,
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a process not overtly affecting their shape and overall morphology*?2. The cell death
pathway further engaged upon LMP depends on the extent of lysosomal leakage,
ranging from apoptosis when LMP is limited, to necrosis when the lysosomal
membrane is importantly compromised*?®. The work of Kagedal and colleagues
twenty years ago nicely demonstrated that the addition of sphingosine, a detergent
lipid accumulating in acidic compartment, led to LMP. Using increasing
concentrations of this lipid, they described that the extent of LMP was indeed linked
to different outcomes for cells, with the most important concentrations leading to the
complete rupture of Iysosomes and uncontrolled necrosis*?®. However,
pharmacological or genetic inhibition of cathepsins B and D was shown to promote a
significant protection against limited LMP429423, Further demonstrating the role of
cathepsins in cell death induced upon LMP, microinjection of CTSB*?** or CTSD*?®
promoted mitochondrial permeabilization and further apoptosis.

Several pathways and inductors converge on lysosomal membrane permeabilization,
leading to lysosomal cell death*?421 (Fig. 21). The recent gain of interest in LCD
allowed to distinguish between post-death alterations of lysosomes and LMP-induced
cell death. Indeed, several actors of the classical cell death pathway apoptosis were
described to induce LMP. TNFa (tumor necrosis factor alpha) was for example
shown to induce caspases -8 and -9 activation and further LCD*?%427, The work of the
group of Marja Jaatela demonstrated that TNFa can trigger apoptosis and LMP in
parallel via the activation of caspases -8 and -9, and that the separate inhibition of
the two pathways was only modestly delaying cell death, while the combination
effectively rescued cell death*?. Interestingly, some evidence also points toward a
global modification in the sphingosine level in lysosomes upon TNFa stimulation that
could trigger LMP. TNFa stimulation is associated with the activation of the protein
factor associated with neutral sphingomyelinase activation (FAN)*?8, leading to
sphingomyelinase activation and further conversion of ceramide in sphingosine, its
level correlating with the extent of LMP423427.429 |n line with this, CTSB release upon
LMP promotes sphingosine kinase-1 (SK1) cleavage and reduction in the conversion
of sphingosine into sphingosine-1-phosphate, contributing to LMP amplification*3°.
Lysosomes, as the terminal compartment of autophagy, accept iron-containing
proteins and are therefore enriched with this element**'. In presence of hydrogen
peroxide (H202) and when cells lack anti-oxidative activity, iron catalyses Fenton

reactions, generating highly toxic hydroxyl radicals, leading to lipid peroxidation and

73



damaging lysosomal membrane proteins ending up in LMP#20432 The group of
Raphaél Rodriguez notably identified that salinomycin and its derivative ironomycin,
two agents previously identified as specifically eradicating breast cancer stem cells
by unknown mechanisms, induces lysosomal iron accumulation and LCD*33. Linked
to that, several chemical compounds known to accumulate in lysosomes and
therefore termed lysosomotropic agents, were shown to induce LMP. Siramesine
represents the prototype of lysosomotropic compound, inducing a dramatic rise in
lysosomal pH, ROS accumulation, cathepsins leakage and accumulation of
autophagosomes due to lysosomes dysfunctions*34-436

Besides sphingosine as a major driver of LMP, cholesterol also appears as an
important lipid in the regulation of lysosomal integrity. However, whether lysosomal
cholesterol accumulation protects or weakens the lysosomal membrane is still
unclear and might depend on the trigger used to produce LMP. Hanna Appelqvist, as
well as John Reiners, demonstrated the protective effect of lysosomal cholesterol
accumulation. Upon use of U18666A, an inhibitor of the lysosomal cholesterol
exporter NPC1 and inductor of lysosomal cholesterol accumulation, cells were less

sensitive to photoirradiation or detergent-induced LMP437-439,
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More recently, the work of Oliver Davis revealed a contradictory effect of cholesterol
accumulation on lysosome stability. In @ model of human embryonic kidney cells, the
knock-out of NPC1 or the use of U18666A increased the lysosomal propensity for
damage induced by the membrane destabilizing agent LLOMe?”’. Whether the
mechanism by which cholesterol modulates lysosome stability is cell type or input
dependent remains of debate.

Lysosomal repair and removal

One major determinant of LCD is the ability for cells to sense and cope with LMP.
Sonja Aits from the Marja Jaatela group firstly described a sensitive assay to follow
LMP. Given the fact that galectins bind to (B-galactosides, they hypothesized that
galectins would recognize lysosomal membrane rupture. In accordance with a
previous report demonstrating galectin-8 recruitment to bacterial loaded and
damaged vesicles, they indeed demonstrated that galectins -1, -3, -8, and -9, were
able to aggregate on damaged lysosomes?°%44°_ Following the description of this
sensitive assay for LMP detection, the group of Vojo Deretic extensively ascribed
molecular functions to galectins-recognition of damaged lysosomes. Several
galectins were showed to bind to tripartite motif (TRIM) proteins, classical autophagy
receptors. Notably, lysosomal galectin-3 binds to TRIM16, inducing the recruitment of
the autophagic machinery for lysosomal removal and cell protection?®'. Following this
discovery, the GALTOR system was uncovered. Co-IP experiments as well as a
proximity biotinylation assays revealed that galectin-8 is dynamically associated with
mTOR itself, as well as its close regulators. Jingyue Jia described that upon LMP,
galectin-8 associates with the amino acid transporter SLC38A9 at the surface of
lysosomes in a glycan-binding dependent fashion, sequestrating the Rag machinery
and releasing mTOR out of this complex, inhibiting in turn its activity. In parallel,
galectin-9 resides in complex with TAK1 (transforming growth factor-B activated
kinase 1) and AMPK, activating the latest, further enforcing mTOR inhibition and
activation of the autophagic pathway for lysosomal removal and replacement?®2.
Following the description of galectins as important actors of lysosomal removal by
autophagy, the group of Vojo Deretic further highlighted the function of galectin-3 in
lysosomal repair, an event preceding autophagic replacement of lysosomes. By
performing proximity biotinylation assay, they demonstrated that galectin-3 interacts
with the ESCRT machinery, a complex necessary for membrane sealing, and already
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described as necessary for lysosomal repair*4'442, Notably, galectin-3 was
demonstrated as necessary for the early recruitment of ALIX and CHMP4, two
ESCRT components, at the surface of damaged lysosomes. At later time points,
when the repair fails, galectin-3 induces autophagic removal of lysosomes?®'-2% (Fig.
21). As previously described, autophagic lysosome reformation (ALR) might also play
an important role in lysosomal regeneration. The recruitment of the ALR machinery
by the TBC1D15 protein on ATG8-bound LIMP2 upon LMP for lysosome reformation
is a recent example of this phenomenon?®2. As previously annotated, ESCRT
recruitment to the site of damage is a primordial process for lysosomal repair. The
ESCRT machinery is convoluted and composed of several complexes separately
involved in different steps of membrane dynamic3%. In the process of lysosomal
repair, TSG101 and ALIX, two components of the ESCRT-I complex, were
demonstrated as essential for the recruitment of the ESCRT-III complex, mostly
represented by the protein CHMP4B, involved in membrane constriction together with
the ATPase VPS4441:442. Mechanistically, LMP-induced Ca?* release promotes the
recruitment of the protein ALG-2 to their surface, further recruiting the ESCRT-I
complex, engaging the ESCRT-dependent membrane repair mechanism?42:443,

The transfer of lipids between the ER and lysosomes have also emerged as a rapid
way for cells to resolve the damage to the latest organelle independently of ESCRT
recruitment. Indeed, recent studies highlighted that upon damage, the
phosphatidylinositol-4 kinase type 2a is rapidly recruited to the lysosomal membrane
to generate PI(4)P, mobilizing oxysterol-binding protein-related protein (ORP) family
members, such as ORP9, -10, -11, OSBP, and ORP1L. In turn, via the interaction
with the ER resident proteins VAPA/B, lysosomal ORP proteins induce membrane
contact sites, allowing the transfer of cholesterol and phosphatidylserine from the ER
to the damaged lysosomes in exchange of PI(4)P444445  Finally, in response to the
increased amount of phosphatidylserine in the lysosomal membrane, the ATG2
protein is recruited and activated, acting as a direct channel for lipid transfer from the
ER to the lysosomes, allowing rapid lysosome repair*#4. Altogether, all the processes
chronologically set up by cells to overcome lysosome damage demonstrate the
importance of a tightly regulated lysosomal homeostasis for the maintenance of the

cellular fitness.
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B-lll- Patho-physiological implications in the brain

B-llI-1- Lysosomal storage diseases (LSDs)

Lysosomal storage diseases are a group of inherited metabolic disorders defined by
lysosomal perturbations. Approximately seventy diseases compose this group of
disorders and even if individually they do not affect many births, collectively, 1/5000
birth is subjected to the development of LSD*46. Because lysosomes yield incredible
importance in anabolic and catabolic processes, their dysfunctions consequently
affect several organs and induce plethora of clinical manifestations such as visceral,
skeletal, and neurological disabilities*4”. LSDs are classified according to the type of
substrate found to accumulate within lysosomes or depending on the enzyme or
protein found mutated**” (Table 5). There is an important discrepancy in terms of
survival when looking at specific LSDs, ranging from seventy years of life expectancy
for Fabry’s disease when symptoms are mild, to less than one year for the untreated
infantile-onset Pompe’s disease**®44°. Since most of the phenotypes induced by
LSDs are not apparent at birth and that this class of diseases induces multi-organ
failure, the diagnosis is complicated and firstly attributed at the onset of symptoms*%°.
Diagnostic methods for LSDs mostly consist at first in enzymatic and molecular
assays. Other methods such as DNA sequencing, PCR, or more recently next
generation sequencing (NGS), are also widely used to characterize mutations of
lysosomal proteins*°°,

Despite the apparent lack of early diagnosis, this one must be made as early as
possible as some treatments can improve the quality of life of patients*4”. There is no
cure for LSDs, only supportive cares and treatments, but the important work
performed in the last few years to better understand lysosomes and the subsequent
associated diseases raise reasonable hopes for the development of innovative
therapies*>'4%2, Enzyme replacement therapy (ERT) is an interesting approach to
compensate deficits in enzymes affected by mutations. Intravenously injected
enzymes, by using the physiological M6PR pathway, can be taken up extracellularly
and incorporated into lysosomes. However, some tissues such as the brain, which is
often affected by LSDs, are hardly reachable for the infused enzymes?*%2.

As its name implies, the substrate reduction approach consists in the inhibition of
enzymes responsible for production of accumulating substrates. As compared to

ERT, these treatments can cross the BBB allowing reduction in brain phenotypes,
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and are not responsible for immune reactions, as it can be observed upon ERT#%.
Miglustat for example, is used in the treatment of Gaucher’s and Niemann-Pick type
C diseases. Through inhibition of the glucosylceramide synthase enzyme, it reduces
the production of glycosphingolipids, and therefore acts on the neurodegenerative
phenotypes in patients, increasing lifespan*®34%4,

Heat shock protein 70 (HSP70) is a known stabilizer of the lysosomal membrane
through interaction with the lipid LBPA and stabilization of the acid sphingomyelinase
close to its substrate, sphingomyelin. LSDs are often characterized by lysosomal
membrane destabilization, and as such, induction of HSP70 expression was thought
to reduce lysosomal defects in LSDs*5%4%, This was notably shown in NPC1 deficient
mice treated with the HSP70 co-inducer arimoclomol. Treated mice showed strong
recovery of the respiratory and neurologic defects induced by loss of NPC14%7,
B-cyclodextrins are molecular cages known to solubilize cholesterol in their
hydrophobic core*8. Therefore, several studies demonstrated the opportunity of
using this molecular compound to rescue NPC-induced phenotypes9-461 2.
hydroxypropyl-beta-cyclodextrin (HPBCD) have notably reached late-stage clinical
trials for the treatment of NPC. Due to potential toxicity upon high-dose treatment,
complementary molecules are already under study. As an example, distearyl-
phosphatidylethanolamine-polyethylene-glycol could promote accumulation of
HPBCD in cholesterol-rich endosomes, favoring and potentiating the lysosomal-
cholesterol efflux-effect of HPBCD*62,

Disease Mutated product Symptoms

Fabry's disease a-galactosidase A Gastroenteritis, nephropathy,
cardiomyopathy, cerebrovascular
disease

Pompe's disease  Lysosomal a-glucosidase Cardiomegaly, muscle atrophy,
hypotonia

Danon's disease LAMP2 Cardiomyopathy, arrhythmia,
intellectual disability

Gaucher's disease [B-glucocerebrosidase Hepatosplenomegaly, arthritis,
epilepsy, limited psychomotor
development

Niemann-Pick NPC1/2 Dystonia, ataxia, splenomegaly,

disease type C1/2 intellectual decline

Niemann-Pick SMPD1 (ASM) hepatosplenomegaly, pulmonary

disease type A/B infections, psychomotor
regression

Table 5: List of few known LSDs, the mutated protein responsible for the development of the disease,
and the described phenotypes.
LSD: Lysosomal storage disease, ASM: Acid sphingomyelinase
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Niemann-Pick disease

Niemann-Pick diseases is a subgroup of LSDs that can be classified into four main
types, namely Niemann-Pick type A (NPA), type B (NPB), type C1, and type C2
(NPC)*3, Overall, Niemann-Pick diseases are defined according to the inability of
lysosomes to traffic lipids, mostly cholesterol, further leading to autophagic
dysfunctions and lysosomal destabilization. NPA and NPB are associated with
mutations in the SMPD1 gene encoding for the ASM enzyme, whereas NPCs affect
the lysosomal cholesterol transporters NPC1 or NPC2464-466 Niemann-Pick type C1
is the most common of the Niemann-Pick diseases, with a prevalence of around 1
per 100,000 births, but that greatly varies according to the country*63467_ As such, an
important effort was deployed to better characterize this disease and allowed major
discoveries such as cholesterol as a nutrient input for mTORC1 signaling?’7-278:404,
NPC1 is a thirteen transmembrane domains protein of 1278-amino-acids with three
intra-lysosomal loops involved in cholesterol and NPC2 binding*6846° (Fig. 22)475.
Through NPC2 binding and cholesterol sensing, NPC1, when targeted to the late-
endocytic compartment, allows the export of cholesterol from this compartment*66.
Many mutations have been identified within the NPC1 gene. As such, the different
genotypes lead to variable phenotypes, such as mislocalization of the protein or
defective cholesterol sensing, binding, or transit*’°. In the brain, NPC1 mutations lead
to important defects in neurons, oligodendrocytes, as well as microglia. Many mice
studies allowed the description of cell type specific effect of NPC rescue. Min Zhang
notably showed that astrocyte-specific re-expression of NPC1 rescued the
myelination defects, neuronal cholesterol accumulation, and tripled the life span of
mice*’". In parallel, two other studies demonstrated the importance of NPC1
expression in oligodendrocytes, as the re-expression of the protein rescued the
myelination defects observed in patients and in mice models*’2473, Finally, and
demonstrating the complexity of the disease, specific re-expression of NPC1 in the
neurons of deficient mice is sufficient to mitigate the disease by allowing
oligodendrocyte maturation, myelin production, and reducing the inflammatory
response*’3474 Molecularly, the study of Daniel Mitroi demonstrated that the D1005G
mutation of NPC1 that induces its premature degradation, alters neuronal synapse
formation by blocking the membrane delivery of two important actors of synapse
functions, CYP46A1 and GIuA147. Altogether, this demonstrates the extensive
interplay between lysosomal cholesterol transport, notably by NPC1 and NPC2, and
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CNS functions. It also however demonstrates the need for multi-cellular studies of
NPC1 functions, as brain phenotypes are appearing dependant on the concomitant
modulation of the different cell types functions upon loss of function of the
transporters. It also overall demonstrates the dependency of neurons and other brain
cell types toward fully functional lysosomes, as single mutations lead to the
development of LSDs. One interesting parallel can be made with the process of aging

in which neurodegeneration often occur due to impaired lysosomes functions and

proteostasis.
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Figure 22: (A) Predicted topology of the human NPC1 protein. NPC1 possesses thirteen
transmembrane helices playing a role of cholesterol channel when assembled in the lysosomal
membrane. The C-terminal lysosomal targeting signal is necessary for NPC1 traffic to the lysosomes.
The NPC2 binding domain allows the interaction between NPC1 and NPC2, favoring cholesterol
transfer from NPC2 toward the cholesterol binding domain of NPC1. Once transfered, cholesterol is
embedded in the glycocalyx and binds to the sterol sensing domain of NPC1 for its transfer across the
lysosomal membrane. (B) Cryo-electron microscopic structure of NPC1. The thirteen transmembrane
helices span the lysosomal membrane and exposes the cholesterol and NPC2 binding domains in the

lumen of lysosomes.
NPC: Niemann-Pick type C, NTD: N-terminal domain, MLD: Middle lumenal domain, CTD: D-terminal

domain, TM: Transmembrane, SSD: Sterol sensing domain.

Adapted from: Trinh, M. N. et al., Elife (2018)

B-lll-2- Age-related reorganization

Aging often correlates with neurodegeneration, with notably the appearance of aging-
related disorders, such as Parkinson’s and Alzheimer’s diseases. Of note, these
diseases are characterized by defective autophagy, dysfunctional lysosomes, and
aberrant mTOR signaling*’6477. NSCs allow the generation of astrocytes,
oligodendrocytes, and neurons during development, and contribute to neurogenesis
in adults, their decline correlating with aging*’8. Several works unravelled an
important remodelling of the lysosomal compartment for stem cells and particularly
NSCs maintenance and activation during aging. Indeed, Florian Villegas identified
that mouse embryonic stem cells (MESCs) inhibit Tfe3, master transcriptional
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regulator of autophagy and lysosomes, to induce a differentiation program?'8479 A
genome-wide CRISPR/Cas9 screen revealed that removal of upstream regulators of
mTORC1 (such as Ragulator or FLCN) induced the expected nuclear translocation of
Tfe3, followed by impaired differentiation of mMESCs. It was further demonstrated that
lysosomal catabolism is a major driver of mESCs differentiation as the use of
classical lysosomal inhibitors such as bafilomycin A1, chloroquine, or vacuolin-1,
impaired the exit from their self-renewal state. This effect was linked to RagC/D
inability to recruit Tfe3 for its inhibition at the surface of lysosomes. As a proof of
concept, disease-associated mutants of Tfe3, which produce a constitutively active
form of the transcription factor, induce a developmental disorder affecting muscles
and the nervous system*’®. Therefore, lysosomal functions and regulation appear
intimately linked to stem cell fate. In line with this result, Anne Brunet's group
identified that lysosomal functions are necessary for NSCs activation during aging*e°.
NSCs exist in two distinct pools, one quiescent (QNSCs), giving rise to the active one
(aNSCs), itself responsible for the generation of new neurons, astrocytes, and
oligodendrocytes. Of note, the adult brain mostly contain qNSCs, and their activation
decline with age, supporting the observed degeneration*®’. The mechanism relied on
the ability of QNSCs to engulf protein aggregates in large and numerous lysosomes,
as compared to aNSCs, relying on the proteasome-ubiquitin system to clear proteins.
However, the study demonstrated that old gNSCs display lysosome defects, notably
reduced abundance of the organelle, as well as defective autophagic degradation,
leading to protein aggregates accumulation, hallmark of neurodegeneration. Of note,
TFEB overexpression or mTOR inhibition counteracted the phenotypes induced
during aging, demonstrating the primordial function of lysosomes in the activation of
NSCs*80,

Autophagy and mTOR are two major regulators of cellular health and rely on
functional lysosomes to complete their missions*’6. Compelling evidences showed
aberrant accumulation of autophagosomes as well as hyperactive mTOR in post-
mortem Alzheimer's patient’s brains*8248_ Accordingly, autophagy blockade by the
mean of Atg5 deletion in mice neural cells induces the accumulation of inclusion
bodies and deficits in motor functions*34. Mostly described as the effector of
neurodegeneration, autophagic dysfunction is thought to be linked to mTOR
hyperactivity. As such, inhibition of mMTOR was described to extend lifespan in

several organisms*8-488 However, how is mTOR regulated in the onset of aging, as
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well as the downstream effects are still not fully understood. As mTOR positively
controls protein synthesis and negatively correlates with lysosomal and autophagic
degradation, the resulting increased protein burden may account for the higher
propensity of neurodegeneration linked to protein aggregate accumulation. Of note,
administration of everolimus, a derivative of rapamycin, to heart transplant recipients,
demonstrated favorable psychiatric outcomes including memory and concentration
scores*®®, Cholesterol metabolism represents an interesting link between lysosomes,
mTOR, and neurodegeneration. The E4 variant of the APOE gene (APOE4) is the
main identified genetic driver of Alzheimer's disease*?4°'. The role of APOE is to
transport cholesterol between neural cells, and the expression of the E4 variant was
also linked to modified cholesterol homeostasis in these cells, as well as reduced
degradation of amyloid beta, the main constituent of senile plaque*¥?4%. As
lysosomes act as central hubs for cholesterol and that mTOR was recently shown to
respond to the lysosomal concentration of cholesterol?49:269277.278 it is therefore
tempting to speculate that lysosomal-cholesterol homeostasis is of particular
importance in the development of neurodegenerative disorders, notably Alzheimer’'s
disease. Lysosomes therefore appear as important drivers of aging, their malfunction
culminating in neurodegeneration. In this context, glioblastoma, that primarily occurs
in older patients, have been shown to present altered lysosomes*®. This is notably
true in glioblastoma stem-like cells (GSCs)*%4%7 a subset of cells harboring stem
properties and believed to be responsible for the initiation and recurrence of
glioblastoma, raising the idea that lysosomes, regulating NSC maintenance and

activation, could also be involved in oncogenic processes.

B-llI-3- Impact in cancer

Cancer cells display an increased biosynthetic and bioenergetic demand to
proliferate and survive. As such, lysosome functions and homeostasis are central for
cancer growth and most of cancer hallmarks phenotypes can be linked to lysosomal
functions*%®. Drug resistance and escape is a leading cause of cancer-related
mortality and treatment failure. Hydrophobic weak-base chemotherapeutic
compounds can freely diffuse across membranes and become protonated in the
acidic H* rich lumen of lysosomes, disabling their diffusing properties, reducing the

probability of encounter with their target*®°0  Of note, weak-base
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chemotherapeutics induce lysosomal biogenesis by lysosomal stress-induced TFEB
activation, further enabling compound sequestration01-593,

The increased turnover of proteins and organelles within cancer cells implies a well-
orchestrated catabolism program. As such, the expression of cathepsins is increased
in several cancers®%4-5%6_ Cathepsin D expression was notably shown to correlate
with breast cancer severity and proposed as a prognostic marker597.5%8  Notably,
inhibition of cathepsin D induces sensitization of several carcinomas to TRAIL-
induced apoptosis®®. Other known mechanisms for cathepsins mediated cancer
growth are the extracellular matrix remodeling and angiogenesis induction. Indeed,
lysosomal exocytosis is promoted during cancer progression by relocalization of
lysosomes close to the plasma membrane, allowing efficient cathepsin secretion in
the extracellular space®'%5%'". This is notably thought to be mediated by the global
acidification of cancer cells, promoting LAMP2 presentation at the plasma
membrane®'?.

Lysosomal modifications occurring during cancer development are of particular
interest for dissemination and growth. However, some of them can also be seen as
anti-tumorigenic  operators  via lysosomal destabilization®'®.  Cathepsins
overexpression, via the cleavage of LAMP1 and LAMP2, leads to destabilization of
lysosomes, found more prone to LMP®'4515 Acid sphingomyelinase level is
downregulated in several cancers to ensure a reduction in the production of
ceramide, a well characterized apoptosis inducer®'®. However, at the level of
lysosomes, this modification induces destabilization of the membrane, sensitizing
cells to LMP®'3, Even in these conditions, cancer cells deploy an arsenal of molecular
pathways to circumvent lysosome stability. A striking example is the retargeting of the
Myoferlin protein to the surface of lysosomes in pancreatic cancer. The group of
Rushika Perera demonstrated that this protein, already known to regulate plasma
membrane repair, was uniquely present at the surface of lysosomes of several
pancreatic ductal adenocarcinomas (PDAC), as compared to lysosomes isolated
from healthy pancreatic epithelial cells. As PDAC upregulates their lysosomal mass
to ensure stress resistance and bioenergetic supply, the lysosomal localization of
Myoferlin therefore promotes their stabilization and allows lysosomal-dependent

cancer growth®'7,
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Glioblastoma

A pivotal study by Takashi Shingu and colleagues demonstrated the important
function of the STAR-RNA binding protein Quaking (QKI) in maintenance of the
lysosomal compartment in GSCs*%. This work highlighted that the downregulation of
the endo-lysosomal compartment by QKI deletion enhances the ability of GSCs to
maintain their stemness outside the protective perivascular niche. Molecularly, via
direct regulation of RNA stability and translation, QKI increases the endo-lysosomal
compartment, and its loss restrains the degradative compartment. Consequently,
various receptors involved in stemness maintenance, such as EGFR, Frizzled,
FGFR, are recycled back to the plasma membrane rather than degraded by
lysosomes, leading to sustained signaling even in low-ligands concentration
conditions. Of note, QKI is frequently found downregulated in GB samples,
emphasizing the role of this protein in GB development®'8. More recently, the
paracaspase mucosa-associated lymphoid tissue lymphoma translocation 1 (MALT1)
was shown to regulate lysosomal homeostasis in GSCs through a mechanism
involving QKI (Fig. 23).
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Figure 23: MALT1 negatively regulates lysosomes homeostasis in GSCs. (A) MALT1 constitutive activity
retains QKI inactive, reducing the amount of lysosomes in GSCs. Upon MALT1 inhibition, QKI is unleashed,
enabling lysosomal proteins encoding-mRNA translation. The consecutive aberrant lysosomal biogenesis is
followed by LMP and mTORCH1 release from its lysosomal hub. The combined phenotypes are responsible
for lysosomal dependent cell death of GSCs.

GSC: Glioblastoma stem-like cell, QKI: Quaking, LMP: Lysosome membrane permeabilization
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The constitutive activity of MALT1 could retain QKI, therefore inhibiting its activity.
Blocking MALT1 activity resulted in the release of QKI, unleashing lysosomal
biogenesis ultimately leading to LMP and lysosomal dependent cell death. mTOR
activity was also demonstrated affected by the dramatic modification of the lysosomal
compartment in a still unidentified mechanism, involving either lysosomal stress or
control by the protease activity of MALT1. Of note, the phenotypes induced upon
MALT1 inhibition were strongly specific to patient-derived GSCs, as healthy
astrocytes or brain endothelial cells were not affected. As a confirmation, the in vivo
injection of mepazine, a known inhibitor of the paracaspase previously used in clinic
to treat psychiatric disorders, impaired GSCs growth in a flank-xenografted mice
model, opening a new therapeutic avenue for GSCs eradication and demonstrating
the important fragility of lysosomes in GB>'°.

Linked to that, several other compounds were shown to target the lysosomal
compartment of glioblastoma cells*®®. In a study by Vadim Le Joncour, the mammary-
derived growth inhibitor (MDGI/FABP3) protein was demonstrated as crucial for the
lysosomal lipidic-membrane composition. Indeed, its downregulation correlates with
better prognosis in GB patients, and in vitro, resulted in mistrafficking of
polyunsaturated fatty acids engendering lysosomal cell death of patients-derived
GSCs through modification of the lysosomal membrane composition. Consequently,
the use clemastine, a cationic amphiphilic antihistamine provoking LMP specifically
eradicate GSCs in an in vivo model of brain-xenografted mice'°.

In accordance with the ability of this lysosomal targeting compound to disrupt GSCs
viability, the widely used cationic amphiphile drug siramesine showed promising in
vitro results in conventional GB cell lines as well as in patient-derived cells. However,
the study failed to show in vivo efficacy as a mice xenograft model as well as an
organotypic three dimensional spheroid brain slice culture model were not affected by
siramesine administration52°.

Lys05, another lysosomotropic compound, allowed the demonstration that coupling
lysosome destabilization to standard-of-care therapy such as radiation could be a
promising opportunity?'. Thus, cationic amphiphilic drugs showed promising in vitro
results for the eradication of GB cells, but failed to clearly prove their efficacy in vivo,
therefore raising the need of further evaluation of these interesting compounds.
Another innovative strategy developed by Jeffrey Wojton consisted in the generation
of nanovesicles of dioleoylphosphatidylserine (DOPS) coupled to saposin C (SapC),
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a known activator of sphingosine production and further LMP. This treatment showed
in vitro and in vivo efficacy, demonstrating the possibility of altering lipid homeostasis
for lysosomal destabilization and GSCs cell death%?2. Accordingly, treating GB cell
lines with a combination of TNFa, lipopolysaccharide and interferon gamma (TLI)
altered sphingosine production, resulting in lysosomal accumulation of ceramide,
culminating in LMP and cell death of the malignant cells. Concomitantly, inhibition of
the sphingosine kinase enzyme using SKI-II strongly impaired GB cell expansion®23.

Finally, Stefanie Enzenmuller, using GDC-0941, a PI3K inhibitor inducing TFEB
nuclear translocation and activation of the transcription of lysosomal genes, in
combination with B10, a derivative of betulinic acid, effectively triggered cell death in
glioblastoma cells. B10 effectively destabilized the numerous lysosomes generated
upon TFEB activation®?*. Altogether, these studies demonstrated the important
fragility of lysosomes in GB cells, notably in the subset of GSCs, responsible for
glioblastoma initiation and recurrence. This supports the idea that targeting the
lysosomal compartment is an interesting strategy for the treatment of this deadly

cancer.

Treatments Targets .
Phenothiazine MAL T -rreas%:ctiaa Ltlztrge?; t?:poﬁzgpotgnd?ndizg
C-IemaSt!ne AT lysosomal cell death of glioblastoma cells.
Siramesine CAD CAD: Cationic amphiphilic drug, TLI: TNFa-
Lys05 CAD lipopolysaccharide-interferon gamma, SapC:
SapC-DOPS sphingosine metabolism Saposin -G DOPS:
TLI sphingosine metabolism dioleoylphosphatidylserine, PI3K:
GDC-0941/B10 PI3K / CAD phosphoinositide 3-kinase
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C- MALT1 paracaspase: a versatile protein in pathogenic

conditions
C-l- Prelude

Mucosa, or mucous membranes, are epithelial membranes covering digestive,
respiratory, and reproductive organs, and via the secretion of a “gel-like” mucus,
protects the body from pathogens or internal acidity, as it is the case in the digestive
tract>25. Another layer of protection rises from the high infiltration of immune cells in
mucosa. Indeed, mucosa comprise specialized lymphoid tissues, termed mucosa-
associated lymphoid tissues (MALT), able to collect antigens directly from the site in
which they are found®?®. As important sites of B-cell collection, MALT are the location
of non-Hodgkin marginal zone lymphoma development326:527. MALT lymphoma can
develop in numerous body sites, such as lungs, eyes, thyroid, but mostly occurs in
the stomach. As such, MALT lymphomas are classified into the gastric- and non-
gastric subtypes®?8. Rather indolent and considered as low-grade lymphomas, MALT
lymphomas can however progress into aggressive forms of diffuse large B-cell
lymphomas (DLBCL)%2°5%, Chromosomal translocations are major drivers of MALT
lymphomagenesis. Four main translocations have been associated with development
of MALT lymphomas: t(3;14)(p14.1;932), t(1;14)(p22;932), t(14;18)(q32;921), and
t(11;18)(g21;921)%?". Notably, the description of the t(11;18)(q21;921) translocation
allowed the characterization of the MALT1 gene in 1999531532 Previously termed
MLT (MALT1 lymphoma-associated translocation), this gene was shown to fuse with
BIRC3/API2 (baculoviral IAP repeat-containing protein 3), generating the API2-MLT
fusion protein, suggested to act as an oncogenic driver for MALT lymphomas®3'.532,
One year later, seminal work by the group of Vishva Dixit deepened the knowledge
on the C-terminal part of the fusion protein®3. Performing alignment between the
sequences of traditional human caspases (1, 2, 3, 8, and 9) and the novel human
caspase-like MALT1, Dixit's group demonstrated the presence of a caspase-like
domain in the C-terminal part of the protein, characterized by the universally
conserved catalytic cysteine and histidine dyad required for catalysis. However, 3D
model analysis of the catalytic site demonstrated dissimilarities between caspases
and MALT1, showing potential differences in substrate specificity. Notably, caspases
are known to cleave acidic residues in the P1 position, a contrario to MALT1 that was

predicted to cleave at uncharged residues. Moreover, as MALT1, unlike caspases,
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possesses a death domain (DD) and three immunoglobulin (lg) domains, was
therefore classified as a paracaspase®33. On top of this major discovery, the study
uncovers the direct binding of MALT1 to BCL10 (B-cell lymphomal/leukemia 10), a
protein previously shown to be involved in the t(1;14)(p22;q32) translocation of rare
cases of MALT lymphomas®33°%4, Finally, the product of the t(11;18)(q21;921)
translocation (API2-MALT1 fusion protein) was demonstrated to activate the NF-xB
pathway, and the catalytic activity of the paracaspase was shown to be partially
responsible for this phenotype. As NF-xB is an important regulator of lymphocyte
development, this finding had an extensive impact in the understanding of the
pathway and opened new therapeutic opportunities for MALT lymphomas treatment.
Overall, MALT1 was shown to control the NF-xB pathway when hyperactivated and a
dual scaffold-protease mechanism was already hypothesized, dissecting the
molecular pathways affected during MALT lymphomagenesis®33. In 2003, three
independent groups implemented MALT1 alongside CARMA1 (caspase recruitment
domain-containing protein 1) and BCL10 in the regulation of the NF-xB pathway upon
lymphocyte activation®35-%37_ This complex is now referred to as the CBM (CARMA1-
BCL10-MALT1) signalosome.

MALT1 mediates NF-kB

activity downstream of MALT1 controls endo-
immun_e receptors lysosome homeostasis
Discovery of the CBM signalosome MALT1 crystal in GSCs
MALT1 gene description structure
1999 2000 2003 2008 2011 2014 2020
MALT1 paracaspase MALT1 is a protease MALT1 modulates
shows homology to First proteolytic inhibitor the mTOR pathway
caspases (z-VRPR-fmk)

Figure 24: MALT1 and important related discoveries.
Adapted from: Hachmann, J. & Salvesen, G. S., Biochimie (2017)

Despite the definition of MALT1 as a protease in 2000, eight years were necessary to
discover the first two substrates of the paracaspase. The groups of Rudi Beyaert and
Margot Thome identified A20 and BCL10, respectively, as processed by MALT1 upon
lymphocyte activation338-540. As such, the hypothetic MALT1 catalytic site was
defined. The substitution of the cysteine C464 of the paracaspase was shown to

abolish its proteolytic activity. Moreover, it further emphasizes the importance of
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MALT1 in the “fine tuning” of T cell antigen receptor (TCR) signaling>3°:54, Following
this breakthrough, several groups were able to identify other MALT1 substrates (see
section C-lll), enlarging the list to up to fourteen substrates until recently, with most of
them involved in direct control of the NF-xB pathway or mRNA stability54'542. Using a
high throughput bioinformatic screening strategy, the group of Christopher Overall
classified several potential MALT1 substrates according to their sequence and
functions. Seven new substrates were validated in vitro using an overexpression
system, suggesting the potential of this strategy to identify novel MALT1

substrates®42.

C-ll- The CBM signalosome

C-lI-1- Assembly of the CBM

Due to its homology with classical caspases, its paramount role in lymphomagenesis,
and the necessity of the development of specific inhibitors333543.544  the first crystal
structure description of MALT1 was an important step in the understanding of the
paracaspase. Two teams simultaneously published the first crystal structure of
MALT1545546_Either in a ligand-free conformation or bound to a peptide inhibitor, the
crystal structures unravelled the primordial role of the symmetric dimerization of
MALT1 for its catalytic activity. Notably, the paracaspase domain of MALT1 was
shown to closely resembles the catalytic domain of classical caspases, composed of
a central B-sheet of six B-strands surrounded by two a-helices on a side and three on
the other side, with the p6 strand of the B-sheet essential for the dimerization545:546
(Fig. 25). Of note, a single point mutation in the p6-strand (R551E) abolished the
catalytic activity of MALT1 in vitro®*S. Interestingly, it was hypothesized that MALT1
might exist as a monomer in solution, as the addition of a peptide inhibitor, z-VRPR-
fmk, led to the assembly MALT1 dimers®#6. However, it was also showed that MALT1
could crystalize in dimers even in the absence of peptide binding, but in an inactive
conformation. In this state, the C-terminal Ig3 domain interacts and locks the adjacent
protease domain inactive®®. As such, neither the dimerization of MALT1 nor the

binding of specific peptides were necessary for its activation.
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Ig domain

Paracaspase domain

MALT1 (paracaspase region) monomer z-VRPR-fmk

Figure 25: Ribbon representation of the C-terminal part of MALT1 in its homodimer form. The inhibitory
peptide z-VRPR-fmk is shown by an arrow.
Adapted from: Yu, J. W. et al., PNAS (2011); PDB DOI: https://doi.org/10.2210/pdb3UOA/pdb

The assembly of the signalosome itself is necessary for signal amplification and
optimal response to upstream activators. Notably, crystallographic studies as well as
electron microscopy analysis of the CBM revealed the mechanism by which it
polymerizes (Fig. 26). CARMA1 was shown to nucleate at one end of BCL10
filaments, providing a platform for MALT1 dimerization and activation. As a proof of
concept, mutations of residues in BCL10 necessary for its polymerization (R36, D39,
R42, E50, E53, R62, K63) significantly impaired MALT1 and NF-kB activation®47-54°,
This filamentous organization of the CBM is thought to resemble the one
hypothesized as necessary for other proteases complexes activation, such as the
apoptosome, the pyddosome, and the inflammasome®®°. Of note, BCL10 is recruited
to CARMA through a CARD/CARD interaction®®'-%53 and constantly associates with
MALT1 via its C-terminal serine/threonine rich domain that binds to the N-terminal Ig
domains of the paracaspase®33.

In this context, CARMA/CARD (caspase recruitment domain-containing protein)
protein adaptor are major determinants of CBM assembly and activity®>*. Various
signaling receptors converge on the CBM assembly and MALT1 activation (see
section C-lI-2). Depending on the cell type and the upstream signal, different CARMA
proteins are engaged for CBM assembly%54-5%_As an example, CARD9 was linked to
CBM assembly and NF-«B pathway in response to fungal infection in myeloid cells
upon Dectin-1 receptor activation. Notably, CARD9 was shown to be dispensable for
TCR-mediated CBM assembly®%'%%7, Conversely, CARMA1, induces CBM assembly
in T- and B-cells in response to antigen receptor engagement>3%:552.558  CARMA2
expression appears importantly restricted to dermal cells, with a major implication in
keratinocytes and in the development of skin associated diseases such as
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psoriasis®®2:5%%-%1_ Finally, CARMA3 was shown to be engaged downstream of G-

protein coupled receptors (GPCRs) and receptor tyrosine kinase (RTK) signaling in

non-immune cells®62-5¢6 (Fig. 27).

A

BCL10 — CARD

S/T rich

MALT1 — DD Caspase-like

CARMA1 —

CARD

Coiled-coil PDZ —~ SH3 GUK |—

Figure 26: A) General structures of the CBM components BCL10,
MALT1, and CARMA1. B) Schematic representation of
CARMA1/BCL10 filaments. Upon activation, CARMA1 nucleates,
offering a platform for BCL10 oligomerization of filaments
generation.

CARD: caspase recruitment domain, S/T: serine/threonine, IKK:

inhibitor of nuclear factor kappa-B kinase, CAMKII: ca’'-
calmodulin-dependent kinase |l, DD: death domain, Ig:
immunoglobulin, CK1a: casein kinase 1 alpha, PDZ: postsynaptic
density-95 (PSD-95) discs-large zona occludens 1 (ZO-1), SH3:
SRC homology 3 domain, GUK: guanylate kinase-like.

Adapted from: Qiao, Q. et al., Mol. Cell (2013)

Although CARMA proteins appear to have different pattern of expression, the

mechanism by which they assemble the CBM signalosome is similar. Indeed, the

residues necessary for BCL10 nucleation are conserved throughout the four CARMA

proteins®’. The mode of activation of CARMA proteins is also shared, as the

phosphorylation in the linker region comprised between the coiled coil and MAGUK

(membrane-associated guanylate kinase) domains of the proteins by PKC family

members induces a conformational rearrangement necessary for BCL10 recruitment

and polymerization®%2:567-571 On the other hand, specific phosphatases counteracts

CARMA1 phosphorylation, limiting the CBM assembly and NF-xB activation upon T-

cell activation®’? (see section C-1I-3).
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C-llI-2- Upstream modulators

C-lI-2-1- Immune receptors

Lymphoid cells

The CBM complex is rendered active under various stimulus®®* (Fig. 27). A
prototypical example is the engagement of the TCR on T-cells by MHC (major
histocompatibility complex) class | or Il presenting antigens on the antigen presenting
cell. Lymphoid cells express receptors necessary for the recognition of extracellular
non-self features, such as the BCR and the TCR in B- and T-lymphocytes,
respectively, and for the induction of immune responses. A general attribute of these
receptors is the presentation of ITAMs (immunoreceptor tyrosine-based activation
motif) on specific chains of the receptors®’3-57%. Of note, the ITAM is a major
prerequisite for CBM assembly. Once the TCR is activated, the Src-family kinase
LCK that is associated with the cytoplasmic tail of the CD4/8 co-receptor
phosphorylates tyrosine residues in the ITAMs%76. This molecular event triggers the
recruitment of the Syk-family kinase ZAP70 (zeta-chain-associated protein of 70kDa),
and its activation3’3577_ In turn, ZAP70 was shown to phosphorylate the adapter
protein LAT (linker for activation of T cells), generating anchorage sites for signaling
molecules, ending up in the formation of an intricate signalosome®’8. One major
effector of this downstream signaling is the PLCy1 (1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase gamma-1), hydrolysing plasma membrane
PI(4,5)P2> (phosphatidylinositol 4,5-bisphophate) in 1(1,4,5)P3 (inositol 1, 4, 5-
triphosphate) and DAG (diacylglycerol)°7°:58_1(1,4,5)P3 induces the liberation in the
cytosol of Ca?* from the ER, as well as influx from plasma membrane-located CRAC
(Ca?*-release-activated Ca?*) channel. The increased cytosolic concentration of Ca?*
activates several downstream effectors such as the NFAT (nuclear factor of activated
T-cells) transcription factor, itself responsible for interleukin production and T-cell
activation®81582 DAG, for its part, can activate the RAS-MAPK-ERK pathway,
culminating in the nuclear activation of the AP-1 transcription factor, regulator of
interleukin production and T-cell activation®73583_In parallel, the DAG liberated upon
P1(4,5)P2> hydrolysis is a known activator of the PKC6 (protein kinase C 6), major
signaling event in CBM activation®%4584_ Indeed, PKC®O is a direct kinase for CARMA1
at serines S552 and S645, allowing its conformational activation for recruitment of
BCL10 and induction of the CBM signalosome547:552.567.568 - Of note, TCR activation
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modulates the splicing of the MALT1 gene. Two MALT1 isoforms co-exist, MALT1A
and MALT1B, with MALT1A including the 33-base-pairs exon 7, encoding for the
amino acids 309-319 positioned between the Ig2- and caspase-like domains of
human MALT1. MALT1A expression is induced by TCR stimulation, therefore
increasing MALT1 scaffold activity and downstream signaling, but not affecting its
proteolytic activity>8.

The BCR is composed of an immunoglobulin, acting as the receptor for the antigen,
and of a heterodimer of CD79A and B chains®®. Such as for the TCR, the Ig domain
of the BCR, which serves as the recognition molecule, does not transmit the
information intracellularly per se. The CD79 chains possessing one ITAM each,
therefore act as the platform for the downstream intracellular signaling. Upon BCR
engagement, CD79 ITAMs are phosphorylated by the Src family kinase LYN,
inducing the recruitment of the SYK kinase, itself activator of BLNK (B-cell linker
protein). Activated BLNK scaffolds for BTK (Bruton’s tyrosine kinase) and PLCy2
recruitment, where BTK may phosphorylate and activate PLCy2%8. PLCy2 operates
the same way as PLCy1, generating 1(1,4,5)P3 and DAG from PI(4,5)P2 hydrolysis
serving further for PKCPB activation®®, CARMA1 phosphorylation, CBM assembly,
and NF-«B activation.

