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Abstract

Glioblastoma multiforme, GBM, is the deadliest adult primary brain tumor
with a median survival time of approximately 12 to 15 months. Within these
heterogeneous tumors exists a subpopulation of cells with stem-like properties
termed glioblastoma stem-like cells, GSCs. As they are suspected to be involved in
initiation, expansion, and relapse, they represent a promising strategy for treating
these tumors. In situ, GSCs reside in part in a protective vascular niche in close
interaction with endothelial cells, however these cells have also been found in more
hostile areas of the tumor, away from their privileged microenvironment. Therefore,
uncovering intrinsic cell signaling regulating autocrine and paracrine survival
mechanisms can produce novel targets for therapy.

Here, we approach the analysis of signaling mechanisms employed by GSCs
in their survival, in order to identify potential targets for therapy. On one hand, we
report that the glycoprotein gp130 has an important role in endothelial cell
communication with GSCs. In fact, the endothelial secretome is able to sustain GSC
stemness in the absence of other mitogens. However, pharmacological blockade of
gp130 abrogates this effect. On the other hand, in the absence of signals emanating
from endothelial cells, we uncover that the paracaspase MALT1 is important to
maintain GSC survival and expansion, as knockdown or inhibition of this protease is
lethal to these cells. From a molecular standpoint, we found that inhibition of MALT1
disrupts endo-lysosomal homeostasis, resulting in a lysosomal cell death
concomitant with mTOR inactivation. Therefore, we identified two signaling axes

within GSCs with the potential for therapeutic targeting.
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Résumé

Le Glioblastome Multiforme, GBM, est une tumeur cérébrale parmi les plus
agressives de l'adulte, avec une médiane de survie s’échelonnant autour de 12 a
15 mois. Au sein de ces tumeurs hétérogénes réside une sous-population de
cellules aux propriétés souches appelées GSC pour cellules de type souche du
glioblastome, Une stratégie potentielle pour le traitement de ces tumeurs
consisterait a cibler ces GSCs, suspectées d’étre impliquées dans [linitiation,
'expansion et la récurrence des tumeurs. Au sein des tumeurs, ces GSCs résident
a la fois dans une niche vasculaire protectrice en interaction étroite avec les cellules
endothéliales et dans des zones non vascularisées, plus hostiles. Dans ce contexte,
il est crucial de mieux caractériser la signalisation cellulaire intrinséque régulant les
mécanismes de survie autocrine et paracrine des GSCs.

Ma thése s’est concentrée sur I'analyse des mécanismes de signalisation
régissant les décisions de vie/mort des GSCs, dans le but d’offrir de nouvelles
perspectives thérapeutiques. D’une part, mes résultats montrent que Ia
glycoprotéine gp130 joue un rdle important dans la communication entre les GSCs
et les cellules endothéliales. Le sécrétome endothélial est en effet capable de
maintenir le caractére souche des GSCs, en I'absence d'autres mitogénes externes.
Le blocage pharmacologique de gp130 annule cet effet. Par ailleurs, en I'absence
de signaux émanant des cellules endothéliales, jai mis en évidence le réle
instrumental de la paracaspase MALT1 dans la survie et 'expansion des GSCs. La
suppression ou l'inhibition de cette protéase s’avere toxique pour ces cellules. D’un
point de vue mécanistique, jai trouvé que linhibition de MALT1 perturbe
I'hnoméostasie endo-lysosomale, entrainant une mort cellulaire lysosomale
concomitante a l'inactivation de mTOR. Jai donc identifié deux axes de

signalisation au sein des GSCs avec un potentiel de ciblage thérapeutique.
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Chapter 1

1. Brain Tumors

1.1 Glioblastoma

Gliomas represent approximately 80% of all diagnosed adult malignant brain
tumors. They are classified in three types depending on the cell of origin: astrocytes,
oligodendrocytes, and ependymal cells; and spread into four grades (I, Il, IlI, 1V).
Grade Il tumors have the characteristics of being well differentiated with an increased
cell concentration amid some abnormalities, but mostly resembling noncancerous
cells. Higher-grade gliomas (Grade lll) show exacerbated vessel concentration,
increased cell density and cellular anomalies. Cells can become anaplastic with
excessive mitosis. Common histo-pathological features of Grade IV include elevated
cell frequency and atypia, extensive, but abnormal vascularization and areas of
necrosis (Westphal and Lamszus, 2011). Grade IV can permeate the normal
parenchyma through varied growth patterns. Although uncommon, some may spread

to the ventricles. This infiltrative capacity leads to incomplete tumor removal, causing

new masses to form at the border of the original lesion (Gaspar et al., 1992).

Figure 1: Clinical Imaging of GBM.

(left) MRI with contrast; (center) Map of microvessel size; (right) Map of blood brain barrier
permeability (Batchelor et al., 2007).

The 2016 world health organization (WHO) classification of tumors of the
central nervous system allocates Grade IV astrocytoma for glioblastoma multiform
(GBM). GBM is the most frequently occurring type of glioma (about 50%) with an
incidence of 3.3/100,000 in North America (Baldi et al., 2010; Ostrom et al., 2014). In
France, about 3000 new cases of GBM are diagnosed each year (Zouaoui et al.,

2012). Median survival ranges from 12 to 15 months following diagnosis, with a 5
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year-survival of only 5% (Ostrom et al., 2014; Yan et al., 2013). GBM subdivides into
three categories. The first type, IDH'-wild-type, represents nearly 90% of these
tumors which are clinically defined as primary GBM and mostly occur in patients over
the age of 55 (Louis et al., 2016; Ohgaki and Kleihues, 2013). The second type,
termed IDH-mutant, represent the other 10% of cases, arising primarily in younger
patients, and are classified as secondary GBM, as these patients often have
previously developed lower grade diffuse gliomas (Louis et al., 2016; Ohgaki and
Kleihues, 2013). The third category, NOS (not otherwise specified), is reserved for
tumors where the IDH status cannot be evaluated. These tumors still maintain
astrocytic features, vascular proliferation and necrosis. Most of these tumors are
likely IDH wild-type, however, due to unavailable IDH status they are given a
separate denotation (Louis et al., 2016). Other common changes in Grade IV tumors
include amplifications in the EGFR? gene in 57% of primary GBM, as compared to
8% of secondary GBM (Brennan et al., 2013). Moreover, the tumor suppressor
PTEN® is frequently altered in GBM, with mutations in up to 40% of patients, in
addition to a loss of heterozygosity in 60 to 80% of all GBM (Kwon et al., 2008).

GBM are most frequently localized into cerebral hemispheres; 95% of tumors
are found in the supratentorial region, while, in contrast, very few tumors arise in
brainstem, spinal cord or cerebellum (Nakada et al., 2011). The only established risk
factor for developing a GBM is exposure of the central nervous system to ionizing
radiation (Elsamadicy et al., 2015; Taylor et al., 2010), although GBM incidence may
change between ethnicity, gender, age, and exposure to specific xenobiotics. Clinical
presentation includes neural deficit, which vary depending on tumor localization, in
40-60% of patients. These can range from hearing and vision impairment in temporal
lobe tumors, to personality changes in some patients who present with frontal lobe
tumors. Hemiparesis can also occur. Other symptoms include unilaterally localized
headaches in 30-50% of clinical cases, and seizures in 20-40% of them (Hanif et al.,
2017).
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1.2 Molecular Subtypes

In 2010, seminal work by Verhaak and colleagues identified four molecular
subtypes of GBM: Classical, Mesynchymal, Proneural, and Neural (Verhaak et al.,
2010). Proneural subtype has an oligodendrocytic signature, while Classical tumors
express an astrocytic gene repertoire. Mesenchymal tumors are highly correlated
with a cultured astroglial profile and the Neural molecular category is associated with
oligodendrocytic and astrocytic differentiation, in addition to encompassing genes
expressed in neurons (Verhaak et al., 2010). Those molecular subtypes are
canonically characterized as follows:

- Proneural: The major features of Proneural GBM include IDH1 mutations and
PDGFRA alterations. Frequent loss or mutation of TP53, and expression of
oligodendrocytic markers OLIG2 and NKX2-2 similarly occur (Verhaak et al., 2010).
Conversely, protein abundance of the tumor supressor p21 is reduced and negatively
correlated with OLIG2 levels (Ligon et al., 2007). Proneural tumors are also
characterized with higher expression of proneural development genes encoding
transcription factors, such as SOX (Sry-related HMG box), DCX, ASCL1, and TCF4
genes. More recent analysis further subdivides the Proneural subtype by CpG island
methylation status. CpG island methylator phenotype (CIMP+) Proneural subtype
represents the tumors resulting from secondary GBM, they have IDH mutations and
ensure the best prognosis of any GBM subtype. By contrast, CIMP- Proneural tumors
contain  PDGFRA amplification, and have a worse prognosis than CIMP+
counterparts (Nakano, 2015).

- Classical: Classical GBM retain a chromosome 7 amplification accompanied by a
chromosome 10 loss. Most Classical tumors (ie 97%) also acquire an EGFR
amplification, but lack TP53 mutation. Neural precursor and stem cell marker NES, in
addition to NOTCH and Sonic hedgehog, SHH, signaling pathways are highly
expressed (Verhaak et al., 2010).

- Mesenchymal: The majority of Mesenchymal tumors possess a low NF1
expression. NF1 is a tumor supressor gene which primarily regulates RAS. Loss of
this gene leads to increased MAP kinase activity, a pro-tumorigenic pathway (Carroll,

2012). Mesenchymal tumors also present with frequent co-mutation of NF1 and
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PTEN. They display mesenchymal markers such as CHI3L1 and MET, as well as
CD44 and MERTK, genes well-known to associate with the epithelial-to-
mesenchymal transition. They likewise exhibit higher levels of tumor necrosis factor
(TNF) and NF-kB pathways including TRADD, RELB, and TNFRSF1A (Verhaak et
al.,2010).

- Neural: The Neural subtype is defined by the expression of neuron markers such as
NEFL, GABRA1, SYT1 and SLC12A5 (Verhaak et al., 2010).

The most relevant clinical associations with subtype in this study was age, with
younger patients predominantly falling in the Proneural category and having a
significant survival advantage. A more recent study by Verhaak’s group determined
that the Neural phenotype may not hold tumor specific features as these samples
came from tumor margins where more non-tumoral neural tissue is likely to be
detectable. Therefore the Neural subtype may actually correspond to a normal neural

lineage contamination in the original study (Gill et al., 2014; Wang et al., 2017b), as

such it has been excluded from Table 1. Subtype features are summarized in Table
1.

Subtype CiMP+ CIMP- Mesenchymal Classical
Proneural Proneural
Frequence 10% 12% 30% 35%
Average 44.5 50.6 53.4 57.7
Age
Prognostic Relatively Benign or Poor Poor
benign poor
Response Not Not Resistant Resistant
to Therapy Resistant Resistant
IDH1, TP53, | PDGFRA, NF1 EGFRVIII
Mutations ATRX TP53, or mut,
CDKN2A, CDKN2A
CDK4
Methylation Global Low Low Low

Table 1: Summary of GBM subtype characteristics. These include frequence, average age,
prognostic, response to therapy, mutations, and methylation status.
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Characterization of molecular subtype implicates associations with the tumor
microenvironment. Analysis of Mesenchymal alterations showed that increased
macrophage/microglia infiltration was due to aberrations in NF1. Further, the poor
prognosis correlated with the Mesenchymal subtype and with a higher frequency of
macrophages/microglia, which might contribute to a sub-optimal response to

radiotherapy (Wang et al., 2017).

More recent studies have emphasized that tumors contain cells with differing
subtype specific gene expression. Indeed, single cell analysis of five patient tumors
showed that all tumors contain a heterogeneous mixture of cells belonging to
different GBM subtypes (Patel et al., 2014). One way this can occur is a Proneural to
Mesenchymal transition after radiation treatment (Halliday et al., 2014). However,
tumor cells grown ex vivo under stem cell conditions maintain features of the
dominant subtype of the tumor from which they were derived, implying that changes
in environment are the key drivers for subtype variations. Correspondingly,
transcriptomic analysis from multi-region sampling of several patient biopsies
unmasked that tumor cells from the enhancing region had a Proneural signature;
tumor cells from the necrotic region a Mesenchymal signature, and cells from an
intermediate region (enhanced margin) contain features of both Classical and
Proneural subtypes (Jin et al., 2017). Therefore, developing subtype specific

therapies may be less effective than previously thought.

1.3 Treatments
1.3.1 Standard of Care

When possible, the most effective treatment in GBM involves surgical
resection of the primary tumor. This can provide patients with immediate relief from
tumor mass related effects and symptoms. Brown et al. showed that more extensive
resection of the tumor resulted in increased 1 and 2 year survival rates in addition to
an improvement in progression free survival (Brown et al., 2016). The use of
fluorescent dyes to identify tumor tissue has further enhanced the accuracy of this
process. A phase lll clinical trial, using 5-aminolevulinic acid to visualize tumor tissue

as compared to conventional microsurgery, showed a better rate of complete tumor
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resection (65% versus 36%) and superior 6 month progression free survival (41%
versus 21%), however there was no impact on overall survival (Stummer et al.,
2006). Additionally, it has recently been established that subcortical electro-
stimulation mapping during an awake craniotomy can improve resection margins and
patient quality of life in low-grade gliomas (Ghinda and Duffau, 2017), thus this

protocol might be applied to higher grade tumors as well.

Post-surgery, patients undergo radiation therapy, which focally targets MRI-
evident tumor and surrounding margins to a cumulative dose of 60 Gy. Daily doses of
1.8 to 2.0 Gy fractions for approximately 6 weeks is usually applied, three to four
weeks postoperative procedure (Han et al., 2015a, 2015b). Increased radiation
dosage up to 76 Gy did not appear to extend patient survival (Kirkpatrick et al.,
2017). Moreover, shorter courses of augmented doses of radiotherapy, known as
hypofractionation, have been evaluated in elderly patients. In a randomized trial
comparing 6 weeks (30 fractions of 60 Gy) to 3 weeks (15 fractions of 40 Gy) in
patients over 60 years-old, there was neither a difference in median patient survival,
nor in quality of life. However, patients in the hypofractionation group required less
post-treatment corticosteroids. Therefore, it was concluded that hypofractionation
was a viable treatment option for elderly patients (Roa et al., 2004). Proton therapy
uses particles rather than photons to deliver radiation, allowing for enhanced
focalization of the treatment. This lessens the radiation exposure of non-target
tissues, reducing patient fatigue and neurocognitive dysfunction associated with brain
irradiation. In addition, proton therapy offers a dosimetric advantage over
conventional radiotherapy in glioma. A retroactive study comparing photon and
proton therapy illustrated an improved overall survival for proton-treated patients.
Randomized trials still need to be performed to confirm these findings (Harrabi et al.,
2016; Jhaveri et al., 2018).

Temozolomide (TMZ) is a DNA-alkylating agent for chemotherapy, which
efficiently crosses the blood brain barrier (please see section 1.4) to deliver relevant
concentrations in the brain. TMZ is, in fact, a prodrug with aqueous chemistry typical
of imidazotetrazine compounds with bicyclic aromatic heterocycles. Under neutral or
alkaline conditions, structural changes allow the hydrolytic ring to open and dispense

an intermediate active compound. Thus, the acidic pH of the GBM tumor
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microenvironment stabilizes the prodrug form of TMZ. Once inside cells,
intermediates then release methyl diazonium ions to interact with nucleophilic sites in
DNA and methylate it (Moody and Wheelhouse, 2014). TMZ acts by supplying a
methyl group to purines in DNA to form O°-methylguanine which causes DNA
changes and leads to cell cycle arrest at G2/M phase, during consequent replication
cycles (Nanegrungsunk et al., 2015). However, methylguanine methyltransferase

(MGMT) can remove this methylation, and therefore tumors with wild-type MGMT are

Radiation/ TMZ —_— Maintenance TMZ
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Figure 2: Timeline of standard of care. Following surgical resection patients receive both
radiotherapy and TMZ for 6 weeks followed by a maintenance dose of TMZ (5 times in 28
days) for 6 months after.

most likely resistant to TMZ treatment. Plus, DNA mismatch repair may fail in GBM
and cause the O°-methylguanine to be ineffective (Zhang et al., 2012). Therefore,
knowing a patient's MGMT status and capacity to mismatch repair can inform their

response to TMZ.

A 2005 phase Il trial showed that daily TMZ given in parallel to radiotherapy
(75 mg/m?) for 40-49 days and followed by 6 maintenance cycles of TMZ (150-200
mg/m?), 5 times over a 28 day period, prolonged patient survival (Stupp et al., 2005,
2009, 2015). Based on these results, this became the standard of care procedure,
named the Stupp protocol for newly diagnosed GBM: combined radiation and TMZ
followed by a continuation of TMZ (Figure 2). Different dosing schedules of TMZ
have been investigated; an intensified maintenance dose of TMZ (75 mg/m?), 21
times over a 28 day-period, was compared to the standard dose, doubling the
cumulative administration of TMZ. There was no noted outcome difference, however

patients had higher incidence of grade 3 and 4 toxicities (Gilbert et al., 2013).

1.3.2 Anti-angiogenic Therapy

Angiogenesis is the process by which new blood vessels grow from existing

ones. In tumors, angiogenesis is hijacked to provide nutrients and oxygen to the
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rapidly expanding cancer cells. Vascular Endothelial Growth Factor (VEGF) is the
prototype of angiogenic factors and belongs to the family of heparin binding proteins,
operating through tyrosine kinase receptors (VEGFRs). Upon receptor binding,
VEGF promotes angiogenesis and stimulates endothelial cell proliferation and
migration. VEGF expression can be induced by growth factors like epidermal growth
factor (EGF), transforming growth factor (TGFa/f), fibroblast growth factor (FGF) and
platelet derived growth factor (PDGF) (Yadav et al., 2015).

Bevacizumab is an antibody that targets the pro-angiogenic factor VEGF. It
was developed by Genentech and approved by the food and drug administration
(FDA) in 2009 (Cohen et al., 2009). Bevacizumab is a specific antibody, which binds
to all isoforms of human VEGF-A. Tyrosine kinase inhibitors sunitinib, sorafenib, and
pazopanib, in contrast, inactivate VEGF signaling by targeting VEGFRs, with off-
target inhibition of PDGFR and c-KIT (Meadows and Hurwitz, 2012). The group of
Jeremy Rich demonstrated that bevacizumab abolished the GSC-driven pro-
angiogenic effects, including tube formation and vessel migration, on human
umbilical vein endothelial cells (HUVEC). This antibody-based treatment also
reduced the growth of ectopic and orthotopic xenografts from primary tumor cells
(Bao et al., 2006a; Calabrese et al., 2007). Combining bevacizumab with TMZ and
radiation was explored in 3 phase Il randomized trials with two focused on newly
diagnosed GBM and the third one devoted to recurrent GBM. All three clinical studies
showed increased progression free survival and baseline quality of life; however, this
was accompanied by an augmentation in grade 3 or higher toxicities. Moreover, there
was no improvement in overall survival, though it was expected based on imaging
analysis (Chinot et al., 2014; Gilbert et al., 2014; Wick et al., 2017). In contrast, some
studies claim that bevacizumab and other VEGF pathway inhibitors do benefit
patients by reducing peritumoral edema, which lessens the need for corticosteroid
prescription and can in turn significantly improve patient quality of life (Batchelor et
al., 2007; Nagpal et al., 2011). However, as all three phase-lll clinical trials report
amplification of severe toxicities for bevacizumab-treated patients, its uses for such

purposes should be cautioned.

Why do anti-angiogenic therapies fail? John de Groot’s group showed that

xenografts resistant to anti-VEGF treatment contained an invasive mesenchymal
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signature, as illustrated by the expression of STAT3, c-MET, and TGFf (Piao et al.,
2013). Moreover, it has also been demonstrated that one potential mechanism of
resistance in GBM involves the recruitment of pro-angiogenic inflammatory cells, as a
source of angiogenic chemokines and cytokines, to restore tumor vascularization
(Gabrusiewicz et al., 2014; Piao et al., 2013; Rivera et al., 2015). A recent study by
Gabriele Bergers’s laboratory suggests a role for the tumor immune
microenvironment in resistance to anti-angiogenic therapy. Their work elucidated that
tumor cells resistant to anti-angiogenic therapy had increased programmed cell death
ligand 1, PD-L1, expression, allowing them to escape immune detection (Allen et al.,
2017).

1.3.3 Immunotherapy

Immunotherapy has vastly improved patient outcome in clinical trials of
metastatic melanoma (Albertini, 2018). As such, it may represent a viable option for
the treatment of other cancers with poor prognosis. Indeed, in the recent issue of
Nature reviews cancer, focusing on brain tumors, an Peter Fecci and colleagues
devoted their review to the prospect of immunotherapy for the treatment of brain

tumors (Sampson et al., 2020).

The programmed cell death receptor, PD-1, is expressed on the surface of
activated T-cells, and acts as an immune checkpoint to prevent autoimmunity. Cells
expressing a ligand for the receptor, such as PD-L1, can inactivate these T-cells via
PD-1/PD-L1 interaction. Many cancer cells overexpress PD-L1 to escape immune
responses. Therefore this immune checkpoint is an attractive target for anti-cancer
therapy (Chen et al., 2012b). In fact, a phase | clinical trial of pembrolizumab, in
patients with recurrent, but resectable tumors, showed a statistically significant
survival rate for those receiving immunotherapy. Pembrolizumab is a monoclonal
antibody that binds the PD-1 receptor in lymphocytes to prevent PD-L1 interaction.
This was combined with bevacizumab, as a second line therapy, for most of the
patients in the trial after immunotherapy was removed. Overall survival improved
from 7.5 months to 13.7 months in the pembrolizumab treated group (Cloughesy et
al., 2019). Therefore, combining immunotherapy with anti-angiogenic therapy

remains an open axis to explore for the treatment of GBM.
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Another promising immunotherapy for GBM includes the formation of chimeric
antigen receptor T-cells, CAR-T-cells. Several clinical trials explore the efficacy of
targeting the EGFRvIIl receptor, a common mutation of EGFR in GBM, using
rindopepimut (Del Vecchio et al., 2012; Swartz et al., 2014). Phase | and Il trials have
shown significant improvement in overall survival for vaccinated patients, however
some drawbacks to this approach exist. Not all GBM express EGFRUVIIl, and its
expression has been shown to fluctuate throughout disease progression (van den
Bent et al., 2015). Further, CAR-T therapy can promote immunosuppressive
response including up-regulation of PD-L1. Hence, a current trial, seeks to
ameliorate patient outcome by combining pembrolizumab with EGFRVII-CAR-T
therapy to reduce immunosuppressive side effects (Akhavan et al., 2019). Together,
this evidence shows that there are many hurdles to overcome in developing novel

and effective treatments.

Moreover, a recent study by Peter Fecci’'s group demonstrated that naive T-
cells accumulate in the bone marrow in preclinical models of GBM, as well as in GBM
patients, prior to treatment. Circulating lymphocyte rate, in GBM patients, borders on
the ones found in immunosuppressed patients, such as AIDS (Chongsathidkiet et al.,
2018). This sequestering was occurring due to loss of S1P1 (sphingosine 1-
phosphate receptor 1) on the surface of these T-cells (Chongsathidkiet et al., 2018).
Sphingosine 1-phosphate (S1P) is a bioactive lipid that acts as the ligand for several
G protein coupled S1P receptors. This signaling axis also promotes the development
of type 1 helper T-cells (Blaho et al., 2015). When Fecci’s group prevented S1P1
internalization, T-cell sequestration was abolished and enhances the efficacy of
immune checkpoint-based therapy in animal models (Chongsathidkiet et al., 2018).
Additionally, in order to target tumor-associated macrophages, colony stimulating
growth factor-1 receptor (CSF-1R) inhibitors have been employed. These inhibitors
were shown to block gliomagenesis and debulk the tumor by a glioma-cell
independent mechanism. Instead, they alter macrophage polarization to promote
phagocytosis of tumor cells (Pyonteck et al., 2013; Quail et al., 2016). Therefore,

enhancing the immune response may improve patient outcome.
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1.3.4 Other Alternatives

One alternative method of treating GBM, proposes the use of virotherapy, ie
live attenuated virus, to target the tumor cells. As early as 1991, Martuza and
colleagues showed that the herpes simplex virus mutant could kill GBM immortalized
cells in vitro and in vivo (Martuza et al., 1991). Moreover, it was later revealed that an
attenuated adenovirus could exert similar effects, and that cell death in this case was
likely due to autophagy (Alonso et al., 2008, 2012; Fueyo et al., 2000; Ito et al.,
2006). With recent outbreaks bringing the Zika virus to the global health
conversation, Zhu and colleagues showed that this oncolytic virus effectively targets
Glioblastoma Stem-like Cells, GSCs (please see section 1.6). Furthermore, the virus
was found selective for these cells, as it infected them at a much higher rate than
normal neural stem cells. Attenuated Zika virus maintained its efficacy against GSCs,
and had an additive effect when combined with TMZ treatment (Zhu et al., 2017). A
study by Chen-Feng Qin’s laboratory confirmed this effect using intracranial injection
of the Zika-LAV vaccine, which is currently undergoing testing as a potential vaccine
against the Zika virus (Chen et al., 2018). Similarly, a trial of inactivated poliovirus in
patients with recurrent GBM demonstrated an increased overall survival in virus

treated group (Desjardins et al., 2018).

Carmustine, or Gliadel, wafers are biodegradable polymers, which contain
3.85% carmustine, an alkylating agent. They are implanted upon surgical resection of
the tumor and deliver a controlled release of 7.7 mg carmustine for approximately 5
days. The efficacy of these wafers in clinical trials remains inconclusive. While some
trials report survival benefits, they are not statistically significant (Affronti et al., 2009;
Brem et al., 1995; Westphal et al., 2003). Also, at least one study shows no
significant improvement and drastically higher toxicity in patients who received

carmustine (De Bonis et al., 2012).

Other studies have introduced the idea of a cancer cell trap for GBM therapy.
These traps are designed with both chemoattractant, to target the tumor cells to the
cage, and chemotherapy to kill the sequestered cells (Van Der Sanden et al., 2013).
A recent report demonstrated that bacterial cellulose could be used as the polymer
for such a trap in rats (Autier et al., 2019). However, much research remains to be

done on these therapies before determining their true efficacy in patients.
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Tumor treating fields (TTF), which involves low intensity (100-300 kHz)
alternating electric fields delivered via insulated electrodes, operate as antimitotic
physical treatment (Kirson et al., 2004). The first phase lll trial compared TTF alone
to chemotherapy alone in recurrent GBM. GBM patients undergoing this treatment
wear transducers, placed on the shaved scalp, for more than 18 hours a day. Due to
this inconvenience, not all patients in the trial complied with the guidelines of therapy.
When analyzing patients that followed the therapy at least 75% of the time, an overall
improvement in patient survival and no significant adverse effects was observed
(Stupp et al., 2012). In 2009, Roger Stupp initiated a phase Il trial for newly
diagnosed GBM. Patients either received TTF in addition to maintenance TMZ or
maintenance TMZ alone following standard of care surgery and chemo/radiotherapy.
In 2015, preliminary findings detailed progression free survival of 7.1 months in
patients treated with TTFs compared to 4 months for those treated with TMZ alone
(Fabian et al., 2019). The final study, published in 2017, revealed that treatment with
TTFs leads to a superior median overall survival of 20.9 months compared to 16. Of
note, half the patients undergoing TTF therapy experienced mild to moderate skin
toxicity (Stupp et al., 2017). The FDA approved TTFs for use on newly diagnosed

GBM in 2015, representing a

rare therapy to pass clinical

Tight trials for GBM. Subsequent
Basal Lamina Junction trials combining TTF with
~
other therapies are currently
—Astrocyte

underway.

1.4 Blood Brain Barrier
Capillary

PN Endothelial The vasculature of the

Pericyte Cell

brain delivers blood through
bilateral sets of arteries,
namely, internal carotid

arteries and vertebral

Figure 3: Schematic of Blood Brain Barrier (BBB) cellular arteries, which branch to
organization. At the BBB, endothelial cells are covered with reach all areas of the brain.
pericytes and surrounded by astrocyte end-feet.

The cerebral vasculature
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serves several functions including supplying the brain with nutrients, ridding the brain
of waste products, restricting ion and fluidic movement, and aiding in overall brain
homeostasis. The restriction of ions and fluids allows for optimal neuronal functions,
as fluctuations in ions which can occur after eating or exercising would disrupt

synaptic and axonal signaling (Abbott et al., 2006).

The blood brain barrier (BBB) acts as a discriminatory hurdle to molecules,
infectious agents and toxins seeking to enter the brain through the bloodstream. The
BBB relies on endothelial cells, which form tight junctions with each other along
cerebral microvessels, in order to shield the brain from infection and regulate its
microenvironment. Astrocytes and pericytes also participate in the organization of the
BBB; pericytes and microglia support the rigidity by associating with the basal lamina
of endothelial cells. Astrocytes line the perivascular space to form endfeet (Abbott et
al., 2006; Obermeier et al., 2013). Pericytes cover about 20% of endothelial cells in
the BBB, and can regulate blood flow through the brain capillaries via contracting and
relaxing (Armulik et al., 2005; Jespersen and OJstergaard, 2012) (Figure 3).
Meanwhile, astrocytes connect the brain capillaries to neurons providing them with
nutrients and preventing oxidative stress (Hirrlinger and Dringen, 2010). In addition,
the extracellular matrix of the basal lamina contains laminin, collagen, proteoglycans
and other extracellular matrix proteins. Alterations of these protein compositions can
increase BBB permeability (Aumailley and Smyth, 1998; Tanjore and Kalluri, 2006;
Zhou et al., 2018). Gases, like oxygen and carbon dioxide passively diffuse through
the endothelial barrier, as do lipophilic agents like barbiturates and ethanol, however
hydrophilic molecules are excluded (Abbott et al., 2006). In order to prevent transport
of molecules across the BBB, endothelial cells express efflux pumps like p-
glycoproteins to expulse molecules back to the bloodstream. Because many drugs,
including anti-cancer therapies, have a high brain efflux index, attaining relevant

concentrations for clinical efficacy in the brain is challenging (Kakee et al., 1996).

While many vessels within tumors are leaky and disorganized, the invasive
region of the tumor maintains an intact BBB in GBM. One would expect the abnormal
vessels of the tumor core to allow for increased passage route to drugs; however, the
migrating and invasive cells of the tumor margin are surrounded by a normal brain

vasculature, preventing such treatments from reaching them (van Tellingen et al.,
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2015). Also, permeability increase usually led to uncontrolled fluid movement,
elevated interstitial fluid pressure (IFP), and edema, which collectively oppose the

crossing of vascular walls.

Various strategies have been adopted to deliver drugs to the brain including
modification of drugs and prodrugs, disruption of tight junctions, local delivery
through neurosurgery, and nanoparticles. These methods exhibit these main
drawbacks: i) disturbing junctions increases the risk of toxins entering with the drugs,
ii) altering chemical structure of drugs can be costly and long to develop, and iii)
neurosurgery should be avoided when possible to increase the patient’s quality of
life. However, nanoparticles are non-invasive, cost efficient, and easy to synthesize,
therefore, they represent a potential solution to distributing anticancer drugs across
the BBB (Zhou et al., 2018). Moreover, a recent clinical trial suggests that low
intensity pulsed ultrasound can safely disrupt the BBB for chemotherapy delivery
(Carpentier et al., 2016; Idbaih et al., 2019). In order to develop and deliver novel
therapies to GBM patients, delivery strategies must be adopted to account for and

overcome the BBB.

1.5 Experimental Models

1.5.1 In Vitro

Established Cell Patient Derived
Lines Cells

The most widely
used established cell lines
to study GBM, including
U87 (established from a
44 year old female patient
with  highly  malignant
astrocytoma), U251

(derived from a male

-Adherent -Spheres
patient with  malignant -Different Transcription -Maintain Transcription
-Astrocytic -Stem Character
grade IV astrocytoma) and Differentiation -Recapitulate Tumors
T98G (originated from  -DoNotRecapitulate
Tumors
human glioblastoma
) Figure 4: Comparison of established cell lines and patient
multiforme tumor of a 61 derived cells.
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year old male), are grown in milieu containing serum, which promotes astrocytic
differentiation (Pontén and Macintyre, 1968; Stein, 1979; Westermark et al., 1973).
Therefore transcriptional and epigenetic programs in these cells do not reflect the
neural stem cell pathways, which are activated in Glioblastoma Stem-like Cells (Lee
et al., 2006). Further, xenografts resulting from these established cell lines do not
resemble human GBM histopathological characteristics (Lee et al., 2006). Analysis of
U87 from the American Type Culture Collection (ATCC) suggests that it was likely
switched with another cell line as it does not match original Uppsala stocks (Allen et
al., 2016). This calls into question the results of numerous GBM studies performed
using U87, and together, this information cautions the use of established cell lines, as

they do not recapitulate human disease.

In order to long-term culture mouse neural stem cells, a protocol was
established by which these cells were grown in suspension as neurospheres. To
achieve this, their milieu lacked serum but rather contained defined composition and
concentration of growth factors, such as EGF, FGF and insulin, to sustain stemness
self-renewal (Reynolds and Weiss, 1992; Robertson et al., 2019). Patient-derived
primary GBM cells can also be maintained under similar settings (Galli et al., 2004;
Singh et al., 2003). Under spheroid culture conditions, they uphold transcriptional
status of parental tumors and can reiterate features of the primary tumor upon
xenotransplantation (Robertson et al., 2019). These cells are well characterized and
easily shared between laboratories. However, upon extended -culture, tumor
heterogeneity is lost and subclone populations emerge, which often lose IDH status
of the original tumor. Still, the use of patient-derived cells as an in vitro model better

recapitulates the primary tumor than classical cell models (Figure 4).

Recently, Lancaster et al developed a method to establish neural tissue with
similar organization to a developing cortex from human pluripotent stem cells
(Lancaster et al., 2013). These developed tissues are termed organoids as they have
features of the original organ. This procedure has been adapted to grow primary
GBM samples (Hubert et al., 2016). Recent work by Howard Fine’s laboratory
demonstrated a novel 3D co-culture system using brain organoids and GSCs. They
established organoids, or “mini-brains” from human embryonic stem cells. Upon

creation of organoids, co-culture experiments with GSCs obtained a 100% tumor

29



Chapter 1

formation rate. These “tumors” carry the infiltrative behavior and resistance to
standard of care therapies, launching a system to study classic characteristics of
GBM under highly controlled and readily alterable conditions (Linkous et al., 2019).
One benefit of both types of organoid models is that they allow for the study of
hypoxic and necrotic tumor features. Major drawbacks include high variability in both
the shape of the organoid and the cell type produced, as well as time consuming
formation (Robertson et al., 2019). Additionally, they lack tumor vasculature and
immunological landscape, so they do not fully recapitulate in vivo tumor organization.
Therefore, while organoids present many advantages, factors such as time
limitations and availability of patient material presently limit their widespread use in
GBM studies.

1.5.2 In Vivo

Mice are the most cost effective and accessible model organism to study
GBM. Models include genetically engineered disease models or transplanted tumor
cells. Both allografts and xenografts are implanted either orthotopically in the brain or
subcutaneously. Additionally, growing evidence points to the potential use of canine
glioma to model human disease. In dogs, gliomas occur spontaneously, and
therefore there is a coevolution of the tumor and its microenvironment, as well as
relevant tumor heterogeneity, and an intact immune system (Koehler et al., 2018). A
potential drawback is that their use would require coordination with veterinarians and

owner consent, which can make cohorts difficult to establish.

