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Abstract

Glioblastoma multiforme is a devastating disease for which available treatments consistently
fail. The current clinical standard, temozolomide, is ineffective in most patients due to
resistance mechanisms such as the upregulation of DNA repair enzymes. The main objective of
this thesis is to report on pharmacological and nanotherapeutic modulators of glioblastoma,
focusing on 1) the mechanism of action of a novel histone deacetylase inhibitor (sahaquine), 2)
combination treatments targeting tumor defenses and 3) effects on microglia and astrocytes in

the tumor microenvironment.

Histone deacetylase 6 inhibitors are promising therapeutic agents for glioblastoma due
to their effect on cytoplasmic targets (cytoskeleton, kinase signalling) important for cancer
invasiveness and growth. We explored the mechanisms of sahaquine, a novel hybrid molecule
combining two FDA-approved drugs: primaquine and vorinostat. We showed sahaquine to be
a selective histone deacetylase 6 inhibitor effective against glioblastoma as well as different
cell types in the tumor microenvironment, from simple monolayer cultures to three-dimensional
brain tumor stem cell neurospheres, tumoroids and cerebral organoids. Given the heterogeneous
nature of glioblastoma, we also tested synergistic combination treatments tackling key aspects
of tumor survival such as antioxidative defenses and lipid droplets. We focused on the role of
lipid droplets in trapping hydrophobic molecules such as curcumin, a promising natural
compound with anti-cancer properties. One of the main challenges of emerging therapeutic
agents for the brain is their limited permeability at the blood brain barrier, which is why
nanostructures can be attractive as both drug carriers and molecules with inherent

pharmacological effects. In this context, we explored the use of dendritic polyglycerol sulfate



as anti-inflammatory agents to modulate activated microglia and astrocytes, which infiltrate and

contribute to the maintenance of the tumor microenvironment.

Taken together, the results from this work support the use of rational combination
treatments that take into account mechanisms of adaptation in glioblastoma and the contribution

of neural cells surrounding the tumor.



Résumé

Le glioblastome multiforme est une maladie terrible pour laquelle les traitements existants
échouent. La référence clinique actuelle, témozolomide, est inefficace pour la plupart des
patients di a des mécanismes de résistance telle la surrégulation des enzymes de réparation
d'ADN. L’objectif principal de cette theése est de faire rapport sur les modulateurs
pharmaceutiques et nanothérapeutiques pour le glioblastome, focalisant sur 1) le mécanisme
d’action d’un nouvel inhibiteur d'histone désacétylase 6 (sahaquine), 2) les traitements
combings visant les défenses tumorales et 3) les effets sur la microglie et les astrocytes dans le

microenvironnement tumoral.

Les inhibiteurs d’histone désacétylase 6 sont des agents thérapeutiques prometteurs pour
le glioblastome car leurs cibles cytoplasmiques (cytosquelette, signalisation de kinases) sont
importantes pour l’envahissement et la croissance des tumeurs. Nous avons exploré les
mécanismes de sahaquine, une nouvelle molécule hybride combinant deux médicaments
approuvés par la FDA : primaquine et vorinostat. Nous avons démontré que sahaquine est un
inhibiteur d’histone désacétylase 6 sélectif efficace envers le glioblastome et plusieurs types de
cellules faisant partie du microenvironnement tumoral, non seulement en cultures monocouches,
mais aussi en cultures tridimensionnelles de cellules souches de tumeurs cérébrales
(neurosphéres), tumoroides et organoides cérébraux. A cause de I’hétérogénéité du
glioblastome, nous avons aussi testé des traitements combinés synergiques visant des défenses
tumorales essentielles, tels les défenses antioxydantes et les gouttelettes lipidiques. Nous avons
focalisé sur le role des gouttelettes lipidiques dans le piégeage de molécules hydrophobes, telle
la curcumine, un composé anticancer naturel prometteur. L un des principaux défis des agents

thérapeutiques pour le cerveau est leur perméabilité limitée a la barriere hématoencéphalique.



C’est pourquoi certaines nanostructures sont attrayantes a la fois comme vecteurs de
médicament et en tant que molécules pharmaceutiques. Dans ce contexte, nous avons exploré
I’utilisation de sulfonates de polyglycérol dendritiques comme agents anti-inflammatoires pour
moduler ’activation de microglie et d’astrocytes qui infiltrent le microenvironnement tumoral

et contribuent a son maintien.

En somme, les résultats de cette thése appuient l'utilisation de traitements combinés
rationnels qui tiennent compte des mécanismes d’adaptation du glioblastome et la contribution

des cellules neurales autour de la tumeur.
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1.1. Overview of glioblastoma multiforme

Glioblastoma multiforme (GBM) is a devastating disease for which current therapeutic options are
largely ineffective (Mary Elizabeth Davis, 2016; Shergalis et al., 2018). GBM is defined as grade
IV glioma and is the most common and aggressive of brain tumors. The incidence is estimated at
4 per 100,000 people per year in Canada, and accounts for 50-60% of astrocytic tumors. The
disease burden of GBM is significantly high due to the difficult tumor location and high mortality

rate (Shergalis et al., 2018).

Traditionally, anti-cancer drugs used against GBM aimed at damaging the DNA of fast-
proliferating cells. Carmustine and lomustine, are two nitrosureas first approved for GBM (Weller
et al., 2013). Despite their severe side effects and poor outcomes, they are still given to resistant
tumors as last recourse drugs (Rahman et al., 2014; Weller et al., 2013). The current clinical gold
standard for GBM is temozolomide (TMZ)(Stupp et al., 2005, 2017). Although better tolerated
than the nitrosureas, TMZ prevents disease progression in only 20-30% of patients. Since its FDA
approval in 2005, little progress was achieved in terms of treatment effectiveness; median survival
remains at 15-16 months and 5-year survival rates are dismal due to the prevalence of tumor

resistance and recurrence (Mary Elizabeth Davis, 2016; S. Y. Lee, 2016a).

1.2. Limitations of current clinical standards

The propensity of GBM for recurrence is partly due to the infiltrative nature of the tumor. Single
cells and cell clusters invade the surrounding normal tissue in a diffuse pattern, making complete
surgical resection often impossible (Claes et al., 2007; C. Li et al., 2019). To preserve neurological

functions and patient quality of life, subtotal resection is sometimes required, despite the risk of
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residual tumor tissue. Following maximal resection, radiotherapy with concomitant chemotherapy
is administered once the wound is healed. Treatment is aimed at killing residual tumor cells left in
the lesion but is often ineffective due to the upregulation of DNA repair mechanisms in GBM and
the presence of radiotherapy, chemotherapy-resistant brain tumor stem cells. It was reported that
90% of patients show recurrence at 2-3 cm of the original tumor site (S. W. Lee et al., 1999;

Narayana et al., 2006).

The DNA repair enzyme most relevant in clinical settings is O6-methylguanine-DNA-
methyltransferase (MGMT), which removes the methyl group added to guanine by TMZ, thus
preventing DNA damage and cancer cell death (Hegi et al., 2005a). The methylation of MGMT
promoter is predictive of TMZ treatment outcome; patients with methylated (silenced) promoters
respond significantly better to TMZ compared to those with unmethylated promoters (Donson et
al., 2007). Other DNA-repair mechanisms include base excision repair, single-strand break repair
and mismatch repair machinery; all these can limit the effectiveness of genotoxic treatments

(Erasimus et al., 2016a).

To avoid the burden of drug resistance, we proposed to investigate therapeutic agents with
mechanisms of action distinct form that of “classical” anti-cancer drugs such as TMZ. In Chapter
2, we investigated the potential of a novel compound, sahaquine, acting as a selective inhibitor of
HDAC6, and showed superior effectiveness compared to TMZ alone and even greater
effectiveness as a component of combination therapy (in vitro). In Chapter 3, we demonstrated the
effectiveness of combining the mechanisms of action of two agents, curcumin and pyrrolidine-2,
to achieve synergistic cell killing in GBM. Finally, we used a dendrimeric nanostructure to

modulate the GBM microenvironment and inhibit tumor growth (Chapter 4).
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1.3. Histone deacetylase inhibitors for GBM

Recently, histone deacetylase inhibitors (HDACi) have received increased attention as therapeutic
agents in cancer research (Y. Li & Seto, 2016; Suraweera et al., 2018). HDACi have a long history
as medications acting on the central nervous system, particularly in psychiatry and neurology,
serving to stabilize mood and improve symptoms of neurodegenerative diseases, respectively
(Shukla & Tekwani, 2020). Valproate, for instance, has been used since the 1960s for epilepsy
thanks to its effects on voltage-gated sodium channels and GABA signalling. It was also shown to
mediate epigenetic changes by selectively inhibiting Class I histone deacetylases and to inhibit
growth of glioma cells in vitro (Driever et al., 1999). Vorinostat, a non-selective inhibitor acting
on both Class I, Class Ila and Class IIb HDACs, was FDA-approved in 2006 for cutaneous T-cell
lymphoma. It has since reached clinical trials for GBM in monotherapy and in combination with

other drugs (e.g. TMZ)(Galanis et al., 2018; Hummel et al., 2013a).

However, several serious side effects are associated with inhibitors of Class I HDACs
(HDACI, 2, 3 and 8). Aside from primary toxicities such as nausea, diarrhea, fatigue and decreased
blood cell counts (e.g. platelets, white blood cells), they also caused adverse cardiac events (ECG

changes)(Subramanian et al., 2010).