Myeloid and mast cells

The CBM assembly is triggered by signaling events relying on the presence of ITAM
on the upstream receptors or to associated chains. As such, the FcRy chain
containing ITAM, associating with the NK (natural killer) cell receptors NK1.1, Ly49D,
Ly49H, or NKG2D, may transmit activating signals toward CARMA1 and the CBM
complex upon binding to specific sets of ligands%8%5% (Fig. 27). Myeloid and mast
cells, such as macrophages, monocytes, or dendritic cells, also express an important
panel of ITAM containing-cell surface receptors. The dectin family of receptors
(dectin-1, -2, and -3), FceRI, FcyRIIl, OSCAR (osteoclast-associated immunoglobulin-
like receptor), CLEC4E (C-type lectin domain family 4 member E), and TREM-1
(triggering receptor expressed on myeloid cells 1) receptors are part of this
arsenal®®7:571.591-595  Most of these receptors serve as PRRs (pattern recognition
receptors), recognizing DAMPs (damage-associated molecular patterns) presented
by PAMPs (pathogen-associated molecular patterns), and are therefore fully involved

in the innate immune system. Via the presence of ITAMs in their structure, these
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receptors, upon recognition of DAMPs, engage the Src, Syk, PLCy, PKC pathway for
CBM assembly and NF-xB activation. Of note, this does not trigger the
phosphorylation of CARMA1 as in B- and T-cells, but rather of CARD9, generating a
specific CBM signalosome (Fig. 27).

C-lI-2-2- Non-immune receptors

Several non-lymphoid cell receptors can trigger the formation of the CBM. Notably,
GPCRs and RTKs were shown to activate NF-kB. Seven transmembrane domains
GPCRs such as CXCR2 and 4, PAR-1, AT1R, or LPA1-6, were demonstrated to
induce the formation of the CBM via G-protein mediated activation of PLC},
generation of DAG, and PKC mediated CARMA3 phosphorylation562:564-566.596-598
The same is true for RTKs such as EGFR (epithelial growth factor receptor) or HER2
(human epidermal growth factor receptor-2) in response to their respective ligand
binding®63:5%9600_|n parallel of the PLC/PKC pathway involved in the phosphorylation
of CARMA and assembly of the CBM, the PI3K/Akt pathway regulates the CBM
activity in response to activation of the previously enunciated receptors. Indeed, TCR,
BCR, or PRR activation-mediated ITAM phosphorylation, mediate the recruitment of
PI3K, enabling PI(4,5)P> phosphorylation and generation of PI(3,4,5)P3
(phosphatidylinositol 3,4,5-triphophate). Of note, GPCR and RTK also regulate PI3K
activity®®'. Plasma membrane generated PI(3,4,5)Ps in turn engages Akt, therefore
available for PDK1 (pyruvate dehydrogenase kinase 1) phosphorylation. Active Akt
can enhance CARMA activity via S645 phosphorylation®®? (see section C-II-3).
Overall, this highlights the variety of receptors and therefore of stimuli implicated in
the CBM assembly and NF-kB activation. ITAMs in immune receptors as well as
GPCRs and RTKs may control the assembly of this major signalosome. Importantly,
although the signaling pathways converge on different CARMA protein
phosphorylation depending on the cell type and the receptor engaged, the different
CBM complexes generated ultimately control NF-xB activation in a similar manner,

as well as MALT1 scaffold and proteolytic activity.
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Figure 27: The CBM can signal in several cell types and in response to various upstream stimuli.
ITAM-containing receptors in immune cells and keratinocytes, as well as GPCR and RTK in non-
immune cells, mediate a signalisation cascade ending up in the assembly of the CBM. Different
CARMA proteins modulate this assembly depending on the cell type and the upstream signal.

T: T-lymphocyte, B: B-lymphocyte, NK: Natural killer, MC: myeloid cell, M®: macrophage, DC:
dendritic cell, TCR: T-cell receptor, BCR: B-cell receptor, GPCR: G-protein-coupled receptors, RTK:
receptor tyrosine kinases, PKC: protein kinase C.

Adapted from: Juilland, M. & Thome, M., Front. Immunol. (2018)

C-lI-3- Post-translational modifications in the CBM

C-lI-3-1- Mucosa-associated lymphoid tissue lymphoma translocation protein 1
(MALT1)

The groups of Margot Thome and Daniel Krappmann performed extensive work to
unravel post-translational modifications that modulate MALT1 activity (Fig. 29). The
glutamine 549 (E549), localized in the protease domain of MALT1 at the dimerization
interface, was shown to be necessary for MALT1 dimerization, ubiquitination, and for
MALT1 activation. Indeed, the expression of the E549A mutant form of MALT1 could
not rescue the survival of ABC-DLBCL cell lines in which MALT1 was silenced®®. In
the same line, the lysine 644 (K644) of MALT1 was identified as being mono-
ubiquitinated in response to activating stimuli. K644-mono-ubiquitination was required
and sufficient for MALT1 dimerization and further protease activity. Of note, ABC-
DLBCL cell lines express a constitutively mono-ubiquitinated form of MALT1, and the
re-expression of the mono-ubiquitination deficient MALT1 (K644R) in silenced cells
could not rescue their viability, demonstrating the importance of this modification for

MALT1 activity. This effect was also true in the context of T-cells, being unable to
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activate NF-xB upon TCR engagement®%, It is only recently that the mechanism by
which the K644 mono-ubiquitination of MALT1 can lead to its activation was
unmasked. The negatively charged residues E696 and D697 of the 1g3 domain of
MALT1 recruited positively charged ubiquitin, probably through a mechanism
involving undiscovered E2 and E3 ubiquitin ligases. Once mono-ubiquitinated, the
K644 residue induces a conformational change of the paracaspase, unleashing the
interactions between the Y657 at the surface of the 193 domain and the Y357 and
L506 residues at the surface of the protease domain, leading to the adoption of a

catalytically active conformation of MALT 1905,
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Figure 28: A) Schematic representation of ubiquitination and deubiquitination reactions. Ubiquitin is
attached to an E1 ubiquitin-activating enzyme in an ATP-dependent manner. Ubiquitin is then
transferred to an E2 ubiquitin-conjugating enzyme. An E3 ubiquitin ligase then allows the transfer of
ubiquitin from the E2 to a lysine residue on the substrate. Deubiquitination is performed by DUBs that
trims the post-translational modification from the substrate. B) Example of important cellular functions
mediated by ubiquitination.

Ub: ubiquitin, DUB: deubiquitinase, E1: Ubiquitin-activating enzyme, EZ2: ubiquitin-conjugating
enzyme, E3: ubiquitin ligase.

Adapted from: Damgaard, R. B., Cell Death & Diff. (2021)

Parallel work demonstrated the requirement of other type of ubiquitination of MALT1
for its activation, as well as the importance of the scaffold function of the
paracaspase. Indeed, preliminary work published in 2004 highlighted the role of the
assembly of the CBM for the recruitment of the E3 ubiquitin ligase TRAF6 (TNF
receptor-associated factor 6) by MALT1. Notably, MALT1-mediated mobilization of
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TRAF6 was shown to promote its oligomerization and subsequent K63 poly-
ubiquitination, resulting in NF-xB activation®®. Further work performed by the group
of Daniel Krappmann demonstrated a direct poly-ubiquitination of MALT1 by TRAFG.
The multiple poly-ubiquitination sites encompassed the amino acids 612 and 683.
They also uncovered the significance of this post-translational modification in an in
vitro assay using mice-purified MALT 1-deficient CD4+ T-cells rescued with either the
wild-type (WT) form of MALT1 or MALT1 deficient for the C-terminal poly-
ubiquitinated lysines. As demonstrated, the re-expression of WT MALT1 strikingly
rescued the activation of the NF-xB pathway, as compared to the MALT1 poly-
ubiquitination deficient mutant. It was therefore enunciated that the poly-
ubiquitination of MALT1 serves as a platform for the recruitment of downstream NF-
kB effectors for the complete activation of the pathway®°’.

Of note, MALT1 activation within the CBM may occur even in the absence of TRAFG.
Oppositely, TRAF6, when overexpressed in T-cells lackihng CARMA1 and BCL10, is
able to induce MALT1 dimers activation®®. More recently, an unsuspected function
for TRAF6 on MALT1 activity was identified. Indeed, TRAFG6, already described as a
signaling accelerator for CBM-dependant NF-«B activation, appeared as a molecular
brake for MALT1 activity in resting T-cells. Mice harboring MALT1 TRAF6 binding
mutant (TBM; E325A, E803A and 3814A) indeed developed an early and fatal
inflammatory pathological condition. The destruction of the MALT1-TRAFG interaction
led to a hyperactivation of effector T-cells and further autoimmunity. Notably, TRAF6
deficient or TBM mice-T-cells showed defective NF-kB activity as well as constitutive
MALT1 protease activity. This was also true in non-stimulated resting T-cells, leading
to the fatal autoimmune disorder. Consecutively, the use of the MALT1 inhibitors
MLT-943 and -985 efficiently rescued the phenotypes observed upon loss of TRAFG,
providing evidence that MALT1 constitutive protease activity through loss of TRAF6
interaction drives fatal autoimmune inflammation®°°,

Likewise, the HECTD3 (E6-associated protein carboxyl terminus domain containing
3) E3 ubiquitin ligase protein promotes MALT1 poly-ubiquitination. HECTD3 interacts
with the N-terminal death-domain (DD) of MALT1 and induces its non-degradative
poly-ubiquitination. This was notably true in two cancer cell lines (MCF7 and Hela)
that showed destabilization of MALT1 in response to HECTD3 depletion,

demonstrating that the yet undiscovered type of ubiquitin linkage induced by
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HECTDS stabilizes MALT1. Interestingly, this effect might be important for cancer cell
survival in response to the chemotherapeutic agent cisplatin®'. It is only recently that
Jonathan Cho proved that HECTD3 promotes K27 and K29-linked poly-ubiquitination
of MALT1 at the K648 residue, stabilizing the protein and engendering the production
of a distinct subtype of CD4+ T-cells responsible for the severity of the autoimmune
phenotype observed in experimental autoimmune encephalomyelitis (EAE)®".

As a major post-translational modification regulating MALT1 activity and CBM
assembly, the ubiquitination of the paracaspase is tightly controlled by a set of
deubiquitinating enzymes (DUBs). A20 (TNFAIP3), already known to negatively
control the strength of NF-xB activation in response to TCR engagement®'?, was
shown to remove MALT1 K63-linked ubiquitin chains®'3. A20 controls the ability of
ubiquitinated MALT1 to recruit the signaling machinery necessary for NF-xB
activation. Interestingly, in response to MALT1 activation, A20 is inhibited by direct
cleavage by MALT1 (see section C-lII-2)540, unleashing the ability of the CBM to
activate NF-kB®13,

The transforming growth factor beta-activated kinase 1 (TAK1) emerged also as a
critical regulator of MALT1 ubiquitination. TAK1 is recruited to the CBM in a TRAF6-
poly-ubiquitination dependent mechanism and phosphorylate downstream effectors
involved in NF-xB pathway®®, and finely regulates MALT1 activity, as its removal
increases the assembly of the CBM, MALT1 ubiquitination, and proteolytic activity.
This study allowed to uncover the important function of TAK1 in CBM assembly on
top of its already described function in activating NF-xB8'4. However, the precise
mechanism by which this occurs remains to be elucidated.

In 2019, the group of Daniel Krappmann continued the investigation of MALT1 post-
translational modifications and discovered MALT1 phosphorylation as a process
necessary for T-cell activation and survival of ABC-DLBCL®'. Using liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) to detect
phospho-peptides before and after T-cell stimulation, Torben Gehring identified six
putative C-terminal phosphorylation sites (S559, S562, S645, S649, S803, S805).
Monoclonal antibodies recognizing the S562, S649, and S803, were generated and
allowed to identify that no more than twenty minutes are necessary for MALT1
phosphorylation at these three residues in response to PMA/ionomycin (P/I;
activation of protein kinase C (PKC), bypassing TCR engagement). Interestingly,
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CK1a (casein kinase 1 isoform alpha), a pleiotropic kinase already known to interact
and modulate the CBM®'8, directly phosphorylates MALT1 at the serine S562. This
effect was necessary for CBM assembly downstream of TCR activation, as CK1a
knock-out Jurkat T-cells or rescued with a kinase dead mutant of CK1a (D136N),
were unable to induce CARMA1 recruitment to preassembled BCL10-MALT1
complexes. Moreover, the expression of a phospho-mutant version of MALT1
(lacking the six phosphorylated serines) in Jurkat and CD4+ T-cells led to the inability
of TCR engagement to activate the NF-kxB pathway. Therefore, CK1a-mediated
phosphorylation of MALT1 is important for the activation of NF-xB in response to P/I
or TCR engagement. Finally, MALT1 S562 is constitutively phosphorylated in ABC-
DLBCL, but the specific removal of this modification was not overtly affecting cell
survival. Oppositely, the S803/805A mutation, as well as the mutation of all of the six
serines, led to a dramatic reduction in ABC-DLBCL survival. Overall, phosphorylation
of MALT1 in its C-terminal region promotes CBM assembly and downstream NF-xB
signaling. The kinase CK1a notably promotes this modification and positively

regulates MALT1 activity.

C-1I-3-2- Caspase recruitment domain-containing protein (CARMA/CARD)

Several kinases regulate CARMA1 phosphorylation®'” (Fig. 29). Notably, Akt at the
S645502 CaMKIl (Ca?*-calmodulin dependent kinase Il) at the S109%'8, IKKpR
(inhibitor of nuclear factor kappa-B kinase subunit beta) at the S578%'°, HPK1
(hematopoietic progenitor kinase 1) at the S55162°, and CK1a at the S608°'6. As
previously mentioned (see section C-lI-2-1) PKCSH is a direct kinase for CARMA1 at
S552 and S645, and regulates the recruitment of BCL10547:552.567.568 Conversely, the
serine/threonine protein phosphatase PP2A was demonstrated to be constitutively
bound to CARMA1, therefore counteracting the S645-PKC dependent
phosphorylation, limiting the CBM assembly and NF-«xB activation upon T-cell
activation®’2. Of note, all these phosphorylation marks were shown to enhance
CARMA1 activity, excepted for the phospho S608 mediated by CK1a. Indeed, this
modification might enhance the degradation of CARMA1, therefore terminating NF-
kB activity after TCR engagement®'. As for this negative regulation of CARMA1 by
CK1a-mediated phosphorylation, K48 poly-ubiquitination of the GUK domain of the
protein induces its proteasomal-dependent degradation. Substitutions of the probable
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29 poly-ubiquitinated lysines in this domain triggered constitutive activity of NF-xB, as
well as enhanced TCR mediated activation of the pathway in response to
accumulated activated CARMA162",

C-11-3-3- B-cell lymphoma/leukemia 10 (BCL10)

BCL10, as MALT1 and CARMA, was shown to undergo post-translational
modifications involved in the subsequent organization of the signalosome and NF-xB
pathway (Fig. 29). A mixture of ubiquitination linkages decorate BCL108'". In 2009,
the group of Daniel Krappmann identified the COP9 signalosome (CSN) as an
important regulator of BCL10 stability. Indeed, CBM-bound CSN reduces the
degradative ubiquitination of BCL10 in response to TCR stimulation, and knockdown
of CSN2 or -5, two major components of the COP9 signalosome, showed faster
ubiquitination and degradation of BCL10%22. Even though the precise mechanism by
which BCL10 ubiquitination is mediated by CSN is not fully uncovered, this provides
evidence that degradative ubiquitination of BCL10 is a major determinant for CBM
activity.

As an example, the E3 ligase RING finger protein RNF181 was demonstrated as a
negative regulator of NF-kB downstream of CARMA1 by BCL10 ubiquitination
leading to its degradation, at least in in vitro assays®%3.

The cellular inhibitor of apoptosis protein 2 (clAP2) is also an E3 ubiquitin ligase for
BCL10. The loss of its function in the t(11;18)(921;921) translocation observed in
some cases of MALT lymphomas therefore reduces BCL10 ubiquitination and
degradation, increasing the activity of the NF-kB pathway necessary for lymphoma
survival®?*, Notably, clAP2 was shown to deposit K63-linked poly-ubiquitin chains in
the context of ABC-DLBCL, favoring NF-kB activity. Inhibition by degradation of
clAP2 using SMAC (second mitochondria-derived activator of caspases) mimetics
strongly impaired the growth of ABC-DLBCL lymphoma cell lines®?5. In addition, the
E3 ubiquitin ligase B-TrCP can ubiquitinate BCL10 for sending it to proteasomal
degradation in response to TCR activation®?. However, these findings remain
controversial and will need further investigation to fully understand the role of BCL10
degradation and its upstream regulators.

Finally, NEDD4 (E3 ubiquitin-protein ligase NEDD4) and Itch (E3 ubiquitin-protein
ligase Itchy homolog), two E3 ubiquitin-protein ligases, induce the ubiquitination of
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the CARD domain of BCL10 and subsequent lysosomal targeting for degradation.
How are these two E3 ligases activated and targeting BCL10 for lysosomal
degradation upon TCR stimulation however remains elusive®?’.

In parallel of the negative regulation of BCL10 by ubiquitination, several publications
showed the important function of BCL10 ubiquitination for downstream NF-xB
activation®’”. Chuan-Jin Wu and Jonathan Ashwell demonstrated that BCL10
undergoes K63-linked poly-ubiquitination on lysines K31 and K63 in response to TCR
activation. Mutations in these two residues resulted in the abrogation of TCR-induced
activation of NF-xB as a result of the inability of NEMO (NF-kappa-B essential
modulator) to recognize the non-ubiquitinated form of BCL10. Of note, the CBM
assembly was not overtly affected, implying a major function of BCL10 ubiquitination
in NF-xB activation downstream of MALT1 activity®28. BCL10 K63 poly-ubiquitination
induced its recruitment to the cytosolic leaflet of the ER via binding to the ER resident
protein metadherin (MTDH), allowing optimal NF-«xB activation in response to various
stimuli®?°.

The LUBAC (linear ubiquitin chain assembly complex) is also a major determinant of
BCL10 and NEMO ubiquitination and NF-xB activation®?°-63'. Notably, TRAF6-
dependent K63 poly-ubiquitination of BCL10 was shown to mediate its Met1-linear
ubiquitination via the LUBAC upon TCR and BCR engagement. Mechanistically,
linear ubiquitination of BCL10 is necessary for NEMO recruitment to the CBM and
further NF-xB signaling. Consequently, the spontaneous linear ubiquitination of
BCL10 in ABC-DLBCL harboring oncogenic CARMA1 mutations is associated with
constitutive NF-kB activity832:633,

Finally, the deubiquitinase activity of USP9X (probable ubiquitin carboxyl-terminal
hydrolase FAF-X), direct interactor of BCL10 and the CBM complex under stimulated
conditions, specifically trim K48 poly-ubiquitin chains from BCL10, allowing proper
CBM assembly®34,

Such as for CARMA1, BCL10 is a known phospho-protein. The two proteins share
several regulating kinases, such as CaMKII, IKKB, or Akt®'”. CaMKII phosphorylates
BCL10 on S138 upon TCR engagement and disrupts its interaction with MALT1 to
shut down the NF-xB pathway®3®. This model supports a sequential involvement of
CaMKIl in regulating CBM assembly and activity through first, CARMA
phosphorylation (see section C-11-3-2), and secondly, via BCL10 phosphorylation, to
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tightly control NF-xB response®'8635, In parallel, it was demonstrated that the S138
phosphorylation of BCL10 regulates its ubiquitination and degradation, potentially
explaining the diminished interaction with MALT1 observed in another study®3¢. The
serine S48 and threonine T91 are also phosphorylated by CaMKIl in response to
TCR activation. However, as compared to the S138 phosphorylation, mutating these
sites into non-phosphorylable residues only modestly, but positively affected NF-xB
activation®’. As such, CaMKIl appears to regulate BCL10 both negatively, via its
degradation, and positively, by modulating its K63 poly-ubiquitination and subsequent
NF-xB activation.

IKKB likewise, operates a dual function of positive regulator of CBM assembly and
negative regulator of BCL10 activity. Upon CBM signalosome assembly, IKKp
stabilizes the complex by a mechanism that remains to be elucidated, leading to the
full activation of the pathway. After stimulation, IKKB phosphorylates BCL10 in its C-
terminal MALT1-interaction domain, abrogating the interaction between the two
partners, attenuating the pathway®®. Furthermore, T81 and S85 phosphorylation by
IKKB on BCL10 promotes its ubiquitination by the E3 ligase B-TrCP and its
subsequent proteasomal degradation®26.

Finally, GSK3B (glycogen synthase kinase-3 beta), an important regulator of (-
catenin protein level, was shown to interact with the CBM through CARMA1 in ABC-
DLBCL cell lines. This effect was demonstrated as essential for lymphoma cell
survival and establishment of an immunosuppressive microenvironment in the
context of oncogenic CARMA1 mutations via the stabilization of the [(-catenin
protein®3®. Lately, a direct involvement of GSK3B for BCL10 phosphorylation and
stabilization was proposed. GSK3[3 inhibition reduced the protease activity of MALT1
and downstream NF-«xB signaling as a result of reduced CBM assembly.
Interestingly, the sites phosphorylated by GSK3 are thought to be the same than the
ones phosphorylated by IKKR®4°.

Another layer of regulation comes from the Ser/Thr phosphatase calcineurin, which
positively regulates CBM assembly via its dephosphorylation activity toward BCL10
S138. Notably, TCR engagement and subsequent PLCy activation induce an influx of
Ca?* activating the phosphatase, favoring the binding between CARMA1 and the
BCL10-MALT1 dimer841.642,
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Figure 29: Structures and post-translational modifications of the CBM components BCL10, MALTT1,
and CARMA1. Phosphorylation is an important event for CBM assembly and activation. Several
kinases (pink) modulate positively or negatively each of the CBM components. Ubiquitination (grey)
also influence the CBM activity. For example, the mono-ubiquitination on the K644 of MALT1 is
required and sufficient for MALT1 dimerization and activation. Finally, MALT1 itself and BCL10 were
shown to be cleaved by MALT1 (scissors), therefore modulating their activity.

CARD: caspase recruitment domain, S/T: serine/threonine, IKK: inhibitor of nuclear factor kappa-B

kinase, CAMKII: CaZ+-caImodulin-dependent kinase Il, DD: death domain, Ig: immunoglobulin, CK1a:
casein kinase 1 alpha, PDZ: postsynaptic density-95 (PSD-95) discs-large zona occludens 1 (ZO-1),
SH3: SRC homology 3 domain, GUK: guanylate kinase-like.

Adapted from: Ruland, J. & Hartjes, L., Nat. Rev. Immunol. (2019)

Altogether, the extensive work performed to characterize and understand the CBM
signalosome allowed the precise definition of each of the three main components of
the complex (CARMA, BCL10, MALT1) as well as their post-translational regulation
through protein folding, complexation, phosphorylation, or ubiquitination. ldentifying
these modes of regulation allowed major breakthroughs in terms of treatment options
for diseases relying on MALT1 activity for their expansion, such as lymphomas,

inflammatory diseases, and certain cases of solid cancers.
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C-lll- MALT1 activation outcomes

C-llI-1- NF«B signaling cascade

The NF-xB (nuclear factor-kappa B) transcription factor regulates major cellular
processes such as survival, proliferation, inflammation, and angiogenesis. Some of
the known target genes of NF-kB are adhesion molecules, chemokines, cytokines,
and cell cycle regulators®3.
Several upstream inputs are
known regulators of the NF-xB
pathway, but the CBM-
mediated activation of the
pathway will be the focus of this

section.

Figure 30: The CBM is crucial in the
activation of the canonical NF-«xB
pathway. ITAM-containing receptors,
GPCRs, or RTKs signaling engages
the CBM through the PKC mediated
activation of CARMA proteins.
TRAF6 is recruited to the complex
and mediates poly-ubiquitination of
MALT1, BCL10, or itself, allowing
TAK1 recruitment via TAB2/3. TAK1
phosphorylates IKKs, themselves
phosphorylating the inhibitory subunit
of NF-xkB, leading to their
degradation. The NF-xB transcription
factor is then free to enter the
nucleus and to regulate the
transcription of genes involved in
inflammation, survival, proliferation,
and immune responses.

The abovementioned (see section C-lI-2) signals converge on the assembly of the
CBM signalosome, major determinant of NF-«xB activation. Once the CBM is
assembled (see section C-1I-1), TRAF6 can auto-ubiquitinate and ubiquitinate BCL10
as well as MALT1896:807 generating a platform allowing the recruitment of TAK1 via
the adaptor proteins TAB1/2/3 (TGF-beta-activated kinase 1 and MAP3K7-binding
protein 1/2/3), shown to bind to K63 poly-ubiquitinated TRAF6 and MALT1 through a
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highly conserved zinc finger (ZnF) domain®6644 Of note, TAB1 is constitutively
bound to TAK1, while TAB2/3 are recruited to the C-terminal part of the protein upon
stimulation®45-648,

As part of the IKK complex with IKKa and IKKf, NEMO can recognize and bind to
K63 poly-ubiquitin chains formed on the CBM complex to ensure the close proximity
between this complex and TAK1, favoring the TAK1-dependent phosphorylation of
IKKB at serine S177 and S181649650  |n turn, activated IKKs phosphorylate IxBa
(nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha)
that retains inactive in the cytosol the two subunits of the NF-kB transcription factor,
P65 and P50. The phosphorylation on serines S32 and S36 of IkBa allows its
recognition by the SCF BTrCP (SKP1-CUL1-F-box ligase containing the F-box
protein PBTrCP) E3 ligase complex and its ubiquitin-mediated proteasomal
degradation®49851, The NF-xB transcription factor is therefore free to enter the

nucleus and induces the transcription of its target genes®2,

C-lll-2- MALT1 proteolytic regulation of NF-kB and lymphocytes development
MALT1 has a preponderant function in immunoreceptor-induced events. Mice lacking
MALT1 are immunodeficient and do not respond to viral infection or immunization as
a consequence of impaired B- and T-cell responses®®57 NK and mast cells,
possessing immune receptors responsible for CBM assembly upon engagement (see
section C-lI-2-1), also present defects in response to immunization in mice lacking
the paracaspase®36:537:557.589.591 " Finally, mice lacking MALT1 were shown to have
defects in the development of specific subsets of B- and T- lymphocytes®92.653-656_ Of
note, uncoupling the scaffold and protease activities of MALT1 led to differential
lymphocyte activation. Indeed, the group of Jurgen Ruland demonstrated that the
protease activity of MALT1 was dispensable for lymphocyte activation, but necessary
for regulatory T-cell and innate-like B-cell development in vivo®%. Interestingly,
patients harboring defects in MALT1 expression or protein stability are also
immunodeficient, by showing failure to activate NF-kB in response to infection rather
than affecting the overall number of immune cells®57-6%.

As previously stated, the scaffolding function of MALT1 is preponderant for the
assembly of the CBM and the consecutive activation of the NF-xB pathway and

therefore for immune responses. In parallel, MALT1 arginine protease activity is
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involved in optimal NF-«B activation (Table 7). The ubiquitin-editing enzyme A20 and
the subunit of the CBM complex BCL10 were the first identified substrates of
MALT153%-%40 The two studies demonstrated that TCR stimulation induces the
MALT1-dependent cleavage of A20 and BCL10 at arginine R439 and R228,
respectively, resulting in their inactivation. A20 is a known negative regulator of the
NF-xB pathway both as a result of the deubiquitination of TRAF6, MALT1, and
NEMQ#813.660.661 " and ubiquitination for proteasomal degradation of E2 ubiquitin
conjugating enzymes necessary for TRAF6 activity®®?. Expression of a non-cleavable
mutant of A20 (R439A) resulted in the rapid inhibition of NF-xB upon TCR
stimulation, as compared to the WT form of A20, not able to control NF-kB activity
upon MALT1 processing®#°. Indeed, the recruitment of A20 to the CBM after TCR
stimulation leads to the trimming of K63-linked ubiquitin on MALT1, blocking
downstream signaling. Interestingly, it was recently demonstrated that AZ20
cooperates with ABIN-1 (A20-binding inhibitor of NF-kappa-B activation 1), a partner
of the CBM, to negatively control MALT1 protease activation®®3. Of note, A20 is
cleaved in vivo and promotes T-cell activation®64,

In parallel, the cleavage of BCL10 at R228 was identified by the group of Margot
Thome. Interestingly, BCL10 cleavage by MALT1 in response to TCR engagement
does not result in modification of downstream signaling pathways, such as NF-«xB.
However, BCL10 processing was shown to be essential for optimal lymphocyte
adhesion to fibronectin, a mechanism thought to regulate lymphocyte priming and
extravasation®%.

CYLD (cylindromatosis), another deubiquinating enzyme, has been shown to be
cleaved by MALT1. As for A20, the tumor suppressor CYLD negatively regulates NF-
kB as a result of its deubiquitinating activity toward TRAF2, TRAF6, and NEMQO®¢5,
However, CYLD processing by MALT1 at R324 does not influence NF-kxB activity, but
rather the JNK signaling pathway. Indeed, the expression of a non-cleavable form of
CYLD (R324A) reduces TCR-induced JNK phosphorylation®®®. As for A20, CYLD
processing was also demonstrated in vivo, but its function on the JNK pathway
remains mysterious, as a MALT1-deficient mice model had no effect on the
phosphorylation of JNK upon B- and T-cell stimulation537:664,

RelB, another negative regulator of the canonical NF-«xB pathway, was shown to be

cleaved at argigine R85 by MALT1%7. RelB overexpression counteracts TCR-
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mediated NF-«xB activity in T-cells and reduces the viability of ABC-DLBCL cell lines,
defining it as negative regulator of the pathway. Consequently, MALT1-dependent
cleavage of RelB is accompanied by increased NF-«B activity®¢’.

MALT1 auto-processing at arginine R149 is also a determinant of the NF-«B
activation downstream of TCR®8, This auto-processing occurs between the N-
terminal death-domain (DD) and the first lg-domain of the paracaspase and results in
the dissociation between MALT1 and BCL10. Rather appearing as a negative input
for NF-xB signaling, this processing increases the transcriptional activity of NF-xB
downstream of its nuclear accumulation®®. Of note, MALT1 auto-proteolysis was
visualized in vivo and demonstrated as essential for T-reg (regulatory T-cells)
homeostasis downstream of IL2 production by activated CD4+ T-cells®®°. More
recently, another MALT1 auto-processing site at its C-terminal part was identified.
Oppositely to the R149 self-cleavage, the R781/R770 (depending on the isoform of
the paracaspase) cleavage abrogates NF-kB signaling by inhibiting the R149
cleavage of MALT1 and reducing the interaction with TRAFG6, revealing a sequential
regulation of MALT1 by auto-processing®7°.

The final layer of NF-xB regulation by the proteolytic activity of MALT1 comes from
the processing of the LUBAC subunit HOIL1 (RanBP-type and C3H4-type zinc finger-
containing protein 1, RBCK1), that three laboratories, including ours, have
concomitantly identified. Indeed, Met1-linear ubiquitination of BCL10 and NEMO by
the LUBAC are important determinant of NF-kB activation downstream of the
CBM®31-633_ By cleaving HOIL1 at arginine R165 during the NF-xB activation cycle,
MALT1 dampens NF-xB activity as a consequence of the reduced linear
ubiquitination of NEMO and BCL10%7":672, Notably, a study highlighted an intriguing
function of the C-terminal fragment of HOIL1 generated upon cleavage. This
proteolytically produced C-terminal fragment was shown to inhibit LUBAC activity and
further NF-xB signaling®”". In contrast to the other studies, our group demonstrated
that MALT1-dependent cleavage of HOIL1 results in increased NF-«B activity.
Indeed, the overexpression of a MALT1-insensitive version of HOIL1 mitigates TCR
mediated activation of the pathway®’3. Therefore, the function of MALT1-mediated

cleavage of HOIL1 is still debated and will need further investigations.
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C-llI-3- MALT1 proteolytic regulation of mMRNA stability

In parallel to the regulation of the NF-kB pathway by its proteolytic activity, MALT1
was shown to modulate mRNA stability (Table 7). The proteins Regnase-1
(ZC3H12A), Roquin-1 (RC3H1), and Roquin-2 (RC3H2) were demonstrated to be
proteolytically processed by the paracaspase at arginines R111, R579, and R509
respectively®’4875 Of note, Regnase-1, Roquin-1, and Roquin-2, are importantly
involved in auto-inflammation via the degradation of mRNA encoding interleukins or
immune effectors®76. Notably, mice deficient for these proteins develop severe auto-
immune syndromes as a consequence of constitutive T-effector cell activation. This
therefore demonstrates once again that MALT1 proteolytic activity is of major
importance for the activation of lymphocytes in response to TCR engagement74.675,
More recently, the RNase NEDD4-binding protein 1 (N4BP1), a potent inhibitor of
HIV-1 (immunodeficiency virus type-1) replication, was shown to be cleaved by
MALT1 at arginine R509. Mechanistically, N4ABP1 inhibits HIV-1 replication by binding
to viral RNA species and inducing their degradation. However, following CD4+ T-cell
activation, MALT1 proteolytically inactivates the protein, promoting the reactivation of

latent HIV-1 proviruses®”.

C-lll-4- MALT1 proteolytic activity in the context of the t(11;18)(g21;921)
translocation (AP12-MALT1 fusion protein)

The t(11;18)(921;921) translocation identified in MALT lymphoma patients leads to
the generation of the API2-MALT1 fusion protein®3'.532_ This chimeric protein was
shown to auto-oligomerize and constitutively associate with TRAF2. As a result, the
oncogenic fusion protein displays constitutive MALT1 proteolytic activity and
constantly activates the NF-xB pathway®’® (Table 7). Notably, this fusion protein is
often used in in vitro studies to characterize the proteolytic activity of MALT1 on its
canonical substrates®06668672  Moreover, the API2-MALT1 protein is a known
regulator of the non-canonical NF-xB pathway, as compared to the classical
canonical NF-kB pathway regulation downstream of the CBM assembly. This is
notably thought to be the result of the cleavage of specific MALT1 substrates in this
context of fusion protein®7°.

Indeed, NIK (NF-«B inducing kinase) is the counterpart of the TAK1 kinase in the

non-canonical NF-xB pathway. Upon TNFR (tumor necrosis factor receptor)
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dependent activation, NIK phosphorylates IKKa., triggering the phosphorylation of the
p100 subunit of NF-«B, inducing the nuclear translocation of the RelB/p52
heterodimer®8. MALT1-mediated NIK cleavage at R325 releases a C-terminal
fragment that retains its kinase activity and is resistant to proteasomal degradation,
therefore mediating the constitutive activation of NF-kB though the non-canonical
pathway®7°. Interestingly, the AP12 moiety of the fusion protein was shown to mediate
the recruitment of NIK to the paracaspase.

The same is true for LIMA1 (LIM domain and actin-binding protein 1), a known tumor
suppressor, identified through unbiased tandem mass spectrometry-based analysis
of API2-MALT1-binding partners. Of note, LIMA1 is cleaved at R206, but also
surprisingly at an uncommon lysine residue (K289). This dual processing of LIMA1 by
MALT1 was shown to generate a LIM domain-only (LMO)-containing fragment
harboring the oncogenic properties of the protein. Indeed, the expression of the LMO
fragment in a Hodgkin lymphoma cell line induced B-cell lymphomagenesis. Finally,
the expression of a non-cleavable form of LIMA1 in a nude mice model reduced the

ability of the API2-MALT1 fusion protein to promote lymphomagenesis®®'.

C-lll-5- Identification of new MALT1 substrates

Besides these well admitted substrates of MALT1, an important work is still
performed to identify putative new substrates of the paracaspase. Using SILAC
(stable isotope labelling by amino acids in cell culture)-based mass spectrometry
analysis of the protein content of an ABC-DLBCL cell line with a constitutive MALT1
activity versus their MALT1-inhibited counterparts, Tensin-3 was recently proposed
as a MALT1 substrate. Tensin-3 is a linker protein allowing the linkage of the actin
cytoskeleton with the cytoplasmic tail of certain B-integrins, therefore regulating
cellular adhesion, as does BCL10. Notably, Tensin-3 is cleaved at R614 upon BCR
stimulation, therefore negatively modulating the adhesion of B-cells. The effect of
Tensin-3 cleavage on B-cell activation was further confirmed in vivo, and shown to

regulate the spreading of tumor cells®82.
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Substrate Cleaved sequence Function

BCL10 LRSR228TVS T-cell adhesion

Tensin-3 LVSRs14CPA Inhibition of B-cell adhesion

A20 GASR439GEA Positive regulation of NF-xB

RelB LVSResGAA Positive regulation of NF-xB

MALT1 LCCR1490ATG Positive regulation of NF-xB

MALT1 HCSR7s1TPD (isoform A)  Negative regulation of NF-xB
HCSR770TPD (isoform B)

CARMA3 LLARss7GCG Negative regulation of NF-xB

HOIL1 LQPR16sGPL Regulation of NF-xB

CYLD FMSR324GVG Positive regulation of JNK
Regnase-1 LVPR111GGG mRNA stability
Roquin-1 MVPR579GSQ mRNA stability
Roquin-2 LISR509STD mRNA stability
N4BP1 FVSRs500GAS HIV-1 mRNA stabilization

NIK CLSR325GAH Constitutive NF-xB activation
LIMA1 PDSR206ASS B-cell ymphomagenesis
LIMA1 FKSK2s0GNY B-cell ymphomagenesis

Table 7: List of all known MALT1 substrates, their respective cleavage site, and the function
associated with their processing. NIK and LIMA1 are exclusive substrates of the fusion protein API2-
MALT1.

As already mentioned, bio-informatic tool development now allows the prediction of
important crosstalk between protein functions and subsequent signaling pathways
modulation. This is notably the case for the identification of MALT1 substrates. A
study by the group of Christopher Overall allowed the identification of seven new
putative MALT1 substrates, most of them involved in the NF-xB pathway, such as
TAB3 (TAK1 binding protein 3), TANK (TRAF family member Associated NF-xB
activator), ZC3HD12D and -B (Zinc finger CCCH domain-containing protein 12D and
-B), and CASP10 (Caspase 10). In parallel, the cilia-regulating protein CILK1
(ciliogenesis associated kinase 1), unrelated to the NF-kB pathway, also featured a
strong cleavage by MALT1 in an overexpression system, showing the potential of
using this predictive tool to identify new MALT1 substrates, related or not, to the
classical functions of the CBM>42.
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C-lll-6- CBM-dependent regulation of the JNK and mTOR pathways

The JNK (c-Jun N-terminal kinase) pathway is a known output of TCR engagement in
T-cells and regulates cytokine production as well as cell death effectors®®3. However,
how is this kinase and the subsequent pathway regulated during TCR signaling
remained mysterious for several years. Two separate studies demonstrated
contradictory results concerning the activation of the pathway in MALT1-deficient
mice in response to TCR stimulation336:537 The differences in mice models as well as
the ability of the CBM to differentially regulate JNK1 and JNK2 isoforms might explain
this discrepancy®®. Later, a study by the group of Rudi Beyaert demonstrated that
MALT1 is indeed a positive regulator of the JNK pathway via the cleavage of CYLD
at R324%6, However, MALT1 deficient mice do not present a deficit in JNK activation,
raising questions regarding the roles of MALT1 and CYLD on the control of this
signaling pathway®%’.

Two consecutive publications demonstrated the role of the CBM signalosome and of
MALT1 activity on the mTOR pathway downstream of TCR activation. Of note, the
PI3K/Akt/mTOR pathway, was already associated with T-cell trafficking and
activation®9168_ The study by Kristia Hamilton and colleagues nicely demonstrated
the essential role of CARMA1 activity downstream of TCR engagement for mTOR
activation, as visualized by the phosphorylation of its known substrate ribosomal
protein S6. Secondly, the study uncovers that MALT1, but not BCL10, is required for
mTOR activation. Interestingly, inhibiting the proteolytic activity of MALT1 with the
peptide z-VRPR-fmk resulted in a decreased phosphorylation of S6 in response to
CD3/CD28 stimulation of primary mouse CD4+ T-cells, and therefore in a reduced
proliferation. However, the precise molecular mechanism linking MALT1 proteolytic
activity and mTOR remains unclear, but might potentially involve a MALT1
substrate®®. The study by Mako Nakaya provided a deeper molecular mechanism to
explain the regulatory function of MALT1 on the mTOR pathway. Indeed, the CBM
complex subunit CARMA1 can bind to the glutamine importer ASCT2 (neutral amino
acid transporter B(0)), also known as SLC1A5). In parallel, CARMA1 was shown to
be important for the TCR-mediated increase in ASCT2 mRNA level. Consequently,
depletion of CARMA1, MALT1, or BCL10 in CD4+ mice T-cells, resulted in a
significant decrease in glutamine uptake upon CD3/CD28 stimulation, as well as a
decrease in the mTOR-dependent phosphorylation of S6. Of note, the leucine uptake
was also negatively affected as a result of the decreased glutamine gradient
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generated, also affecting mTOR activation. Interestingly, z-VRPR-fmk treatment
decreased the glutamine uptake upon TCR stimulation, once again providing
evidence that the mTOR pathway might be regulated by a yet-unidentified MALT1
substrate. In conclusion, the MALT1-dependent glutamine and leucine uptake in
response to TCR stimulation was shown to induce T-cell activation and differentiation
into effector T-cells, such as Th17 or Th1%7. Even though these two studies provide
strong evidence for a MALT1-dependent regulation of mMTORC1 through amino acid
uptake, the precise and direct involvement of the protease function of MALT1 on the
mTOR pathway remains to be elucidated.

Furthermore, our group identified Quaking (QKI), a RNA-binding protein, as a
constituent of the pre-assembled CBM identified in GSCs*%’. We demonstrated that
QKI is bound to BCL10/MALT1 dimers and provided evidence that the activity of
MALT1 negatively regulates QKI function. As previously described (see section B-lll-
3), QKI positively regulates the endo-lysosome compartment**®, and its inhibition
through binding to the CBM strongly impairs the abundance of these degradative
organelles in GSCs. Interestingly, QKI activity correlates with the extent of mMTORCA1
activity. Indeed, inhibiting MALT1 resulted in a strong impairment of the mTOR
pathway, as seen by the reduced phosphorylation of S6, and of the lysosomal
dissociation of mTOR. This could be rescued by the silencing of QKI. This implies
that QKI activity negatively regulates mTOR in response to MALT1 blockade.
Whether this effect is direct or through the modulation of the lysosomal compartment

is still unclear and will need further investigation®’.

C-IV- MALT1 targeting and implication in diseases

C-IV-1- MALT1 inhibitors

MALT1 is the unique member of the paracaspase family of cysteine proteases in
mammals. Its proteolytic activity is of particular importance in lymphocytes and NF-
kB activation, as well as lymphomagenesis and solid cancer cell expansion. Thus,
the development of potent and selective MALT1 inhibitors has created a stir (Table
8). The first MALT1 inhibitor designed, z-VRPR-fmk, is a tetrapeptide (Val-Arg-Pro-
Arg-fluoromethyl ketone) based on the optimal cleaved sequence of AtmC9, an
Arabidopsis thaliana metacaspase substrate. Upon development, it proved efficacy in
inhibiting BCL10 cleavage by MALT1 and NF-xB activation upon TCR

engagement®3®, As previously stated, MALT1 activity is pivotal in DLBCL survival via
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NF-«xB sustenance. The direct targeting of the aberrant activity of MALT1 was
therefore hypothesized as a better approach than inhibition of the pleiotropic NF-xB
transcription factor. In this context, two groups discovered the important sensitivity of
the ABC-DLBCL (activated B cell diffuse large B cell lymphoma) subtype toward a z-
VRPR-fmk treatment. Indeed, MALT1 catalytic blockade led to the shutdown of the
NF-xB pathway, major determinant of this subtype of lymphoid malignancy®+3544,
Unfortunately, it was already known that the fluoromethyl ketone (fmk) moiety of the
compound, important factor for cysteine protease inhibition, was metabolized into the
highly toxic metabolite fluoroacetate (FAC) in vivo, thus preventing its use in animals
and humans®8,

In the quest for selective, potent, and non-toxic MALT1 inhibitors, the group of Ari
Melnick developed MI-2, an irreversible inhibitor of the paracaspase®®®. Extensive
characterization of the compound demonstrated its preferential binding in the
catalytic site, as well as the necessity of a chloromethyl amide group to irreversibly
inhibit MALT1. Biochemical analysis of ABC-DLBCL cell lines treated by MI-2 showed
a strong reduction in MALT1 substrates cleavage, NF-«xB activation, and reduced cell
viability. Importantly, MI-2 was non-toxic in mice models, and potently suppresses the
growth of xenografted ABC-DLBCL, demonstrating the potential of this compound for
the treatment of human ABC-DLBCL®®.

The same year, two independent groups identified phenothiazines as potent and
selective inhibitors of MALT16%9:6%1 Notably, using a high throughput screening of
approximately 18,000 compounds and assessing the activity of purified MALT1 on
the fluorescent synthetic peptide Ac-LRSR-AMC (Fig. 31), fifteen hits, with three of
them being part of the family of phenothiazines (Mepazine, Thioridazine, and

Promazine) were identified.