Allograft transplantation allows tumors to develop in immune-competent mice.
This permits investigators to study the role of the immune system in the tumor’s
initiation, progression, and response to therapy. The most common model of this
uses the GL261 cell line established from carcinogen-induced glioma (Robertson et
al., 2019). GL261 has nonetheless developed genetic drift by accumulating
mutations, such as KRAS, which are not associated with GBM. This has led to in vivo
models that do not accurately reflect a GBM tumor (Szatmari et al., 2006). CRISPR
technology offers a solution to this problem; models are being created altering genes
in mouse NSCs to promote tumorigenicity. This should favor the study of GBM in an
intact immune system, should greatly improve modeling of the disease, and may

allow access to early steps of gliomagenesis (Robertson et al., 2019).
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Subcutaneous models are technically simple and can be adopted for pilot
studies to verify a molecule’s efficacy on tumor cells in vivo. Additionally, these
systems endorse the study of a cell tumor initiating capacities through visible tracking
of tumor growth over time. This serves a purpose for newly isolated GSCs or cells
undergoing gene silencing. These models are also useful for testing molecules that
do not efficiently cross the blood brain barrier, before setting up costly experiments,
which involve, for instance the implantation of mini-pumps directly to the brain or
pharmaco-kinetic manipulation of the lead compound to improve its delivery to the
brain. Subcutaneous tumors occur in a different environment that lacked central
nervous system specificity. Indeed, these models lack the infiltrative behavior of GBM
in the brain, the signs of neurological defects, and the tumor microenvironment, all of
which are important factors in selecting therapies (Liu et al., 2015a). Therefore,
whenever possible, subcutaneous studies should be supplemented using orthotopic

models.

Xenograft models of GBM involve the transplantation of either established
human cell lines, such as U87, or patient-derived primary cells in immune
compromised mice. The disadvantage of established cell lines remains the same as
in vitro; they do not precisely recapitulate human disease, and especially the early
stage of tumor development. Often, the patient-derived cells used for xenografts are
GSCs, which have been expanded by in vitro cell culture prior to implantation. These
GSCs are fully able to recreate tumors, and have the advantage of being
characterized, archived and distributed by researchers (Robertson et al., 2019).
However, these cells lose tumor heterogeneity, and these models cannot evaluate
the influence of the immune system. Patient-derived orthotopic xenografts (PDOX)
involve the direct implantation of tumor tissue from patients without an intermediate
cell culture step. These systems more fully capture genetic diversity and maintain
some of the tumor microenvironment, such as vessels, extracellular matrix, and
some immune regulators. Nevertheless, PDOX are costly, labor intensive, and
involve close partnership with surgeons and thus are not readily available to all
researchers (Robertson et al., 2019). Unfortunately, selection also inevitably occurs
in these models, through in vivo passage. Work by Ben-David et al. showed high
rates of copy number alteration in PDOX (Ben-David et al., 2017). Therefore, with the

exception of first implantations, fresh from patients, in vivo culture of tumor cells
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through PDOX may actually be no better than in vitro expanded GSC models
(deCarvalho et al., 2018).

Introducing defined genetic alterations in oncogenes and tumor suppressor
genes to generate spontaneous tumors creates genetic engineered mouse models,
GEMMs. A common model, used in GBM, and developed by Luis Parada’s group,
combines loss of Trp53 and conditional knockout of Nff (Zhu et al., 2005). For the
formation of IDH mutant tumors, IDH1R132H is conditionally expressed in the
subventricular zone (SVZ) of adult mice, which nicely models the early events in
gliomagenesis (Bardella et al., 2016). Viral delivery through a replication-competent
avian sarcoma-leukosis virus-tumor virus A, RCAS-TVA, system can also be used to
deliver oncogenes in vivo. Expression of TVA, the receptor of subgroup A avian
leucosis viruses, renders cells vulnerable to infection with RCAS viruses (Robertson
et al., 2019). HRAS and AKT overexpression through viral delivery is able to
transform NSCs to tumorigenic cells (Marumoto et al., 2009). Eric Holland’s work
also used this technology to establish Nes-TVA Cdkn2A-/- mice, very susceptible to
tumor formation (Holland et al., 2000). A limitation of this system is the need to breed
TVA-expressing mouse strains. Likewise, the viral cargo cannot contain large genes

like EGFRUVvIIlI, which constrains possible genetic mutations. GEMMs have the
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Figure 5: Advantages and disadvantages of common mouse models of GBM.
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advantage of not requiring surgery to achieve orthotopic models. These mice also

have intact immune systems, so its effect on potential therapies can be evaluated.

However, GEMMs undergo a polyclonal tumor initiation, which does not reflect
human disease. CRISPR-based approaches that do not require cargo limited viral
delivery or mouse breeding may likely replace in the future currently used GEMMs
(Robertson et al., 2019).

There are advantages and disadvantages to all established mouse models of
GBM, and none of them fully recapitulate human disease (Figure 5). This may
account for the large number of proposed treatments, which work in pre-clinical
models but fail to prolong patient survival in clinics. With the advent of CRISPR
technology and an improved understanding of GBM, there will hopefully soon be

better models to study the tumor and its microenvironment in vivo.

Recently, other model organisms have been used to study various aspects of
GBM. Zebrafish represent an attractive model for the use in high-throughput drug
screening as they are small, inexpensive to maintain, and do not develop an immune
system until embryonic day 21, making xenotransplantation possible. Several groups
have reported the use of orthotopic xenograft models in zebrafish, demonstrating
their ability to recapitulate human disease (Lal et al., 2012; Pudelko et al., 2018;
Welker et al., 2016). Drosophila models of GBM can be useful in genetic screening
for those genes important to the cancer phenotype, as it is rather handy to generate
tissue specific genetic alterations in this system. One such model uses
overexpression of tyrosine kinase receptors (EGFR or PI3K) in the glia of Drosophila
(Witte et al., 2009). Hence, alternative model organisms can be useful in identifying

novel treatments and targets to be confirmed with cellular and mouse systems.

1.6 Glioblastoma Stem-like Cells

Cancer stem cells were first identified in acute myeloid leukemia in 1994, with
the discovery of a proportion of cells able to initiate human leukemia in severe
combined immunodeficient mice (SCID) (Lapidot et al., 1994), and later
characterized for their capacity to differentiate and self-renew in a similar manner to

that of hematopoietic stem cells (Bonnet and Dick, 1997). This led to the
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establishment of the cancer stem cell hypothesis whereby it was proposed that tumor
heterogeneity emanated from a subpopulation of cancer cells that possess
tumorigenic properties (Pardal et al., 2003; Reya et al., 2001). A decade after initial
observations in leukemia, this concept was expanded to solid tumors with the
identification of a subpopulation of tumorigenic cells in breast cancer (Al-Hajj et al.,
2003).

In 1992, Brent Reynolds and Samuel Weiss published their discovery that
certain brain-derived cells held self-renewal and multipotency properties in vitro
(Reynolds and Weiss, 1992). Around the same time, it was uncovered that new
neurons continually develop throughout adulthood, with the discovery that brain-
derived cells from the SVZ of adult mice could differentiate into new neurons in vitro
(Lois and Alvarez-Buylla, 1993). However, direct evidence of cells with these stem
properties in vivo did not emerge until 2007 with the pivotal findings of Fred Gage’s
laboratory conclusively elucidating the existence of SOX2+ adult neural stem cells
(NSCs) in the hippocampus (Suh et al., 2007). Following the breakthrough of adult
NSCs came the hypothesis that cancer stem cells could also be present in brain
cancers. In line with this, Peter Dirks’s laboratory determined that a proportion of
brain tumor cells were positive for CD133 (Prominin) and able to self-renew. These
cells could also initiate tumors in immunodeficient mice (NOD-SCID*), which
resembled original patient tumors (Singh et al., 2003, 2004). This was also
concurrently confirmed by Angelo Vescovi's group (Galli et al., 2004). These cells
have been termed Glioblastoma Stem-like Cells or GSCs. Jeremy Rich’s team then
showed that these cells could promote tumor angiogenesis in xenografts due to an
elevated expression of VEGF (Bao et al., 2006a). This discovery was followed by
influential findings from the same laboratory claiming that the CD133+ tumor cells
were enriched in cell cultures and xenografts following ionized radiation, and that this
resistance was accompanied by increased activation of the DNA damage checkpoint
CHK1/CHK2 (Bao et al., 2006b). Likewise, Liu et al. demonstrated that CD133+
tumor cells had higher expression of MGMT mRNA and were resistant to

chemotherapy (Liu et al., 2006).

* Non-obese diabetic severe combined immunodeficient mice
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are responsible for tumor recurrence (Chen et al., 2012c). Together these data
demonstrated that GBM contain cancer stem cells with the properties of self-renewal,
tumor initiation, and radio and chemo-resistance, and that GSCs are responsible for

tumor recurrence (Chen et al., 2012d; Yan et al., 2013) (Figure 6).

Several cell surface markers, including CD15, CD44, and CD133, which
mediate interactions with the microenvironment have been proposed (Lathia et al.,
2015). CD133, also known as prominin-1 (PROM1), as already mentioned, was used
to distinguish cells with higher self-renewal and differentiation capacity in the initial
identification of GSCs (Singh et al., 2003, 2004). However, this marker is not
universally informative and can lead to false-negative identification of cancer stem
cells (Beier et al., 2007). Further, CD133 is less expressed in cells that are in Go/Gy,
which is often the case for relatively quiescent GSCs (Sun et al., 2009). CD15, or
Lewis x, and CD44, also referred to as homing cell adhesion molecule (HCAM) have
also been suggested as potential GSC markers with subtype specific association,
Proneural and Mesenchymal, respectively (Bhat et al., 2013). However, they may
also have large false-positive rates (Lathia et al., 2015). Many other cancer stem cell

markers in GSCs have been identified through their characteristic as markers of
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normal stem cells, including SOX2 (Hemmati et al., 2003), NESTIN (Tunici et al.,
2004), NANOG (Ben-Porath et al., 2008), and OLIG2 (Ligon et al., 2007). However,
these markers are intracellular and therefore have little utility in cell sorting isolation
methods, but are largely employed for in situ identification. Therefore, there are no
universal markers of GSCs; rather GSCs are defined by the expression of multiple
stem markers, in addition to their properties of self-renewal, therapeutic resistance,

ability to differentiate, and tumor initiation.

1.7 Cell of Origin

Before the conclusive proof of adult neural stem cells, it was believed that
astrocytes were the cell of origin for GBM initiation (Chen et al., 2012d). For this
process to occur, it would require cells to undergo de-differentiation to recapture
immature glia and progenitor aspects, as was done to create induced pluripotent
stem cells (Takahashi and Yamanaka, 2006). Supporting this hypothesis, work done
by Bachoo et al. showed that in vitro neonatal cortical astrocytes could regain neural
progenitor properties after prolonged culture with growth factors, and that they could
generate gliomas via transformation of these astrocytes (Bachoo et al., 2002).
However, there is a lack of evidence to support that mature astrocytes can undergo

this process.
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Figure 7: Graphical representation of neural stem cell differentiation. Markers of cell types are
included.

With the discovery of adult NSCs, the hypothesis shifted away from astrocyte
de-differentiation. As NSCs feature self-renewal capabilities, they were natural
candidate for the glioma cell of origin. Indeed, abnormalities occur in cells of the NSC
niche of GEMMs (Kwon et al., 2008; Zhu et al., 2005). Further, inducible deletion of
Tpb3, Nf1 and Pten specifically in mouse NSCs produced gliomas in 100% of the
mice (Alcantara Llaguno et al., 2009). IDH mutation or HRAS and AKT
overexpression in NSCs also leads to the development of GBM in GEMMs (Bardella
et al., 2016; Holland et al., 2000). In 2018, Lee and colleagues used a method of
deep sequencing to provide evidence that astrocyte-like NSCs, in the SVZ of GBM
patients, contain driver mutations of GBM, and thus are likely the cell of origin (Lee et
al., 2018) (Figure 7). Recent data from Luis Parada’s group showed that mutations in
NSCs and neural progenitor cells, but not differentiated neurons induce
gliomagenesis in mice (Llaguno et al., 2019). Therefore, mutations in neural

progenitor cells may also initiate GBM, independent of NSCs. Certainly; GBM
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remains a diverse disease with tumors occurring in varied locations. It is thus

plausible that these tumors result from multiple, highly plastic cell types.

1.8 Stem Cell Niche

The major
function of the stem
cell niche is to
regulate self-renewal
and fate. Adult NSCs,

also referred to as

GFAP+-astrocyte type

B cells, reside in a
niche in close contact

to capillaries in the

Microglia SVvZ and

. _ - _ _ _ hippocampus
Figure 8: Graphical depiction of NSC niche. This represents NSCs in

close contact with vessels. NSCs reside on ependymal cells, which (Riquelme et al.,
form pinwheel structures. Neural progenitor cells, astrocytes, and )
microglia are also present in this microenvironment. 2008; Tavazoie et al.,

2008). In adult
neurogenesis, these NSCs ultimately give rise to neuroblasts, which travel the length
of the SVZ to eventually reach the olfactory bulb and differentiate into neurons
(Tavazoie et al., 2008). Neurogenesis has been linked to angiogenesis in mammals
where new neurons are found in close contact with vessels in the hippocampus
(Palmer et al., 2000). Correspondingly, endothelial cells were able to promote the
self-renewal of NSCs in vitro (Shen et al., 2004). Tavazoie and colleagues confirmed
that the vasculature is an integral part of the NSC niche and that NSCs directly
interact with blood vessels in regions that lack pericyte coverage (Tavazoie et al.,
2008).

The adult NSC niche includes ependymal cells, the vasculature, astrocytes,
microglia and immature and mature NSCs (Ma et al., 2005a) (Figure 8). Ependymal
cells form a pinwheel structure on which NSCs reside. They secrete factors like
NOGGIN, which inhibits bone morphogenetic proteins (BMPs), to prevent NSC
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differentiation (Mirzadeh et al., 2008). The ECs secrete VEGF to promote self-
renewal of NSCs, in addition to NEUROTROPHIN-3 which induces quiescence
(Bond et al., 2015; Delgado et al., 2014). NSCs themselves also supply factors for
both paracrine and autocrine signaling. Neurotransmitter GABA and NOTCH ligand
DELTA-LIKE 1 (DLL1) released by neural progenitor cells also regulate quiescence
in NSCs through feedback mechanisms (Bond et al., 2015).

Likewise, GSCs reside, at least in part, in a perivascular niche in close contact
with endothelial cells (Calabrese et al., 2007; Lathia et al., 2015). Further supporting
the existence of a similar niche for NSCs and GSCs, Piccirillo et al demonstrated that
BMPs have a similar effect on GSCs as they do on NSCs. In normal adult stem cells,
the introduction of BMP4 causes cells to differentiate towards an astroglial fate
(Bonaguidi et al., 2005). Likewise, the addition of BMP4 to GBM culture reduced
proliferation and promoted
differentiation (Piccirillo et al., 2006). P

1.9 A Vascular Niche for GSCs

Secreted Factors
(EVs, peptides,
ligands etc)

1.9.1 Endothelial Secretome ﬁ /-\
The vasculature of GBM is

characterized by irregular ©

angiogenesis, producing leaky and @
dysfunctional blood vessels. Bao and \_/
colleagues showed that GSCs can GSC
affect tumor angiogenesis through the
secretion of VEGF (Bao et al., 2006a)
Seminal work by Calabrese and ECs

colleagues showed that NESTIN

positive cells in brain tumors are found  Figure 9: GSCs and ECs reciprocity.

Endothelial cells and GSCs both secrete

near ECs. They further showed that factors into the microenvironment, which affect
self-renewal, angiogenesis, differentiation etc.

CD133+ brain tumor cells can
specifically interact with ECs and that ECs can maintain these cancer stem cells in
an undifferentiated state by secreting soluble factors (Calabrese et al., 2007).

Confirming this study, Ricci-Vitiani and colleagues further showed that GSCs
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themselves can differentiate into endothelial cells in vitro and possibly in vivo (Ricci-
Vitiani et al., 2010), therefore adding another axis by which GSCs contribute to tumor
angiogenesis. Also, GSCs can transdifferentiate into pericytes to support vessel
integrity and promote tumor growth, highlighting a reciprocal interaction between
GSCs and the vasculature (Cheng et al., 2013).

Krusche and colleagues identified that GSCs up-regulate expression of the
Ephrin-B2 ligand to desensitize cells from vascular confinement and promote
invasion. Ephrin-B2 is expressed by ECs; it is a receptor tyrosine kinase of the Eph
family known to effect migration, proliferation, and stemness. The augmentation of
Ephrin-B2 ligand in GSCs saturated signaling with its receptor on ECs to prevent EC
sequestering of GSCs. Also, overexpression of Ephrin-B2 in NSCs leads to
gliomagenesis. Conversely, knockdown of Ephrin-B2 in GSCs delayed tumorigenesis
(Krusche et al., 2016). Moreover, WNT7a/b expression in tumor cells was necessary
for single cell vessel co-option, the process by which tumor cells employ preexisting
blood vessels for growth and survival. WNT7a/b levels were also correlated with
oligodendrocyte precursor-like (OPC) markers in glioma. Inhibition of WNT signaling
improved response to TMZ, while anti-VEGF therapy increased expression of WNT7
and OPC marker OLIG2 (Griveau et al., 2018). These studies emphasize the
coordinated signaling between GSCs and ECs (Figure 9).

Moreover, endothelial cell-secreted factors promote mechanistic (formerly
mammalian) target of rapamycin (mTOR), a central regulator of cellular growth and
metabolism, activation in GSCs. Previous work by our laboratory demonstrated that
the endothelial secretome can maintain mTOR signaling in GSCs in vitro in the
absence of other mitogens (Galan-Moya et al., 2011). In fact, conditioned medium
from endothelial cells prevents apoptosis and autophagy induced by mitogen
deprivation (Galan-Moya et al., 2014). Eric Holland’s group showed that the mTOR
pathway is activated in radio-resistant medulloblastoma, which allows them to bypass
cell cycle arrest (Bleau et al., 2009). Together, these data illustrate the importance of

the endothelial secretome on GSC maintenance.
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Endothelial cells
contribute to GSC
maintenance by secreting a
variety of factors, including
Notch ligands. They can
also secrete nitric oxide to
activate the Notch pathway
in GSCs (Charles et al.,
2010; Fan et al., 2010).
Notch signaling occurs when
ligands bind Notch receptors
causing gamma secretase
to process the receptor and
release the Notch
intracellular domain (NICD).
Consequently, NICD
translocates to the nucleus
with co-factors to activate
target genes of the pathway
(Figure 10). There is an

observed reduction in
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Figure 10: Overview of Notch pathway signaling. Upon
binding of the notch ligand, gamma secretase cleaves the
intracellular portion (NICD) of the Notch receptor, freeing it to
translocate to the nucleus and bind its targets.

CD133+ glioma cells in the absence of Notch ligands (Zhu et al., 2011). Notch

signaling has also been shown to be important in the development of normal brain

cells including glia and neurons (Morrison et al., 2000). Activation of the Notch

pathway in GSCs by ECs maintains the GSC stem state.

Comparatively, ECs secrete Sonic hedgehog (SHH) into the perivascular

niche, which can also sustain GSC self-renewal (Clement et al., 2007). Moreover,

EC-derived Angiopoietin1, a ligand involved in angiogenic remodeling, activates its

tyrosine-kinase receptor Tie2 in GSCs to promote expression of adhesion molecules,

N-cadherin and integrin 31, which expedites invasion (Liu et al., 2010).
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1.9.2 Cytokines and Growth Factors

The interleukin 6 (IL6) cytokine is highly expressed in GBM and has been
linked to poor patient prognosis (Choi et al., 2002; Tchirkov et al., 2007). Work by
Jeremy Rich’s laboratory demonstrated that GSCs express the IL6 receptor, and
targeting either the receptor or ligand reduces cell viability in vitro and tumor growth
in orthotopic xenografts. IL6 promotes survival in these cells by activating the
JAK/STATS3 signaling pathway (Wang et al., 2009). One study suggests that IL6 in
the niche is produced, at least in part, by Glioma-associated Mesenchymal Stem
Cells, a component of the stroma (Hossain et al., 2015). More recent analysis by the
same group established that CD9 stabilizes the IL6 receptor and its co-receptor
glycoprotein130 (gp130) to prevent receptor recycling by the lysosome, and maintain
STAT3 signaling in GSCs (Shi et al., 2017). Accordingly, blocking STAT3 signaling

downstream of IL6 stimulation reduced tumor growth in mice (Shi et al., 2018).

Recent mass spectrometry analysis of the brain endothelial secretome by our
laboratory identified the vasoactive peptide, apelin, as critical for GSC maintenance
and growth (Harford-Wright et al., 2017). Apelin is expressed in endothelial cells, and
has been shown to induce proliferation and vessel sprouting in ECs (Kidoya et al.,
2008). Our findings demonstrate that apelin could sustain GSC expansion in the
absence of all other mitogens. Also, pharmacological blockade of the apelin receptor
drastically reduced tumor growth in preclinical models of GBM and sensitized GSCs
to TMZ treatment in vitro (Harford-Wright et al., 2017). The importance of apelin in
the glioblastoma niche was later confirmed in a study by Ronald Kalin’s group where
it as found that apelin can effect both vessel formation and tumor cell invasion, and
that its blockade enhances anti-angiogenic therapy (Mastrella et al., 2019a). A recent
study in hematopoietic stem cells emphasizes the significance of both these aspects
of apelin signaling. In mouse models of radiation, EC-derived apelin maintained the
hematopoietic stem cells which in turn supported vessel integrity (Chen et al.,
2019a).
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1.9.3 Extracellular Vesicle Communication

There is now a large body of evidence that GSCs can influence the
vasculature through the secretion of small extracellular vesicles (EVs). Small EVs are
membrane bound vesicles, which are derived from endosomes, and released by cells
for intercellular communication. Small EVs can contain varying molecules including
proteins, lipids, and nucleic acids (André-Grégoire and Gavard, 2016). GBM-
originating EVs were shown to promote tumor angiogenesis by affecting
tubulogenesis and permeability (Giusti et al., 2016; Ricklefs et al., 2016; Treps et al.,
2017). In fact, the pivotal findings of Skog et al. first demonstrated that GSC-
originated EVs could transfer mRNAs to endothelial cells (Skog et al., 2008).
Correspondingly, one study illustrated that GSC-derived EVs delivered microRNA-1
to stromal cells to alter endothelial tube formation and glioma cell invasion (Bronisz et
al., 2014). In keeping with this, our group has discovered that semaphorin 3A, a
molecule that promotes permeability, released in EVs by GSCs, enhanced vascular
permeability in GBM xenografts, and therefore corrupts brain vasculature (Treps et
al., 2016). Indeed, our laboratory later clarified that EVs from GSCs also contain pro-
angiogenic VEGF-A (Treps et al., 2017). Further, upon treatment with TMZ, there
was increased release of GSC-derived EVs, which contained more cell adhesion-
related proteins than EVs derived from vehicle treated cells (André-Grégoire et al.,
2018). GSC-derived EVs can also affect other cells of the niche, including
microglia/macrophages (van der Vos et al., 2016). GSCs are not the only cells of the
tumor microenvironment to release exosomes. Recently, it was reported that stromal-
derived exosomes enhance tumorigenicity of GSCs in xenografts (Figueroa et al.,
2017).

Therefore, reciprocal signaling cues from ECs and GSCs affect tumor cell
response to therapies, which highlights the importance of the tumor

microenvironment in the development of novel therapies.

1.10 Hypoxia

While GBM are highly vascularized, these tumors also contain hypoxic zones.
Hypoxia is defined as the decrease in oxygen availability in cells, and can affect cell

proliferation, viability and differentiation (Hamanaka and Chandel, 2009). This
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Figure 11: Vascular and hypoxic niche of GSCs. GSCs in GBM, in which the

ﬁ?cr;ur;sme and self-renew in both vascular and hypoxic altered vasculature leads to

inconsistent oxygen
delivery. Local regions of hypoxia can create necrotic zones within the tumor. Cancer
cells adapt to these unfavorable conditions by promoting tumor angiogenesis and
switching from oxidative respiration to glycolysis to fulfill metabolic requirements.
Hypoxia-Inducible Factors, HIF-1 and HIF-2, are transcription factors which have
been identified to regulate this process (Nakayama, 2009; Semenza, 2010). HIFs can
activate pro-survival genes and counteract apoptosis induction under hypoxia. Under
normoxia, HIF-1a subunit is ubiquitinated by von Hippel-Lindau (VHL) and further
degraded by the proteasome (Tanimoto et al.,, 2000). By contrast, HIF-1a is
stabilized under low oxygen, and subsequently translocated to the nucleus, where it
can complex with the HIF-1 subunit to form an active transcription complex, able to

bind target genes (Loor and Schumacker, 2008).

Microscopic analysis of GBM biopsies shows multiple hypoxic zones, due to
irregular tumor neo-vascularization (Monteiro et al.,, 2017). GBM vessels are

disorganized and extremely permeable with abnormal endothelial walls partially due
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to lack of pericyte coverage (Monteiro et al., 2017; Plate and Mennel, 1995; Yuan et
al., 1994). HIF-1a can be upregulated in GBM due to EGFR mutation/amplification
and/or PTEN deletion. These mutations are responsible for constitutive activation of
PI3K/AKT/mTOR signaling, that in turn increases HIF-1a expression (Clarke et al.,
2001; Sansal and Sellers, 2004). Additionally, TRP53 deletion can augment HIF-1a
expression by preventing MDM2-mediated ubiquitination for proteosomal degradation
(Ravi et al., 2000).

Hypoxia is a known regulator of the so called “angiogenic switch” in addition to
being an orchestrator of stem cell fate (Li et al., 2009). Under low oxygen conditions,
embryonic stem cells maintain pluripotent state and block differentiation (Ezashi et
al., 2005) (Figure 11). In line with this, in in vitro cultures of glioma cells, a higher
proportion of cells express stem cell marker, CD133, under hypoxia (Platet et al.,
2007). Therefore, hypoxia appears as an essential factor in the cancer stem cell
niche (Gilbertson and Rich, 2007). Accordingly, work by the laboratory of Jeremy
Rich demonstrates that while all GBM cells up-regulate HIF-1a under hypoxia, GSCs
specifically express HIF-2a, which is required for VEGF expression, as well as known
HIF-2 target genes like OCT4 and GLUT1. They also show that expression of HIFs in

these cells promotes survival and prevents apoptosis (Li et al., 2009).

In order for tumor cells to propagate, they need access to oxygen and
nutrients, and they adapt their metabolism to their rapid expansion, thus hypoxia
might be deleterious to their growth. GSCs circumvent this by lengthening growth

factor signaling to survive under hostile conditions.

1.11 Mechanisms to resist hypoxia and hostile environment

In normal cells, upon ligand stimulation, receptor-ligand complexes are
internalized and degraded by the lysosome to prevent saturation of signaling
pathways (Mellman, 1996). Mutations in cancer cells have been shown to pervert this
pathway either by mutating receptors to no longer require ligand stimulus (such as an
EGFRuvIII mutation) or to prevent downstream endocytosis. GSCs have adapted to
reduce receptor recycling in an unfavorable tumor environment such as hypoxia
(Shingu et al., 2016).
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Recent findings by Man and colleagues demonstrate that under hypoxic
conditions, GSCs maintain Notch signaling by preventing endo-lysosomal
degradation of receptors through Vasorin (VASN)-mediated stabilization (Man et al.,
2018). Previous findings demonstrated that VASN expression is induced under
hypoxic conditions and that it is overexpressed in human GBM (Choksi et al., 2011).
VASN is an inhibitor of TGF signaling, with a role in angiogenesis, as well as the
capacity to block TNF-mediated apoptosis (Choksi et al., 2011; Ikeda et al., 2004). It

was lately confirmed
to promote tumor
A M angiogenesis in GBM
(Liang et al., 2019). In

1) mmmm the context of Notch
58)8)8) %&%&&%&%M% signaling, VASN acts

S as a competitive
inhibitor of Numb, the
Notch receptor

Receptor
Recycling inhibitor, stabilizing

Notch1 at the plasma

membrane and

preventing recycling.
This increases Notch
signaling and allows

GSC survival under

harsh hypoxic
conditions (Man et al.,
Lysosomal
Biogenesis 2018).

In parallel,
Quaking (QKIl) is an
RNA binding protein

Stabalized critical for
Lysosomal RNAs

oligodendrocyte

Figure 12: The role of QKI in GSC biology. QKI binds directly to differentiation and
mRNA of lysosomal genes to stabilize them in GSCs. This ) ]
promotes lysosomal biogenesis and can ultimately affect receptor myelin formation as
recycling.
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well as the development of monocytes, endothelial cells, and smooth muscle
(Darbelli and Richard, 2016). It regulates RNA homeostasis by influencing stability,
splicing, and translation. QKI has also been established as a tumor suppressor in
gastric, colon, and prostate cancers (Darbelli and Richard, 2016). In GBM, analysis
of the cancer genome atlas, TCGA, showed methylation of the QKI locus in 20% of
GBM samples (Chen et al., 2012a). Pivotal work by Shingu and colleagues
demonstrated that GSCs survive in suboptimal tumor environment by downregulating
endo-lysosomes. Deletion of QKI in transformed NSC maintained stemness outside
the SVZ in mice. QKI binds directly to lysosomal RNAs in transformed NSCs and
acts as a regulator of lysosomal biogenesis. Indeed, when Qki was deleted, there
were lower levels of endo-lysosomes resulting in reduced receptor recycling. Further,
QKI expression was inversely correlated with self-renewal receptor (EGFR, Notch1,
Frizzled, SOX2) protein levels. The proposed mechanism of GSC survival in harsh
tumor environments was to decreasing endo-lysosomes and thus prolonging receptor
signaling (Figure 12)(Shingu et al., 2016). Altering receptor recycling, by limiting
endo-lysosomal degradation, is therefore one mechanism by which GSCs survive in
the hostile tumor microenvironment. Hence, modifying the endo-lysosomal

architecture of GSCs may represent a novel way to target them.
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2. Lysosomes

2.1 Discovery and Overview

Christian de Duve was awarded with the Nobel Prize in 1974 for having

discovered lysosomes. They were named so as it means “digestive body” in Greek.

While performing centrifugal tissue fractionations to study glucose 6-phosphatase in

the function of insulin, the group
phosphatase, was inactive in their
homogenate in  1955. This
phosphatase resides in a sac-like
particle separated from the rest of
the cell (de Duve, 2005).
Subsequently, they uncovered
other enzymes residing in the
same particles: cathepsin (now
cathepsin D), ribonuclease,
deoxyribonuclease, and B-
glucuronidase (de Duve, 2005; de
Duve et al., 1955). The presence
of these hydrolases in the same
compartment leads to the
hypothesis that these particles
exerted collective digestive
function, which resulted in the

naming “lysosome”. The structure

of this organelle was confirmed
with morphological studies using

electron microscopy in 1956, in

unveiled that acid phosphatase, another liver

Figure 13: First electron microscopy of lysosomes.
Arrows denote dense bodies (lysosomes). From Novikoff
et al., 1956.

collaboration with Alex Novikoff (Figure 13)(de Duve, 2005; Novikoff et al., 1956).

One of the most notable characteristics of the lysosome is its acidic pH

(between 4.5-5.5), established by the vacuolar H+ ATPase (v-ATPase) which sits on

the lysosomal membrane and pumps protons across the membrane, in addition to
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the counterflux of ions (K+, Na+, and ClI-) (Forgac, 2007; Perera and Zoncu, 2016).
This low pH is optimal for the functioning of hydrolases in the degradation of the
lysosomal cargos (Perera and Zoncu, 2016). Lysosomes receive their substrates
through a variety of trafficking functions including endocytosis, phagocytosis, and
autophagy (please see the following sections). Physiological involvement comprises
cholesterol homeostasis, plasma membrane repair, pathogen defense, bone and
tissue remodeling, cell signaling, and cell death (Saftig and Klumperman, 2009).
Therefore, lysosomes are diverse, dynamic organelles with complex functions that

are still being uncovered.

2.2 Lysosomal Composition and Biogenesis

The lysosome is composed of an outer membrane comprising a single
phospholipid bilayer of approximately 10 nanometers thickness, which contains
many transmembrane proteins. In fact, there exist two major classes of proteins,
which constitute this compartment: lysosomal membrane proteins and hydrolases.

Lysosomal membrane

proteins, as the name

COOH suggests, reside on the

e . limiting lipid bilayer of the
* lysosome. They harbor varied

LimP-1/CD63 functions including:

acidification, protein import
and export, and membrane
fusion (Eskelinen et al., 2003).

The most abundant lysosomal

Lysosome

oy

=

=
\~)
S,
& membrane proteins are the

lysosomal associated

'L/OOO

membrane proteins LAMP1
and LAMP2, the lysosomal

integral membrane protein 2

Cytosol

Figure 14: Lysosomal membrane proteins. .
From Gonzalez et al 2014 (LIMP2), and the tetraspanin

CD63 (Gonzalez et al., 2014;
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Saftig and Klumperman, 2009). These proteins are heavily glycosylated to prevent
auto-digestion within the lysosome (Kornfeld and Mellman, 1989; Saftig and
Klumperman, 2009). Hydrolases each have a specific set of cargos, which they
target for degradation and are the principle proteins responsible for the lysosome’s
capacity for catabolism. These proteases also process antigens and pro-proteins,
degrade the extracellular matrix, and can initiate apoptosis (Conus and Simon,
2008).

Pivotal findings by Andrea Ballabio’s group identified a consensus sequence,
GTCACGTGAC, in the promoter of many lysosomal genes which became known as
the coordinated lysosomal expression and regulation, or CLEAR, element (Sardiello
et al., 2009). This constitutes a type of E-box that is recognized by basic helix-loop-
helix MiTF/TFE family transcription factors, namely: TFEB, TFE3, MITF, and TFEC.
Of these transcription factors, TFE3 and TFEB have both been shown to regulate
lysosomal biogenesis. In fact, TFEB is considered a master regulator of lysosomal
biogenesis. Overexpression of TFEB provoked the transcription of numerous
lysosomal protein encoding genes in HelLa cells (Sardiello et al., 2009). TFEB was

also shown to bind to the promoters of genes involved in autophagy, underlining a

Lysosome

inactive

Nucleus

Figure 15: overview of TFEB action. Under nutrient rich conditions, mMTORC1 phosphorylates
TFEB to promote recruitment of the chaperone 14-3-3. This causes TFEB to remain cytosolic
and inactive. Upon nutrient depletion, TFEB translocates to the nucleus to bind targets.
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clear co-regulation between lysosome and autophagosome formation (Settembre
and Ballabio, 2011). TFEB is regulated via post-translational modification, namely by
phosphorylation at serine 142 and 211. When TFEB is phosphorylated at both of
these residues, it remains cytosolic and inactive. However, under conditions of
lysosomal dysfunction or starvation, TFEB is dephosphorylated and translocates to
the nucleus to activate target genes (Napolitano and Ballabio, 2016a).
Phosphorylation at serine 211 recruits the chaperone 14-3-3 to dock on TFEB and
mask nuclear localization signal, therefore preventing it from nuclear shuttling
(Figure 15). Both ERK2 and the mTORC1 complex have been shown to
phosphorylate TFEB under nutrient rich conditions (Martina et al., 2012; Roczniak-
Ferguson et al., 2012). As mTORC1 has also been implicated in autophagy
regulation, its action on TFEB serves as another layer of control on these
interconnected processes.

In addition to this established ‘canonicall TFEB action, a recent report
implicated bromodomain containing protein 4 (BRD4) as a transcriptional repressor
of the CLEAR network, acting independently of TFEB (Sakamaki et al., 2017).
Likewise, in glioma, the RNA binding protein QKI was shown to interact specifically
with lysosomal RNAs regulating their stability, again in a TFEB-independent fashion
(Shingu et al., 2016). Therefore, there may be other TFEB-independent processes

regulating lysosome biogenesis yet to be uncovered.