1.3.1. Selective HDAC6 inhibitors for cancer research

To prevent the serious adverse effects associated with pan-HDACi, efforts were made to develop
more selective HDAC inhibitors, particularly toward HDAC6. HDAC6 was distinguished from
other HDAC:s as the first HDAC shown to be actively maintained in the cytoplasm, giving it a

unique set of substrates. Furthermore, HDAC6 is often upregulated in cancer. In breast cancer,
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HDACS6 contributes to invasiveness and metastasis; in melanoma, HDAC6 inhibition promotes
cancer cell death; in ovarian cancer, HDACG6 inhibition synergized with anti-PD-L1 immune-

checkpoint blockade to suppress tumor growth (Fukumoto et al., 2019).

Despite the interest in HDAC6, few HDAC6-selective inhibitors have been extensively
studied for GBM. Ricolinostat (ACY-1215), the first orally available HDAC6-selective inhibitor
to reach clinical trials, was well tolerated up to 160 mg daily, with less severe toxicities compared
to that of non-selective HDAC inhibitors (e.g. vorinostat, panobinostat). However, the access of
ricolinostat to the brain is limited, and recent studies showed potential resistance mechanisms in

cancer cells due to the upregulation of multidrug resistance transporters (Wu et al., 2018).

1.3.2. Sahaquine, a hybrid molecule

To show if some limitations of ricolinostat could be overcome, we investigated a novel HDAC6-
selective inhibitor named sahaquine. Sahaquine is a hybrid molecule comprising of two FDA-
approved drugs, primaquine and vorinostat as active moieties. The hydroxamate moiety from
vorinostat confers HDAC inhibitory effects to sahaquine, whereas the primaquine moiety was
hypothesized to serve two main purposes: 1. give the molecule bulkiness, limiting its accessibility
to the active site of Class I/Class Ila HDACs, thereby conferring selectivity to HDAC6; 2. give the

molecule P-glycoprotein inhibitory properties (A.-R. Choi et al., 2016).

The higher level of HDAC6 in GBM compared for normal astrocytes and brain tissues
helps GBM invade the surrounding normal tissues and is correlated with worse prognosis in
patients. We hypothesized that sahaquine would be effective in killing and limiting invasiveness

in GBM. We also hypothesized that sahaquine would inhibit P-glycoprotein, thus being
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advantageous in combination with drugs susceptible to multidrug resistance transporters. Our
studies on sahaquine were published in Cell Death and Discovery and are the subject of Chapter

2.

Complementary supplemental studies in Chapter 4 further examined the effect of
modulating cells of the tumor microenvironment, namely normal astrocytes and microglia, which
can contribute importantly to disease progression. These studies explored the activation of several
key transcription factors implicated in GBM (e.g. STAT3), as well as the use of advanced 3D in
vitro brain models, cerebral organoids, to investigate tumor growth. 3D tumoroids were also useful
glioblastoma models to test other compounds aside from sahaquine (e.g. curcumin, a natural

compound).

1.4. Curcumin, a natural compound with multiple mechanisms of action

Due to the limitations of TMZ as monotherapy for GBM (standard clinical regimen 6-12 cycles of
28 days), we explored combination therapy with TMZ, curcumin and other compounds (J. Choi et
al., 2017; 1. Zhang et al., 2016). The rationale for combination therapy is that GBM is a
heterogeneous disease (Dirkse et al., 2019; C. Li et al., 2019) with genetic and epigenetic
differences not only between single cancer cells, but also between different niches of the tumor
tissue (e.g. hypoxic, necrotic, semi-vascularized)(Z. Chen & Hambardzumyan, 2018;
Hambardzumyan & Bergers, 2015). Thus, drug combinations and drugs with multiple mechanisms
of action were proposed to have lower risks of encountering significant drug resistance in GBM

compared to drugs with a single mode of action (e.g. TMZ).

34



Several natural compounds have multiple anti-cancer mechanisms of action. Phenolic
compounds isolated from natural sources, such as curcumin and quercetin, are particularly
interesting due to their tumor-killing properties and low toxicity to normal cells. Curcumin is the
main curcuminoid in turmeric, the powdered form of Curcuma longa. Turmeric is a spice
consumed by millions of people around the world everyday and has long being used in traditional
Asian medicine for different disorders. Curcumin has an excellent safety record and has been
marked as “Generally Recognized As Safe” by the FDA. Dose escalation studies showed minimal

toxicity, even at 8,000 mg per day for 3 months (Cheng et al., 2001).

1.4.1. Combination treatment to enhance the effect of curcumin

Despite its promising properties, curcumin is limited by its low bioavailability in vivo. It is a
lipophilic molecule (logP ~3.0) that can be retained in hydrophobic cell areas, such as membrane
bilayers and lipid droplets (Barry et al., 2009). Lipid droplets are cellular organelle serving as
storage sites for neutral lipids (Olzmann & Carvalho, 2019). They are particularly numerous in
GBM cells, while normal astrocytes have fewer and smaller lipid droplets. As such, they not only
serve as energy storage for the cancer cells, but can also entrap lipophilic agents such as curcumin,

preventing it from reaching its intracellular targets.

Thus, we hypothesized that combining curcumin with pyrrolidine-2, which decreases lipid
droplet formation acting through the inhibition of cytoplasmic phospholipase A2, will significantly
increase the effectiveness of curcumin in killing GBM cells in vitro. The results of these studies
were published in the European Journal of Pharmaceutics and Biopharmaceutics, and are presented

in Chapter 3.
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Lipid droplets are commonly found in almost all cell types, and their number and size can
significantly change under adaptive and pathological conditions. Lipids are essential components
of the brain, making up an estimated 50% of its dry weight. They are key to neuronal and glial
function, although neurons themselves have no significant lipid droplets in storage. Instead, it’s
the astrocytes that primarily utilize fatty acid oxidation to produce metabolites subsequently taken
up by neurons. Astrocytes were also shown to uptake peroxidized lipid released from neurons
under stressful conditions, storing them into their own lipid droplets, thereby protecting neurons

from lipotoxicity (Ioannou et al., 2019).

Astrocytes themselves release lipids (e.g. palmitic acid, stearic acid, oleic acid). The nature
and quantity of these lipids is changed in response to stressful stimuli, such as the bacterial pro-
inflammogen lipopolysaccharide (LPS)(Aizawa et al., 2016). These lipids can modulate other
neural cells; the increased release of docosahexaenoic acid (DHA), for example, could
downregulate several markers of microglial activation (Tremblay et al., 2016). Microglia and
astrocytes surrounding GBM were investigated in our studies as key cell types in the GBM
microenvironment. The interactions of GBM with normal astrocytes and microglia are shown in
Chapter 4, along with studies on pharmacological and nanotherapeutic modulators of these

interactions.

1.5. The GBM microenvironment

Treatment paradigms for GBM have shifted from focusing solely on cancer cells to consider the
role of the tumor microenvironment. The development of bevacizumab (Avastin), currently in fast-

track approval for GBM, showed that inhibiting vascular endothelial growth factor (VEGF)-
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stimulated angiogenesis using humanized monoclonal antibodies has significant potential for
GBM treatment. Tumor cells secrete factors such as VEGF and nitric oxide to stimulate the
formation of blood vessels that irrigate the tumor, supplying cancer cells with nutrients and growth
factors. These vessels are often leaky and serve as channels for local and peripheral immune cells
to reach the tumor. These microglia and macrophages form a population of cells termed “tumor-
associated macrophages” or TAMs. These cells can make up to 30-50% of the tumor mass and are
major contributors to disease progression (Hambardzumyan et al., 2016). GBM-secreted factors
(e.g. interleukin-10, interleukin-6, TGF-f, GM-CSF) act as chemokines that recruit TAMs to the
tumor site. In turn, these normal cells, along with normal astrocytes and neurons, participate in the
maintenance of the tumor microenvironment by secreting tumor-supportive cytokines and growth

factors (Z. Chen & Hambardzumyan, 2018; Gieryng et al., 2017).

1.5.1. Modulating the GBM microenvironment

The importance of modulating the tumor microenvironment was recently highlighted by the 2018
Nobel Prize in Physiology or Medicine, awarded Dr. James P. Allison and Dr. Tasuku Honjo for
their joint research on immunotherapy (Chamoto et al., 2020; Sharma et al., 2011). Because of
their tumor-supportive role, efforts are aimed at either targeting the cells that make up the tumor
microenvironment, or the factors communicated between these cells. However, not all types of
immunomodulation are adequate. Global immunosuppression — as a side effect of radiotherapy,
chemotherapy and steroids — was shown as detrimental to overall survival, as patients with low

lymphocytic count had a median survival of only 3.5 months.

39



GBM can benefit from several aspects of immunosuppression and is still labeled as an
immunosuppressive tumor. However, evidence showed that TAMs adopt an activation mode
alternative to classical M1 and M2 polarizations. Therefore, immunomodulation — i.e.
normalization — of TAMs functions would be preferable to global immunosuppression or excessive
inflammation. Several immunotherapeutic options are presently explored in clinical trials for
cancer, but none have explored the use of nanostructures for modulating the tumor
microenvironment in GBM. We opted to investigate biocompatible dendritic polyglycerols as
modulators of microglia and astrocytes. The rationale, properties and key experiments are

presented in section 3.5.