Figure 31: The peptide Ac-LRSR-AMC is recognized and
cleaved by the MALT1 paracaspase in vitro. The

Fluorescence resulting AMC fragment can be excited by a 360nm light
360nm 460nm source, and in turn emits 460nm fluorescence. The
,)/‘ intensity of fluorescence generated reflects MALT1
l 1& proteolytic activity.
Ac- LRSR. . Q?@ . LRSR: Leu-Arg-Ser-Arg, AMC: 7-amino-4-

methylcoumarin
Adapted from: May, M. J., Methods in Molecular Biology
(2015)
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As for the other MALT1 inhibitors, phenothiazines showed a strong inhibition of
MALT1 catalytic activity as well as NF-xB pathway in activated T cells and impaired
ABC-DLBCL growth®®, Rather importantly demonstrating the potency of the
compounds, the chemical mechanism of action was only hypothesized. In this
context, the structural analysis of phenothiazines in complex with MALT1 was
performed®®’. The glutamic acid E397 of MALT1 was identified as the binding site for
phenothiazine. Therefore, these compounds operate as non-competitive allosteric
inhibitors. The E397 is indeed located at the interface between the paracaspase and
Ig3 domains, and binding of phenothiazines to this residue blocks MALT1 in an
inactive conformation by displacing the tryptophan W&580, flipping the helix o1ig3,
resulting in increased flexibility of the 1g3 domain®’. Of interest, phenothiazines were
used in clinic as antipsychotic or sedative drugs, and all safety studies were already
performed and available at the time they were identified as MALT1 inhibitors. This is
notably true for Mepazine, commercially available under the name of Pacatal and
previously used for the treatment of anxiety, depression, and schizophrenia®2-6%_ |t
is however noteworthy that some patients developed side effects such as dry mouth
and throat, reduced ability to accommodate to close vision, and a decrease in
intestinal peristalsis®®3. That did not stop the research use of mepazine as a potential
anticancer agent. Notably, the (S)-enantiomere of mepazine, which possesses an
increased activity against MALT1 proteolytic activity®®', showed promising results in
in vivo studies of several murine cancer types and in patient-derived organotypic
tumor spheroids. Indeed, syngeneic transplanted tumors and in vitro organoids were
affected by mepazine administration®'6%, This antitumor effect was also
demonstrated in GB by our group. MALT1 targeting by phenothiazines, notably
mepazine, engendered a lysosomal dependent cell death of GSCs in vitro, as well as
in a xenograft model of patient-derived GSCs*®” (see section B-III-3). Overall, the
previous use in clinic of phenothiazines and their potent and selective ability to inhibit
MALT1 make them promising therapeutic options for the treatment of diseases
relying on MALT1 activity.

More recently, new MALT1 reversible allosteric inhibitors named MLT-747 and -748
were identified®®. These two compounds mimic the ability of the tryptophan 580
(W580) of MALT1 to bind an allosteric pocket, therefore locking the paracaspase in
an inactive conformation, abolishing its protease activity. Interestingly, the

compounds were able to rescue the MALT1 W580S mutant functions. Indeed, this
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mutation was demonstrated to reduce MALT1 stability, resulting in immunodeficiency
for the patients harboring this defect, while MLT-747 and -748 treatments stabilize
the protein, partially rescuing the scaffold and protease activity of MALT1. As stated
by the authors, the ability of these chemical compounds to both inhibit the wild-type
protein and to replace a mutated amino-acid to restore the protein function is a sole
example. This therefore opens new opportunities for MALT1 inhibition or
stabilization8%.

Finally, JNJ-67856633, a potent allosteric and reversible inhibitor synthesized upon
high-throughput screening and several steps of optimization, proved efficacy against
MALT1 activity via binding to the classical allosteric site of the paracaspase®®.
Several clinical trials were launched using this compound, notably in the treatment of
non-Hodgkin lymphomas.

Overall, no more than twenty-five years were necessary to unveil the MALT1
paracaspase gene, its protease activity, its implication in major signaling pathways
such as NF-«xB, the critical role of MALT1 and its interactors in lymphomagenesis and
inflammatory diseases, as well as to develop potent and selective inhibitors used in
clinic. Acting as a critical regulator of NF-xB, MALT1 still concentrates efforts to

elucidate its implications in solid tumors such as glioblastoma, and important works

are needed to complete the list of rare MALT1 substrates.

Inhibitor Mode of action Limitations
z-VRPR-fmk Proteolytic inhibition through binding in  In vivo toxicity of the
the catalytic pocket fmk moiety
MI-2 Proteolytic inhibition through binding in

the catalytic pocket
Phenothiazines Allosteric inhibitors. Block MALT1 inan  Side effects in
inactive conformation by binding to the patients. Reversible

E397 inhibitors

MLT-748 Allosteric inhibitor. Blocks MALT1 in an  Reversible inhibitor
inactive conformation by binding to the
E397

JNJ-67856633 Allosteric inhibitor. Blocks MALT1 in an  Reversible inhibitor
inactive conformation by binding to the
E397

Table 8: Name, mode of action, and limitations of the most studied MALT1 inhibitors.
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C-IV-2- Lymphomas

As already discussed in the introductive paragraph, the genetic description of MALT
lymphomas allowed to identify recurrent chromosomal translocations associated with
the development of this disease. Of note, the most common chromosomal
translocations observed are associated with enhanced transcription or activity of
CBM components. The t(1;14)(p22;932) and t(14;18)(q32;921) translocations,
present in 1-2% and 15-20% of MALT lymphomas respectively, are associated with
BCL10 or MALT1 translocation in the IgH (immunoglobulin heavy chain) enhancer
region on the chromosome 14, increasing their transcription. Lastly, the
t(11;18)(921;921) translocation induces the generation of the API2-MALT1 fusion
protein, responsible for constitutive MALT1 activity®?’. Consequently, MALT
lymphomas are defined by constitutive NF-xB activity due to hyperactive MALT1, as
seen by the cleavage of the specific substrates of the fusion protein LIMA1 and NIK,
themselves involved in the pathogenesis of the disease®7%.681,

Diffuse large B-cell lymphomas (DLBCL) are the most common form of non-Hodgkin
lymphomas and the most common lymphoid malignancy in adults worldwide. This
cancer arises from pre-existing low-grade lymphomas such as MALT lymphoma, or
through oncogenic mutations in B-lymphocytes®2%53°. DLBCL are divided into two
main subtypes depending on the cell of origin: germinal center B-like (GCB) and
activated B-cell (ABC). The ABC subtype, rather less common than its GCB
counterparts (35% versus 50% of total DLBCL diagnosed, respectively), is
nevertheless associated with a worser outcome for the patients. Of interest, the ABC
subtype of DLBCL is characterized by a chronic activation of the NF-xB pathway®%.
Several mutations are described along the pathway leading to this constitutive NF-kB
activation. These include activating mutations in the ITAM of the CD79A/B chains of
the BCR (20% of cases) and of CARMA1 (10% of cases), as well as inactivating
mutations in the NF-xB negative regulator A20 (20% of cases)®®°. A mutation of the
first tyrosine in the CD79 ITAM leads to the inability of the Lyn kinase to mediate the
internalization of the receptor as a feedback mechanism. As such, the BCR signaling
is maintained and continuously ignites NF-«xB activation’®°,

Activating CARMA1 mutations are found contiguous or directly in the coiled-coil
domain of the protein, allowing the constitutive assembly of the CBM, leading to

increased NF-kB and JNK activity. Of note, the introduction of the L2251 mutation in
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CARMA1 is sufficient to drive in vivo lethal lymphoproliferation, but can be rescued
by deletion of MALT1 or BCL10, as well as inhibition of NF-«xB or JNK
pathways’01.702,

In the case of A20, inactivating mutations induces constitutive NF-kB signaling.
Therefore, it was shown that reconstituting A20 deficient DLBCL cell lines leads to
cell growth arrest and apoptosis via inhibition of the NF-xB pathway’®. Interestingly,
inactivating mutations in the MALT1 substrate A20 are also identified in mantle cell
lymphomas, another aggressive subtype of non-Hodgkin lymphoma??4.705,

In parallel, another study demonstrated the chronic activation of the CBM complex in
several subtypes of mantle cell lymphomas as seen by the cleavage of the known
substrate of MALT1 RelB. Moreover, BIRC3 (API2) was shown mutated in nearly
10% of the 165 patients analyzed, leading to its inability to inhibit the NIK-dependent
activation of the non-canonical NF-xB pathway”.

Finally, the LUBAC subunit HOIL1 was also demonstrated as crucial for NF-«B
activation in ABC-DLBCL. Indeed, rare polymorphism in RNF31 (E3 ubiquitin-protein
ligase RNF31) leads to its association with HOIL1, therefore increasing LUBAC
enzymatic activity and NF-xB engagement’®. In line with these results, our group
denoted that removal of the LUBAC was toxic to ABC-DLBCL lymphoma cell lines®3'.
Because MALT1 is central in the control of the NF-xB pathway in the context of
lymphoma, several studies agreed on the interesting possibility to inhibit the
paracaspase activity as a treatment to reduce the influence of the NF-«xB pathway

(see section C-IV-1).

C-IV-3- Autoimmune and inflammatory diseases

The NF-«xB pathway is primordial in the regulation of adaptative and immune
responses, and as such, deregulation of this pro-inflammatory pathway contributes to
the pathogenesis of autoimmune and inflammatory diseases’®®. Multiple sclerosis
(MS) is an auto-immune disease defined by chronic inflammatory affection of the
CNS7%. Experimental autoimmune encephalomyelitis (EAE) animal model is
generally employed to study in vivo effects of MS because of the pathological
similarities between the two diseases’’?. Notably, EAE is characterized by the
differentiation of CD4+ T-cells into Th17 effector cells, producing important levels of

pro-inflammatory IL17 in the CNS, recapitulating the development of the disease.
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Interestingly, the CBM and more particularly MALT1, were shown to be necessary for
the pathogenicity of Th17 cell. Indeed, MALT1-KO Th17 cells normally infiltrated the
CNS but were non-pathogenic, producing reduced level of IL17 as a result of
downregulated NF-xB signaling®®. Of note, the adoptive transfer of MALT1 deficient
splenocytes blocked the development of EAE, demonstrating the preponderant
function of the paracaspase in the onset of the disease®. In parallel, the use of the
MALT1 inhibitor mepazine demonstrated efficiency in reducing EAE pathology in
mice’".

In line with these results, MALT1 protease activity also appears of paramount
importance in the regulation of autoimmune diseases. Indeed, the MALT1 substrate
Regnase-1 (ZC3H12A), that mediates the decay of pro-inflammatory encoding
mRNAs, is strongly involved in the development of immune disorders®7. The loss of
this protein promotes T-cell activation®”4, but its chronic deletion induced Th17 T-cell
differentiation and autoimmunity®”S. Of interest, MALT1-KO mice do not exhibit the
same phenotypes as MALT1-protease-dead mice (MALT1-PD). Indeed, MALT1
deficient animals show strong defects in lymphocyte activation and are protected
against autoimmune diseases development. In addition to these features, MALT1-PD
animals also intriguingly developed autoimmune gastritis and multiorgan
inflammation, as a consequence of the elevated number of activated T-cells and the
reduced number of T-reg cells®338% In line with these phenotypes, constitutive
MALT1 activation in response to loss of TRAF6 induces fatal inflammation in mice
models®®®. This discrepancy in the phenotypes observed between the two animal
models argue in favor of specific functions of the two separate scaffold and protease
activities of MALT1%%, Of note, MALT1 deficient patients display important
immunodeficiency caused by the inability of lymphocytes to activate NF-xB in
response to infectious conditions®57-659,

The upstream modulator of MALT1, CARMA, was also extensively studied for its
implication in inflammatory diseases. Benjamin Medoff notably identified the
fundamental role of CARMA1 in allergic asthma. CARMA1 deleted mice did not
develop asthma, showing that the CBM scaffold is an important actor in the
instauration of inflammatory phenotypes’'2. In a following study, the group visualized
that CARMA1 deletion could also restore the allergic inflammation already setup in
the mice model, opening avenues for the treatment of this disease’'®. Finally,
CARMA3 expressed by airway epithelial cells favors the development of the
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inflammation by acting on the production of pro-asthmatic mediators in response to
asthma-linked GPCR ligands such as house dust mite or lysophosphatidic acid”'*. As
CARMA proteins are obligatory regulators of MALT1 activity, the paracaspase might
therefore be implicated in this context.

Psoriasis is a chronic inflammatory skin disease defined by hyperproliferative
keratinocytes and infiltrative immune cells. Although the origin of psoriasis is not well
defined, some genetic lesions are commonly observed in patients’'>. One of these
lesions was defined as positively affecting the CARMA2 (CARD14) gene, resulting in
NF-kB-dependent CCL20 (C-C motif chemokine 20) and IL8 (interleukin-8) secretion
by keratinocytes, favoring the development of inflammation®°7'6. Endothelial cells
were also shown to express CARD14, therefore playing an important role in parallel
of keratinocytes in the development of psoriasis®®. The group of Rudi Beyaert took
advantage of the knowledge that CARD14 gain-of-function mutations associate with
psoriasis development to link the entire CBM activity to the disease. It was
demonstrated that the inducible expression of mutated CARD14 (E138A) specifically
in keratinocytes led to the development of psoriasis, and that deletion of MALT1 as
well as oral administration of MLT-827, a specific inhibitor of MALT1 proteolytic
activity, rescued psoriatic skin disease®'7'". In a later study, the same group
demonstrated the physical interaction between CARD14 and MALT1 and further
showed that MALT1 is required for psoriasis-induced phenotypes downstream of
CARD14 mutation’'8. The discovery of the cardinal function of MALT1 proteolytic
activity in psoriasis, as well as in other inflammatory and autoimmune disorders,
favored the development of MALT1 inhibitors, enriching the therapeutic arsenal

directed against this protein691:696.697.719-721,

C-IV-4- Solid cancers

The CBM complex is importantly involved in immune responses and regulation of the
T-reg population downstream of the TCR signaling. This observation led several
groups to investigate the function of the CBM in anti-tumor immune responses.
Indeed, T-regs, dependent on MALT1 for their activation, are negative regulators of
this phenomenon in order to maintain immune homeostasis’??. The group of Jiirgen
Ruland demonstrated that MALT1 proteolytic activity mediates the suppressive
function of T-regs. The deletion of BCL10 or MALT1 strongly impairs the expression
of CTLA4 (cytotoxic T-lymphocyte protein 4), a suppressive marker of T-regs. Of
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note, MALT1 inhibition in mice models had similar effect on the suppressive function
of T-regs. This was further linked to immune suppression in melanoma, with mice
models treated with mepazine or manipulated to have BCL10-deleted T-reg,
presenting a better immune response and decreased tumor volume. Overall, this
provided evidence for the tumor immunosuppressive function of MALT1 through T-
reg response’?3. In parallel, tumor infiltrating T-regs deleted for CARMA1 or treated
using mepazine were shown to produce important level of IFNy, leading to reduced
tumor growth in mice models of melanoma. However, tumor cells presented
increased level of PD-L1 (programmed cell death protein 1), a known marker of
adaptive immune resistance. Therefore, combining MALT1 inhibition with immune
checkpoint therapy was proposed as a promising option to treat solid cancers
characterized by high infiltration of immunosuppressive T-regs’?*.

MALT1 and the CBM complex expression and activity were also highlighted as
important for the proliferation, growth, and survival, of cancer cells of solid tumors.
Several lines of evidence linked MALT1 and breast cancer aggressiveness. The
HER2/Neu (receptor tyrosine-protein kinase erbB-2) protein tyrosine kinase is
overexpressed in a large subset of breast cancers and correlates with bad prognosis,
probably via a NF-kB -dependent mechanism. A study uncovers the crucial role of
CARMA3 in this HER2/NF-xB axis. CARMA3 was shown involved in NF-xB
activation downstream of HER2, and to promotes proliferation, survival, as well as
metastasis through the upregulation of metalloproteinases. Of note, MALT1-KO mice
models crossed with a mice model developing spontaneous HERZ2-overexpressing
breast cancers delayed the progression of the disease’?®. The same activation of the
CARMAS-BCL10-MALT1 complex was observed in AGTR1 (type-1 angiotensin Il
receptor) overexpressing breast cancer cells. This receptor for angiotensin-ll was
linked to NF-kB via the CBM in a ligand-dependent and ligand-independent manner,
as the knockdown of either of the three components of the complex reduced
proliferation of breast cancer cellular models in vitro®®2. In parallel, MALT1 activation
induced epithelial to mesenchymal transition (EMT) in AGTR1 overexpressing breast
cancer cells. As such, inhibiting MALT1 activity through its depletion or using
mepazine effectively counteracted EMT induction and reduced the progression of
breast cancer in xenograft mice models’?®. Finally, the thrombin GPCR PAR1

(protease-activated receptor 1) was shown to signal to NF-«xB through the CBM.
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PAR1-mediated activation of MALT1 activity led to expression of pro-metastatic
genes such as IL8 and metalloproteinases in breast cancer and osteosarcoma
models. Of interest, inhibiting MALT1 proteolytic activity using MI-2 or z-VRPR-fmk
strongly impaired the expression of these genes in vitro, and MALT1 knockout
significantly impaired metastasis development in vivo™’.

Ovarian cancer cells also depend on the CBM for their survival. A study uncovered
that MALT1 is rendered active downstream of the lysophosphatidic acid receptor
LPAR1 (lysophosphatidic acid receptor 1) and regulates invasion and migration of
ovarian cancer cell models’?8. Similarly, EGFR stimulation mediates the activation of
the CBM in lung cancer HCC827 cellular model. MALT1 scaffold activity, but not
protease, was shown as important for NF-kB-dependent IL6 production and further
STAT3 activation. Overall, this was necessary for lung cancer cells proliferation and
survival®®. Oppositely, another study demonstrated a role for MALT1 protease
activity in IL6 production and survival of lung adenocarcinoma. Indeed, the cleavage
of CARMA3 at R587 by the paracaspase reduces cancer cell survival. A point
mutation in CARMAS abolishing its cleavage further enhances tumor growth in mice
model. Of note, inhibiting MALT1 in these mutated cells did not affect the
downstream phenotypes, showing the specific effect of CARMAS3 cleavage on lung
cancer cell proliferation and survival’?®,

MALT1 inhibition has been proposed as a strategy to treat pancreatic cancer. Indeed,
MALT1 was shown frequently overexpressed in pancreatic cancer tissues as
compared to healthy one, where its expression cannot be detected. Consequently,
the use of mepazine induced cell death of pancreatic cancer cells as a result of the
reduced NF-xB activity’®®. This observation was similar to the one made in
hepatocellular carcinoma, in which MI-2 treatment strongly impaired the growth of
SNU449 and Mahlavu hepatocellular carcinoma cell lines”".

GB, the most aggressive form of brain tumor in adults, also relies on MALT1
expression and activity for its growth. Using U87 and U251 human GB cell lines, a
study demonstrated the activation of NF-«xB downstream of the CBM upon EGFR
stimulation. As NF-«kB is crucial in GB tumorigenesis, the MI-2-mediated inhibition of
MALT1 or its deletion resulted in in vitro and in vivo cell death’32. The same year, our
group unravelled the dependency of GSCs toward the activity of MALT1. In silico

analysis of GB samples from TCGA (the cancer genome atlas) demonstrated the
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strong correlation between MALT1 expression and GB patients’ survival. Moreover,
MALT1 expression was significantly upregulated in GB samples as compared to
healthy tissues. On top of this increased expression, GSCs presented a constitutive
activity of the paracaspase, as seen by the cleavage of several known substrates
such as CYLD and Roquin-1 and -2. However, how is MALT1 activated in this
context remains unclear and will need further investigation. Mechanistically, far from
its function in the NF-xB pathway, MALT1 protease activity was shown essential for
GSC survival, and its effect on survival relied on its binding to the RNA-binding
protein QKI, known modulator of lysosomal homeostasis. MALT1 inhibition resulted
in QKI unleashing, promoting the generation of aberrant and dysfunctional
lysosomes, further promoting mTOR inhibition and lysosomal dependent cell death
(see section B-lll-3). Finally, MALT1 inhibition using the compound mepazine
significantly impaired the growth of GSCs in vivo*®’.

As such, the dependency toward the activity of MALT1 was defined as a non-
oncogene addiction, a mechanism by which non-mutated genes nor involved in the
initiation of tumorigenesis are essential for the propagation of the disease’3. This
overall placed MALT1 as an interesting druggable target for cancers relying on
MALT1 activity for survival.
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Results

1) Jacobs KA et al., Paracaspase MALT1 regulates glioma cell survival by controlling
endo-lysosome homeostasis. The EMBO Journal, 2020.

2) Maghe C et al., The paracaspase MALT1 controls cholesterol homeostasis in
glioblastoma stem-like cells through lysosome proteome shaping. Cell Reports,
in revision, 2023.
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Project goals

Glioblastoma (GB) is the most common and aggressive primary brain tumor in adults
with a median survival of around 15 months after diagnosis. Despite invasive
treatments of surgical resection followed by radiotherapy and chemotherapy, GB is a
fatal cancer, with relapses being almost inevitable.

Glioblastoma stem-like cells (GSCs), a subset of GB cells with stem properties, were
described as able to repopulate the tumor mass after treatments. In parallel, GSCs
were shown as capable of initiating GB tumors owing to their multipotency and self-
renewing abilities. As such, GSCs eradication appears of preponderant importance for
the treatment of GB, as new therapies are urgently needed.

The lysosomal compartment, acting at the crossroad between anabolism and
catabolism, recently emerged as a regulator of GSCs fate. Lysosomal destabilization
indeed proved efficacy in eradicating the GSC subpopulation and reducing GB tumor
growth in vitro and in vivo. Notably, the constitutive activity of the MALT1 paracaspase
was linked to the downregulation of the lysosomal compartment and to the promotion
of GSCs stem properties, with MALT1 inhibition inducing lysosomal membrane
permeabilization and further lysosomal cell death. However, the precise alterations
occurring in lysosomes of MALT1-inhibited GSCs remained to be determined.

In this context, we hypothesized that the inhibition of the MALT1 paracaspase results
in a profound remodeling of the lysosomes proteome, altering their degradative and
recycling properties, resulting in the demise of GSCs. The precise characterization of
this degradative compartment could therefore help the description of the events
leading to GSCs death upon MALT1 inhibition, and to highlight weaknesses of this cell

subpopulation.

Therefore, the main goals of this project were to:
1- Refine our current understanding on the functions of the paracaspase on the
sustenance of GSCs
2- |dentify new potential therapeutic windows for GSCs eradication.
3- Elucidate the reshaping of the lysosomal compartment upon MALT1 inhibition
in GSCs
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1) Jacobs KA et al., Paracaspase MALT1 regulates glioma cell survival by
controlling endo-lysosome homeostasis. The EMBO Journal, 2020.

As the third author, | participated in the acquisition, analysis, and interpretation of the

generated data.

In this study, | contributed to the investigation of the role of the MALT1 paracaspase
in endo-lysosomes homeostasis and GSCs cell fithess. By performing
immunofluorescent staining and confocal analysis, | visualized the massive
accumulation of lysosomes and their redistribution upon MALT1 inhibition. | also
explored the lysosomal localization of mMTOR as well as its downstream signaling
pathway. Moreover, by deploying flow-cytometric and biochemical-based cell viability
assays, | demonstrated that the blockage of MALT1 induces a lysosomal-dependent
cell death of GSCs.
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Abstract

Glioblastoma is one of the most lethal forms of adult cancer with a
median survival of around 15 months. A potential treatment strategy
involves targeting glioblastoma stem-like cells (GSC), which consti-
tute a cell autonomous reservoir of aberrant cells able to initiate,
maintain, and repopulate the tumor mass. Here, we report that the
expression of the paracaspase mucosa-associated lymphoid tissue |
(MALT1), a protease previously linked to antigen receptor-mediated
NF-kB activation and B-cell lymphoma survival, inversely correlates
with patient probability of survival. The knockdown of MALT1 largely
impaired the expansion of patient-derived stem-like cells in vitro,
and this could be recapitulated with pharmacological inhibitors,
in vitro and in vivo. Blocking MALT1 protease activity increases the
endo-lysosome abundance, impairs autophagic flux, and culminates
in lysosomal-mediated cell death, concomitantly with mTOR inactiva-
tion and dispersion from endo-lysosomes. These findings place
MALT1 as a new druggable target involved in glioblastoma and unveil
ways to modulate the homeostasis of endo-lysosomes.

Keywords glioma; lysosome; MALT1; mTOR; protease
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Introduction

Glioblastoma multiforme (GBM) represents the most lethal adult
primary brain tumors, with a median survival time of 15 months
following diagnosis (Stupp et al, 2009, 2015). The current standard-
of-care for the treatment of GBM includes a surgical resection of the
tumor followed by treatment with alkylating agent temozolomide
and radiation. While these standardized strategies have proved
beneficial, they remain essentially palliative (Stupp et al, 2009;
Chinot et al, 2014; Brown et al, 2016). Within these highly

heterogeneous tumors exists a subpopulation of tumor cells named
glioblastoma stem-like cells (GSCs). Although the molecular and
functional definition of GSCs is still a matter of debate, there is
compelling evidence that these cells can promote resistance to
conventional therapies, invasion into normal brain, and angiogene-
sis (Singh et al, 2004; Bao et al, 2006; Chen et al, 2012; Yan et al,
2013; Lathia et al, 2015). As such, they are suspected to play a role
in tumor initiation and progression, as well as recurrence and thera-
peutic resistance. Owing to their quiescent nature, GSCs resist to
both chemotherapy and radiation, which target highly proliferative
cancer cells (Bao et al, 2006; Chen et al, 2012). Hence, there is a
clear need to identify novel therapeutic targets, designed to eradi-
cate GSCs, in order to improve patient outcome.

GSCs constantly integrate external maintenance cues from their
microenvironment and as such represent the most adaptive and resi-
lient proportion of cells within the tumor mass (Lathia et al, 2015).
Niches provide exclusive habitat where stem cells propagate continu-
ously in an undifferentiated state through self-renewal (Lathia et al,
2015). GSCs are dispersed within tumors and methodically enriched in
perivascular and hypoxic zones (Calabrese et al, 2007; Jin et al, 2017;
Man et al, 2017). GSCs essentially received positive signals from
endothelial cells and pericytes, such as ligand/receptor triggers of
stemness pathways and adhesion components of the extracellular
matrix (Calabrese et al, 2007; Galan-Moya et al, 2011; Pietras et al,
2014; Harford-Wright et al, 2017; Jacobs et al, 2017). GSCs are also
protected in rather unfavorable conditions where they resist hypoxic
stress, acidification, and nutrient deprivation (Shingu et al, 2016; Jin
et al, 2017; Man et al, 2017). Recently, it has been suggested that this
latter capacity is linked to the function of the RNA-binding protein
Quaking (QKI), in the down-regulation of endocytosis, receptor traf-
ficking, and endo-lysosome-mediated degradation. GSCs therefore
down-regulate lysosomes as one adaptive mechanism to cope with the
hostile tumor environment (Shingu et al, 2016).

Lysosomes operate as central hubs for macromolecule traf-
ficking, degradation, and metabolism (Aits & Jaattela, 2013). Cancer
cells usually show significant changes in lysosome morphology and
composition, with reported enhancement in volume, protease activ-
ity, and membrane leakiness (Fennelly & Amaravadi, 2017). These
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modifications can paradoxically serve tumor progression and drug
resistance, while providing an opportunity for cancer therapies. The
destabilization of the integrity of these organelles might indeed
ignite a less common form of cell death, known as lysosomal
membrane permeabilization (LMP). LMP occurs when lysosomal
proteases leak into the cytosol and induce features of necrosis or
apoptosis, depending on the degree of permeabilization (Aits & Jaat-
tela, 2013). Recent reports also highlighted that lysosomal home-
ostasis is essential in cancer stem cell survival (Shingu et al, 2016;
Mai et al, 2017; Le Joncour et al, 2019). Additionally, it has been
shown that targeting the autophagic machinery is an effective treat-
ment against apoptosis-resistant GBM (Shchors et al, 2015; Zielke
et al, 2018). The autophagic flux inhibitor chloroquine can decrease
cell viability and acts as an adjuvant for TMZ treatment in GBM.
However, this treatment might cause neural degeneration at the
high doses required for GBM treatment (Weyerhduser et al, 2018).
Therefore, it is preferable to find alternative drugs that elicit anti-
tumor responses without harmful effects on healthy brain cells.

A growing body of literature supports the concept of non-onco-
gene addiction (NOA) in cancer. Although neither mutated nor
involved in the initiation of tumorigenesis, NOA genes are essential
for the propagation of the transformed phenotype (Luo et al, 2009).
Because NOA gene products are pirated for the benefit of tumor
cells’ own survival, their targeting therefore constitutes an Achilles’
heel. Among reported NOA genes and pathways (Staudt, 2010), the
paracaspase mucosa-associated lymphoid tissue 1 (MALT1) might be
of particular interest in GBM (please see Fig 1). This arginine-
specific protease plays a key role in NF-kB signaling upon antigen
receptor engagement in lymphocytes, via the assembly of the
CARMA-BCL10-MALT1 (CBM) complex. In addition to this scaffold
role in NF-kB activation, MALT1 regulates NF-kB activation, cell
adhesion, mRNA stability, and mTOR signaling through its prote-
olytic activity (Rebeaud et al, 2008; Staal et al, 2011; Uehata et al,
2013; Hamilton et al, 2014; Jeltsch et al, 2014; Nakaya et al, 2014).
MALT1 has been shown to be constitutively active in activated B-
cell-like diffuse large B-cell lymphoma (ABC DLBCL), and its inhibi-
tion is lethal (Ngo et al, 2006; Hailfinger et al, 2009; Nagel et al,
2012). MALT1 was also recently reported to exert pro-metastatic
effects in solid tumors (McAuley et al, 2019). However, the role of
MALTT1 in solid tumors has not been extensively investigated.

Here, we provide evidence of the role of MALT1 in disrupting
GSC lysosomal homeostasis, which is associated with autophagic
features. We found that targeting MALT1, notably through the
phenothiazine family of drugs, including mepazine (MPZ), is lethal
to GBM cells. We further established that MALT1 sequesters QKI
and maintains low levels of lysosomes, while its inhibition
unleashes QKI and hazardously increases endo-lysosomes, which
subsequently impairs autophagic flux. This leads to cell death
concomitant with mTOR inhibition and dispersion from lysosomes.
Disrupting lysosomal homeostasis therefore represents an interesting
therapeutic strategy against GSCs.

Results
MALT1 expression sustains glioblastoma cell growth

Glioblastoma stem-like cells (GSCs) are suspected to be able to
survive outside the protective vascular niche, in non-favorable
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environments, under limited access to growth factors and nutrients
(Calabrese et al, 2007; Shingu et al, 2016; Jin et al, 2017). While
many signaling pathways can influence this process, the transcrip-
tion factor NF-kB has been demonstrated to be instrumental in
many cancers as it centralizes the paracrine action of cytokines, in
addition to playing a major role in cell proliferation and survival of
tumor cells and surrounding cells (Bargou et al, 1996; Davis et al,
2001; Karin & Greten, 2005; Li et al, 2009; McAuley et al, 2019).
Because of this dual influence on both tumor cells and their
microenvironment, we revisited The Cancer Genome Atlas (TCGA)
for known mediators of the NF-xB pathway (Fig 1A). We found that
MALT]I expression was more significantly correlated with survival
than other tested genes of the pathway (Fig 1B). This arginine-
specific protease is crucial for antigen receptor-mediated NF-kB acti-
vation and B-cell lymphoma survival (Ngo et al, 2006). In addition,
when GBM patients were grouped between low and high MALTI
expression levels, there was a significant survival advantage for
patients with lower MALT1 expression (Fig 1C). Moreover, levels of
MALTI1 mRNA are elevated in GBM (Grade IV) when compared with
lower grade brain tumors (grades II and III) or non-tumor samples
(Fig 1D and E).

Although this increased MALTI expression may be due to tumor-
infiltrating immune cells, we first explored whether MALT1 was
engaged in patient-derived GSCs, as these cells recapitulated ex vivo
features of the tumor of origin (Lathia et al, 2015). The functional
impact of MALT1 knockdown was thus evaluated by their viability
and expansion in vitro (Fig 1F-J). Two individual short hairpin
RNA sequences targeting MALT1 (shMALTI) cloned in a lentiviral
bi-cistronic GFP-expressing plasmid were delivered into GSC#1
(mesenchymal) and GSC#9 (classical) cells. We observed a reduced
fraction of GFP-positive cells over time, while cells expressing non-
silencing RNA plasmids (shc) maintained a steady proportion of
GFP-positive cells, indicating that MALT]I silencing was detrimental
to GSCs (Fig 1F). Likewise, cells transfected with siMALTI had a
lower percentage of EdU-positive cells as compared to non-silenced
control cells (Fig 1G) and a higher incorporation of propidium
iodide (PI) (Fig 1H). Additionally, GSCs either expressing shMALT1
or transfected with siMALTI had less stem traits, as evaluated by
limited dilution assay and tumorsphere formation (Fig 1I and J).
Taken together, these results indicate that MALT1 expression may
be important for glioblastoma cell ex vivo expansion.

Pharmacological inhibition of MALT1 is lethal to
glioblastoma cells

Next, to evaluate the potential of targeting MALT1 pharmacologi-
cally, we treated GSC #1 (mesenchymal), #4 (mesenchymal), #9
(classical), and #12 (neural) with the MALT1 allosteric inhibitor
mepazine (MPZ) at a dose of 20 uM, as initially described (Nagel
et al, 2012). All four GSCs showed a significant reduction in stem-
ness by both limited dilution and tumorsphere assays (Fig 2A-C).
Additionally, the competitive inhibitor Z-VRPR-FMK induced similar
decrease in tumorsphere formation (Fig 2C). This was accompanied
by a marked reduction in the abundance of SOX2 and NESTIN stem-
ness markers (Fig 2D). Alongside the in vitro self-renewal impair-
ment, GSC viability was largely annihilated by MPZ treatment,
including reduction in EdU staining and increase in PI incorporation
(Fig 2E-G). In contrast, MPZ had no significant effect on viability of

© 2019 The Authors
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Figure 1. MALT1 expression sustains glioblastoma cell growth.

A STRING diagram representation of the network of proteins involved in NF-xB pathway.

B The Cancer Genome Atlas (TCGA RNAseq dataset) was used on the GlioVis platform (Bowman et al, 2007) to analyze the probability of survival (log-rank P-value) of
155 GBM patients, for each gene encoding for the mediators of the NF-kB pathway.

C Kaplan—Meier curve of the probability of survival for 155 GBM patients with low or high MALT1 RNA level, using median cutoff, based on the TCGA RNAseq dataset.

D, E Box and whisker plot of MALT1 mRNA expression in low-grade glioma (LGG, grades Il and I1l) or in GBM (grade IV) (TCGA GBMLGG, RNAseq dataset) (D). Horizontal
line marks the median, box limits are the upper and lower quartiles, and error bars show the highest and lowest values. Alternatively, MALTI mRNA expression was
plotted in non-tumor samples versus GBM samples (TCGA RNAseq dataset) (E). Each dot represents one clinical sample.

F Fraction of surviving cells over time in GSC#1 and GSC#?9, transduced with control (shc) or bi-cistronic GFP plasmids using two different short hairpin RNA
(ShMALT1 sequences, seq #1 and #2). Data are plotted as the percentage of GFP-positive cells at the day of the analysis (Dx), normalized to the starting point (day
4 post-infection, D4).

G EdU incorporation (green, 2 h) was visualized by confocal imagery in GSC#1 or by FACS in GSC#9 transfected with sic or sSiMALTI. In GSC#1, the percentage of
EdU-positive cells was quantified. Nuclei (DAPI) are shown in blue. n > 240 cells per replicate. Scale bar: 10 um. Data are presented as the mean + SEM on three
independent experiments.

H FACS analysis of propidium iodide (Pl) incorporation in GSC #1 and #9 transfected with non-silencing duplexes (sic) or MALTI siRNA duplexes (siMALTI) and
analyzed 72 h later.

Linear regression plot of in vitro limiting dilution assay (LDA) for control (shc) or shMALTI seq#1 and seq#2 transduced GSC#9. Data are representative of n = 2.
Knockdown efficiency was verified at day 3 by Western blot using anti-MALT1 antibodies. GAPDH served as a loading control.

J Tumorspheres per field of view (fov) were manually counted in sic or SIMALT1 transfected GSC#1, #4, and #9. Data are presented as the mean + SEM on three

independent experiments.

Data information: All data are representative of n = 3, unless specified. Statistics were performed using pairwise comparisons (Tukey’s honest significant difference (HSD)
with a 95% confidence interval for panels C-E), and a two-tailed t-test with a 95% confidence interval for panels (G and J), *P < 0.05, **P < 0.01, ***P < 0.001, and

*R*Pp < 0.0001.

Source data are available online for this figure.

brain-originated human cells (endothelial cells, astrocytes, and
neurons), ruling out a non-selectively toxic effect (Fig 2E). Differen-
tiated sister GSCs (DGCs) also showed reduced viability in response
to MPZ, indicating that targeting MALT1 may have a pervasive
effect on differentiated GBM tumor cells (Fig 2H).

MPZ is a drug, belonging to the phenothiazine family, and was
formerly used in the treatment of schizophrenia (Lomas, 1957).
Several anti-psychotic phenothiazines have been shown to potentially
reduce glioma growth (Tan et al, 2018). We therefore evaluated
whether clinically relevant phenothiazines could affect GSC viability
(Fig EV1A-E). The effect on MALT1 inhibition was reflected in cell
viability, with chlorpromazine (Oliva et al, 2017) and fluphenazine
having robust effects on cell viability (Fig 2I). In addition to its effect
on MALTI1 protease activity (Fig EV1B and C) (Nagel et al, 2012;
Schlauderer et al, 2013), MPZ may also exert off-target biological
effects (Meloni et al, 2018). We took advantage of the well-character-
ized MPZ-resistant E397A MALT1 mutant (Schlauderer et al, 2013) to
challenge the toxic action of phenothiazines in GSCs (Fig EV1F).
E397A MALTI expression in GSCs partially restored cell viability in
phenothiazine-treated cells, suggesting that the main target of
phenothiazine-mediated death involves MALT1 inhibition (Fig EV1F).
Because MPZ has been shown to efficiently and safely obliterate
MALTTI activity in experimental models (Nagel et al, 2012; McGuire
et al, 2014; Kip et al, 2018; Di Pilato et al, 2019; Rosenbaum et al,
2019), ectopically implanted GSC#9 mice were challenged with MPZ.
Daily MPZ administration reduced tumor volume in established xeno-
grafts, as well as NESTIN-positive staining (Fig 2J and K). This effect
was prolonged for the week of measurement following treatment with-
drawal (Fig 2J). Together, these data demonstrate that targeting
MALT1 pharmacologically is toxic to GBM cells in vitro and in vivo.

GSCs maintain basal protease activity of MALT1

In addition to its scaffold function in the modulation of the NF-xB
pathway, MALT1 also acts as a protease for a limited number of
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substrates (Juilland & Thome, 2018; Thys et al, 2018). No hallmarks
of NF-kB activation such as phosphorylation and degradation of IkBa,
or p65 and cREL nuclear translocation were observed, unless GSCs
were treated with TNFa (Fig 3A and B). Nevertheless, the deubiquiti-
nating enzyme CYLD (Staal et al, 2011) and the RNA-binding proteins
ROQUIN 1 and 2 (Jeltsch et al, 2014), two known MALT]1 substrates,
were constitutively cleaved in GSCs (Fig 3C-F). This was, however,
not the case of the MALT1 target HOIL1 (Douanne et al, 2016),
suggesting that only a subset of MALT1 substrates is cleaved in GSCs
(Fig 3C). Of note, CYLD proteolysis was not further increased upon
stimulation with PMA plus ionomycin, in contrast to Jurkat lympho-
cytes, most likely due to a failure to co-opt this signaling route in
GSCs (Fig 3C). However, CYLD processing was reduced in cells
treated with MPZ or upon siRNA-mediated MALTI knockdown
(Fig 3D and E). The same was true when MALT1 competitive inhi-
bitor Z-VRPR-FMK was used (Fig 3F). Further supporting a role for
MALT1 enzyme in GSCs, the expression of a protease-dead version of
MALT1 (C464A) weakened CYLD trimming (Fig 3G and H). Interest-
ingly, we found that refreshing medium also reduced CYLD cleavage,
suggesting that MALT1 basal activity may rely on outside-in signals
rather than cell autonomous misactivation (Fig 31).

The activation of MALT1 habitually occurs within the microenvi-
ronment of the CBM complex (Thys et al, 2018). Accordingly, the
knocking down of the CBM components BCLIO or CARDIO (i.e.,
CARMA3) also decreased CYLD processing (Fig 3J and K). In keep-
ing with this, BCL10-silenced GSC#9 cells showed a reduction in cell
viability (Fig 3K), therefore recapitulating the effect of knocking
down MALT1. These data reinforce the hypothesis that a fraction of
MALT1 is most likely active in growing GSCs, outside its canonical
role in antigen receptor signaling and immune cancer cells.

MALT1 inhibition alters endo-lysosome homeostasis

To evaluate cell death modality triggered by MALT1 inhibition,
transmission electron microscopy (TEM) was deployed to visualize

© 2019 The Authors
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Figure 2. MALT1 pharmacological inhibition is lethal to glioblastoma cells.

A Linear regression plot of in vitro limiting dilution assay (LDA) for GSC#9 treated with MALTL inhibitor, mepazine (MPZ, 20 uM, 14 days). DMSO vehicle was used as a
control. Data are representative of n = 2.

B Stem cell frequency was calculated from LDA in GSCs #1, #4, and #12 treated with MPZ treatment (20 uM, 14 days). Data are presented as the mean £+ SEM on
two independent experiments.

C Tumorspheres per field of view (fov) were manually counted in GSCs #1, #4, #9, and #12 in response to MPZ (20 puM) and vehicle (DMSO), and in GSC#9 treated
with Z-VRPR-FMK (75 uM) and vehicle (H,0) for 4 days. Data are presented as the mean &+ SEM on 4 independent experiments for MPZ and three independent
experiments for Z-VRPR-FMK.

D The expression of the stemness markers SOX2 and NESTIN was evaluated by Western blot and immunofluorescence (SOX2 in red NESTIN in green) in MPZ (+, 20 uM,
16 h) and vehicle (—, DMSO, 16 h) treated GSC#9. GAPDH served as a loading control. Scale bar: 10 um.

E Cell viability was measured using Cell TiterGlo luminescent assay in GSCs #1, #4, #9, and #12, human brain endothelial cells (endo), human astrocytes (astro), and
human neuron-like cells (neuron) treated for 48 h with DMSO or MPZ (20 pM). Data were normalized to their respective DMSO-treated controls and are presented as
the mean + SEM of three independent experiments in triplicate.

F  FACS analysis of EAU staining was performed on GSC#1 treated overnight with MPZ (10 puM). Data are presented as the mean + SEM on three independent
experiments.

G FACS analysis of propidium iodide (Pl) incorporation in GSC#9 treated for 48 h with vehicle (DMSO) or MPZ (20 uM).

H Cell viability was measured using Cell TiterGlo luminescent assay in differentiated GSC#1 #4, and #9 (DGCs) treated for 48 h with vehicle (DMSO) or MPZ (20 pM).
Data were normalized to their respective DMSO-treated controls and are presented as the mean + SEM of three independent experiments. Morphology of GSCs #1,
#4, #9, and DGCs #1, #4, #9 was shown using brightfield images.

| Heatmap of cell viability of GSC#9 using increasing doses (0, 5, 10, 20, 40 uM) of phenothiazines: mepazine (MPZ), fluphenazine (FLU), cyamemazine (CYAM),
chlorpromazine (CHLO), pipotiazine (PIPO), alimemazine (ALl), promethazine (PRO), and doxylamine (DOXY). Data were normalized to their respective DMSO-treated
controls.

J Nude mice were implanted with GSC#9 (10° cells) in each flank, and randomized cages were treated with either vehicle (DMSO) or MPZ (8 mg/kg) daily i.p., for 14
consecutive days, once tumors were palpable. Tumor volume was measured from the start of treatment until 1 week after treatment was removed. Graph of tumor
volume on day 21 post-treatment is presented. Data are presented as the mean + SEM n = 10/group.

K Cryosections from GSC-xenografted tumors were stained for the endothelial marker PECAM1 (red) and tumor marker NESTIN (green). Nuclei (DAPI) are shown in blue.
Scale bar: 20 pm.