2.2.1 Formation of Lysosomes

During lysosomal biogenesis, many newly synthesized lysosomal proteins are
trafficked through the trans-golgi network (TGN) to the endosomal system. For
hydrolases, this occurs via the mannose-6-phosphate receptor (M6PR) mediated
transport system. In the golgi, lysosomal enzyme precursors acquire 6-
phosphomannosyl moieties, which act as M6P recognition markers (Reitman and
Kornfeld, 1981a, 1981b; Waheed et al., 1981). There are two types of M6PR: cation-
independent (300 kDa) or cation-dependent (46 kDa). These two receptors are type |
transmembrane glycoproteins, and compose the p-type lectin family. In the TGN,

M6PRs bind AP® or GGA® proteins. This causes clathrin-coated vesicles to form and

> Activator Protein 1
6 Goligi-localized y-ear-containing ADP ribosylation factor binding proteins
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traffic to early endosomes. M6PRs orient with the lysosomal enzyme binding site
toward the vesicle lumen, and the C-terminus toward the vesicle exterior (Sahagian
and Steer, 1985). Deficiencies in this pathway can lead to the secretion of lysosomal
enzymes, altering its function and resulting in lysosomal storage disorders (Ludwig et
al., 1995). Lysosomal storage disorders arise from an inability of lysosomes to
degrade one or more substrate due to genetic mutations. This results in
accumulation of lysosomal substrates and cell death. Symptoms and severity of
lysosomal storage disorders depend on the tissues affected and the extent of
mutations. In fact, a potential treatment for this kind of malfunctions involves enzyme
replacement therapy for M6P derivatives (Gary-Bobo et al., 2007; Solomon and
Muro, 2017; Zhu et al., 2004).

Vesicles containing lysosomal hydrolases bud from the TGN and arrive at the
endosome. Endosome maturation causes the formation of the late endosome, which
has a pH around 6. Lysosomal enzymes bind M6PR at a pH of about 6.5, so
acidification of the “pre-lysosomal compartment” leads to their release from M6PRs,
which can then recycle back to the golgi. In addition to its localization at the golgi, the
cation-independent M6PR is also found at cell surface, allowing it to shuttle
extracellular content to the lysosome (Dahms, 1996; Gary-Bobo et al., 2007;
Kornfeld, 1992; Munier-Lehmann et al., 1996). Therefore, lysosomal components
can be transferred after both de novo synthesis and endocytosis via the M6PR
sorting pathway.

The vacuolar protein sorting (VPS10) domain containing family of proteins is
involved in direct transport of hydrolases to the lysosome. In mammalian cells, these
proteins include Sortilin, SorLA, SORC1, SORC2 and SORC3. Sortilin is responsible
for direct lysosomal shuttling of acid sphingomyelinase (Ni and Morales, 2006;
Petersen et al.,, 1997). Cathepsin D and Cathepsin H, two other lysosomal
hydrolases can co-immunoprecipitate with Sortilin (Canuel et al., 2008). Additionally,
electron microscopy analysis reveals that Sortilin colocalizes with cation-independent
M6PR in the TGN. Thus, although unrelated to M6PRs, Sortilin likely targets
hydrolases to the lysosome by the same clathrin-mediated pathway (Saftig and
Klumperman, 2009). Unlike M6PR, Sortilin associates with ligands through binding at
its B-propeller domain, and therefore does not require glycosylation (Quistgaard et
al., 2009).
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B-glucocerebrosidase
(BGC) is a lysosomal

Endocytosis
enzyme that lacks the
l M6P tag, and therefore is
trafficked to the lysosome
in a M6PR-independent

manner. Mutations in this

Endosome

M6PR

Transport enzyme produce the most

MVB(Late
endosome
intermediate)

common lysosomal

storage disorder, Type |

@

is it targeted to the
TGN

@ — \ Gaucher disease. So how
Lysosome

lysosome? Strikingly, pGC
was found to interact
@ directly with the lysosomal
membrane protein LIMP2
(Reczek et al., 2007).

LIMP2 is heavily
Figure 16: Summary of lysosomal protein transport. After
translation, lysosomal proteins are sorted from the golgi either glycosylated, and contains
by M6PR dependant translocation to the endosome, or directly ] .
to the MVB or lysosome. Lysosomal proteins can also be sorting signals at the C-
endocytosed.

terminus. The binding of
these two proteins is dependent of the cellular pH; in the endoplasmic reticulum,
BGC and LIMP2 associate, and traffic together to the lysosome. At acidic lysosomal
pH, they dissociate and can perform their independent functions. Of note, BGC is no
longer sorted to the lysosome in LIMP2 knock-out mice (Gamp et al., 2003).
However, deletion of LIMP2 C-terminus does not affect its lysosomal placement
(Kuronita et al., 2005). LIMP2-GC association represents a noteworthy lysosomal
targeting method, whereby the transport of lysosomal membrane proteins and
hydrolases converge.

Two major routes have been proposed for the transport of lysosomal
membrane proteins to their destination. The “direct” pathway refers to passage from
the TGN to the early and late endosomes without an intermediate step. By contrast,

in the “indirect” pathway, these proteins are first delivered to the plasma membrane
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before internalization and sequestering in the early endosome, late endosome, or
lysosome. TGN vesicle transport is summarized in figure 16. Work by Juan
Bonifacino’s group demonstrated that elimination of clathrin or AP complexes caused
LAMP proteins to accumulate at the plasma membrane of HelLa cells, suggesting
that the “indirect” pathway is likely a major trafficking route for LAMPs to the
lysosome (Janvier and Bonifacino, 2005). However, earlier pulse chase studies of
LAMP1 in HL-60" cells revealed the majority of LAMP1 shuttled via the direct
pathway (Carlsson and Fukuda, 1992). Moreover, in CHO® cells LAMP1 transport
was largely dependent on protein abundance, where LAMP1 was enriched at the
plasma membrane alongside increased expression (Harter and Mellman, 1992).
Also, particular lysosomal membrane proteins can have sorting motifs for divergent
trafficking pathways. Mucolipin 1 (MCOLN1) for example contains two di-leucine type
motifs, which promote separate transport events. The N-terminal motif promotes
direct TGN to lysosome passage, while the C-terminal signal guides MCOLN1
movement to the plasma membrane where it is thereafter endocytosed
(Vergarajauregui and Puertollano, 2006). Hence, the contribution of each pathway
may differ between cell type, expression level, and cellular conditions.

Experimental evidence suggests multiple methods of TGN exit for lysosomal
membrane proteins. The lysosomal-associated protein transmembrane 5 (LAPTMS),
for example, requires GGA3, suggesting a trafficking similar to the M6PR pathway
used for hydrolase transport (Pak et al., 2006). Conversely, in vitro analysis of
vesicles containing LAMP1 and LAMP2 implies that they sort distinctly from the
M6PR transport system (Karlsson and Carlsson, 1998). Indeed, knockdown of AP1
in HeLa cells or its depletion in mice did not impede LAMP1 transport to the
lysosome (Janvier and Bonifacino, 2005; Meyer et al., 2000). The same was true
when clathrin was silenced in HelLa cells (Janvier and Bonifacino, 2005; Meyer et al.,
2000).

Together, these data indicate a complex and diverse mechanism by which different

proteins reach the lysosome.

7 Human Leukemia-60 cells
8 Chinese hamster ovary cells
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2.3 Lysosomal Positioning

Starvation Nutrient-Rich

Perinuclear Cytosolic dispersion
lysosomes Of lysosomes

Figure 17: Lysosomal positioning. (Left) Under starvation, lysosomes cluster in a perinuclear
fashion. (Right) In nutrient rich conditions, lysosomes can be found dispersed throughout the
cytosol.

While it was previously thought that lysosomes were static structures with
either perinuclear or uniform cytosolic distribution, recent findings have shown their
dynamic, calcium-dependent movement including: exocytosis, fusing with each other
and with other organelles (endosome, phagosome, and autophagosome), as well as
reformation from hybrid organelles (Lawrence and Zoncu, 2019). This shuttling is
dependent on the BLOC-1 related complex (BORC), localized on the lysosomal
membrane, which associates with ARL8, a small GTPase, and kinesin-5, to travel
along microtubules. Lysosomes traverse microtubules and change direction by
switching between plus-end directed kinesin motors and minus-end directed dynein-
dynactin motor complexes. Cells lacking BORC do not display lysosomal localization
to the cell periphery (Pu et al., 2015). Lysosomal movement is not continuous, rather
it appears to stop and start depending on and adaptating to cellular conditions.
Acidification of the cytosol disperses perinuclear lysosomes, whereas starvation,
aggresome formation or lysosomal storage disorders result in the opposite
phenotype (Heuser, 1989; Korolchuk et al., 2011; Li et al., 2016; Zaarur et al., 2014).
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Lysosomal positioning is tightly linked with the amino acid sensing response.
Interesting findings by Korolchuk et al. showed interdependence between mTOR
activation and lysosomal placement. Upon starvation, lysosomes localize in a
perinuclear fashion, while nutrient replenishing triggers accumulation of the
lysosomes at the cell periphery (Figure 17). Of note, the upstream signaling pathway
for mTOR (detailed in chapter 3) is initiated by nutrient receptors at the plasma
membrane, so this marginal organization may enhance the activation by bringing its
components closer together (Korolchuk et al.,, 2011). Indeed, upon nutrient
deprivation, the Ragulator-LAMTOR complex, involved in mTOR lysosomal
localization, inhibits BORC binding. Therefore, lysosomes remain perinuclear, which
may favor subsequent autophagy initiation (Filipek et al., 2017).

Furthermore, calcium release from the lysosomal lumen through the MCOLN1
channel improves the association between lysosomes and dynein-dynactin
complexes via direct binding of ALG2’. This facilitates the perinuclear clustering of
lysosomes near the site of autophagosome formation (detailed in section 2.4.3) to
enhance autophagy induction. Cholesterol also enables the perinuclear organization
of lysosomes, independent of MCOLN1, through RAB7-RILP'>-ORP1L'" interaction
(Li et al., 2016; Rocha et al., 2009).

Lysosomes tether to target organelles, such as endosomes, via the homotypic
fusion and vacuole protein sorting (HOPS) complex, the assembly of which is
controlled by the small GTPase Rab7. VAMP7'? or 8 on the lysosome form contacts
with target membranes by binding to syntaxin-7 and 8, and VTI1B"’. These SNAREs
form parallel helix bundles called SNAREpins which bring membranes sufficiently
close for fusion to occur (Luzio et al., 2007).

Lysosomes can tubulate by connecting to both kinesins and dynein at once,
therefore pulling them in opposite directions. One clear example of this ensues in
macrophages treated with LPS'*, these tubular lysosomes are more motile,
suggesting that tubulation may play a role in antigen presentation (Li et al., 2016;

Mrakovic et al., 2012). Moreover, the movement of lysosomes can create connection

9 apoptosis-linked gene 2

10 Rab7-interacting lysosomal protein
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sites with other organelles including ER, TG and peroxisomes. In the TGN, the
interaction controls the spatial distribution of the lysosomes (Wang and Hong, 2002).
In peroxisomes, these contacts regulate cholesterol transport (Chu et al., 2015).
Similarly, ER-lysosome connections have recently been linked to cholesterol sensing
and homeostasis (Hoglinger et al., 2019; Lim et al., 2019). Furthermore, ER-late
endosome contacts also have been implicated in neurite growth and cellular
protrusions (Raiborg et al., 2015). Therefore, lysosomal repositioning enables
movement in response to specific stimuli and communication with other organelles in

order to carry out their varied functions.

2.4 Lysosomal Fusion

Lysosomes act as the terminal delivery site for several degradative processes
including endocytosis and autophagy. Moreover, lysosomes can remove unwanted
cargos from the cell through exocytosis. These processes involve the fusion of
lysosomes with different membranes of the cell including endosomes, the plasma

membrane, and autophagosomes.

2.4.1 Endocytosis

Lysosomes act as the endpoint for many molecular cargos that the cell
internalizes. During endocytosis, extracellular and membrane components are
coopted into vesicles, pass through the endosome, and often are delivered to the
lysosome for degradation and recycling. Some cargos, such as transferrin, deliver
essential components, eg iron, for lysosomal function (Inpanathan and Botelho,
2019).

Another function of the lysosome is recycling of cell receptors and ligands. For
low-density lipoprotein ligands, they dissociate from their receptors in the acidic
compartment after endocytosis and are subsequently degraded in the lysosomal
lumen by hydrolases. Disengaged receptors can meanwhile be recycled to the cell
surface for further signaling. In contrast, EGF remains bound to its cognate receptor
as it travels through the late endosome to the lysosome (Kirchhausen et al., 2014).
By this method, the lysosome can regulate the length of signaling cascades, upon
ligand triggering. Indeed, one mechanism cancer stem cells use to increase the

duration of growth factor signaling is to down-regulate their endo-lysosomal
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degradation (Man et al., 2018; Shingu et al., 2016). Moreover, endocytosis can
remodel the plasma membrane by removing transporters and adhesion molecules in
response to stimuli (Ross et al., 2015).

Upon endocytosis, cargos are sorted in the early endosome, a compartment
defined by Rab5 and EEA1 expression. Those components marked for degradation
are retained in the late endosome. Rab7 and LAMP1 expression, components also
present in the lysosome, label late endosomes. These late endosomes then fuse
either terminally, or transiently with lysosomes to form endo-lysosomes where they

deliver their cargo for degradation (Bissig et al., 2017; Bright et al., 2016).

2.4.2 Lysosomal Exocytosis

Lysosomes can join with the plasma membrane upon increase in cytosolic
calcium levels. This process has long been understood to occur in hematopoietic
cells, in order to destroy targets through the release of specialized secretory
lysosomes (Stinchcombe and Griffiths, 1999). In 2001, a study in fibroblasts revealed
that conventional lysosomes can also undergo this shuttling (Reddy et al., 2001).
This process is referred to as lysosomal exocytosis, where lysosomes dock at the
plasma membrane and release their content into the extracellular space.

As in lysosomal-endosomal merging, SNAREs are essential to this type of
fusion. LAMP1 is a major player in the docking step, and is negatively regulated by
Neu-1'° through processing of sialic acids, 9 carbon monosaccharides, in the
glycosylated region of LAMP1. Correspondingly, expression of over-sialylated
LAMP1 enhances lysosomal exocytosis (Yogalingam et al., 2008). Additionally,
TFEB has been implicated in this process, as its overexpression can provoke
lysosomal exocytosis in vitro and in vivo (Spampanato et al., 2013).

Lysosomal exocytosis has emerged as important for the reparation of the
plasma membrane and the removal of pathogenic bacteria and viruses from the cell
(Huynh et al., 2004; Jaiswal et al., 2002; Reddy et al., 2001; Roy et al., 2004).
Moreover, cancer cells can pirate this route to degrade the extracellular matrix and

facilitate invasion (Machado et al., 2015).

15 Neuraminidase-1
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2.4.3 Autophagy

Macroautophagy, hereafter referred to as autophagy, is a process for bulk
degradation in the cell in response to stress, nutrient or growth factor deprivation, or
hypoxia. Upon initiation, autophagy-related proteins, ATGs, are engaged at the
phagophore assembly site, PAS, to form a C-shaped structure, or phagophore. This
phagophore elongates to engulf the portion of cytosolic material for degradation,
eventually sealing into a double membrane vesicle, termed autophagosome. Fully
formed autophagosomes travel along microtubules to reach and fuse with the

lysosome, allowing for the destruction of cargos (Dikic and Elazar, 2018).

2.4.3i Autophagosome Composition and Induction

There are five complexes of ATGs essential for a functional autophagy
pathway. The first is the ULK1'® complex, or the initiation complex, which consists of
ULK1, FIP200", ATG13, and ATG101. ULK1 was first identified in HEK293 cells
where its knockdown was sufficient to inhibit autophagy. This effect was confirmed in
starvation-induced autophagy with ULK1/2 knockout MEFs (Chan et al., 2007;
Cheong et al., 2011). Autophagy is ignited thanks to the serine/threonine kinase
action of ULK1. Accordingly, autophagic flux is blocked by the expression of the
kinase dead version of ULK1 or its chemical inhibition (Chan et al., 2009; Egan et al.,
2015; Petherick et al., 2015). Conversely, interaction of ULK1 with ATG13 or FIP200
increases its enzymatic activity (Ganley et al., 2009; Hosokawa et al., 2009; Jung et
al., 2009). Additionally, autophosphorylation at threonine 180 in the activation loop of
ULK1 may be important for its kinase action (Bach et al., 2011; Lazarus et al., 2015).
After stimulation, ULK1 phosphorylates other components within the initiation
complex, ATG13 and FIP200 (Hosokawa et al., 2009; Jung et al., 2009). The
complex forms puncta under amino acid starvation that colocalize with omegasomes,
ie ER structures that support autophagosome biogenesis (Karanasios et al., 2013).

ULK1 complex activity is also regulated by mTOR and AMPK. Upon nutrient
detection, mTOR phosphorylates ULK1 at serine 637 and 757 to inactivate it (Ganley
et al., 2009; Hosokawa et al., 2009; Jung et al., 2009). mTOR additionally

16 Unc-51-like Kinase 1
17 FAK family kinase-interacting protein of 200kDa.
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phosphorylates ATG13 to block its translocation to autophagy initiation site (Puente
et al., 2016). In contrast, under energy deprivation, there is an increase in cellular
adenosine monophosphate, AMP, which activates AMPK'®. AMPK can inactivate in
turn the mTORC1 complex (please see chapter 3 for details), which prevents the
inhibitory effects on ULK1. Notably, AMPK can also directly phosphorylate ULK1 at
multiple sites to activate it (Egan et al., 2011; Kim et al., 2011).

The second complex contains ATG9 bound phospholipid vesicles. ATG9 is
the sole transmembrane ATG; it delivers a lipid membrane source for phagophore

formation, and associates with the initiation complex at the PAS (Karanasios et al.,
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Figure 18: Simplified overview of autophagy. Briefly, upon activation, ULK1 complex and
PI3KC3 complex come together with ATG9 vesicles to form the isolation membrane at the PAS.
This leads to formation of the phagophore, which matures with association of ATG8s (here
LC3). Upon phagophore closure autophagosomes mature and ATGs dissociate from
outermembrane. Autophagosomes tether to lysosome for fusion and degradation of internal

cargo.

2013; Nishimura et al.,, 2017). In mammals, ATG9 is not incorporated into

18 AMP-activated protein kinase
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autophagosomes, but transiently associates with omegosome (Orsi et al., 2012).
Live cell imaging suggests that autophagosome formation occurs when ATG9
coalesces with the ER (Karanasios et al., 2016). Correspondingly, ATG9 deficient
mutants in yeast or mammals fail to form autophagosomes (Orsi et al., 2012;
Yamamoto et al., 2012).

The class Ill PI3K complex, PI3KC3, contains VPS34", Beclin1, p115, and
ATG14 or UVRAG® depending on the context. AMPK can also directly
phosphorylate VPS34 and Beclin1 (Kim et al., 2011). The fourth class composes
WIPI*' proteins and ATG2 proteins. Finally, the fifth complex consists of the
ubiquitin-like proteins ATG12 and ATGS5, which interact with ATG16L and members
of the ATGS8 protein family. The ATGS8 protein family has two subfamilies: light chain
3 (LC3) A, B, and C and y-aminobutyric acid receptor-associated proteins
(GABARAPSs), which conjugate with membrane phosphatidylethanolamine (PE)
(Dikic and Elazar, 2018).

Phagophore formation occurs at the omegasome, which are enriched in PI3Ps
and are marked with PI3P binding protein DFCP**. ULK1 and PI3KC3-C1 complexes
are activated and recruited to the PAS along with ATG9 vesicles. The mechanism of
ULK1 recruitment is still being uncovered. One study found that the positive regulator
of autophagy, WAC?, translocates GABARAP to the centrosome, which can then be
transferred to the phagophore. GABARAP could recruit and activate ULK1 (Joachim
et al., 2015; McKnight et al., 2012). More is known about PI3KC3-C1. ULK1
phosphorylates ATG14, which interacts with ATG13 under amino acid starvation.
This stimulates the kinase activity of PISKC3 and initiates phagophore formation
(Park et al., 2016). ATG9 is regulated in part by ULK1 phosphorylation (Karanasios
et al., 2016; Papinski et al., 2014).

2.4.3ii Phagophore Expansion and Maturation

ATG8s are the most important proteins for phagophore expansion. ATG4

processes pro-ATG8s exposing a glycine residue in the C-terminus, which is
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essential for PE conjugation. Processed ATGS8s are then activated by ATG7 which is
an E1-like enzyme. Consequently, ATG3 fuses ATGS8s to PE, converting from the
freely diffuse form (for LC3 this is LC3-l) to the lipidated form (LC3-1l) (Hamasaki et
al., 2013; Slobodkin and Elazar, 2013). For PE attachment to occur, it requires ATG3
to be stimulated by ATG12-ATG5 E3 activity. WIPI2 recruits ATG12-ATG5-ATG16L
to the PAS through its interaction with ATG16L (Dooley et al., 2014; Fujioka et al.,
2010; Kuma et al., 2002). The lipidation of ATG8s promotes phagophore expansion
and can facilitate cargo recruitment in selective autophagy as cargo receptors, like
SQSTM1/p62*, contain an LC3 interacting region (LIR), where ATG8s directly bind
(Slobodkin and Elazar, 2013). Of note, recent studies demonstrate that
autophagosomes can form without the conjugation machinery or ATG8s (Nguyen et
al., 2016; Tsuboyama et al., 2016).

Following the closure of the phagophore, autophagosomes undergo a
maturation phase where ATGs dissociate from the outermembrane, and the fusion
proteins, syntaxin-17 (STX17), and SNAP29%, are recruited (Diao et al., 2015;
Itakura et al., 2012). ATG8s link autophagosomes to kinesins through the autophagy
specific adaptors, including FYCO1*°. They also drive fusion by recruiting the HOPS
complex (McEwan et al., 2015; Olsvik et al., 2015). Interestingly, ATG14 has also
been implicated in the maturation of the autophagosome via interaction with STX17
to foster membrane
tethering (ltakura et al.,
2012).

2.4 .3iii Lysosomal
Fusion

Similar to

lysosomal fusion  with

other organelles,
Autophagosome Lysosome autophagosomes require
Figure 19: Overview of autophagosome-lysosome fusion. The the formation of the

SNAREpin forms when lysosomal VAMP8 associates with
Stx17 and SNAP29 on the autophagosome.

24 Sequestosome 1
25 Synaptosomal-associated protein 29
26 FYVE and coiled-coil domain-containing protein 1
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SNAREpin via VAMPS8 on the lysosomal side and SNAP29 and syntaxin-17 (Stx17)
on the autophagosome. These SNAREs are translocated from the ER to the
autophagosome after formation of the double membrane structure. Knockdown of
Stx17 causes accumulation of autophagosomes (ltakura et al., 2012).

ATG14 has a role in tethering and fusion as it was demonstrated to stabilize
Stx17 and SNAP29 on autophagosomes (Diao et al., 2015). Likewise, the subfamily
of ATG8s, known as GABARAPSs, drive fusion of autophagosomes with lysosomes
by recruiting PLEKHM1?’, which in turn interacts with the HOPS complex (McEwan
et al., 2015; Nguyen et al., 2016). Recently, Fumiyo lkeda’s group identified the
inhibitor of apoptosis protein BRUCE®® as an important factor in autolysosome
formation. They found that BRUCE resides on the surface of the lysosome. Upon
fusion with the autophagosome, BRUCE interacts with Stx17 and
GABARAP/GABARAPL1 to facilitate merging (Ebner et al., 2018).

2.4.3iv Other Autophagy Regulators

Autophagy can also be regulated transcriptionally. In addition to its regulator
effects on ATGs, mTOR negatively regulates TFEB, a transcription factor for many
autophagy genes. Upon mTOR inhibition, TFEB translocates to the nucleus and
promotes the transcription of its target genes (please see also section 2.2).
Therefore, TFEB enhances autophagy by inducing the expression of essential
components of this metabolic pathway (Settembre et al., 2013). Moreover, TFEB
regulates mTOR activity through the expression of RagD (please see chapter 3).
Increased RagD facilitates mTORC1 lysosomal localization upon nutrient sensing,
hence TFEB action fine tunes mTORC1 signaling (Di Malta et al., 2017). Regulation
of autophagy by the transcription factor FOXO3 has been reported in
cardiomyocytes (Mammucari et al., 2007; Zhao et al., 2007). Furthermore, Kevin
Ryan’s group recently demonstrated that BRD4 and methyl-transferase G9A repress
CLEAR network transcription, independently of TFEB, therefore regulating
autophagy at the transcriptional level (Sakamaki et al., 2017).

Autophagy is further controlled through post-translational modifications of

regulators involved in the modification of pathway components. As previously

27 Pleckstrin homology domain containing protein family member1
28 Baculovirus IAP repeat repeat-containing ubiquitin-conjugating enzyme
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described, mTOR and AMPK modulate autophagy through inhibitory or activating

phosphorylation. In addition, BCL-2*°, AKT, and EGFR are all negative regulators of
Beclin-1 (Dikic and Elazar, 2018; Pattingre et al., 2005). Also, histone acetyl-

transferase p300 acetylates VPS34 to prevent complex formation (Su et al., 2017).

In contrast, the PI3KC3 complex1 binds to AMBRA1*’ to promote autophagy through

Beclin1 interaction (Fimia et al., 2007). Therefore, the autophagic pathway is tightly

regulated by a variety of factors in response to cellular cues, as such, dysfunction of

these regulators can lead to defects in autophagic clearance.

2.5 Lysosomal Cell Death

The idea that lysosomes can drive cell death was proposed in the 1970s

2+

Ca
pS3 Sphingosine

Lysomotrophic
drugs

LMP
\ _
o
O
o o Oo © Cathepsin
o O Release
Cell Death

Figure 20: Lysosomal cell death. Different signals can
induce lysosomal cell death including lysomotrophic
drugs, p53, ca”, sphingosine, and ROS. This induces
permeabilization of the lysosomal membrane, leading to
release of lysosomal cathepsins, and cell death.

29 B- cell Lymphoma 2

(Firestone et al., 1979). Indeed,
Christian de Duve described
lysosomes as “suicide bags,”
able to rupture cells and tissue
upon their lysis. However, it was
not extensively explored until
recently, potentially due in part to
the fact  that lysosomal
ultrastructure is not always
changed during this process
(Brunk and Ericsson, 1972).
Lysosomal dysfunction includes
changes in expression of
hydrolases in  addition to
alterations in their size, number,
pH and positioning. Deterioration
of these organelles can likewise
cause blockade of processes like

autophagy, leading to an

30 gctivating molecule in Beclin-1 regulated autophagy protein 1
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accumulation of lysosomal substrates (Aits and Jaattela, 2013).

Lysosomal membrane permeabilization (LMP) is defined as any perturbation
in the lysosomal membrane, which leads to lysosomal materials to leak out into the
cytosol (Figure 20). This can range from total lysosomal lysis, which lowers the pH of
the cytosol and causes cell death by necrosis, to selective cathepsin release, which
can induce cell death through signaling cascades. Among cathepsins, the major
players in LMP are cathepsins B and D, as well as chromotrypsin B and proteinase 3
(Aits and Jaattela, 2013; Loison et al., 2014; Zhao et al., 2010). LMP is often
accompanied by lysosomal enlargement, however it is unclear whether it is essential
for the process to occur. Indeed, Repnik and colleagues suggested that enlargement
is not sufficient to trigger membrane dismantlement, while others believe large
lysosomes are more prone to breach (Ono et al., 2003; Repnik et al., 2014).

LMP can be induced by a variety of triggers. Lysomotrophic detergents
damage the membrane, as they are weak bases, which easily cross the lipid bilayer
and can be subsequently trapped to accumulate in the acidic lysosomal lumen.
Some known lysomotrophic agents include amines with hydrophobic side chains,
such as imidazole and morpholine, cisprofloxacin, sphingosine and siramesine (Boya
et al., 2003; Firestone et al., 1979; Kagedal et al., 2001; Ostenfeld et al., 2008). In
addition to lysomotrophic drugs, studies have demonstrated that nanoparticles can
stimulate LMP, and lead to deleterious accumulation of lysosomes with an
autophagic flux defect (Wang et al., 2013, 2018). Moreover, microtubule poisons, like
vincristine and paclitaxel, alter lysosomal stability (Castino et al., 2009; Groth-
Pedersen et al., 2007).

Reactive oxygen species (ROS) can trigger LMP, as ROS often accumulate in
response to certain drugs and ionizing radiation (Kurz et al., 2008a). Oxidative stress
causes hydrogen peroxide to diffuse into the lysosome, where it creates hydroxyl
radicals by reacting with iron (Kurz et al., 2008b). These radicals can destabilize the
lysosomal membrane through lipid peroxidation and damage integral proteins. ROS
can also contribute to LMP by activating lysosomal calcium channels (Sumoza-
Toledo and Penner, 2011). Accordingly, antioxidants and redox regulators can
rescue cells from ROS-induced LMP (Kurz et al., 2008a, 2008b).

Cathepsins mediate the downstream effects of lysosomal cell death, but they
can also initiate LMP. Increased cysteine cathepsin activity drives sensitization to
LMP in cancer cells (Fehrenbacher et al., 2004, 2008; Groth-Pedersen et al., 2007,
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2012; Kreuzaler et al., 2011). Minor lysosomal leakage in these cells could induce
LMP through cleavage of cytosolic substrates such as sphingosine kinase 1, which
maintains the stability of lysosomes (Mora et al., 2010; Taha et al., 2005).
Accordingly, cathepsin inhibitors can partially rescue cells from LCD. Moreover, the
calcium activated lysosomal enzymes, calpains, promote LMP by cleaving HSP70
and LAMP2a. HSP70 protects the lysosomal membrane from oxidative stress by
recycling damaged proteins (Arnandis et al., 2012; Sahara and Yamashima, 2010).

Alternatively, the integrity of the lysosomal membrane can be altered by
changes in sphingolipids. Inactivating mutations of acid sphingomyelinase (ASM) are
associated with lysosomal storage disorders, like Niemann-Pick disease. HSP70
supports ASM interaction with its docking lipid BMP?! (Gabandé-Rodriguez et al.,
2014; Kirkegaard et al., 2010). Drugs that target ASM therefore can induce LMP.
These range from antidepressants to antihistamines and are collectively known as
cationic amphiphilic drugs (CAD). These compounds freely diffuse across the
lysosomal membrane and displace ASM from BMP, which leads to the degradation
of ASM and an accrual of sphingomyelin (Gulbins and Kolesnick, 2013; Kirkegaard
et al., 2010; Petersen et al., 2013).

The most studied CAD is siramesine. The group of Marja Jaattela
demonstrated that this drug is a lysomotrophic detergent, which leads to
autophagosome accumulation (Ostenfeld et al., 2008). Moreover, siramesine
selectively targets cancer cells and can resensitize these cells to chemotherapy
(Groth-Pedersen et al., 2007; Petersen et al.,, 2013). Likewise, in a study with
leukemic cells, siramesine and desipramine, another CAD, preferentially targeted
cancer cells compared to B-cells (Dielschneider et al., 2016). In keeping with this,
inhibition of HSP70 also disrupts ASM activity and prompts LMP, therefore making it
another attractive target in cancer therapy (Granato et al., 2013; Kirkegaard et al.,
2010; Nylandsted et al., 2002).

Increased sphingosine in the lysosomal membrane causes LMP. Ceramide is
degraded by acid ceramidase to sphingosine, which diffuses out of the lysosome to
convert to sphingosine-1 phosphate (S1P) by sphingosine kinase. S1P promotes cell
survival, while sphingosine and ceramide encourage cell growth arrest (Shida et al.,

2008). Inhibition of sphingosine kinase thus provokes cell death (Mora et al., 2010;

31 bis monoacylglycerophosphate
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Noack et al., 2014; Taha et al., 2005). The sphingosine kinase 2 inhibitor opaganib
also shows a potent anti-tumor activity and is being evaluated in clinical trials for liver
cancer and multiple myeloma (Britten et al., 2017; Ding et al., 2016; Lewis et al.,
2016).

Upon LMP, several endo-lysosomal damage response mechanisms are
employed by the cell to escape death. This includes TFEB-induced lysosomal
biogenesis, selective autophagy of lysosomes known as lysophagy, repair by the
ESCRT* machinery, and lysosomal exocytosis. Cells activate the transcription of
lysosomal genes via TFEB to compensate for dysfunctional lysosomes (Raben and
Puertollano, 2016). Galectins act as lysosomal damage sensors by binding to -
galactosides on damaged lysosomes and recruiting the autophagic machinery for
clearance (Chauhan et al., 2016; Hung et al., 2013; Papadopoulos and Meyer, 2017;
Thurston et al., 2012). For minor loss of lysosomal membrane integrity, the ESCRT
machinery is recruited to the lysosomal membrane to facilitate its healing (Radulovic
et al., 2018; Skowyra et al., 2018). Finally, in response to anti-cancer agents,
damaged lysosomes may relocate to the plasma membrane and release their cargo
into the extracellular space, though this response mechanism is poorly understood
(Zhitomirsky and Assaraf, 2017).

Lysosomal dysfunction leads to potent cell death. This can be highly
deleterious for patients with lysosomal storage disorders; however, it represents an

intriguing axis for anti-cancer therapy.

2.6 Lysosomes and Cancer

Lysosomal recycling is essential for the growth and survival of cancer cells, as
these cells require constant nutrient supply and clearance of damaged organelles for
their continued propagation. Targeting the lysosome can affect proteostasis and
cellular homeostasis on multiple levels, as they play a role in metabolism, protein
aggregate clearance, reactive oxygen species and cell death. During oncogenesis,
cells exhibit alterations in lysosomal volume and cellular localization (Figure 21).
Cancer cells can feature larger lysosomes making them more fragile and susceptible

to LMP. In addition, the higher metabolic activity causes iron accumulation in the

32 endosomal sorting complex required for transport
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lysosome, sensitizing them to ROS production. For instance, salinomycin causes
iron accumulation in the lysosomes of breast cancer stem cells leading to lysosomal
ROS accumulation and cell death (Gyrd-Hansen et al., 2004; Mai et al., 2017; Ono et
al., 2003).

Lysosomal hydrolases are involved in tumor growth, invasion, and even
angiogenesis. Various studies have demonstrated changes to the trafficking and
localization of cathepsins B, D, and L (CTS) (Démoz et al., 1999; Donatien et al.,
1996; Joyce and Hanahan, 2004; Nishimura et al., 1998; Rochefort et al., 2000;
Sloane et al., 1994). There is a positive correlation between CTSD expression and
tumor size, grade and prognosis (Benes et al., 2008; Leto et al.,, 2004). CTSB
expression is also increased in most cancer types, as well as in tumor-associated
macrophages (TAM) and cancer-associated fibroblasts (CAF). CTSB is implicated in
tumor invasion and can be found on the surface of tumor cells. Accordingly, CTSB
deficiency in pancreatic islet tumors and mammary tumors reduced tumor growth
(Joyce and Hanahan, 2004; Vasiljeva et al., 2006). In line with this, CTSB inhibitor
CA-074 has proven effective at treating preclinical models of breast cancer (Withana
et al., 2012). Conversely, increased CTSB activity in lysosomes can cause cleavage
of LAMP1 and 2, destabilizing the lysosome and promoting cell death. Therefore
CTSB may be a useful biomarker for determining whether or not to use LMP-
inducing drugs as a treatment strategy (Fehrenbacher et al., 2008; Ostenfeld et al.,
2005).