1.6. Dendritic polyglycerol sulfates as nanotherapeutic agents

Nanostructures have been introduced in oncology mainly as drug nanocarriers (Senapati et al.,
2018). Hundreds of candidate nanostructures have been in clinical trials at different stages
(Anselmo & Mitragotri, 2016). In some tumors where the enhanced permeability and retention
(EPR) effect is present, nanostructures can preferentially accumulate at the tumor site. An
attractive feature of nanostructures is that they can be easily tailored to the task at hand by
modifying their size, shape or functional groups. Lastly, many nanostructures can not only serve
as drug carriers, but can also exert therapeutic effect themselves (Mark E. Davis et al., 2008;
Parveen et al., 2012). Dendritic polyglycerol sulfates (dPGS) is particularly interesting due to its
excellent safety profile in vivo and its inherent anti-inflammatory effects (Maysinger et al., 2015;
Maysinger, Ji, et al., 2018; Maysinger, Lalancette-Hébert, et al., 2019). dPGS is a dendrimeric
nanostructures with sulfated terminal groups; its structures mimics that of heparan sulfate, which
is a linear polysaccharide found throughout our body.
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Our previous studies showed that dPGS had protective effects against inflammatory
cytokines upregulated in response to pathogen-derived and amyloid-P insults (Maysinger et al.,
2015). Modelling in silico showed putative binding of dPGS to interleukin-6 (Maysinger,
Lalancette-Hébert, et al., 2019; Rades et al., 2018). Our studies have extended these in silico
investigations on other cytokines with less investigated roles in the brain, such as lipocalin-2
(LCN2) and a transcription factor, high mobility group box 1 (HMGBI1). We investigated dPGS
in 1) normal human neural cells subjected to the pro-inflammogen LPS, and examined the anti-
inflammatory effect of dPGS in relation to microglial activation; 2) the context of the GBM
microenvironment, where LCN2 and HMGBI1 levels are greatly upregulated, and hypothesized
that dPGS can downregulate tumor-supportive cytokines in GBM and its microenvironment,

thereby decreasing tumor growth.
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Connecting Text

New therapeutic options are urgently needed for glioblastoma multiforme as the current clinical
standard (i.e. temozolomide) is widely ineffective. Pan-histone deacetylase inhibitors have reached
clinical trials for different cancers, but their use was limited by toxicities attributed to the inhibition

of Class I HDACs, which deacetylate nuclear targets (histones).

In Chapter 2, we elected to investigate sahaquine, a novel hybrid molecule combining pan-
histone deacetylase inhibitor vorinostat with primaquine, a P-glycoprotein inhibitor. Sahaquine is
selective for HDAC6, which deacetylates cytoplasmic targets important for cancer invasiveness
and survival. We report the concentration- and time-dependent effects of sahaquine compared to
temozolomide in glioblastoma cells as well as brain tumor stem cells and three-dimensional tumor
models (tumoroids). Several therapeutic effects were explored based on the role of HDAC6 in
cytoskeletal rearrangement and kinase signalling, and the role of P-glycoprotein in multidrug
resistance. We demonstrated that sahaquine inhibits key pro-survival pathways upregulated in

glioblastoma and explored synergistic combination treatments.

This Chapter reveals the advantages of HDAC6 inhibition in glioblastoma using sahaquine,
particularly in combination with selected therapeutic agents to address the different mechanisms

of resistance in this disease.
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Chapter 2. Inhibition of glioblastoma cell proliferation, invasion, and mechanism of action

of a novel hydroxamic acid hybrid molecule

Zhang I, Beus M, Stochaj U, Le PU, Zorc B, Raji¢ Z, Petrecca K, Maysinger D. Cell Death

Discovery. 2018; 4:41.
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Abstract

Glioblastoma multiforme is one of the most aggressive brain tumors and current therapies with
temozolomide or suberoylanilide hydroxamic acid (SAHA, vorinostat) show considerable
limitations. SAHA is a histone deacetylase (HDAC) inhibitor that can cause undesirable side
effects due to the lack of selectivity. We show here properties of a novel hybrid molecule,
sahaquine, which selectively inhibits cytoplasmic HDAC6 at nanomolar concentrations without
markedly suppressing class I HDACs. Inhibition of HDAC6 leads to significant a-tubulin
acetylation, thereby impairing cytoskeletal organization in glioblastoma cells. The primaquine
moiety of sahaquine reduced the activity of P-glycoprotein, which contributes to glioblastoma
multiforme drug resistance. We propose the mechanism of action of sahaquine to implicate
HDACG inhibition together with suppression of epidermal growth factor receptor and downstream
kinase activity, which are prominent therapeutic targets in glioblastoma multiforme. Sahaquine
significantly reduces the viability and invasiveness of glioblastoma tumoroids, as well as brain
tumor stem cells, which are key to tumor survival and recurrence. These effects are augmented
with the combination of sahaquine with temozolomide, the natural compound quercetin or
buthionine sulfoximine, an inhibitor of glutathione biosynthesis. Thus, a combination of agents
disrupting glioblastoma and brain tumor stem cell homeostasis provides an effective anti—cancer

intervention.
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Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive form of brain cancer, with
limited treatment options and dismal survival rates. Current treatment involves surgical resection
followed by radiotherapy and chemotherapy with temozolomide (TMZ)(Weller et al., 2017).
However, more than half of GBM patients do not respond to TMZ due to the overexpression of
DNA repair enzymes, notably O°-methylguanine transferase (Erasimus et al., 2016b; Hegi et al.,

2005b; Weller et al., 2010).

Histone deacetylase (HDAC) inhibitors exert anticancer effects by inducing cell
differentiation, cell cycle arrest, and apoptotic cell death through the upregulation of tumor
suppressor and cell cycle-regulatory genes (Johnstone, 2002). Suberoylanilide hydroxamic acid
(SAHA, vorinostat) is a Food and Drug Administration-approved drug for the treatment of
cutaneous T cell lymphoma. It is currently in clinical trials for GBM as monotherapy and combined
with radiotherapy (Galanis et al., 2009; Hummel et al., 2013b; E. Q. Lee et al., 2012; Vorinostat
and Radiation Therapy Followed by Maintenance Therapy With Vorinostat in Treating Younger
Patients With Newly Diagnosed Diffuse Intrinsic Pontine Glioma - Full Text View -
ClinicalTrials.Gov, n.d.). Despite advancements in treatments, the median survival rate for GBM
remains low (14-16 months) and new therapeutic options are urgently needed (Hegi et al., 2005¢;

Weathers & Gilbert, 2014).

In this study, we combined hydroxamic acid — the active moiety of SAHA exerting
biological effects in cancer cells — with primaquine to generate a new class of hybrid anticancer
agents: sahaquines. Hydroxamic acid inhibits HDACsS; these enzymes are overexpressed in many
cancers, including GBM (Glozak & Seto, 2007; D. H. Lee et al., 2017). The hydroxamic acid
pharmacophore of SAHA chelates metal ions, thereby inhibiting metalloenzymes such as HDACs
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and matrix metalloproteinases (MMPs), which promote cancer growth and invasiveness (Bertrand
et al., 2013; Gialeli et al., 2011; Grant et al., 2007). Hydroxamic acid is a weak acid, which is
favorable in the acidic tumor microenvironment as weak bases become protonated, resulting in ion
trapping, lysosomal accumulation, elimination by lysosomal exocytosis, and overall decreased
biological activity (Corbet & Feron, 2017; Mahoney et al., 2003; Zhitomirsky & Assaraf, 2017).
Primaquine can directly interfere with endosomal trafficking to the plasma membrane (van Weert
et al., 2000), inhibit the multidrug resistance transporter P-glycoprotein, and autophagy, thereby
sensitizing cancer cells to anti-mitotic drugs (Kim et al., 2013; Z. J. Yang et al., 2011). Considering
that monotherapies have limited effectiveness in GBM, we tested sahaquine in combination with
TMZ, the standard of care for GBM, quercetin, and buthionine sulfoximine. Quercetin is an
abundant flavonoid found in fruits and vegetables, such as apples and onions. Its estimated daily
intake ranges from 3-40 mg, but supplements up to 1000 mg per day are considered safe (Andres
et al., 2018). Although it shows no toxicity in normal cells, several studies have shown that
quercetin has anti-cancer effects. Its mechanism of action involves the upregulation of pro-
apoptotic and downregulation of anti-apoptotic factors, cell cycle arrest, and DNA intercalation,
resulting in DNA damage, activation of apoptosis, and cell death (Srivastava et al., 2016). In
animal studies, quercetin inhibited tumor growth and improved the lifespan of tumor-bearing mice
(Calgarotto et al., 2018; Srivastava et al., 2016). Furthermore, the anti-cancer effects of quercetin
are enhanced in combination with chemotherapeutic agents or other drugs (S. Sun et al., 2018;

Zanini et al., 2007; Xian Zhang et al., 2015).

We investigated the loss of cell viability and invasiveness in GBM as functional read-outs
of the effects of sahaquine alone or in combination with TMZ and quercetin. Sahaquine was tested

in both differentiated GBM cells and brain tumor stem cells (BTSCs), which are key to tumor
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survival and recurrence (Bao et al., 2006; J. Chen et al., 2012; Dagogo-Jack & Shaw, 2018; B. E.
Johnson et al., 2014). Our study supports the model that sahaquine-induced cell death of GBM is
mediated through multiple pathways, including inhibition of HDACS6, reduction of epidermal
growth factor receptor (EGFR) protein abundance, and decreased activation of downstream
kinases AKT and ERK1/2. The primaquine moiety of sahaquine contributes to the inhibition of P-
glycoprotein. Considering that sahaquine significantly reduced BTSC viability and markedly
inhibited GBM invasion by disruption of GBM homeostasis, further systematic studies are

warranted in patient-derived organoids.
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Materials and methods

Synthesis of sahaquine

Sahaquine 5 was synthesized in four reaction steps (Fig. 1) adapted from the synthetic approach
of Zhang et al. (Xuan Zhang et al., 2013). Details of these steps are provided in the Supplementary
Information. The first step included amide bond formation between mono-methyl glutarate (1,
Sigma-Aldrich, St. Louis, MO, USA) and primaquine (Sigma-Aldrich, St. Louis, MO, USA), with
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophos-
phate (HATU, Alfa Aesar, Thermo Fisher, Kandel, Germany) as a coupling agent and N,N-
diisopropylethylamine (DIEA, Alfa Aesar, Thermo Fisher, Kandel, Germany) as a base. The
prepared product 2 was further hydrolyzed with lithium hydroxide (Sigma-Aldrich, St. Louis, MO,
USA) and gave carboxylic acid 3. In the next step, 3 was coupled with O-benzylhydroxylamine
(Sigma-Aldrich, St. Louis, MO, USA) in the presence of HATU/DIEA and yielded O-
benzylhydroxamic acid 4, which was deprotected by catalytic hydrogenation and gave the target

compound 5 (sahaquine). All reactions proceeded at room temperature.