Data information: All data are representative of n = 3, unless specified. Statistics were performed using a two-tailed t-test with a 95% confidence interval for panels (B,
C, E, F, H), a two-way ANOVA with Bonferroni post-test at 95% confidence interval for panel (J), a Wilcoxon—-Mann—-Whitney test for Expt #2 with P-values stated for

panel (J). *P < 0.05 **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

morphological changes upon MPZ treatment. TEM images showed
increased vacuoles and lysosomes compared to control cells
(Fig 4A). The augmentation was also visible in siMALTI-transfected
cells (Fig EV2A). In fact, the abundance of the endo-lysosome
protein LAMP2 was amplified upon MALT1 inhibition with MPZ, in
a time-dependent manner (Figs 4B and EV2B). Additionally, treat-
ment with the MALT1 competitive inhibitor Z-VRPR-FMK, other
phenothiazines, or MALTI knockdown resulted in similar LAMP2
increase (Figs 4C-E and EV1D), therefore militating against putative
drug-related action or deleterious accumulation in lysosomes. More-
over, the ectopic expression of a protease-dead MALT1 mutant
(C464A) mimicked MPZ effect on lysosome staining, using the lyso-
tracker probe (Fig 4D). In addition, CTSD and Rab7 endo-lysosomal
protein levels were up-regulated as well upon MALT1 blockade
(Figs 4C and EV2C). Conversely, other cellular organelles (early
endosomes, mitochondria, Golgi, and peroxisomes) remained
unchanged upon MPZ treatment (Fig EV2B and D). Furthermore,
ectopic tumors, excised from mice challenged with a MPZ 2-week
regime, showed a marked gain in LAMP2 staining intensity and
protein amount, as compared to vehicle-treated tumors (Fig 4F).
Finally, the treatment with MPZ of the ABC DLBCL lymphoma cell
line HBL1, which displays constitutive MALT1 activity, also led to
an increase in LAMP2 protein amount (Fig EV2E), indicating that
MALT1’s effect on lysosomal homeostasis might not be limited to
GSCs.

The newly formed endo-lysosomes in GSCs appeared to be at
least partially functional, as evidenced by pH-based Lysotracker
staining, DQ-ovalbumin, and transferrin uptake (Figs 4G and EV2F).
Of note, at a later time point (16 h) in MPZ-treated cells, DQ-

6 of 21 The EMBO Journal  39: €102030 | 2020

ovalbumin staining was dimmer as compared to early time points
(4 h), which might signify lysosomal membrane permeabilization
(Fig EV2F). Our data demonstrated that MALT1 knockdown and
pharmacological inhibition provoke a meaningful endo-lysosomal
increase.

MALT1 inhibition induces autophagic features in GBM cells

Because autophagy is fueled by endo-lysosomal activity, the impact
of MALT1 inhibition on autophagy in GSCs was explored and esti-
mated by LC3B modifications. The turnover of LC3B and the degra-
dation of the autophagy substrate P62 also reflect autophagic flux
(Loos et al, 2014). Treatment with MPZ led to a significant increase
in LC3B puncta at later time points (16 h), subsequent to lysosomal
increase (4 h) (Fig 5A, left panel). Super-resolution microscopy
using structured illumination microscopy (SIM) further revealed
that these LC3 structures were covered with LAMP2-positive stain-
ing (Fig 5A, right panel). Upon MPZ treatment, there was also an
accumulation of lipidated LC3B (LC3B-II) and P62 protein amount
over time, suggesting impaired autophagic flux (Fig 5B). Likewise,
there was an increase in lipidated LC3B protein amount in cells that
received phenothiazines or were knocked down for MALTI1
(Figs EV1D and 5C). Of note, chloroquine treatment did not further
augment LC3 lipidation (Fig SC and D). The effect of MPZ was
concomitant with a reduced LC3B turnover, as evaluated via luci-
ferase assay (Fig S5E), and P62 puncta accumulation in cells treated
with MPZ and Z-VRPR-FMK, or knocked down for MALT1 (Fig 5F).
Taken together, this suggests that MALT1 inhibition impairs autop-
hagic flux in GSCs.

© 2019 The Authors
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Lysosomes are the cornerstone of MPZ-induced cell death

To evaluate precisely the mechanism of cell death by MPZ, caspases
were simultaneously blocked with Q-VD-OPh (QVD) (Fig 5G and

ing another mechanism than
treatment did not impact GSC#

The EMBO Journal

H). However, this did not thwart MPZ-mediated cell death, suggest-

apoptosis. Meanwhile, chloroquine
9 viability (Fig EV3A). Further, cells,

in which autophagy was inhibited via knockdown of BECNI (i.e.,
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Figure 3. MALT1 is active in GSCs.

A Total protein lysates from GSCs #1 and #9 challenged with TNFa (10 ng/ml, for the indicated times) were analyzed by Western blot for p-IkBa, IkBa, and p-JNK.
Total JNK and GAPDH served as loading controls.

B Western blot analysis of p65, cREL, and RELB in cytosolic (cyt) and nuclear (nuc) cell fractionation from GSC#1 and GSC#9 stimulated with TNFo (10 ng/ml, for the
indicated times). TUBULIN and PARP served as controls for each fraction.

C Jurkat T cells, GSC#1, and GSC#9 were stimulated with PMA (20 ng/ml) and ionomycin (lono, 300 ng/ml) for 30 min. Total protein lysates were analyzed by Western
blot for CYLD (full length, FL, and cleaved, c'd), HOIL1 (full length, FL, and cleaved, c'd), p-lkBa and IkBo. MALT1 and BCL10 served as loading controls.

D Jurkat T cells, GSC#1, and GSC#9 were treated with vehicle (DMSO) and mepazine (MPZ, 20 uM) for 4 h. PMA/ionomycin mixture was also administered to Jurkat
cells for the last 30 min. Total protein lysates were analyzed by Western blot for CYLD (full length, FL, and cleaved, c’d). MALT1 served as a loading control.

E Western blot analysis of CYLD (full length, FL, and cleaved, c’d) and MALT1 in total protein lysates from GSC#9 transfected with non-silencing RNA duplexes (sic) or
MALTI targeting duplexes (siMALTI). GAPDH served as a loading control. Densitometric analysis of c’d CYLD/FL CYLD was performed (right). Data are presented as the
mean + SEM on five independent experiments.

F  (Left) Western blot analysis of CYLD, ROQUIN1/2, MALT1, and BCL10 in total protein lysates from GSC#9 treated for 4 h with vehicle (H,0) or Z-VRPR-FMK (75 pM).
GAPDH served as a loading control. (Right) Densitometric analysis of c’d/FL was performed for ROQUIN1/2 and CYLD. Data are presented as the mean 4+ SEM on
three independent experiments.

G Schematic drawing of MALT1 structures highlighting the C464A substitution in the protease-dead version. DD: death domain, C-like D: caspase-like domain,

Ig: immunoglobulin domain.

H Western blot analysis of CYLD and FLAG in total protein lysates from GSC#9 transfected with WT or C464A MALT1-FLAG. GAPDH served as a loading control.

| Western blot of CYLD (full length, FL, and cleaved, c’'d) in total protein lysates from GSC#9 after refreshing the medium (+), as compared to 3-day-old culture (—).
GAPDH served as a loading control. Densitometric analysis of c’d/FL CYLD was performed. Data are presented as the mean 4 SEM on five independent experiments.

] Western blot analysis of CYLD (full length, FL, and cleaved, c’d) in total protein lysates from GSC#9 transfected with non-silencing RNA duplexes (sic) or CARD10
targeting duplexes (SiCARDIO seq#1, seq#2, and seq#3). GAPDH served as a loading control. gPCR analysis confirmed the knockdown of CARD10 in GSC#9. Data are
presented as the mean £ SEM on three independent experiments.

K Western blot analysis of CYLD and BCL10 in total protein lysates from GSC#9 transfected with non-silencing RNA duplexes (sic) or BCL1O targeting duplexes (siBCLIO,
seq#1, and seq#3). GAPDH served as a loading control. Cell viability was measured using Cell TiterGlo luminescent assay in sic and seq#1 siBCL10-transfected cells.
Data were normalized to their respective sic-treated controls and are presented as the mean + SEM of three independent experiments, in triplicate.

Data information: All data are representative of n = 3, unless specified. Statistics were performed using a two-tailed t-test with a 95% confidence interval. *P < 0.05,

**p < 0.01, ***P < 0.001.

Source data are available online for this figure.

BECLIN1), were not protected either, suggesting that autophagy
might be secondary to MPZ-induced cell death (Fig EV3B). Nonethe-
less, there was increased CTSD release by GSCs treated with MPZ or
silenced for MALTI, which could signify either lysosomal
membrane permeabilization or increased secretion of lysosomal
enzymes (Fig 5I). Accordingly, treatment with lysosomal enzyme
inhibitors partially rescued cells from MPZ-induced cell death
(Fig 5J). Thus, lysosomes participate in MPZ-induced cell death,
while MALT1 appears to be required to maintain innocuous level of
endo-lysosomes in GSCs.

MALT1 modulates the lysosomal mTOR signaling pathway

In order to further characterize the mode of action of MALT1 inhi-
bition in GSCs, we performed RNA-sequencing analysis on GSCs
treated with MPZ for 4 h, prior to any functional sign of death. Our
results identified 7474 differentially expressed genes, among which
9/10 randomly chosen top candidates were validated in both MPZ-
treated and MALT1-silenced cells (Figs 6A and EV3C, Table EV1).
No obvious endo-lysosomal protein encoding genes were found,
which was further confirmed by qPCR (Fig 6A-E, Table EV1). Of
note, VGF, recently shown to promote GSC/DGC survival, was
down-regulated upon MPZ treatment (Wang et al, 2018a) (Figs 6E
and EV3C, Table EV1). In line with a non-transcriptional regulation
of lysosome biogenesis, knockdown of the master regulator of lyso-
somal transcription TFEB (Sardiello et al, 2009) failed to reduce
autophagy signature and CTSD protein up-regulation upon MPZ
treatment (Fig 6F). We thus hypothesized that the observed endo-
lysosomal increase was due to modulation in their translation and/
or RNA metabolism. When translation was blocked with cyclohex-
imide, MPZ failed to increase endo-lysosomal protein amounts
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(Fig EV3D). Likewise, RNAseq analysis unveiled putative changes
in translation (peptide chain elongation, ribosome, co-translational
protein targeting, 3/-UTR mediated translational regulation), RNA
biology (influenza viral RNA, nonsense mediated decay), metabo-
lism (respiratory electron transport, ATP synthesis, oxidative
phosphorylation, respiratory electron transport), and an mTOR
signature (referred as Bilanges serum and rapamycin-sensitive
genes) (Fig 6C and D). Because mTOR sustains GSC expansion and
its activation is linked to lysosomal biogenesis (Yu et al, 2010;
Galan-Moya et al, 2011; Settembre et al, 2012), we further explored
this possibility. Notably, MALT1 activity has been shown to partici-
pate in mTOR activation upon antigen receptor engagement,
although the mechanism of action remains poorly understood
(Hamilton et al, 2014; Nakaya et al, 2014). In fact, MPZ and
phenothiazine pharmacological challenge, as well as MALT1 siRNA
blunted mTOR activation in GSCs, as evaluated through the phos-
phorylation of AKT, p70S6K, and S6 ribosomal protein (Figs 6G-I
and EV3E). MPZ treatment also reduced inhibitory phosphorylation
of autophagy regulator ULK1 at serine 757 (Fig 6G), which may
partially account for increased autophagic features upon MPZ treat-
ment. In addition, the enforced expression of protease-dead MALT1
(C464A) reduced S6 phosphorylation levels, reiterating the impor-
tance of MALTI1 catalytic activity in the observed phenotype
(Fig 6J). Furthermore, as phosphorylation of 4EBP1 increases
protein translation by releasing it from EIF4E (Gingras et al, 1998),
and as it can be resistant to mTOR inhibition (Qin et al, 2016), we
evaluated 4EBP1 phosphorylation levels over time in response to
MPZ (Fig EV3F). Although reduced shortly upon MPZ addition,
phosphorylation returned at later time points, which may allow for
the observed translational effect despite mTOR inhibition. As
mTOR signaling is intimately linked to lysosomes (Korolchuk et al,

© 2019 The Authors
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2011), we explored the impact of MPZ treatment on mTOR
positioning. Confocal microscopy analysis revealed that mTOR
staining no longer colocalized with LAMP2-positive structures upon
treatment with MPZ (Figs 6K and EV3G). Interestingly, TFEB
silencing did not influence mTOR recruitment at endo-lysosomes
(Fig EV3H). Conversely, mTOR staining appears dispersed from
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LAMP2 puncta upon Z-VRPR-FMK, phenothiazines treatment, or
knockdown of MALT1 (Fig 6K). These results suggest that MALT1
affects lysosomal homeostasis post-transcriptionally, and that the
increase in endo-lysosomes coincides with weakening of the mTOR
signaling, which may be due to displacement of mTOR from its
lysosomal signaling hub.
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Figure 4. MALT1 pharmacological inhibition alters endo-lysosome homeostasis.

A Transmission electron microscopy of GSC#9 treated with vehicle (DMSO) or MPZ (20 uM) for 16 h. ER: endoplasmic reticulum; MVB: multivesicular bodies; lys:
lysosome; mit: mitochondria; nuc: nucleus. Red stars denote lysosomes; blue stars vacuoles.

B Confocal analysis of LAMP2 staining (red) at 0, 1, 2, 4, and 6 h post-MPZ (20 uM) treatment. Nuclei (DAPI) are shown in blue. Scale bar: 10 pum.

C Western blot analysis was performed in total protein lysates from GSC#9 transfected with non-silencing duplexes (sic) or MALT1 targeting siRNA duplexes (SIMALTI).
Alternatively, Western blot analysis of LAMP2, CTSD, and MALT1 was done in total protein lysates from GSC#9 treated for 16 h with MPZ (20 puM) or Z-VRPR-FMK

(75 uM). DMSO was used as vehicle. GAPDH served as a loading control.

D Confocal analysis of LAMP2 staining (red) in GSCs #1, #4, #12 treated for 16 h with vehicle (DMSO) or MPZ (20 uM). Alternatively, GSC#9 were either treated for
16 h with H,0 or Z-VRPR-FMK (75 pM). Additionally, cells were transfected with non-silencing duplexes (sic) or MALT1 and BCL10 targeting siRNA duplexes (SiIMALT1
and siBCL10). Alternatively, lysotracker staining (red) was used to track for lysosomes in either GSC#9 expressing either wild-type (WT) or C464A FLAG-MALT1 (green).

Scale bar: 10 um.

E Quantification of LAMP2 staining pixel intensity on GSC#9 treated as described in panel (D). Data are presented as the mean 4 SEM on three independent

experiments. Each dot represents one cell. n > 30.

F Cryosections from GSC#9-xenografted tumors in vehicle and MPZ-challenged animals (as described in Fig 2J) and assessed for LAMP2 staining (green). Nuclei (DAPI)
are shown in blue. Scale bar: 10 um. Western blot analysis of LAMP2 was performed in tumor lysates. GAPDH served as a loading control.

G Confocal analysis of lysotracker staining (red) in GSC#9 treated for 16 h with vehicle (DMSO) or MPZ (20 pM). Alternatively, GSC#9 were either treated for 16 h with
H,0 or Z-VRPR-FMK (75 uM) (upper panel) or transfected with sic and siMALT1 (bottom panel). As indicated, number of lysotracker-positive puncta and lysotracker
pixel intensity (arbitrary unit, AU) were quantified per cell. Data are presented as the mean & SEM on three independent experiments. Each dot represents one cell.

n > 30. Nuclei (DAPI) are shown in blue. Scale bars: 10 pum.

Data information: All data are representative of n = 3, unless specified. Statistics were performed using a two-tailed t-test with a 95% confidence interval. ***P < 0.001.

Source data are available online for this figure.

MALT1 is negatively linked to the endo-lysosomal regulator QKI

Shinghu et al recently demonstrated that the RNA-binding protein
Quaking (QKI) regulates endo-lysosomal levels in GBM. They
showed that GBM-initiating cells maintain low levels of endo-lyso-
somal trafficking in order to reduce receptor recycling (Shingu et al,
2016). QKI was suggested to regulate RNA homeostasis of endo-
lysosome elements, independently of the TFEB-driven endo-lyso-
some biogenesis. TCGA analysis confirmed the prognosis value of
QKI expression in GBM, as patients with higher expression of QKI
had a slight survival advantage (Fig 7A). As our data suggest a
counterbalancing role of MALT1 in lysosomal biogenesis, we revis-
ited the TCGA and compared the expression of MALTI with that of
QKI in GBM patients. Interestingly, there was a negative correlation
between the levels of expression of the two genes (Fig 7A). In addi-
tion, QKI and MALTI1 were both linked to the expression of 7
common lysosomal lumen genes (Fig 7A). This prompted us to
examine QKI pattern in GBM. First, QKI was indeed expressed in a
panel of GSCs, as well as in ectopic xenografts (Fig EV4A). Simi-
larly, human GBM samples from two patients showed pervasive
QKI staining (Fig EV4B). As expected (Wu et al, 1999), QKI
displayed cytosolic and nuclear forms, as evidenced by cellular frac-
tionation and immunofluorescence (Fig EV4C and D). Given these
findings, we decided to explore the possible link between MALT1
and QKI in GSCs. Co-immunoprecipitation experiments were thus
deployed using QKI and the MALT1 binding partner BCL10 as baits.
This showed that MALT1 was pulled down with QKI in GSC#1 and
GSC#9, and vice versa (Fig 7B). Because MALT1 appeared excluded
from nuclear fractions, the QKI/MALTI1 interaction most likely
occurs in the cytosol (Fig EV4C). Binding was, however, reduced in
cells exposed to MPZ or Z-VRPR-FMK (Fig 7C). This suggests that
active MALT1 tethered QKI in GSCs, while blocking MALT1
unleashed a fraction of QKI from the BCL10/MALT1 complex. Of
note, QKI and MALT1 readily interacted in HBL1 ABC DLBCL
lymphoma cells with constitutive MALT1 activation (Fig EV4E).

To next challenge the function of this putative neutralizing inter-
action of MALT1 and QKI, QKI expression was manipulated to alter
QKI/MALT1 stoichiometry in GSCs. Strikingly, transient
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overexpression of QKI phenocopied the effect of MALT1 inhibition
on endo-lysosomes. Reinforcing pioneer findings of QKI action on
endo-lysosome components in transformed neural progenitors
(Shingu et al, 2016), ectopically expressed QKI was sufficient to
increase Lysotracker staining, LAMP2 protein amount and lipidated
LC3B (Fig 7D-F). Accordingly, the augmented endo-lysosome stain-
ing synchronized with mTOR dispersion from a focalized organiza-
tion, together with a decrease in the level of S6 phosphorylation
(Fig 7G and H). Corroborating the surge of endo-lysosomes, the
fraction of cells overexpressing QKI was drastically reduced over
time, while the fraction of cells expressing an empty vector
remained stable, suggesting that exacerbated QKI expression
hampered cell viability (Fig 7I). Conversely, cells knocked down for
QKI did not show the same MPZ-driven increase in LAMP2, CTSD,
and lipidated LC3B (LC3B-II), suggesting that QKI knockdown can
partially rescue cells from endo-lysosomal increase (Fig 7J and K).
Reinforcing this idea, the dissipation of mTOR staining from endo-
lysosomes and the reduction of S6 protein phosphorylation both
provoked upon MPZ treatment were no longer observed without
QKI (Fig 7K and L). Finally, double knockdown of QKI and MALT1
rescued cells from decreased proliferation and increased cell death
triggered by MALT1 depletion (Figs 7M and N, and EV4F). Thus,
QKI silencing rescued phenotype upon MALT1 inhibition or knock-
down, further indicating that MALT1 is negatively linked to the
endo-lysosomal regulator QKI.

Discussion

Here, we provide evidence that the activity of the paracaspase
MALT1 is decisive for growth and survival of GBM cells. Our data
indicate that MALT1 inhibition causes indiscipline of endo-lyso-
somal and autophagic proteins, which appears to occur in conjunc-
tion with a deficit in mTOR signaling. In addition to the known
MALT1 inhibitor mepazine (Nagel et al, 2012), we show that
several other clinically relevant phenothiazines can potently
suppress MALT1 enzymatic activity and have similar effects to MPZ
on endo-lysosomes and cell death in GSCs. Our data with MALT1
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Figure 5. MALT1 inhibition induces autophagic features in GSCs.

Kathryn A jacobs et al

A (Left) Confocal analysis of LAMP2 (red) and LC3B (green) in GSC#9 treated for 4 and 16 h with vehicle (DMSO) and MPZ (20 uM). Nuclei (DAPI) are shown in blue.
Scale bars: 10 um. (Right) Super-resolution imaging (SIM, Structured Illumination Microscopy) of LAMP2 (red) and LC3B (green) staining in GSC#9 treated for 16 h

with vehicle (DMSO) or MPZ (20 puM).

B Western blot analysis of LC3B and P62 in total protein lysates from GSC#9 at 0, 2, 4, 6, and 16 h post-MPZ treatment (20 uM). GAPDH served as a loading control.

C Western blot analysis of LC3B in total protein lysates from GSCs #1 and #9 at 72 h post-transfection with sic or sSIMALTI and subsequently treated 4 h with vehicle
(DMSO) or chloroquine (CQ, 20 uM). Knockdown was verified by MALT1 blotting and GAPDH served as a loading control.

D Confocal analysis of LC3B (green) in GSC#9 treated for 16 h with vehicle (DMSO) and MPZ (20 uM) with or without chloroquine (CQ, 20 uM). Nuclei (DAPI) are shown

in blue. Scale bars: 10 um.

E GSC#9 were transfected with LC3B reporters (wild-type WT or G120A mutant, which cannot be lipidated), treated 24 h later with vehicle (DMSO) or MPZ (20 uM) for
6 more hours. Ratios of WT/mutant luciferase signals are presented as the mean £ SEM of three independent experiments.

F  Confocal analysis of P62 staining (red) in GSC#9 treated for 16 h with vehicle (DMSO) or MPZ (20 uM). Alternatively, GSC#9 was either transfected with sic or
SIMALTI (middle) or treated for 16 h with H,0 or Z-VRPR-FMK (75 uM) (bottom). Quantification of P62 staining pixel intensity on GSC#9 treated for 16 h with vehicle
(DMSO or H,0), MPZ (20 uM) or Z-VRPR-FMK (75 pM) or sic and siMALTI. Data are presented as the mean £ SEM on three independent experiments. Each dot

represents one cell. n > 30.

G Cell viability was measuring using Cell TiterGlo in GSCs #1 and #9 pre-treated for 1 h with vehicle (DMSO) or QVD (20 puM) and treated for 72 h more with the
indicated doses of MPZ. Data were normalized to the vehicle-treated controls and are presented as the mean & SEM of 4 independent experiments.

H FACS analysis of propidium iodide (PI) incorporation in GSC#9 treated for 48 h with vehicle (DMSO) or MPZ (15 uM) in combination with QVD (20 uM). (Left)
Percentage of PI-positive cells, normalized to vehicle-treated controls are presented as the mean + SEM on three independent experiments. (Right) Histogram plots

for representative experiment (DMSO in red and MPZ in blue).

| CTSD ELISA was performed on culture media from GSC#9 treated for 8 h with vehicle (DMSO) or MPZ (20 uM). Alternatively, cells were transfected with sic or
SiMALTI and analyzed 72 h later. Data are presented as the mean & SEM of three independent experiments.

] (Left) Cell viability was measured using Cell TiterGlo luminescent assay in GSC#9 treated for 48 h with vehicle (DMSO) or MPZ (10 uM), following a 30-min pre-
treatment with the following drugs: Bafilomycin A1 (Baf, 100 nM), pepstatin A (Pep, 1 pg/ml), or CTS inhibitor 1 (Ctsi, 1 uM). Data were normalized to the vehicle-
treated controls and are presented as the mean + SEM of three independent experiments in triplicate, stars refer to comparison to vehicle + MPZ group (blue
squares). (Right) FACS analysis of propidium iodide (PI) incorporation in GSC#9 treated for 48 h with vehicle (DMSO) or MPZ (15 pM) in combination with Baf, Pep,
and Ctsi. Percentage of Pl-positive cells normalized to vehicle-treated controls are presented as the mean £ SEM on three independent experiments.

Data Information: All data are representative of n = 3, unless specified. Statistics were performed using a two-tailed t-test with a 95% confidence interval for all
experiments with P-values stated, except panel (G, H, J), which used a two-way ANOVA with Bonferroni post-test at 95% confidence interval. *P < 0.05, **P < 0.01,

***p < 0.001.

Source data are available online for this figure.

and BCL10 silencing, as well as the expression of catalytically dead
MALTT1, clearly support a role for MALT1 in maintaining the endo-
lysosomal homeostasis in GSCs. Although pharmacological inhibi-
tors largely recapitulated the phenotype obtained with molecular
interference, nonselective action of drugs remains of concern when
it comes to clinics. Indeed, because some of the less potent MALT1
inhibitors, such as promethazine (Nagel et al, 2012; Schlauderer
et al, 2013), also provoke changes LAMP2 and LC3B-II increase, we
cannot exclude that some of the lysosomal effects of phenothiazine
derivatives result from potential off-target accumulation in the lyso-
some. Likewise, it has been shown that Z-VRPR-FMK can efficiently
inhibit cathepsin B (Eitelhuber et al, 2015). Nevertheless, since
these drugs efficiently cross the blood-brain barrier in humans
(Korth et al, 2001) and since they are currently used in the clinic,
they represent an exciting opportunity for drug repurposing.

The disruption of endo-lysosomal homeostasis appears to be the
main cause of death upon MALT1 inhibition in GSCs. This is aligned
with recent findings that define lysosomes as an Achilles’ heel of
GBM cells (Shingu et al, 2016; Le Joncour et al, 2019). As CTSD
release is accelerated upon MALT1 blockade, and as inhibitors of
lysosomal cathepsins (cathepsin inhibitor 1 and pepstatin A), but
not pan-caspase blockade (QVD), can partially rescue cell viability,
we hypothesize that cells may be dying from a form of caspase-inde-
pendent lysosomal cell death (LCD) (Aits & Jaattela, 2013). During
this form of death, which may also be initiated by cathepsins, lyso-
somal membrane permeabilization (LMP) allows cathepsins to act
as downstream mediators of cell death upon leakage into the cytosol
(Aits & Jaattela, 2013). Additional studies will determine how
exactly MALT1 inhibition drives lysosomal death in GSCs.

12 of 21 The EMBO journal 39: €102030 | 2020

Nevertheless, we found that inhibition of cathepsins provides only
partial protection to cells treated with MPZ (Fig 4K). Autophagic
features may also play a part in cell death. Induction of autophagy
likely occurs due to reduced inhibition of ULK1 (Fig 6G) as a conse-
quence of mTOR dispersion from endo-lysosomes (Yu et al, 2010;
Settembre et al, 2012) (Fig 6K). Whether inducing or blocking
autophagy is preferable therapeutic strategy in treating GBM
remains up for debate, with some groups reporting beneficial effects
of blocking autophagy, and others preferring its activation as a ther-
apeutic strategy (Shchors et al, 2015; Rahim et al, 2017). Here, we
show that the observed increased autophagic features are associated
with reduced autophagic flux. Impairment in autophagic flux
reduces a cell’s ability for bulk degradation (Loos et al, 2014).
Others have shown that lysosomal dysfunction, such as LMP, can
impede upon autophagic flux and eventually lead to cell death
(Elrick & Lieberman, 2013; Wang et al, 2018b). Because of this, we
infer that reduced autophagic flux is a downstream consequence of
LMP and ultimately contributes to LCD in our cells.

MALT1 has previously been linked to mTOR activity (Hamilton
et al, 2014; Nakaya et al, 2014). For instance, MALT1 was reported
to be necessary for glutamine uptake and mTOR activation after T-
cell receptor engagement (Nakaya et al, 2014). Subsequently, the
inhibition of MALT1 with Z-VRPR-FMK causes a reduction in the
phosphorylation of S6 and p70S6K (Hamilton et al, 2014). Our data
now extend these findings to GSCs, although the exact mechanism
by which mTORC1 inhibition occurs remains to be explored in both
cellular backgrounds. Immunofluorescence analysis of mTOR posi-
tioning after MPZ treatment suggests that inhibition of mTOR is
linked to its dispersion from the endo-lysosomes, concurrent with
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Figure 6. MALT1 modulates the lysosomal mTOR signaling pathway.

A Heatmap of differentially expressed genes obtained from RNAseq analysis of GSC#9 treated for 4 h with vehicle (DMSO) or MPZ (20 uM), from three biological
replicates.

B Volcano plot of differentially expressed genes in RNAseq analysis of GSC#9, expressed as fold changes between vehicle (DMSO) and MPZ-treated cells.
GSEA (gene set enrichment analysis) plot showing enrichment of “Bilanges serum and rapamycin sensitive genes” signature in vehicle (DMSO) versus MPZ-treated
triplicates.

D Table of top differential pathways in DMSO versus MPZ-treated triplicates. Size of each pathway, normalized enrichment scores (NES), P-value, and false discovery
rate g value (FDR) were indicated.

E gRT-PCR was performed on total RNA from GSC#9 treated for 4 h with vehicle (DMSO) or MPZ (20 uM). Histograms showed changes in RNA expression of indicated
targets. Data were normalized to two housekeeping genes (ACTB, HPRTI) and are presented as the mean + SEM of technical triplicates.

F Western blot analysis of LC3B, CTSD, and TFEB in total protein lysates from GSC#9 transfected with non-silencing duplexes (sic) or siRNA duplexes targeting TFEB
(SITFEB) and treated with vehicle (DMSO) or MPZ (20 pM) for 16 h. GAPDH served as a loading control.

G Western blot analysis of p-ULK1, p-AKT, p-S6, and p-p70S6K in GSC#9 treated for 1 h with MPZ (20 uM) or rapamycin (RAPA, 50 nM). Total ULK, AKT, S6, and p70S6K
served as loading controls. DMSO was used as a vehicle.

H Western blot analysis of MALT1, p-AKT, and p-S6 in total protein lysates from GSC#9 transfected with non-silencing duplexes (sic) or MALTI targeting siRNA duplexes
(SIMALTI). Total AKT and S6, as well as GAPDH served as loading controls.

I Western blot analysis of p-AKT, p-S6, and p-p70S6K in total protein lysates from GSC#9 treated for 1 h with vehicle (DMSO) or 20 puM of phenothiazine compounds
(MPZ, FLU, CHLO, and CYAM). Total AKT, total S6, and total p70S6K served as loading controls.

] Western blot analysis of p-S6 and FLAG in GSC#9 expressing WT or C464A MALT-FLAG. Total S6 and GAPDH served as loading controls.

K Confocal analysis of LAMP2 (red) and mTOR (green) staining in GSC#9 treated with vehicle (DMSO) or MPZ (20 pM), Z-VRPR-FMK (75 puM), FLU (20 uM), CHLO
(20 uM), and CYAM (20 uM). Alternatively, cells were transfected with sic or sSiMALTI. Nuclei (DAPI) are shown in blue. Arrows point to LAMP2-positive area. Scale
bars: 10 um. Quantification of mTOR colocalization score with LAMP2 is shown. The Coloc2 plug-in from Image] was used to measure Mander’s tM1 correlation
factor in LAMP2-positive ROI, using Costes threshold regression. Data are presented as the mean &+ SEM on three independent experiments. Each dot represents one
cell. n > 10.

Data information: All data are representative of n = 3, unless specified. Statistics were performed using a two-tailed t-test with a 95% confidence interval for all
experiments with P-values stated. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

Figure 7. MALT1 is negatively linked to the endo-lysosomal regulator QKI.

A (Left) Kaplan—Meier curve of the probability of survival for 155 GBM patients with low or high QKI RNA level, using median cutoff, based on the TCGA RNAseq dataset.
(Right) Differential expression analysis related to either MALTI or QKI expression highlighted a lysosomal lumen GO function. Venn diagram of overlapping lysosomal
enriched protein encoding genes from this comparison showed 7 shared genes, together with 9 and 10 specific genes for MALTI and QKI expression, respectively.
(Bottom) Correlation between MALTI and QKI expression was analyzed using The Cancer Genome Atlas (TCGA, HG-U133A dataset) on the GlioVis platform (Bowman
et al, 2007). Pearson correlation factor = —0.21, P-value = 0.03.

B GSCs #1 and #9 protein lysates (input) were processed for immunoprecipitation (IP) using control immunoglobulins (Ig), anti-QKI, or anti-BCL10 antibodies. Input
and IP fractions were separated on SDS—PAGE and Western blots for MALT1, QKI, and BCL10 antibodies were performed as specified.

C Total protein lysates (input) from GSC#9 treated with vehicle (-, DMSO) or MPZ (+, 20 puM, 1 h) or with vehicle (-, H,0) or Z-VRPR-FMK (+, 75 uM, 4 h), were
processed for control immunoglobulins (Ig) or anti-QKI antibodies immunoprecipitation (IP). Western blots were performed with indicated antibodies. Western blots
were performed with indicated antibodies.

D Confocal analysis of Lysotracker (green) or FLAG (red) in GSC#9 overexpressing either empty vector (mock) or FLAG-QKI. Scale bars: 10 um. Nuclei (DAPI) are shown in
blue.

E Confocal analysis of LAMP2 (green) or FLAG (red) in GSC#9 transfected with either empty vector (mock) or FLAG-QKI. Scale bars: 10 um. Nuclei (DAPI) are shown in
blue. Quantification of LAMP2 staining pixel intensity on GSC#9 transfected with mock and FLAG-QKI. Data are presented as the mean + SEM on three independent
experiments. Each dot represents one cell. n > 15.

F Western blot analysis of QKI, LAMP2, and LC3B in GSC#9 overexpressing either empty vector (mock) or FLAG-QKI. GAPDH served as a loading control.

Confocal analysis of mTOR (green) or FLAG (red) in GSC#9 transfected with either empty vector (mock) or Flag-QKI. Nuclei (DAPI) are shown in blue. Scale bars:
10 pm.

H GSC#1 were transfected with either empty vector (mock) or FLAG-QKI. Total protein lysates were processed for Western blots against p-S6 and FLAG. Total S6 served
as a loading control.

| Fraction of surviving cells over time in GSCs #1 and #9, transduced with empty vector (mock) or FLAG-QKI bi-cistronic GFP plasmids. Data are plotted as the
percentage of GFP-positive cells at the day of the analysis (Dx), normalized to the starting point (Day 4 post-infection, D4). Data are representative of n = 3.

] GSC#9 transfected with non-silencing RNA duplexes (sic) or QKI targeting siRNA duplexes (siQKl) were treated for 16 h with vehicle (DMSO) or MPZ (10 pM). Total
protein lysates were processed for Western blots against LAMP2, CTSD, QKI, and LC3B expression, as indicated. GAPDH served as a loading control.

K Confocal analysis of mTOR (green) and LAMP2 (red) in GSC#9 transfected with sic or siQK/ and treated for 16 h with vehicle (DMSO) or MPZ (20 pM). Nuclei (DAPI)
are shown in blue. Scale bars: 10 um. Quantification of mTOR colocalization score with LAMP2 is shown. The Coloc2 plug-in from Image] was used to measure
Mander’s tM1 correlation factor in LAMP2-positive ROI, using Costes threshold regression. Data are presented as the mean + SEM on three independent
experiments. Each dot represents one cell. n > 10.

L  GSC#9 transfected with non-silencing RNA duplexes (sic) or QKI targeting siRNA duplexes (siQK/) were treated for 1 h with vehicle (DMSO) or MPZ (20 uM). Total
protein lysates were processed for Western blots against QK| and p-S6. TUBULIN and total S6 served as loading controls.

M FACS analysis of EdU staining was performed on GSC#9 cells transfected with non-silencing RNA duplexes (sic, pink), QK/ targeting siRNA duplexes (siQK/, light
purple), MALT1 targeting siRNA duplexes (siMALTI, blue), or double-transfected with siQkl and siMALTI (purple).

N FACS analysis of propidium iodide (Pl) incorporation in GSC#9 transfected with non-silencing RNA duplexes (sic), QKI targeting siRNA duplexes (siQKl), MALT1
targeting siRNA duplexes (siMALTI) or double-transfected with siQKl and siMALT1 and analyzed 72 h later. Percentage of Pl-positive cells normalized to vehicle-
treated controls are presented as the mean &+ SEM on three independent experiments.

Data information: All data are representative of n = 3, unless specified. Statistics were performed using a two-tailed t-test with a 95% confidence interval for all
experiments with P-values stated. *P < 0.05.

Source data are available online for this figure.
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lysosomal increase. In addition to a reduction in mTORCI signaling,
AKT phosphorylation was also impaired upon MALT1 inhibition in
GSCs. It is thus possible that perturbed lysosome positioning might
also influence specific pools of mTORC2 and AKT, as recently
demonstrated (Jia & Bonifacino, 2019). Accordingly, AKT activity
modulated the lysosomal membrane dynamics during autophagy
(Arias et al, 2015). We and others speculate that there may exist
unidentified substrates of MALT1, which link its protease activity
directly to mTOR activation (Juilland & Thome, 2018; Thys et al,
2018). This may also rationalize the need for constitutive MALT1
activity in GSCs, as mTOR is constantly functioning in these cells
(Galan-Moya et al, 2011). Moreover, it was suggested that down-
regulation of lysosomes reduces recycling of receptors, including
EGFR, which allows signaling to continue even in unfavorable niche
where GSCs often reside and/or travel (Shingu et al, 2016). Less
turnover of EGFR may also explain increased mTOR activation
despite lysosomal down-regulation (Li et al, 2016). In addition, AKT
can be central to balance between proliferation and apoptosis, by
integrating multiple signaling networks besides mTOR in GBM. One
hypothesis is that mTOR inhibition and/or dissociation from endo-
lysosomes originate from lack of processing of unknown MALT1
substrates and is then exacerbated once homeostasis is disrupted.

How is QKI involved? Based on our data, we hypothesize that
MALT1 sequesters QKI to prevent it from carrying out its RNA-
binding function. Interestingly, MALT1 is already known to regulate
other RNA-binding proteins Regnase-1/ZC3H12A, Roquin-1/RC3H]1,
and Roquin-2/RC3H2 (Uehata et al, 2013; Jeltsch et al, 2014). We
propose that upon MALTI inhibition QKI is released and free to
bind its RNA-binding partners. QKI has already been shown to bind
directly to lysosomal RNAs in progenitor cells (Shingu et al, 2016).
It is thus tempting to speculate that QKI-dependent stabilization of
lysosomal RNAs would preference the system toward more transla-
tion of these genes upon MALTI1 inhibition, leading in turn to
dysregulated endo-lysosomal protein expression and LMP. Indeed,
our RNA-sequencing data suggest changes in translation and RNA
biology upon MPZ treatment; however, further study is needed to
validate whether there is increased QKI binding to lysosomal RNAs
upon MALT1 inhibition. Notably, QKI-dependent lysosomal increase
appears to be a post-transcriptional effect, independent of TFEB. As
such, we propose a method of dual lysosomal control in GSCs
whereby transcriptional biogenesis is tightly checked by known
mTOR/TFEB pathway, and MALT1 acts on post-transcriptional
regulation by isolating QKI from RNAs.

These findings place MALT1 as a new druggable target operating
in non-immune cancer cells and involved in endo-lysosome home-
ostasis. Lysosomal homeostasis appears vital for glioblastoma cell
survival and thus presents an intriguing axis for new therapeutic
strategies in GBM.

Materials and Methods
Ethics statement

Informed consent was obtained from all patients prior to sample
collection for diagnostic purposes. This study was reviewed and
approved by the institutional review boards of Sainte Anne Hospital,
Paris, France, and Laennec Hospital, Nantes, France, and performed
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in accordance with the Helsinki Protocol. Animal procedures were
conducted as outlined by the European Convention for the Protec-
tion of Vertebrate Animals used for Experimental and other Scien-
tific Purposes (ETS 123) and approved by the French Government
(APAFIS#2016-2015092917067009).

The Cancer Genome Atlas (TCGA) analysis

The Cancer Genome Atlas (TCGA) was explored via the Gliovis plat-
form (http://gliovis.bioinfo.cnio.es/) (Bowman et al, 2007). RNAseq
databases (155 patients) were used to interrogate data related to
MALTI1 and QKI expression (levels of RNA, probability of survival,
correlation with QKI expression). Optimal cutoffs were set. All
subtypes were included and histology was the only selective criteria.

Cell culture, siRNA and DNA transfection, and
lentiviral transduction

GBM patient-derived cells with stem-like properties (GSCs) were
isolated as previously described (Treps et al, 2016; Harford-Wright
et al, 2017). GSC#1 (mesenchymal, 68-year-old male), GSC#4 (mes-
enchymal, 76-year-old female), GSC#9 (classical, 68-year-old
female), and GSC#12 (neural, 59-year-old male) were cultured as
spheroids in NS34 medium (DMEM-F12, with N2, G5, and B27
supplements, glutamax, and antibiotics). In order to induce differen-
tiation, GSCs were grown in DMEM with 10% fetal bovine serum
(FBS), glutamax, and antibiotics, for at least 2 weeks. Differentia-
tion of sister cells (DGC) was monitored through their morphology
and NESTIN and/or SOX2 loss of expression. Human brain
microvascular endothelial cells (hCMEC/D3, a gift from PO
Couraud, Institut Cochin, Paris, France) and HEK-293T cells (ATCC)
were cultured as previously described (Treps et al, 2016). Human
fetal astrocytes SVG-p12 (ATCC) and human neuronal-like cells SK-
N-SH (ATCC) were cultured in MEM with 10% fetal bovine serum
(FBS), and antibiotics.

Stealth non-silencing control duplexes (low-GC 12935200, Life
Technologies), and small interfering RNA duplexes (Stealth RNAI,
Life Technologies) were transfected using RNAIMAX lipofectamine
(Life Technologies). The following duplexes targeting the respective
human genes were as follows: CAGCAUUCUGGAUUGGCAAAUGG
AA (MALTI1), CCTTGAGTATCCTATTGAACCTAGT (QKI), UCAGAU
GAGAGUAAUUUCUCUGAAA and GGGCUCCUCCUUUGCCACCAGA
UCU (BCL10), CCCUUUGCGUGAAAGCCCAAGAGAU, ACAUCAC
AGGGAGUGUGACACUUAA, and GACAAGGGACCAGAUGGACUG
UCGU (CARDI10), AGACGAAGGUUCAACAUCA (TFEB), CCACTCT
GTGAGGAATGCACAGATA (BECNI).

pFRT/FLAG/HA-DEST QKI was purchased from Addgene and
was subsequently cloned into a pCDHI-MSCV-EFla-GreenPuro
vector (SBI). pMSCV-MALT1A-WT and pMSCV-MALT1A-E397A
were a gift from Daniel Krappmann (German Research Center for
Environmental Health, Neuherberg, Germany). pMSCV-MALT1A-
WT was subsequently mutated to C464A. Lentiviral GFP-expressing
GIPZ shMALT1 (V2LHS_84221 TATAATAACCCATATACTC and
V3LHS378343 TCTTCTGCAACTTCATCCA) or non-silencing short
hairpin control (shc) was purchased from Open Biosystems. Lentivi-
ral particles were obtained from psPAX2 and pVSVg co-transfected
HEK-293T cells and infected as previously described (Dubois et al,
2014). pFRT/FLAG/HA-DEST QKI was a gift from Thomas Tuschl
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(Landthaler et al, 2008); pRluc-LC3wt and pRluc-LC3BG120A were
a gift from Marja Jaattela (Farkas & Jaattela, 2017). They were intro-
duced in GSCs using Neon electroporation system according to
manufacturer’s instructions (Life technologies).

Antibodies and reagents

Cathepsin inhibitor 1 was purchased from SelleckChem, rapamycin
from Tocris Bioscience, and mepazine from Chembridge. Bafilo-
mycin Al, cycloheximide, chloroquine, phorbol myristate acetate
(PMA), pepstatin A, fluphenazine, cyamemazine, chlorpromazine,
pipotiazine, alimemazine, promethazine, and doxylamine were all
from Sigma-Aldrich. Z-VRPR-FMK was purchased from Enzo Life
Sciences. Q-VD-OPh and tumor necrosis factor-alpha (TNFa) were
obtained from R&D Systems. Ionomycin was purchased from Calbio-
chem. The following primary antibodies were used: NESTIN (Milli-
pore MAB5326), SOX2 (Millipore AB5603), GAPDH (Santa Cruz SC-
25778 and SC-32233), TUBULIN (Santa Cruz SC-8035), MALT1
(Santa Cruz SC-46677), LAMP2 (Santa Cruz SC-18822), BCL10
(Santa Cruz SC-13153), BCL10 (Santa Cruz SC-5273), CYLD (Santa
Cruz SC-137139), HOIL1 (Santa Cruz SC-393754), QKI (Santa Cruz
SC-517305), PARP (Santa Cruz SC-8007), IxBo (CST 9242), p-S32/
S36-IkBa (CST 9246), P62 (CST 5114), P62 (CST 88588), mTOR
(CST 2983), p-S473-AKT (CST 4060), AKT (CST 9272), p-S235/
S$236-S6 (CST 2211), p-T183/Y185-JNK (CST 9255), JNK (CST
9258), p-S757-ULK1 (CST 6888), LC3B (CST 3868), p-T37/T46-4E-
BP1 (CST 2855), p-T70-4E-BP1 (CST 9455), p-S65-4E-BP1 (CST
9451), 4E-BP1 (CST 9644), elF4E (CST 2067), TOM20 (CST 42406),
p-T421/S424-p70S6K (CST 9204), p70S6K (CST 14130), EEA1 (BD
Bioscience 610456), CTSD (BD Bioscience 610800), PEX1 (BD
Bioscience 611719), PECAM (BD Bioscience 557355), TFEB (Bethyl
A303-673A), PDI (Abcam ab2792), GM130 (Abcam ab52649), QKI
(Atlas HPA019123), CTSD (Atlas HPA063001), ULK1 (Sigma
A7481), and FLAG (Sigma F1804). HRP-conjugated secondary anti-
bodies (anti-rabbit, mouse Ig, mouse IgG1, mouse IgG2a, and mouse
IgG2b) were purchased from Southern Biotech. Alexa-conjugated
secondary antibodies were from Life Technologies.