As demonstrated in the previous section, CADs like siramine and desipramine
have potent anti-tumor properties (Dielschneider et al., 2016; Petersen et al., 2013).
Additionally, in non-small cell lung cancer, other CADs including loratadine and
astemizole were successful (Ellegaard et al., 2016). Likewise, terfenadine induced
cell death in prostate cancer cells and astemizole showed efficacy in breast cancer
and leukemia cells (Wang et al., 2014). CADs may also be applicable at resensitizing
resistant cancer cells to therapy (Ellegaard et al., 2016; Hait et al., 1993; Jaffrézou et
al.,, 1995; Petersen et al., 2013). The usefulness of this class of molecules

emphasizes the promise of targeting lysosomes in cancer.
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Figure 21: Potential lysosomal vulnerabilities in cancer therapy. These targets include
autophagy (via chloroquine), mTORC signaling (via rapalogs and Torin1), lysosomal
acidification (via bafilomycin), and LMP induction (which can occur via CAD drugs
targeting acid sphingomylenase).

In glioma, several groups have explored induction of lysosomal cell death as a
tumor cell elimination strategy. Loss of HSP70 expression eradicated orthotopic
xenografts of GBM (Nylandsted et al., 2002). Moreover, Mora et al. showed that in
glioma, there is a difference in sphingolipid metabolism, as compared to astrocytes,
making them more sensitive to lysosomal cell death upon sphingosine kinase
blockade (Mora et al., 2010). Sphingosine kinase inhibitors were additionally shown
to be successful in combination with the standard-of-care chemotherapy agent TMZ
(Noack et al., 2014). More recently, Le Joncour and colleagues used the
lysomotrophic compound clemastine to prompt LMP in in vitro and in vivo models of
GBM. The use of this drug induced cell death in vitro and reduced tumor growth in
vivo emphasizing the potential of targeting the lysosome in GBM (Le Joncour et al.,
2019).

As mentioned earlier, mMTORC1 docks at the lysosome in order to perform its

signaling functions. mTOR signaling is up-regulated in approximately 30% of human
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tumors, including GBM (Fine et al., 2009; Saxton and Sabatini, 2017). Therefore, the
next chapter explores mTOR activation and its implications in cancer in greater

detail.
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3. mTOR

3.1 Historical Overview

The mechanistic target of rapamycin, mTOR, gene regulates growth and
metabolism in a cell, and was identified decades after the drug rapamycin for which it
gets its name. Rapamycin was isolated in 1975 from the Streptomyces hygroscopius
and originally proposed as an anti-fungal agent (Baker et al., 1978; Vézina et al.,
1975). Later, this drug was shown to have immunosuppressive and anti-tumor
properties. Indeed, clinical trials using rapamycin after organ transplantation
demonstrated its potent immunosuppressive functions (Douros and Suffness, 1981;
Eng et al.,, 1984). However, first mechanistic insight into rapamycin’s molecular
action did not occur until the 1990s with the identification of its complex formation
with the immunophilin FKBP12”, a protein known to interact with the
immunosuppressant drug, tacrolimus, and inhibit cell growth and proliferation. These
drugs act competitively to associate with FKBP12 and bind their respective target
proteins (Dumont et al., 1990; Schreiber, 1991).

Target genes, TOR1/2, and DRR1/2, of rapamycin were first uncovered in
yeast based on their ability to confer resistance to the drug upon their mutation
(Cafferkey et al., 1993; Heitman et al., 1991; Kunz et al., 1993). Michael Hall, whose
work idenfied TOR genes, received the Lasker prize for this discovery in 2017. The
mammalian homologue was identified using screens of FKBP12-rapamycin
interactors, and differently named by three groups as rapamycin and FKBP12 target
1 (RAFT1) (Sabatini et al., 1994), FKBP12-rapamycin associated protein (FRAP)
(Brown et al., 1994), or rapamycin target 1 (RAPT1) (Chiu et al., 1994). After
sequence homology with TOR proteins was confirmed, the gene became known as
MTOR (Sabers et al., 1995). In yeast, purification of TOR1 and TOR2 led to the
discovery of two separate complexes with distinct functions: TORC1 which is
rapamycin sensitive, and TORC2 which is not (Loewith et al., 2002). In Eukaryotes,
there is only one mTOR gene, however, this gene product partitions in between
distinct mTORC1 and mTORC2 complexes (Saxton and Sabatini, 2017).

33 FK506-binding protein 12
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3.2 Complex Composition

mMTOR is a protein kinase of the PI3K-related kinase family. It contains several
protein-protein interacting domains in the N-terminus including 20 HEAT (Huntington,
elongation factor 3, protein phosphatase 2A, and TOR1) repeats and a FAT (FRAP,
ATM, and TRRAP) domain. Each HEAT repeat forms two alpha helices of
approximately 40 amino acids. The C-terminus domain comprises the protein kinase
domain, with sequence homology to that of PI3K, and a FAT domain at the C-
terminus (FATC), which is essential for kinase function (Hay and Sonenberg, 2004;
Takahashi et al., 2000). Pivotal findings by David Sabatini’s team and Kazuyoshi
Yonezawa’s group discovered the members of the mTORC1 complex. The mTORC1
consists of three main components: mMTOR, RAPTOR (regulatory protein associated
with mTOR), and mLST8 (mammalian lethal with Sec13 protein 8) (Hara et al., 2002;

mTORC1

DEPTOR PRAS40 |
FKBP12-
rapa

HEAT HEAT =— FAT =——FRB=— Kinase Domain =——=FATC—

mTOR

Figure 22: Composition of mMTORC1 composed of mTOR, Raptor, and mLST8. Inhibitors
include : FKBP12-rapamyycin complex, PRAS40, and DEPTOR

HEAT= Huntington, elongation factor 3, protein phosphatase 2A, and TOR1, FAT= FRAP, ATM,
and TRRAP.

Kim et al., 2002, 2003). RAPTOR was simultaneously detected by both groups using
crosslinking autoradiography or high salt immunoprecipitation followed by mass
spectrometry analysis (Hara et al., 2002; Kim et al., 2002). RAPTOR is responsible
for the recruitment of mTOR substrates. It does so by binding a TOR signaling motif,
TOS, on mTOR substrates (Nojima et al., 2003; Schalm et al., 2003). RAPTOR also
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participates in the subcellular localization of the mTORC1 complex. By deploying
mass spectrometry in HEK293T cells, Sabatini’s group then identified mLST8 using
the mMTOR/RAPTOR immunocomplex as a bait (Kim et al., 2003). mLST8 binds at
the kinase activation loop and is believed to play a role in its stabilization. However
its presence is not essential for a functional mMTORC1 complex (Guertin et al., 2006;
Yang et al., 2013). In addition to the core components, the mTORC1 complex has
two negative regulators PRAS40 (proline-rich AKT substrate of 40 kDa) (Sancak et
al., 2007; Vander Haar et al., 2007; Wang et al., 2007) and DEPTOR (DEP domain
containing mTOR interacting protein) (Peterson et al.,, 2009). Cryo-electron
microscopy reveals that RAPTOR binds at the heat repeats. Crystal structure of
mMTOR bound to mLST8 has also uncovered that FKBP12-rapamycin associates with
the FRB domain of mTOR to block substrates from the active site (Saxton and
Sabatini, 2017) (Figure 22).

MmTORC2 similarly contains mTOR and mLST8, but the third component,
RICTOR (rapamycin insensitive companion of mTOR) replaces RAPTOR with
analogous functions. Inhibitory subunits of mMTORC2 include DEPTOR, mSin1 and
PROTOR1/2 (Frias et al., 2006; Jacinto et al., 2006; Pearce et al., 2007; Yang et al.,
2006) (Figure 23). While FKBP12-rapamycin does not directly bind this complex,
mTORC2 signaling is diminished by extended rapamycin treatment, likely due to a

lack of free mTOR to incorporate into complexes (Sarbassov et al., 2006).

mTORC?2
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Figure 23: Composition of mMTORC2 composed of mTOR, RICTOR, and mLST8. Inhibitors
include : mSin1, Proctor1/2, and DEPTOR

HEAT= Huntington, elongation factor 3, protein phosphatase 2A, and TOR1, FAT= FRAP, ATM,
and TRRAP.
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3.3 Upstream Activation
3.3.1 Growth Factors

Various growth factors and mitogens activate the mTORC1 complex (Figure
24). Interestingly, these diverse pathways converge by inhibiting the negative
regulator of mMTORC1 tuberous sclerosis complex, TSC. This complex includes
TSC1, TSC2, and TBC1D?7 to form a hetero-trimer. It acts as a GAP** for the small
GTPase Rheb’, which directly associates with mTORC1, and is necessary for
mTORC1 activation (Garami et al., 2003; Inoki et al., 2003a; Tee et al., 2003). Upon
AKT activation, the TSC is disabled, and Rheb, anchored to the lysosomal
membrane, becomes loaded with GTP and able to recruit mMTORC1 to the lysosomal
surface (Long et al., 2005; Sancak et al., 2007, 2008).

The implicated growth factor pathways include the insulin growth factor

Figure 24: Schematic of growth factor (GF) receptor tyrosine kinase (RTK) signaling. Upon growth
factor sensing, PI3K action is incited by RTKs. In turn it stimulates AKT, which will trigger both the
mTORC1 and 2 complexes. mTORC?2 then further phosphorylates AKT to fully activate it.

34 GAPs inactivate GTPases by stimulating GTP hydrolysis
35 Ras homolog enriched in brain
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receptor 1 (IGF-1R), which triggers PI3K, eventually resulting in AKT restricting
TSC2 (Figure 24)(Inoki et al., 2002; Manning et al., 2002). Once inhibited, the TSC
dissociates from the lysosome membrane, liberating Rheb (Menon et al., 2014).
Likewise, Ras signaling, downstream of receptor tyrosine kinases, can redundantly
initiate mMTORC1 via ERK (Ma et al., 2005b; Roux et al., 2004). Other pathways able
to trigger downstream mTOR include, but are not limited to: EGF, VEGF, BDNF*,
Wnt pathway, and TNFa. Both Wnt and TNFa pathways inhibit TSC1 to stimulate
MmTORC1 (Inoki et al., 2006; Lee et al., 2007; Saxton and Sabatini, 2017; Takei et
al., 2004). Thus, growth factors and mitogens act as the inciting signal of the
mTORC1 cascade.

3.3.2 Environmental Stress

Environmental stress is incompatible with growth functions of mTOR;
therefore, there are a variety of mechanisms to shut down signaling under these
conditions.

Upon cellular starvation, when glucose becomes scarce, the stress response
regulator AMP-activated protein kinase (AMPK) can oppose mTOR signaling at two
levels. Not only does its kinase function activate TSC2, but it also inhibitorily
phosphorylates RAPTOR (Gwinn et al., 2008; Inoki et al., 2003b; Shaw et al., 2004).
Markedly, cells that lack AMPK can still inactivate mTORC1 through a Rag GTPase
dependent mechanism, signifying that the glucose sensing function of mTOR has not
fully been elucidated (Kalender et al., 2010).

Hypoxia, as discussed in chapter 1, refers to a state of low oxygen availability.
Like under glucose deprivation, the stress of hypoxia drives AMPK, which inactivates
mTOR. In addition, regulated in DNA damage and development 1 (REDD1), a
protein induced in response to stresses like hypoxia and DNA damage, can also
hinder mTORC1 via activation of the TSC (Brugarolas et al., 2004). In addition, in
response to DNA damage stimuli, mTORC1 activity may be blocked via several p53
target genes, including the regulatory subunit of AMPK (AMPKR), PTEN, and TSC2
(Feng et al., 2007). Moreover, it has been reported that mTORC1 is sequestered in

stress granules, cytosolic aggregates of proteins and RNA, through interaction with

36 brain-derived neurotrophic factor
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DYRK3?” under unfavorable cellular conditions (Wippich et al., 2013). Thedieck et al.
then illustrated that the protein Astrin interacts specifically with RAPTOR under
oxidative stress to recruit mMTORC1 to the stress granules (Thedieck et al., 2013).

Together, these findings highlight the impact of cellular stress on mTORC1.

3.3.3 Amino Acid Sensing

mTORC1 activation on a global level can occur in response to feeding. Not
only due to increased glucose availability, but also due to digestion of dietary
proteins, which liberate amino acids for protein synthesis and metabolism.
Simultaneous discoveries in Drosophila by the Guan laboratory (Kim et al., 2008)
and mammalian cells by Sabatini’'s group (Sancak et al., 2008) placed Rag GTPases
as members of the mTORC1 cascade. Four Rags (A, B, C, D) form heterodimers of
Rag A or B with Rag C or D, and cluster at the membrane of the lysosome via
binding to the Ragulator complex. This Ragulator complex, again discovered by
Sabatini’s laboratory, is composed of LAMTOR proteins 1-5 (also known as MP1,
p14, p18, HPXIP, and C7ORF59), and acts as a guanine exchange factor (GEF) for
the Rag GTPases (Bar-Peled et al., 2012; Sancak et al., 2010). The Ragulator binds
Rag A or B more strongly in the absence of amino acids, preventing GDP-GTP
exchange. Amino acid signaling serves to weaken this interaction and thus,
increases GTP-Rag A/B loading.

At the same time, the Sabatini group also implicated the lysosomal v-ATPase
in MTORC1-amino acid pathway. The v-ATPase senses amino acid accumulation in
the lysosomal lumen and transmits this to the Ragulator via an “inside-out” signaling
method. Accordingly, blockade of the v-ATPase induces the Ragulator to bind
RagA/B more strongly, regardless of available amino acids (Bar-Peled et al., 2012;
Zoncu et al., 2011). Therefore, the v-ATPase communicates the amino acid stimulus
to the Ragulator. This promotes GTP loading on Rag A or B, which links directly to
RAPTOR and docks mTORC1 at the lysosomal surface, where it also associates
with Rheb (Figure 24). The localization of Rheb at the lysosomal membrane
converges amino acid sensing with growth factor stimulus, as mTORC1 is only “on”

when both Rags and Rheb are active.

37 dual specificity tyrosine- phosphorylation-regulated kinase 3
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How exactly does mTORC1 detect amino acids? This occurs through two
methods, via intra-lysosomal detection, and upstream due to cytosolic complexes.

1- In terms of lysosomal sensing, following the discovery of v-ATPase’s role,
the amino acid transporter, SLC38A9 was shown to interact with the v-ATPase-
Ragulator complex (Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015).
Wang et al. illustrated that SLC38A9 is required for arginine-specific mTORC1
signaling, as knock-out of SLC38A9 blunted arginine but not leucine dependent

activation of the complex (Wang et al., 2015). More recently, a role of SLC38A9 in
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Figure 25: mTORC1 lysosomal docking and amino acid sensing. mMTORC1 docks at the lysosome via
association with Rags (here shown RagA and RagC), which bind the regulator. For this to occur, Rheb
must be in an active (GTP) bound state. GATOR 1/2 complexes sense amino acid levels to fine tune this
action.

the outpouring of amino acids from the lysosome to facilitate mTORC1 activation

was described (detailed below) (Wyant et al., 2017). Consequently, Kevin Ryan’s
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group uncovered that DRAM-1°*, a protein previously implicated in autophagy,
recruits other amino acid transporters SLC1A5 and SLC7A5 to the lysosomal
membrane to invoke a similar amino acid efflux (Beaumatin et al., 2019). In terms of
amino acid influx at the lysosome, SLC7A5 is recruited to the lysosome by
LAPTM4b*°. The influx of amino acids via SLC7A5 stimulates mTORC1 through the
poorly defined v-ATPase-dependent mechanism (Milkereit et al., 2015). It is
important to note that most research regarding amino acid sensing has been done in
vitro with the withdrawal and refeeding of a mixture of amino acids. Hence, the full
list of strategies by which mTORC1 recognizes intra-lysosomal amino acids remains
to be elucidated.

2- Cytosolic amino acid recognition occurs via the GATOR1 (DEPDCS5, Nprl2,
and Nprl3) and GATOR2 (Mios, WDR24, WDR&59, Seh1L and Sec13) complexes.
GATOR1 acts a GAP for Rag A or B, to inhibit the mTORC1 cascade (Bar-Peled et
al., 2013). GATOR1 is recruited to the lysosome by another complex, KICSTOR
(Kaptin, ITFG2, C120rf66, and SZT2), upstream of Rags in the activation process.
KICSTOR functions as a scaffold to modulate the amino acid sensing response
(Peng et al., 2017; Wolfson et al., 2017). Conversely, GATOR2 positively regulates
mTORC1 by interacting with GATOR1 at the lysosomal membrane, checking its
GAP action through an unknown mechanism (Bar-Peled et al., 2013). Sestrin2, a
leucine sensor, associates with GATOR2 in the absence of amino acids. It disperses
upon leucine binding, freeing GATOR2 to act (Chantranupong et al., 2014,
Parmigiani et al., 2014; Wolfson et al., 2016). Intriguingly, Sestrin2 transcription is
up-regulated upon prolonged amino acid starvation (Ye et al., 2015), indicating that it
functions in both the acute and prolonged perception of amino acids. Similarly,
arginine sensor CASTOR1*’, abolishes GATOR2 activity when amino acids are
scarce, and dissociates upon arginine detection (Chantranupong et al., 2016; Saxton
et al., 2016). Recently, another negative regulator of mTORC1, SAMTOR*" (or
C70orf60), was uncovered. Unlike CASTOR1 and Sestrin2, which regulate GATOR2,
SAMTOR interacts with GATOR1 and KICSTOR in the absence of methionine.

Upon, s-adenosylmethionine binding, SAMTOR dissociates. The exact mechanism

38 DNA damage regulated autophagy modulator 1

39 Lysosomal protein transmembrane 4 beta

40 cellular arginine sensor for mMTORC1

41 S-adenosylmethionine sensor upstream of mMTORCA1
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by which SAMTOR enhances GATOR1 function remains to be uncovered (Gu et al.,
2017). These mechanisms of amino acid sensing are summarized in Figure 25.
Several other means of activating mTORC1 via amino acids have been
reported. The Folliculin-FNIP2 complex acts as a GAP for Rag C or D in response to
amino acids, thus driving mTORC1 (Petit et al., 2013; Tsun et al., 2013). Glutamine
can also stimulate mTORC1 independent of Rags through Arf GTPases (Jewell et
al., 2015). Therefore, the full extent of mMTORC1 sensing amino acids remains to be

seen.

3.3.4 mTORC2 Activation

mTORC2 is largely initiated by insulin-PI3K signaling (Figure 24). mSin1
contains a domain which obstructs the mTOR catalytic function in the absence of
insulin. Upon insulin stimulation, PI3K downstream signaling alleviates inhibition of
mSin1, to allow activation of the complex. AKT can also phosphorylate mSin1,
implying a positive feedback mechanism where AKT fosters the mTORC2 cascade,
which in turn phosphorylates and fully activates AKT (Liu et al., 2015b; Yang et al.,
2015). Unlike mTORC1, which docks at the lysosome, mTORC2 localizes in distinct
cellular compartments. These include the plasma membrane, the mitochondria, and
a portion of endosomal vesicles (Ebner et al., 2017). Further, mTORC2 undergoes a
negative feedback loop with mTORCA1. Insulin activates mTORC1/2; mTORC1 then
phosphorylates GRB10, a negative regulator of IGF-1 signaling (Hsu et al., 2011; Yu
et al.,, 2011). mTORC1 and S6K can also directly inhibitorily phosphorylate the IRS
proteins at multiple sites. This prevents downstream, PI3K/AKT signaling and
therefore inhibits mMTORC2 activation (Harrington et al., 2004; Tanti and Jager, 2009;
Tremblay and Marette, 2001).

3.4 Downstream Signaling

mTOR signaling regulates a variety of downstream actions, including protein
synthesis and turnover, metabolism, proliferation, and cell survival, detailed as

followed.
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3.4.1 Protein Synthesis

Once activated, mTORC1 stimulates protein synthesis through the
phosphorylation of two downstream effectors, p70S6 kinase 1 (S6K1) and 4EBP, the
elF4E binding protein.

mTOR phosphorylates S6K1 at threonine 389. This activates the kinase and
allows it to in turn stimulate PDK1. It also drives substrates that promote mRNA
translation such as elF4B, which is a regulator of the 5’cap binding elF4F complex
(Holz et al., 2005). Furthermore, S6K1 phosphorylates PDCD4%, an inhibitor of
elF4B, to promote its degradation (Dorrello et al., 2006).

4EBP acts independently of S6K1. It is an inhibitor of translation, which
segregates elF4E from assembling the elF4F translation complex. When active,
mTORC1 phosphorylates to disable 4EBP1 on multiple sites, causing it to dissociate
from elF4E, and initiating 5’ cap—dependent mRNA translation (Brunn et al., 1997;
Gingras et al., 1998). mTOR inhibition quashes general mRNA translation. However,
work by Thoreen and colleagues showed it more severely suppresses mRNAs
containing 5 TOP* motifs (Thoreen et al., 2012). Recent studies have also
implicated the protein LARP1* in this process. LARP1 binds directly to the 5’ cap of
TOP mRNAs and represses their transcription, preventing the recruitment of elF4F,
in an mTOR-dependent manner (Fonseca et al., 2015; Lahr et al., 2017; Philippe et
al., 2018). Thus, mTOR inhibition represses translation from multiple axes (figure
26).

3.4.2 Lipid and Glucose Metabolism

In order for cells to grow, they require enough lipids to form and expand their
membranes. The mTORC1 complex affects de novo lipid synthesis via SREBPs
(sterol responsive element binding protein). SREBPs are transcription factors, which
regulate the expression of genes involved in the biogenesis of fatty acids and
cholesterol (Porstmann et al., 2008). mTORC1 affects SREBP through S6K1-

42 Programmed cell death protein 4
43 terminal oligopyrimidine
44 |a-related protein 1
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dependent activation and through inactivation of Lipin1, an SREBP inhibitor (Dlvel et
al., 2010; Peterson et al., 2011). Likewise, mTORC1 has been implicated in nucleic
acid synthesis. S6K1 triggers carbamoyl-phosphate synthetase phosphorylation.
carbamoyl-phosphate synthetase is an important component of de novo pyrimidine
synthesis (Ben-Sahra et al., 2013).

Further, mTORC1 plays an essential role in glucose metabolism, by enabling
a switch from oxidative phosphorylation to glycolysis. It does so by increasing the
expression of HIF1-a, which in turn promotes the expression of glycolytic enzymes
including phospho-fructo kinase, PFK. SREBP similarly augments the activity of the
oxidative pentose phosphate pathway, to generate NADPH and other metabolites
(Davel et al., 2010).

3.4.3 Protein Turnover

Moreover, mTORC1 can control cell growth by suppressing the catabolism of
proteins, particularly via the suppression of autophagy. The ULK1 kinase is
activated, early in the initiation of autophagy, to drive autophagosome formation

(detailed in chapter 2). Under nutrient rich conditions, mTORC1 facilitates inhibitory

mRNA Protein
Translation Metabolism Turnover
S6K 4EBP s6K  Lipin1 HIF1a UVRAG/ ULKT TFEB ERKS
~pocD4 J_ l \ J_ ATG14L
eIF$E CAD SREBP l
elF¢8 l l \ Autophagy v
Lysosome
\ Biogenesis
5’ cap- dependent Nucleotide Lipid  Glucose Proteosome
translation synthesis  synthesis synthesis assembly

Figure 26: Summary of mTORC1 downstream signaling. (Left) mMTORC1 effects translation by two
independent methods, activating phosphorylation of S6K and by inhibitory phosphorylation of 4EBP1.
(Center) mMTORC1 alters metabolism via stimulation of S6K and HIF1a and blockade of Lipin1. (Right)
mTORC1 can hinder protein turnover by affecting autophagy (via ATG14/UVRAG and ULK1 inhibition),
lysosomal biogenesis (TFEB blockade), or through the less well-understood effect on proteasome
assembly (ERKS5 inhibition).
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phosphorylation at serine 757, which prevents ULK1 stimulation by AMPK, a crucial
autophagy initiator (Kim et al., 2011). mTOR also negatively phosphorylates other
proteins involved in autophagosome formation, including ATG14L (Yuan et al., 2013)
and serine 498 of UVRAG (Kim et al.,, 2015). mTORC1 can further regulate
autophagy by inhibiting the nuclear translocation of TFEB (detailed in chapter 2) and
therefore preventing the transcription of autophagy and lysosomal genes (Martina et
al., 2012; Settembre et al., 2012).

In addition to autophagy, the ubiquitin proteasome system is another major
pathway involved in protein turnover. In this system, proteins are tagged with
ubiquitin, which targets them to the 20S proteasome for degradation. Recently,
mTORC1 activity has been linked to this process. Two studies illustrated that mTOR
blockade led to elevated proteolysis by the proteasome through amplified protein
ubiquitination. Inhibition of ERKS in these conditions lead to increased quantity of
proteasomal chaperones (Rousseau and Bertolotti, 2016; Zhao et al., 2015).
However, how exactly mTORC1 regulates this activity is still an open conundrum.

mTORC1 downstream functions are summarized in Figure 26.

3.4.5 mTORC2 Downstream Signaling

The major function of the mTORC2 complex is to control cell survival and
proliferation. It does this by phosphorylating various members of the AGC family of
protein kinases, namely different protein kinase Cs (PKCs). The earliest identified
substrate of mMTORC2 is PKCa, a protein known to regulate the actin cytoskeleton
(Jacinto et al., 2004; Sarbassov et al., 2004). mTORC2 also phosphorylates PKC59,
PKC¢, PKCy, and PKCeg, which too are involved in cytoskeleton remodeling and
cellular migration (Gan et al., 2012; Li and Gao, 2014; Thomanetz et al., 2013).

Most notably, mTORC2 activates AKT (Sarbassov et al.,, 2005), the
downstream effector of PI3K, to promote proliferation, growth, and survival. This is
achieved through inhibition of: the mTORC1 inhibitor TSC2, the metabolic regulator
GSK3p, and the FoxO1 and FoxO3a transcription factors. Intriguingly, mTORC2 was
required for the phosphorylation of FoxO1/3a in vivo, but, was dispensable for TSC2
phosphorylation (Guertin et al., 2006; Jacinto et al., 2006). Furthermore, mTORC2

regulates survival through the phosphorylation of another AGC family member,

82



Chapter 3

serine/threonine-protein kinase 1, SGK1, a kinase also involved in ion transport
(Garcia-Martinez and Alessi, 2008).

3.5 mTOR and Brain Function

mTOR plays a role in various neurological processes. Mice with inactivating
mutations in mTOR lack the telencephalon, the anterior region of the forebrain,
highlighting a crucial role in neural development (Hentges et al., 2001). Also, early
embryonic activation of mTOR produced microcephaly, and over-activation in post-
mitotic neurons created problems in cortical lamination and neurodegeneration
(Kassai et al., 2014). Notably, loss of TSC components vastly altered neuronal
architecture. TSC deficiency in neurons leads to multiple axon formation. In addition,
mice lacking TSC1 in either neurons or astrocytes developed large neurons and
dysplastic glial cells (Choi et al., 2008; Meikle et al., 2007; Tavazoie et al., 2005).
These studies underline the importance of balanced mTOR signaling in the
developing brain.

Tuberous sclerosis complex (TSC) is a rare multisystem genetic disorder due
to loss of TSC1 or TSC2, which affects multiple organs including brain, skin, eyes,
kidney, heart, and lungs. mTORC1 hyper-activation in TSC leads to epileptic
seizures in 90% of patients (Lipton and Sahin, 2014). Mice with loss of neural TSC1
or TSC2 had severe epileptic episodes, which rapamycin could alleviate (Zeng et al.,
2008). Further, GATOR1 and KICSTOR mutations have been linked to epilepsy in
patients (Basel-Vanagaite et al., 2013; Ricos et al., 2016). In neurodegenerative
diseases, such as Alzheimer’s disease and Huntington’s disease, where autophagy
dysfunction has been implicated, there is a corresponding increase in mTOR
activation (Li et al., 2005; Ravikumar et al., 2004). As such mTOR inhibitors are
among the autophagy stimulatory drugs currently under evaluation to treat these
disorders (Nixon, 2013). Hence, over-activation of mTOR can lead to pathological

conditions in the brain.

3.6 MmTOR and Cancer

As the mTOR pathway regulates cell size, metabolism, proliferation, and

survival, it is unsurprising that many cancer cells pirate this signaling cascade.
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Several of the upstream activators involved in mTOR activation are commonly
mutated in cancer. This results in the hyper-activation of the cascade across
approximately 30% of human tumors. There are three major routes to alter mTOR in
cancer: through upstream regulators, through its binding partners, or through mTOR
itself (Saxton and Sabatini, 2017).

1- Upstream. The most common method that cancer cells alter mTOR
signaling is through upstream oncogenes and tumor suppressors. The PI3K pathway
converges on mTORC1 and mTORC2, and can be mutated in a variety of ways,
including amplification of AKT, PIK3CA, EGFR or IGFR (insulin growth factor
receptor). As Ras acts in parallel to PI3K, amplification upstream of either signal can
result in aberrant activation of both mTORCs (Tian et al., 2019). Moreover, silencing
mutations in tumor suppressors PTEN, p53, TSC1/2, and serine threonine kinase 11
(STK11) contribute to undisciplined mTOR activation in cancer. One example of this
is that PTEN-loss induces prostate tumor formation via mTORC2 complex signaling
(Guertin et al., 2009).

2- Binding Partners. Genetic abnormality of mTORC components can also
trigger the pathway. The mTORC2 component, RICTOR, is genetically amplified in
breast cancer, non-small cell lung cancer, and glioma (Tian et al., 2019). In glioma,
the overexpression of RICTOR was associated with hyper-activation of AKT and
tumor aggressiveness (Masri et al., 2007). Another mTORC complex component
susceptible to mutation is Rheb. One study showed that mutations in Rheb (Y35N or
E139K) increased phosphorylation of the S6 Kinase 1 compared to wild-type Rheb
(Grabiner et al., 2014). Indeed, in a large scale genomic analysis study, Rheb Y35N
was identified as a novel cancer-associated mutation (Lawrence et al., 2014). Thus,
defects in mTOR binding partners can also be utilized by cancer cells to stimulate
the pathway.

3- mTOR itself. There are 33 known mutations in the mTOR protein that can
lead to aberrant mTOR signaling in various cancers (Grabiner et al., 2014). This was
discovered through public database analysis by David Sabatini’s laboratory. They
found that these mutations cluster in 6 different regions of the mTOR gene, the most
highly recurrent mutations included the following encoding amino acid substitutions
C1483, E1799, T1977, S2215, L2427, and R2505. Cancers with the largest changes
in mMTOR were found to be colorectal, endometrial and lung. However, this might be

a bias as these cancers have the highest general mutation rates and are the most
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represented in public databases. Mutated mTOR associates less with DEPTOR, the
mTOR inhibitor, which may partially explain how it is overactivated. Interestingly,
mMTOR alteration had no effect on pathway sensitivity to rapamycin (Grabiner et al.,
2014). In fact multiple studies demonstrate increased rapamycin sensitivity upon
PTEN deletion (Meric-Bernstam et al., 2012; Neshat et al., 2001).

Most GBM have atypical stimulation of mTOR signaling, with 90% showing
hyper-activation of PI3K signaling. This is due to common PTEN deletion and EGFR
amplification or mutation (constitutively active EGFRVIIl) (Cancer Genome Atlas
Research Network, 2008; Fine et al., 2009). Confirming genetic analyses, a study by
Chakravarti and colleagues tested 92 glioma samples and found increased
phosphorylation of PI3K, AKT and S6K proteins in GBM as compared to non-GBM
tumors. They further correlated activation of the pathway with radio-resistance in
GBM patients (Chakravarti et al., 2004). Along these lines, work by Tanaka et al.
showed that EGFRVIII promotes mTORC2 activation in GBM and this activation
conferred resistance to chemotherapy (Tanaka et al., 2011). The direct involvement
of mMTORC2 in GBM biology was elucidated through a Drosophila model of GBM,
which overexpresses EGFR, RAS, and PI3K. In this model, knockdown of RICTOR
or mSIN1, components of the mTORC2 complex, prevented tumor growth (Read et
al.,, 2009). Further, mice overexpressing RICTOR in astroglial cells develop
oligodendroglial tumors in the SVZ (Bashir et al., 2012). Moreover, subunits of the
GATOR complex are mutated at a low frequency in GBM (Bar-Peled et al., 2013),
which may also contribute to aberrant mTOR activation in these tumors.

In spite of a potential role for mTOR in GBM biology, first generation inhibitors
(rapalogs) failed in clinical trials. It is believed that one major reason they were
unsuccessful is their inability to block mTORC2 (Mecca et al.,, 2018a). Several
studies confirmed the efficacy of ATP-competitive mTOR kinase inhibitors at
targeting GBM in preclinical models (Gini et al., 2013; Lin et al., 2017; Mecca et al.,
2018b). Unlike rapalogs, these compounds inhibit mTOR’s catalytic activity and can
therefore suppress both complexes. Consequently, a phase I clinical trial of one such
inhibitor, AZD8055 (NCT01316809) in recurrent GBM is ongoing.

mTOR activation thus represents an interesting axis to explore in the context
of GSC biology. As demonstrated in the above chapters, the identification of novel

targets within GSCs may improve treatment response in GBM. My thesis aims to
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evaluate both internal and external signaling cues in GSCs, as detailed in the

following section.
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GBM is the most commonly occurring adult primary brain tumor with a 5 year
survival rate of only 5% (Ostrom et al., 2014; Yan et al., 2013). Standard of care
therapy comprises a surgical resection of the tumor, when possible, followed by
chemotherapy (TMZ) and radiation, known as the Stupp protocol (Stupp et al., 2005,
2009, 2015). While these therapies may provide patients with some benefit, it is
essentially for pain and symptoms relief, as tumors habitually recur and fatal.
Growing evidence points to this relapse being due to a subpopulation of tumor cells,
GSCs, with the stem properties of self-renewal and multipotency, and transformed
features such as tumor initiating capabilities and resistance to therapies (Lathia et al,
2015). Therefore, new targets within the GSCs must be identified to eliminate these
cells and improve patient outcome.

The interaction between GSCs and their environment is essential for their
survival. GSCs are present in both perivascular and hypoxic tumor regions. In the
perivascular region, these cells receive positive signals from endothelial cells and
pericytes, which allow them to retain their undifferentiated state. By contrast, under
unfavorable conditions, they resist deleterious effects of hypoxia and nutrient
deprivation by down-regulating endo-lysosomes to decrease recycling and enhance
receptor signaling (Man et al, 2017; Shingu et al, 2016). Hence, to target GSCs one

must consider their diverse microenvironments.

The primary goal of this PhD project was to identify novel therapeutic targets
within the signaling pathways involved in sustaining GSCs. This was achieved by

studying two separate axes of signaling.

1. Paracrine Signaling between GSCs and Endothelial Cells

Previous work by our lab exemplified that the endothelial secretome was able to
maintain stemness properties in patient-derived GSCs in vitro. | further evaluated the

importance of the transmembrane glycoprotein 130 (gp130) in GSCs, known to be
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essential in signal transduction following cytokine stimulation, here assessed in

response to endothelial cues.