Cell culture and tissue samples

U251IN human glioblastoma cells were originally obtained from the American Type Culture
Collection. Cells were cultured in Dulbecco’s modified Eagle’s Media (DMEM, Gibco, Thermo
Fischer Scientific, Grand Island, NY, USA) supplemented with 5% (v/v) fetal bovine serum
(Wisent, St. Bruno, Canada) and 1% (v/v) penicillin-streptomycin (Pen-Strep; Thermo Fisher
Scientific, Eugene, OR, USA) at 37 °C with 5% CO; and 95% relative humidity, unless otherwise

indicated. Glioblastoma samples were harvested under a protocol approved by the Montreal
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Neurological Hospital’s research ethics board (NEU-10-066). Consent was given by all patients.
At least 116 brain sections from GBM patients aged 55-76 and controls were used. Tissues were
from the frontal, temporal, or parietal lobes of the cerebral cortex. Human BTSCs were expanded

as neurospheres in complete NeuroCult™

proliferation media (Stemcell Technologies, Vancouver,
BC, Canada). NeuroCult™ basal medium contained: NeuroCult™ NS-A proliferation supplement

(1/10), recombinant human epidermal growth factor EGF (20 ng/ml), recombinant human basic

fibroblast growth factor (20 ng/ml), and heparin (2 pg/ml).

Cell counting assay

U251N cells were seeded in 96-well black plates (Costar, Corning, NY, USA) at 5,000 cells per
well in 0.1 ml media and cultured for 24 h. Cells were treated with sahaquine (0.001, 1, 5, 10, 20,
25, 30, 40, and 50 uM), TMZ (0.001, 1, 10, 50, 100, 200, 300, 400, and 500 uM, Sigma-Aldrich,
St. Louis, MO, USA), quercetin (0.001, 1, 10, 25, 50, 75, 100, 200, and 300 pM, Sigma-Aldrich,
St. Louis, MO, USA) or SAHA (0.001, 0.1, 1, 2, 5, 8, 10, 25, and 50 uM, Cayman Chemical, Ann
Arbor, MI, USA) for 24 h or 72 h. Combination treatments included increasing concentrations of
sahaquine (0.001, 1, 3, 5, 7, 10, 20, and 50 uM) with quercetin (100 uM), increasing concentrations
of quercetin (0.001, 1, 10, 25, 50, 100, and 200 uM) with sahaquine (10 uM), TMZ (30 uM) with
sahaquine (10 uM), quercetin (140 uM) or SAHA (1 uM), and buthionine sulfoximine (100 uM,
Sigma-Aldrich, St. Louis, MO, USA) with sahaquine (10 puM) for 24 h or 72 h. Following
treatment, cells were fixed with 4% paraformaldehyde (w/v, 10 min, BDH, Toronto, ON, Canada).
Nuclei were labeled with Hoechst 33342 (10 uM, 10 min, Thermo Fisher Scientific, Eugene, OR,
USA). Cells were washed with phosphate-buffered saline and imaged using a fluorescence
microscope (Leica DMI4000B, Toronto, ON, Canada).
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BTSC viability

48EF human brain tumor cells were seeded at 5,000 cells per well in 96-well plates (Sarstedt,
Niimbrecht, Germany) and treated for 7 days. Cells were then imaged using light microscopy
(Leica DMI4000B) and the surface areas of the neurospheres were measured in ImagelJ (version

1.51s).

Scratch assay

U251N cells were seeded in 6-well plates (Sarstedt, Niimbrecht, Germany) at 1,500,000 cells per
well in 1 ml media and cultured for 24 h. The scratch was performed by gently dragging a 200 pl
pipette tip across the cell monolayer, after which cells were washed with phosphate-buffered saline
and incubated in DMEM with or without treatment. Cytochalasin D (40 nM, Sigma-Aldrich, St.
Louis, MO, USA) served as positive control. Predetermined areas of the wells were imaged using
light microscopy immediately after the scratch (time =0 h) and after 24 h. The cell-free area of the

scratch was measured in Image].

Cell invasion assay

U251N tumoroids were prepared using the hanging drop method78. Drops of 30,000 cells in 20 pl
medium were pipetted onto the inner side of a 10 cm Petri dish (Thermo Fisher Scientific, Eugene,
OR, USA) lid. The lid was quickly flipped to cover the Petri dish filled with 20 ml phosphate-
buffered saline. Hanging drops were cultured at 37 °C for 48 h to allow tumoroids to form.

Tumoroids were then gently scooped into a medium-filled Petri dish coated with 2% agarose and
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cultured for 48 h. Tumoroids were implanted in collagen gel (Advanced BioMatrix, San Diego,
CA, USA) mixed with DMEM (1x) and sodium hydroxide (10 mM, Sigma-Aldrich, St. Louis,
MO, USA). Gels were covered with 500 ul DMEM with or without treatment. Tumoroids were
imaged using light microscopy immediately after implantation (time = 0 day) and after 4 days. The

area of cell invasion was measured in Imagel.

Immunocytochemistry

Following treatment, U251N human glioblastoma cells were fixed with 4% paraformaldehyde
(10 min), and then permeabilized using 0.1% Triton X-100 (v/v, 10 min, Sigma-Aldrich, St. Louis,
MO, USA). Blocking was performed with 10% goat serum (v/v, 1 h, Thermo Fisher Scientific,
Eugene, OR, USA) in phosphate-buffered saline, and then samples were incubated with primary
antibodies (acetyl-histone H3 K9/K14, 1/500, Cell Signalling, #9677; acetyl-a-tubulin K40, 1/500,
Santa Cruz, sc-23950; a-tubulin, 1/1000, Abcam, ab7291) overnight at 4 °C in a humidified
chamber. Samples were washed three times with phosphate-buffered saline with 5 min incubation
between washes. Secondary antibodies (anti-rabbit Alexa Fluor 488, 1/500, Thermo Fisher
Scientific, A11008; anti-mouse Alexa Fluor 647, 1/500, Thermo Fisher Scientific, A28181) were
incubated with samples for 1h in the dark, and then washed off three times with phosphate-
buffered saline with 5 min incubation in between washes. Nuclei were labeled with Hoechst 33342
(10 uM, 10 min). Samples were mounted on microscope slides using Aqua-Poly/Mount
(Polysciences, Warrington, PA, USA) and dried overnight before imaging with a fluorescence

microscope (Leica DMI4000B).
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Immunohistochemistry

Human brain sections were dewaxed in xylene, and then rehydrated in ethanol. Antigen retrieval
was performed in citrate buffer using a decloaking chamber for 3 h. Samples were washed twice
with double-distilled water, three times with phosphate-buffered saline, and then blocked with
Protein Block (10 min, Spring Biosciences, Pleasanton, CA, USA). Samples were incubated with
primary antibodies (HDAC6, 1/100, Santa Cruz, sc-11420; EGFR, 1/100, Oncogene Science Ab-
1; phospho-AKT Serd473, Cell Signalling, #9271; phospho-p44/42 Erk1/2 Thr202/Tyr204, 1/100,
Cell Signalling, #9101) overnight at 4 °C in a humidified chamber. Samples were washed twice
with IF buffer (0.05% (v/v) Tween 20, 0.2% (v/v) Triton X-100 in phosphate-buffered saline).
Secondary antibodies (anti-rabbit Alexa Fluor 647, 1/500, Thermo Fisher Scientific, A21245; anti-
rabbit Alexa Fluor 488, 1/1000, Thermo Fisher Scientific, A27034; anti-mouse Alexa Fluor 647,
1/1000, Thermo Fisher Scientific, A-21235) diluted in 2% (w/v) bovine serum albumin (Sigma-
Aldrich, St. Louis, MO, USA) in phosphate-buffered saline were incubated with samples for 1 h
in the dark at room temperature. Samples were washed three times with IF buffer, and then nuclei
were labeled with DAPI (4',6-diamidino-2-phenylindole; 1 pug/ml, 5 min, Molecular Probes,
Eugene, OR, USA). Samples were washed three times with phosphate-buffered saline, then
mounted on microscope slides using mounting media (Dako, Mississauga, ON, Canada), and air-
dried for at least 30 min. Samples were imaged using a fluorescence microscope (Leica

DMI4000B).
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Western blotting

Western blot analysis followed published procedures (Maysinger, Moquin, et al., 2018). In brief,
crude extracts were separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted onto nitrocellulose membranes. Blocked filters were probed with
antibodies against acetyl-a-tubulin K40 (1/10,000, Sigma-Aldrich, St. Louis, MO, USA, #T7451),
a-tubulin (1/1000, Santa Cruz, sc-5286), phospho-AKT Ser473 (1/2000, Santa Cruz, sc-7985),
pan-AKT (1/1500, Cell Signaling, #9272), HDAC6 (1/1000, Santa Cruz, sc-11420), EGFR
(1/1000, Santa Cruz, sc-03), phospho-ERK1/2 Thr202/Tyr204 (1/2000, Cell Signaling, #9106),
pan-ERK1/2 (1/2000, Cell Signaling, #4695), and actin (1/100,000, Chemicon, MAB1501).
Signals for enhanced chemiluminescence were acquired with a Bio-Rad ChemiDoc™ MP imaging

system and quantified.