Tumorsphere formation

To analyze tumorsphere formation, GSCs (100/ul) were seeded in
triplicate in NS34 media as previously described (Harford-Wright
et al, 2017). Cells were dissociated manually each day to reduce
aggregation influence and maintained at 37°C 5% CO, until day 5
(day 4 for siRNA). Tumorspheres per field of view (fov) were calcu-
lated by counting the total number of tumorspheres in 5 random fov
for each well. The mean of each condition was obtained from the
triplicates of three independent experiments.

Limiting dilution assays

In order to evaluate the self-renewal of GSCs, limited dilution assays
(LDA) were performed as previously described (Tropepe et al,
1999). GSCs were plated in a 96-well plate using serial dilution rang-
ing from 2,000 to 1 cell/well with 8 replicates per dilution and
treated as indicated. After 14 days, each well was binarily evaluated
for tumorsphere formation. Stemness frequency was then calculated
using ELDA software (Hu & Smyth, 2009). The mean stemness
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frequency for each treatment was calculated by averaging across
two independent experiments.

Cell viability

Cell viability was measured using Cell TiterGlo luminescent cell
viability assay, according to the manufacturers’ protocol. Briefly,
cells were seeded at 5,000 cells per well in triplicate per indicated
treatment. Two days later, 100 ul of Cell TiterGlo reagent was added
to each condition, cells were shaken vigorously, using an orbital
shaker, to aid in their lysis, and then, luminescence was measured
on a FluStar Optima plate reader (BMG).

ELISA

10 x 10° GSCs were cultured with 20 pM MPZ or DMSO and culture
media was collected at 8 h, centrifuged, and filtered. Alternatively,
cells were transfected with sic or siMALTI and supernatants were
collected on day 3 post-transfection, centrifuged, and filtered.
Human CTSD ELISA (Sigma) was performed on the culture media
according to the manufacturer’s instructions.

Animal procedures

Tumor inoculation was performed on female Balb/C nude mice aged
6-7 weeks, as described previously (Harford-Wright et al, 2017).
Animals were randomly assigned to each group and group-housed
in specific pathogen-free (SPF) conditions at 24°C on a 12-h day-
night cycle. At all times, animals were allowed access to standard
rodent pellets and water ad libitum. Mice were subcutaneously
injected in each flank with 10° GSC#9 in 100 pl of PBS and growth
factor-free Matrigel. Once tumors were palpable, mice were injected
intraperitoneally daily with MPZ (8 mg/kg) or vehicle (DMSO) for
two consecutive weeks, based on previous reports (Nagel et al,
2012; McGuire et al, 2014). Tumor size was measured daily during
treatment and for 1 week following treatment withdrawal, with cali-
pers and tumor volume calculated using the following equa-
tion (width® x length)/2.

Luciferase assays

Rluc-LC3B luciferase assay was performed as previously described
(Farkas & Jaattela, 2017). Briefly, GSC#9 was transfected with 1 pg
plasmid using a Neon Transfection System. 24 h later, cells were
treated for 4 h with DMSO or MPZ and then assayed using Dual-Glo
Luciferase assay system according to the manufacturers’ guidelines.
Luminescence was measured on a FluStarOptima plate reader.

Flow cytometry

For EdU analysis, cells we incubated with EAU (10 pM) for 2 h
followed by fixation and Click-it reaction according to the manufac-
turers’ protocol. For propidium iodide (PI) staining, cells were incu-
bated for 15 min at room temperature with PI (100 pg/ml)
following treatment according to manufacturer’s protocol. Flow
cytometry analyses were performed on FACSCalibur (BD Bios-
ciences, Cytocell, SFR Francois Bonamy, Nantes, France) and
processed using FlowJo software.
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Immunostaining

After treatment, cells were seeded onto poly-lysine slides, fixed for
10 min with 4% PFA diluted in PBS, permeabilized in 0.04% Triton
X-100, and blocked with PBS-BSA 4% prior to 1 h primary antibody
incubation. After PBS washes, cells were incubated with AlexaFlu-
or-conjugated secondary antibodies for 30 min. Next, cells were
incubated with DAPI for 10 min and mounted with prolong gold
anti-fade mounting medium. For Lysotracker Red DND-99 staining,
cells were incubated with 50 nM Lysotracker during the last 30 min
of treatment, and cells were fixed for 10 min in 4% PFA. To monitor
changes in lysosomal enzyme activity, DQ-ovalbumin assay was
performed, as previously described (Ebner et al, 2018). Cells were
incubated with 10 pg/ml DQ-ovalbumin for 1 h at the end of treat-
ment. Cells were then fixed for 10 min in 4% PFA. For transferrin
uptake assay, following treatment, cells were washed in medium
and incubated with Alexa596-conjugated transferrin (25 pg/ml) for
30 min at 37°C. Cells were then acid-washed for 40 s and fixed for
10 min in 4% PFA. Mouse tissue sections, 7 pm thickness, were
obtained after cryosectioning of xenograft tumor embedded in OCT
(Leica cryostat, SC3M facility, SFR Francois Bonamy, Nantes,
France). Mouse tissue sections and human GBM samples from
patients (IRCNA tumor library IRCNA, CHU Nantes, Integrated
Center for Oncology, ICO, St. Herblain, France) were stained as
followed. Sections were fixed 20 min in 4% PFA, permeabilized
10 min with PBS-Triton 0.2%, and blocked with 4% PBS-BSA 2 h
prior to staining. Primary antibodies were incubated overnight at
4°C. All images were acquired on confocal Nikon Al Rsi, using a
60x oil-immersion lens (Nikon Excellence Center, MicroPicell, SFR
Francois Bonamy, Nantes, France). Structure illumination micro-
scopy (SIM) images were acquired with a Nikon N-SIM microscope.
Z-stacks of 0.12 um were performed using a 100x oil-immersion
lens with a 1.49 aperture and reconstructed in 3D using the NIS-
Element Software. All images were analyzed and quantified using
the ImageJ software.

Immunoblotting and immunoprecipitation

Cells were harvested with cold PBS followed by cellular lysis in TNT
lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100,
1% Igepal, 2 mM EDTA, supplemented with protease inhibitor) for
30 min on ice. Samples were centrifuged at 8,000 g to remove insol-
uble fraction. Tissue samples were lysed in RIPA lysis buffer for 2 h
under agitation, following homogenization with mortar and pestle.
Lysates were cleared in centrifuge at max speed for 30 min. Cytosol
and nuclei separation were performed as previously described
(Dubois et al, 2014). Briefly, cells were lysed in Buffer A (HEPES
10 mM, KCl 10 mM, EDTA 0.1 mM, EGTA 0.1 mM, DTT 1 mM,
Na3;VO,; 1 mM, plus protease inhibitor) on ice for 5 min and then
Buffer A + 10% Igepal was added for 5 min. Samples were centri-
fuged at 1,000 g for 3 min. Soluble fraction was cleared at 8,000 g.
Immunoprecipitation was performed as previously described
(Dubois et al, 2014). Briefly, cells were lysed in TNT lysis buffer for
30 min and cleared by centrifugation at 8,000 g. Samples were
precleared by a 30-min incubation with Protein G agarose and then
incubated for 2 h at 4°C with Protein G agarose and 5 pg of indi-
cated antibodies. Protein concentrations were determined by BCA.
Equal amount of 5-10 pg proteins were resolved by SDS-PAGE and
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transferred to nitrocellulose membranes. Membranes were revealed
using a chemiluminescent HRP substrate and visualized using the
Fusion imaging system.

Electron microscopy

After treatment, 1 volume of warm 2.5% glutaraldehyde (0.1M PB
buffer, pH 7.2, 37°C) was added to 1 volume of cell suspension for
5 min, RT. Fixative was removed by centrifugation, and cells were
treated 2.5% glutaraldehyde for 2 h, RT. Samples were then stored
at 4°C in 1% paraformaldehyde until processed. After washes
(10 min x 3), cells are post-fixed by 1% 0s04/1.5% K;3[Fe(CN)g]
for 30 min following washed by ddH,O 10 min x 3, then dehy-
drated by 50, 70, 80, 90, 100% ethanol, 100% ethanol/100%
acetone (1:1) for 5 min, 100% acetone for 3 min. Cells were infil-
trated by 100% acetone/pure resin 1:1, 1:2, 1:3 for 1 h, pure resin
overnight, pure resin for 1 h, then cells were embedded in the pure
resin and polymerized at 60°C for 48 h. 70-nm sections were stained
by uranyl acetate and lead citrate then observed under TEM at
80 kV (Technology Center for Protein Sciences, School of Life
Sciences, Tsinghua University, Beijing, China).

RNAseq analysis

5 x 10° GSC#9 were treated with vehicle (DMSO) and MPZ (20 uM)
for 4 h, in three biological replicates and snap-frozen on dry ice.
RNA extraction (all RIN > 9.0), library preparation, RNAseq, and
bioinformatics analysis were performed at Active Motif (Carlsbad,
California, USA). Briefly, 2 pg of total RNA was isolated using the
Qiagen RNeasy Mini Kit and further processed in Illumina’s TruSeq
Stranded mRNA Library kit. Libraries are sequenced on Illumina
NextSeq 500 as paired-end 42-nt reads. Sequence reads are analyzed
with the STAR alignment—DESeq2 software pipeline described in
the Data Explanation document. The list of differentially expressed
genes from DESeq2 output was selected based on 10% adjusted P-
value level and FDR of 0.1 (please see Fig 6A and D, Table EV1).
Gene ontology and KEGG pathway enrichment analysis were done
using DAVID bioinformatics resources portal.

qPCR

3 x 10° GSC#9 were treated with vehicle (DMSO) and MPZ (20 uM)
for 4 h, in three biological replicates and were snap-frozen. RNA
extraction was done using Qiagen RNeasy kit. Equal amounts of
RNA were reverse-transcribed using the Maxima Reverse Transcrip-
tase kit, and 30 ng of the resulting cDNA was amplified by qPCR
using PerfeCTa SYBR Green SuperMix Low ROX. Data were
analyzed using the 2-AACt methods and normalized by the house-
keeping genes ACTB and HPRT1.

The following primers were used: VGF forward GACCCTCCTCTC
CACCTCTC, VGF reverse ACCGGCTCTTTATGCTCAGA, GNS
forward CCCATTTTGAGAGGTGCCAGT, GNS reverse TGACGT
TACGGCCTTCTCCTT, HEXA forward CAACCAACACATTCTTCTC
CA, HEXA reverse CGCTATCGTGACCTGCTTTT, GLA forward
AGCCAGATTCCTGCATCAGTG, GLA reverse ATAACCTGCATCCTT
CCAGCC, CTSD forward CAACAGCGACAAGTCCAGC, CTSD reverse
CTGAATCAGCGGCACGGC, LAMP2 forward CGTTCTGGTCTGCC
TAGTC, LAMP2 reverse CAGTGCCATGGTCTGAAATG, LAMP1

© 2019 The Authors

145

ASUDDIT SUOWIWOD) AN d[qeoridde o) g pauroaos a1 SI[OIIL () (9N JO Sa[NI J0J K1eIqr auruQ) A3[IA\ UO (SUOHIPUOD-PUB-SULIA)/WOY KO[IM’ ATeIqIjauruo//:sdy) SUONIpuo) pue SWId ], 9yl 93S *[£707/70/80] uo Areiqi aurjuQ AS[IA “9dueL] durIyd0)) £q 00016107 [qQU9/zszs1 01/10p/310 ssardoquio mmam//:sdny woay papeofumod ‘1 “0Z0T ‘SLOTO9F T


Clément
145


Kathryn A jacobs et al

forward ACCTGTCGAGTGGCAACTTCA, LAMP1 reverse GGGCA
CAAGTGGTGGTGAG, CSTB forward AGTGGAGAATGGCACACC
CTA, CSTB reverse AAGAAGCCATTGTCACCCCA, CTSS forward
GCCTGATTCTGTGGACTGG, CTSS reverse GATGTACTGGAAAGCC
GTTG, LC3B forward GCTCATCAAGATAATTAGAAGGCG, LC3B
reverse CTGGGAGGCATAGACCATGT, ACTB forward GGACTTC
GAGCAAGAGATGG, ACTB reverse AGCACTGTGTTGGCGTACAG,
HPRT1 forward TGACACTGGCAAAACAA TGCA, HPRTI reverse
GGTCCTTTTCACCAGCAAGCT, CAV1 forward CGTAGACTCG
GAGGGACATC, CAV1 reverse GCCTTCCAAATGCCGTCAAA, CTGF
forward CATCTTCGGTGGTACGGTGT, CTGF reverse TTCCAGT
CGGTAAGCCGC, EGR3 forward GTGCTATGACCGGCAAACTC,
EGR3 reverse TGTCCATTACATTCTCTGTAGCCA, GLIPR1 forward
TACACTCAGGTTGTTTGGGCA, GLIPR1 reverse ACGTTTGAC
TTGGTCTCGCT, IL7R forward ACGATGTAGCTTACCGCCAG, IL7R
reverse TAGGATCCATCTCCCCTGAGC, CXCL10 forward TGGCATT
CAAGGAGTACCTCTC, CXCL10 reverse TGATGGCCTTCGATT
CTGGA, DRP2 forward CCGTGTGAGTGGCTATCGTA, DRP2 reverse
AGCTCTAACCTGAGGGTGGG, ITGAM forward CGATATCAG
CACATCGGCCT, ITGAM reverse AGCCCTCTGCCCCCTG, MSLN
forward ACTCCCGTCTGCTGTGACG, MSLN reverse AAGAGCAGG
AACAGGAGGCT, CARD10 forward GGACCTGAGCCTCACAACTC,
CARD10 reverse CCACCCTTTGCTCTCTTGGT.

Statistics

Data are representative of at least three independent experiments,
unless otherwise stated. Statistical analysis was performed with
GraphPad Prism5 using one-way analysis of variance (ANOVA),
two-way ANOVA, or an unpaired two-tailed t-test (Student’s t-test).
For each statistical test, P-value of < 0.05 was considered signifi-
cant.

Data availability

The datasets produced in this study are available in the following
databases:

RNA-seq data: Gene Expression Omnibus GSE139018 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE139018).

Expanded View for this article is available online.
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Figure EV1. Impact of phenothiazines on MALT1 protease activity and lysosomes.

A Table summarizing eight phenothiazines used in clinics as either anti-psychotic or anti-histaminic, along with their generic and brand names (cap letters), and
chemical structures.

B Western blot analysis of two MALT1 substrates, HOIL1 and CYLD, either full length (FL) or cleaved (c’d) in Jurkat T cells treated with vehicle (DMSO) or phenothiazines,
as follows: 20 pM CYAM (cyamemazine), CHLO (chlorpromazine), PIPO (pipotiazine), DOXY (doxylamine), ALl (alimemazine), and PRO (promethazine), and 10 M MPZ
(mepazine) and FLU (fluphenazine) for 30 min and stimulated for 30 min more with PMA (20 ng/ml) and lonomycin (lono, 300 ng/ml). TUBULIN served as a loading
control.

C Western blot analysis of CYLD processing in GSC#9 treated with vehicle (DMSO) or phenothiazines (20 pM CYAM, CHLO, PIPO, DOXY, ALI, and PRO, 10 uM MPZ and
FLU) for 60 min. GAPDH served as a loading control.

D Western blot analysis of LAMP2 and LC3B in equal amount of total protein lysates from GSC#9 treated for 6 h with vehicle (DMSO) or 20 pM phenothiazines (MPZ,
FLU, CYAM, CHLO, ALI, PRO). GAPDH served as a loading control.

E Cell viability of GSC#1 and GSC#9 using 20 uM of MPZ, FLU, CHLO, and CYAM, using Cell TiterGlo assays. Data were normalized to their respective DMSO-treated
controls and are presented as the mean + SEM of three independent experiments in triplicate.

F  Schematic drawing of MALT1 structures highlighting the E397A substitution in the mepazine-resistant version. DD: death domain, C-like D: caspase-like domain, Ig:
immunoglobulin domain. Western blot analysis of FLAG in equal amount of total protein lysates from HEK-293T cells transfected with empty vector (mock), MALT-
WT, or MALT1-E397A. GAPDH serves as a loading control. GSC#9 were transduced with MALT-WT or MALT1-E397A and treated with phenothiazines (10 pM of MPZ,
FLU, CYAM, CHLO) for 24 h. Cell Viability was analyzed using Cell TiterGlo assay. Data were normalized to their respective DMSO-treated controls and are presented
as the mean + SEM of three independent experiments in triplicate.

Data information: All data were repeated in three independent experiments. Statistics were performed using a one-way ANOVA with a 95% confidence interval for all
experiments with P-values stated. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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Figure EV2. Impact of MALT1 inhibition on intracellular organelles.

A

Transmission electron microscopy images from GSC#9 transfected with non-silencing duplexes (sic) or sSiRNA duplexes targeting MALT1 (SIMALTI). Multiple images
and sections from one experiment were analyzed. Red stars denote lysosomes; blue stars vacuoles.

Western blot analysis of PDI, TOM20, and LAMP2 in total protein lysates from GSC#9 treated vehicle (DMSO) or MPZ (20 uM) for the indicated times. GAPDH serves
as a loading control.

Western blot analysis of RAB7 and MALT1 in GSC#9 in total protein lysates from GSC#9 transfected with non-silencing duplexes (sic) or siRNA duplexes targeting
MALT1 (siMALTI). Alternatively, GSC#9 received Z-VRPR-FMK (VRPR, 75 uM, 16 h) and mepazine (MPZ, 20 uM, 16 h). GAPDH serves as a loading control.

Confocal analysis of TOM20, GM130, EEA1, and PEX1 immunostaining (green) in GSC#9 treated with vehicle (DMSO) or MPZ (20 uM) for 4 h. Nuclei (DAPI) are shown
in blue. Scale bars: 10 um.

ABC DLBCL lymphoma cells HBL1 treated with vehicle (DMSO) or MPZ (20 uM) for 4 h. (Left) Western blot analysis of LAMP2 and CYLD (full length, FL, or cleaved, c'd)
in total protein lysates. MALT1 and GAPDH serve as loading controls. (Right) Confocal analysis of LAMP2 (red). Nuclei (DAPI) are shown in blue. Scale bars: 10 pum.
Confocal analysis of dg-ovalbumin (dg-OVA, red) in GSC#9 treated with vehicle (DMSO) or MPZ (20 uM) for 4 or 16 h. Nuclei (DAPI) are shown in blue. Alternatively,
confocal analysis of transferrin uptake (green) in GSC#9 and GSC#4 treated with vehicle (DMSO) or MPZ (20 uM) for 4 h. Nuclei (DAPI) are shown in blue. Scale bars:
10 pm.

Data information: All data were repeated in three independent experiments, unless specified.
Source data are available online for this figure.
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Figure EV3. Impact of MALT1 inhibition on cell death and mTOR signaling.

A

Cell viability was measured using Cell TiterGlo luminescent assay in GSC#9 treated for 72 h with vehicle (DMSO) or chloroquine (CQ, 20 uM). Data were normalized
to the vehicle-treated controls and are presented as the mean + SEM of three independent experiments in triplicate.

Cell viability was measured using Cell TiterGlo luminescent assay in GSC#9 transfected with non-silencing duplexes (sic, red) or siRNA duplexes targeting BECLIN1
(SIBECN1, blue) and further treated with vehicle (DMSO) and MPZ (10 and 20 uM) for 72 h. Data were normalized to the vehicle-treated controls and are presented
as the mean + SEM of two independent experiments in triplicate. Knockdown efficiency was checked at the end point by Western blot. GAPDH serves as a loading
control.

GSC#9 were treated with vehicle (DMSO) and mepazine (MPZ, 20 uM) for 16 h. Alternatively, GSC#9 were transfected with non-silencing duplexes (sic) or siRNA
duplexes targeting MALT1 (siMALTI). RNAs were processed for gRT-PCR on 10 gene candidates from RNAseq data (Table EV1). Data are represented as heatmap
representation of RNA expression, normalized to two housekeeping genes (HPRT1 and ACTB).

Western blot analysis of LAMP2 and LC3B in total protein lysates from GSC#9 treated with vehicle (DMSO) and mepazine (MPZ, 20 puM) in the presence of
cycloheximide (CHX, 50 pg/ml) for 16 h. TUBULIN served as a loading control.

Western blot analysis of indicated antibodies in total protein lysates from GSC#1, GSC#12, and GSC#4 that received vehicle (DMSO, —) or mepazine (MPZ, 20 uM,
1 h).

Western blot analysis of indicated antibodies in total protein lysates from GSC#9 treated vehicle (DMSO) or mepazine (MPZ, 20 uM) for the indicated times. GAPDH
serves as a loading control.

Confocal analysis of LAMP2 (red) and mTOR (green) staining in GSC#9 treated vehicle (DMSO) or MPZ (20 uM) for the indicated times. Arrows point to LAMP2-
positive area. Nuclei (DAPI) are shown in blue. Scale bars: 10 um.

GSC#9 were transfected with sic or siTFEB and treated with vehicle (DMSO) or MPZ (20 uM) for 16 h. Samples were analyzed as described in (G). Arrows point to
LAMP2-positive area. Nuclei (DAPI) are shown in blue. Scale bars: 10 pum.

Data information: All data were repeated in three independent experiments, unless specified.
Source data are available online for this figure.
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Figure EV4. Characterization of the RNA-binding protein QKI in glioblastoma cells.

A Western blot analysis of QKI in total protein lysates from GSC #1, #4, #9, #12, and from GSC-xenografted tumors. Alternatively, GSC#9 were transfected with sic or

siQKI using three different duplexes. TUBULIN served as a loading control.

Confocal analysis of QKI immunostaining (red) in glioblastoma tissue sections from two patients. Nuclei (DAPI) are shown in blue. Scale bars: 10 um.

Western blot analysis of QKI in cytosolic (cyt.) and nuclear (nuc.) cell fractionation from GSC#1 and GSC#9, treated with vehicle (—) and mepazine (MPZ, 20 mM,
1 h). TUBULIN and PARP served as loading controls for each fraction. Each panel was replicated at least twice.

D Confocal analysis of FLAG-QKI (green) localization in transfected GSC#9. Scale bars: 10 pum.

GSC#1 and HBL1 protein lysates were processed for immunoprecipitation using control immunoglobulins (Ig) and anti-QKI antibodies. Western blots were performed
using anti-MALT1 and anti-QKI, as specified.

GSC#9 were transfected with non-silencing RNA duplexes (sic), QKI targeting siRNA duplexes (siQKIl), MALTI targeting siRNA duplexes (siMALT1), or double-transfected
with siQKl and siMALTI and analyzed 72 h later. Knockdown efficiency was checked by Western blot analysis using the indicated antibodies.

Source data are available online for this figure.
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2) Maghe C et al., The paracaspase MALT1 controls cholesterol homeostasis in
glioblastoma stem-like cells through lysosome proteome shaping. Cell

Reports, in revision, 2023.

| participated in the conception and design of the study. | acquired, analyzed, and

interpreted the generated data. | also contributed to the redaction of the article.

In this study, | pursued the description of the functions of MALT1 on endo-lysosomes
homeostasis and GSCs cell fitness. By reanalyzing previously published RNAseq
data and coupling it to proteomic description of MALT1-inhibited GSCs, | uncovered
that GSCs rely on a tightly balanced cholesterol homeostasis for their survival. By
establishing the LysolP technique in our cellular model, | demonstrated that MALT1
modulates the abundance of essential cholesterol transporters at the surface of

lysosomes, further regulating GSCs homeostasis.
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By combining the proteomic definition of GSCs and of the purified lysosomal
compartment upon genetic and pharmacologic inhibition of MALT1, we uncovered
the lysosomal-cholesterol transport machinery as central in GSCs survival. Notably,
the Niemann-Pick type C1 (NPC1) protein, major lysosomal cholesterol exporter, was
dispersed from the degradative organelle. Using microscopy techniques coupled to
biochemical assays, we demonstrated the sequestration of cholesterol in lysosomes
of MALT1-inhibited GSCs. Autophagy blockade, transcriptional upregulation of the
cholesterol synthesis pathway as well as cell death induced by loss of NPC1
lysosomal localization were rescued by addition of exogenous cholesterol, placing
this lipid at the intersection between lysosomal homeostasis and GSCs fate.
Consecutively, the direct inhibition of NPC1 activity resulted in the specific elimination
of GSCs, emphasizing the functions of the lysosomal cholesterol handling machinery

in GSCs’ life and death decisions.

Together, our results identify the role of MALT1 on lysosomal cholesterol handling

and its implications on GSCs survival.
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SUMMARY

Glioblastoma stem-like cells (GSCs) compose a tumor-initiating and -propagating
population, remarkably vulnerable to variation in the stability and integrity of the
lysosomal compartment. Previous work showed that the expression and activity of the
paracaspase MALT1 control GSC viability via lysosome abundance. However, the
underlying mechanisms remain elusive. By combining RNAseq with proteome-wide
label-free quantification, we now report that MALT1 repression in patient-derived GSCs
alters the homeostasis of cholesterol, which accumulates in late endosomes (LE)-
lysosomes. This failure in cholesterol supply culminates in cell death and autophagy
defects, which can be partially reverted by providing exogenous membrane-permeable
cholesterol to GSCs. From a molecular standpoint, a targeted lysosome proteome
analysis unraveled that Niemann-Pick type C (NPC) lysosomal cholesterol transporters
are diluted when MALT1 is impaired. Accordingly, we found that NPC1/2 inhibition and
silencing partially mirror MALT1 loss-of-function phenotypes. This supports the notion
that GSC fitness relies on lysosomal cholesterol homeostasis.
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INTRODUCTION

Glioblastoma (GB) is the most common and aggressive primary brain tumor in adults,
with a median survival rate of around 15 months?. This aggressiveness can be
ascribed to the tumor-initiating and -propagating potential of a subpopulation of cells
harboring stem properties, referred to as glioblastoma stem-like cells (GSCs)**. A
growing body of literature now suggests that an intrinsic and tight regulation of the
lysosomes is required for sustaining GSC stemness capacities and viability’™’.
Accordingly, breaking the lysosomal homeostasis has proven efficient in halting GSC
growth and triggering GB decline®®.

Lysosomes play crucial roles in nutrient and lipid sensing®™"

, as they contribute to the
spreading of lipids and cholesterol in intracellular membranes'®'®. Mutations in the
lysosomal cholesterol transporters Niemann-Pick type C, NPC1 and NPC2, provoke
abnormal accumulation of cholesterol in the lumen and the limiting membrane of
lysosomes, which may ultimately impair neuronal functionalities and culminate in mild-to-
severe neurological defects in NPC diseases'* . However, the putative roles of NPC1/2
in brain cancer were not examined.

Cholesterol bioavailability is tightly regulated by actionable checkpoints'®, among which
the sterol regulatory element-binding protein-2 (SREBP2) transcription factor. For
instance, SREBP2 governs the expression of proteins and enzymes involved in de novo
cholesterol synthesis and uptake to counteract cellular cholesterol deficits'®".
Counterbalancing mechanisms, such as the down-regulation of the ABC family

exporters via the inhibition of LXR and RXR transcription factors'®'®

, concomitantly
occur. Despite these intricate regulatory pathways being explored in other cancers'®,
their implications in GB have mostly been limited to in silico analysis and expression

patterns?®-22

. Nonetheless, lowering intracellular cholesterol concentration by LXR
activation was reported lethal to GB cell®>. However, further description is needed to
clarify the dependency of GSCs on cholesterol availability.

Recently, we demonstrated that the paracaspase MALT1, an arginine-protease
previously linked with lymphocyte activation and signaling downstream of G-Protein
Coupled Receptors and Receptor Tyrosine Kinases®, regulates GSC viability by

maintaining lysosome abundance®. However, how precisely MALT1 operates on the
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lysosome compartment remains unknown. By combining RNAseq and quantitative
proteomic analysis, we now report that the repression of MALT1 activity provokes the
dearth in the lysosome loading of cholesterol transporters. Disrupting intracellular
cholesterol trafficking by modifying the lysosome compartment might therefore represent
a promising opportunity for GSC eradication.

RESULTS
The inhibition of MALT1 triggers the SREBP2 transcriptional program in GSCs.
To investigate the molecular basis for MALT1 influence on the late-endosome (LE)-

lysosome fitness®>?

, a dual approach of RNAseq and proteome-wide label-free
quantification (LFQ) analysis was conducted in patient-derived GSCs treated with the
MALT1 inhibitor mepazine®® (Figures 1A, S1A-B). The terms "cholesterol biosynthesis",
"regulation of cholesterol biosynthesis by SREBP", and "metabolism of steroids"
emerged as the top up-regulated pathways identified within the previously published
RNAseq dataset® (Figure 1B, GSE139018). This enrichment of mRNA akin to
cholesterol-related genes was confirmed through gene set enrichment analysis,
underscoring cholesterol-associated signatures (Figure 1B). Accordingly, the proteomic
analysis highlighted an over-representation of proteins related to "lipid" node, in addition
to “spindle”, “actin’, and “RNA” associated networks (Figure 1C, Tables S1-2,
ProteomeXchange identifier PXD040862). Given that de novo cholesterol synthesis
occurs primarily through the mevalonate pathway?’, we next compared the level of
transcripts and proteins involved in this metabolic arm (Figure 1D). Remarkably, most of
the enzymes identified with this dual-omic approach were increased when MALT1 was
inhibited (Figure 1D). This effect was further validated at the RNA level for 8 out of 10
enzymes, upon MALT1 pharmacological inhibition with two compounds (mepazine and
MLT748)%2® (Figure 1E). of note, mepazine treatment did not alter the expression of
MALT1 in patient-derived GSCs (Figure S1C). MALT1 silencing by RNA interference
with two independent duplexes yielded similar responses (Figures 1E, S1D). We also
validated these results on the HSD17B7 target in two additional patient-derived GSCs
(Figure 1F).
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Most of these enzymes are under the control of the SREBP2 transcription factor, which
shuttles from the ER to nucleus upon processing and activation (Figure S2A)%°3°,
Interestingly, we found that MALT1 inhibition caused a two-fold increase in the SREBP2
promoter activity (Figure 1G). Furthermore, datamining in the TCGA database
uncovered correlation between SREBP2 expression level and probability of survival in
GB patients. In fact, SREBP2, but not SREBP1, appeared significantly less expressed in
GB samples (Figures S1E-F). Western-blot analysis revealed SREBP2 processing upon
mepazine treatment in three patient-derived GSCs, albeit with variable intensities
(Figures 1H, S2B). Moreover, the pharmacological inhibition of MALT1 or its silencing
led to an increased expression, both at the mRNA and protein levels, of LDLR, the
primary entry road for extracellular cholesterol, and a canonical SREBP2 target12
(Figures 1H-1, S2B). Additionally, CHIP-qPCR of mepazine-challenged GSCs confirmed
the activation of endogenous SREBP2 transcription factor (Figure S2C). Both drugs and
siRNA had minimal-to-no effects on the levels of SREBP1 canonical targets, including
DGAT1, SCD1, and ACLY, in contrast to the enhanced expression of FASN (Figure
S2D), suggesting that there may be distinct responses in lipid metabolism-related genes
to MALT1 modulation. Taken together, these results indicate that targeting MALT1
preferentially activates the SREBP2 transcriptional program in GSCs, culminating in the
expression of the enzymes involved in the synthesis and uptake of cholesterol.

We next examined whether MALT1 inhibition/silencing provoked alterations in
intracellular cholesterol concentration and/or its handling in GSCs (Figure S2E). First,
we observed that MALT1 silencing resulted in elevated cholesterol concentration in cell
lysates (Figure S2F). Likewise, staining with the fluorescent cholesterol probe filipin-li|
was increased in response to MALT1 inhibition and silencing as assessed by

flow cytometry and confocal microscopy (Figures S2G-H), suggesting an overall rise in
cholesterol content. We also found that MALT1-silenced GSCs significantly accumulated
more LDL, one mechanism for transferring cholesterol (Figure S2I). The same was true
with mepazine and MLT748. In contrast, MALT1 inhibition strongly reduced the
expression of the cholesterol exporters ABCA1 and ABCG1'® (Figure S2J). Hence,
suppressing MALT1 caused GSCs to deploy an arsenal of strategies to increase total

cholesterol concentration via synthesis and uptake, while reducing its export.
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Bioavailable cholesterol partially counteracts MALT1 inhibition-induced loss of
cell viability

We next explored whether cell death resulting from MALT1 inhibition® could be attributed
to SREBP2 activation. As anticipated, SREBP2 silencing precluded the mepazine-
associated increase in LDLR abundance (Figure S3A). However, the loss of cell viability
caused by mepazine was further augmented upon SREBP2 silencing (Figure S3B).
Similar results were obtained with cerivastatin-induced inhibition of HMGCR, the rate-
limiting enzyme in the cholesterol biosynthetic pathway>' (Figure S3C). Autophagy
obstruction, as illustrated by the accumulation of P62 and LC3B lipidation, was also
exacerbated when MALT1 and SREBP2 were inhibited and silenced, respectively
(Figures S3D-E). Conversely, SREBP2 siRNA alone was not sufficient to drive loss of
cell viability and autophagy defects in GSCs (Figures S3B, S3D-E).

Given that SREBP2 silencing aggravated the MALT1-based drop in cell viability, we
postulated that GSCs encountered a defective distribution of intracellular cholesterol,
despite its apparent global accumulation. To challenge this hypothesis, cell viability was
estimated in mepazine-treated GSCs, upon cholesterol feeding with free or membrane-
permeable MBCD-coupled cholesterol’. As expected, the depletion of cellular
cholesterol with MBCD alone killed GSCs (Figure 2A). MBCD-coupled cholesterol
significantly rescued mepazine-treated GSCs, while free cholesterol did not, across
three patient-derived GSCs (Figure 2A). By contrast, astrocytes and brain endothelial
cells remained unaffected to mepazine and cholesterol treatments (Figure S3F).
Moreover, cholesterol similarly restored GSC viability when cultured in serum-free,
complete serum, and delipidated serum containing medium (Figure S3F). However,
neither free nor complexed cholesterol protected GSCs from cell loss driven by
lysosomal-destabilizing drugs (LLOMe and clemastine®) and mitochondrial-mediated
intrinsic apoptosis activator (raptinal32)(Figure 2B), suggesting that cholesterol
supplementation selectively counteract MALT1 inhibition. Flow cytometry analysis of
propidium iodide incorporation further demonstrated that cholesterol feeding robustly
rescued GSCs from mepazine-induced death (Figure 2C). Functionally, the levels of
SREBP2 cleavage and of its downstream target LDLR were restored upon cholesterol
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feeding in MALT1-inhibited GSCs (Figures 2D, S3G). Taken together, these data
demonstrated that bioavailable cholesterol rescued cells exposed to MALT1 inhibition.
We then explored how cholesterol supplementation may operate, given that MALT1
inhibition caused an aberrant organization in the LE-lysosome compartment® (Figure
S3H). First, we found that MALT1 remained outside of the LE-lysosome-enriched
fractions in control and mepazine-treated GSCs (Figures S3I-J). Moreover, MALT1
remained inhibited by mepazine and MLT748 in the presence of exogenous cholesterol,
as visualized by the cleavage of its substrate HOIL1*® (Figure S3G), suggesting that
cholesterol did not directly alter neither MALT1 activity nor its pharmacological inhibition.
Next, while the abundance of the lysosomal proteins LAMP2 and TMEM192, and the
lysotracker signal intensities were not normalized upon cholesterol addition, it did
alleviate autophagic defects (Figures 2E-F, S3K). Hence, P62 accumulation and, to a
lesser extent, LC3B lipidation, were reduced upon cholesterol addition in the context of
MALT1 inhibition (Figures 2F, S3L). This suggests that an exogenous source of
permeable cholesterol might circumvent lysosome-based defects but not the upstream
deregulation of the LE-lysosomes. The importance of MALT1 in tumor cell expansion
was investigated in patient-derived GSC#9 xenografts. Similar to mepazine challenge”®,
MLT748 significantly reduced tumor burden (Figure 2G).

MALT1 inhibition edits the lysosomal proteome and affects the lysosomal
cholesterol export machinery

Because exogenous cholesterol retrieved several phenotypes resulting from MALT1
blockade, we next investigated whether lysosomes correctly convey cholesterol®3+3¢
when MALT1 activity and expression were repressed. To this end, lysosomes were
immunopurified (LysolP®’) from GSCs stably expressing HA- and FLAG-tagged
lysosomal protein TMEM192 (referred to as HA-lyso and Flag-lyso, respectively, Figures
3A-C). Flag-lyso cells served as control cells for anti-HA LysolP. LysolP resulted in the
enrichment of the lysosomal compartment, as confirmed by the presence of the
lysosomal membrane proteins LAMP2 and NPC1, while proteins typical of other
organelles were absent (Figure 3D). A portion of the Golgi protein GM130 was, however,

trapped in these fractions.
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The lysosomal proteomes from vehicle- and mepazine-treated GSCs were then
inspected by LFQ (Figure 3A, ProteomeXchange identifier PXD040855). This unveiled a
strong enrichment in lysosomal proteins with few confounding proteins (Table S3).
Unlike proteins resident of other organelles, lysosomal proteins were significantly
increased in LysolP samples compared to whole cell lysates (Figures 3E-F, S4A-B). The
proteome analysis highlighted autophagy defects in mepazine-treated GSCs, with a
substantial accumulation of the classical autophagic receptors TAX1BP1 and P62
(Figures S4C-D). This initial examination of the lysosome proteome supports the notion
that MALT1 inhibition leads to a defect in their degradative capacity. A closer exploration
into the differentially expressed proteins identified a modest reduction in the levels of
most proteins related to cholesterol in lysosomes, like NPC1, NPC2, and SCARB2
transporters, while this was not observed in total lysates (Figures 3G, S4D). The mRNA
level of NPC1 and NPC2 were left unchanged in response to MALT1 inhibition and
silencing (Figure S4E), indicating a potential shift in the relative repartition of these
lysosomal resident proteins, rather than a drop in their expression. This reduced
presence of NPC1 in lysosomes was independently validated in cells challenged with
MALT1 inhibitors and siRNA (Figure 3H). Indeed, NPC1 was less closely associated
with lysosomes, based on confocal analysis and proximity ligation assay (PLA) (Figures
31, S4F), suggesting a reduction in the number of NPC1-positive lysosomes.

We next explored the role of Quaking (QKI), a KH domain containing RNA binding
protein, reported to interact with MALT1° and SREBP2*** and to downregulate LE-
lysosomes®?®
MALT1 inhibition on the upregulation of LDLR and HSD17B7 (Figures S5A-B). A similar
but partial effect of QKI repression was noted on the expression of the cholesterol efflux

, in MALT1-induced phenotypes. QKI silencing negated the effects of

transporter ABCA1 (Figure S5A). Staining with filipin-lll revealed that cholesterol
accumulation in mepazine-treated GSCs was attenuated following QKI silencing (Figure
S5C). Moreover, LysolP and PLA assays indicated that the level of NPC1 protein was
restored in TMEM192-positive organelles when MALT1 inhibition was combined with
QKI silencing (Figures S5D-E). Thus, QKI is required for the impaired association of
cholesterol transporters with lysosomes, engendered by MALT1 targeting.
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NPC1 blockade partially recapitulates MALT1-repressed phenotypes in GSCs

In silico analysis of the TGCA showed that low NPC1 RNA expression correlated with a
significantly higher probability of survival in GB patients (Figure S6A). This was however
not significant for NPC2 (Figure S6B). Patient clustering based on RNA expression
levels of both NPC1 and NPC2 highlighted an improved probability of survival for
patients with low NPC1/2 RNA expression (Figures 4A, S6C). Moreover, patients with
low NPC1/2 expression exhibited higher SREBP2 RNA expression, linked to a higher
probability of survival (Figure S6D).

We next explored whether the change in NPC1/lysosome ratio could execute MALT1-
related cell death in GSCs. As expected, U18666A, a classical NPC1 inhibitor®,
promoted substantial SREBP2 processing and LDLR expression*® (Figure 4B).
Likewise, reporter assays indicated that SREBP2 was activated upon NPC1 blockade
(Figure 4C). Thus, MALT1 inhibition paralleled both effects of NPC1 inhibition on
SREBP2 and LDLR, albeit to a lesser extent. Moreover, cholesterol, as assessed by
bioluminescent assay and staining with filipin-lll, was globally increased in NPC1-
silenced GSCs (Figures 4D-F). Interestingly, filipin-lll-stained cholesterol accumulated in
TMEM192-positive lysosomes upon NPC1 inhibition and silencing, similarly to cells
exposed to MALT1 targeting drugs and siRNA (Figure 4F). The levels of the lipid
lysobisphosphatidic acid (LBPA), which significantly accumulates in NPC1-inhibited
cells*', also augmented with the repression of MALT1 (Figure 4G). This indicates shared
responses to MALT1 and NPC1 suppression in GSCs, although with varying amplitude.
However, hindering NPC1 and NPC2 did not recapitulate the lysosomal increase
observed when MALT1 activity/expression was abrogated (Figures 4H, SGE). The
accumulation of the autophagic receptor P62 was nonetheless phenocopied by the use
of U18666A (Figure 4H), suggesting that lysosomes from MALT1 and NPC1-inhibited
GSCs may feature similar degradative defects. Likewise, U18666A treatment and the
silencing of NPC1 and NPC2 significantly reduced GSC viability (Figures 4I-J, S6F). Of
note, blocking MALT1 proved more effective at driving cell death than targeting NPC
transporters, suggesting possible, additional mediators, such as the number of
lysosomes themselves and/or their permeability extent. U18666A was not as toxic in

astrocytes and brain endothelial cells (Figures S6F-G), recapitulating the neutral impact
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of mepazine®. In line with this, Jurkat and BJAB lymphocytes without intrinsic MALT1
activity were left intact, unlike the MALT1-dependent OCI-Ly3 lymphoma cells***
(Figure S6G), raising the possibility of a causal link between MALT1 activity and
sensitivity to U18666A. To evaluate the potential of targeting NPC1 in GB, xenograft
model was revisited with U18666A administration, which significantly reduced plasmatic
cholesterol concentration (Figures 4K-L). Similar to mepazine® and MLT748, tumor
growth was lessened, underscoring the importance of lysosomal cholesterol transport for

GB growth.

DISCUSSION

Taken together, our results lend support to an underestimated role of MALT1 in the
regulation of intracellular cholesterol equilibrium. Indeed, suppressing MALT1
activity/expression causes a profound remodeling of the LE-lysosomal compartment,
accompanied by the retention of cholesterol and subsequent failure in its intracellular
delivery. These defects ultimately culminate in GSC’s demise. Concomitantly to an
accumulation of intracellular cholesterol, MALT1-repressed cells deploy a myriad of
strategies to cope with cholesterol demands'®®. Our results suggest that MALT1-
inhibited GSCs launch a compensatory program to counteract cholesterol retention. In a
MALT1-suppressed context, hampering SREBP2-mediated cholesterol synthesis with
RNA interference or cerivastatin®’, aggravates both autophagy defects and cell death in
GSCs. This highlights the strong dependency of these cells on finely-tuned cholesterol
homeostasis. As U18666A and MLT748 proved efficacy in reducing tumor growth in
xenografted mice, combining the targeting of MALT1 and cholesterol supply may
therefore represent a valid strategy for GSC eradication. However, one caveat with the
canonical use of statins resides in the reported adverse effects on non-tumor cells, like
astrocytes?>**. Hence, more selective cholesterol-lowering agents may be valuable®.
Our data identify that MALT1-inhibited cells experience a deficiency in cholesterol
handling, likely due to the reduced levels of cholesterol transporters within lysosomes.
We provide evidence that NPC1 abundance is reduced within these organelles while
cellular expression remains steady, suggesting that MALT1 inhibition may cause the
paucity of cholesterol transporters in lysosomes. Paralleling the situation in NPC-

165


Clément
165


patients with mutations affecting protein folding or ability to anchor in lipid-rich
membranes®, it is plausible that NPC1 is retained in the ER. Although we cannot rule
out its rerouting to different cellular membranes, NPC1 might alternatively become
diluted in the pool of newly generated lysosomes. Notably, QKI silencing, which
attenuates MALT1-associated lysosomal defects, also mitigates the dispersal of NPC1
from lysosomes. In keeping with this notion, MALT1 silencing might create NPC1-
exhausted lysosomes, making the as-produced lysosome population less prone to
export cholesterol’>*>% . Arguing in favor of the apparition of a pool of dysfunctional
NPC1-defective lysosomes, targeted proteomic highlights an autophagy signature. This
aligns with previous studies that demonstrate the pronounced autophagic defects in
NPC1-null models®*®. Overall, the increased abundance of abnormal lysosomes results
in a widespread accumulation and sequestration of cholesterol, which subsequently
contribute to most of the MALT1-dependent phenotypes.