2. Non-oncogenic Addiction via Intrinsic Signaling

The NF-xB transcription factor marshalls cell proliferation and viability, as well as
the paracrine action of cytokines. As this pathway is implicated in many cancers, we
evaluated the TCGA for mediators of NF-kB signaling and identified that the
paracaspase MALT1 was highly correlated with patient probability of survival. We

thus explored the role of MALT1 activity in GSC maintenance.
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Neutralizing gp130 interferes with Endothelial-mediated Effects on
Glioblastoma Stem-like Cells

The tumorigenic nature of GSCs is dependent on their interaction with the
tumor microenvironment. Within GBM there exist both vascularized and hypoxic
zones fostering tumor heterogeneity. As such, GSCs can confront a variety of
different extracellular signaling cues, which affect their maintenance. Numerous
studies report a privileged interaction between a portion of GSCs and endothelial
cells within the tumor (Calabrese et al., 2007; Galan-Moya et al., 2011; Harford-
Wright et al., 2017). This close contact favors reciprocal communication between the
tumor vasculature and GSCs. Previous work by our lab demonstrated that
endothelial secreted factors were able to sustain GSC self-renewal in the absence of
other exogenous mitogens (Galan-Moya et al., 2011, 2014). Therefore, elucidating
the composition of the endothelial secretome could produce novel therapeutic targets
to interrupt paracrine signaling.

In order to achieve this goal, our group employed mass spectrometry analysis
of the brain endothelial cell secretome to identify factors that may be important in
GSC signaling. The vasoactive peptide apelin was identified. Exogenous apelin was
able to maintain GSC stemness properties in vitro and recapitulated endothelial
secretome action. Moreover, pharmacological blockade with the MM54 inhibitor of
the apelin receptor, APLNR, obliterated self-renewal of GSCs in vitro and tumor
growth in ectopic and orthotopic xenograft models of GBM. Likewise, MM54 had a
synergistic effect with TMZ at suboptimal doses in vitro. Hence, targeting factors of
the endothelial secretome is a potentially attractive strategy for the treatment of GBM
(Annex 2) (Harford-Wright et al., 2017).

With this in mind, we revisited other receptors on GSCs that might be involved
in endothelial communication. Among the pathway reported to operate in non-
oncogene addiction, the IL6-mediated activation of the JAK/STAT pathway is of
importance in GSCs (Shi et al., 2017, 2018). IL6 family cytokines trigger a JAK
phosphorylation cascade ultimately activating the transcription factor STAT3, which
regulates pathways involved in survival, stemness and angiogenesis (Kim et al.,
2014). Moreover, IL6 is a cytokine abundantly present in the tumor microenvironment

of GSCs (Hossain et al., 2015). The glycoprotein gp130 acts as a co-receptor in
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several signal transduction pathways including IL6, and has the potential for
pharmacological inhibition. A recent report suggests a potent effect of gp130

knockdown on GSC viability. In contrast to these findings, our data demonstrate that

Self-
Renewal

-

Secreted Factors

)

Anti-gp130 =—q © ©©
)
ECs

Figure 27: overview of gp130 action. Blocking gp130 reduces EC induced self-renewal in GSCs.
the use of a blocking antibody against gp130 has no impact on cell viability, but
rather it abrogates the protective effect of endothelial-secreted factors on GSC
expansion. This suggests a more complex role for gp130 in GSCs requiring further
investigation.
* Endothelial secreted factors maintain GSCs in vitro.

* Pharmacological blockade of gp130 abolishes this effect.

* gp130 inhibition has no effect on overall viability.
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Neutralizing gp130 interferes with endothelial-mediated
effects on glioblastoma stem-like cells
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Dear Editor,

Glioblastoma (GBM) is the most common and lethal primary
brain tumor in adults. The aggressiveness of the disease
partly relies on a subpopulation of tumor cells, termed as
glioblastoma stem-like cells (GSCs) with a phenotype similar
to that of normal neural stem cells such as multipotency and
the ability to self-renewal.’> GSCs have been implicated in
tumor initiation and growth, resistance to therapies, and
recurrence.'™® Additionally, it has been reported that GSCs
reside in vascular niches in close contact with brain
endothelial cells. These niches may regulate GSC self-
renewal, determine cell fate, and protect these cells from
chemo- and radiation therapies.>* Accordingly, the localiza-
tion of GSCs in close proximity to endothelial cells facilitates
reciprocal communication, allowing notably the vascular niche
to provide paracrine factors essential to maintain GSCs.*®°

We read with interest the article by Shi et af published in Cell
Death and Differentiation online on 14 October 2016. In this
article, the authors implicate the glycoprotein gp130 and the
tetraspanin CD9 as vital to maintaining the stem-like character-
istics of GSCs.® Employing RNA interference techniques, they
observed a reduction in the stem-like properties of GSCs in the
absence of gp130 when cultured in complete media.® Our
laboratory has also explored the role of gp130 in GSCs, using
neutralizing antibodies (B-K5 clone) to pharmacologically alter
its functions. To better reflect the in vivo endothelial microenvir-
onment, our study was performed in human brain endothelial
cell-conditioned serum-free mitogen-free media (EC-CM).> We
too observed a drastic reduction in the stem-like properties in
GSCs treated with the anti-gp130 blocking antibodies, assessed
by both tumorsphere formation (Supplementary Figure S1a)
and limiting dilution assays (Supplementary Figure S1b), as
previously described.”® However, and in contrast to the Shi et a/
work, no significant impact of anti-gp130 blocking antibodies
was observed when GSCs were grown in complete media
(Supplementary Figure S1a-b). Moreover, blocking gp130
had no overt impact on cell viability in any of the four
GSCs tested (data for GSC4 and GSC9 not shown) in either
EC-CM (Supplementary Figure Sic) or complete media
(Supplementary Figure S1c).® Although our findings confirm
the involvement of gp130 in stem maintenance, our data also
suggest that the gp130 function in GSCs might vary along with
cytokine and growth factor availability in the milieu.

The main differences in the two studies reside in the means
employed in order to interfere with gp130 function: silencing

versus blocking antibodies. Indeed, while Shi et af reported
decreased stem characteristics and cell viability with gp130
silencing in complete medium, our study using antibody-
directed targeting of gp130 did not recapitulate these findings.
From these results, it is tempting to speculate that gp130
scaffolds a ligand-independent biased intracellular signaling in
complete medium that could be affected by gp130 silencing but
not by antibodies. Conversely, the gp130 extracellular domain-
ignited signaling action may be unmasked in EC-CM by
neutralizing antibodies, while growth factor overload in com-
plete medium might circumvent the need for gp130 extracellular
domain-based signaling. Consequently, gp130 silencing or
neutralization could target different signaling functions.

Taken together, our data reiterate the importance of gp130
in GSC maintenance, although therapeutic targeting of the
gp130 complex alone might not lead to a full annihilation of its
signaling functions as obtained through a genetic approach.
Therefore, this indicates that we should remain cautious in our
interpretations of such results as they may differ greatly when
coming to the pre-clinical stage.
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Figure S1. anti-gp130 blocking antibodies reduce GSC expansion in EC-CM.

(A) Tumorsphere formation per field of view (FOV) in mesenchymal (#1, #2 and #4) and classical (#9)
glioblastoma stem-like cell (GSC)® subtypes in response to anti-gp130 (2 umol.I"", B-K5 clone, Abcam) or
control (swap70, 2 umol.I”, Abcamg antibodies in endothelial cell-conditioned serum-free mitogen-free media,
prepared as previously described®>® (EC-CM, top panel) and in mitogen-defined complete medium (NS34,
bottom panel). n=3, meantSEM, ns p>0.05 *p<0.05, ***p<0.001. (B) Linear regression plot of in vitro limiting
dilution assay (LDA) for GSC#2 in EC-CM (top) and NS34 (bottom), in the presence of anti-gp130 or control
antibodies. Data were analyzed as described by Tropepe et al.” n=2 (C) Cell viability using the UptiBlue
reagent (Interchim), a fluorometric/colormetric growth indicator in response to treatment with anti-gp130 or
control antibodies in EC-CM top) and NS34 (bottom). n=3, mean+SEM, ns p>0.05.

95



Second Publication Context

Second Article

96



Second Publication Context

Paracaspase MALT1 regulates Glioma Cell Survival by Controlling
Endo-lysosomal Homeostasis

GBM are heterogeneous tumors with a characteristically abnormal
vasculature, which allows for hypoxic and necrotic zones to develop within the tumor.
In addition to their protective vascular niche, GSCs have been shown to survive in
these harsh regions of the tumor. In the absence of oxygen and nutrients, they
reduce receptor recycling to sustain signaling for longer and overcome
microenvironmental stress (Man et al., 2018; Shingu et al., 2016). Therefore, there
may be other autocrine signaling pathways employed by GSCs to maintain
themselves outside the protective vascular niche.

To address this question, we decided to explore signaling involved in non-
oncogene addiction in cancer, a process by which cancer cells exploit non-mutated
cellular functions for their propagation and survival. While there are numerous
pathways that fall into this category, NF-kB signaling converges on cytokine release,
in addition to cell proliferation and survival. As NF-kB impacts both tumor cells and
the microenvironment, we analyzed the TCGA for known mediators of the NF-kB
pathway, and identified the paracaspase mucosa-associated lymphoid tissue |

(MALT1) as the gene most significantly correlated with probability of survival in GBM

patients.
MALT1 is
a unique MALT1
rotease with a
P = D%?r?;?n lgy — Il —— Caspase Domain — 95 —
scaffold 39 126 201 212 305 348 566 584 718

function, linked Figure 28: MALT1 construct map, featuring N-terminal death domain, 3 Ig

to immune domains, and a paracaspase domain

responses, and aggressive lymphoma but whose role is underestimated in CNS
cancer. Upon antigen receptor engagement in lymphocytes, a multiprotein complex
named the CARMA1/BCL10/MALT1 complex or CBM forms. This signalosome is
composed of a scaffold protein caspase recruitment domain family member 11
(CARD11 or CARMA1), an adaptor protein B Cell CLL/lymphoma-10 (BCL-10), and
MALT1. CARMA1 has an autoinhibitory linker region which masks the CARD domain
in unstimulated cells. Antigen receptor activation in T/B lymphocytes allows protein
kinase C6/B (PKC 6/B) to phosphorylate CARMA1, changing its conformation (Ruland
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and Hartjes, 2019). Now in an open conformation, CARMA1 associates with BCL10
via the CARD domain of BCL10 to form a CARD/CARD interaction. BCL10 forms a
constitutive heterodimer with MALT1 via its C-terminal serine/threonine rich domain,
which interacts with the Ig domains for MALT1 (Figure 28). Once formed, the CBM
complex organizes in a filamentous structure, which then allows the NF-kB activating
machinery to dock (Qiao et al., 2013). The transcription factor NF-kB can
subsequently translocate to the nucleus and bind its targets, enabling their
expression (Bonizzi and Karin, 2004).

Caspases represent a family of cysteine
proteases essential in the regulation of cell

MALTl
death. Paracaspases maintain their conserved

catalytic cysteine and histidine combination, but 7 @ Substrate
unlike caspases have a specificity towards
uncharged residues in the P1 position of

Figure 29: MALT1 is a protease.
substrates (Uren et al., 2000). In 2008, it was MALT1 cleaves substrates with a

S/P-R¥G/A consensus motif

confirmed that the caspase-like domain in the C-

terminus of MALT1 was indeed functional through pivotal findings of Margot Thome’s
and Rudi Beyaert’s groups (Coornaert et al., 2008a; Rebeaud et al., 2008). Beyaert’'s
laboratory established that A20, also known as TNFAIP3, a negative regulator of NF-
KB was cleaved and inactivated by MALT1 (Coornaert et al., 2008a). Thome’s group
identified the MALT1 binding partner BCL10 as a substrate of MALT1 after T cell
activation, and showed that this proteolysis was critical for integrin-mediated
adhesion of T cells (Rebeaud et al., 2008). Both groups showed that MALT1
trimming of substrates was arginine specific and cysteine dependent (Coornaert et
al., 2008a; Rebeaud et al., 2008). Later, structural analysis studies were performed
to determine that MALT1 proteolytic activity occurs within the S/P-R | G/A consensus
motif (Table 2)(Wiesmann et al., 2012).

MALT1 knockout mice develop normally and have functional immune systems
(Brustle et al., 2017; Ruefli-Brasse et al., 2003; Ruland et al., 2003). With the
creation of mice expressing a catalytically inactivated MALT1, it was discovered that
the proteolytic activity of MALT1 specifically plays a crucial part in immune cell
maturation as these mice did not properly develop regulatory T cells (Bornancin et
al., 2015; Gewies et al., 2014; Jaworski et al., 2014; Yu et al., 2015). Catalytically

dead MALT1 mice develop a lethal multi-organ inflammatory syndrome due to
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abnormal secretion of interferon gamma, in addition to the tissue specific problems of
neurodegeneration, and gastric inflammation (Gewies et al., 2014). Lung immune
infiltration and eye inflammation were also reported (Bornancin et al., 2015; Yu et al.,
2015). These mice also develop autoimmune gastritis (Jaworski et al., 2014). In
contrast, the MALT1 knockout mice do not have any obvious phenotypes (Ruland et
al., 2003), underlining an importance of each of the MALT1 protein functions: as a

scaffold and as a protease.

Of the already
identified MALT1
substrates, half of them
(A20, RELB, HOIL-1,
MALT1, and NIK) play a
role in NF-kB signaling. In
addition to A20, HOIL-1,

a component of the linear

Substrate Cleavage Site Function

ubiquitination complex

CYLD FMSR324GVG JNK/ AP1 (LUBAC) involved in IKK
activation, was identified

ROQUIN 1 LIPRS'°GTD... mRNA Stability

MVPR®%7°GSQ as a MALT1 substrate by
ROQUIN 2 LISR5°TDS mRNA Stability three independent
REGNASE 1 LVPR"'GGS mRNA Stability ~ groups, including our own
BCL10 LRSR228TVS Adhesion (Douanne et al., 2016;

Elton et al., 2016; Klein et
Table 2: MALT1 substrates, cleavage sites and cellular )
functions al.,, 2015). Klein et al.

suggest that the
processing of HOIL-1 affects NF-kB signaling by destabilizing the LUBAC and
therefore reducing its capacity for linear ubiquitination. Conversely, our laboratory
showed that HOIL-1 cleavage inactivates it and therefore limits its function as a
repressor of NF-kB.

Similarly, RELB, a component of the NF-kB pathway, was also identified as a
MALT1 substrate by Margot Thome’s laboratory (Hailfinger et al., 2011). RELB
belongs to the NF-kB transcription family, which is composed of five members
(RELA, RELB, c-Rel, p105/p50, p100/p52) all sharing a REL homology domain which
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is responsible for DNA binding and oligomerization. It negatively regulates the
canonical pathway in two ways, first by competing for DNA binding sites and second
by forming inactive heterodimers with canonical REL family members RELA and c-
REL (Hailfinger et al., 2011). This group showed that processed RELB is rapidly
degraded by the proteasome. Further, when an uncleavable RELB mutant was
expressed in Jurkat T cells, NF-kB signaling was reduced (Hailfinger et al., 2011).
Therefore, among the NF-kB related substrates of MALT1, there exists a subgroup of
negative regulators, whose processing permits their disabling.

From another axis, MALT1 protease activity can affect NF-kB activation by
auto-cleavage at arginine 149 and arginine 781 (Baens et al., 2014, 2018; Wu et al.,
2018). Baens et al illustrated that uncleavable mutants of this paracaspase reduced
the MALT1 dependent production of interleukin-2, without affecting processing of
other substrates or MALT1 scaffold function. Instead, this auto-processing appears to
be essential for the expression of NF-kB target genes upon activation of T cells
(Baens et al., 2014). Also, Wu et al. further extended the role of auto-processing to
be important in regulatory T cell activation (Wu et al., 2018). These findings add
another layer to MALT1’s proteolytic activity in NF-kB signaling; not only does it
inactivate negative regulators but also it self-regulates.

Additionally, Staal et al showed that MALT1 processes the deubiqutinating
enzyme CYLD to inactivate it (Staal et al., 2011). CYLD is a negative regulator of the
JNK and AP-1 pathways. Indeed, previously it was shown that MALT1 deficient T
cells had impaired JNK activation upon T cell receptor stimulation (Ruland et al.,
2003). Accordingly, uncleavable CYLD expression leads to decrease in JNK and AP-
1 targets interleukin 2, interleukin-8 and c-Jun (Staal et al., 2011). Interestingly, the
mice expressing catalytically inactive MALT1 did not show striking defects in JNK
and AP-1 (Bornancin et al., 2015) which may signify other roles of CYLD processing
outside of this signaling context.

As already described, Thome’s group first identified MALT1 proteolytic activity
in the context of BCL10 processing. Not only did they show that MALT1 was indeed a
protease, but they also demonstrated that BCL10 processing is important for cell
adhesion, though the mechanism of action remains poorly understood (Rebeaud et
al., 2008). Moreover, Nakaya et al. showed that MALT1 proteolytic activity is
necessary for glutamine uptake and mTOR activation upon antigen receptor

engagement. Inhibition of MALT1 paracaspase activity with the competitive inhibitor
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zVRPR led to decreased mTOR signaling, as evaluated through phosphorylation of
S6 kinase and S6 (Nakaya et al., 2014). Concurrently, Hamilton et al. showed similar
effects, and demonstrated that MALT1 protease activity is necessary for metabolic
switch upon T cell activation (Hamilton et al., 2014). However, to date no specific
substrates of MALT1 within the mTOR signaling pathway have been identified, so the
exact molecular mechanism by which MALT1 controls mTOR signaling upon TCR
engagement remains to be explored.

A rather surprising role for MALT1 in regulating RNA binding proteins emerged
with the discovery of Regnase-1, also known as ZC3H12A or MCPIP-1, as a bona
fide MALT1 substrate (Uehata et al., 2013). The RNA binding protein Regnase-1
contains a zinc finger domain, which tethers directly to mRNAs, as well as a PilT N-
terminus like domain which has an RNase catalytic center activated upon interaction
with N-terminus of the protein (Xu et al., 2012a, 2012b). It facilitates the mRNA
stability of different genes including c-REL, OX40, and IL2 and prevents the
generation of aberrant CD4+ T cells (Uehata et al., 2013). Indeed, Regnase-1
deficient mice have systematic inflammation due to hyperactive B and T cells
(lwasaki et al., 2011). In this vein, Uehata and colleagues showed that MALT1
inhibition led to destabilization of MRNAs and deregulated T cell activation (Uehata et
al., 2013). Additionally, Heissmeyer's group linked Regnase-1 to Roquin 1 and
Roquin 2, two other RNA binding proteins, in the production of IL17. They also
demonstrated that Roquins 1/2 are MALT1 substrates upon antigen receptor
engagement (Jeltsch et al., 2014). In addition to the zinc finger RNA binding domain,
Roquins have a RING (Really Interesting New Gene) finger domain known to be
present in E3 ubiquitin ligases (Schaefer and Klein, 2016). To date Roquin 1 has not
been demonstrated to have any E3 ligase activity, while Roquin 2 has been shown to
promote ubiquitination of MAP3K5, a protein involved in reactive oxygen species
(ROS)-induced cell death (Maruyama et al., 2014). The role of MALT1 in regulating
RNA binding proteins demonstrates a multi-level function of the protease in gene
expression. Not only does it modify gene transcription through its role in NF-kB,
MALT1 also regulates the stability and therefore translation of mMRNA.

MALT1 has been shown to be constitutively active and involved in disease
progression in a subset of diffuse large B-cell lymphoma (DLBCL) known as
Activated B Cell diffuse large B cell lymphoma, or ABC DLBCL (Ferch et al., 2009;
Hailfinger et al., 2009). Concurrently, Margot Thome’s and Jurgen Ruland’s
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laboratories demonstrated that the competitive inhibitor of MALT1, zZVRPR, as well as
overexpression of a catalytically dead MALT1 could reduce growth and survival of
ABC DLBCL (Ferch et al., 2009; Hailfinger et al., 2009). This work was expanded
upon by studies with the small compound MI2 or phenothiazines, especially
mepazine, which were shown to bind specifically to MALT1 and were selectively toxic
to ABC DLBCL in vitro and in vivo without displaying toxicity in mice (Fontan et al.,
2012; Nagel et al., 2012a; Schlauderer et al., 2013). However, the role of MALT1 in
solid tumors has not been extensively explored.

Confirming my in silico TCGA analysis, knockdown or pharmacological
inhibition of MALT1 in a panel of patient-derived GSCs abolished cell viability in vitro.
MALT1 blockade also reduced tumor growth in vivo. In addition, these cells observed
an increase in their endo-lysosomal compartment accompanied by a defect in
autophagic flux. Moreover, inhibition or silencing of MALT1 reduced mTOR activation
and lysosomal localization. We also demonstrated that MALT1 interacts with the
lysosomal regulator QKI. This interaction was disturbed in response to
pharmacological intervention. Consequently, QKI knockdown rescued MALT1-

induced phenotype. Thus, targeting MALT1 is a potential strategy for the treatment of

GBM.
@ mTOR ‘

Z ° Expansion of
) Glioblastoma
" Skem-Llilkke Cells
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Figure 30: Overview of MALT1 action in GSCs. MALT1 activity regulates lysosomal
homeostasis and mTOR signaling to promote GSC expansion.

* Expression and catalytic activity of MALT1 are required for GSC expansion.

* Pharmacological targeting of MALT1 is lethal to GSCs and reduces the
expansion of established tumors in mice.

* MALT1 depletion results in an increased endo-lysosomal compartment and

decreased mTOR signaling.
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* MALT1 expression negatively correlates to that of RNA-binding protein

Quaking to control endo-lysosomal biogenesis.
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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.
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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-«xB 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-xB 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 MALTI, 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-kB pathway (Fig 1A). We found that
MALT]1 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-«B 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 MALT1 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 MALT1 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 shMALTI
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 pM, 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
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Figure 1. MALT1 expression sustains glioblastoma cell growth.

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

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

A STRING diagram representation of the network of proteins involved in NF-kB pathway.
B
155 GBM patients, for each gene encoding for the mediators of the NF-kB pathway.
C
D,

Box and whisker plot of MALT1 mRNA expression in low-grade glioma (LGG, grades Il and Ill) or in GBM (grade 1V) (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.

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
(ShMALTI 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).

EdU incorporation (green, 2 h) was visualized by confocal imagery in GSC#1 or by FACS in GSC#9 transfected with sic or SIMALTL. 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 pm. Data are presented as the mean £ SEM on three
independent experiments.

FACS analysis of propidium iodide (PI) incorporation in GSC #1 and #9 transfected with non-silencing duplexes (sic) or MALT1 siRNA duplexes (siMALTI) and
analyzed 72 h later.

Linear regression plot of in vitro limiting dilution assay (LDA) for control (shc) or ShMALT1 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.

Tumorspheres per field of view (fov) were manually counted in sic or siMALTI 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*P < 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 EVIA-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 EVIB 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
MALT1 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-«xB 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 MALTI 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
MALTI1 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 BCLI10 or CARDIO (i.e.,
CARMAS3) 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
MALT]I 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.
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A Linear regression plot of in vitro limiting dilution assay (LDA) for GSC#9 treated with MALT1 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 uM) and vehicle (DMSO), and in GSC#9 treated
with Z-VRPR-FMK (75 puM) 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 pum.

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 EdU staining was performed on GSC#1 treated overnight with MPZ (10 uM). Data are presented as the mean £ SEM on three independent

experiments.

G FACS analysis of propidium iodide (PI) 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 uM).
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 (ALI), 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 ()). *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 MALT]1 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 MALT1 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
MALTY!’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-
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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 SE), 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
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H). However, this did not thwart MPZ-mediated cell death, suggest-
ing another mechanism than apoptosis. Meanwhile, chloroquine
treatment did not impact GSC#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 TNFo (10 ng/ml, for the indicated times) were analyzed by Western blot for p-IkBao, IkBo, 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-IkBa 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 (SiMALT1). 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 & 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 ¢’d/FL CYLD was performed. Data are presented as the mean & 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 (SiICARDIO seq#1, seq#2, and seq#3). GAPDH served as a loading control. qPCR analysis confirmed the knockdown of CARDIO 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 BCL10 targeting duplexes (siBCL10,
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 MALTI siRNA
blunted mTOR activation in GSCs, as evaluated through the phos-
phorylation of AKT, p70S6K, and S6 ribosomal protein (Figs 6G-1
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 MALT1 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,
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2011),
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

we explored the impact of MPZ treatment on mTOR
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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 pm.

C Western blot analysis was performed in total protein lysates from GSC#9 transfected with non-silencing duplexes (sic) or MALTI 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 pM) 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 (siMALT1
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 pum.

E Quantification of LAMP2 staining pixel intensity on GSC#9 treated as described in panel (D). Data are presented as the mean £ 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 uM). 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 MALTI 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/MALT1 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 MALTI1 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
MALT]1 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
MALTI1 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

© 2019 The Authors
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Figure 5. MALT1 inhibition induces autophagic features in GSCs.
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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 pum. (Right) Super-resolution imaging (SIM, Structured lllumination Microscopy) of LAMP2 (red) and LC3B (green) staining in GSC#9 treated for 16 h

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

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 siMALTI 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 puM) with or without chloroquine (CQ, 20 pM). Nuclei (DAPI) are shown

in blue. Scale bars: 10 pum.

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 pM). Alternatively, GSC#9 was either transfected with sic or
SIMALT1 (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 uM) 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 uM) 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 pM) in combination with QVD (20 uM). (Left)
Percentage of PI-positive cells, normalized to vehicle-treated controls are presented as the mean 4 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 pM). Alternatively, cells were transfected with sic or
SIMALT1 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 ug/ml), or CTS inhibitor 1 (Ctsi, 1 pM). 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 puM) 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
MALT]I, 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.
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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.

MALTI 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

© 2019 The Authors
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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.

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

| 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 uM 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 pM), FLU (20 pM), CHLO
(20 pM), and CYAM (20 uM). Alternatively, cells were transfected with sic or SIMALT1. Nuclei (DAPI) are shown in blue. Arrows point to LAMP2-positive area. Scale
bars: 10 pm. 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 MALT1 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 MALT1 and QKI expression, respectively.
(Bottom) Correlation between MALT1 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 uM, 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 pum. 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.

G 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 pum.

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 (siQK/) were treated for 16 h with vehicle (DMSO) or MPZ (10 uM). 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 uM). 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 (siQKl) were treated for 1 h with vehicle (DMSO) or MPZ (20 pM). 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), QKI targeting siRNA duplexes (siQKi, light
purple), MALT1 targeting siRNA duplexes (SIMALTL, blue), or double-transfected with siQKl and siMALTI (purple).

N FACS analysis of propidium iodide (PI) 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 mTORC1 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 MALT1 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 MALT1 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
MALTI 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 (CARDI0), AGACGAAGGUUCAACAUCA (TFEB), CCACTCT
GTGAGGAATGCACAGATA (BECNI).

pFRT/FLAG/HA-DEST QKI was purchased from Addgene and
was subsequently cloned into a pCDHI1-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 shMALTI1 (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. lonomycin was purchased from Calbio-
chem. The following primary antibodies were used: NESTIN (Milli-
pore MABS5326), SOX2 (Millipore AB5603), GAPDH (Santa Cruz SC-
25778 and SC-32233), TUBULIN (Santa Cruz SC-8035), MALTI1
(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), IxBa (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/
§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 HPAO019123), 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 pl 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 siMALT1 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 EdU (10 uM) 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 um 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,
Na;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% 0s0,;/1.5% K;[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 Kkit. 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.

gPCR

3 x 10° GSC#9 were treated with vehicle (DMSO) and MPZ (20 M)
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
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forward ACCTGTCGAGTGGCAACTTCA, LAMPI1 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, HPRTI1 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, CARDI10 forward GGACCTGAGCCTCACAACTC,
CARDI10 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 uM CYAM (cyamemazine), CHLO (chlorpromazine), PIPO (pipotiazine), DOXY (doxylamine), ALl (alimemazine), and PRO (promethazine), and 10 uM 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 tM CYAM, CHLO, PIPO, DOXY, ALl, 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 uM 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 MALTL 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 uM 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 siRNA duplexes targeting MALT1 (SiMALTI). Multiple images
and sections from one experiment were analyzed. Red stars denote lysosomes; blue stars vacuoles.

B 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.

C 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
MALTI (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.

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

E 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 pm.

F  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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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 pM) for 16 h. Alternatively, GSC#9 were transfected with non-silencing duplexes (sic) or siRNA
duplexes targeting MALTI (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 uM) 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,
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 pm.

GSC#9 were transfected with sic or siTFEB and treated with vehicle (DMSO) or MPZ (20 pM) 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.

—) or mepazine (MPZ, 20 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 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 pm.

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 pm.

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), QK/ targeting siRNA duplexes (siQKl), MALT1 targeting siRNA duplexes (SiMALT1), or double-transfected
with siQKl and sIMALT1 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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Discussion

1. Intercellular Signaling

The first goal of this study was to identify novel targets involved in intercellular
signaling between GSCs and endothelial cells. We identified that the transmembrane
glycoprotein gp130 is important for stemness maintenance in response to endothelial
cues, as blocking antibodies against gp130 abolish functional properties of GSCs
cultured in a medium enriched with endothelial cell-secreted factors. However, how
gp130 affects self-renewal in GSCs, and the nature of the downstream signaling

pathways altered upon its inhibition have not been fully defined.

1.1 Defining the Role of gp130 in Downstream GSC Signaling

In order to better understand its role in the pathways regulating stemness of
GSCs, we generated two gp130 KO clones in one patient-derived GSC from a
Mesenchymal tumor origin, via CRISPR/Cas9 editing. In both clones, we detected a
marked decrease in STAT3 phosphorylation at Y705, as compared to wildtype (WT)
cells analyzed by western-blot (Figure 31A). Moreover, transcriptome data from RNA

sequencing highlight a “LIF signaling” signature between KO and WT cells (Figure

A. B
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Figure 31: Downstream Signaling upon gp130 Knockout.

(A) Briefly, wildtype and KO clones #2 and #7 were lysed in TNT lysis buffer and blotted for
gp130 and p-STAT3 (Y705 and S727). Total STAT3 and Tubulin serve as loading controls. (B)
RNA sequencing was performed on wildtype versus KO clones #2 and #7. GSEA (gene set
enrichment analysis) plot showing enrichment of “LIF signaling” signature in wildtype versus KO
#2 and #7 triplicates. Data are representative of 3 independent experiments in A and 3
Biological replicates in B. Detailed methods can be found in Annex 5.
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31B). In contrast, there was no obvious repertoire switch, which may occur due to
subpopulation selection from cloning pressure.

The leukemia inhibitory factor (LIF) is a member of the IL-6 family of
cytokines. The LIF receptor is a co-receptor of gp130 and activates downstream
JAK*/ STAT3* signaling upon its triggering (Gearing et al., 1991). After dimerization
of the LIF receptor and gp130, the kinase cascade of JAKs leads to the activating
Y705 phosphorylation of the transcription factor STAT3, which subsequently
promotes the expression of its target genes. These include classical stemness
markers, such as SOX2, angiogenic modifiers like VEGF, as well as gene products
involved in survival pathways, including AKT (Niu et al., 2002, 2002; Wang et al.,
2017a).

In glioma, several studies have implicated STAT3 as a marker of poor
prognosis (Abou-Ghazal et al., 2008; Ganguly et al.,, 2018; Tu et al., 2011).
Additionally, the therapeutic potential of blocking STAT3 action was explored by
multiple groups (Ashizawa et al., 2013; Fuh et al., 2009; Gao et al., 2010; Li et al.,
2010; Shi et al., 2018). Likewise, the upstream activator of STAT3, IL-6 was linked to
worse survival in GBM and targeting either the receptor or ligand reduces tumor
growth (Choi et al., 2002; Tchirkov et al., 2007; Wang et al., 2009). Moreover, the
gp130-IL6 receptor complex is stabilized by the tetraspanin CD9 and this increases
STAT3 signaling in GSCs (Shi et al., 2017). Therefore, one remaining question in our
experimental models is whether IL-6 secretion is altered in KO cells. This can be
answered with ELISAs of the WT vs KO secretome.

Combination studies inhibiting STAT3 have also been performed. Indirect
blockade of STAT3 signaling using resveratrol enhanced the effects of radiotherapy
(Yang et al., 2012). Furthermore, STAT3 inhibitors resensitized TMZ-resistant cell
lines to TMZ-induced cell death by downregulating the MGMT (Kohsaka et al.,
2012). Therefore, targeting gp130 in combination with standard of care therapy could

prove effective in the treatment of GBM.

45 Janus Kinase
46 Signal Transducer and Activator of Transcription 3
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1.2 Is gp130 Action on Stemness linked to Apelin Signaling?

As we also reported a potent effect of the endothelial-released peptide,

Apelin, in stemness maintenance (Annex 2), we revisited gp130 in the context of

Apelin signaling. Under cell culture with Apelin factor alone, pharmacological
blockade of gp130 with either blocking antibodies or the drug LMT-28 abrogated the
effect of Apelin on GSC expansion. Furthermore, this phenotype was recapitulated in
gp130 KO clones (Figure 32).
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Figure 32: Inhibition of gp130 alters Apelin Signaling.
(A) Limited Dilution Assay (LDA) of GSC#1 +/- Apelin and +/- anti-gp130 blocking antibody. The more stem the cells,
the closer the slope is to a vertical line. (B) LDA of GSC#1 +/- Apelin +/- LMT28. (C) LDA of GSC#1 in Apelin-
containing media. WT= wildtype cells, #2= clone #2 KO gp130, #7 = clone #7 KO gp130. N= 2 independent
experiments for each panel. Detailed methods can be found in Annex 5.
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Additionally, gp130 is a co-receptor for multiple membrane receptors,
including IL-6R, LIF, IL-11R, CTNF-R*, and WSX-1 (IL-27) (White and Stephens,
2011). We therefore investigated the possibility that a portion of gp130 could be
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Figure 33: Apelin Receptor interacts with gp130 in GSCs.

(A) gp130 co-immunoprecipitates with APLNR in endogenous GSC#1 (Top) and in a HEK-293T
overexpression system. (B) Costaining of gp130 (red) and APLNR (purple) in GSC#1. (C) Proximity ligation
assay (PLA) in GSC#1 of APLNR and gp130. Data are representative of 3 independent experiments. Detailed
information on methods can be found in Annex 5.

interacting with the Apelin receptor (APLNR), a GPCR*®, in GSCs. In order to explore
this possibility, we performed co-immunoprecipitation (Co-IP) experiments in
endogenous and ectopic systems. In the over-expression system, APLNR falls into
the gp130 immunocomplex and vice versa. The same was true endogenously in
GSC#1 (Figure 33A). Moreover, immunofluorescence analysis of APLNR and gp130
showed polarized co-staining of the receptors in GSC#1 (Figure 33B). Using
proximity ligation assay (PLA), we confirmed the close contact (less than 40 nm)
between gp130 and APLNR. Therefore, we concluded that gp130 interacts with the
Apelin receptor in GSCs.

GPCRs are maintained at the plasma membrane through association with
eachother or with scaffold proteins. For example, GABA receptors form heterodimers
to anchor them at the cell surface (White et al., 1998). Additionally, the GPCR
mGIuRS5, involved in synaptic signaling in neurons, is maintained at the plasma

membrane by the scaffold Homer (Ango et al., 2000). Moreover, a previous report

47 Ciliary neurotrophic factor
48 G protein-coupled receptor
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demonstrated that gp130 is stabilized by the tetraspanin CD9 to prevent its recycling
and extend STAT3 signaling (Shi et al., 2017). With this in mind, we hypothesized
that gp130 and the APLNR might secure eachother at the membrane. Our data
suggest that gp130 associates with the APLNR, and blockade or KO of gp130
abolishes the effects of Apelin on stemness. Indeed, in cells KO for gp130, there was
less APLNR on the surface as compared to WT (Figure 34A). Importantly, the overall
level of APLNR expression, as tested by qRT-PCR, was similar between WT and
gp130 KO cells (data not shown). Moreover, re-expression of ectopic gp130 restored
APLNR to the membrane (Figure 34B).

In GSCs, gp130 acts as a novel co-receptor of APLNR, stabilizing this protein at the

GP130 APLNR GP130 APLNR
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Figure 34: gp130 regulates APLNR availability at the membrane.