MTT assay

U251N cells were seeded in 24-well plates (Sarstedt, Niimbrecht, Germany) at 50,000 cells per
well in 300 pl media and cultured for 24 h. Cells were treated with sahaquine (0.001, 1, 5, 10, 25,
and 50 uM), TMZ (50, 100, 200, 300, 400, and 500 uM), quercetin (10, 50, 100, and 200 uM), or
SAHA (0.1, 1, 2, 5, 8, 10, and 50 uM) for 72 h. Combination treatments included increasing
concentrations of sahaquine (1, 10, and 50 pM) with a fixed concentration of quercetin (100 uM),
or increasing concentrations of quercetin (10, 100, and 200 uM) with a fixed concentration of
sahaquine (10 uM) for 72 h. Following treatment, MTT (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in phosphate-buffered saline was added to cells (0.5 mg/ml) for 1 hat 37 °C. After MTT-

containing media were removed, dimethyl sulfoxide (0.5 ml) was added to each well to lyse cells
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and dissolve formazan. Wells were sampled in triplicate and the optical density was measured at

595 nm using a microplate reader (Asys UVM 340, Biochrom, Holliston, MA, USA).

Gelatin zymography

U251N cells were seeded in 60-mm tissue culture dishes (Thermo Fisher Scientific, Rochester,
NY, USA) at 1,500,000 cells per dish in 3 ml media and cultured for 24 h. Cells were treated in
serum-deprived DMEM for 24 h. Following treatment, culture media were collected and
concentrated 15-fold using 30 kDa centrifugal filters (Millipore, Cork, Ireland) following the
manufacturer’s recommendations. Concentrated media were separated by SDS-PAGE using
gelatin (0.1%, w/v) and acrylamide (7.5%, w/v) gels under non-reducing conditions. Gels were
washed for 30 min in renaturing solution (2.5% (v/v) Triton X-100 in double-distilled water) and
30 min in developing buffer (50 mM Tris, pH 7.8; 1% (v/v) Triton X-100; 1 uM ZnCl2, 5 mM
CaCl2, adjusted to pH 7.45). Gels were then incubated in fresh developing buffer at 37 °C
overnight. Gels were stained with 0.5% (w/v) Coomassie Blue G250 (Bio-Rad, Richmond, CA,
USA) dissolved in 40% (v/v) ethanol and 10% (v/v) acetic acid for 1 h, and then destained in 40%
ethanol and 10% acetic acid diluted in double-distilled water, until clear bands appeared.

Quantification of MMP-9 and MMP-2 abundance (as band area) was done in ImageJ.

Tumoroid viability

U251N tumoroids were prepared using the liquid overlay system (Dhanikula et al., 2008). The 96-
well cell culture plates were coated with 75 ul of 2% (w/v) agarose (Life Technologies,

Gaithersburg, MD, USA) dissolved in serum-deprived DMEM. The agarose was cooled for 30 min,
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then cells were seeded at 5,000 cells per well in 200 ul media, and cultured for 4 days before
treatment. Cells were treated for 7 days, and then imaged using a microscope (Leica DMI4000B).

The surface area of tumoroids was analyzed in Image].

Calcein-AM uptake

U251N cells were seeded in 96-well black plates at 5,000 cells per well in 0.1 ml media and
cultured for 24 h before treatment. Cyclosporine A (Calbiochem, Toronto, Canada) served as a
positive control for the inhibition of P-glycoprotein. Following treatment, cells were incubated in
phenol-free Hanks’ balanced Salt solution containing calcein-AM (0.5 pM, Thermo Fisher
Scientific, Eugene, OR, USA) and propidium iodide (3 uM, Sigma-Aldrich, St. Louis, MO, USA)
for 30 min at 37 °C. The media were replaced with fresh Hanks’ balanced salt solution and cells
were imaged using a fluorescence microscope (Leica DMI4000B). Cells positively labeled with

propidium iodide were excluded from the analysis.

Statistics

Experiments were performed independently at least three times. Unless otherwise indicated, data
are shown as mean (SD). Normality of data distribution was assessed by the Shapiro—Wilk test.
For sample sizes larger than 30, the Central Limit Theorem allows the assumption of normal
distribution. Equality of variances was assessed by Levene’s test. If the assumptions of normality
and homogeneity of variance were met, two-tailed one-way analysis of variance (ANOVA) with

Tukey—Kramer’s post hoc test were performed. If homogeneity of variance was not observed,
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Welch’s ANOVA with the Games—Howell post hoc test were used. A p value smaller than 0.05

was considered statistically significant: *p <0.05, **p <0.01, and ***p <0.001.
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Results

Sahaquine synthesis and physicochemical properties of the selected anticancer agents

Sahaquine is a primaquine and hydroxamic acid derivative linked with glutaric acid. It is synthesized in
four steps (Fig. 1). The pharmacophore, hydroxamic acid, was introduced in the last step. Yields were good
to excellent (50-88%). Sahaquine was fully characterized by conventional spectroscopic and analytical
methods (melting point, IR, MS, 'H-NMR, 3C-NMR), and the data were consistent with the proposed
structure (Supplementary Fig. S1). The quinoline ring of sahaquine acts as the capping group and the
hydroxamic acid binds zinc. Calculations of physicochemical properties showed that TMZ is a hydrophilic
compound (log P =—0.28), whereas sahaquine and particularly quercetin are more lipophilic (log P = 0.92
and 2.16, respectively) (Table 1). The isoelectric point (pI) values of these compounds vary from 2.9

(quercetin) to 9.2 (SAHA)(Chemicalize - Instant Cheminformatics Solutions, n.d.).

Sahaquine is more potent than TMZ for killing human glioblastoma and BTSCs

The half maximal inhibitory concentration (ICs¢) value of sahaquine (10 uM) was about three-fold lower
than that of TMZ (31 uM), whereas it was less potent than its parent compound SAHA after 72 h incubation
(Fig. 2). Sahaquine precursors were also tested, but because of the relatively high ICso values (>50 uM),
further experiments were not pursued (Supplementary Table S1). Enhanced cell killing was achieved by
combining quercetin with sahaquine in a dose-dependent manner, although quercetin alone showed limited
cytotoxicity (ICso = 140 uM after 72 h) (Fig. 2e-f). Combination of TMZ with sahaquine, quercetin, or
SAHA at ICso concentrations was more effective than any of the compounds alone (Supplementary Fig.
S2). Similar results were obtained by measurements of mitochondrial metabolic activity using the MTT (3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay (Supplementary Fig. S3).
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We further tested the selected compounds on GBM tumoroids, which are more drug-resistant and
representative models of brain tumors in vivo. Sahaquine and TMZ reduced tumoroid sizes by 37% and

40%, respectively, while quercetin did not have a significant effect after 7 days (Supplementary Fig. S4).

Based on the results shown in Fig. 2, we investigated the cytotoxic effects of the selected compounds on
BTSCs. BTSCs are a key subpopulation of GBM tumors implicated in tumor initiation, propagation and
recurrence (Bao et al., 2006; Dagogo-Jack & Shaw, 2018). In vitro BTSC cultures spontaneously formed
neurospheres of approximately 100 um in diameter within 7 days. Sahaquine and quercetin were most

effective at reducing the size of BTSC aggregates and abolishing the formation of neurospheres (Fig. 3).

Sahaquine inhibits GBM invasion and P-glycoprotein activity

GBM is characterized by a diffuse brain tissue distribution (Holland, 2000). Tumors commonly reoccur
within a few centimeters of the original lesion, making surgical resection difficult (Holland, 2000). We
tested the effect of sahaquine and quercetin on GBM migration using a scratch assay, and invasion using a
three-dimensional (3D) collagen matrix. Sahaquine did not significantly inhibit cell migration over 24 h,
while quercetin reduced cell migration by 20% (Fig. 4a). The combination of sahaquine with quercetin was
most effective, reducing migration by 42%. This effect was not observed when combining sahaquine with
TMZ. In contrast, sahaquine significantly inhibited GBM invasiveness, whereas quercetin and TMZ
reduced cell invasion by 35% and 45% after 4 days, respectively (Fig. 4c). Interestingly, the combination
of sahaquine with quercetin was less effective than sahaquine alone, suggesting interference between these
two compounds. GBM invasiveness is enabled by MMP degradation of the extracellular matrix and
basement membranes (Alaseem et al., 2017; Nakada et al., 2003). We investigated the effect of the selected
compounds on the abundance of secreted MMPs using gelatin zymography, and showed that quercetin
decreases MMP abundance in a dose-dependent manner (Supplementary Fig. S5). Neither sahaquine nor

TMZ reduced MMP concentrations, although the hydroxamic acid moiety in sahaquine can bind zinc within
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the MMP structure (Jacobsen et al., 2010). The primaquine moiety of sahaquine contributed to the inhibition
of P-glycoprotein, as assessed by intracellular retention of calcein-AM (Supplementary Fig. S6). The
primaquine concentration within sahaquine (10 uM) effectively inhibited P-glycoprotein activity, whereas
60 uM of unincorporated primaquine was required to achieve a comparable effect. A smaller extent of P-
glycoprotein inhibition by SAHA was obtained with equimolar sahaquine concentrations (10

uM)(Supplementary Fig. S6).