How exactly the cholesterol inflation in lysosomes leads to cell death remains to be
elucidated. Paralleling lysosomal storage diseases, where cholesterol is trapped in
lysosomes®>®, MALT1 suppression reiterates traits seen in NPC diseases, including the
accumulation of cholesterol in lysosomes, lysosomal membrane fragility, and
compromised proteolysis capacities®®*’. The resulting cholesterol depletion in other
intracellular compartments, the potential disorganization in cellular membranes, and the
disassembly of essential signaling pathways could globally weaken cell fitness'®?".
Taken together, our data substantiate the notion that the viability of MALT1-active GSCs
hinges on effective cholesterol distribution. These cells are ultimately vulnerable to
failure in the cholesterol dispatch, as blocking the NPC1 transporter and/or increasing
the number of lysosomes as storage sites prove to be lethal.

LIMITATIONS OF THE STUDY

This study did not establish the exact mechanistic link between MALT1 and cholesterol
regulation, albeit several mediator hints were identified (QKI, SREBP2, NPC1). Detailed
studies of the lysosomal compartment could help define the precise role of NPC1,
notably its influence on ER-lysosome cholesterol transfer as an alternate source besides
LDLR uptake. Non-GSC models, such as astrocytes and endothelial cells, were used
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only with parsimony to control for the effects of MALT1. It will be of paramount
importance to next evaluate the role of MALT1 on cholesterol distribution in non-cancer
contexts, notably upon MALT1 physiological activation. Ultimately, further research is
essential to explore the in vivo translation of our discoveries, with a particular focus on
understanding the contribution of cholesterol supply and overall homeostasis.

167


Clément
167


Acknowledgements. We are grateful to SOAP team members (CRCI2ZNA, Nantes,
France), especially Agniezska Barbach and Lucas Ottero. We also thank Ceédric
Broussard, Johanna Bruce, Philippe Chafey, and Frangois Guillonneau, from Proteom’IC
facility, Université Paris Cité, CNRS, INSERM, Institut Cochin, F-75014 PARIS, France
(supported by the DIM Thérapie Génique Paris lle-de-France Région, IBiSA, and the
Labex GR-Ex) for performing sample preparation, acquisition, and analysis. We are also
grateful to Cédric Le May, Xavier Prieur, and Thibaud Sotin (L'Institut du Thorax,
Nantes, France) for technical advices, as well as Laetitia Durand and Francois Paris
(CRCI?NA, Nantes, France). We would like to acknowledge the core-facilities from UMS
Biocore, Nantes, France (MicroPICell ANR-10-INBS-04 and Cytocell).

Financial support. This work was supported by Fondation ARC contre le Cancer, INCa
PLBIO (2019-151, 2019-291, 2023-044, INCa PAIR-CEREB INCa_16285), Ligue
Nationale Contre le Cancer (EL2022) and Comités Ligue 35, 44, 49, 72, 85, and Region
Pays de la Loire. CM, MK, and LM received a fellowship from Ligue Contre le Cancer,
KAJ from Fondation ARC. The team is part of the SIRIC ILIAD (INCa-DGOS-
Inserm_12558).

Author contribution. C.M., conception and design, acquisition and visualization of data,
analysis and interpretation of data, draft of the article. K.T., G.A.G., M.K,, LM., K.AJ.,
acquisition of data, analysis and interpretation of data. K.S. provided essential reagents
and interpretation of data. N.B., conception and design, analysis and interpretation of
data, draft the article. J.G., conception and design, analysis and interpretation of data,
write the article. All authors approved the manuscript.

Declaration of interests. The authors declare no competing interests.

168


Clément
168


D E ~=
DMSO vs MPZ 8 e
4h (RNA) / 6h (protein) fold-change acetyl-CoA  RNA protein ~§HE=——""58— ***
8 e 200 S — ek
® 632 ACAT1 T v **x
label free @ 055 ACAT2 =
o Q= e
quantitative 6 - @b HMGCS1 (O s *¥x
. (LFQ) 2 |a@- S m=
patient proteomic © a HMGCR T **=
GSCH#o | .& v —
= 4- (@ Q mevalonate o EE—
o a S wx
3 mv [l S ==
0 e
—
bulk RNA 2 | ' actin-related GO terms PMVK >< e
f M spindle-related GO terms — —
sequencing M lipid-related GO terms MVD 'II | — ¥ ) Rg L1 DMSO
® RNA-related GO terms DI (e ns W MLT748
T 5 2 T ns OMPZ
5
RNAseq GO term GGPS1 [ — GSC,#Q
fold Change L o NS = sictl
from upregulated genes v FDPS E'J o NS A MALTA
f I-PP O = NS - S!-ZMALT1
regulation of cholesterol FDFT1 —»
; ; T O *
biosynthesis by SREBP _ SOLE E pr— *:*
activation of gene expression >- B
e
by SREBP [ LSS || ———
metabolism of steroids - —
FOXO-mediated transcription lanosterol O e ***
QO **
of cell cycle genes - X ==
| | I ] CYP51A1 < DR ***
100 10 10°10 1015 i —— T
p-value DHCR24 >< —
T —— %%+
TM7SF2 >< O **
= n =
o . 08 [~ reactome cholesterol | s Horton SREBF targets >< = D F**
c @ o6 o biosynthesis || \\\\\ FAXDC2 B
E o 04 | &- | \\\ NSDHL 5 _.EE—' .
205 N s N
= 3 021 »- S | NG HSD17B7 O ===
= 0o . N () D <% %
EBP ] E—
S - ==
- 2 | . SC5D >< I R
2.9 O T **
£ o e N DHCR7? I == -
c e
€ I v O——m
2 ' neg' negately comelated e e cholesterol [:I E] — T T
0 25 50 7.5 10.0 125 150175 200 0 2.5 50 7.5 10.0 125 15.017.5 20.0 = o0 0 RIJJA e2xpr3ess‘i10n5
rank in ordered dataset (*100) rank in ordered dataset (*100) logz fold change (fold change)
O O
F G H B N B N 8 N |
Z s 23 3¢
(m] [m) [a] ictl
0 DMSO [0 DMSO . O m O m O o O DMSO | S!C o
O MPZ W MLT748 prem— | —— ' qFL B MLT748 W si.2
S - O MPZ 100. OMPZ O si.3VALT!
@ 4 3 < 4 —
173 . ns * 75 SREBP2 .© **
o * 5 (0.051)® 3 o
% o 3 s ° e o 34 ¥ *¥ °
o 2 . I!JIJ 2 s50. TR R || 2% 8 { cleaved e = * ’:* .
< © o ® o
c 24 n _
z5 2 T 7 - | w—[ S |oaPOH < S 2
N~ o o w1 » ¥ o °
e@ﬂ—m ﬂ ss D oo 199 0 |[ o0 8 [V 8 |ioL m£1—ﬂ I ﬁ ﬁ
- 3
37| w—
g o 0l | | — (T =
L GSC#4 GSCH#6 GSCH9 GSC#4 GSCH#6 GSCHY GSC#9 GSC#4 GSCH6

Figure 1 169


Clément
169


Figure 1. The inhibition of MALT1 triggers the SREBP2 transcriptional program in
GSCs

(A-D) Patient-derived glioblastoma stem-like cells GSC#9 received vehicle (DMSO) or
MALT1 inhibitor (MPZ, 20uM). (A) Workflow of the dual RNAseq transcriptomic (n=3)
and LFQ proteomic (n=4) approach. (B, top) REAC enrichment analysis of the top
upregulated pathways from RNAseq. (B, bottom) Upregulated genes (fold-change > 1.5)
analyzed for gene set enrichment analysis (GSEA). (C) Differentially upregulated
proteins analyzed with Pantherdb*®. GO terms are in Table S1. (D) Heatmap of
cholesterol synthesis pathway genes and proteins expression. Cross: non-identified hits.
(E) RT-gPCR analysis of the indicated targets in GSC#9 treated for 4h with DMSO, MPZ
(20uM), and MLT748 (5uM). Alternatively, cells received non-silencing (si®) and 2
duplexes targeting MALT1 (si™*™") for 3 days. Data were normalized to housekeeping
genes (HPRT1, ACTB).

(F) RT-gPCR analysis of HSD17B7 in the indicated GSCs treated as in (E).

(G) SREBP2 reporter activity was evaluated in GSC#9 treated for 16h with DMSO, MPZ
(20uM), and MLT748 (5uM).

(H) Western-blot analysis of SREBP2 and LDLR in the indicated GSCs treated for 3h
and 24h, respectively, with DMSO and MPZ (20uM). Green and red arrowheads: FL (full
length) and cleaved SREBP2, respectively.

(I) RT-gPCR analysis of LDLR in the indicated GSCs treated as in (E).

All panels are representative of n=3, unless otherwise specified. t-test and ANOVA,
*p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Bioavailable cholesterol partially counteracts MALT1 inhibition-induced
cell death

(A) Cell viability in the indicated GSCs pretreated with DMSO and MPZ (20uM, 1h), and
challenged for 48h with vehicle (H.O), MBCD (0.1%), and either cholesterol alone (50
and 250pM) or in complex with MBCD (chol/MBCD) (n=23).

(B) Schematic representation of the lysosomal-destabilizing (LLOMe, 1uM, 1h and
clemastine, 20uM, 1h) and pro-apoptotic (raptinal, 2uM, 1h) drugs used. Cell viability as
in (A) (n=5).

(C) Propidium iodide (PI) incorporation by flow cytometry in GSC#9 as in (A).

(D) Western-blot analysis of SREBP2 in GSC#9 pretreated for 1h with DMSO, MPZ
(20uM), and MLT748 (5uM), and challenged for 3h with H,O and chol/MBCD (250uM).
Green and red arrowheads: FL (full length) and cleaved SREBP2, respectively.

(E-F) Confocal analysis of LysoTracker (LTR, E) and P62 (F) staining in GSC#9
pretreated for 1h with DMSO and MPZ (20uM), and challenged for 16h with H,O and
chol/MBCD (250uM). Scale bar: 10um. Violin representations: quantification of LTR
intensity/cell (n>71) and P62 punctae/cell (n>39).

(G) Nude mice were implanted with GSC#9 and treated with DMSO or MLT748 (4mg/kg)
daily, once tumors were palpable. Tumor volume was measured twice a week. Inset:
end-point tumors (n=5 mice/group).

All panels are representative of n=3, unless otherwise specified. t-test and ANOVA,
*p<0.05, **p<0.01, ***p<0.001.

172


Clément
172


B
patient GSC#9
o 8
Flag-lyso ——
HA-lyso < &
hanical I o
mecnanica
5 so. W8 ] TUBULIN
organelles 37-
~ enrighed EI FLAG
racton so. ** w=]| TUBULIN
magnetic GSC#9
immuno l
purification
T E
lysosomes .
Gol
LC-MS/MS - M LysolP
- perox
label free quantification = EwCL
lysosomes-associated ER g
proteins |
yso.
> 1.5 fold enrichment mit
< 0.05 p-value ° I——
0 20 40 60 80 100
-log1o p-value
MPZ vs DMSO
G H
BWCL [OLysolP OLysolP
ACAT1 cc
2z
LIPA = N®
< 7 T )
LRPAP1 I EEO
NPC1 * 150_| - -
NPC2 37.| ‘t.
SCARB2 ©
o X
STARD3 DN -
>0 .
VAPA o0 ==
=00m
VAPB 0. BN
VDAC3 * 37 | oy
-1.0 -05 0
logz fold change
|
MLT748
3
o
4
<
<%
™ %
o & :S|_3MALT1
3 .
=
w
=
|_

HA-lyso GSC#9

Figure 3

HA-lyso GSC#9

[Joutput
[CLysolP

input

Flag-lyso
HA-lyso
Flag-lyso
HA-lyso
Flag-lyso
HA-lyso

37-

so[==== _ ]caR
- [====___]VDAC
WEE = =]eMmi30
150.[====__] EEA1

B

lysosomes

endoplasmic reticulum
mitochondria
Golgi apparatus

early endosomes

metabolism [

2. metabolic pathways

3. oxidative phosphorylation
4.V L | degradation

6. carbon metabolism

7. TCA cycle

12. fatty acid metabolism

saccharides []

5. glycan degradation
8. GAG degradation
10. N-glycans biosynthesis

1.2 —

organelles ]

1. lysosome
14. phagosome

miscellaneous []

9. SNARE interactions in
vesicular transport

11. collecting duct acid
secretion

13. mitophagy animal

I:l Sictl
g poo * « .Si.2MALT1
g 3 ;4:08— . N [ si.3VALTY
3 N9 gL '
g'a ) o =
SOED e
c = 0.4+
| NPC1 3
© 127 0 DMSO
2 N E > sa O MPZ
>0 4 “q‘s % 0.8 XXX . MLT748
=00N %’) O
a
|NPC1 5§z 04
©
P, | HA 0
600 —
8 . i XXX
S s
§£ 400 — xx 0 DMSO
2 O MPZ
25 2004 % B MLT748
< £
|
o
0_
600 —
g - X¥¥
8 & 400- e jot
g8 @ si
g % ] W si.2VALT!
q_? % 200 O si.3MALT1
<€
S £
o
0_
173


Clément
173


Figure 3. MALT1 edits the lysosomal proteome and affects the lysosomal
cholesterol export machinery

(A) LFQ proteomic after anti-HA immunopurification (LysolP) in GSC#9 stably
expressing the lysosomal protein TMEM192 (HA- or Flag-lyso); fold-changes on HA/Flag
ratio (n=4).

(B-C) Western-blot (B) and confocal (C) analysis as indicated in Flag-lyso and HA-lyso
GSC#9. Scale bar: 10um.

(D) Western-blot analysis as indicated in Flag-lyso or HA-lyso GSC#9 inputs, outputs,
and LysolP.

(E) GO:CC enrichment analysis from the whole cell lysate (WCL) and LysolP proteomics
analysis.

(F) KEGG enrichment analysis of lysosome-associated proteins (fold-change >1.5 and
p-value <0.05, in HA/Flag ratio).

(G) Heatmap of KEGG: Cholesterol Metabolism hits from WCL and LysolP in HA-lyso
GSC#9 treated with DMSO and MPZ (20uM, 6h). Cross: not-identified candidates.

(H) Western-blot analysis of NPC1 from Flag-lyso and HA-lyso GSC#9 LysolP and
WCL. Top: cells transfected with non-silencing (si!) and 2 duplexes targeting MALT1
(si"™") for 3 days. Bottom: cells treated for 6h with DMSO, MPZ (20uM), and MLT748
(5uM). Densitometric analysis of NPC1 level normalized to TMEM192-3xHA (HA).

(I) Confocal analysis of Proximity Ligation Assay (PLA) between TMEM192-3xHA and
NPC1. HA-lyso GSC#9 were treated as described in (H). Scale bar: 10um. Violin
representations: quantification of PLA signal intensity/cell (n>108).

All panels are representative of n=3, unless otherwise specified. ANOVA, *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4. NPC1 blockade partially recapitulated MALT1-repressed phenotypes in
GSCs

(A) Kaplan-Meier curve for 488 GB patients (TCGA Agilent-4502A dataset), grouped
based on NPC1 and NPC2 mRNA levels low (purple), high (orange), or mixed (grey).
Log-rank p-values are indicated.

(B) Western-blot analysis of SREBP2 and LDLR in GSC#9 treated 3h and 24h,
respectively, with DMSO and U18666A (2ug/mL). Green and red arrowheads: FL (full
length) and cleaved SREBP2, respectively.

(C) SREBP2 reporter activity in GSC#9 treated as in (B) for 16h.

(D-E) Total cholesterol level in GSC#9 transfected with non-silencing (siCt') and NPC1
targeting duplexes (si""°") for 3 days, measured by bioluminescent assay (ratio
cholesterol/proteins, yM/pg, n=5, D), and estimated with filipin-lll flow cytometry (mean
fluorescence intensity, n=5, E).

(F) Confocal analysis of filipin-1ll and TMEM192-3xHA (HA) staining in HA-lyso GSC#9
treated for 16h with DMSO, MPZ (20uM), MLT748 (5uM), and U18666A (2ug/mL).
Alternatively, cells received si®, si"°“!, and si""™ for 3 days. Scale bar: 10um. Violin
representations: quantification of filipin-Ill signal intensity/cell (n>38).

(G-H) Confocal analysis of lysobisphosphatidic acid (LBPA) (G), LysoTracker (LTR) (H,
Top), and P62 (H, Bottom) in GSC#9 treated as in (F) for 24h. Scale bar: 10pm. Violin
representations: quantification of LBPA signal intensity/cell (G, n>112) and P62
punctae/cell (H, n=41).

(I-J) Cell viability was measured in GSC#9 treated for 48h with DMSO and U18666A at
the indicated doses (I). Alternatively, cells were transfected for 3 days with si®, si""°’,
and si""¢? (J).

(K-L) Nude mice were implanted with GSC#9 in each flank and treated with either
DMSO or U18666A (4mg/kg) daily, once tumors were palpable. Tumor volume was
measured twice a week (K left). End-point tumors (K right), and plasmatic cholesterol at
end-point (L) (n=5 mice/group).

All panels are representative of n=3, unless otherwise specified. t-test and ANOVA,
*p<0.05, **p<0.01, ***p<0.001.
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Key resources table

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
CALRETICULIN Cell Signaling Technology Cat#12238; RRID:AB_2688013
CATHEPSIN D BD Biosciences Cat#610800; RRID:AB_398119
EEA1 BD Biosciences Cat#610456; RRID:AB_397829
FLAG Cell Signaling Technology Cat#F1804; RRID:AB_262044
GAPDH Santa Cruz Biotechnology Cat#sc-32233; RRID:AB_627679
GM130 Abcam Cat#ab52649; RRID:AB_880266
HA Merck Millipore Cat#H3663; RRID:AB_262051
HA Cell Signaling Technology Cat#3724; RRID:AB_1549585
HOIL1 Santa Cruz Biotechnology Cat#sc-393754
LAMP2 Santa Cruz Biotechnology Cat#sc-18822; RRID:AB_626858
LBPA Merck Millipore Cat#MABT837
LC3B Cell Signaling Technology Cat#3868; RRID:AB_2137707
LDLR Proteintech Cat#10785-1-AP;

RRID:AB 2281164
NPC1 Abcam Cat#ab134113; RRID:AB_2734695
NPC2 ABclonal Cat#A5413; RRID:AB_2766221
P62 Cell Signaling Technology Cat#88588; RRID:AB_2800125
QKI Santa Cruz Biotechnology Cat#sc-517305;

RRID:AB 2941818
SREBP2 R&D Systems Cat#MAB7119
SREBP2 Cayman Chemical Cat#10007663; RRID:AB_2615896
VDAC Cell Signaling Technology Cat#4661; RRID:AB_10557420
a-TUBULIN Proteintech Cat#66031-1-Ig;

RRID:AB 11042766
a-TUBULIN Santa Cruz Biotechnology Cat#sc-8035; RRID:AB_628408

Goat Anti-Mouse Ig, Human ads-
HRP

Southern Biotech

Cat#1010-05

Goat Anti-Mouse 1gG1, Human ads-
HRP

Southern Biotech

Cat#1070-05

Goat Anti-Mouse 1gG2a, Human
ads-HRP

Southern Biotech

Cat#1080-05

Goat Anti-Mouse 1gG2b, Human
ads-HRP

Southern Biotech

Cat#1090-05

Goat Anti-Rabbit IgG(H+L),
Mouse/Human ads-HRP

Southern Biotech

Cat#4050-05

Goat anti-Mouse 1gG1 Cross-
Adsorbed Secondary Antibody,
Alexa Fluor 546

Life Technologies

Cat#A-21123

Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary
Antibody, Alexa Fluor 546

Life Technologies

Cat#A-11035

Goat anti-Mouse 1gG1 Cross-
Adsorbed Secondary Antibody,
Alexa Fluor 488

Life Technologies

Cat#A-21121

Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488

Life Technologies

Cat#A-11034

Bacterial and virus strains

One Shot Stbl3 Chemically
Competent E. coli

Life Technologies

Cat#C7373-03

Biological samples
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Patient-derived glioblastoma stem- Harford-Wright E. et al. N/A
like cells GSC#1, GSC#4, GSC#6, (2017)

GSC#9

GSC#9 3xHA This paper N/A
GSC#9 2xFLAG This paper N/A
Luciferase-GFP-expressing GSC#9 | André-Grégoire G. et al. N/A

(2022)

Chemicals, peptides, and recombinant

proteins

Mepazine ChemBridge Cat#5216177; CAS: 738596-90-2
MLT-748 Selleck Chemicals Cat#S8898; CAS: 1832578-30-9
U18666A Selleck Chemicals Cat#S9669; CAS: 3039-71-2
Cerivastatin Merck Millipore Cat#SML0005; CAS: 143201-11-0
LLOMe Merck Millipore Cat#L7393; CAS: 16689-14-8
Clemastine Selleck Chemicals Cat#S1847; CAS: 14976-57-9
Raptinal Merck Millipore Cat#SML-1745; CAS: 1176-09-6
Cholesterol Merck Millipore Cat#C3045; CAS: 57-88-5

Methyl-B-cyclodextrin (MBCD)

Merck Millipore

Cat#C4555; CAS: 128446-36-6

Ponceau S Solution

Santa Cruz Biotechnology

Cat#sc-301558; CAS: 6226-79-5

Paraformaldehyde (PFA)

Electron Microscopy

Sciences

Cat#15710; CAS: 30525-89-4

Triton X-100

Merck Millipore

Cat#T79284; CAS: 9036-19-5

Bovine Serum Albumin (BSA)

Merck Millipore

Cat#A2153; CAS: 9048-46-8

DAPI Solution

Life Technologies

Cat#62248; CAS: 28718-90-3

Glycin Eurobio Scientific Cat#GEPGLY00-66; CAS: 56-40-6
Filipin Complex from Streptomyces Merck Millipore Cat#F9765; CAS: 11078-21-0
filipinensis

Fibronectin Merck Millipore Cat#F1056; CAS: 86088-83-7
Matrigel Corning Cat#356237

Critical commercial assays

BC assay: protein assay kit Interchim Cat#FT-40840A

CellTiter-Glo 2.0 Cell Viability Assay | Promega Cat#G9243

Duolink In Situ Detection Reagents Merck Millipore Cat#DU092013

Far Red

Duolink In Situ PLA Probe Anti- Merck Millipore Cat#DuU092001

Mouse PLUS

Duolink In Situ PLA Probe Anti- Merck Millipore Cat#DU092005

Rabbit MINUS

Dual-Luciferase Reporter Assay Promega Cat#E1910

System

Cholesterol/Cholesterol Ester-Glo Promega Cat#J3190

Assay

Blood cholesterol measurement kit Sobioda Cat#W1306139

Pierce™ Magnetic ChlIP Kit Life Technologies Cat#26157

Propidium iodide Life Technologies Cat#V13245

Deposited data

Label-free quantification proteomic This paper PXD040862

analysis of total cell lysates from

vehicle versus mepazine-treated

GSC#9

Label-free quantification proteomic This paper PXD040855

analysis of immunopurified
lysosomes (LysolP) from vehicle
versus mepazine-treated GSC#9
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RNAseq analysis of vehicle versus
mepazine-treated GSC#9

Jacobs et al. (2019)

GSE139018

Experimental models: Cell lines

HEK293T embryonic kidney cells ATCC Cat#CRL-3216; RRID:CVCL_0063
Jurkat T-cells E6-1 ATCC Cat#TIB-152; RRID:CVCL_0367
BJAB Burkitt lymphoma cells DSMZzZ Cat#ACC 757; RRID:CVCL_5711
OCI-LY3 B-lymphoma cells DSMZz Cat#ACC 761

hCMEC/D3 brain endothelial cells Gift from Couraud P.O. N/A

SVG p12 astrocytes

ATCC

Cat#CRL-8621; RRID:CVCL_3797

Experimental models: Organisms/strains

Mouse: BALB/CANN.Cg-Foxn1 Charles River N/A
nu/nu
Oligonucleotides
Stealth non-silencing low-GC RNA Life Technologies Cat#12935111
duplexes
CGACAAUUGUGAGGUCUAAACUA
uu
siRNA targeting human MALT1 This paper N/A
(si.2MALT1)
CAGCAUUCUGGAUUGGCAAAUG
GAA
siRNA targeting human MALT1 Life Technologies Cat#10620312
(si.3MALT1)
CCUGUGAAAUAGUACUGCACUUA
CA
siRNA targeting human NPC1 This paper N/A
(siNPC1)
ACCAATTGTGATAGCAATATT
siRNA targeting human NPC2 This paper N/A
(siNPC2)
GGAUGGAGUUAUAAAGGAA
siRNA targeting human SREBP2 This paper N/A
(siSREBP2)
GCGCUCUCAUUUUACCAAATT
siRNA targeting human QKI (siQKI) | Life Technologies Cat#1299001
CCTTGAGTATCCTATTGAACCTAG
T
Primers for gPCR and ChIP-gPCR, This paper N/A
see Table S4
Recombinant DNA
pLJC5-Tmem192-3xHA Addgene Cat#102930;
RRID:Addgene_102930
pLJC5-Tmem192-2xFLAG Addgene Cat#102929;
RRID:Addgene_102929
pSynSRE-T-Luc Addgene Cat#60444; RRID:Addgene_60444
pSynSRE-Mut-T-Luc Addgene Cat#60490; RRID:Addgene_60490
pRL-TK-Renilla-Luc Promega Cat#E2241
psPAX2 Addgene Cat#12260
pCMV-VSV-G Addgene Cat#8454
Mixture of pLNT-LucF/pFG12-eGFP | André-Grégoire G. et al. N/A
(2022)
Software and algorithms
Gliovis Platform Bowman R. et al. (2017)
Version: 0.20

ImageJ/FIJI

NIH

Version: 2.3.0/1.53q

g:Profiler

Raudvere, U. et al. (2019)

Version: e107_eg54_p17_bf42210
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Panther Classification System

Thomas P.D. et al. (2022)

Version: 17.0

Prism 9.3.0.463

GraphPad

Serial number; GPS-2575813-
Littt-tHHE

FlowJo X BD Biosciences Version: 10.0.7r2
NIS-Elements Nikon Version: 5.30.03
Other
N-2 Supplement LifeTechnologies Cat#17502048
G-5 Supplement LifeTechnologies Cat# 17503012
B-27 Supplement LifeTechnologies Cat#17504044
Geneduice Transfection Reagent Merck Millipore Cat#70967
Lipofectamine RNAIMAX LifeTechnologies Cat#13778150
Transfection Reagent
HALT Protease Inhibitor Cocktail LifeTechnologies Cat#78429
Substrat HRP Immobilon Western Merck Millipore Cat# WBKLS0500
FUSION FX Imaging System Vilber Cat#FUSION-FX7-826.WL /
SuperBright
Protran Nitrocellulose Western Amersham Cat#GE10600002
Blotting Membranes
Dil Labeled Native LDL Kalen Biomedical, LLC Cat#NC9839048
ProLong Gold Antifade Mountant Life Technologies Cat#P36934
NucleoSpin RNA, Mini Kit for RNA Macherey-Nagel Cat#740955
Purification
Maxima First Strand cDNA Synthesis | Life Technologies Cat#K1642

Kit for RT-gPCR

PerfeCTa SYBR Green FastMix Low
ROX

QuantaBio

Cat#95074-05K

FLUOstar Optima Plate Reader

BMG Labtech

Serial number: 413-3408

Pierce Anti-HA Magnetic Beads Life Technologies Cat#88837
LysoTracker™ Red DND-99 Life Technologies Cat#L7528
Charcoal Stipped Fetal Bovine Life Technologies Cat#A3382101

Serum, Delipidated

Polybrene

Santa Cruz Biotechnology

Cat#sc-134220
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STAR METHODS

Resource Availability

Lead Aontact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Julie Gavard (julie.gavard@inserm.fr).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

This paper analyzed existing, publicly available RNAseq data deposited in Gene Expression Omnibus
(GEO) under the accession numbers GEO: GSE139018

Raw and processed proteomic data have been deposited at ProteomeXchange with
identifiers PXD040862 for whole cell lysate analysis, and PXD040855 for immunopurified lysosomes-
targeted proteomic, and are publicly available as of the date of publication

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

Experimental model and study participant details

Animals

Animal experiments were approved by the French Government (Ministry of Higher Education and
Research, APAFIS#24400-2020022713064016 v2) and conducted in agreement with the European
Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes
(ETS 123). Animals had continuous access to food and water, in a specific pathogen-free (SPF)
environment with regulated temperature and hygrometry, following a 12h day-night cycle. Xenografts were
conducted on six-to-seven-weeks-old female Balb/c Nude mice (BALB/CAnN.Cg-Foxn1 nu/nu, Janvier
Labs).

Cell culture

All cells were cultured according to the French Ministry of Higher Education and Research rules under the
#DUO10524 authorization. GB patient-derived stem-like cells (GSCs) were dissociated from primary
glioblastoma tissue (MACS Dissociator, Miltenyi). All subjects have given their informed consent. This
study was approved by the institutional review boards of Sainte-Anne Hospital, Paris, France, and
Laennec Hospital, Nantes, France, and performed in accordance with the Declaration of Helsinki Protocol.
They were characterized for their self-renewal capabilities, cell surface antigens, expression of stemness
markers, their ability to differentiate, and to initiate tumor formation*®. GSC#1 (mesenchymal, 68-year-old
male), GSC#4 (mesenchymal, 76-year-old female), GSC#6 (mesenchymal, 68-year-old male), and
GSC#9 (classical, 68-year-old female) were routinely cultured in sphere-forming conditions in serum-free
NS34 medium (DMEM-F12, Glutamax, and antibiotics, further supplemented with N2, G5, and B27).
HEK293T human embryonic kidney cells, Jurkat E6.1 T lymphocyte cells, SVG-p12 human astrocyte,
OCI-Ly3 B-lymphoma cells and BJAB Burkitt lymphoma cells were cultured as per the manufacturer’s
instructions. Human brain endothelial cells (hCMEC/D3) were a gift from P.O. Couraud (Institut Cochin,
Paris, France) and cultured accordinglyso.
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Method details

Mice xenograft models

Six-to-seven-weeks-old female Balb/c nude mice (Janvier Labs) were subcutaneously injected in each
flank with GFP-Luciferase-expressing 0.5.10° GSC#9°'. Tumorspheres were dissociated prior to injection
to ensure implantation of a single cell suspension in PBS:matrigel (1:1).

Ten days after grafts, mice were treated intraperitoneally 5 times per week with vehicle (10% DMSO in
PBS), MLT-748 (4mg/kg), or U18666A (4mg/kg), until a critical point was reached (tumor volume >1000
mm3). Tumor size was measured twice a week with calipers and tumor volume calculated using the
following equation (width2 x length)/2. At euthanasia, tumors were dissected and fixed in PFA. Total blood
was collected by intracardiac puncture on EDTA tubes and centrifugated (1000xg, 15min, 4°C) before
freezing at —-80°C. Blood cholesterol measurement was performed following company instruction
(Sobioda).

siRNA transfection
RNA duplexes targeting the respective human genes were transfected using RNAIMAX Lipofectamine.

.ctl

Stealth non-silencing Low-GC RNA duplexes (si") were used as non-silencing control.

Plasmid transfection and lentiviral transduction

SRE-T-Luc, SRE-Mut-T-Luc, and renilla plasmid transfection was performed using the Geneduice
transfection reagent following the manufacturer's instructions. For stable expression of TMEM192-3xHA
and TMEM192-2xFLAG, lentiviral particles were produced in HEK-293T cells, according to established
proceduressz. Briefly, cells were transfected with pPAX2 and pVSVg and supernatants were collected after
2 days. Particles were applied on GSC#9 during a 1,000g centrifugation for 90 min in the presence of 8
pg/mL polybrene. For selection, cells were cultured with 1ug/mL puromycin.

TCGA analysis

The Cancer Genome Atlas (TCGA) was interrogated wusing the Gliovis Platform
(http://gliovis.bioinfo.cnio.es)53. RNAseq (155 patients) and Agilent 4502A (488 patients) databases were
used to investigate data related to SREBP1/2 and NPC1/2, respectively (RNA expression, probability of
survival, and number at risks). All subtypes of Grade IV, Glioblastoma were included. Low/High
expression groups were set at median expression for each individual gene. They were further classified
into 3 groups of High/High, Mixed, and Low/Low NPC1 and NPC2 expression. Again, RNA expression,
probability of survival, and number at risks were analyzed.

Cholesterol/MBCD complexes preparation
Cholesterol was dissolved to a final concentration of 5 mM in a solution of 0.1% MBCD prepared in sterile
H,O. The solution was vigorously vortexed, heated at 37°C for 2h, and stored at 4°C.

Cell lysis and western-blots

Cells were harvested on ice, washed in cold PBS, pelleted (500xg, 3 min, 4°C) and lysed in RIPA buffer
(25 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% Na-Deoxycholate, 1% NP-40, 1 mM EDTA)
supplemented with Halt protease inhibitor cocktail for 30 min on ice. Lysates were cleared by
centrifugation (10,000xg, 10 min, 4°C) to pellet insoluble debris and nuclei. Protein concentrations in
supernatants were determined using a micro-BCA assay kit. An equal amount of proteins (10 pg) was
resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Proteins were fixed to the
membranes using a Ponceau S solution, and nonspecific protein binding sites were saturated with 5%
milk in PBS-Tween 0.05%. Primary (1/1,000 dilution except LAMP2 at 1/5,000, GAPDH at 1/20,000) and
secondary (1/5,000 dilution) antibodies were incubated with membranes in a similar blocking solution.

182


Clément
182


Revelation was performed using Immobilon western chemiluminescent HRP substrate and the Fusion
imaging system.

Cellular fractionation

15.10° GSC#9 were treated as indicated, washed in PBS, and resuspended in a hypotonic buffer (20 mM
HEPES, 1.5 mM MgCl,, 60 mM KCI, in H,O) containing anti-proteases. Some cells were collected before
lysis for whole cell lysate input. Cells were lysed with 15 strokes of a 29-gauge syringe at 4°C. Nuclei were
pelleted with a 1,000xg centrifugation for 5 min at 4°C and discarded. The supernantant was centrifuged
at 100,000xg for 1h at 4°C (S100). The pellet was washed once with hypotonic buffer at 100,000xg for 1h
at 4°C and lysed with RIPA lysis buffer (P100). S100 and P100 fractions were then processed for western
blot analysis.

Cell viability and cell death assays

Cell viability was measured using CellTiter-Glo Iuminescent cell viability assay following the
manufacturer's protocol. Experiments were performed in 96-well plates in 100 pL final volume of media.
Briefly, GSCs were seeded at 10,000 cells per well in triplicate for 2 days with the indicated drugs and
vehicle. Alternatively, GSCs were seeded at 8,000 cells per well in triplicate for each condition and further
challenged with siRNA transfection. Viability was read after 3 more days. Experiments were harvested by
the addition of 100 pL of the CellTiter-Glo reagent and luminescence was read using a FLUOstar Optima
plate reader. For propidium iodide (PI) staining, cells were treated as mentioned and Pl (100 ug/mL) was
added for 10 min at room temperature according to the manufacturer's protocol. Flow cytometry analyses
were performed on FACSCanto Il (Cytocell core facility, UMS Biocore, Inserm US16, UAR CNRS 3556,
Nantes Université, Nantes, France). All data were analyzed on FlowJo. For cell viability assays using
HEK293T human embryonic kidney cells, Jurkat E6.1 T lymphocyte cells, SVG-p12 human astrocytes,
hCMEC/D3 human brain endothelial cells, OCI-Ly3 B-lymphoma cells and BJAB Burkitt lymphoma cells,
cells were cultured in their routine culture medium containing FBS and processed as GSCs. For each cell
line, data were normalized to their respective control DMSO treatment.

Immunofluorescence staining

3.10° cells were seeded onto glass slides and fixed for 12 min at room temperature with a solution of 4%
paraformaldehyde (PFA) diluted in PBS. Cells were permeabilized using a solution of Triton-X100 (0.2%)
diluted in PBS, for 5 min at room temperature. Blocking solution (4% BSA in PBS) was added for 30 min
prior to incubation 1h at room temperature with primary antibodies (1/200 dilution in the blocking solution).
Secondary antibodies (1/400 dilution in the blocking solution) were applied, and samples were further
processed for confocal analysis. For LysoTracker staining, cells were incubated with 100 nM of the probe
for 30 min at 37°C before PFA fixation (4%, 12min, room temperature), and further processed for confocal
analysis. For dil-LDL uptake, 3.10° cells were treated as indicated (16h for drug treatments, 3 days for
siRNA transfection), followed by incubation with dil-LDL (5 pg/mL) for 2h at 37°C. Cells were then seeded
onto glass slides and fixed for 12 min at room temperature with 4% PFA and further processed for
confocal analysis.

Micropatterning

Ring-shaped micropatterned coverslips were prepared using the photolithography method and provided
by K. Schauer (Institut Gustave Roussy, Villejuif, France)54. For use with GSCs, micropatterned were first
coated with 50 pg/mL of fibronectin for 1h at room temperature. Then, 60,000 cells were seeded in NS34
in the presence of 10% FBS. Following 1 hour of incubation at 37°C, coverslips were washed 5 times with
culture media to remove non-attached cells. Cells were then incubated overnight at 37°C before fixation
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with 4% PFA. Immunofluorescent staining was performed as described and processed for confocal
analysis.

Proximity ligation assay (PLA)

PLA was performed using the Duolink in situ detection reagents far-red kit, PLA-probe anti-mouse PLUS,
and PLA-probe anti-rabbit MINUS, according to the manufacturer's protocol. Briefly, GSCs were treated
as indicated (3 days siRNA transfection or 6h drug treatment) and seeded onto glass slides before PFA
fixation and Triton-X100 permeabilization. Primary antibodies (anti-HA, 1/1,000 and anti-NPC1, 1/200)
were incubated at 4°C for 16h in a humid chamber before processing according to the manufacturer's
protocol. Samples were processed for confocal analysis.

Confocal analysis

Except when mentioned, nuclei were stained with DAPI (1/5,000) and slides were mounted with prolong
gold anti-fade mounting medium before imaging. Images were acquired on confocal Nikon A1 Rsi, using a
60x oil-immersion lens (IBISA MicroPICell facility, UMS Biocore, Inserm US16, UAR CNRS 3556, Nantes
Université, Nantes, France). Unless otherwise specified in figures legends, images were visualized as
single confocal plans. All images were analyzed and quantified using the ImagedJ software.

Filipin-lll staining for imaging and flow cytometry

Cells were seeded onto glass slides and fixed for 12 min at room temperature with a solution of 4% PFA
diluted in PBS. PFA was quenched for 10 min at room temperature using a glycine/PBS solution (1.5
mg/mL). The filipin-lll stock solution (25 mg/mL in DMSO) was diluted to 0.5 mg/mL in a 4% bovine serum
albumin (BSA) solution and added to the cells for 2h at room temperature. Finally, cells were mounted
with prolong gold anti-fade mounting medium. Alternatively, cells were incubated with the filipin-11I/BSA
solution for 30 min prior to antibody incubation. Primary antibodies were diluted in the filipin-IlII/BSA
solution and added for 1h, followed by 30 min with secondary antibodies also diluted in the solution of
filipin-Ill/BSA. No DAPI counterstaining was performed because the excitation wavelength is the same as
filipin-Ill. Slides were imaged on a Zeiss AXIO Observer.Z1. For enhanced resolution, images were further
deconvoluted using the Nikon Imaging System (NIS-Elements) software. For FACS analysis, GSCs were
similarly processed in 96-V-well plates and using a filipin-Ill concentration of 0.125 mg/mL diluted in PBS.
Fluorescence intensity was measured using the UV 379/28 laser (BD FACSymphony A5, Cytocell core
facility, UMS Biocore, Inserm US16, UAR CNRS 3556, Nantes Université, Nantes, France). All data were
analyzed with FlowJo.

gPCR analysis

RNA was extracted from 1.10° GSCs using the NucleoSpin RNA Plus purification kit. Equal amounts of
RNA were reverse-transcribed using the Maxima First Strand cDNA Synthesis kit, and 30 ng of the
resulting cDNA was amplified by qPCR using PerfeCTa SYBR Green SuperMix Low ROX. Data were
analyzed using the 2-AACt methods and normalized by the housekeeping genes ACTB and HPRT1. All
primers used are listed in Table S4.

ChIP-gPCR

The ChIPg-PCR assay was performed using the Pierce Magnetic ChIP Kit according to the manufacturer's
protocol. Briefly, GSC#9 cells were treated with vehicle or MPZ (20 yuM) for 6h and samples were
crosslinked in a PBS/PFA solution (1%) for 10 min. Glycine was added to quench PFA before PBS
washes. Cell pellets were lysed with 100 pL of IP buffer containing anti-proteases before MNase digestion
of DNA for 15 min at 37°C. Fragmented DNA was released from cells by sonication using a Bioruptor plus
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(Diagenode) device, and parameters were as follows: HIGH setting, 6 cycles of 30 sec ON/30 sec OFF.
Supernantants containing fragmented DNA were collected after a 5 min, 9,000xg centrifugation. 10 pL of
the DNA-containing supernatant was saved as 10% input control. The remaining 90 yL were incubated
with primary antibodies solutions (anti-RNA Pol II, Normal Rabbit IgG, anti-SREBP2, 5 mg/mL) for 16h at
4°C with rotation. 20 pL of magnetic beads were added to each IP reaction and incubated for 2h at 4°C
with rotation. A magnetic stand was used to wash the beads. Immunopurified DNA fragments were eluted
at 65°C for 40 min and by vortexing every 10 min. Proteins from IP samples and inputs were removed by
incubation with proteinase K for 1h30 at 65°C. DNA was recovered using the columns and buffers
furnished in the kit. gPCR was performed according to the manufacturer's recommendations. All primers
used are listed in Table S4.

RNAseq analysis

5.10° GSC#9 cells were treated for 4h with a vehicle (DMSO) or MPZ (20 uM) and snap-frozen on dry ice.
Samples and data were processed at Active Motif (Carlsbad, California, USA). Briefly, 2 ug of total RNA
was isolated using the Qiagen RNeasy Mini Kit and further processed in lllumina’s TruSeq Stranded
mRNA Library kit. Libraries are sequenced on lllumina NextSeq 500 as paired-end 42-nt reads. Sequence
reads are analyzed with the STAR alignment—DESeq2 software pipeline‘r’. The RNAseq data have been
deposited to the Gene Expression Omnibus (GEO) platform and are available with the dataset identifier
GSE139018.

Luciferase SREBP2 reporter assay

2.10° cells were transfected with 2 pg of either pSynSRE-T-Luc (SRE wild-type) or pSynSRE-Mut-T-Luc
(SRE-mut), to which SREBP2 cannot bind, in combination with 0.1 pg pRL-TK-Renilla using the
Genelduice transfection reagent. After 24h, cells were seeded in a 96-well plate in triplicate per condition
and cultured for further 16h in the presence of the indicated drugs. At the end of the experiment, cells
were pelleted and lysed with 30 pL of lysis buffer. 20 pL of the lysate was revealed using the Dual-Glo
luciferase assay system following the manufacturer's protocol. Luminescence was measured using a
FLUOstar Optima plate reader. Luminescence values were calculated as the ratio SREw/SREy, and
further normalized to Renilla intensities.

Cholesterol dosage

Cellular cholesterol was measured using the Cholesterol/Cholesterol Ester-Glo Assay Kit following
manufacturer's instructions. Briefly, 1.10° GSCs were lysed for 30 min at 37°C. A volume of 25 uL of the
lysate was used for cholesterol quantification. Cholesterol level was determined by reading luminescence
after 1h incubation with cholesterol reductase and cholesterol esterase reagents at room temperature.
Cholesterol concentration was extrapolated from a standard curve prepared for each experiment and
normalized to protein concentration.

Lysosome immunoprecipitation (LysolP)

15.10° GSCs expressing TMEM192-3xHA were used per condition. TMEM192-2xFLAG expressing cells
were used as a control. Each step was conducted at 4°C. After the indicated treatments, cells were
washed in cold PBS and centrifuged at 1,000xg for 2 min. Pelleted cells were resuspended in 500 uL cold
PBS + anti-proteases and 100 pL were saved for whole cell lysate control. The remaining 400 uL were
mechanically lysed with 10 strokes of a 29-gauge syringe and centrifuged at 1,000xg for 2 min.
Supernatants containing organelles were incubated with 75 yL of Pierce anti-HA magnetic beads for 15
min under rotation. Beads were then washed 3 times with cold PBS + anti-proteases. For further analysis,
beads were eluted twice with 50 yL of elution buffer (50 mM Tris/HCI pH 8.5 with 2% SDS) and boiled at
95°C for 5 min. Eluates were further processed for western blot and proteomic analyses. Alternatively,
samples were stored at -80°C.
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Label-free quantification (LFQ) proteomic processing and analysis of whole cell lysates

For sample preparation, pelleted cells were solubilized in lysis buffer (2% SDS, 200 mM TEAB, pH 8.5)
and heated for 5 min at 95°C. The protein concentration of the supernatants was estimated with a BCA
assay. Proteins were then reduced and alkylated with 10 mM TCEP and 50 mM chloroacetamide. Bottom-
up experiments’ tryptic peptides were obtained by S-Trap Micro Spin Column according to the
manufacturer’s protocol (Protifi, NY, USA). Briefly, 30 ug of proteins were digested during 14h at 37°C
with 1 pg Trypsin sequencing grade (Promega). The S-Trap Micro Spin Column was used according to
the manufacturer’s protocol. After speed-vacuum drying, eluted peptides were solubilized in 2%
trifluoroacetic acid (TFA) and fractionated by strong cationic exchange (SCX) Stage—Tipsss.