(A) FACS analysis of surface expression of gp130 and APLNR in WT or KO gp130 cells. (B) FACS
analysis of gp130 and APLNR surface expression in WT, KO clone #2 and KO clone #7 +/- gp130
reexpression. Detailed information on methods can be found in Annex 5.

membrane to enhance signaling. Hence, our recent data point to a scaffold role for

gp130 in stemness maintenance (Figure 35).

Recent papers have emphasized an important role of Apelin signaling in

cancer. Following our study about the role of Apelin in GSCs, work by Roland Kalin’s

group emphasized the pro-angiogenic nature of Apelin action in GBM. They found

that blockade of VEGF/VEGFR triggering diminishes Apelin expression and that
reducing Apelin signaling reduced tumor angiogenesis. Additionally, their in vivo data
confirms the importance of Apelin in tumor growth as syngenic grafts were smaller
when implanted in Apln KO background mice, as compared to WT animals

(Mastrella et al., 2019b). These data emphasize the potential of Apelin blockade in
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GBM therapy, as it targets tumor growth from two axes: both by reducing both the
stem-like properties of GSCs and by reducing tumor angiogenesis.
Moreover, the role of Apelin signaling can now be expanded to other cancers.
Josef Penninger’s laboratory recently demonstrated that targeting Apelin improves
vessel function and prevents resistance to receptor-tyrosine kinase (RTK) therapy in
lung and breast cancer models. Metastases were also reduced. Moreover, high
Apelin expression was correlated with poor prognosis in these cancers (Uribesalgo
et al., 2019). Therefore, Apelin may be a ubiquitous marker of poor prognosis across
a variety of cancers.
In a recent study by Patel and colleagues, the APLNR was identified as an
important gene for cancer
EC Secreted anti-gp130 immunotherapy, as loss of this

factors (including therapy/KO
Apelin) Self- gene or point mutation

Renewal
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@ @ ’ X reduced the efficacy of these

treatments. Interestingly,
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our findings that gp130 is a
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a component of the APLNR-

Figure 35: Effects of gp130 inhibition or deletion in GSCs. gp130 signaling complex in
GSCs.

Additionally, Ralf Adam’s group, in the context of bone marrow
transplantation, explored the role Apelin in vascular regeneration after irradiation.
Radiation therapy induced vessel permeability and morphological changes. Apelin
positive EC’s are necessary for the restoration of vessel integrity in this context, as
they are critical for the maintenance of hematopoietic stem cells in the niche (Chen

et al., 2019b). These results can be extrapolated, to form hypotheses about the
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therapeutic potential of this mechanism in tumors. If radiotherapy induces similar
changes in the tumor vasculature, one can hypothesize that anti-apelin/APLNR
therapy may enhance the effectiveness of this treatment. Indeed, preliminary data
from our lab suggest an increased expression of apelin in irradiated brain ECs (data
not shown). Moreover, our in vitro results show a synergism between TMZ and anti-
APLNR therapy. Therefore, further study combining anti-APLNR therapy with
standard of care treatment could prove effective against GBM growth.

Based on our data and the work of others, Apelin appears to play a reciprocal
role in maintaining the integrity of the vascular niche. Not only does it promote
angiogenesis, but also it is critical for maintaining stem properties in GSCs.
Targeting the apelin/APLNR signaling axis could prove more effective than current

anti-angiogenic therapy, as it targets multiple actors within the niche.

2. Intracellular signaling

The second goal of this research was to identify novel mechanisms governing
non-oncogene addiction, ie pathways not necessarily involved in the initiation of the
transformed phenotype of tumor cells but rather in their persistence. Through
analysis of the TCGA, we identified that the protease MALT1 is correlated with GBM
patient probability of survival. Accordingly, knockdown or pharmacological blockade
of MALT1 reduced patient-derived cell viability in vitro. This was accompanied by
decreased mTOR activation and an increase in the abundance of endo-lysosomes.
However, how MALT1 acts on mTOR activation, and how this lysosomal increase

leads to cell death remain undefined.

2.1 MALT1 in Solid Tumors

The importance of MALT1 in ABC DLBCL has been extensively investigated,
due to its constitutive activity in these lymphoma cells (Ferch et al., 2009; Hailfinger
et al., 2009). Inhibitors of MALT1, including zZVRPR, phenothiazines (especially MPZ)
and MI2, were selectively toxic to these cancer cells in vitro and in vivo (Fontan et
al., 2012; Hailfinger et al., 2009; Nagel et al., 2012b; Schlauderer et al., 2013). As
such, a MALT1 inhibitor, JNJ-67856633 is currently in phase | clinical trials
(NCT03900598) for the treatment of this disease.
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In addition to our study of MALT1 in GSCs, the paracaspase was also
explored in several solid tumors including non-small cell lung cancer (NSCLC), GBM,
pancreatic cancer, osteosarcoma, and breast cancer (Konczalla et al.; McAuley et
al., 2019; Pan et al., 2016; Yang et al., 2017). In NSCLC and GBM, the scaffold role
of MALT1 in NF-kB activation, but not its protease activity, was shown to be
important for cell growth and migration (Pan et al.,, 2016; Yang et al., 2017).
However, the study in GBM was primarily done in established cell lines, U87, in
which NF-kB status may differ from patient-derived cells, which more accurately
represent human tumors (Galan-Moya et al., 2011; Harford-Wright et al., 2017,
Lathia et al., 2015). Indeed, our results did not demonstrate obvious CBM-dependent
activation of NF-kB in GSCs. Also, a recent study by Konczalla et al. demonstrated
that MALT1 was highly expressed and active in pancreatic ductal adenocarcinomas
and that inhibition reduced growth both in vitro and in vivo (Konczalla et al., 2019).
Concurrently, McAuley and colleagues showed that protease-activated receptor 1
(PAR1) induced CBM-dependent NF-kB activation and MALT1 protease activity in
both breast cancer and osteosarcoma cells (McAuley et al., 2019). Hence, the role of
MALT1 in CBM-dependent NF-kB activation may be more pervasive across different
cancers. One drawback to these studies is that they did not fully delve into the
protease function of MALT1, and the effects of its processed substrates. Therefore,
more extensive investigation to understand all of MALT1’s functions in solid tumors

will help to inform its use as a target in cancer therapy.

2.2 How does MALT1 affect mTOR?

Our experimental results clearly demonstrate a potent effect of MALT1
inhibition on MTORC1 activation in GSCs. Moreover, we show that mTOR is less
associated with LAMP2 staining upon MALT1 silencing or blockade, indicating that
lack of downstream signaling may be due to displacement of mTORC1 at the
lysosomes. However, our current data cannot not discriminate between the
possibility that either mTOR is re-localized from the lysosome or whether signaling is
dampened due to expansion of the endo-lysosomal compartment. Co-IP for Raptor
and the lysosomal Rags, or lysosomal IPs (Abu-Remaileh et al., 2017) may serve to

answer this question.
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The decrease in downstream mTOR signaling upon MALT1 inhibition in GSCs
confirms two previous studies in lymphocytes. These studies showed that MALT1
inhibition abrogates antigen receptor-dependent activation of the mTOR pathway
(Hamilton et al., 2014; Nakaya et al., 2014). However, to date no MALT1 substrates
involved in the mTOR cascade have been identified.

In order to be considered as a MALT1 substrate, proteins must contain an
S/P-R | G/A consensus motif. Upon MALT1 activation, protein levels of the full-length
substrate should be reduced, while restored upon inhibition of the protease.
Additionally, mutation of the arginine in the consensus motif should protect against
MALT1-driven cleavage. We and others speculate that there do exist MALT1
substrates within mTOR pathway. As MALT1 inhibition blocks mTOR signaling, the
most likely candidates are negative regulators of mTOR activity, which would prevent
mTORC1 docking at the lysosome. Likewise, MALT1 proteolytic action has been

shown to inactivate negative regulators of the NF-xB pathway, in order to amplify the
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Figure 36: MALT1 action on mTOR activation.

downstream action of the transcription factor (Coornaert et al., 2008b; Douanne et
al., 2016; Hailfinger et al., 2011). So it is feasible that MALT1 exerts a similar role in
fine-tuning MTOR signaling nexus. Of note, overexpression of catalytically dead

MALT1 reduced mTOR activation in GSCs, signifying that the protease activity is
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important for mTOR triggering in these cells. With this in mind, we plan to perform in
silico analysis of the mTOR pathway components to uncover putative MALT1

substrates. While we cannot exclude that MALT1 inhibition indirectly affects the

mTOR pathway, our data points to a mechanistic link between MALT1 and mTOR in

GSCs, which prompts further investigation.
In brief, most GBM tumors display aberrant mTOR activation likely due to
PTEN deletion and EGFR amplification or mutation. However, rapalogs failed in

clinical trials, probably owing to continued mTORC2 activation (Cancer Genome
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Figure 37: BRD4 blockade increases lysosomes and reduces GSC viability. (A and B) Cell titer
Glo assay of GSCs treated 48 hrs with BRD4 inhibitors, JQ1 and AZD5153 (A) or 72 hrs after
knocked-down for BRD4 using siRNA (B). % viable cells refers to the % viable/DMSO. BRD4
expression was controled by Western-blot where GAPDH served as a loading control. (C and D)
Western-blot of lysosomal protein amount LAMP2 and cathepsin D (CTSD) in response to
mepazine (MPZ) or JQ1 (C) or BRD4 KD (D). GAPDH served as a loading control. All data are
representative of 3 independent experiments. *p<0.05 **p<0.01

Atlas Research Network, 2008; Fine et al., 2009). Therefore, novel therapies, which
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potently inhibit mTORC signaling could prove effective in the treatment of this

disease.

2.3. TFEB-Independent Regulation of Lysosomal Biogenesis

The MITF family transcription factor TFEB is an established master regulator
of lysosomal biogenesis. Upon mTOR inhibition, TFEB is translocated to the nucleus
to bind to the CLEAR element in the promoter of many lysosomal and autophagy
genes which enhances both the formation of new lysosomes and the induction of the
autophagy pathway (Napolitano and Ballabio, 2016b).

Recent studies have identified the existence of TFEB-independent control of
lysosomal biogenesis. The first, reported by Kevin Ryan’s laboratory, identified that
BRD4 is a transcriptional repressor of CLEAR network genes independent of TFEB.
BRD4 inhibition enhanced the induction of autophagy under several signaling cues
including starvation, hypoxia, rapamycin treatment, and oncogenic Ras expression,
however it had no effect on mitophagy, the organelle specific degradation of
mitochondria. Moreover, BRD4 inactivation occurs in response to AMPK stimulation,
suggesting that its repression of the CLEAR network has a function in the cellular
nutrient sensing response (Sakamaki et al., 2017). Our preliminary data using BRD4
knockdown or inhibition with the BET bromodomain pharmacological inhibitor JQ1
confirms that this protein regulates lysosomal biogenesis in GSCs (Figure 37 C-D).

In conjunction with this, an interesting report demonstrated a role of AMPK in
TFEB-dependent transcription via its regulation of CARM1*’, a co-activator of the
CLEAR network (Shin et al., 2016). AMPK senses changes in cellular energy
through the detection of AMP levels. Upon activation, AMPK inhibits mTOR and
activates autophagy through its kinase activity. When mTOR is stimulated, it
phosphorylates TFEB to prevent nuclear shuttling. As AMPK promotes TFEB action
(via mTOR inactivation and CARM1 stimulation), while also inactivating BRD4, this
metabolic enzyme seems to act as a key link between both pathways that converge
on lysosome formation. Hence, one can envision a model of lysosomal regulation
where AMPK rather than TFEB may be the “master” regulator of lysosomal

biogenesis.

49 Co-activator-associated arginine methyltransferase 1
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Similarly, lysosomal biogenesis can be regulated post-transcriptionally.
Shingu et al. identified that the RNA binding protein QKI associates directly to
stabilize lysosomal RNAs in NSCs and GSCs, independently of TFEB. Moreover,
QKI expression is lower in GSCs as compared to NSCs resulting in fewer lysosomes
(Shingu et al., 2016). Our data implicates the paracaspase MALT1 in this process.
Rather than reducing QKI expression, our study indicates that in patient-derived
GSCs, MALT1 alters QKI availability to binding to its targets (including lysosomal
RNAs) resulting in turn in reduced number of lysosomes. Indeed, QKI co-
immunoprecipitates with the MALT1 binding partner BCL10, while MALT1 interacts
with QKI. Moreover, inhibition of MALT1 reduces this association.

This gives rise to two major hypotheses as to how MALT1 alters QKI
accessibility: either QKI is a substrate of MALT1, or MALT1 sequesters QKI to
prevent it from binding to target RNAs. In silico analysis of the QKI amino acid
sequence revealed a potential MALT1 cleavage site are R106 (on the human
sequence). QKI as a MALT1 substrate is an intriguing possibility because MALT1 is
already known to cleave other RNA binding proteins, namely Roquin1/2 and
Regnase-1 (Jeltsch et al., 2014; Uehata et al., 2013). Also, preliminary western-blots
for QKI in GSCs showed a specific band at ~25kDa that disappears upon QKI
silencing, consistent with the expected size of a C-terminus cleavage fragment
(Figure 38A). This band was present in a panel of four patient-derived GSCs (Figure
38B). However, there was no clear induction of the 25kDa fragment in Jurkat T cells
upon stimulation (data not shown), calling into question the possibility that QKI is a
substrate upon tonic activation of MALT1. More experiments need to be done with
MALT1 inhibitors, and catalytically dead MALT1, including introduction of an
‘uncleavable” QKI mutant, in order to determine whether or not this RNA binding
protein is indeed a substrate of MALT1.

If QKI is not a direct MALT1 substrate, this favors the possibility that the RNA
binding protein is sequestered by MALT1 and is kept silent when in complex with
MALT1. In this scenario, MALT1 inhibition allows QKI to be liberated from MALT1
isolation and free to bind and stabilize its targets. Because the catalytic activity of
MALT1 is also engaged in this process, as per our data with zZVRPR and protease
dead mutant, this likely excludes steric hindrance. Rather this would suggest that
MALT1 activity helps in maintaining QKI at the vicinity of the CBM complex, possibly

by processing an intermediate substrate involved in regulating this process. Further
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studies would be required to delineate how MALT1 modulate QKI localization and
acitivity in GSCs.
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Figure 38: Potential QKI cleavage in GSCs. (A) Western-blot of GSC9 transfected with 2 siRNA
sequences against QKI or non-silencing control (SiC) to evaluated QKI expression. (*) denotes potential
C-termiunus cleavage fragment. Tubulin serves as a loading control. (B) Western-blot for QKI (37 KD) of
4 patient derived GSCs (*) denotes potential C-termiunus cleavage fragment.

2.4 Does MALT1 inhibition induce LMP?

Our data clearly show that lysosomes play an important role in MALT1-
dependent cell death. Inhibition, with phenothiazines or zZVRPR, induces an increase
in endo-lysosomes, and lysosomal drugs partially rescue these cells from death.
Additionally, MALT1 silencing or overexpression of catalytically dead MALT1
recapitulate the drug induced effects. Moreover, silencing of the lysosomal regulator
QKI (Shingu et al., 2016) assuages MALT1 inhibition phenotype. However, whether
or not these cells experience LMP remains to be determined.

LMP can be difficult to detect because the ultrastructure of lysosomes is not
always changed (Aits and Jaattela, 2013). In terms of my results, DQ-Ovalbumin
data hints at phenothiazine-induced LMP. Staining is indeed dimmer at later time
points upon MPZ treatment, suggesting the lysosomal compartment is less acidic.
However, there was still a strong lysotracker staining of cells at 16 hours, and all
experiments with transferrin were performed in a shorter time frame (4 hrs), therefore
longer timer courses need to be performed in these settings to confirm this

observation. Moreover, MALT1 blockade or silencing, causes an impairment in
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autophagic flux in GSCs, as certified with a clear accumulation of lipidated LC3 and
P62. LMP is often accompanied by a reduction in autophagic flux due to “defective”
lysosomes (Elrick and Lieberman, 2013; Wang et al., 2018). Galectins (including
Gal3) are recruited to leaky lysosomes upon LMP; which can therefore be
experimentally visualized by the formation of galectin puncta at lysosomes (Aits et
al., 2015; Chauhan et al., 2016). In our settings, Galectin-3 and LAMP2 co-staining
will be analyzed upon MALT1 knockdown or inhibition to address this question.

Moreover, our data do not exclude the possibility that some deleterious effects
on the lysosomes are due to non-selective actions of the drugs used in this study, as
less potent MALT1 inhibitors, like promethazine, also expand the lysosomal
compartment (Nagel et al., 2012b; Schlauderer et al., 2013). Indeed, phenothiozines
have a cationic amphiphilic nature, due to their hydrophilic amine groups and a
hydrophobic aromatic ring structures. As previously mentioned CADs can freely
diffuse across the lysosomal membrane and disrupt ASM stability (Gulbins and
Kolesnick, 2013; Kirkegaard et al., 2010; Petersen et al., 2013). Therefore we cannot
discount that some of the effect of phenothiozines on the lysosomes is independent
of MALT1 action. Also other drugs, such as clemastine, induce LMP and lysosomal
compartment increase in GBM cells (Le Joncour et al., 2019). Indeed, though not of
the same drug family, zZVRPR can also affect lysosomes by inhibiting Cathepsin B
(Eitelhuber et al., 2015). Off target actions do not eliminate the therapeutic potential
of phenothiazines. For example, despite the lysomotrophic properties of Sunitinib, it
is commonly used as an anti-angiogenic treatment in cancer therapy. The
lysomotropic nature of a molecule does not therefore preclude it from being an
effective anti-cancer agent. (Meadows and Hurwitz, 2012; Zhitomirsky and Assaraf,
2014). Thus, as phenothiazines efficiently cross the blood-brain barrier in humans
(Korth et al., 2001), and as these molecules are currently used in the clinic, they
represent an interesting possibility for drug repurposing.

Certainly, targeting lysosomes has emerged as a potent and effective strategy
in cancer therapy. Due to an altered lysosomal compartment, cancer cells are more
susceptible to death upon treatment with LMP-inducers than normal cells (Gyrd-
Hansen et al., 2004; Ono et al., 2003). In GBM, several studies have also illustrated
the potential at targeting lysosomal stability (Le Joncour et al., 2019; Mora et al.,

2010; Shingu et al., 2016). Mora and colleagues showed that altered sphingolipid
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metabolism in GBM cells increased susceptibility to sphingosine kinase inhibitors
(Mora et al., 2010). Comparably, Le Joncour et al used a lysomotrophic drug,
clemastine, to disrupt lysosomal stability (Le Joncour et al., 2019). In a similar vein,
Shingu‘s work demonstrates that GSCs downregulate lysosomal expression as a
survival mechanism (Shingu et al., 2016). In addition, our preliminary data using
BRD4 knockdown or blockade with JQ1 and AZD5153 revealed an increase in
lysosomal proteins in conjunction with reduced cell viability, underlining the
vulnerability of GSCs towards disruption in lysosome homeostasis (Figure 37).

Hence, our study expands upon the idea that lysosomes act as the “Achilles heels”

Phenothiazines,
ZVRPR, siRNA

Lysomal
Biogenesis LMP

Figure 39: Does MALT1 induce LMP?

of GSC viability.

How could MALT1 contribute to LMP? Our data indicate that MALT1
sequesters QKI, most likely away from binding its RNA targets. As Shingu and
colleagues previously demonstrated that QKI associates directly with lysosomal
RNAs in GSCs (Shingu et al., 2016), we hypothesize that MALT1 inhibition biases
the system towards an increase in lysosomal biogenesis. However, currently, we do
not know whether the freshly synthesized lysosomes are fully functional. It is indeed
possible, that these newly formed lysosomes lack certain components, making them
‘leaky” and susceptible to cathepsin release. We plan to explore the composition of

these neo-lysosomes by performing lysosomal IPs (Abu-Remaileh et al., 2017)
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followed by mass spectrometry, upon MALT1 inhibition or silencing, to determine the
presence of lysosomal alterations.

As MALT1 is a protease, and as the expression of a catalytically dead MALT1
leads to an increase in the lysosomal compartment, another possibility is that MALT1
directly cleaves a substrate involved in lysosomal stability, such as QKI itself (see
discussion 2.3). However, further study needs to be done to identify other potential

candidates.

2.5 Lysosomes and Stem Cell Fate
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mTOR recruitment. Instead, in this context, these Rags retain TFE3 in the cytoplasm
to prevent nuclear translocation and cellular differentiation. As TFE3 directly binds to
CLEAR network targets, this implies that increased lysosomal protein expression
and degradation promotes differentiation. Likewise, this mechanism also occurs in
neural progenitor cells, suggesting that TFE3 may ubiquitously regulate the
differentiation process (Villegas et al., 2019). Therefore, this study highlights a
potential impact of lysosomes on stem cell fate.

Furthermore, damaged and misfolded proteins are cleared either by the
ubiquitin proteasome system or through the autophagy/lysosome degradation
pathway. Disruption of either system can lead to protein aggregate accumulation,
which can affect cellular functioning and viability. One area of the body especially
sensitive to protein aggregates is the central nervous system, as protein aggregates
play a key role in the development of neurodegenerative diseases (Balch et al.,
2008). With this in mind, a recently discovered characteristic of aging NSCs is the
development of defective lysosomes, which leads to the accumulation of protein
aggregates. A study by Anne Brunet’'s group demonstrated that quiescent NSCs
(gNSCs) had more numerous and larger lysosomes than activated NSCs. However,
when older gqNSCs were compared to younger qNSCs, there was a reduction in
lysosome expression and an accumulation of protein aggregates. Moreover, these
cells were less able to initiate differentiation than their younger counterparts. These
data suggest that restoration of lysosomal function in aging qNSCs could improve
their capacity to clear aggregates and activate in response to stimuli (Figure 40)
(Audesse and Webb, 2018; Leeman et al., 2018). Also, Kobayashi and colleagues
confirmed an important role of lysosomes in NSC quiescence. There was higher
lysosomal receptor recycling in qNSCs than in proliferating ones. Likewise, when
lysosomal degradation was blocked in qNSCs, these cells exited the quiescent state.
These results suggest that lysosomes play an important role in gNSC maintenance.

The RNA binding protein QKI is mostly expressed in the brain, and has
recently been reported as a lysosomal regulator in NSCs and GSCs (Shingu et al.,
2016). Interestingly, QKI has previously been implicated in Parkinson’s disease. QKI
null mice display dysmyelination in the central nervous system and a phenotype of
tonic seizures, as well as deletions in Parkin, a protein known to be altered in many
cases of Parkinson’s disease (Lorenzetti et al., 2004). Furthermore, QKI gene

expression was found to correlate with severity in Alzheimer's disease, (Gémez
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Ravetti et al., 2010). Therefore, lysosomal dysfunction may be a common link in the
process of aging, culminating with neurodegenerative diseases and with GBM
development. Lysosomal integrity is of high importance for NSC maintenance, which
may explain the increased sensitivity of their GSC counterparts to disruptions in

lysosomal homeostasis.

In the course of this study, we identified two possible axes by which to target
GSCs. As GSCs are known to engage in close contacts with endothelial cells, we
first sought to disrupt their reciprocal communication. Interfering with the
gp130/APLNR signaling axis can perturb stemness maintenance within the
protective vascular niche. This molecular target has the potential to combine with
standard of care therapies. Not all GSCs are found in this nutrient rich environment.
We therefore explored at intrinsic survival mechanisms that could be exploited for
therapeutic purposes. MALT1 proved important in GSC viability due to its role in
lysosomal homeostasis. Our work and that of other groups point to the exciting
therapeutic potential of perturbing lysosomal stability in GSCs. Thus, MALT1
inhibitors and other LMP inducing drugs may prove to be an effective strategy in the

treatment of this lethal disease.
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Glioblastoma are highly aggressive brain tumours that are associated with an extremely poor prognosis. Within these tumours
exists a subpopulation of highly plastic self-renewing cancer cells that retain the ability to expand ex vivo as tumourspheres, induce
tumour growth in mice, and have been implicated in radio- and chemo-resistance. Although their identity and fate are regulated by
external cues emanating from endothelial cells, the nature of such signals remains unknown. Here, we used a mass spectrometry
proteomic approach to characterize the factors released by brain endothelial cells. We report the identification of the vasoactive
peptide apelin as a central regulator for endothelial-mediated maintenance of glioblastoma patient-derived cells with stem-like
properties. Genetic and pharmacological targeting of apelin cognate receptor abrogates apelin- and endothelial-mediated expansion
of glioblastoma patient-derived cells with stem-like properties iz vitro and suppresses tumour growth in vivo. Functionally,
selective competitive antagonists of apelin receptor were shown to be safe and effective in reducing tumour expansion and
lengthening the survival of intracranially xenografted mice. Therefore, the apelin/apelin receptor signalling nexus may operate
as a paracrine signal that sustains tumour cell expansion and progression, suggesting that apelin is a druggable factor in
glioblastoma.
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Abbreviations: EC-CM = endothelial cell conditioned media; GSC = glioblastoma stem-like cells; MF = mitogen-free;

NS = mitogen-supplemented; TMZ = temozolomide

Introduction

Glioblastoma is the most common and lethal primary brain
tumour in adults. Although there has been notable progress
in strategies to fight glioblastoma (Stupp et al., 2009;
Chinot et al., 2014; Brown et al., 2016), the prognosis
remains extremely poor with average survival reported to
be less than 15 months following diagnosis (Stupp et al.,
2009, 2015). A subpopulation of tumorigenic cells termed
glioblastoma stem-like cells (GSCs), also known as cancer-
initiating cells (Lathia et al., 2015), has been implicated in
tumour initiation, resistance to current therapies and dis-
ease recurrence (Singh et al., 2004; Bao et al., 2006; Chen
et al., 2012; Yan et al., 2013). Similar to how normal stem
and progenitor cells participate in tissue development and
repair, cancer stem-like cells pervert these processes to fa-
cilitate the initiation and progression of tumours.
Moreover, GSCs contribute to both radiation and chemo-
resistance as these treatments target cycling, highly prolif-
erative cancer cells, whereas GSCs are comparatively
quiescent, and thus survive to repopulate the tumour
post-treatment (Bao et al., 2006; Chen et al., 2012). As
such, GSCs represent an important target for future thera-
pies and a better understanding of how GSCs interact with
their environment is required.

Studies have proposed that GSC tumorigenicity relies on
the surrounding tumour microenvironment, with brain
tumour-initiating cells reported to reside in close contact
with brain microvascular cells (Calabrese et al., 2007;
Galan-Moya et al., 2011; Shingu et al., 2017). The local-
ization of GSCs in proximity to endothelial cells facilitates
communication between these cells (Calabrese et al., 2007)
allowing the tumour vascular bed to provide factors essen-
tial to maintain GSC resistance to therapies, identity and
fate (Garcia-Barros et al., 2003; Folkins et al., 2007; Evers
et al., 2010; Galan-Moya et al., 2011, 2014). Among the
putative candidates of this angiocrine signalling, soluble
growth factors emanating from the vascular niche have
been reported in various physiological and pathological
models (Andreu-Agullo et al., 2009; Beck et al., 2011;
Cao et al., 2014, 2017). However, to date, the specific
endothelial secreted factors involved in this process
remain to be identified. Here, we used a mass spectrometry
proteomic analysis of the endothelial cell secretome and
identified the vasoactive peptide apelin as a central regula-
tor of the expansion of glioblastoma patient-derived cells
with stem-like properties. As such, targeting apelin may
represent an effective novel therapeutic approach to treat
glioblastoma.

Materials and methods

Ethics statement

Informed consent was obtained from all patients prior to
sample collection for diagnostic purposes. Clinical tissue sam-
ples were provided by the Regional Institute for Cancer in
Nantes Atlantique (IRCNA) tumour library (Nantes, France).
This study was reviewed and approved by the institutional
review boards of Sainte Anne Hospital, Paris, France, and
Laennec Hospital, Nantes, France, and performed in accord-
ance with the Declaration of Helsinki Protocol. Animal pro-
cedures were conducted as outlined by the European
Convention for the Protection of Vertebrate Animals used
for Experimental and other Scientific Purposes (ETS 123)
and approved by the French Government (APAFIS#2016-
2015092917067009).

Analysis of human clinical databases

The Cancer Genome Atlas (TCGA, HG-UG133A and Agilent-
4502A data), Rembrandt and Gravendeel microarrays were
interrogated through the Gliovis platform (http://gliovis.
bioinfo.cnio.es/) (Bowman et al., 2017). Data were plotted
based on histology criteria only. For reverse protein phase
arrays (RPPA), optimal cut-offs were set to define high
versus low expression of APLNR, as indicated on the plots.
Pairwise t-tests were run.

Cell culture, conditioned media pre-
paration and mass spectrometry

Glioblastoma patient-derived cells with stem-like properties
(GSCs) were isolated as previously described (Treps et al.,
2016). Briefly, tumours were dissociated using the
MACsDissociator (Miltenyi) and each GSC characterized for
their self-renewal capabilities, cell surface antigens, expression
of stemness markers, their ability to differentiate, and to initi-
ate tumour formation (Supplementary Table 1). GSCs 1-16
were maintained as spheres in NS medium (DMEM-F12,
with N2, G5 and B27 supplements, GlutaMAX™ and antibi-
otics, Life Technologies). To induce differentiation in GSCs,
the three supplements were omitted and 10% foetal bovine
serum added to the media.

Human brain microvascular endothelial cells (hCMEC/D3,
PO Couraud), HEK-293T and SVEC4-10 mouse endothelial
cells (ATCC) were cultured as previously described (Treps
et al., 2016). Tumour-derived endothelial cells (tEC) were iso-
lated from mechanically homogenized mice orthotopic brain
tumours using CD31 MicroBeads (Miltenyi).

Stealth non-silencing control (low-GC 12935111) and se-
lected siRNA targeting human APLN (HSS113086), APLNR
(HSS100325) and GSK3B (HSS104522) (Life Technologies,
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50nM) were transfected using RNAIMAX Lipofectamine®
(Life Technologies). GIPZ lentiviral shRNAs against human
APLNR sequences 1-3, with identification numbers
V3LHS_307344, V3LHS_ 307345 and V3LHS_307346, re-
spectively, were purchased from Thermo Fisher Scientific.
Lentiviral particles were collected from pGIPZ, pSPAX2 and
pVSVg co-transfected HEK-293T cells (Dubois et al., 2014).

Conditioned media (CM) from hCMEC/D3 (hEC-CM),
tumour  xenograft-derived endothelial cells (tEC-CM),
SVEC4-10 (mEC) and HEK-293T (293T-CM) cells were ob-
tained from 72-h-old monolayers in serum-free EBM2 (Lonza).
Conditioned media from GSC#1 was obtained from 72-h-old
tumourspheres. For acidic stress simulation, EBM2 (Lonza, pH
8.2) was adjusted to pH 6.8 using HCI before preparing hEC-
CM. Apelin concentrations were quantified using the human
apelin-12 EIA kit according to the manufacturer’s instructions
(cross-reactivity with apelin-12, apelin-13, and apelin-36,
Phoenix Pharmaceuticals).

Protein and peptide identification was performed in the
University Paris Descartes Proteomics Facility (3PS5, Paris,
France), without trypsin proteolysis for peptidome analysis,
as previously described in Luissint et al. (2012). Mass spectra
were measured with a 4800 MALDI-TOF-TOF mass spec-
trometer (ABSciex) equipped with a Nd:YAG pulsed laser
(355 nm wavelength, <500 ps pulse and 200Hz repetition
rate). Spectra acquisition and processing were performed
using the 4000 series explorer software (ABSciex).

Drugs

MMS54  (cyclo[1-6]CRPRLCKHcyclo[9-14]CRPRLC)  and
MM193 were prepared as previously described (Macaluso
et al., 2011). Temozolomide (TMZ) and tideglusib were pur-
chased from Sigma, and apelin peptides were from Phoenix
Pharmaceuticals (pyrl-apelin-13  pyr1-QRPRLSHKGPMPF,
apelin-13 QRPRLSHKGPMPF, and apelin-36 LVQPRGSRN
GPGPWQGGRRKFRRQRPRLSHKGPMPF).

Tumoursphere formation

To test the tumoursphere formation, GSCs (100 cells/pl) were
plated in triplicate in indicated media as previously described
(Harford-Wright et al., 2016). Cells were manually dissociated
each day and a single cell suspension maintained until Day 5.
Tumourspheres were counted in five random fields of view,
and the mean from the triplicate of each condition calculated
from three independent experiments.

Limiting dilution assays

To test the clonal capacity of GSCs, a limiting dilution assay
was performed as previously described (Tropepe et al., 1999).
GSCs were seeded in the tested media (NS, MF and EC-CM)
in a 96-well plate with serial dilutions ranging from 4 to 2000
cells/well, with eight wells per dilution for each plate and trea-
ted as indicated. Two weeks later, each well was scored for
tumoursphere formation and the frequency of stem cells calcu-
lated using ELDA software (Hu and Smyth, 2009). The mean
stem cell frequency for each condition was determined by aver-
aging the stem cell frequencies of two independent
experiments.
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Radioligand binding and calcium
mobilization assays

Radioligand binding and calcium mobilization assays to assess
the putative off-target effects of MM54 were performed by
Eurofins Cerep Panlabs, according to the manufacturer’s
instructions.

Cell viability

Cell viability in response to MMS54 was tested using the
UptiBlue reagent (Interchim), a fluorometric/colorimetric
growth indicator based on the detection of metabolic activity.
Briefly, cells were seeded at a density of 2 x 10° per well,
UptiBlue added at a concentration of 10% v/v and cells main-
tained at 37°C 5% CO,; until analysis. Absorbance was mea-
sured at Day 5 following treatment at 570 and 600 nm on a
FLUOStar OPTIMA (BMG Labtech) plate reader, and the per-
centage of cell viability calculated according to the manufac-
turer’s instructions.

Cell survival in adherent cells was evaluated using the MTT
assay [1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan, thia-
zolyl blue formazan; Sigma], which is reduced to formazan
based on the mitochondrial activity of living cells. Cells were
seeded in a 96-well plate in triplicate at a density of 5 x 10°
per well and treatments administered 24h after seeding.
Absorbance values were read at 590nm and expressed as a
percentage of cell viability relative to basal conditions.

Animal procedures

Tumour inoculation experiments were performed on female
Balb/C nude mice (Janvier) aged 5-6 weeks. For toxicity ex-
periments 6-week-old female C57/BlI6] (Janvier) mice were
used. Animals were randomly assigned to each group and
group housed in specific pathogen-free 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.

To test potential toxic effects of MM54 and MM193
in vivo, mice were administered 2 mg/kg of MM54, MM193
or vehicle bi-weekly for 4 weeks. At sacrifice, blood was taken
for analysis and the heart, kidney, aorta and liver removed,
weighed and fixed for histological analysis. For the glycaemic
study, animals were starved for 6 h prior to sacrifice.

For the ectopic models, mice were subcutaneously injected
with 5 x 10° GSC#9 in 100ul of phosphate-buffered saline
(PBS) and growth factor-free Matrigel® (Corning) in each
flank. Tumourspheres were dissociated prior to injection for
all in vivo experiments to ensure implantation of a single cell
suspension. To analyse tumour initiation, mice were examined
weekly to monitor tumour growth and sacrificed between 6
and 7 weeks following implantation. For pharmacological stu-
dies, mice were treated twice per week once tumours were
palpable, with MMS54 (2 mg/kg), MM193 (2 mg/kg) or vehicle
(PBS) by intraperitoneal injection. Tumour size was measured
once a week with callipers and tumour volume calculated
using the following equation (width® x length)/2.