Sahaquine selectively inhibits HDAC6

We further examined the HDAC inhibitory activity of sahaquine compared to its parent compound
SAHA. SAHA is a pan-HDAC inhibitor that caused an increase in both acetylated a-tubulin (K40)
and acetylated histone H3 (K9/K14) (Fig. 5). We hypothesized sahaquine to be selective toward
HDACS, because its bulky capping group would fit better into the wide binding site of the enzyme
(Bieliauskas & Pflum, 2008; Schifer et al., 2008). Nanomolar concentrations (100 nM) of
sahaquine resulted in a 1.5-fold increase in acetylated a-tubulin compared to the untreated control,
but did not affect histone acetylation (Fig. 5a-b). Similar results were obtained with the HDAC6-
selective inhibitor ACY-1215 (Supplementary Fig. S7). TMZ and quercetin did not inhibit
HDACS6. These results were supported by Western blot analyses (Fig. 5¢). HDAC6 abundance was
comparable following all treatments, suggesting that sahaquine inhibited the enzyme activity

without affecting its protein levels (Fig. 5d).
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Sahaquine reduces EGFR abundance, ERK1/2, and AKT phosphorylation

EGFR overexpression and downstream hyperactivity of ERK1/2 and AKT are associated with
worse prognosis in GBM (Sanchez-Vega et al., 2018; Shinojima et al., 2003). We assessed the
abundance of these markers and HDAC6 in GBM by immunohistochemistry, and showed an
increase in EGFR, dually phosphorylated (active) ERK1/2, and phosphorylated (active) AKT, and
HDACG6 compared to control brains (Fig. 6a). To test whether sahaquine impinges on EGFR and
the activation of downstream kinases, we measured EGFR abundance, dual ERK1/2
phosphorylation (Thr202/Tyr204), and AKT phosphorylation (Ser473) by Western blotting (Fig.
6b-d). Sahaquine reduced EGFR concentrations in GBM. Interestingly, combining sahaquine and
TMZ abrogated this inhibitory effect. Sahaquine also reduced levels of phosphorylated ERK1/2
and phosphorylated AKT, alone and in combination with quercetin or TMZ. Total ERK1/2 and

AKT protein levels remained unchanged (Supplementary Fig. S8).
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Discussion

Results from this study show that sahaquine is more effective than TMZ in killing glioblastoma
and BTSCs, as well as inhibiting glioblastoma invasiveness. The mode of action of sahaquine
implicates in part excessive acetylated o-tubulin acetylation due to the selective inhibition of
HDACS6, resulting in cytoskeletal reorganization (Supplementary Fig. S9) and reduced
invasiveness. Additional modes of action involve decreased EGFR abundance and downstream
activity of AKT and ERK1/2. These results are particularly striking in combination with TMZ or

quercetin.

TMZ is one of few clinically approved drugs for the treatment of GBM, but a substantial
portion of newly diagnosed tumors and recurrent tumors are resistant to this drug (Hegi et al.,
2005b; S. Y. Lee, 2016b). HDAC inhibitors are of particular interest for GBM treatment, as their
effectiveness is unaltered by mechanisms of resistance upregulated in GBM, such as mismatch-
repair, O°-methylguanine methyltransferase and base-excision repair (Caporali et al., 2004;
Erasimus et al., 2016b; Hegi et al., 2005b). The pan-HDAC inhibitor SAHA is currently in clinical
trials for GBM, but results so far showed marginal improvement in overall survival (5.7 months
compared to 4.4 months) and several serious side effects (Galanis et al., 2009; Hummel et al.,
2013b; E. Q. Lee et al., 2012; Peters et al., 2018; Vorinostat and Radiation Therapy Followed by
Maintenance Therapy With Vorinostat in Treating Younger Patients With Newly Diagnosed
Diffuse Intrinsic Pontine Glioma - Full Text View - ClinicalTrials.Gov, n.d.; Yin et al., 2007a).
This and other current therapeutic interventions for GBM are ineffective (Bao et al., 2006; J. Chen

etal., 2012; B. E. Johnson et al., 2014).
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Thus, our goal was to test a new hybrid compound. The development of hybrid molecules
is one of the most active areas in therapeutics. Hybrid compounds can have multiple targets,
reducing the risk of resistance, lowering effective doses, and decreasing side effects (Meunier,
2008; Xuan Zhang et al., 2013). Sahaquine is a hybrid molecule consisting of hydroxamic acid
and primaquine linked by a dicarboxylic acid. Primaquine is a strong base (pI= 13.7), but addition
of the hydroxamic acid group lowers its pl to 6.48, making sahaquine a weak acid. Weak acids are
more advantageous than weak bases as anticancer therapeutics, because they will not be protonated
in the acidic tumor environment or trigger lysosomal exocytosis (Corbet & Feron, 2017; Mahoney
et al., 2003; Zhitomirsky & Assaraf, 2017). Similarly to primaquine, sahaquine can also inhibit P-

glycoprotein activity (Supplementary Fig. S6), thereby preventing multidrug resistance.

One of the great challenges in GBM treatment is heterogeneity, both within and between
tumors (Cavalli et al., 2017; Hunter et al., 2018; C.-C. J. Lin et al., 2017; Meacham & Morrison,
2013). Interpatient heterogeneity has been shown through genomic and transcriptomic analyses by
the Cancer Genome Atlas research network (Cancer Genome Atlas Research Network, 2008;
Verhaak et al., 2010). Intratumoral heterogeneity can be attributed to the different cellular lineages
and subtypes present in different parts of the same tumor (Morrissy et al., 2017; Sottoriva et al.,
2013), or even in individual cells within a tumor (Patel et al., 2014; Verhaak et al., 2010). Another
cause of GBM heterogeneity is the presence of BTSCs, a subset of glioma cells with the abilities
of self-renewal, differentiation, and recapitulation of the original tumor upon xenotransplantation
(Galli et al., 2004; J. Lee et al., 2006; Singh et al., 2004). They are resistant to radiation (Bao et
al., 2006) and chemotherapy (Bleau et al., 2009; S.-F. Chen et al., 2012; G. Liu et al., 2006), and
are thought to promote tumor recurrence (Dagogo-Jack & Shaw, 2018; B. E. Johnson et al., 2014).

Therefore, effective GBM treatment demands a better understanding of tumor origin and
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heterogeneity to identify new therapeutic targets (Fouse et al., 2014; Hegi et al., 2005b). Sahaquine
(10 uM) abolished the formation of BTSC neurospheres and significantly reduced the size of
BTSC aggregates. TMZ was less effective, even at a ten-fold higher concentration (100 uM).
Quercetin was as effective as sahaquine in killing BTSCs, but showed limited cytotoxicity toward

differentiated GBM cells. Sahaquine eliminated both BTSCs and differentiated cancer cells.

Another factor contributing considerably to GBM recurrence is tumor invasiveness. While
sahaquine abolished invasiveness and contributed to the loss of tumoroid viability, it did not
markedly affect the abundance of secreted MMPs. In contrast, quercetin had limited effects on
tumoroid viability, but decreased GBM invasion by inhibiting MMP secretion. Quercetin inhibits
nuclear factor-kB (NFxB) nuclear translocation, which could alter MMP expression (Bond et al.,
2001; Soubannier & Stifani, 2017) and enhance cell death through NF«xB-dependent regulation of

apoptosis.

In an effort to reduce undesirable side effects in normal cells, selective HDAC inhibitors
have been developed (J.-H. Lee et al., 2013; Santo et al., 2012). Ricolinostat (ACY-1215) is a
selective HDAC6 inhibitor currently in clinical trials (phase I and II) in combination with
pomalidomide for multiple myeloma (ACY-1215 (Ricolinostat) in Combination With
Pomalidomide and Low-Dose Dex in Relapsed-and-Refractory Multiple Myeloma - Full Text View
- ClinicalTrials.Gov, n.d., p. 1215). Ricolinostat inhibits heat shock protein 90 deacetylation,
resulting in an accumulation of unfolded proteins, disruption of protein homeostasis and cell death
(Kekatpure et al., 2009). We show that sahaquine selectively inhibits HDAC6 at nanomolar
concentrations, which distinguishes it from SAHA, which is non-selective at equimolar
concentrations. Interestingly, sahaquine significantly reduced the abundance of heat shock protein
70s in GBM (Supplementary Fig. S10) and altered a-tubulin organization. We have previously
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shown that celastrol disrupts protein homeostasis (Boridy et al., 2014) and the organization of the
F-actin cytoskeleton in GBM (Maysinger, Moquin, et al., 2018). Future studies will have to

evaluate how sahaquine affects proteostasis in relation to cytoskeletal dynamics.

Many drugs currently in clinical trials aim at inhibiting proteins and proliferation pathways
deregulated in GBM, notably HDAC6, EGFR, AKT, and ERK1/2 (Combs et al., 2006; Emrich et
al., 2002; ONC201 in Adults With Recurrent H3 K27M-Mutant Glioma - Full Text View -
ClinicalTrials.Gov, n.d.; Quang & Brady, 2004). Our in vitro studies showing enhanced ERK1/2
and AKT phosphorylation are corroborated by immunohistochemical data in tumor sections from
GBM patients (Fig. 6a), also showing markedly stronger signals for HDAC6, EGFR,
phosphorylated ERK1/2, and phosphorylated AKT compared to normal brain tissue (Fig. 6a).
Sahaquine can decrease the abundance of EGFR, phosphorylated AKT, and phosphorylated
ERK1/2 in GBM (Fig. 6b-d), thereby suggesting that similar hybrid molecules are viable
candidates for GBM combination therapy. Interestingly, AKT deacetylation by HDAC6 promotes
cancer growth and proliferation (Iaconelli et al., 2017), indicating that sahaquine could reduce

AKT activation through HDAC6 inhibition.