Liquid Chromatography-coupled Mass spectrometry analysis (LC-MS) analyses were performed on a
Dionex U3000 RSLC nano-LC- system (Thermo Fisher scientific, Les Ulis, France) coupled to a TIMS-
TOF Pro mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). After drying, peptides from SCX
Stage-Tip, the 5 fractions were solubilized in 10 pL of 0.1% TFA containing 10% acetonitrile (ACN). 1 pL
was loaded, concentrated, and washed for 3 min on a C4g reverse phase precolumn (3 um particle size,
100 A pore size, 75 um inner diameter, 2 cm length, from Thermo Fisher Scientific). Peptides were
separated on an Aurora Cyg reverse phase resin (1.6 ym particle size, 100A pore size, 75 um inner
diameter, 25 cm length mounted to the Captive nanoSpray lonisation module, lonOpticks, Middle
Camberwell Australia) with a 120-minutes overall run time with a gradient ranging from 99% of solvent A
containing 0.1% formic acid in milliQ-grade H,O to 40% of solvent B containing 80% acetonitrile, 0.085%
formic acid in mQH,0. The mass spectrometer acquired data throughout the elution process and operated
in DDA PASEF mode with a 1.1 second/cycle, with Timed lon Mobility Spectrometry (TIMS) mode enabled
and a data-dependent scheme with full MS scans in Parallel Accumulation and Serial Fragmentation
(PASEF) mode. This enabled a recurrent loop analysis of a maximum of the 120 most intense nLC-eluting
peptides which were CID-fragmented between each full scan every 1.1sec. lon accumulation and ramp
time in the dual TIMS analyzer were set to 166 msec each and the ion mobility range was set from 1/K0 =
0.6 Vs cm? to 1.6 Vs cm™. Precursor ions for MS/MS analysis were isolated in positive mode with the
PASEF mode set to « on » in the 100-1.700 m/z range by synchronizing quadrupole switching events with
the precursor elution profile from the TIMS device. Singly charged precursor ions were excluded from the
TIMS stage by tuning the TIMS using the otof control software, (Bruker Daltonik GmbH). Precursors for
MS/MS were picked from an intensity threshold of 1000 arbitrary units (a.u.) and resequenced until
reaching a ‘target value’ of 20.000 a.u. taking into account a dynamic exclusion of 0.40 s elution gap.
Regarding protein quantification and comparison, mass spectrometry data were analyzed using Maxquant
version 1.6.6.0°°. The database used was a Human sequence from the Uniprot databases (release March
2020). The enzyme specificity was that for trypsin. The cleavage specificity was trypsin’s with maximum 2
missed cleavages. Carbamidomethylation of cysteines was set as constant modification, whereas
acetylation of the protein N terminus and oxidation of methionines were set as variable modifications. The
false discovery rate was kept below 1% on both peptides and proteins. Label-free protein quantification
(LFQ) was performed using both unique and razor peptides. At least two such peptides were required for
LFQ. The “match between runs” (MBR) option was allowed with a match time window of 0.7min and an
alignment time window of 20min. For differential analysis, LFQ results from MaxQuant, were imported into
Perseus software version 1.6.14.0 (Max-Planck Institute of Biochemistry). Reverse and contaminant
proteins were excluded from the bioinformatic analysis. LFQ data were transformed into log,. A t-test (p-
value<0,05) was carried out on proteins and proteins with at least 3 valid values in at least one group.
Moreover, PCA (principal component analysis) was performed on all proteins with imputation.

Label-free quantification (LFQ) proteomic processing and analysis of LysolP

For sample preparation, IP samples were solubilized in lysis buffer (2% SDS, 200 mM Tris-HCI, pH 8.5, 10
mM TCEP, 50 mM chloroacetamide). Bottom-up experiments’ tryptic peptides were obtained by S-Trap
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Micro Spin Column according to the manufacturer’'s protocol (Protifi, NY, USA). Briefly: Proteins were
digested during 14h at 37°C with 1 pug Trypsin sequencing grade (Promega). The S-Trap Micro Spin
Column was used according to the manufacturer’s protocol. After speed-vacuum drying, eluted peptides
were solubilized in 10 pL of 10% acetonitrile and 0.1% trifluoroacetic acid (TFA).

Liquid Chromatography-coupled Mass spectrometry analysis (LC-MS) analysis was done with similar
parameters to the LFQ analysis of the WCL (see previous section), except the peptide separation run time
was 60 min, ion accumulation and ramp time were 100ms, and precursors picking for MS/MS: 2,500
arbitrary units (a.u.).

The parameters for protein quantification and comparison were the same as for the LFQ analysis of the
WCL, excepted for the MBR option that was not run (see previous section), and for the statistical test used
(paired T-test). The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifiers PXD040862 (WCL) and
PXD040855 (LysolP).

Proteomic and RNAseq enrichment analysis

Enrichment analysis of the proteomic and RNAseq experiments were performed using g:ProfiIer57 (version
e107_eg54_p17_bf42210) applying a significance threshold of 0.05. The Panther classification system48 was
also used to identify the main GO:function enriched in the proteomic analysis.

Quantification and statistical analysis

Densitometry and imaging quantifications were performed using the ImageJ software. All graphs were
mounted and statistically tested using Prism 9. Unless otherwise specified, error bars on graphs are shown
as mean + s.e.m. of at least three independent biological replicates. A p-value of <0.05 was considered
significant. The RNAseq experiment was performed on three independent biological replicates. All
proteomics experiments were performed on four independent biological replicates. Viability assays were
performed on three independent experiments, each in triplicate.

Supplementary Tables Legends

Table S1. List of upregulated GO term signatures in the WCL proteomic analysis of MALT1-
inhibited GSCs. Related to Figure 1.

Differentially up-regulated proteins from DMSO versus MPZ-treated GSC#9 were analyzed with the
Pantherdb*® pathway browser. Four main GO term signatures were identified as follows: 1. actin (1.a:
actin filament network formation, 1.b: actin filament bundle assembly, 1.c: actin filament bundle
organization, 1.d: positive regulation of actin filament polymerization), 2. spindle (2.a mitotic spindle
organization, 2.b: mitotic spindle organization, 2.c: microtubule cytoskeleton organization involved in
mitosis, 2.d: spindle assembly, 2.e: spindle organization), 3. lipid (3.a fatty acid oxidation, 3.b lipid
oxidation), and, 4. RNA (4.a transcription elongation from RNA polymerase |l promoter).

Table S2. Proteome-wide label-free quantification in control versus mepazine-treated GSCs.
Related to Figures 1 and 3.

Statistical and fold-change analysis, as well as Principal Component Analysis (PCA) and heatmaps were
done with Perseus software (1.6.14.0) to compare DMSO and mepazine (MPZ)-treated groups. Each
group was performed in quadruplicates.

Table S3. Immunopurified lysosomes proteome label-free quantification in control versus
mepazine-treated GSCs. Related to Figure 3.

Statistical and fold change analysis, as well as Principal Component Analysis (PCA) and heatmaps were
done with Perseus software (1.6.14.0) to compare the following groups: HA_DMSO vs Flag_ DMSO,
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HA_MPZ vs Flag_MPZ, Flag_MPZ vs Flag_DMSO and HA_MPZ vs HA_DMSO. Statistical and fold-
change analysis were done with LFQ values (without imputation) and paired t-test p-value. Each group
was performed in quadruplicates.

Table S4. List of gPCR primers used in this study. Related to STAR Methods.
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Figure S1. Quality controls related to -omic analysis, MALT1 levels of expression, and
TCGA analysis. Related to Figures 1 and 3.

(A) Principal Component Analysis (PCA) for the RNAseq samples, as prepared in Figure 1A.
DESeq2 report on count data is presented in the table.

(B) Principal Component Analysis (PCA) for the proteomics samples, as prepared in Figure
1A. DEgMS report on count data is presented in the table. n=4

(C) Western-blot analysis of MALT1 in the indicated GSCs, treated for 16h with DMSO and
MPZ (20uM).

(D) Western-blot (Left) and gPCR (Right) analysis of MALT1 in GSC#9 transfected with non-
silencing (si!) and 2 duplexes targeting MALT1 (si"™") for 3 days. qPCR data were
normalized to 2 housekeeping genes (HPRT1, ACTB).

(E-F) Violin plots of SREBP2 (E) and SREBP1 (F) mRNA expression in non-tumor and GB
samples (TCGA RNAseq dataset). Each dot represents one clinical sample. Kaplan-Meier
curve for 155 GB patients (TCGA RNAseq dataset) with low (green) or high (red) SREBP2
(E) and SREBP1 (F) mRNA level. Parts of whole dot plot for patients with low and high
levels of SREBP2 (E) and SREBP1 (F), representing number of patients at risk, at the
indicated elapsed time post-diagnosis.

All panels are representative of at least n=3, unless otherwise specified. t-test and ANOVA,
*p<0.05, **p<0.01, ***p<0.001.
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Figure S2. SREBP2 is preferentially activated in response to MALT1 inhibition.
Related to Figures 1 and 2.

(A) Schematic representation of the different canonical targets under the control of SREBP2
and SREBP1 transcription factors, which regulate sterols and fatty acids synthesis,
respectively.

(B) Densitometric analysis of the cleaved fragment of SREBP2 normalized to the full-length,
as performed in Figure 1H. Values were normalized to GAPDH. Densitometric analysis of
LDLR normalized to TUBULIN, as performed in Figure 1H.

(C) ChIP-gPCR analysis of SREBP2 binding to the indicated targets in GSC#9 treated for 4h
with DMSO and MPZ (20uM). Data were normalized to the GAPDH housekeeping gene and
to the input level of the indicated genes.

(D) RT-gPCR of the indicated targets in GSC#9 treated as in (C). Alternatively, cells
received non-silencing (si®) and 2 duplexes targeting MALT1 (si"*™") for 3 days. Data were
normalized to housekeeping genes (HPRT1, ACTB).

(E) Schematic representation of the different pathways which control the intracellular level of
cholesterol: i) capture of cholesterol-filled LDL upon binding to the LDLR and trafficking
through the endocytic/endosomal pathway, ii) de novo cholesterol synthesis into the
mevalonate pathway, iii) handling the pool of free cholesterol via storage into lipid droplets,
and, iv) export through different transporters.

(F) Bioluminescent evaluation of total cholesterol level (cholesterol/protein ratio, uM/ug) in
GSC#9 transfected with non-silencing (si®") and 2 duplexes targeting MALT1 (si"**™) for 3
days.

(G-H) Filipin-11l staining analyzed by confocal (G) and flow cytometry (H) in GSC#9 treated
with DMSO, MPZ (20uM), and MLT748 (5uM) for 24h, or transfected with si®, si.2""™" and
si.3"AT" for 3 days. Scale bar: 10um. Violin representation: quantification of filipin-Il signal
(intensity/cell, G, n=38, and, mean fluorescence intensity, H).

(I) Confocal analysis of dil-LDL uptake (5ug/mL, 2h) in GSC#9 treated as in (G) for 16h.
Scale bar: 10um. Violin representation: quantification of dil-LDL signal intensity/cell (n>70).
(J) RT-gPCR of ABCA1 and ABCG1 in GSC#9 treated for 4h with DMSO, MPZ, (20uM), and
MLT748 (5uM). Alternatively, cells received si®, si.2"""™" and si.3""", for 3 days. Data
were normalized to housekeeping genes (HPRT1, ACTB).

All panels are representative of at least n=3, unless otherwise specified. t-test and ANOVA,
*p<0.05, **p<0.01, ***p<0.001.
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Figure S3. SREBP2 blockade exacerbates MALT1-inhibition induced phenotypes,
while partially rescued with cholesterol supplementation. Related to Figure 2.

(A-B) GSC#9 transfected for 2 days with non-silencing (si®") and SREBP2 targeting (si~c%"?)
duplexes, and treated for 24h with DMSO and MPZ (20uM). Western-blot analysis of
SREBP2 and LDLR and densitometric analysis of LDLR normalized to GAPDH (A). Cell
viability at 48h.

(C) Cell viability in GSC#9 pretreated for 1h with DMSO and cerivastatin (10nM), and
challenged for 48h with DMSO and MPZ (20uM).

(D) Western-blot analysis as indicated in GSC#9 treated as described in (A). Green and red
arrowheads: unlipidated (LC3B-I) and lipidated (LC3B-Il), respectively.

(E) Confocal analysis of P62 staining in GSC#9 treated as described in (A). Scale bar:
10um. Violin representation: number of P62 punctae/cell (n>69).

(F) Cell viability in GSC#9 cultured in complete medium (NS34) supplemented with either
FBS (10%) or delipidated FBS (Alipid. FBS, 10%), and in human brain endothelial cells
(hCMEC/D3) and human astrocytes (SVG-p12), cultured in FBS containing medium (10%).
Cells were pretreated for 1h with DMSO and MPZ (20uM), and challenged for 48h with H,O
or with MBCD-complexed cholesterol (chol/MBCD, 250uM).

(G) Western-blot analysis of LDLR at 24h and HOIL1 at 6h in GSC#9 pretreated for 1h with
DMSO, MPZ (20uM), and MLT748 (5uM), and challenged with H,O or chol/MBCD (250uM).
Green and red arrowheads: FL (full length) and cleaved HOIL1, respectively.

(H) Confocal analysis of TMEM192-3xHA (HA) and actin (phalloidin) staining in HA-lyso
GSC#9 seeded on ring-shaped micropatterns and treated for 16h with DMSO and MPZ
(20uM). z-stack maximum projection. Scale bar: 10um.

(I) Western-blot analysis as indicated in GSC#9 whole cell lysate (WCL), P100 fraction
(organelles), and S100 fraction (cytosol). GSC#9 were treated with DMSO and MPZ (20uM)
for 2h.

(J) Western-blot analysis as indicated in Flag-lyso and HA-lyso GSC#9 immunopurified
lysosomes (LysolP) and WCL. Flag-lyso and HA-lyso GSC#9 were treated with DMSO and
MPZ (20uM) for 6h.

(K) Confocal analysis of TMEM192-3xHA (HA) staining in HA-lyso GSC#9 pre-treated for 1h
with DMSO and MPZ (20uM), and challenged for 24h with H,O or with chol/MBCD (250uM).
Scale bar: 10um.

(L) Western-blot analysis as indicated in GSC#9 treated as described in (F). Green and red
arrowheads: unlipidated (LC3B-I) and lipidated (LC3B-II) LC3B, respectively.

All panels are representative of at least n=3, unless otherwise specified. ANOVA, *p<0.05,
**p<0.01, ***p<0.001.
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Figure S4. Lysosomes from MALT1-inhibited GSCs accumulate autophagic cargo and
lose cholesterol transporters. Related to Figure 3.

(A) Principal Component Analysis (PCA) for the LysolP proteomic samples, as prepared in
Figure 4A. DEqQMS report on count data is presented in the table. n=4

(B) Graph represents the number of proteins identified in the whole cell lysate (WCL) and
the immunopurified lysosome fractions (LysolP, grey bar graphs) of HA-lyso GSC#9, as
depicted in Figure 3A. The percentage of GO:CC lysosomes proteins is indicated in green.
Donut graph represents the percentage of membranous (blue), and luminal (green)
lysosomal proteins identified in the LysolP proteomic analysis. The percentage of other type
of proteins is shown in grey. For each graph, the number of proteins is reported.

(C) GO:BP enrichment analysis of proteins differentially expressed with fold change >1.5,
either positively (red) or negatively (blue), in LysolP as in B.

(D) Volcano plot analysis of differentially expressed proteins from the LysolP proteomic
analysis. Yellow dots: GO:BP autophagy associated proteins, blue dots: NPC1 and NPC2.
Dashed line represents the significant threshold (p<0.05).

(E) RT-gPCR of NPC1 and NPC2 in GSC#9 treated for 6h with DMSO, MPZ (20uM), and
MLT748 (5uM). Alternatively, cells received non-silencing (si®) and MALT1 targeting
(SiMALT1
ACTB).

(F) Confocal analysis of TMEM192-3xHA (HA) and NPC1 staining in HA-lyso GSC#9 treated
for 6h with DMSO and MPZ (20uM). Scale bar: 10pm.

All panels are representative of at least n=3, unless otherwise specified. ANOVA, *p<0.05,
**p<0.01, ***p<0.001.
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Figure S5. QKI silencing counterbalances the effects of MALT1 targeting on
cholesterol deregulation. Related to Figure 3.

(A) RT-qPCR analysis as indicated in GSC#9 transfected with non-silencing duplexes (si")
and QKI targeting (si®') duplexes for 3 days, and treated for 4h with DMSO, MPZ (20uM),
and MLT748 (5uM). Data were normalized to housekeeping genes (HPRT1, ACTB).
(B-C) GSC#9 transfected for 2 days with non-silencing (si) and QKI targeting (s
duplexes, and treated for 24h with DMSO, MPZ (20uM), and MLT748 (5uM). Western-blot

as indicated (B) and confocal analysis of filipin-lll (C). Scale bar: 10um. Violin

iQKI)

representation: quantification of filipin-Ill signal intensity/cell (n>35).

(D) Confocal analysis of Proximity Ligation Assay (PLA) between TMEM192-3xHA and
NPC1. HA-lyso GSC#9 were treated as described in (B) for 6h. Fluorescent signal reflects a
<40nm proximity. Scale bar: 10um. Violin representation: quantification of PLA signal
intensity/cell (n=74).

(E) Western-blot analysis of NPC1 from Flag-lyso and HA-lyso GSC#9 LysolP and WCL.
Flag-lyso and HA-lyso GSC#9 were treated as described in (D). Densitometric analysis of
NPC1 level normalized to TMEM192-3xHA (HA).

All panels are representative of at least n=3, unless otherwise specified. ANOVA, *p<0.05,
**p<0.01, ***p<0.001.
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Figure S6. NPC1 inhibition abrogates GSC survival. Related to Figure 4.

(A-B) Kaplan-Meier curve for 488 GB patients (TCGA Agilent-4502A dataset), grouped
based on low (green) or high (red) NPC1 (A) and NPC2 (B) mRNA levels. Parts of whole dot
plot for patients with low and high levels of NPC1 (A) and NPC2 (B), representing number of
patients at risk, at the indicated elapsed time post-diagnosis.

(C) Correlation plot between NPC1 and NPC2 mRNA levels in 488 GB patients (TCGA
Agilent-4502A dataset). Patients were clustered in three groups: NPC1°“/NPC2"°" (purple);
NPC1""/NPC2"" (orange) and NPC1™*/NPC2™* (grey). log-rank and Wilcoxon p-values are
indicated for the Kaplan-Meier curve presented in Figure 4A.

(D) Violin plot of SREBP2 mRNA expression in GB patients, clustered as in (C). Kaplan-
Meier curve for 148 GB patients (TCGA Agilent-4502A dataset) with low (green) and high
(red) SREBP2 mRNA level in NPC1°"/NPC2"" patients. Parts of whole dot plot for patients
with low and high levels of SREBP2 in the NPC1°“/NPC2"°" group, representing number of
patients at risk, at the indicated elapsed time post-diagnosis.

(E) Western-blot analysis as indicated in GSC#9, transfected with non-silencing (si"), NPC1
targeting (si""°') and NPC2 targeting (si""“?) duplexes for 3 days, or treated for 16h with
DMSO and U18666A (2ug/mL).

(F) Propidium iodide (PI) incorporation by flow cytometry in GSC#9, human brain endothelial
cells (endo., hCMEC/D3) and human astrocytes (astro., SVG-p12), treated for 48h with
DMSO, MPZ (20uM), and U18666A (2 pg/mL).

(G) Cell viability in each cell line treated for 48h with DMSO and U18666A at the indicated
doses. All cell lines, except GSCs in their mitogen-defined medium, were maintained in FBS
containing medium for the duration of the tests. Endo.: brain endothelial cells hCMEC/D3,
astro.: astrocyte SVGp12, epi.: epithelial cells HEK293T, lympho.: lymphocyte Jurkat E6.1,
GC-DLBCL: germinal center B-cell like diffuse large B-cell lymphoma BJAB, ABC-DLBCL:
activated B-cell-like diffuse large B-cell ymphoma OCI-Ly3. Heatmap of the cell viability.

All panels are representative of at least n=3, unless otherwise specified. t-test and ANOVA,
*p<0.05, **p<0.01, ***p<0.001.
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I- Defining the MALT1-NPC1-cholesterol axis

I-1- Functions of the MALT1 paracaspase activity

The paracaspase MALT1 is a central modulator of NF-«B activity downstream of
antigen receptors. Of interest, MALT1 acts as a scaffold within the CBM complex,
and as an arginine protease able to cleave fourteen known substrates involved in
several cellular processes such as regulation of the NF-xkB pathway or mRNA
stability’34. However, the complete extent of MALT1 substrates and their biological
functions are still currently being discovered.

Potential substrates and interactors of MALT1 involved in lysosomal modulation,

regulation of cholesterol homeostasis, and mTORC1 signaling, will be discussed.
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Figure 32: Graphical abstract. A paired-omic analysis of glioblastoma stem-like cells unravels
the primordial function of the active paracaspase MALT1 in the maintenance of the lysosomal
and cholesterol homeostasis. The use of MALT1 inhibitors as well as its siRNA-based silencing
highlight that the lysosomal proteome is reshaped in response to the blockade of the
paracaspase. Notably, the lysosomal cholesterol transporter NPC1 is found less abundant in
the degradative compartment, resulting in cholesterol sequestration. This further leads to
autophagy defects, activation of a compensatory response to cholesterol deficit, and ultimately,
cell death. This places the MALT1-NPC1-cholesterol axis as a targetable pathway in GSCs.
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I-1-A- In cholesterol homeostasis

Our work uncovered a strong modification of the cholesterol homeostatic pathways in
response to MALT1 inhibition. Notably, the use of mepazine and MLT-748, two
allosteric inhibitors of the paracaspase proteolytic function®'.6%_  allowed us to
highlight the paucity of lysosomal NPC1 and the subsequent lysosomal cholesterol
retention, partially responsible for GSCs cell death. In parallel, we identified QKI,
known partner of MALT1, as responsible for the previously enunciated phenotypes.
Therefore, we confirmed MALT1 as a regulator of lysosomal homeostasis and GSCs
fate and implemented a novel function on lysosomal cholesterol transport. However,
how exactly MALT1 protease function controls these biological outputs remains
mysterious, as no substrates have been identified in this pathway.

By analyzing a recent in silico study®*?, it appears that direct modulators of lysosomal
homeostasis and cholesterol trafficking are not represented among the top potential
MALT1 substrates. NPC1 and NPC2, for example, are ranked over 10,000 in the list
of potential MALT1 substrates. However, this classification takes into account the
function of the protein for its ranking, therefore minimizing the score of these proteins,
as MALT1 has never been associated with cholesterol homeostasis before. Refining
this in silico study may help predicting new MALT1 substrates involved in lysosomal
and cholesterol homeostasis.

In parallel, we used the SitePrediction web tool”3®, assessing the similarities between
the known cleavage sites of a protease, here MALT1, and the sequence of a protein
of interest. This analysis did not highlight complete overlap between NPC1 sequence
and the known cleavage sites of the paracaspase, but one potential cleavage site
emerged with an important frequency and similarity score. This potential hit was
however located at the arginine 96 of NPC1, in the N-terminal cholesterol binding
domain, oriented in the lumen of lysosomes, where MALT1 cannot access (Fig. 33).
Therefore, NPC1 appears not to be a direct substrate of MALT1, but rather indirectly
regulated.
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Figure 33: Cleavage pattern of MALT1 paracaspase. A) Cleavage pattern of MALT1 paracaspase.
The size of each amino acid is correlated with its representation in all known substrates. B) Top
hits of potential MALT1 cleavage sites in the NPC1 protein sequence. The frequency score
denotes the score based on the occurrence of each amino acid at each position in the original
(known) sites. C) Predicted topology of the human NPC1 protein.

NPC: Niemann-Pick type C, NTD: N-terminal domain, MLD: Middle lumenal domain, CTD: D-
terminal domain, TM: Transmembrane, SSD: Sterol sensing domain

Another hypothesis could come from the role of the protein LIMA1 in the cellular
addressing of NPC1L17%6, LIMA1 being a substrate of the API2-MALT1 fusion
protein”®’, and NPC1L1 sharing important similarities with NPC1 (51% similarity, 42%
identity)”38, an indirect function of MALT1 proteolytic activity on cholesterol trafficking
is therefore conceivable. A recent study indeed characterized the role of LIMA1 in
NPC1L1 addressing to the plasma membrane in intestinal cells. By bridging the
cholesterol transporter to the actin cytoskeleton through Myosin Vb interaction,
LIMA1 allows NPC1L1 to transit toward its site of action. The effect of LIMA1

cleavage by MALT1 on this phenotype however remains to be determined. Even
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though the conclusions of this study are concordant with our model positioning
MALT1 as a modulator of NPC1 lysosomal localization, several points need to be
taken into account: 1) GSCs do not express the API2-MALT1 fusion protein, 2)
LIMA1 is not cleaved in GSCs, and 3) no such control of NPC1 transport have been
described in the literature. LIMA1 may then not be responsible for NPC1
mislocalization in MALT1 inhibited GSCs, but the parallel with our model remains
intriguing and will need further exploration.

To fully ascribe a function for the proteolytic activity of MALT1 on cholesterol
homeostasis in GSCs, the results generated will also need confirmation using the
MALT1-protease dead (MALT1-PD; C464A) construct. If such a regulation exists, the
expression of MALT1-PD should phenocopy the results obtained by pharmacological
and genetic targeting of the paracaspase, such as NPC1 dispersion from the
lysosomal compartment, lysosomal cholesterol accumulation, and SREBP2

activation.

I-1-B- In mTOR signaling

MALT1 protease activity is a reported regulator of the mTOR pathway. Two
independent studies demonstrated that activation of the paracaspase upon TCR
engagement in lymphocytes leads to mTORC1 stimulation, and that the abrogation of
the protease activity of MALT1 using z-VRPR-fmk can effectively block mTOR
activity®®.687. Moreover, our group confirmed this in the context of GSCs using
pharmacologic inhibitors as well as the MALT1-PD mutant*®’. Despite these results,
the potential implication of a substrate is still only hypothesized.

MALT1 positively controls mTORC1, and as such, the candidate substrates are most
likely negative regulators of the pathway. This information notably helped in the setup
of an in silico screening for regulators of mMTORC1 cleaved by the paracaspase.
Using the SitePrediction web tool (see section I-1-A), most of the known negative
regulators of mTORC1 were screened. Among the best candidates was DEPTOR
(DEP domain-containing mTOR-interacting protein), direct interactor of mTOR, and
potent inhibitor of its activity’*®. Of interest, DEPTOR is expressed in the brain and
was linked to the development of neurodegenerative diseases such as Alzheimer’4.
Moreover, DEPTOR protein level was linked to the activity of CK1a’#', known
interactor of the CBM complex8'%6'6_ Therefore, DEPTOR potential processing was
assessed by western blot in GSCs. Although not showing cleavage bands
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reminiscent of the potential processing of the protein in untreated conditions, MALT1
inhibition resulted in an increase of the full-length form of the protein. The use of
other antibodies targeting different epitopes of DEPTOR might help visualizing a
potential cleavage band. Accordingly, DEPTOR processing by MALT1 represents a
plausible hypothesis, but will obviously need further investigation. Moreover, as the
level of DEPTOR is tightly regulated by proteasomal degradation as well as at the
transcriptional level in response to numerous inputs such as glucose concentration,
hypoxia, or DNA damage’#2743, the increase observed in DEPTOR protein level upon
MALT1 inhibition may be the consequence of such a regulatory mechanism, that
could be assessed by RT-gPCR analysis.

Another layer of regulation of mTORC1 by MALT1 could come from our
demonstration of cholesterol homeostasis modulation by lysosomal dispersion of
NPC1. NPC1 has recently been associated with mTORC1, a lower activity of the
lysosomal cholesterol transporter correlating with increased mTORC1 substrates
phosphorylation’4-746_ Appearing counterintuitive, this result however raises several
hypotheses regarding the modulation of mTORC1 in our model. LYCHOS, the
lysosomal cholesterol sensor responsible for mTORC1 recruitment and activation at
the surface of lysosomes have been shown to be transcriptionally regulated by the
feeding state of cells”#”. MALT1 inhibited GSCs deploy a response for intracellular
cholesterol replenishment, resembling the one identified in starved cells (increased
cholesterol uptake and synthesis, decreased cholesterol export)’“8. As such,
investigation of LYCHOS transcript and protein levels in MALT1 inhibited GSCs could
help the description of how mTORC1 is regulated upon MALT1 blockade.

In parallel, NPC1 loss was associated with a higher propensity for lysosomal
membrane rupture’#*. As lysosomal stability is crucial in mTORC1 recruitment and
activation’4%7%0 the dispersion of NPC1 coupled to the important remodeling of the
lysosomal compartment upon MALT1 inhibition may synergize to promote lysosomal
membrane instability, therefore responsible for mTORC1 dysfunction. Lysosomal
membrane permeabilization should therefore be investigated in the context of MALT1
inhibition, in parallel of cholesterol manipulation and NPC1 blockade, and the

subsequent mMTORC1 activity assessed by biochemical assays.
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I-1-C- On QKI functions

In GSCs, the Quaking (QKI) STAR RNA-binding protein is held in check by the
constitutive activity of MALT1, therefore repressing the lysosomal compartment*’.
The precise mechanism by which MALT1 activity represses QKI functions however
remains to be elucidated. The inhibitory interaction mediated by MALT1 protease
may rely on the activity of an intermediate yet unidentified substrate, as the
expression of the MALT1-PD mutant unleashes QKI activity and promotes lysosomal
biogenesis*®’. Moreover, the specific subset of MRNA encoding lysosomal proteins
translated with the help of QKI in MALT1-inhibited conditions is still unknown. The
use of photoactivatable-ribonucleoside-enhanced cross-linking and
immunoprecipitation (PAR-CLIP)-coupled RNA-seq analysis*®® of RNA linked to QKI

after MALT1 inhibition could answer this question.

l /\ Figure 34: QKI activity on SREBP2.
MALT1 inhibition releases  QKI,
unleashing its activity toward lysosomes

modulation.  Cholesterol ~ becomes

trapped in the aberrant lysosomal

. ”i/ 3QSQU ) compartment, reducing its concentration
. x‘ @ in other cellular compartments, resulting
Cholesterol retention in the activation of the SREBP2

in lysosomes

transcription factor. In parallel, QKI is

%“ thought to directly mediate SREBP2
transcriptional activity, increasing

QKI/SREBP2

cholesterol uptake and synthesis.

In parallel, our work demonstrated the activation of the SREBP2 transcription factor
and the subsequent increase in the cholesterol biosynthetic pathway in response to
MALT1 inhibition as visualized by ChlIP-gPCR, RNAseq, as well as biochemical
assays. Interestingly, the Jian Hu laboratory recently published two papers coupling
QKI activity to SREBP2 mediated regulation of the cholesterol biosynthetic
pathway”%'7%2_ Notably, QKI was shown to be a direct interactor of SREBP2, its
knock-out resulting in myelogenesis deficits and cataract development as a
consequence of impaired cholesterol biosynthesis. Our work corroborates the

involvement of QKI in SREBP2-mediated cholesterol level increase in GSCs inhibited
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for MALT1. However, whether QKI is directly involved in this phenotype, or indirectly
though the dispersion of NPC1 and lysosomal cholesterol sequestration requires
attention. QKI silencing resulted in the rescue of NPC1 level in the lysosomal
compartment of MALT1-inhibited GSCs, pointing toward the indirect modulation of
SREBP2 by QKI, but the binding of the RNA-binding protein to the SREBP2

transcription factor should be assessed by co-immunoprecipitation experiments.

lI- Clarifying the implications of MALT1 in GSCs’ cell death

MALT1 activity have been linked to the survival of GSCs, its pharmacologic and
genetic inhibition eradicating this cell subpopulation*®”. Our previous work highlighted
lysosomal proteases release as partially involved in GSCs cell death induction, with
the use of cathepsins inhibitors significantly reducing this phenotype*®’. Even though
significant, cell death was only partially rescued, implementing other mechanisms
alongside lysosomal membrane permeabilization (LMP) in MALT1 inhibition-induced
cell death.

The implication of MALT1 inhibition-mediated lysosomal cholesterol sequestration,
mTORC1 inhibition, and autophagy defects, will be discussed in regard of the loss of

lysosomal homeostasis and consecutive cell death.

ll-1- Lysosomal cell death

The description of the mechanisms by which cells sense and cope with lysosomal
membrane destabilization have recently attracted a lot of effort. Upon lysosomal
membrane rupture, galectins bind to accessible intra-lysosomal B-galactosides,
therefore offering a tool for LMP visualization”®37%*. From a molecular standpoint,
galectins recruitment to damaged lysosomes have also been ascribed important
molecular functions, such as recruitment of the ESCRT complexes for lysosomal
repair, or mTORC1 inhibition for autophagic removal’4®75%.7%% |n our system, LMP
remains however hardly detectable, as we cannot visualize galectins agglomeration
on lysosomes upon MALT1 inhibition. Other tools should be used to examine the
implication of this pathway for lysosomal repair. We could also hypothesize the low
expression of this machinery in GSCs as compared to healthy cells, therefore

explaining the important sensibility of GSCs toward lysosomal destabilization?'-127,
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In parallel, the “rapid lysosomal repair machinery” setup by cells to overcome
lysosomes damage’®75 should be assessed in our model. Notably, the
establishment of a pool of phosphoinositide 4-phosphate (PI(4)P) on damaged
lysosomes for the consecutive ER-to-lysosome transfer of cholesterol for membrane
repair would be an important parameter to follow in response to MALT1 inhibition.
The use of recently developed probes specifically staining phosphoinositides’5¢757,
as well as lipidomic analysis of the immunopurified lysosomal compartment could
improve our understanding of the mechanisms responsible for the lysosomal
susceptibility.

Finally, lysosomal cholesterol accumulation is an important phenotype to consider in
the onset of LMP. However, divergent studies ascribed opposite functions of this lipid
in lysosomal sensibility to damage. Three independent groups defined lysosomal
cholesterol sequestration as a protective event’>-76% whereas one demonstrated the
contrary, with the use of the NPC1 inhibitor U18666A increasing the sensibility of
lysosomes to LLOMe-induced damage’®. As the abovementioned studies all
employed different cell types, this raised the hypothesis of a cell type dependent
mechanism. In this context, GSCs appear sensitive to lysosomal cholesterol
sequestration, as the sole use of the NPC1 inhibitor U18666A can effectively reduce
GSCs survival, and as MALT1 inhibition induces the combination of lysosomal
cholesterol retention followed by LMP. A pretreatment of GSCs with U18666A
followed by LLOMe administration and assessment of LMP by dosage of cathepsins
release could complete our knowledge about the precise function of lysosomal

cholesterol retention on lysosomal stability.

lI-2- mTOR/autophagy

The serine/threonine kinase mTOR acts at the surface of lysosomes to control
catabolism and anabolism. As such, the activation of mTOR s linked to proliferation,
growth, and survival’®'. In the context of GB, several commonly observed mutations
were linked to increased activity of the mTOR pathway, notably EGFR amplification
and PTEN loss’®2783, Therefore, inhibiting mTOR was highlighted as an attractive
therapeutic option for GB. However, clinical trials failed to prove efficacy, probably as
the inefficiency of previously used inhibitors to jointly block all the aspects regulated

by mTOR, such as autophagy or protein translation’®*-768, |n vitro, mTOR blockage
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demonstrated partial reduction in GSCs viability via apoptosis induction’6”7%8 As
such, defining the extent of mMTOR implication in GSCs survival and GB development,
as well as its upstream regulators, is of particular interest.

As already discussed, MALT1 activity participates in mTOR signaling (see section I-
1-B)%86687 |n GSCs, the constitutive activity of the paracaspase supports the binding
of mTOR to lysosomes and its subsequent downstream signaling*®”. Therefore,
MALT1 inhibition results in mTOR dispersion from its lysosomal hub and shutdown of
the pathway as visualized with the decrease in phosphorylation of its known
substrates*®’. In this context, mTOR inhibition might participate in the mechanisms
involved in GSCs death. The use of mTOR activators, such as MHY14857%°, to
counteract the effect of MALT1 inhibition on mTOR, could help understand its
implication on the phenotypes described in our model, notably cell death.

In parallel, mTOR dampens the autophagic pathway via phosphorylation of TFEB,
ULK, and ATGs’®'. Autophagy implication in GSCs survival is still importantly
debated. Indeed, via degradation of damaged organelles and unwanted material, the
autophagic pathway may sustain GSCs homeostasis, but other studies suggested a
detrimental effect of autophagy inhibition, placing autophagy inhibitors as
therapeutical opportunities for GB treatment’’%’7'. In our hands, the autophagy
defects observed upon MALT1 inhibition correlate with the extent of cell death.
Indeed, the addition of cholesterol-methyl-B-cyclodextrin (Chol/MBCD) complexes,
shown to significantly rescue cell death, also counteracted LC3B and P62
accumulation. While appearing as a consequence of lysosomal dysfunctions,
autophagy blockade may participate in the cell death mechanism engaged by GSCs
upon MALT1 inhibition.

Altogether, the lysosomal defects, the inhibition of mTOR, and the autophagic flux

blockade observed in our model, may synergize to induce GSCs death.

ll-3- Cholesterol

Cholesterol is a major building block for cellular membrane composition and
contributes to signaling events. Of interest, twenty percent of all body cholesterol is
located in the brain, and deregulation of its homeostasis have been linked to the
development of neurodegenerative diseases such as Alzheimer and Parkinson'°. In

line with this, mutations in NPC1 or NPC2 engender Niemann-Pick disease, a rare
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metabolic lysosomal storage disease characterized by cholesterol retention in
lysosomes’’2. Our data support the fact that NPC1 is dispersed from the lysosomal
compartment upon MALT1 inhibition, therefore recapitulating the phenotypes
identified in NPC1 deficient cells. Of note, GSCs were demonstrated as sensitive to
NPC1 inhibition. Moreover, SREBP2-dependent cholesterol synthesis was shown to
protect GSCs from MALT1-induced cell death, and the use of the cholesterol
depleting agent methyl-B-cyclodextrin efficiently abrogated GSCs survival. All these
phenotypes strongly suggest a protective role of cholesterol in this setup.

This is in line with the study of Genaro Villa that highlighted the dependency of GB
cells to a finely regulated cholesterol homeostasis. It was notably showed that GB
cells rely on exogenous cholesterol uptake to survive, as their cholesterol synthesis
machinery is downregulated when compared to healthy brain cells. Afterward, by
using LXR agonists (reduced cholesterol synthesis and uptake, increased cholesterol
secretion), the group was able to specifically eradicate GB cells in vitro and in vivo.
Overall, this corroborates our findings and places cholesterol as a pro-survival lipid in
glioblastoma. The combination of LXR agonists and MALT1 inhibitors might increase

the specificity and the efficiency of both treatments.

Figure 35: Use of LXR agonists in GB. In GSCs,
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lll- Hypothesizing the use of lysosome storage diseases’

inducers as a therapy for glioblastoma

Lysosomal storage diseases (LSDs) are a group of more than seventy inherited
disorders impairing lysosomal functions. While individually rare, LSDs are collectively
affecting nearly one in five thousand births. Clinically, LSD patients mostly develop
neurodegenerative symptoms, although other organs can be affected. Notably, the
incapacity of lysosomes to complete their degradative functions, as well as the intra-
lysosomal accumulation of undigested material (mostly lipids and proteins), is harmful

for the cells*5!,

llI-1- Niemann-Pick disease type C

Niemann—Pick disease types C1 and C2 (NPC) develop in patients harboring
mutations in the cholesterol transport proteins NPC1 and NPC2 respectively. NPC2
is a lysosomal lumenal protein able to capture the lysosomal pool of free cholesterol
and works in concert with the lysosomal membranous protein NPC1773, By contacting
NPC1, NPC2 increases the rate of lysosomal cholesterol export’’4. Indeed, NPC1
acts as a lysosomal cholesterol exporter*68775 in parallel to the discrete function of
other lysosomal membrane proteins such as LAMP2 or LIMP2776.777_ Therefore, loss-
of-function mutations in NPC1 and NPC2 induce lysosomal cholesterol retention,
altering their catabolic functions, ending up in the development of neurologic
symptoms*63,

Our work unraveled that MALT1 inhibition remodels the lysosomal proteome of
GSCs, notably by reducing the level of cholesterol-related proteins in the degradative
compartment. NPC2, and mostly NPC1, were shown to be less abundant in the
lysosomes of MALT1 inhibited GSCs. Consecutively, we could observe classical
NPC phenotypes, such as lysosomal cholesterol and LBPA accumulation, reduced
autophagic flux, and activation of the SREBP2 pathway. This culminated in the
specific cell death of GSCs, as healthy astrocytes and brain endothelial cells were
resistant to MALT1 inhibition. This could be explained by the increased sensitivity of
GSCs to lysosomal destabilization'?'-127 as well as their vulnerability to cholesterol
homeostasis deregulation''-153, Similarly, directly inhibiting the function of NPC1 by a
pharmacological approach (U18666A778), or by siRNA-based silencing, significantly
affected GSCs viability as compared to healthy brain cells. This result is concordant
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with in silico analysis of the TCGA demonstrating the increased probability of survival
of GB patients presenting low expression of NPC1 and NPC2. Moreover, the in vivo
data generated in xenograft mice models suggests the effectiveness of inhibiting
MALT1 or NPC1 to counteract GB growth. As previously stated, GSCs, the main
reservoir for GB initiation and recurrence, are especially sensitive to lysosome
destabilization and cholesterol homeostasis modulation. As such, the induction of
LSD phenotypes appears of interest for the targeting of this cell subpopulation,
especially because the viability of healthy astrocytes and brain endothelial cells was
not overtly affected by NPC1 and MALT1 inhibition. However, while viability is not
affected, whether their functions are impaired is still unknown and will need further
investigations before stating that NPC1 is a targetable protein in the context of GB.
The targeting of MALT1 represents another option for GB treatment. Mepazine as
well as MLT748, two allosteric inhibitors of the paracaspase®9'6%_ efficiently reduced
the growth of xenotransplanted GSCs'?'. As compared to NPC1 inhibition, MALT1
targeting may prove specificity for GSCs targeting. Indeed, MALT1 has been found
active in this subset of cells as compared to healthy brain cells. Its pharmacological
targeting as well as its genetic inhibition results in GSCs’ elimination by mean of LSD
phenotypes induction. However, and as for NPC1 inhibition, while not killed by
MALT1 inhibition, healthy brain cells still need to be characterized in response to
mepazine or MLT748 treatments, to discard potential off-target effects of the
compounds.

Moreover, the precise mechanism by which MALT1 controls NPC1 lysosomal
localization is still uncertain. Two main hypotheses can be raised.

1) Retention

As demonstrated by performing proteomic analysis of total GSC lysate combined to
the one performed in immunopurified lysosomes, MALT1 inhibition results in the
reduction of NPC1 level specifically in the lysosomes, without modification of its total
cellular concentration. As some mutations identified in the NPC1 gene and
responsible for the development of the NPC disease were linked to retention of the
protein in the ER7%-781, MALT1 inhibition may therefore modify the localization and
transport of the protein to its site of action.

2) Dilution

MALT1 inhibition have been linked to the release and activation of QKI, positively

correlating with the abundance of lysosomes'?'. The number of lysosomes
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importantly increasing after blockage of the paracaspase, meanwhile NPC1 transcript
and protein level not being modified, NPC1 may therefore be diluted among the pool
of newly formed and aberrant lysosomes.

Several experiments could be considered to investigate these two hypotheses.
Firstly, immunofluorescent staining of NPC1 combined with the revelation of specific
organelle markers could help identify whether NPC1 is relocalized to another
compartment in response to MALT1 inhibition. Coupling this to the use of
micropatterned microscopic slides to ensure the spreading of GSCs and the
enlargement of their cytosolic compartment could be useful to precisely determine
NPC1 localization. Secondly, the use of density gradient to separate cellular
organelles may highlight a potential repositioning of NPC1. Notably, this technique
may allow the characterization of a potential lysosomal heterogeneity upon MALT1
inhibition, with the cholesterol-filled lysosomes being separated from the pool of
NPC1-positive lysosomes.