Intracranial injection of GSC#9 was performed using a free
hand injection technique as described in detail elsewhere (Treps
et al., 2016). Briefly, mice were anaesthetized with a mixture of
ketamine (100 mg/kg) and xylazine (10 mg/kg) and a midline
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incision performed. A small burr hole was made 2mm to the
right of bregma, 1 mm anterior and 3 mm ventral to the coronal
suture. A 5 pul Hamilton syringe was inserted to a depth of 3 mm
and 10° GSC#9 injected slowly. One minute after completion of
the injection, the needle was retracted, surgical site closed and
animals allowed to recover. At 3 weeks following GSC#9 in-
oculation, treatment with PBS or MMS54 (2 mg/kg) was com-
menced three times per week until death due to tumour burden
or the conclusion of the experiment at Day 70.

Immunostaining

Both cellular and tissue analysis was performed using immunos-
taining and haematoxylin and eosin standard protocols (Treps
et al., 2016). The following primary antibodies were used:
PECAM (BD), pS9-GSK3B (Cell Signaling), APLN and
APLNR (Abcam), and Ki67, SOX2 and NESTIN (Millipore).
Cell death was estimated through the TUNEL assay kit
(Trevigen). A minimum of three tumour sections per condition
was used for analysis, with at least five different fields of view.
For blood vessel surface analysis, PECAM pixel intensity was
calculated (Image]) in randomly chosen fields of view and
mean = standard error of the mean (SEM) of the total field of
view was represented. Cell proliferation was assessed through
the percentage of Ki67-positive cells normalized to the total
number of nuclei. NESTIN-positive and pS9-GSK3p-positive
cells were counted per field of view. Image acquisitions were
performed on Spinning Disk Leica microscope (Institut
Cochin) and confocal Nikon A1 RSi (Micropicell).

Flow cytometry

For cell surface expression analysis, cells were incubated with
antibodies for 1h and washed twice with cold PBS. For total
expression, cells were fixed (4% paraformaldehyde-PBS,
15 min) and permeabilized (iced-cold methanol, 10 min) prior
incubation with antibodies. APC-APLNR, and isotype control
Ig (R&D systems) antibodies were used.

Analysis of aldehyde dehydrogenase (ALDH) activity was per-
formed using the ALDEFLUOR™ assay kit (Stem Cell
Technologies). Briefly, cells were incubated with ALDEFLUOR
alone or in combination with an ALDH activity inhibitor
(DAEB) at 37°C for 45 min. This flow cytometry-based staining
allows monitoring ALDH activity in stem, progenitor and
cancer precursor cells. The ALDH activity is considered positive
in comparison to cells incubated with DEAB reagent.

Flow cytometry analyses were performed on Accuri C6 and
FACsCalibur (BD Biosciences, Cytocell) and processed using
CFlow plus or FlowJo software (BD Biosciences).

Western blots

Following stimulation with the relevant treatment, cells were
collected and washed in PBS before lysis at 4°C with TNT
buffer (50mM Tris pH 7.4, 150mM NaCl, 2mM EDTA,
1% Triton™ X-100, 1% IGEPAL®) supplemented with prote-
ase inhibitors (ThermoFisher Scientific). Equal amounts of pro-
tein were loaded on tris-glycine gels and transferred onto
nitrocellulose membranes (GE Healthcare). Antibodies against
pS9-GSK3p, GSK3B, KDMI1A, pS473-AKT, AKT, pS235/
$236-S6 and pT202/Y204-ERK1/2 (Cell Signaling, Ozyme),
GAPDH (Santa Cruz Biotech) and APLNR (Abcam) were
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incubated with the membrane overnight at 4°C and followed
by incubation with the relevant secondary antibodies (Southern
Biotech) for 1h at room temperature. Membranes were revealed
using a chemiluminescent HRP substrate (Millipore) and visua-
lized using the Fusion imaging system (Vilber Lourmat).

RNA extraction and RT-PCR

RNA was extracted using the Qiagen RNeasy® Mini Kit as per
the manufacturer’s directions. Equal amounts of RNA were
reverse transcribed using the SuperScript® III RT kit (Life
Technologies) and the resulting cDNA was used to amplify
mRNA by PCR using gene-specific primer sets in the presence
of REDTaq® DNA polymerase (Sigma). ACTB and GAPDH
were also amplified as control for input. See Supplementary
Table 2 for primer details.

Statistics

Data are representative of three independent experiments,
unless otherwise stated. Statistical analysis was performed
with GraphPad Prismé using two-way ANOVA and an un-
paired two-tailed #-test (Student’s #-test). In Kaplan-Meier sur-
vival curves, differences were compared by log-rank analysis
and Gehan-Breslow-Wilcoxon. In all experiments a P-value of
<0.05 was considered significant.

Results

Endothelial cells produce the
vasoactive peptide apelin

To identify endothelial-secreted factors potentially involved in
the maintenance of GSCs, we performed an unbiased tandem
mass spectrometry proteomic analysis of the human brain
endothelial secretome using human brain endothelial cell
(hCMEC/D3)-conditioned media (EC-CM) and compared it
to epithelial-like HEK-293T CM. Hits that were shared by
the two cell lines were discarded, and 22 peptides or proteins
specific to the EC-CM identified (Fig. 1A, Supplementary
Table 3 and Supplementary Fig. 1A). Apelin peptides re-
vealed the highest exponentially modified protein index and
were selected for further characterization (Fig. 1B,
Supplementary Table 3 and Supplementary Fig. 1B and C).

Enzyme immunoassay analysis demonstrated that endo-
thelial cells secreted significant amounts of apelin, as the
peptide was robustly detected in the conditioned media
produced by human, mouse and xenograft tumour-derived
endothelial cells, supporting endothelial cells as a source of
apelin (Fig. 1C and D). In contrast, apelin was not detected
in patient-derived GSC#1, #2, #9 and #12 RNA lysates,
and concentrations were found lower than the limit of
ELISA  sensitivity (0.07ng/ml) (Fig. 1C and D).
Furthermore, to challenge apelin production in conditions
that recapitulate the tumour microenvironment, we as-
sessed apelin secretion from human brain endothelial cells
under acidic stress (Fig. 1D). Interestingly, acidification of
the milieu did not affect the overall production of apelin.
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full-length sequence. (C) RT-PCR for APLN and GAPDH is shown for hEC and glioblastoma patient-derived cells with stem properties (GSCs) #]I,
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Data are representative of n =4 newly diagnosed patient samples. All panels are representative of n = 3, unless specified.
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Moreover, we detected apelin and its receptor, the
G-protein coupled receptor APLNR (AP]), in clinical glio-
blastoma samples in the vicinity of PECAM-labelled endothe-
lial cells and cells positive for the stem cell markers NESTIN
and SOX2 (Fig. 1E), suggesting a potential role for apelin in
the tumour vascular niche (Calabrese et al., 2007). However,
APLN staining did not coincide with NESTIN-positive
tumour cells, but rather with vascular tracks (Fig. 1E), sup-
porting endothelial cells as a potential source for apelin in
glioblastoma, consistent with a recent report in colorectal
cancer-derived endothelial cells (Zuurbier et al., 2017). To
explore the clinical relevance of apelin further, we performed
a retrospective analysis using The Cancer Genome Atlas
(TCGA), Rembrandt and Gravendeel databases. Analysis of
all three databases revealed a significant increase in APLN
mRNA in glioblastoma tissue, as compared to non-tumour
samples, which might be due to endothelial abundance in
these grade IV tumours (Supplementary Fig. 1D).

Apelin sustains GSC expansion
in vitro

We next evaluated the response of patient-derived GSCs,
which have been extensively characterized both in vitro and
in vivo (Supplementary Table 1 and Supplementary Fig. 2A
and B) to the biologically active apelin fragments: apelin-
13, pyr-apelin-13 and apelin-36 (see ‘Materials and meth-
ods’ section for more information). Although all of the
apelin peptides increased the number of tumourspheres
compared to mitogen-free media (MF), apelin-13 was the
most potent at sustaining GSCs (Fig. 2A). Subsequently, we
assessed the effect of increasing concentrations of apelin-13
(termed apelin hereafter) on GSC#1 and observed a potent
and sustained increase in tumourspheres from the lowest
concentration (Fig. 2B). Consistent with our previous
work (Galan-Moya er al., 2011, 2014), both mitogen-sup-
plemented medium (NS) and EC-CM maintained the ex-
pression of stem markers NESTIN and SOX2 (Fig. 2C).
Accordingly, mitogen withdrawal resulted in the loss of
expression of these markers and the reduced ability to
form tumourspheres, which was rescued by the addition
of synthetic apelin to this MF media (Fig. 2C). To deter-
mine whether apelin alone maintained GSC self-renewal, a
limiting dilution assay was performed in GSC#1 (Fig. 2D).
As expected, we observed the highest frequency of colony-
forming cells in GSCs grown in NS and EC-CM.
Nonetheless, compared to MF conditions, GSC#1 grown
in apelin-supplemented MF demonstrated an increase in
the frequency of colony-forming cells. Moreover, we
observed in a panel of 16 patient-derived GSCs
(Supplementary Table 1) that apelin-supplemented media
significantly increased the ability of GSCs to expand as
tumourspheres (Fig. 2E), and increased the frequency of
stem cells in a panel of five representative GSCs (Fig. 2F),
indicating that i vitro apelin addition sustains GSC growth
and substitutes, at least partially, to cell culture
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supplements provided in the NS (Fig. 2D-F). Similar effects
were obtained with apelin-containing conditioned media
derived from mouse brain tumour endothelial cells (tEC-
CM) (Figs 1C and 2G), indicating that tumour-derived
endothelial cells may provide a source of bioactive apelin
in situ, although the intratumoural concentration and the
apelin forms are not experimentally available. Consistent
with these findings, EC-CM obtained from APLN-silenced
endothelial cells was no longer able to maintain the stem
properties of GSCs, while the addition of exogenous apelin
into the depleted EC-CM restored this effect (Fig. 2H-]).
Furthermore, we did not observe any obvious effect of
apelin-supplemented mitogen-free media on the prolifer-
ation of GSCs (Fig. 2K), indicating that apelin may main-
tain GSCs by enhancing their self-renewal capabilities.

Apelin modulates GSCs via activation
of the G-protein coupled receptor
APLNR

Apelin is known to signal through the G-protein coupled
receptor APLNR (also known as APJ), which is reported
to be highly expressed throughout the brain and act as para-
crine and autocrine factor that supports embryonic and
tumour angiogenesis (Kaelin et al., 2007). In the present
study, we observed a heterogeneous expression of APLNR
in our panel of GSCs, at both a RNA and protein level (Fig.
3A and B). In keeping with a role for apelin in the stem cell
maintenance, we found that differentiated GSCs were asso-
ciated with a decrease in APLNR expression compared to
tumourspheres (Fig. 3C and D) and reduced tumour-initiat-
ing ability (Supplementary Fig. 2C). Moreover, analysis of
the stem marker PROM1 (CD133) revealed that expression
of APLNR was detected in the PROM1 (CD133)-positive
GSC population, further supporting a role for apelin and
its receptor in the stem population (Fig. 3E). Consistent
with this, APLNR silencing in GSC#1 impaired the ability
of these cells to form SOX2-positive spheres cultured in both
EC-CM and apelin conditions (Fig. 3F and G). Of note, the
optimal concentration of exogenous mitogens in the NS
medium allows maintaining APLNR-knocked down
GSC#1 expansion in vitro (Fig. 3F and G). Similar results
were obtained in three additional GSCs with variable
APLNR expression level (Fig. 3A, B and H), highlighting
the potential importance of this receptor in GSC mainten-
ance in response to APLN. Subsequently, GSC#9 was trans-
duced with short hairpin (sh) RNA against APLNR and
grafted subcutaneously into the flanks of nude mice.
Reducing APLNR levels in GSC#9 markedly decreased
tumour development, NESTIN overall staining and only
mildly affect tumour vascularization (Fig. 3I and J). To ob-
serve the impact of APLNR signalling on tumour develop-
ment in the brain microenvironment, shAPLNR GSC#9 were
orthotopically implanted into the striatum of nude mice and
assessed for histological signs of tumour growth at Week 3,
when tumours are largely developed but neurological signs
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Figure 2 Apelin sustains GSC expansion in vitro. (A) Tumoursphere per field of view (fov) in GSCs #I, #9, #12 and #13 in response to
apelin 13 (APLN-13), pyr-apelin-13 (pyr-APLN-13) or apelin 36 (APLN-36) treatment (| uM, diluted in mitogen-free medium, MF). *P < 0.01,
*P < 0.05 compared to the MF condition. (B) Tumourspheres per field of view were counted in GSC#| cultured in complete mitogen-supple-
mented medium (NS), MF and MF supplemented with the indicated APLN concentration. **P < 0.001 compared to the MF condition.

(C) Confocal analysis of NESTIN (green), SOX2 (red) and nuclei (DAPI, blue) in GSC#I grown in NS, MF, human brain endothelial cell-conditioned
medium (EC-CM) or MF + APLN (I uM). Scale bars = 20 um. (D) Linear regression plot of in vitro limiting dilution assay (LDA) for GSC#!I in NS, EC-
CM, MF, and MF + APLN (I uM). Data are representative of n = 2. (E) Tumourspheres per field of view were quantified in GSCs #1 to #16 cultured
in MF or with apelin. *P < 0.05; **P < 0.01; ***P < 0.00| compared to the MF condition. (F) Stem cell frequency in GSCs #1, #2, #4, #9 and #12 in
response to MF and APLN conditions. (G) Tumourspheres per field of view in GSC #1 in NS, MF and EC-CM derived from mouse tumour
endothelial cells (tEC-EM). **P < 0.0 compared to the MF condition. (H) EC received non-silencing RNA (sic) or siRNA targeting APLN (siAPLN)
and APLN knockdown efficiency assessed by RT-PCR and ELISA. (I and J) GSCs #| were cultured with sic and siAPLN EC-CM, with or without
apelin (1 pM). ¥P < 0.01 compared to the corresponding control condition for both tumoursphere and LDA assays. (K) FACS analysis of the
proliferation marker Ki67 in GSCs #4 and #9 in NS and MF + APLN conditions. All panels are representative of n = 3, unless otherwise specified.

were not yet evident. In these conditions, the number of
progressing tumours was modestly reduced in APLNR
shRNA (Supplementary Fig. 2D). Whether the reduction of
APLNR expression also decreases tumour volume would
require in-depth measurement over time. This slight decrease
in tumour formation suggested that APLNR contributes to
tumour expansion, although compensatory mechanisms may
take place due to alternate signalling or an incomplete
knockout of APLNR gene. Collectively, these results suggest
that endothelial-secreted apelin sustains GSCs both in vitro
and i vivo via activation of the apelin receptor.

161

Pharmacological inhibition of APLNR
impairs the effects of the endothelial
secretome on GSCs by inhibition of
GSKa3§p signalling

To next evaluate the potential of targeting apelin/APLNR,
we investigated the properties of a novel bi-cyclic peptide
[cyclo(1-6)CRPRLC-KH-cyclo(9-14)CRPRLC],  MMS54,

which acts as a competitive antagonist of APLNR (Fig.
4A) (Macaluso et al., 2011; Brame et al., 2015). To identify

6102 Jaquialdag || uo Jasn auioipaw Jo Arelqi) Atensisaiun Aq €609 EF/6£62/L L/0Y | 10BASqe-8|o1lE/uUlRIg/WOoD dNo dlWwapeo.//:sd)y WOl Papeojumod



2946 | BRAIN 2017: 140; 2939-2954

Annex 2

E. Harford-Wright et al.

A B sotype —APLNR
GSC: 1 2 345678 910111213141516 100
APLNR | == = w= o o o o e e o o | = = = E = #1 #2 #4 N #9 #12 {
————————————— ——— o
soxz o
NES |™ o an an o o o o o om o - - ® » |
ACTB I- ------------ l_-ﬁ 0 T e e 0 1 e 0 10 10 10 _u.r w0 m»m! W WME 0 D e )
D - isotype/sph. — APLNR/sph E F G
- isotype/adh. — APLNR/adh. GSCH GSCH4
100 w7 10" o 104 %
é sof| /] ‘Jlu- W 1o!i o 2
oV W I g
5 | 10 3
® 40] ln 10__: 1'-3f % g
20/ ! e 7 -
o el Ll F §
10€'T01—0,‘_°3_10- 100 10" 10 10 10° 100 10 100 100 100 NS EC-CM APLN
— APLNR —> — APINR —> GSC#1: SOX2/DAPI
EEO®@
H | = ] APLNR J
8 ; ] GAPDH PECAM/DAPI NESTIN/DAPI
, o |mee — ] 4 g 15100 . 80
,g o |@eAPLNR 3 g 3
g |shAPLNR:3 s eo{ff -
£ 5 g [ §€ 11004 L g gg
g 4 g e §a . 83 4
§ 3 B 5 22 0510 28
§ E 401 s 23 £~ 2
2 ns ¢ shAPLNR.1 - 0
ns.-ns 2 -} i
1 F 207 s 2 0 = i
0 a & ShAPLNR.3 shc 3 9 = o R
v v v T + v [
#4 #9 #12 # #9 #12 S T T T T e n%% n%é
MF APLN time post-implantation (weeks) I3 $3

Figure 3 Apelin modulates GSCs via activation of the G-protein coupled receptor APLNR. (A) RT-PCR in a panel of 16 GSCs for
APLNR and stemness markers NES and SOX2. ACTB is shown as internal PCR control. (B) FACS analysis of APLNR surface expression in GSCs #1,
#4, #9, #12 and #13. (C and D) Differentiation was induced in GSCs #| and #9 by growth in serum-containing media. RT-PCR and FACS analysis
of APLNR and stem markers in GSCs #| and #9 grown as both tumourspheres (sph.) and differentiated adherent cells (adh.). (E) FACS analysis of
the stemness marker PROMI (CD133) and APLNR in GSCs #4 and #9. Data are representative of n = 2. (F) GSC #1 received non-silencing RNA
(sic) or APLNR targeting siRNA (siAPLNR) and were maintained in complete medium (NS), human brain endothelial cell-conditioned medium (EC-
CM), and MF supplemented with purified apelin (APLN, | pM). Confocal analysis of SOX2 (red) and nuclei (DAPI, blue). Scale bars = 20 um.
(G) Tumourspheres per field of view (fov) in sic (small interfering control) or siAPLNR GSC#| maintained in NS, EC-CM or APLN. APLNR
knockdown was assessed with RT-PCR. **P < 0.01; ***P < 0.00] compared to the sic condition. (H) Tumourspheres per field of view in non-
silencing duplexes (sic) or APLNR targeting siRNA (siAPLNR) transfected GSC#4, #9 and #12 in MF alone or supplemented with APLN. (I) GSCs#9
were infected with control shRNA (shc, black), and shRNA targeting APLNR (seq# |, orange; seq#2, yellow; and seq#3, red). Knockdown efficiency
was checked by western blots. Female nude mice were implanted with 5 x 10° shcontrol (black line), shAPLNR seq#| (orange line) or seq#3 (red
line) and monitored for tumour-free survival over 7 weeks. n =4 mice/group. (J) Sections of tumour tissue were analysed for PECAM and
NESTIN expression using immunofluorescence. Scale bar = 40 um. n > 4 mice/group. All panels are representative of n = 3, unless specified.

possible off-target G-protein coupled receptor or ion chan-
nels that may interact with MMJ354, we performed radioli-
gand competitive binding experiments to investigate the
specificity of the compound. MM354 inhibited more than
95% of apelin binding to APLNR at the dose of 10 uM
(Fig. 4B). In addition to APLNR, of the 55 receptors tested,
five G-protein coupled receptors (CXCR2, M3, NK2, NOP,
and SHT1B) and one ion channel (SKCa) demonstrated
over 50% inhibition of agonist binding in response to
MM54 (10 uM) (Fig. 4B). However, using a cell-based
second messenger assay to measure G-protein coupled re-
ceptor-mediated calcium flux we again observed that
MMS54 was very effective at inhibiting APLNR, while
having little or no effect towards other identified off-targets
(Fig. 4C). Thus, MMS54 may behave as a potent and select-
ive inhibitor of apelin binding and APLNR activation. In

both EC-CM and apelin-supplemented mitogen-free (MF)
media, MMS54 induced a dose-dependent decrease in the
number of tumourspheres that was significant from a con-
centration of 2uM (Fig. 4D). In keeping with this, we
observed a significant reduction in the frequency of
sphere-forming cells in GSCs #1, #4, #9 and #12 following
treatment with MMJ54 (Fig. 4E and F). Furthermore, inhib-
ition of APLNR with MM54 clearly decreased the percent-
age of the stem marker aldehyde dehydrogenase (ALDH)-
positive cells compared to untreated GSC#1 controls (Fig.
4G), consistent with the MMS54-mediated decrease in the
number of SOX2- and NESTIN-positive spheres (Fig. 4H).
However, GSC#1 were resistant to MM54 treatment when
cultured in mitogen-containing defined medium (NS) that
does not contain apelin, consistent with our RNA interfer-
ence data (Fig. 3). Analysis of downstream mechanisms
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Figure 4 Pharmacological inhibition of APLNR impairs the effects of the endothelial secretome on GSCs by inhibition of
GSK3§ signalling. (A) Molecular structure and primary sequence of the competitive APLNR antagonist MM54. (B) A radioligand binding assay
of 55 G-protein coupled receptors and ion channels identified APLNR (indicated in red) and six putative off-targets (indicated in blue) that
demonstrated > 50% inhibition of agonist binding following administration of APLNR antagonist MM54 (10 uM). (C) The percentage of calcium

flux inhibition following MM54 treatment (0.4—10 uM) in the G-protein coupled receptor hits. (D) Tumoursphere per field of view (fov) in

response to MM54 (0—4 iM) treatment in GSC#| maintained in human brain endothelial cell-conditioned medium (EC-CM) and apelin-supple-
mented mitogen-free MF media (APLN, | M) for 5 days. *P < 0.05 compared to EC-CM DMSO control, *P < 0.05 compared to apelin DMSO

control. (E) Linear regression plot of in vitro limiting dilution assay (LDA) for GSC#| in EC-CM or EC-CM + MM54 (2 uM). (F) Stem cell

frequency in apelin supplemented media in response to MM54 (2 tM) in GSCs #1, #4, #9 and #12. *P < 0.05 compared to the vehicle condition.
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associated with apelin/APLNR activation revealed that
MM54 did not induce any changes to major components
of the PI3K/AKT and ERK signalling pathways (Fig. 41).
To explore the APLNR downstream signalling further, we
interrogated the TCGA database for reverse phase protein
array (RPPA) in glioblastoma patients with high and low
APLNR expression (Fig. 4]). This analysis unmasks two
significantly upregulated phospho-proteins, namely pYAP
and pMET, and three downregulated (pRb, pPDK1, and
pGSK3p) in high APLNR glioblastoma samples (Fig. 4]).
Interestingly, glycogen synthase kinase 3p (GSK3) activity
has recently been shown to participate in gliomagenesis via
maintenance of the stem population of cancer cells (Zhou
et al., 2016). This process occurs through the GSK3p-de-
pendent stabilization of KDM1A. Moreover, GSK3p inacti-
vation by phosphorylation on serine 9 was associated with
a loss of stemness traits in GSCs (Zhou et al., 2016). In
keeping with this, incubation with MMS54 (2uM, over-
night) in apelin-supplemented MF media resulted in an in-
crease in phosphorylation of GSK3p at serine 9 in both
GSCs #1 and #9 (Fig. 4K), consistent with an inhibitory
effect on GSK3p signalling. Consequently, we treated pa-
tient-derived GSCs with the GSK3f inhibitor tideglusib
(2.5uM) and observed that apelin was less potent at
increasing tumourspheres and self-renewal (Fig. 4L and
M). Furthermore, silencing GSK3pB in GSC#1 resulted in
a significant decrease in apelin-mediated tumoursphere for-
mation (Fig. 4N), suggesting that apelin may sustain GSCs
via activation of GSK3p signalling.

Pharmacological inhibition of APLNR
by MM54 impairs the in vitro expan-
sion of temozolomide-resistant GSCs

The chemotherapeutic agent TMZ is commonly used in the
treatment of glioblastoma, although it has been reported
that GSCs are resistant to TMZ (Chen et al., 2012; Hale
et al., 2013). To test the specificity of MMS54 towards
GSCs, we treated a panel of normal human and primary
glioblastoma cell lines with increasing concentrations of
MMS54, as compared to TMZ. MMS54 demonstrated no

Figure 4 Continued
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overtly toxic effects on any of the cell lines tested, whilst
TMZ significantly reduced the viability of glioblastoma cell
lines (namely U87 and LN229) but not GSCs (Fig. SA and
B). Similarly to GSC#1, #4, #9 and #12, the in vitro via-
bility of U87 glioblastoma cell line grown as spheroids was
not modified upon high dose of TMZ (Fig. 5C).
Conversely, TMZ reduces the viability of U87 glioblastoma
cell line and GSCs #1, #4 and #9, when grown as adherent
differentiated cells (Fig. 5C).

Combined treatment of MMS54 with TMZ did not sig-
nificantly alter GSC#1 viability in NS or EC-CM even at
the highest concentrations of both compounds (Fig. 5D).
Moreover, MMS54 was significantly better at impairing
GSC#1 tumoursphere formation and ALDH activity at
low doses compared to TMZ, which required much
higher concentrations to achieve comparable results
(Fig. SE and F). Drugs were then combined at constant
MMS54:TMZ ratios (1:2.5, 1:5, and 1:10) and ALDH ac-
tivity measured (Fig. SE). At MM54 suboptimal dose, i.e.
<2uM MMS54 (Fig. 4), TMZ significantly potentiates the
effects of MMS54. To further assess whether MMS54 and
TMZ do synergize, data were processed according to the
Chou combination index (CI) method (Chou, 2010)
(Fig. 5G). In this representation, a CI value of 1 indicates
an additive effect, <1 synergism and >1 antagonism.
TMZ and MM54 therefore displayed a striking synergism
(Fig. SH). In line with this, co-administration of low doses
of both MM54 (0.5 uM) and TMZ (1.25, 2.5, and 5 pM)
decreased the percentage of ALDH activity in GSCs
(Fig. 5I), indicating that APLNR antagonists may enhance
the therapeutic efficacy of TMZ.

Pharmacological inhibition of APLNR
by MM54 reduces xenograft
progression

Pharmacodynamics studies revealed that MMS54 demon-
strated good solubility in the tested solutions, and was de-
tected in the plasma and the brain n vivo following
intraperitoneal  administration in  healthy  animals
(Supplementary Table 4). Next, to determine the bio-

(G) Flow cytometry analysis of the percentage of ALDH positive and negative GSC #1 in response to 2, 10 or 20 pM of MM54 at Day 5. ALDH
activity corresponds to the percentage of cells that contains ALDH activity (positive) or not (negative), normalized to the vehicle condition.
*P < 0.05; ¥***P < 0.001 compared to the vehicle condition. (H) Confocal analysis of GSC #| treated with DMSO or MM54 (2 uM) for

SOX2 (red), NESTIN (green) and nuclei (DAPI, blue). Scale bars = 20 pm. (I) Western blot analysis of components of the mTOR and ERK
signalling pathways in GSC#| with APLN in the presence or absence of MM54 (2 uM). (J) Reverse protein phase array (RPPA) from the TCGA
database were analysed in low and high APLNR expressing glioblastoma samples. *P < 0.05; **P < 0.0 compared to the low APLNR condition.
(K) Western blot analysis of pS9-GSK3f in GSCs #| and #9 following MM54 treatment in APLN containing MF media. (L) Tumoursphere per field
of view in GSC#| in response to APLN treatment (| ptM) in the presence or absence of the GSK3f inhibitor (tideglusib, 2.5 tM). ***P < 0.001
compared to the MF condition. (M) Linear regression plot of limiting dilution assay (LDA) for GSC #1 in MF and APLN (| uM) alone or with
tideglusib. (N) GSC #1 received sic (control) or GSK3B targeting siRNA (siGSK3B) and tumoursphere per field of view was quantified in MF
supplemented with purified apelin (APLN, | uM). *P < 0.05 compared to the sic MF condition. All panels are representative of n = 3, unless

otherwise specified.
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Figure 5 Pharmacological inhibition of APLNR by MM54 impairs the in vitro expansion of temozolomide-resistant GSCs.
(A) Cell viability following treatment with DMSO, MM54 (2, 20 and 100 M) or temozolomide (TMZ, 50 uM) was measured using UptiBlue in
different cell types for 3 days. Cardiomyocytes (mouse primary cardiomyocytes), keratinocytes (HaCAT), epithelial cells (CaCo2), endothelial
(hCMEC/D3), lymphocyte (Jurkat), neuronal (SH-SY5Y), glial (SVGp12). (B and C) Cell viability following treatment with DMSO or TMZ (100 uM)
was measured using UptiBlue in GSCs #1, #4, #9, and #12 for 3 days. Similar experiments were conducted U87 glioblastoma cell line and GSCs
#1, #4, and #9 grown as spheroids (sph.) in NS medium or as differentiated adherent cells (adh.) in serum-containing medium. (D) GSC#| viability
was assessed following combined treatment with MM54 (0.2-20 uM) and TMZ (constant ratios TMZ:MM54 2.5:1, 5:1, and 10:1) in NS and human
brain endothelial cell-conditioned medium (EC-CM) conditions. (E and F) Tumoursphere per field of view (fov) and ALDH activity were assessed
in response to MM54 (0.2—100 uM) or TMZ (10—100 uM) treatment at Day 5. (G) Drugs were combined at a constant MM54:TMZ ratio (1:2.5,
I:5, and 1:10) and ALDH activity measured. *P < 0.05 compared to the TMZ 0 condition. (H) Combination index plot for TMZ with MM54.
Combination index (Cl) was plotted against fractions affected (Fa) and analysed using COMPUSYN (http://www.combosyn.com/). A result

< | indicated an additive effect of the two compounds, while values closer to 0 suggest the drugs may behave synergistically. (I) Flow cytometry
analysis of ALDH activity in GSC #1 at Day 5 following combined treatment with MM54 (0.5 pM) and the indicated TMZ doses. ALDH activity
corresponds to the percentage of cells that contains ALDH activity (positive) or not (negative). **P < 0.00| compared to the TMZ 0 condition.
All panels are representative of n = 3, unless otherwise specified.
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safety of MM54 in vivo, tumour-bearing mice were admin-
istered 2 mg/kg of MMS54 bi-weekly for 4 weeks. Due to
the known physiological roles of apelin on the cardiovas-
cular system and glucose metabolism (Maguire et al., 2009;
Scimia et al., 2012; Fournel et al., 2015), cardiac frequency,
blood pressure and glycaemic index were measured. MM 54
did not induce alterations to these parameters, reflecting no
obvious detrimental action of APLNR antagonism in
tumour-bearing animals (Fig. 6A and B). Complete blood
count analysis revealed no significant differences between
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mice treated with MMS54 and vehicle in healthy animals
(Supplementary Table 5). Similarly, histological and bio-
chemical analysis of heart, kidney and liver revealed no
differences between MMS54-treated animals and vehicle
controls (Supplementary Fig. 3), indicating that at the pre-
sent dose following repeated administration, MMS54 does
not exert any overt adverse effects in vivo.

We next tested the effect of pharmacological inhibition of
APLNR with MMS354 in an ectopic xenograft tumour
model. MMS54 treatment dramatically reduced tumour
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Figure 6 Pharmacological inhibition of APLNR by MM54 reduces xenograft progression. (A) Tumour-bearing mice were fasted for
6 h and the effect of either MM54 (2 mg/kg) or DMSO vehicle treatment on glycaemia measured via blood analysis. (B) Cardiac frequency and
blood pressure were measured in random-fed tumour-bearing animals. (C) Nude mice were implanted with GSC#9 (5 x 10° cells) in each flank
and treated with either DMSO vehicle or the APLNR antagonist (MM54, 2 mg/kg) bi-weekly from Week 4. Tumour volume was measured weekly
until Week 11. n = 10/group. (D and E) Cryosections from GSC tumours were assessed for PECAM (red), Kié7 (green), NESTIN (green), SOX2
(green) and apoptosis (TUNEL). (F) Tumour sections were assessed for pS9-GSK3f3 staining in DMSO vehicle- and MM54-treated animals. Scale
bars = 40 um. (G) Western blot analysis of KDMIA and pS9-GSK3f was performed on two independent tumours from each treatment group.
n = 6 mice/group. *P < 0.05; *P < 0.01; ***P < 0.001 compared to the DMSO vehicle control group. All panels are representative of n = 3, unless

specified.

growth over 11 weeks when compared to DMSO control
group (Fig. 6C). The decreased tumour volume was asso-
ciated with a reduction in the staining of SOX2 and
NESTIN-positive cells, overall proliferation and viability
that was accompanied by a diminution in tumour vascular-
ization (Fig. 6D and E). Additionally, MM54 treatment led
to a significant increase in phospho-GSK3f positive cells
within the tumour (Fig. 6F and G). In line with Zhou
et als (2016) studies, this increased GSK3pB phosphoryl-
ation was correlated with a decrease in KDM1A levels

(Fig. 6G). To further validate our findings with MMJ54,
we tested a second recently developed and structurally dif-
ferent APLNR antagonist, MM193 (Glen and Davenport,
unpublished observation). Increasing doses of MM193 in
GSCs counteracted the effect of apelin on tumourspheres
in vitro (Supplementary Fig. 4A). Moreover, administration
of MM193 (2 mg/kg) in GSC#9-inoculated mice resulted in
significant impairment of tumour growth compared to ve-
hicle controls (Supplementary Fig. 4B). Likewise, blockade
of APLNR with MM193 did not induce any adverse
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changes to cardiac frequency, blood pressure or glycaemia
in healthy animals (Supplementary Fig. 4C). Together,
these in vivo data indicate that pharmacological inhibition
of APLNR efficiently and safely reduces tumour growth in
xenografted female animals.

Pharmacological blockade of APLNR
by MM54 prolongs survival of
xenografted mice

To gain further insight into the therapeutic potential of
APLNR antagonism in glioblastoma, nude mice were
orthotopically implanted with GSC#9 into the striatum
and treated with MMS54 (2 mg/kg) three times a week.
Experimental models of brain tumours are commonly asso-
ciated with the development of neurological symptoms as
well as cachexia as the tumour progresses. MMS54 treat-
ment was sufficient to impair the development of tumour-
associated neurological symptoms and weight loss (Fig. 7A
and B), which was coupled with a marked reduction in
tumour size (Fig. 7C). Importantly, MM54 administration
significantly improved the overall survival of tumour-bear-
ing mice compared to their vehicle-treated counterparts
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(Fig. 7D). Additionally, blockade of APLNR was associated
with a reduction in vascularization, proliferation, and
SOX2 and NESTIN-positive cells (Fig. 7E). Collectively,
these i vivo data provide a strong basis for the clinical
potential of apelin/APLNR signalling as a therapeutic target
in glioblastoma.