Drug resistance is a major problem in glioblastoma therapy (Hegi et al., 2005¢c; S. Y. Lee,
2016b). A recent study of HDAC inhibitors in drug-resistant melanoma implicated increased levels
of reactive oxygen species (L. Wang et al., 2018). Combination of sahaquine with buthionine
sulfoximine, which depletes endogenous glutathione levels (Du et al., 2016), sensitized GBM cells
to reactive oxygen species and enhanced cell death (Supplementary Fig. S11), although buthionine
sulfoximine alone in the tested concentration had no effect on GBM viability. Further analysis of

the effect of sahaquine on reactive oxygen species production in GBM is warranted.
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Taken together, our study reveals sahaquine as a therapeutic agent affecting multiple
cellular factors and processes that are critical for GBM treatment (Fig. 7). Sahaquine is superior to
the clinical standard TMZ in reducing GBM and BTSC viability, invasiveness, and markers of key
survival pathways. These effects are even more profound when sahaquine is combined with TMZ,
buthionine sulfoximine, or quercetin. In conclusion, sahaquine is an effective cell death inducer
which eliminates not only GBM cells but also BTSCs, thus suggesting that evaluation of sahaquine
in combination with other drugs merit further investigations in patient-derived organoids, and

eventually in humans.
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Figure 2.1. Synthesis of sahaquine and its precursors

Reagents and conditions: (i) HATU, DIEA, dichloromethane, 1 h, (ii) LiOH, methanol, H20, 1 h,
(ii1) O-benzylhydroxylamine, HATU, DIEA, dichloromethane, 2 h, (iv) H2, 10% Pd/C, methanol,
4 h. All reactions were performed at room temperature. Yields are shown in brackets. HATU 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate,

DIEA N,N-diisopropylethylamine, LiOH lithium hydroxide).
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Table 2.1. Structures of sahaquine, temozolomide, quercetin, and SAHA with basic
physicochemical properties

The physicochemical properties are calculated with the Chemicalize.org program (Instant
Cheminformatics Solutions. Available online at http://www.chemicalize.org/ (accessed on 10
October 2017)).
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Structure IUPAC name Molecular logP pl
mass
o’ Sahaquine N-hydroxy-N'-{4-[(6- 388.47 0.92 6.48
methoxyquinolin-8-
i M " . yl)amino]pentyl} pentanediamide
=M r‘J"“.f’"“-.fN ML‘ i
f Temozolomide 3-methyl-4-oxo0-3H,4H- 194.15 -0.28 7.1
“«\/Jk -, imidazo[4,3-d][1,2,3,5]tetrazine-8-
) )j\ carboxamide
=
Quercetin 2-(3,4-dihydroxyphenyl)-3,5,7- 302.24 2.16 2.9
trihydroxy-4H-chromen-4-one
SAHA | N-hydroxy-N- 264.33 1.0 9.2
) phenyloctanediamide
O/ \l/‘\/\/‘vu\ -
Table 2.1.
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Figure 2.2. Sahaquine Kkills human glioblastoma cells in a dose-dependent and time-

dependent manner

GBM cell viability (n=9) following treatment with (a) sahaquine (Sq, 0.001-50 uM), (b)
temozolomide (TMZ, 0.001-500 uM), ¢) quercetin (Q, 0.001-300 uM), and d) SAHA (0.001—
50 uM) for 24 or 72 h. Shown is the mean (SEM) percentage cell viability compared to untreated
controls from three independent experiments.( e, f) Dose-dependent decrease in cell viability (72 h)
with the combination of either a fixed concentration of quercetin (100 uM, n=41) and increasing
concentrations of sahaquine (Sq 1 uM, n=21, Sq 10 uM, n=30, Sq 20 uM, n=21,Sq 1 uM +Q,
n=25,Sq 10 uyM +Q,n=29, Sq 20 uM + Q, n=27), or a fixed concentration of sahaquine (10 uM
n = 30) and increasing concentrations of quercetin (Q 10 uM, n=37,Q 100 uM, n=41, Q 200 uM,
n=28, Q 10uM+Sq, n=34, Q 100 uM +Sq, n=35, Q 200 uM +Sq, n=21). Each point
represents a percentage value normalized to the untreated control (e n =47, f n=125). Horizontal
bars represent the mean (SD) from at least three independent experiments (***p <0.001 compared
to the untreated control; ###p <0.001 compared to e Q 100 uM alone or £ Sq 10 uM alone; Welch’s
ANOVA with Games—Howell post hoc test). Cell viability was measured by counting Hoechst

33342-labeled nuclei imaged using a fluorescence microscope.
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Figure 2.3. Sahaquine and quercetin are most effective in killing human brain cancer stem

cells

(a) Representative micrographs of BTSCs treated with temozolomide (100 uM, n =99), sahaquine
(10 uM, n=183) or quercetin (100 uM, n=264) for 7 days. (b) The surface area of neurospheres
was measured based on 2D micrographs from three independent experiments. Shown are average
values (SD) normalized to the untreated controls (set to 1, n=334) (***p<0.001, Welch’s

ANOVA with Games—Howell post hoc test).
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Figure 2.4. Sahaquine inhibits human glioblastoma cell migration and invasion

Cell migration was measured using the scratch assay, as schematically represented in (a).
Representative micrographs show migration of cells into the scratch (delineated by vertical black
bars) after treatment with temozolomide (100 uM, n=12), sahaquine (Sq, 10 uM, n=10),
quercetin (Q, 100 uM, n=12) or SAHA (10 uM, n=10), alone or in combination (Sq+ TMZ,
n=12; Sq+Q, n=12) for 24 h. Cytochalasin D (40 nM, n=13) served as a positive control. (b)
Cell migration was quantified as the area covered by migrating cells. Each point represents a value
normalized to the untreated control (set to 1, n=35). Horizontal bars represent the mean (SD) from
at least three independent experiments (*p <0.05, **p <0.01, ***p<0.001, Welch’s ANOVA
with Games—Howell post hoc test). (c) Cell invasion was measured from the radial movement of
cells from 3D tumoroids embedded in a collagen matrix, as schematically represented in the first
panel. Representative micrographs show cell movement from 3D tumoroids treated with
temozolomide (100 uM, n=7), sahaquine (Sq, 10 uM, n="7), quercetin (Q, 100 uM, n=10), or
SAHA (10 uM, n=5), alone or in combination (Sq+ TMZ, n=15; Sq+ Q, n=78) after 4 days. (d)
Cell invasion was quantified from the area covered by invading cells. Each point represents a value
normalized to the untreated control (set to 1, n=11). Horizontal bars represent the mean from at
least three independent experiments (***p <0.001, two-tailed one-way ANOVA with Tukey—

Kramer’s post hoc test).
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Figure 2.5. Sahaquine-mediated HDACG6 inhibition results in selective a-tubulin

hyperacetylation at nanomolar concentrations

(a) Representative fluorescence micrographs of GBM a-tubulin acetylation (green) at lysine 40 in
response to sahaquine (Sq, 100 nM, n= 121 cells), SAHA (100 nM, n=54 cells) or primaquine
(PQ, 10 uM, n = 30 cells) treatment for 24 h. (b) Representative fluorescence micrographs of GBM
histone H3 acetylation (red) at lysine 9/lysine 14 in response to sahaquine (Sq, 100 nM, n=120
cells), SAHA (100 nM, n =90 cells) or primaquine (PQ, 10 uM, n = 83 cells) for 24 h. Nuclei (blue)
were labeled with Hoechst 33342. Cells were imaged using a fluorescence microscope and
fluorescence was analyzed in Image]. Shown are averages of fluorescence per cell (SD)
normalized to the untreated controls (set to 1) from at least three independent experiments
(***p<0.001, Welch’s ANOVA with Games—Howell post hoc test). (c) Acetylated a-tubulin
(n=3) and (d) HDACS6 protein abundance (n =4) in GBM cells treated with temozolomide (TMZ,
100 uM), sahaquine (Sq, 10 uM) or quercetin (Q, 100 uM) alone or in combination for 24 h,
measured by Western blotting. Acetylated a-tubulin and HDAC6 were normalized to total a-
tubulin and actin, respectively. Each point represents a value normalized to the untreated control
(set to 1). Horizontal bars represent the mean from at least three independent experiments. (e)
Representative fluorescence micrographs of GBM a-tubulin acetylation (green) at lysine 40 in
response to temozolomide (TMZ, 100 uM, n=76 cells), sahaquine (Sq, 10 uM, n=56 cells),
quercetin (Q, 100 uM, n=32 cells) or SAHA (10 uM, n =136 cells) alone or in combination for
24 h. Nuclei (blue) were labeled with Hoechst 33342. (f) Shown are averages (SD) of fluorescence
per cell normalized to the untreated control (set to 1, n=197 cells) from at least three independent

experiments (***p <0.001, Welch’s ANOVA with Games—Howell post hoc test).
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Figure 2.6. Sahaquine reduces EGFR abundance and AKT/ERK1/2 phosphorylation in

human glioblastoma

(a) Representative fluorescence micrographs of human brain sections (GBM or healthy control)
labeled for HDAC6, EGFR, phosphorylated AKT (p-AKT), or dually phosphorylated ERK1/2 (p-
ERK1/2). Nuclei (blue) were labeled with Hoechst 33342. Cells were imaged using a fluorescence
microscope and fluorescence was analyzed in Imagel. (b) Horizontal bars represent averages of
fluorescence per cell (SD) for HDACG6 (control, n =181 cells, GBM, n =272 cells), EGFR (control,
n=94 cells, GBM, n=116 cells), p-AKT (control, n=115 cells, GBM, n=147 cells) and p-
ERK1/2 (control, n=35 cells, GBM, n= 104 cells). Each point represents a value normalized to
the healthy control (set to 1) (***p <0.001, Welch’s ANOVA with Games—Howell post hoc test).
(c) EGFR (TMZ, n=4, Sq, n=5, Q, n=5, Sq+TMZ, n=5, Sq+Q, n=5), (d) phosphorylated
AKT (n=3), and (e) phosphorylated ERK1/2 (TMZ, n=4, Sq, n=4, Q, n=4, Sq+TMZ, n=4,
Sq + Q, n=3) protein abundances were measured in GBM cells treated with temozolomide (TMZ,
100 uM), sahaquine (Sq, 10 uM), or quercetin (Q, 100 uM) alone or in combination for 24 h, by
Western blotting. EGFR protein abundance was normalized to the actin loading control.
Phosphorylated AKT and ERK1/2 were normalized to total AKT and total ERK1/2, respectively.
Each point represents a value normalized to the untreated control (set to 1). Horizontal bars

represent means from at least three independent experiments.