Altogether, targeting NPC1, either directly or via the use of MALT1 inhibitors, appears
as a promising opportunity for GSCs eradication and GB treatment. This is however
dampened by the effect of such targeting on non-cancerous cells. While their viability
is not overtly affected, a deeper phenotypic characterization will warrant the safety of

these approaches for the treatment of GB.
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Figure 36: NPC1 localization in MALT1-inhibited GSCs. A) In basal conditions, MALT1 is found
constitutively active in GSCs. This represses the lysosomal compartment. B) Upon MALT1 inhibition,
NPC1 may relocalize in other cellular compartments such as the ER. C) Newly generated lysosomes
are aberrant, NPC1 is therefore diluted, leading to lysosomal cholesterol accumulation.
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llI-2- GSCs specificity

Genes defined as non-oncogene addictions (NOA) support the propagation of
cancers, without showing mutations or impact in tumorigenesis’®3. Paralleling what
can be observed in the ABC subtype of DLBCL, MALT1 and its constitutive activity
have been defined as a non-oncogene addiction for GSCs, its targeting being
deleterious for the growth and survival of this cell subpopulation'?'782, How is MALT1
constitutively active in this context is still mysterious, but upstream modulators of the
CBM assembly and further MALT1 activation such as the EGFR are often found
mutated in GB7347%2, potentially opening new effective and broader therapeutic
opportunities.

The inhibition of MALT1 and the subsequent lysosomal editing and cholesterol
homeostasis modulation are particularly effective for the elimination of GSCs (see
section 1) 22753, But whether the same regulation of lysosomal stability and
cholesterol homeostasis is operated by MALT1 in other cell types is still unknown.
Visualization of the lysosomal compartment and cholesterol traffic upon MALT1
inhibition in the ABC subtype of DLBCL would be of interest.

Finally, pharmacological inhibition of NPC1 using U18666A repressed GSCs viability.
Importantly, this treatment did not significantly decrease the viability of healthy
astrocytes and brain endothelial cells, suggesting a specificity toward GSCs.
However, and interestingly, ABC-DLBCL, relying on MALT1 constitutive activity for
their survival were almost as sensitive as the GSCs to the U18666A treatment.
Rather than only appearing as a specificity in GSCs, NPC1 inhibition seems
deleterious for MALT1-active cells. As only tested in one ABC-DLBCL cell line, this
result obviously needs confirmation, but opens an interesting hypothesis concerning

a broader function of MALT1 in lysosome editing.
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Conclusion and Perspectives
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Figure 37: MALT1 modulates lysosomal NPC1 and cholesterol homeostasis. In GSCs,
inhibiting the constitutive activity of MALT1 remodels the lysosomal proteome and notably
reduces NPC1 level in this organelle. The subsequent lysosomal cholesterol
sequestration induces autophagy disfunction, the activation of the cholesterol
replenishment machinery, and finally, cell death. Feeding MALT1 inhibited GSCs with
cholesterol partially counteracts all the above-mentioned phenotypes, placing lysosomal

cholesterol handling as a targetable mechanism in GSCs.
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To explore the roles of MALT1 and NPC1 in GSCs, we employed a combination of
RNA silencing and pharmacological agents. While these approaches yielded similar
responses (SREBP2 activation, cholesterol accumulation, autophagy, and cell
viability), they may induce divergent responses in terms of amplitude and kinetics.
This will warrant further investigation at a multiscale resolution. Moreover, non-GSC
models such as astrocytes and endothelial cells, were used with parsimony to control
for the effects of MALT1. It will be of paramount importance to next evaluate the role
of MALT1 on cholesterol distribution in non-cancer contexts, notably upon MALT1
physiological activation (e.g. lymphocyte activation). Ultimately, further research is
essential to fully explore the in vivo translation of our discoveries, with a particular
focus on understanding the contribution of cholesterol supply and overall

homeostasis.

e Matched-omic approach reveals that the paracaspase MALT1 adjusts
cholesterol level

e MALT1 blockage causes cholesterol sequestration in supernumerary
lysosomes

e MALT1 prevents cholesterol transporters exhaustion and lysosomal proteome
editing

e The targeting of NPC1 abrogates glioblastoma cell viability
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Annex 1 — Glioblastome multiforme - Les fleurs du MALT1

226



452

NOUVELLE

Glioblastome multiforme
Les fleurs du MALT1
Clément Maghel, Kathryn A. Jacobs!, Nicolas Bideére!,

Julie Gavard®?

Le glioblastome multiforme, un cancer
incurable

L’Organisation mondiale de la santé
(OMS) a défini le glioblastome multi-
forme comme un cancer astrocytaire
de grade IV. La survie médiane de cette
tumeur cérébrale est d’environ 15 mois,
malgré un traitement combinant chirur-
gie intracrdnienne et séances concomi-
tantes de radiothérapie et de chimio-
thérapie 288. Les rechutes a proximité
de la tumeur initiale, quasi inéluctables,
évoluent rapidement et inexorablement
jusqu’au déces du patient. Cet échec
thérapeutique peut s’expliquer non seu-
lement par les résistances intrinseques
des cellules tumorales, mais aussi par
la présence d’un groupe minoritaire
de cellules tumorales aux caractéris-
tiques de cellules souches (glioblas-
toma stem-like cells, GSC). Les résultats
de plusieurs travaux convergent vers
I’idée que les GSC contrdlent I’initia-
tion, la progression et la rechute de ces
tumeurs 2E§, bien que les mécanismes
en jeu restent mal compris. Ces cellules
partagent de nombreuses caractéris-
tiques avec les cellules souches neurales
adultes, notamment la capacité d’auto-
renouvellement et de différenciation
dans le lignage neural 208. éradiquer
cette fraction de cellules tumorales
apparait donc comme une stratégie thé-
rapeutique pertinente.

MALT1 et la gliomagenese

Afin d’identifier des facteurs de vul-
nérabilité controlant I’expansion des
GSC, les données transcriptomiques du
TCGA (the cancer genome atlas) concer-
nant plus de 400 patients atteints d’un

m/sn® 8§, vol. 36, mai 2020
httpsrderrg /M LIS e 85T 2080073

glioblastome ont été interrogées. €n se
concentrant sur les genes impliqués dans
Iactivation du facteur de transcription
NF-kB (nuclear factor-kappa B), une
voie essentielle dans la prolifération et
la survie cellulaires dans de nombreux
cancers ¥B, 4, la paracaspase MALT1
(mucosa-associated lymphoid tissue
lymphoma translocation protein 1) a
émergé comme un nouvel acteur poten-
tiel de la gliomagenése Z88. L'expres-
sion de cette enzyme apparait en effet
corrélée a la fois au grade des tumeurs
cérébrales et a la survie des patients
atteints d’un glioblastome. Les fonctions
cellulaires de MALTI1 sont doubles. D’une
part, elle agit en tant que protéine adap-
tatrice au sein du complexe de protéines
impliqué dans la mise en place de la voie
de signalisation NF-kB B8, &§, et, d’autre
part, elle exerce une activité protéoly-
tique a un site consensus de la séquence
de ses protéines cibles, aprés un résidu
arginine. Le nombre de substrats avérés
de MALTI se limite a une dizaine, mais
leur champ d’action s’étend du contrdle
des voies NF-kB et JNK (jun N-terminal
kinase), a I"adhérence cellulaire et a
la stabilité des ARN ZB8 (FR205I). La
protéase MALT1, normalement mainte-
nue dans une conformation inactive, est
activée dans les cellules immunitaires
pour controler la signalisation antigé-
nique Z8§. C'est aussi le cas dans les
cellules non-immunitaires en réponse
a I'activation de certains récepteurs
membranaires (FRO&SI). Pourtant,
une étude biochimique du répertoire
connu des substrats de MALT1 montre
qu’une fraction de cette protéase est
constitutivement active dans les GSC
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288. £n accord avec ce résultat, I'expres-
sion d’une version de MALTL dépourvue
d’activité catalytique permet de réduire
la protéolyse de ses substrats dans les
cellules de patients atteints d’un glio-
blastome. Nos résultats sont en faveur
de I'idée que MALTI serait « piratée »
dans le glioblastome, comme c’est le cas
dans certains lymphomes 25-&§.

MALT1 contribue a la survie des GSC

Par analogie avec les travaux démon-
trant ’addiction de cellules de lym-
phomes a I’activité de MALTL 8, &%, nous
avons exploré I'impact de I’expression et
de I'activité de cette protéase sur le
maintien du réservoir de GSC et avons
montré que la réduction de I’expres-
sion de MALT1 dans des GSC induit une
diminution de leur prolifération, de leur
survie, et de I’expression de marqueurs
de ces cellules 288. Ces résultats ont été
reproduits en utilisant des inhibiteurs de
MALT1, tels que I"antagoniste peptidique
compétitif z-VRPR-fmk, et des médica-
ments de la famille des phénothiazines,
comme la molécule anti-psychotique
mépazine, un inhibiteur allostérique de
MALT] 28§ (FRO&?). Ces agents phar-
macologiques ont une toxicité sélec-
tive pour les GSC, et n’affectent pas la
viabilité de cellules saines du cerveau
(astrocytes, neurones, et cellules endo-
théliales) B88. Finalement, I’administra-
tion journaliere de mépazine permet de
réduire de fagon significative la crois-
sance tumorale dans un modeéle de sou-
ris greffées avec des GSC humaines 288,
Ces résultats montrent que la protéase
MALTL est nécessaire au maintien des
GSC et contribue a I’expansion tumorale.
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Figure 1. MALTI est un acteur essentiel de la voie de signalisation NF-KB. La protéine MALTL

est activée par la stimulation des récepteurs antigéniques dans les cellules immunitaires, ainsi

que par I'activation des récepteurs a activité tyrosine kinase (RTK) ou couplés aux protéines

G (RCPG) dans les cellules non-immunitaires. Par sa fonction de protéine adaptatrice, MALT1

contribue a I’élaboration d’un complexe de signalisation en charge d’activer le facteur de trans-

cription NF-xB. Cette cascade de signalisation libere également I'activité enzymatique de la

paracaspase MALTL. La protéolyse des substrats de MALT1 module des mécanismes d’adhérence

cellulaire, de stabilité des ARN messagers (ARNm), et de la régulation des voies NF-kB et JNK.

Réle de MALT1 dans I’homéostasie des
lysosomes

Fonctionnellement, nos résultats
indiquent que la mort des GSC induite
par la mépazine n'implique pas un pro-
cessus de mort cellulaire program-
mée par apoptose ou nécroptose EB§.
€n revanche, le blocage des enzymes
du lysosome, telles que les cathep-
sines, contrecarre en partie Ieffet de
la mépazine sur la viabilité des GSC. €n
outre, Iinhibition de MALT] est asso-
ciée au relargage de protéases du lyso-
some dans le cytoplasme, suggérant
donc un phénomeéne de perméabilisa-
tion de la membrane lysosomale 268,
fatal aux GSC. Par ailleurs, des analyses
du compartiment endo-lysosomal des
GSC par imagerie cellulaire ont mon-
tré une augmentation de I'abondance
de ce compartiment en cas d’inhi-
bition de MALT1 ou de réduction de
son expression BBB. Ces résultats font
écho aux données récentes indiquant
que le nombre de lysosomes est fine-
ment régulé dans les cellules souches
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neurales normales, et que ce nombre
contrdle la survie des GSC 2B-920§. MALT1
agirait donc comme un rempart contre
une augmentation de la quantité de
lysosomes, nocive pour les GSC, dévoi-
lant ainsi un facteur de vulnérabilité de
ces cellules (FRO&?).

Dans le but de comprendre le lien entre
MALT] et les lysosomes, nous avons
mené une analyse transcriptomique
par séquencage de I’ARN dans les GSC
traitées ou non a la mépazine BB,
€tonnamment, I’expression des génes
impliqués dans I’homéostasie et la
biogenése endo-lysosomales n’est pas
modifiée en réponse a I’inhibition de
MALTL. €n revanche, analyse in silico
des données transcriptomiques prédit la
modification d’une signature de genes
correspondant a la voie de signalisation
mTOR (mammalian/mechanistic target
of rapamycin). Ces résultats nous ont
conduits a étudier plus en détail la
voie de signalisation mTOR, dont une
partie des protéines est ancrée aux
lysosomes. Nous avons montré que I’in-

hibition de MALT1 déconnecte mTOR des
lysosomes et atténue la voie de signa-
lisation mTOR tumorale 88, essentielle
au maintien des GSC BB . Ainsi, I'inac-
tivation de MALTI entraine une aug-
mentation incontr6lée de la biosynthése
des lysosomes qui, en plus, semblent
dysfonctionnels. €n effet, nos résul-
tats suggerent que les lysosomes nou-
vellement formés ont une plus grande
perméabilité de leur membrane, ce qui
permet a des enzymes protéolytiques,
normalement confinées a I'intérieur
des lysosomes, d’exercer leur activité
dans le cytosol. €n outre, une analyse
en imagerie confocale montre que les
lysosomes nouvellement formés sont
déconnectés de la voie de signalisa-
tion mTOR. Nos recherches s’attachent
désormais a mieux caractériser les
défauts de ces lysosomes.

Comment MALT1 peut-elle moduler la
quantité de lysosomes ? 'action déter-
minante de quaking (QKI), une protéine
qui se lie & ’ARN messager (ARNm), dans
le maintien des GSC a récemment été
rapportée BBG. Cette protéine permet en
effet de stabiliser des ARNm codant des
protéines endo-lysosomales. Nous avons
montré que MALTL et QKI interagissent
dans les GSC ZBF. La surexpression de
QKI, qui modifie la steechiométrie du
complexe MALTL/QKI, suffit a reproduire
les effets de I'inhibition de MALTL dans
les GSC. Inversement, la réduction de
I’expression de QKI permet de contrer
I’effet de Iinhibition de MALT] dans ces
cellules BB. Ainsi, il existe une interac-
tion réciproque antagoniste entre ces
deux protéines.

Perspectives

Nos travaux attribuent donc un nouveau
role a la protéase MALT1 dans ’homéos-
tasie des lysosomes. Par la rétention de
QKI, MALTL restreint la genése du com-
partiment endo-lysosomal. Nous mon-
trons également que I'activité de MALT1
permet la signalisation mTOR, essen-
tielle a 'expansion des GSC, renforgant
I’idée que MALTL participe au contrdle
de cette voie métabolique. €n révélant
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le role de la protéase MALTL dans le
contrdle de la quantité et de 'activité
des lysosomes qui, lorsqu’ils sont en
exces, empéchent I"expansion des GSC,
nos résultats ouvrent une perspective
thérapeutique originale dans le combat
contre le glioblastome multiforme. ¢
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ABSTRACT

Lysosomes are acidic, dynamic organelles that supervise catabolism, integrate signaling cas-
cades, and tune cellular trafficking. Moreover, the loss of their integrity may jeopardize cell
viability. In cancer cells, lysosomes are qualitatively and quantitatively modified for the tumor’s
own benefit. For all these reasons, these organelles emerge as appealing intracellular targets
to manipulate non-oncogene addiction. This is of particular interest for brain diseases, includ-
ing neurodegenerative disorders and cancer, in which stem cells are exhausted and trans-
formed, respectively. Recent publications had demonstrated that stem cells displayed
disarmed lysosomes in terms of number and functions during aging and oncogenic progres-
sion. Likewise, our laboratory identified that the arginine protease MALT1, normally dedicated
to the assembly of proper NF-kB activation and processing a number of substrates, arbitrates
lysosome biogenesis and mTOR signaling in glioblastoma stem-like cells. Indeed, blocking
either the expression or the activity of this enzyme leads to an aberrant increase of lysosomes,
alongside of the down-regulation of the mTOR signaling. This surge of lysosomes eradicates
glioblastoma stem-like cells. Targeting lysosomes might thus inspire the design of new
strategies to face this devastating human cancer. Here, we provide an overview of the
functions of the lysosome as well as its role as a cell death initiator, to highlight the potential
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of lysosomal drugs for glioblastoma therapy.

Glioblastoma Multiforme (GBM) is a deadly brain
tumor in adults, for which treatments remain
unsatisfactory. Not only do therapies need to
reach the brain and selectively destroy the tumor
within this privileged, protected tissue, but also the
anticancer arsenal has to deal with high molecular
and high cellular heterogeneity and plasticity.
Thus, median survival plateaus at 15 months, and
5-years survival does not exceed 5% [#-8]. It is
now well admitted that GBM arises from a pool of
transformed initiating cells, termed as glioblas-
toma stem-like cells (GSCs) [#,4-6]. This sub-
population of tumor cells is capable of tumor
initiation, expansion and relapse. Targeting GSCs
is thus of paramount potential. Boosted by the
advances in targeting intracellular homeostasis,
such as metabolism and proteostasis, organelles
and their functions had received increasing atten-
tion in the field of cancer research. In this per-
spective, we presented recent findings highlighting
how lysosomes are paralyzed in glioblastoma
stem-like cells [Z-9].

1. Lysosomes: an overview

Lysosomes are acidic organelles, with an intraluminal
pH ranging between 4.5 and 5.5, that were discovered
by Christian de Duve’s group in 1955 [18]. These
intracellular entities pilot degradation and metabolic
signaling. Lysosomes are composed of two main
classes of proteins: hydrolases and membrane proteins.
Hydrolases reside in the acidic lysosomal lumen, where
each enzyme acts on a particular subset of cargos in
order to fulfill their varied functions, including catabo-
lism, antigen and pro-protein processing, extracellular
matrix degradation, or apoptosis initiation [1d].
Lysosomal membrane proteins, by contrast, are heavily
glycosylated and occupy the limiting membrane of the
lysosome; their roles echelon to acidification, mem-
brane fusion, and protein import and export [1B-id].

1.1. Biogenesis and assembly

Seminal work from Andrea Ballabio’s group iden-
tified that many lysosomal genes contain in their
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promoter a consensus sequence, GTCACGTGAC,
termed the CLEAR element (coordinated lysoso-
mal expression and regulation). The basic helix-
loop-helix leucine zipper transcription factors
from the MITF (melanocyte inducing transcrip-
tion factor) family, among which is TFEB (the
transcription factor EB), bind to this site and reg-
ulate lysosomal biogenesis. In fact, TFEB overex-
pression promotes lysosomal gene transcription in
HeLa cells [#5]. Subsequently, the same group
uncovered that the CLEAR element is also located
in the promoter of many autophagy-related genes,
underlining an intermingled regulation between
lysosomal biogenesis and autophagosome forma-
tion [16]. TFEB is regulated via inactivating phos-
phorylation at multiple sites, which promotes its
cytosolic retention. Upon dismantlement of lyso-
some functions or cellular starvation, TFEB is
dephosphorylated and subsequently shuttled to
the nucleus, promoting the transcription of its
target genes [1]. Both ERK2 and the mechanistic
target of rapamycin complex (mTORCI1) have
been implicated in TFEB phosphorylation under
nutrient-rich conditions [18,18]. As mTORCI1
counteracts autophagy induction, this emphasizes
the interplay between lysosomal biogenesis, autop-
hagy, and mTORCI1 signaling. Furthermore, recent
work by Kevin Ryan’s laboratory demonstrated
that bromodomain-containing protein 4 (BRD4)
functions as a transcriptional repressor of the
CLEAR network, independent of TFEB. Indeed,
the knockdown or inhibition of BRD4 induced
CLEAR network gene transcription even upon co-
silencing of TFEB [28]. Therefore, there may be
alternate, yet unknown, mechanisms regulating
lysosomal gene transcription.

Newly synthesized hydrolases traffic to the lyso-
some, from the trans-golgi network (TGN), via the
mannose-6-phosphate receptor (M6PR) transport
system. Clathrin-coated vesicles, containing M6PR
and hydrolases, leave the TGN and travel to early
endosomes. Upon endosome maturation, pH
changes cause hydrolases to dissociate from
M6PR, which can in turn recycle back to the
TGN. Of note, M6PR also localizes at the cell
surface to shuttle extracellular content to the lyso-
some via the endocytosis pathway [25-2¢]. Hence,
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lysosomes can acquire integral components via
two routes, i.e. de novo synthesis and endocytic
uptake.

1.2. Fusion of lysosomes to cellular membranes

Functionally, lysosomes act as a delivery receptacle
for multiple degradative processes, including autop-
hagy and endocytosis. Moreover, lysosomes can fuse
with the plasma membrane and undergo exocytosis
to expel certain contents. These varied functions
converge on the fusion of lysosomes with different
cellular membranes including autophagosomes,
endosomes, and the plasma membrane (Ezwesl).

In addition to degrading internalized cargos, a key
role of the lysosome in endocytosis resides in ligand/
receptor recycling. Upon endocytosis, the acidic con-
ditions drive low-density lipoprotein ligands to dis-
sociate from receptors and to be consequently
chopped by hydrolases. Transmembrane receptors
can then travel back to the cell surface for further
signaling [25]. In this way, the lysosome can alter the
duration of signaling cascades in the cell
Additionally, endocytosis serves to remodel the
plasma membrane by removing transporters and
adhesion molecules [25].

Autophagy is a cellular process for bulk degra-
dation in reaction to certain stimuli including
stress, starvation, and hypoxia. Upon initiation,
autophagy-related proteins (ATG) converge at
punctate structures, termed as the phagophore
assembly site (PAS). The phagophore isolates
designated cargos or organelles, sealing off into
double-membrane vesicles (autophagosomes).
Autophagosomes then fuse with the lysosome to
degrade their freight [2E]. Autophagy is tightly
regulated by a variety of cues including at the
transcriptional level (e.g. TFEB). Activated TFEB
promotes the transcription of genes involved in
the initiation of autophagy [28]. Additionally,
mTOR hinders autophagy via inhibitory phos-
phorylation of multiple pathway components,
such as the Unc-51 like autophagy activating
kinase ULK1 and ATG13 [29-3&].

Finally, lysosomal exocytosis is a calcium-
dependent process exploited by cells for plasma
membrane repair, as well as pathogen removal
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Figure 1. Overview of lysosomal functions.
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Lysosomes assemble from both neo-synthetized and endocytosed materials. Their cargos are delivered through the transgolgi
network (TGN) or the multivesicular bodies (MVB). MVB themselves emanate from endosomes and/or TGN. Lysosomes exerted varied
cellular functions, including: metabolic signaling via mammalian/mechanistic Target Of Rapamycin Complex 1 (mTORC1) docking on
their surface, protein turnover via the degradation of cellular contents following fusion with autophagosomes (autophagy) or

endosomes, and exocytosis via fusion with the plasma membrane.

[38-35]. In cancer cells, increasing evidence sug-
gests that this pathway is also co-opted to digest
the extracellular matrix of surrounding cells dur-
ing invasion [36].

Thus, lysosomes sit at the crossroad of multiple
organizational ~and functional intracellular
commands.

1.3. mTORC1 metabolic signaling

Lysosomes play a key role in metabolic signaling,
since they act as docking sites for active mTORCI.
Upon growth factor or amino acid stimulation,
cytosolic mTORC1 migrates to the surface of the
lysosome, where its kinase activity operates to
stimulate mRNA translation and metabolism (via
nucleotide, lipid, and glucose synthesis), while
inhibiting protein turnover (via inhibition of
autophagy and lysosomal biogenesis) [3%].
Besides controlling cell size, mTOR signaling
orchestrates metabolism, proliferation and survi-
val, as such, this pathway can be pirated to the

cancer cell’s benefits. In fact, approximately 30% of
human tumors experience hyperactivation of the
cascade [3%]. Therefore, targeting mTOR signaling
may be important for effective anti-cancer therapy.

2. Lysosome-induced cell death

The idea of lysosomes as initiators of cell death
was suggested early on following their discovery.
However, this capacity was not fully explored until
recently, likely owing to the fact that their ultra-
structure appeared unaltered during cellular
demise [38,39]. Damage to lysosomes comprises
alteration in hydrolase expression, as well as
changes in their size, number, pH and cellular
positioning [48]. They also show deficiencies in
autophagic flux.

Lysosomes work at acidic pH. Inhibition of the
proton pump vacuolar-ATPase, e.g. with bafilomy-
cin Al increases intraluminal pH and thus reduces
their catabolic capacity. This results in lysosomal
dysfunction and defect in fusion with the



autophagosome [4%,48]. Similarly, the autophagic
inhibitor chloroquine also suppresses the lysoso-
mal mission. Rather than blocking acidification,
this weak base accumulates in lysosomes, increas-
ing de facto the pH. This also limits autophago-
some-lysosome fusion and thus, clearance of
cargos [48] (Eigwes2). Inhibitors of mTOR can
too alter lysosomal function in a cell. As already
mentioned, there is a reciprocal interplay between
mTOR inhibition and autophagy induction.
Therefore, mTOR inhibitors can increase autopha-
gic degradation, and thus switch on the lysosomal
activity [44].

Furthermore, lysosomal membrane integrity is
crucial to circumscribe degradative enzymes and
to maintain confined acidic pH. Conversely, lyso-
somal membrane permeabilization (LMP) results
in an exodus of the lysosome cargos toward the
cytosol. This LMP term encompasses varying
degrees of membrane alterations, from selective
cathepsin release, instigating death via tunable sig-
naling cascades, to total lysosomal lysis, which
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Figure 2. Therapeutic targeting of the lysosome.
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lowers cellular pH and prompts necrosis
[46,45,46]. LMP can be induced by a variety of
methods. For instance, lysosomotropic agents are
weak bases, which passively cross the lysosomal
membrane and accumulate into the Iumen.
Amines with hydrophobic side-chains such as
morphomine, cisprofloxacin, sphingosine, imida-
zole, and siramesine are all classified as lysosomo-
tropic  detergents  [38,45-48]. Furthermore,
microtubule poisons, such as vincristine and pacli-
taxel also modify the stability of lysosomes [%8,5%].

One major method of altering the stability of
lysosomal membranes, and thus inciting LMP, is
arbitrated by the modification of sphingolipids.
Acid sphingomyelinase (ASM) binds to both
HSP70 and its docking lipid BMP (bis monoacyl-
glycerophosphate), to foster membrane stability
[38,58]. Drugs that target ASM displace it from
BMP to promote its degradation, resulting in
sphingomyelin accumulation. These drugs, ran-
ging from antihistamines to antidepressants, are
collectively known as cationic amphiphilic drugs

Lysosomal
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Membrane
Fusion

/ { Autophagosomej
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Numerous pharmacological compounds are reported to alter lysosomal functions and stability. mammalian/mechanistic Target Of
Rapamycin (mTOR) inhibitors prevent metabolic signaling from occurring and induce initiation of autophagy. Bafilomycin A1 blocks
the lysosomal proton pump (vATPase), elevating pH and therefore limiting catabolic actions. Chloroquine increases lysosomal pH,
reducing degradative capacity and fusion with autophagosomes. Lysosomal Membrane Permeabilization (LMP) inducing drugs
destabilize the organelle membrane, allowing for the leakage of lysosomal proteases into the cytosol and ultimately resulting in cell

death.
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Figure 3. MALT1 interacts with QKI and regulates lysosomal homeostasis in Glioblastoma Stem-like Cells.

Mucosa-Associated Lymphoid Tissue lymphoma translocation protein 1 (MALT1) interacts with QKI in Glioblastoma Stem-like Cells
(GSCs), thus restraining QKI activity. Upon MALT1 inhibition, QKI is released and possibly free to bind to lysosome-coding mRNAs,
leading to lysosomal biogenesis. This lysosomal exaggeration ruptures its integrity, culminating in mTOR (mammalian/mechanistic
Target Of Rapamycin Complex 1) dispersion, and lysosomal membrane permeabilization (LMP). As a result, lysosomal proteases

induce GSC death, thus restraining GBM development.

(CAD), as they have hydrophilic amine groups and
hydrophobic ring structures [%4,55]. Marja
Jadtteld’s group has done extensive research on
CADs, including siramesine. They demonstrated
that siramesine is a lysosomal detergent, which
disrupts autophagy [48]. Moreover, this com-
pound shows selectivity toward cancer cells, and
can help resensitizing them to chemotherapy
[%%,55]. Additionally, inhibitors of HSP70 also
halt ASM stability and trigger LMP [28,%85,53].
Hence, drugs that revise lysosomal sphingolipids
have an exciting anti-cancer potential.

When LMP is induced, cells engage several damage
response mechanisms to avoid death. For instance,
inactivation of mTORC1 prompts TFEB-dependent
lysosomal biogenesis [58,%8]. In this vein, TFEB nucle-
arization enhances with the addition of lysosomotro-
pic agents [@B]. Moreover, minor perturbation in
lysosomal membrane integrity stimulates the recruit-
ment of the ESCRT (endosomal sorting complexes
required for transport) machinery to heal membrane
flaws. Indeed, knockdown of ESCRT components
increased lysosomal damage-induced cell death [&%].

Concurrently, Phyllis Hanson’s laboratory demon-
strated that ESCRT knockdown reduced lysosomal
repair, using the cathepsin probe Magic Red [62]. In
contrast, numerous studies have demonstrated that
more severe LMP leads to the recruitment of galectins
3, 8, and 9, as sensors that bind -galactosides on the
injured organelles to recruit the autophagic machinery
for selective clearance (termed as lysophagy) [68-6%].
Additionally, lysosomes can undergo exocytosis in
response to anti-cancer agents [68]. For instance,
recent work demonstrated a calcium-dependent
fusion of lysosomes with the plasma membrane fol-
lowing ionizing radiation [é8].

Lysosomal disorder efficiently induces cell death,
providing an opportunity to exploit this process for
novel anti-cancer therapies.

3. Targeting lysosomes in glioblastoma
stem-like cells

Lysosomes not only engage in recycling and signal-
ing but also supervise stem cell fate alongside devel-
opment and aging. Recent work by Villegas et al.



identified TFE3, a MITF family transcription factor,
known to promote the transcription of lysosomal
genes, as a major regulator of Embryonic Stem Cell
(ESC) differentiation. Genome-wide CRISPR/Cas9
screen, performed in mouse ESCs, indeed illustrated
that the self-renewal state is controlled by the activity
of TFE3, thus linking stem cell fate to the lysosomes
[#8]. Anne Brunet’s group provided additional evi-
dence for a role of lysosomes in the maintenance of
stem cell properties in brain. It is noteworthy that
quiescent Neural Stem Cells (QNSCs) have more
numerous and larger lysosomes than their activated
counterparts (aNSCs). QNSCs are further involved in
maintaining brain function and repair after injury
[#t]. However, the lysosomal compartment is
exhausted in older NSCs (19-22 months), as com-
pared to young NSCs (3-4 months), together with
the accumulation of protein aggregates [Zt]. The
weakening of differentiation potential in older
qNSCs accompanied the decline of the lysosomal
compartment, suggesting that the impact of aging
on lysosomes alters stemness [%k]. Therefore, lyso-
somal homeostasis may be of great importance in the
process of aging, culminating with neurodegenera-
tive pathologies, such as Alzheimer's and Parkinson's
diseases. This might further be the case in GBM
development, as this cancer occurs more frequently
in older patients [28].

As briefly mentioned, GBM contains a subset of
cells with stem properties, namely Glioblastoma
Stem-like Cells (GSCs), which may arise from
mutations in NSCs [6,78,74], and consequently
may show similar lysosomal vulnerability. As
these cells may govern initiation, resistance to
treatments, and relapse, how the lysosomal com-
partment contributes to their fate is of high inter-
est. Pivotal findings by Shingu et al. identified
QKI, an RNA binding protein highly expressed
in the brain, as a regulator of lysosomes in NSCs
and GSCs [8]. Gene deletion of Qki in transformed
NSCs leads to the maintenance of stemness prop-
erties, even outside the favorable environment of
the NSC niche, while recapitulating GBM devel-
opment in mice brains. QKI can bind specifically
to and stabilize lysosomal RNAs in these cells [9].
Correspondingly, QKI silencing restricts the endo-
lysosomal compartment, resulting in reduced
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receptor recycling. This prolongs, in turn, self-
renewal signaling emanating from receptors, and
therefore culminates in maintaining their survival
even in harsh environments [8]. Conversely, one
can envision that reversing lysosomal shutdown
might be deleterious for GSCs. In keeping with
this idea, several groups tried to take advantage
of this putative frailty in GSCs to improve ther-
apeutic targets in GBM (Ealehesl).

From this view, lysosomotropic drugs penetrate
cells, accumulate in the lysosomal lumen, and
therefore may be interesting compounds to disrupt
lysosomes in GBM [é8,75]. For instance, betulinic
acid derivative B10 kills glioblastoma cell lines
in vitro, as well as patient-derived cell cultures,
when combined with the PI3 K inhibitor GDC-
0941 [76]. From a molecular standpoint, PI3K inhi-
bition activates TFEB-dependent accumulation of
lysosomes, destabilized in turn by B10. This was
hindered by Ca-074Me, a known cathepsin
B inhibitor, arguing in favor of a lysosomal-
mediated death [%6]. Lys05, another lysosomotropic
molecule, also showed promising results for the
treatment of GBM [ZF]. This drug was reported to
impair lysosomal function in glioma cell lines, as
assessed by Lysotracker and acridine orange stain-
ing, two acid-activated fluorophores. Lys05 accu-
mulation in lysosomes executes LMP, as evaluated
by Galectin3 puncta formation [#F]. Viability was
further rescued upon Ca-074Me administration.
Lys05 radio-sensitizes glioma cell lines in vitro, sug-
gesting the potential of combining lysosomal desta-
bilization with standard-of-care therapies. Similar
experiments were conducted with the previously
described CAD, siramesine, in glioma cell lines
and patient-derived cells in vitro [78]. However,
the administration of siramesine failed to curb pro-
liferation and survival of GBM cells in organotypic
spheroid-brain slice culture and in xenograft mouse
models [7Z8]. Thus, lysosomotropic drugs showed
promising results mainly in in vitro studies, poison-
ing a large proportion of cancerous cells without
any major effects on normal neural cells, but may
require further evaluation to determine their in vivo
efficacy.

In addition to lysosome destabilization, targeting
lipid homeostasis emerged as a potential strategy to
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Table 1. Compounds reported to induce lysosome membrane permeabilization in glioblastoma.

Chemical Drug Molecular/

(Name) Family Structure Functional Targets Reference

GDC-0941 anti-neoplasic O YCEL Phosphatidyl Inositol 3 Kinase [PI3 K) [76]
(PICTILISIB) jj

Lys05 polyamine | i Cationic Amphiphilic Drug [CAD] [768]

? T &

Lu-28-179 anti-depressant /@ Cationic Amphiphilic Drug [CAD) 78
SIRAMESINE . =
( ] : o Q

SapC-DOPS nanovesicle n.a Lysosomal Sphingolipid Metabolism [&4]
[BXQ-350]

TLI combination n.a Lysosomal Sphingolipid Metabolism [82]

Clemastine anti-histamine /_p Cationic Amphiphilic Drug [CAD) (8]
(TAVIST] g N

Mepazine anti-psychotic I MALT1 Paracaspase [#]
[PACATAL] p

SKI-II sphingosine kinase-2 inhibitor | Sphingosine Kinase [&2]

This table summarizes reported drugs with poisoning capability on glioblastoma cells in vitro. Chemical and brand names are recapitulated,
alongside family of each compound, structure, and reference. TLI: TNFa, Lipopolysaccharide, Interferony; n.a: not available.

eradicate tumor cells in GBM. Indeed, lysosomal
integrity relies on the lipid membrane composition
and organization, while these organelles play several
roles in lipid catabolism and transfer [79,88]. Thus,
any rupture in this fine-tuned process might prove to
efficiently induce LMP and subsequent lysosomal cell
death in GBM. An original treatment, developed by
the group of Balveen Kaur, uses nanovesicles formed
by the coupling of saposin C, an activator of sphingo-
sine production, to dioleoylphosphatidylserine
(DOPS). These engineered nanovesicles foster cera-
mide followed by sphingosine production, culminat-
ing in LMP-dependent cell death of GBM cells in vitro
and in vivo [8%]. Furthermore, glioma cell lines were
eliminated upon treatment with a combination of
tumor necrosis factor alpha TNFa, lipopolysaccharide
LPS, and interferon gamma IFNy (TLI). TLI provokes
ceramide accumulation in the lysosomes, causing the
destabilization of the lysosomal membrane and sub-
sequent LMP. The inhibition of the sphingosine
kinase (SK), an enzyme required for lipid recycling
outside of lysosomes was also proposed to induce
LMP specifically in glioma cells [88]. More recently,

Le Joncour et al. discovered MDGI (Mammary-
Derived Growth Inhibitor) as an important regulator
of lysosomal membrane composition. In fact, its
down-regulation impairs fatty acid transport in
patient-derived GBM cells, abetting dramatic changes
in lysosomal membrane composition. MDGI defi-
ciency prompts LMP and subsequent death of GBM
cells. In this vein, the CAD compound, clemastine,
engendered lysosomal cell death in vitro and reduced
tumor growth in vivo, in agreement with the suscept-
ibility of GBM cells to lysosomal dysfuntions [8].
While investigating intrinsic mechanisms for
autonomous survival of GSCs, our group unmasked
another previously unknown mechanism by which
GSCs regulate lysosomal biogenesis, and described
a family of drugs directing lysosomal-dependent cell
death in patient-derived cells in vitro, as well as to
tumor growth reduction in xenograft mouse models
[%]. The expression of the paracaspase MALT1, an
arginine protease, involved in antigen-signaling in
immune cells, NF-kB signaling, and development of
certain forms of aggressive lymphoma [83-8F] was
negatively correlated with the probability of survival



in GBM patients. MALT1 was found basally active in
GSCs [%]. Pharmacological inhibition of MALTI
using phenothiazines such as mepazine (MPZ)
[85,88], previously used in clinics in order to treat
psychic disorders, specifically exterminates patient-
derived cells, while sparing neural resident cell types
[%]. This effect was recapitulated with the competi-
tive peptide MALTI1 antagonist z-VRPR-fmk,
MALT1 silencing with RNA interference, and the
expression of a protease-dead version of MALT1I.
Altogether, several means deployed to halt MALT1
in GSCs converge on increased cell death, reduction
of proliferation, and loss of stemness markers [%].
Further, transmission electron microscopy (TEM)
unveiled an accumulation of vacuoles and lysosomes
in MALT1-inhibited cells. The intensification of the
Lysotracker and LAMP2 staining confirmed an
increased abundance of lysosomes. While MALT1
inhibition provokes cathepsin release, blocking these
lysosomal enzymes rescued GSCs, at least partially,
from MPZ-dependent cell death. Given the pre-
viously described role of QKI in regulating lysosome
biogenesis [8], the functional interaction between
QKI and MALT1 was explored in-depth. In fact,
QKI binds to MALT1 in proliferating GSCs and
was released upon MALT1 inhibition [%]. Thus, the
inhibition of MALT1 frees QKI, which is then per-
mitted to dictate the translation of lysosomal genes,
independently of TFEB. Conversely, the knockdown
of QKI opposes MPZ-induced cell death in GSCs,
underlying the major roles of MALT1 and QKI in
the regulation of lysosomal homeostasis in GSCs.

In addition to the roles of MALT1 and QKI, our
recent work also linked mTOR to the maintenance of
alow lysosome load in GSCs [%]. In MALT1-inhibited
cells, the constitutive mTOR activity was dampened
and the kinase was dispersed from lysosome foci
[%,89]. This might also contribute to diminished
GSC expansion. Because mTOR activity is intimately
linked to lysosomal stability [98,%%], inhibiting
mTOR, by destabilizing lysosomes, might prove ben-
eficial to downsize cancer cell reservoir. Our work
thus identified an unexpected mechanism by which
GSC control lysosomal homeostasis, and defined phe-
nothiazines as potential therapeutic options against
GBM, inducing LMP-dependent cell death.
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GBM is a deadly cancer, characterized by massive
infiltration and heterogeneity [98,98]. Finding new
weapons to fight this disease is a real challenge,
because of the delicate environment and the blood-
brain barrier acting as a shield to many therapeutic
molecules. Numerous recent studies point toward
lysosomes as an Achille’s heel for GBM, and many
tested molecules show impressive results in vitro,
despite poor outcome for in vivo studies. Translation
to clinics will require an efficient molecule to target
GSCs, while safely penetrating the brain.
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2020

Oral Presentation - 5" congress of GDR 3697 MICRONIT "Microenvironnement

des Niches Tumorales”
Paracaspase MALT1 regulates glioma cell survival by controlling endo-lysosome homeostasis

2021

Supervision of practical courses on Immunology at Nantes University (License 2
SV - SVT)

Chairman - CRCINA PhD Students Scientific Days

Oral Presentation — 3™ Edition of “Nos Doctorants ont la Parole” of NET Network
Paracaspase MALT1 regulates glioma cell survival by controlling endo-lysosome homeostasis

*Best Oral Presentation

Oral Presentation - 9" Proteasome & Autophagy Congress, Clermont-Ferrand
Paracaspase MALT1 regulates glioma cell survival by controlling endo-lysosome homeostasis
*Best Oral Presentation

Poster - 4" Edition of "The Scientific Days" of the Doctoral School EDBS
Paracaspase MALT1 regulates glioma cell survival by controlling endo-lysosome homeostasis

2022

Poster - LYSOFOR2625 Symposium, Berlin
Paracaspase MALT1 regulates glioma cell survival by controlling endo-lysosome homeostasis

Chairman, Round table, and Discussion - Unit seminar, Prof. Pirjo Laakkonen
Involvement of lysosomal-cholesterol transport in the survival of glioblastoma stem-like cells

Oral Presentation — 3" FIBTRA Virtual Symposium
Purification and description of lysosomes from glioblastoma stem-like cells

2023

Oral Presentation — Week of the Brain, Nantes University
Le glioblastome, un cancer dans un organe pas comme les autres

Chairman, Round table, and Discussion - Unit seminar, Dr. Kristine Schauer
MALT1 paracaspase controls cholesterol homeostasis in glioblastoma stem-like cells through
lysosome proteome shaping

Round table, and Discussion - Unit seminar, Dr. Olivier Ayrault
MALT1 paracaspase controls cholesterol homeostasis in glioblastoma stem-like cells through
lysosome proteome shaping
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Résumé : Le glioblastome (GB) est le cancer du
systeme nerveux central de I'adulte le plus commun
et le plus meurtrier. Malgré un traitement invasif de
résection chirurgicale suivi de séances de radio- et
de chimiothérapies, la survie des patients atteints
difficilement les 15 mois. Cette agressivité est
considérée comme liée notamment a la présence de
cellules souches cancéreuses appelées cellules de
type souche de glioblastome, ou GSCs. Ces
cellules, impliquées dans l'initiation, la croissance,
et la récurrence du GB, sont considérées comme
des cibles préférentielles.

Les lysosomes jouent un role critique dans le
maintien de [I'homéostasie des GSCs. Ces
organelles, agissant a la croisée des mécanismes
d’anabolisme et de catabolisme, permettent la
survie des GSCs hors de leur niche protectrice.
Dans les GSCs, leur déstabilisation culmine en une
mort spécifique, définissant ainsi les lysosomes
comme un point de contréle des décisions vie-et-
mort dans ce contexte cellulaire.

La paracaspase MALT1 a récemment été définie
comme un médiateur crucial de 'homéostasie des
lysosomes dans les GSCs. Cette protéase,
initialement décrite comme impliquée dans les
réponses immunitaires, restreint le compartiment
lysosomal, son inhibition aboutissant en une mort
lysosome-dépendante des GSCs, via un
mécanisme impliquant la protéine de liaison a
FARNm Quaking. Cependant, les événements
engendrant la déstabilisation lysosomale ainsi que
la mort des GSCs restaient incertains.

Ainsi, mon travail de thése a permis la cartographie
des événements au niveau cellulaire et des
organelles, participant a la déstabilisation
lysosomale suivant le ciblage moléculaire et
pharmacologique de la paracaspase MALT1.

Elucidating the Vulnerability of Glioblastoma Stem-like Cells to Lysosomal Dysfunctions

Keywords : Glioblastoma, Cancer Stem Cells, Lysosomes, Lysosomal Storage Diseases,

MALT1 paracaspase

Abstract : Glioblastoma (GB) is the deadliest and
most prevalent primary tumor of the central nervous
system (CNS) in adults. Despite invasive treatments
of surgical resection followed by radio- and
chemotherapy, the median survival of patients hardly
reaches 15 months. This aggressiveness is thought
to be in part linked to the presence of a subset of
cancer stem cells termed glioblastoma stem-like
cells (GSCs) within the tumor mass. Involved in the
initiation, growth, and recurrence of GB tumors,
these cells therefore represent a promising target.

In this context, lysosomes are critical for the
maintenance of GSCs homeostasis. These
organelles, standing at the crossroad between
anabolism and catabolism, permit the survival of
GSCs in unfavorable conditions.

Their destabilization culminates in the specific cell
death of GSCs, defining lysosomes as a checkpoint
for life-and-death decisions in this cellular context.
The MALT1 paracaspase was recently defined as a
crucial mediator of lysosomal homeostasis in GSCs.
This protease, initially involved in immune
responses, restrains the lysosomal compartment, its
inhibition resulting in lysosomal-dependent cell death
of GSCs through a mechanism involving the RNA
binding protein Quaking. However, the events
resulting in the lysosomal destabilization and cell
death of GSCs remained unclear.

In this context, my thesis work allowed the
cartography of cellular and organellar events leading
to GSC cell death upon MALT1 inhibition and
silencing.