Discussion

The present study has identified the vasoactive peptide
apelin as a critical factor involved in glioma growth. It is
now well accepted that GSCs reside in proximity to vascu-
lar beds, into which endothelial cells secrete factors that
regulate their self-renewal and fate. With that view,
apelin is highly expressed in endothelial cells and once
released has been proposed to act as a local mediator
(Kleinz and Davenport, 2005; Kaelin et al., 2007). In keep-
ing with this, a recent study reports the high expression of
apelin in colorectal cancer-isolated endothelial cells, which
further correlates with refractoriness to anti-angiogenic
treatment (Zuurbier et al., 2017). Here, we demonstrate
that apelin is released by human, mouse and tumour-
derived endothelial cells in wvitro, although this secretion
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Figure 7 Pharmacological blockade of APLNR by MM54 prolongs survival of xenografted mice. (A-E) 10° GSC #9 were implanted
into the striatum of female nude mice and treated three times a week with DMSO or MM54 (2 mg/kg) from Week 3 and the appearance of
neurological symptoms monitored over time (A). The weight of mice at sacrifice was recorded for each treatment group (B). Haematoxylin and
eosin (H&E) staining of tumour-inoculated brains following MM54 (2 mg/kg) or DMSO vehicle treatment (C). Kaplan-Meier survival curve of GSC
#9 bearing mice in response to vehicle or MM54 treatment. n = 6/group. (D) Cryosections of brain tumour tissue stained for PECAM (red),
NESTIN (green), SOX2 (green), Kié7 (red), and DAPI (blue) and quantified. Scale bars = 40 pm. **P < 0.01; **P < 0.00|] compared to the DMSO
control group (E). All panels are representative of n = 3, unless otherwise specified.
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was not overtly affected by the acidification of the milieu.
Additionally, we show that apelin increases GSC self-re-
newal in vitro in tumoursphere and limiting dilution
assays, and that this effect appears to be independent of
cell proliferation, consistent with the previously reported
action on microvascular endothelial cells (Kaelin et al.,
2007).

In both subcutaneous ectopic and intracranial orthotopic
xenograft models, inhibition of APLNR was associated
with a significant reduction in tumour volume together
with a reduction in vascularization, proliferation and an
increase in apoptosis. Moreover, animals implanted with
APLNR knocked down cells (shAPLNR GSC#9) were asso-
ciated with a reduction in tumour burden compared to
control groups, indicating that APLNR may be intrinsically
important for tumour development. Additionally, APLNR
knockdown and MMS54 treatment diminished the number
of NESTIN-positive cells within the xenografts again
strengthening our hypothesis that apelin is particularly es-
sential for the maintenance of GSCs.

Moreover, apelin has been implicated in physiological
and pathological angiogenesis (Kaelin et al., 2007).
Apelin induces proliferation and vessel sprouting in endo-
thelial cells, as well as stabilizing contacts between adjacent
endothelial cells (Kleinz and Davenport, 2005). In keeping
with this, a recent study proposed apelin as a marker for
monitoring tumour vessel normalization and response to
anti-angiogenic therapy (Zhang et al., 2016; Zuurbier
et al., 2017). Accordingly, pharmacological blockade of
apelin (Figs 6, 7 and Supplementary Fig. 3), but not the
reduction of APLNR expression in GSCs (Supplementary
Fig. 2D), may also contribute to the reduction of tumour
volume observed in this study in vivo, by blocking angio-
genesis and depriving tumour cells of the nutrients they
require to survive. Although we cannot discount alternative
sources of apelin peptides are involved in vivo, taken to-
gether the results of this study indicate that endothelial-
derived apelin is an important factor for glioma growth.

The poor response of glioblastoma to chemotherapies has
been in part attributed to the population of resistant initi-
ating cells within the tumour. Therefore, identification of
agents that improve GSC sensitivity to TMZ, the current
standard-of-care, is of great interest. It has been reported
that vascular niche maintains GSCs in a quiescent state
thereby protecting them from radiation and chemothera-
pies. Our study demonstrates that the APLNR antagonist
MM54 synergizes with TMZ in vitro. We further demon-
strate that TMZ alone does not alter the activity of the
stem marker ALDH, however when combined with sub-
optimal dose of MM54, we observed profound alterations
in the percentage of ALDH-positive cells. High ALDH1A1
expression has been associated with poor prognosis in glio-
blastoma, and its overexpression in vitro a predictor of
TMZ resistance (Schafer et al., 2012). These alterations
to the stem identity of GSCs suggest that combined treat-
ment with MMS354 and TMZ may provide an interesting
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opportunity to further target populations of cells currently
resistant to chemotherapeutic drugs.

Although the precise molecular mechanisms that connect
the apelin/APLNR axis to GSC maintenance will require
further investigation, our data suggest that it may act
through the GSK3f signalling pathway. GSK3p was
shown to be upregulated in glioblastoma cells, and assist
in stem cell maintenance by phosphorylating and stabilizing
KDM1A (Zhou et al., 2016). Paralleling the effect of the
GSK3B inhibitor tideglusib (Zhou et al., 2016) (Fig. 4L),
we found that the APLNR antagonist MMS54 reduced GSC
self-renewal and potentiated sensitivity to TMZ (Fig. 5).
APLNR inhibition was accompanied by an increased phos-
phorylation of GSK3p at S9, both in vitro and in vivo
further supporting an inhibitory effect of MM54 com-
pound on GSK3p signalling.

Here, we provide evidence that both in vitro and in vivo
inhibition of APLNR results in a significant reduction in
tumour growth. Given the concerns about the current
therapeutic regime and the intrinsic resistance to TMZ, tar-
geting apelin signalling presents a new opportunity for use
in the treatment of glioblastoma.
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Chapter 6

3D Endothelial Gell Migration

Kathryn A. Jacobs and Julie Gavard

Abstract

Endothelial cells have the capacity to shift between states of quiescence and angiogenesis. The early stage
of angiogenesis, sprouting, occurs with the synchronized activities of tip cells, which lead the migration of
the sprout, and stalk cells, which clongate this vessel sprout. Here, we describe a method to study in vitro
this early and rapid stage of sprouting angiogenesis.

Key words Sprouting angiogenesis, Endothelial cell, VEGF, Tumor microenvironment, Fibrin
matrix, Conditioned medium

1 Introduction

Blood vessels fuel organs and tissues throughout the body with
oxygen, nutrients, hormones, and growth factors, while eliminat-
ing metabolic by-products. They also allow for circulation of
immune cells that patrol the blood stream [1].

Blood vessels form a hierarchized and stereotyped network of
many branches, which are lined with endothelial cells. Angiogenesis
is defined as the expansion of this predefined network. This occurs,
in physiological and pathological conditions, in response to
changes in metabolic demands, with nutrient deprivation and a
reduction in oxygen tension as the primary provocations for
angiogenesis [2—4].

Endothelial cells are mainly found quiescent with a slow turn-
over in adult mature vessels. However, these differentiated cells
remain highly plastic, with the ability to quickly switch between
states of quiescence to rapid growth, i.e., vessel sprouting, when
stimulated by growth factors or hypoxia. The most accepted model
of vessel sprouting proposes a coordinated activity between endo-
thelial cells in different states [4]. Schematically the leading cells—
the first state—the so-called endothelial tip cells, navigate the
vasculature and guide vessel elongation. The second one,

Alexis Gautreau (ed.), Cell Migration: Methods and Protocols, Methods in Molecular Biology, vol. 1749,
https://doi.org/10.1007/978-1-4939-7701-7_6, © Springer Science+Business Media, LLC 2018
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Fig. 1 Sprouting angiogenesis. A schematic model of vessel sprouting where stalk cells proliferate to expand
the sprout, and the tip cells guide the vessel migration

endothelial stalk cells, elongates the branch through rapid prolit-
eration (Fig. 1) [4].

Tip and stalk differentiation is notably regulated by VEGF
(vascular endothelial growth factor) and Notch signaling. VEGF
signals tip cell induction and prompts expression of Notch ligand
Delta-like 4 (dll4). This activates Notch signaling in neighboring
endothelial cells, and suppresses VEGF receptor 2 expression, to
prevent tip cell behavior [4]. This mechanism selects therefore
VEGFR2-positive dll4-positive tip cells and VEGFR2-negative
Notch-positive stalk cells. However, cell fates are not permanently
defined, there is a dynamic switch between tip and stalk cell pheno-
types depending on the fitness of the cells [5]. From a mechanistic
standpoint, this sprouting angiogenesis requires orchestrated tridi-
mensional migration of endothelial cells together with cell invasion
within a defined matrix (Fig. 1).

Angiogenesis is important for maintaining homeostasis, but it
also has implications in disease. Endothelial cell dysfunction is
indeed a characteristic of diabetes as a consequence of elevated
oxidative stress [2, 6]. In cancer, tumor-induced angiogenesis
allows tumors to grow by providing them with nutrients and oxy-
gen [1]. How the tumor microenvironment operates on endothe-
lial cells to drive sprouting is crucial to design antiangiogenic-based
anticancer strategies.

The method presented here allows for the in vitro study of the
carly stages of angiogenesis, by recapitulating the endothelial
behavior during sprouting angiogenesis (Fig. 2). This model can
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Fig. 2 In vitro sprouting assay procedure. Human umbilical vein endothelial cells (HUVEC) are coated on
microcarrier beads, and allowed to sprout into a fibrin matrix, under exposure to malignant tumor cell condi-

tioned media

have applications in a variety of disease studies, as conditions can
be manipulated genetically or pharmacologically. For instance,
recent studies from our lab had shown that conditioned media col-
lected from patient-derived cancer cell cultures drive sprouting
angiogenesis through secretion of growth factors [7]. In keeping
with this idea, oncogenic transformation of endothelial cells also
forces in vitro sprouting angiogenesis, a process that involves both
the activation of intracellular aberrant signaling pathways and
autocrine /paracrine cytokine action [8].

2 Materials

2.1 Reagents

1. HUVEC (human umbilical vein endothelial cells, Ea.hy926,
ATCC).

2. U87-MG (human astrocytoma malignant glioma cell line,
ATCC).

3. DMEM 4.5 g/L glucose.
4. GlutaMAX.
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. Fetal bovine serum (FBS).

. Trypsin—EDTA (0.05%).

. Cytodex-3 Beads (Sigma, C3275).
. Rat tail collagen I.

O 0 N O O

. Aprotinin.
10. Fibrinogen Type 1.

11. bEGF solution (basic fibroblast growth factor solution, Sigma,
F5392) 2 pL bFGF stock (10,000x) in 200 pL. DMEM.

12. Thrombin.

13. 8-well Ibidi plate.

14. Sterile filter 0.2 pm.

15. PBS.

16. Paraformaldehyde.

17. Prolong Diamond antifade mountant (Life Technologies).
18. Alexa 488-conjugated phalloidin (Life Technologies).

19. Deionized water.

2.2 Equipment 1. Bench pipettes and small equipment (rocker, centrifuge).
2. Equipped cell culture room (37 °C/5%CQO, incubator, hood).

3. Conventional microscope to visualize DAPI and Alexa 488.

3 Methods
3.1 Reagent 1. In order to prepare fibrinogen for use, first dissolve 2 mg,/mL
Preparation fibrinogen in DMEM-GlutaMAX medium. Make sure to note

the clottable protein percentage and adjust accordingly. The
solution should be heated in a 37 °C water bath to dissolve the
fibrinogen. Filter solution through a sterile 0.2 pm filter (see
Note 1).

2. To reconstitute aprotinin, dissolve lyophilized aprotinin in
deionized water at 4 U/mL. Filter solution through a sterile
0.2 pm filter. Make aliquots of 1 mL each and store the solu-
tion at —20 °C (see Note 2).

3. For thrombin preparation, reconstitute thrombin in sterile
water at 50 U/mL. Make aliquots of 500 pL each and store at
—20 °C (see Note 2).

4. For a 10 mL fibrinogen solution, dissolve 25 mg of fibrinogen

in 10 mL of DMEM, as described in step 1. Then add 20 pL

of aprotinin (10 mg/mL) to the solution. Filter the resulting
solution sterilely through a 0.2 pm filter. Finally, add 100 pL of
the bFGF solution.

5. In order to prepare Cytodex beads for use, hydrate 0.5 g of dry
beads in PBS (pH 7.4) for at least 3 h at room temperature.
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This should be done in a 50 mL tube on a rocker, under gentle
rotation. Next, let the beads settle down for approximately
15 min. Discard the supernatant and wash the beads for several
minutes in 50 mL of fresh PBS. Then, discard the supernatant
and replace again with fresh PBS. For 30,000 beads/mL
(10 mg/mL), use 50 mL PBS.

6. Prepare all reagents for staining; paraformaldehyde (4% in
PBS) for fixation, Triton X-100 (0.05% in PBS) for permeabi-
lization. Prepare fresh solutions.

3.2 Cell Preparation 1. Grow HUVEC in DMEM-GlutaMAX +10% FBS in the days
before beading. A concentration of 400 cells per bead is needed
to perform the experiment. For 75 pL of bead solution, 10¢
HUVEC will be needed (see Notes 3 and 4).

2. Grow U87 in DMEM-GlutaMAX +10% FBS. To prepare
U87-MG condition medium (CM), 250.000 cells are plated in
10 cm dish, grow for 2 days in DMEM-GlutaMAX, supple-
mented with 10% FBS. Cells are washed thrice with PBS and
incubated at 37 °C overnight in DMEM-GlutaMAX serum-
free media [9]. Two days later, media are decanted and cleared
by centrifugation (300 x g, 5 min), followed by filtration
through a 0.2 pm filter. CM are then used immediately or
stored at —20 °C until use (see Notes 2 and 5).

3.3 Sprouting Assay 1. On day —1, coat beads with HUVEC. First, 4000 Cytodex
microcarrier beads are incubated with collagen (1,/50 dilution
in PBS, 15 min, RT). Aspirate the supernatant and wash the
beads in 1 mL of prewarmed DMEM. Trypsinize nonconflu-
ent HUVEC and mix 75 pL of beads with 10¢ HUVEC in
1.5 mL of prewarmed DMEM in a 15 mL round tube. Make
sure to place the tube vertically in the incubator (37 °C) (see
Note 6).

2. Incubate the tube for 4 h at 37 °C, shaking the tube every
20 min. After 4 h, transfer the coated beads into a T75 flask,
add 12 mL of DMEM and incubate overnight at 37 °C (see
Note 7).

3. On day 0, coated beads should be embedded in fibrin gel. To
do this, prepare the fibrinogen/aprotinin/bFGF solution
(2.5 mg/mL) (see Subheading 3.1). Next, transfer the coated
beads to a 15 mL conical tube. Let the beads settle. Wash the
beads three times with 1 mL DMEM. Then, count the beads
on a 10 pL coverslip and resuspend them in the fibrinogen

solution at a concentration of approximately 500 beads per mL
(see Note 8).

4. Add 0.625 U/mL of thrombin to each well of the IBIDI plate.
Stock is at 100 U/mL, add 20 pL of the stock diluted 1-10 by
adding 450 pL of DMEM to a 50 pL aliquot. Then add 400 pL
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Fig. 3 Typical image of endothelial sprouting. Human endothelial cells were prepared for sprouting assays, as
described and incubated for 3 days with conditioned media from malignant glioma cells. Nuclei are stained
with DAPI (blue), actin cytoskeleton is visualized with Phalloidin (green)

of the fibrinogen/bead suspension to each well of the plate.
Mix the thrombin and fibrinogen by pipetting up and down
gently four or five times (see Notes 1,9, and 10).

5. Leave the plate in the cell culture hood for 5 min. After, place
plate in the incubator (37 °C) for 10 to 15 min in order to
generate a clot. Once the clot is formed, add 1 mL of DMEM /
bFGF dropwise to each well. Return the plate to the incubator
(see Note 11).

6. On day 1, add the U87-CM on top of the fibrin gel. Return
plate to incubator (37 °C) (see Notes 12 and 13).

3.4 Data Analysis 1. By day 3, sprouting should have occurred. Check under bright
field microscope and harvest the experiment. Fix in parafor-
maldehyde 4% (15 min, RT) and permeabilized in Triton
(5 min, RT). Wash once in PBS. Incubate with Alexa 488-con-
jugated phalloidin (1,/1000 in PBS, 45 min, RT). Wash three
times in PBS. Mount in DAPI-containing mounting medium
(see Note 14).

2. Proceed to image acquisition, with a minimum of 5 random
fields of views (Fig. 3) (see Note 15).

3. From individual bead, quantify (1) number of sprouted cells
by counting DAPI-positive nuclei away from the beads, and,
(2) sprout extension by measuring cumulative sprout length
and mean sprout length (Fig. 2) (see Note 16).

4 Notes

1. Tubes should never be vortexed, instead mix by inverting the
tube.

2. Avoid freeze—thaw cycles.
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3. Antibiotics (penicillin/streptomycin) can be added to the
medium.

4. Alternate endothelial cells could be used, such as from human,
mouse, rat and porcine origin, as well as from any organs.
Culture conditions vary and might need to be adapted.

5. Other tumor cell lines could be used. Cell density might need to
be tested and adjusted. Usually 48 h is preferred to collect CM.

. Allow the beads to settle, but do not centrifuge them.
. Make sure to rinse the T75 flask with DMEM.
. As a control of good coating, beads should look like golf balls.

O 0 NN O\

. Make sure to change the pipette tip each time.
10. Avoid creating large bubbles.

11. Tiny bubbles are usually formed in the fibrin gel. They should
disappear by the end of the experiment.

12. Media on plate should be changed every other day. Control for
evaporation, a humid chamber can be useful when CM volume
is limited.

13. Do not forget negative control, such as DMEM-GlutaMAX
media collected similarly to U87-CM from cell-free plates.

14. Experiment can be stopped after the fixation step and plate left
in PBS, 4 °C overnight. Slowly aspirate medium by pipetting,
avoid vacuum it.

15. Images can be acquired with any conventional large field
microscope, equipped with DAPI and FITC filters, and autom-
atized camera.

16. Image analysis can be performed with any image viewer soft-
ware. We recommend Fiji software (Fiji is just Image J), free of
use at https://fiji.sc/.
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Exploring drug repurposing to treat
glioblastoma

Dr. Tilmann Kiessling EMBO Communications
EMBO - excellence in life sciences

MALT1 blockers have long been in clinical use for the treatment of
blood cancers. A study suggests that these drugs could potentially also
be developed as a treatment option for glioblastoma, the most common
and lethal type of brain tumour.

Heidelberg, 27 November 2019 - For a long time, cancer research has
largely focused on so-called oncogenes — genes that can cause cancer
when mutated. While targeting these genes has led to the successful
development of a number of valuable drugs, this approach is hampered
by the fact that tumours often become resistant to these treatments.

A study conducted by Julie Gavard at the Université de Nantes, CNRS,
INSERM, France, and her team, published today in The EMBO Journal,
is now based on a different concept, termed non-oncogene addiction.
During disease progression, cancer cells become strongly dependent
on normal genes and cell functions to survive. These genes could thus
serve as potential targets to attack tumour growth more efficiently. A
gene called mucosa-associated lymphoid tissue | (MALT1), for example,
is highly active in lymphoma, a type of blood cancer, and blocking
MALT1 causes lymphoma cells to die. MALT1 blockers have been
viewed as a promising new treatment for lymphomas.

The researchers now addressed the role of MALT1 in solid tumours,
namely glioblastoma. Using data from The Cancer Genome Atlas, a
molecular characterization of over 20,000 primary cancers, they
revealed that MALT1 levels strongly correlate with patients’ survival in
brain cancer — patients with less MALT1 tend to live longer.

Gavard and colleagues then focused their attention on so-called
glioblastoma stem cells, a self-renewing subpopulation of cells within
the tumour that are likely responsible for cancer recurrence after
treatment. They uncovered that targeting MALT1 with MALT1 blockers
caused glioblastoma stem cells to undergo a rare form of cellular
suicide termed lysosomal cell death in human cell culture experiments.
Lysosomes are organelles within the cell that serve as the cells’
digestive system. MALT1 keeps lysosomes low in cancer cells, which is
crucial for their survival. Blocking MALT1 leads to an increase in
lysosomes, which in turn impairs the cells’ waste disposal system,
eventually killing them. This points to the possibility of further exploring
MALT1 inhibitors as potential treatment of glioblastoma.
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MALT1 regulates Glioma Cell Survival
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Douanne, Carolina Alves Nicolau, Jean-Sébastien Frénel, Nicolas

Bidére, and Julie Gavard

DOI: 10.15252/embj.2019102030



Annex 4

NE RIEN MANQUER DE NOTRE ACTUALITE

UNNEWS > Version frangaise > Futurs

Thématiques:
e Recherche / Culture scientifique

Cerveau: les chercheurs déceélent le "talon
d’Achille" d’une tumeur cancéreuse

Le 27 novembre 2019

Le glioblastome, une tumeur incurable du cerveau, est alimenté par un
réservoir de cellules souches capables d'initier, maintenir et renouveler
cette tumeur. Une étude menée par des chercheur.e.s du Centre de
Recherche en Cancérologie et Immunologie Nantes-Angers (CRCINA /
CNRS, Inserm, Université de Nantes, Université d’Angers), et
récemment publiée dans The EMBO Journal, révéle qu’un géne (MALTI)
agit comme un point de contrdle vie/mort des cellules souches
cancéreuses.
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Les glioblastomes multiformes
(GBM) sont des tumeurs du cerveau
parmi les plus dévastatrices de
l'adulte, avec une survie médiane
de |5 mois aprés le diagnostic. Le
traitement standard actuel
comprend une résection
neurochirurgicale suivie de cycles
répétés de chimiothérapie et
radiothérapie. Bien que ces
stratégies standardisées se soient
révélées bénéfiques, elles
demeurent essentiellement
palliatives. Au sein de ces tumeurs
hautement hétérogénes, existe une
sous-population de cellules
tumorales appelées cellules de
type souche du glioblastome (GSC)
qui jouent un role dans l'initiation
et la progression de la tumeur, ainsi

que dans les résistances

thérapeutiques et la recurrence.

Les chercheur.e.s du Centre de Recherche en Cancérologie et Inmunologie Nantes-Angers (CRCINA) se
sont intéressé.e.s a l'expression d'un géne [MALTI) présent et actif dans les tumeurs humaines. Leurs
études menées sur des cellules de patients atteints de glioblastome ont montré que le blocage
moléculaire de I'expression de ce gene pouvait étre toxique pour les cellules tumorales.

Par une approche d'imagerie cellulaire, les chercheur.e.s ont également remarqué que le blocage de
I'activité du géne - ou la réduction de son expression - provoquait dans les G5Cs une augmentation
incontrolée et fatale en lysosomes, les structures intracellulaires qui agissent normalement comme des

stations de recyclage.

Crédit photo : © Julie Gavard
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MALT1 et Glioblastomes: Haro sur
les Lysosomes!

02 décembre 2019 RESULTATS SCIENTIFIQUES PHYSIOLOGIE ET
CANCER

Le glioblastome, une tumeur incurable du cerveau, est alimenté par un
réservoir de cellules souches capables d'initier, maintenir et renouveler la
tumeur. La cellule souche cancéreuse peut survivre en conditions hostiles
notamment en atténuant les processus de dégradation intracellulaire
médiée par les lysosomes. Cette étude publiée dans The EMBO Journal
révele que la protéase MALT1 agit comme un point de contréle vie/mort des
cellules souches cancéreuses en régulant la quantité de lysosomes.

Les glioblastomes multiformes (GBM) sont des tumeurs du cerveau parmi les plus dévastatrices
de I'adulte, avec une survie médiane de 15 mois aprés le diagnostic. Le traitement standard actuel
comprend une résection neurochirurgicale suivie de cycles répétés de chimiothérapie et
radiothérapie. Bien que ces stratégies standardisées se soient révélées bénéfiques, elles
demeurent essentiellement palliatives. Au sein de ces tumeurs hautement hétérogénes, existe
une sous-population de cellules tumorales appelées cellules de type souche du glioblastome
(GSC). Bien que la définition moléculaire des GSCs fasse encore l'objet de débat, ces cellules
jouent un réle dans l'initiation et la progression de la tumeur, ainsi que dans les résistances
thérapeutiques et la récurrence.

Les GSCs sont dispersées dans la tumeur a la fois a proximité des vaisseaux sanguins et a distance
dans des zones moins oxygénées. Tandis que la vasculature cérébrale leur offre une "niche"
protectrice, enrichie en facteurs de croissance, les GSCs sont également capables de supporter
des conditions de privation extréme. Cette résilience est notamment liée a leur capacité a
prolonger et maintenir des voies de signalisation de survie cellulaire, en 'absence des activateurs
exogeénes de la "niche". Cette caractéristique s’appuie sur la baisse du trafic d'endocytose des
récepteurs membranaires aux facteurs de croissance et de leur dégradation dans les lysosomes
qui sont des organites au pH acide fonctionnant comme des centres névralgiques pour le trafic et
le métabolisme des macromolécules. Les lysosomes sont notamment impliqués dans la voie de
signalisation multiple mMTOR (mammalian Target of Rapamycin).

Afin d’identifier des régulateurs de cette voie intrinséque d’autoprotection, les chercheurs ont
analysé les bases de données publiques de plusieurs centaines de patients atteints de
glioblastome. Parmi les génes non déja connus pour leur implication dans l'initiation de la
transformation tumorale, ils ont observé une corrélation entre la survie des patients et I'expression
du géne MALT1 (Mucosa-Associated lymphoid tissue Lymphoma Translocation protein 1). Ce géne
spécifie la paracaspase MALT]L, une arginine-protéase qui orchestre la réponse immunitaire lors de
I'activation des lymphocytes, tandis qu’elle est constitutivement active dans certains lymphomes.
Son réle dans le systéme nerveux central et en particulier dans les glioblastomes n’a cependant
pas été exploré en détail.

En utilisant des cellules isolées a partir des piéces opératoires de patients atteints de
glioblastome, les chercheurs ont constaté que le blocage moléculaire de I'expression de MALT1 est
toxique pour ces cellules. C’est aussi le cas lorsque MALT1 est inhibée pharmacologiquement par
le biais d’antipsychotiques de la famille des phénothiazines, dont la mépazine. Ce frein a
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'expansion tumorale est reproduit in vivo dans des souris greffées de tumeurs humaines.

Par des approches d’'imagerie cellulaire, les chercheurs ont ensuite établi que I'activité
protéolytique de MALT1 permet de maintenir des quantités faibles en lysosomes dans les GSCs.
Enrevanche, le blocage de 'activité protéolytique de MALT1 ou la réduction de son expression
provoque dans les GSCs un déferlement fatal en lysosomes. Ceci conduit a la mort cellulaire des
GSCs, concomitante a une réduction de la voie de signalisation mTOR, normalement essentielle au
maintien de leur caractére "souche".

La perturbation de I'homéostasie lysosomale pourrait donc représenter une nouvelle stratégie
d’attaque contre les GSCs, faisant émerger MALT1 comme un "talon d’Achille” du glioblastome.

© Julie Gavard

Figure : La forme sauvage (A) ou inactive (B) de I'arginine-protéase MALT1 a été introduite dans une cellule souche
humaine de glioblastome. L'analyse en microscopie confocale permet de révéler les noyaux en gris, les lysosomes en
magenta, et MALT1 en vert. Barre d’échelle : 10 mm

Pour en savoir plus :

Paracaspase MALT1 regulates glioma cell survival by controlling endo-lysosome homeostasis.

Jacobs KA, André-Grégoire G, Maghe C, Thys A, Li Y, Harford-Wright E, Trillet K, Douanne T, Alves
Nicolau C, Frénel JS, Bidére N, Gavard J.
EMBO J. 2019 Nov 27:€102030. doi: 10.15252/embj.2019102030 . [Epub ahead of print]
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Supplemental methods for discussion
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Annex 5

Supplemental methods :

CRISPR generation. For CRISPR, single-guide RNA (sgRNA) (sequence
GTGGATGCTGTGTCTTCAGG) targeting gp130 was chosen in the sgRNA library
(Shalem et al., 2014) and cloned into a lentiviral lentiCRISPRv2 (GeCKO, ZhangLab)
backbone. For infections, lentiviral particles were produced in HEK293T by co-
transfection of the construct together with pVSV-G and psPAX2 plasmids.
Supernatants containing lentiviral particles were collected after 48 h and applied on
GSC#1 during a 1,250 x g centrifugation for 90 min in presence of 8 uyg ml-1 of
polybrene (Sigma). Cells were cultured with 10 uyg ml-1 of puromycin to select
infected cells. Single cell clones were isolated by cell sorting of the negative cell
population using an antibody against gp130 (abcam). Knockout of gp130 was

confirmed by PCR and genomic sequencing.

RNA sequencing. 5.10° GSC#1 WT, GSC#1 KO clone #2, and GSC#1 KO clone #7
were snap-frozen on dry ice in 3 biological replicates. RNA extraction (all RIN >9.0),
library preparation, RNAseq and bioinformatics analysis was performed at Active
Motif (Carlsbad, California, USA). Briefly, 2 ug of total RNA were 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 described in the Data Explanation document. The list of differentially
expressed genes from DESeq2 output were selected based on 10% adjusted P-

value level and a FDR of 0.1.
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Limiting Dilution Assays. In order to evaluate the self-renewal of GSCs, limited
dilution assays (LDA) were performed. GSCs were seeded in a 96-well plate via a
serial dilution ranging from 2000-1 cell/well. 8 replicates per dilution were performed
and treated as indicated. After 14 days, each well was assessed for tumoursphere
formation in a binary fashion. Stemness frequency was then calculated using ELDA

software. Data are representative of N=2 experiments.

Immunostaining. Cells were seeded onto slides, fixed for 10 min with 4% PFA
diluted in PBS, and blocked with PBS-BSA 4% prior to 1 hour primary antibody
incubation with gp130 (santa cruz) and APLNR (R&D). No permeabilization step was
performed. After PBS washes, cells were incubated with AlexaFluor-conjugated
secondary antibodies for 30 minutes. Next, cells were mounted with prolong
diamond anti-fade with DAPI mounting medium. All images were acquired on
confocal Nikon A1 Rsi, using a 60x oil-immersion lens (Nikon Excellence Center,
Micropicell, SFR Francois Bonamy, Nantes, France). All images were analyzed

using Image J software.

Proximity Ligation Assay. APLNR/GP130 interaction was visualized through the
Duolink in situ kit following manufacturer’s instructions (Sigma) on GSC#1 using
primary antibodies against ALPNR (R&D) and gp130 (Santa Cruz). All images were
acquired on confocal Nikon A1 Rsi, using a 60x oil-immersion lens (Nikon Excellence
Center, Micropicell, SFR Francois Bonamy, Nantes, France). All images were

analyzed using the Image J software.
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Flow cytometry analysis. GSC#1 and GSC#1 KO cells were isolated, washed, and
incubated with antibodies against gp130 (abcam) and APLNR (R&D coupled APC)
for 1 hour at RT. Alternatively, ectopic gp130 or empty vector was introduced in KO
clones using a Neon transfection system and cells were analyzed 48 hrs later for
surface gp130 and APLNR. Flow Cytometry analyses were performed on
FACsCalibur (BD Biosciences, Cytocell, SFR Francois Bonamy, Nantes, France)

and processed using FlowJo software.

Cell viability. 5000 GSC#1 and GSC#9 were treated with JQ1 (Sigma) or AZD5153
(Selleckchem) in triplicate for 48 hrs. Alternatively, GSC#9 were transfected with
siRNA sic (Low GC duplex, Invitrogen) or siBRD4
(UUAGACUUGAUUGUGCUCATG) and analyzed 72 hrs later. Cell viability was
measured using Cell titer glo reagent (Promega) according to the manufacturers

protocol.

Immunoblotting and Immunoprecipitation. Cells were collected with cold PBS
and lysed in TNT lysis Buffer (50 mM TRIS pH7.4, 150 mM NaCl, 1% Triton X-100,
1% Igepal, 2 mM EDTA, supplemented with Protease Inhibitor) for 30 minutes on
ice. Samples were cleared at 8000g to remove insoluble fraction.
Immunoprecipitation was performed as previously described (Douanne et al. 2016).
Briefly, cell lysis was done in TNT lysis buffer for 30 minutes and samples were
centrifuged at 8000g. Samples were precleared via a 30 minute-incubation with
Protein G agarose, and then incubated for 2 hours at 4°C with Protein G agarose
and 5 pg of indicated antibodies. Protein concentrations were determined by BCA.

Equal amount of 5-10ug proteins were resolved by SDS-PAGE and transferred to
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nitrocellulose membranes. Membranes were revealed using a chemiluminescent

HRP substrate and visualized using the Fusion imaging system.

Statistics. Statistical analysis was performed with GraphPad Prism5 using One-way

analysis of variance (ANOVA), or an unpaired two-tailed t-test (Student’s t test). For

each statistical test, p value of <0.05 was considered significant.
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Exploring the Role of Intercellular and Intracellular Signaling in the Sustenance of

Glioblastoma Stem-like Cells
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Abstract: Glioblastoma multiforme, GBM, is the
deadliest adult primary brain tumor with a median
survival time of approximately 12 to 15 months.
Within these heterogeneous tumors exists a
subpopulation of cells with stem-like properties
termed glioblastoma stem-like cells, GSCs. As
they are suspected to be involved in initiation,
expansion, and relapse, they represent a
promising strategy for treating these tumors. In
situ, GSCs reside in part in a protective vascular
niche in close interaction with endothelial cells,
however these cells have also been found in more
hostile areas of the tumor, away from their
privileged microenvironment. Therefore,
uncovering intrinsic cell signaling regulating
autocrine and paracrine survival mechanisms can
produce novel targets for therapy.

Here, we approach the analysis of signaling
mechanisms employed by GSCs in their survival, in
order to identify potential targets for therapy.

On one hand, we report that the glycoprotein gp130
has an important role in endothelial cell
communication with GSCs. In fact, the endothelial
secretome is able to sustain GSC stemness in the
absence of other mitogens. However,
pharmacological blockade of gp130 abrogates this
effect. On the other hand, in the absence of signals
emanating from endothelial cells, we uncover that
the paracaspase MALT1 is important to maintain
GSC survival and expansion, as knockdown or
inhibition of this protease is lethal to these cells.
From a molecular standpoint, we found that
inhibiton of MALT1 disrupts endo-lysosomal
homeostasis, resulting in a lysosomal cell death
concomitant with mTOR inactivation. Therefore, we
identified two signaling axes within GSCs with the
potential for therapeutic targeting.

Exploration du role de la signalisation intercellulaire et intracellulaire dans le maintien des

cellules de type souche de glioblastome

Mots clés : signalisation, cellules souches cancéreuses, GBM, lysosome, mTOR, niche

Résumé : Le Glioblastome Multiforme, GBM, est

une tumeur cérébrale parmi les plus agressives de
'adulte, avec une médiane de survie s’échelonnant
autour de 12 a 15 mois. Au sein de ces tumeurs
hétérogenes réside une sous-population de cellules
aux propriétés souches appelées GSC pour cellules
de type souche du glioblastome, Une stratégie
potentielle pour le traitement de ces tumeurs
consisterait a cibler ces GSCs. Les GSCs résident a
la fois dans une niche vasculaire protectrice en
interaction étroite avec les cellules endothéliales et
dans des zones non vascularisées, plus hostiles.
Dans ce contexte, il est crucial de mieux caractériser
la signalisation cellulaire intrinséque régulant les
mécanismes de survie autocrine et paracrine des
GSCs.
Ma thése s’est concentrée sur l'analyse des
mécanismes de signalisation régissant les décisions
de vie/mort des GSCs, dans le but doffrir de
nouvelles perspectives thérapeutiques

D’une part, mes résultats montrent que la
glycoprotéine gp130 joue un réle important dans la
communication entreles GSCs et les cellules
endothéliales. Le sécrétome endothélial est en
effet capable de maintenir le caractere souche des
GSCs, en l'absence d'autres mitogénes externes.
Le blocage pharmacologique de gp130 annule cet
effet. Par ailleurs, en l'absence de signaux
émanant des cellules endothéliales, jai mis en
évidence le réle instrumental de la paracaspase
MALT1 dans la survie et I'expansion des GSCs. La
suppression ou l'inhibition de cette protéase
s’avere toxique pour ces cellules. D’un point de
vue mécanistique, jai trouvé que linhibition de
MALT1 perturbe I'hnoméostasie endo-lysosomale,
entrailnant une mort cellulaire lysosomale
concomitante a l'inactivation de mTOR. J’ai donc
identifi¢ deux axes de signalisation au sein des
GSCs avec un potentiel de ciblage thérapeutique.