80



Pralain abundance

Protein abundance
{finld change of condrol)

o

Glioblastoma

Canirod

Protain aundance
(ficdd change of conkrod)

p-ERK1/2

Wk

b
7 iy :_,
-

P

_
el R LR L L

Acdin
e L 8§ 1 T &8
R EGFR/actin
. a
E -
5 -
1 —— — i
- T s =+ 2
t T

Proben abie
{fokd change of condrol
=
oh

]
PG M S = R
o b g-:ﬁ -:;ptg'

d & e & b
g & o o o
el ST T A T SEPSRPY- .
PAKT s p-ERK1/2
&0 kDa i = - v S22 k0 . ——
AKT ERK1/2 -
BGKDn . — e DS - -
Actin - Actin
47y —— T —————
5 p-AKTIAKT = p-ERK/ERK1/2
B 15 £ = 45
E & £ § .
=] 1| -— -+ E'E 1] - . & a
& o* 5 %5 . 4 °
g 05 + & § = °° y * T %
% ’ g _anl O EE o b & O 1 R
= = o = wh
5 o i 2 < A ot

Figure 2.6.



Figure 2.7. Proposed mechanism of action of sahaquine and quercetin in GBM
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Supplemental information

Chemistry

Melting points were measured on a Stuart Melting Point (SMP3) apparatus (Barloworld Scientific,
UK) in open capillaries and are uncorrected. IR spectra were recorded on FTIR Perkin Elmer
Paragon 500 and UV-Vis spectra on Lambda 20 double beam spectrophotometer (Perkin-Elmer,
Waltham, MA, USA). All NMR (1H and 13C) spectra were recorded at 25°C on NMR Avance
600 (Bruker, Rheinstetten, Germany) and Varian Inova 400 spectrometers (Varian, Palo-Alto, CA,
USA). Chemical shifts (8) are reported in parts per million (ppm) using tetramethylsilane as
reference in the 1H and the DMSO residual peak as reference in the 13C spectra (39.51 ppm).
Coupling constants (J) are reported in Hertz (Hz). Mass spectra were recorded on HPLC-MS/MS
(HPLC, Agilent Technologies 1200 Series; MS, Agilent Technologies 6410 Triple Quad, Santa
Clara, CA, USA). Mass determination was realized using electron spray ionization (ESI) in
positive mode. Elemental analyses were performed on a CHNS LECO analyzer (LECO
Corporation, St. Joseph, MI, USA). Primaquine was prepared from primaquine diphosphate
(Sigma Aldrich, St. Louis, MO, USA) prior the use. All reactions with primaquine were run light

protected.

Synthesis of sahaquine

Compound 2

Mono-methyl glutarate 1 (0.206 g,0.0014 mol, Sigma-Aldrich, St. Louis, MO, USA), HATU
(0.532 g, 0.0014 mol, Alfa Aesar, ThermoFisher, Kandel, Germany) and DIEA (0.362 g, 0.0028
mol, Alfa Aesar, ThermoFisher, Kandel, Germany) were dissolved and stirred in dichloromethane

at room temperature. After 10 min, a solution of primaquine (0.401 g, 0.0015 mol, Sigma-Aldrich)
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in dichloromethane was added. After 1h at room temperature, reaction mixture was evaporated
under reduced pressure, dissolved in ethyl acetate and washed three times with brine. The organic
layer was dried over sodium sulfate, filtered and evaporated under reduced pressure. The crude
product was purified by column chromatography (dichloromethane/methanol 95:5) and
crystallized from ether to give pure 2, yellow oil (0.439 g, 81%); IR: [Omax 3376, 3246, 3086,
2993,2961,2927,1736, 1632, 1612, 1574, 1520, 1458, 1423, 1386, 1219, 1203, 1172, 1161, 1052,
992, 817, 788, 751, 720, 676 cm—1; 1H NMR (300 MHz, DMSO) ¢ 8.53(d, J = 2.6, 1H), 8.07 (d,
J=8.2,1H), 7.78 (t,J =3, 1H), 7.43-7.41 (m, 1H), 6.47 (d,J = 2.2, 1H), 6.26 (d, ] =2.2, 1H), 6.11
(d, J=8.8, 1H), 3.82 (s, 3H), 3.64-3.60 (m, 1H), 3.57 (s, 3H), 3.05 (t, J = 6.0, 2H), 2.27 (t, J = 3.0,
2H), 2.07 (t, J = 7.3, 2H), 1.74-1.69 (m, 2H), 1.67-1.62, 1.54-1.44 (2m, 4H), 1.21(d, J = 6.2, 3H;
13C NMR (75 MHz, DMSO) 6 173.00, 171.18, 158.98, 144.60, 144.20, 134.76, 134.50, 129.55,
122.05, 96.08, 91.59, 54.95, 51.14, 46.97, 38.36, 34.28, 33.40, 32.64, 25.93, 20.62, 20.17; MS/MS
(m/z): [M]+ caled. for C21H29N304, 388.22; found, 388.3; analysis (calcd., found for

C21H29N304): C (65.09, 65.35), H (7.54, (7.33), N (10.84, 10.99).

Compound 3

Lithium hydroxide monohydrate (0.126 g, 0.003 mol, Sigma-Aldrich, St. Louis, MO, USA) and
ester 2 (0.323 g, 0.0006 mol) were stirred in a mixture of water and methanol for 1 h at room
temperature. Methanol was evaporated under reduced pressure and the aqueous residue was
neutralized with 10%-HCI and extracted three times with dichloromethane. The organic layer was
dried over sodium sulfate, filtered and evaporated under reduced pressure. The crude product was
crystallized from ether to give crude product 3 (0.186 g, 88%); pale yellow solid; mp 95-96 [1C;
IR: Omax 3453, 3324, 2933, 1720, 1643, 1613, 1580, 1524, 1386, 1227, 1204, 1161, 1139, 1058,
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822,786,675 cm—1; 1HNMR (300 MHz, DMSO) 6 12.00 (s, 1H), 8.55-8.53 (dd, ] =4.2, 1.6, 1H),
8.10-8.07 (dd, J =8.3, 1.5, 1H), 7.80(t, ] = 5.4, 1H), 7.45-7.41 (m, 1H), 6.48 (d, J =2.4, 1H), 6.27
(d,J=2.4,1H), 6.13 (d, J =8.7, 1H), 3.83 (s, 3H), 3.69-3.55 (m, 1H), 3.09-3.05 (m, 2H), 2.20 (t,
J=7.4,2H),2.08 (t, ] = 7.4, 2H), 1.75-1.43 (m, 6H), 1.21 (d, J = 6.3, 3H); 13C NMR (75 MHz,
DMSO) 6 147.15, 171.36, 159.00, 144.63, 144.23, 134.79, 134.53, 129.57, 122.09, 96.11, 91.60,
54.97, 46.98, 38.38, 34.46, 33.41, 33.04, 25.97, 20.71, 20.19; MS/MS (m/z): [M]+ calcd. for
C20H27N304, 374.2; found, 374.2; analysis (calcd., found for C20H27N304): C (64.32, 64.21),

H (7.29, 7.15), N (11.25, 11.48).

Compound 4

Solution of carboxylic acid 3 (0.224 g, 0.0006 mol), HATU (0.228 g, 0.0006 mol) and DIEA
(0.155 g, 0.0012 mol) was stirred in dichloromethane at room temperature. After 10 min, O-
benzylhydroxylamine hydrochloride (0.112 g, 0.0007 mol, Sigma-Aldrich, St. Louis, MO, USA)
and triethylamine (0.071 g, 0.0007 mol, Sigma-Aldrich, St. Louis, MO, USA) were added. The
reaction mixture was stirred for 2 h at room temperature, evaporated under reduced pressure,
dissolved in ethyl acetate and washed three times with brine. The organic layer was dried over
sodium sulfate, filtered and evaporated under reduced pressure. The crude product was purified by
column chromatography (dichloromethane/methanol 95:5) and crystallized from ether/petroleum
ether to give pure 4 (0.144 g, 50%); pale yellow solid; mp 8485 [1C; IR: [Imax 3367, 3325, 3187,
2960, 2931,2857,1738,1677,1634, 1614, 1518, 1455, 1387, 1219, 1203, 1170, 1157, 1052, 1033,
821, 790, 740, 696, 676 cm—1; 1H NMR (300 MHz, DMSO) 6 10.95 (s, 1H), 8.54-8.53 (dd, J =
4.1, 1.5, 1H), 8.09-8.06 (dd, J = 8.3, 1.4, 1H), 7.78 (t, J = 5.4, 1H), 7.44-7.33 (m, 6H), 6.47 (d, ] =
2.4, 1H), 6.26 (d,J=2.3, 1H), 6.13 (d, J = 8.8, 1H), 4.77 (s, 2H), 3.82 (s, 3H), 3.62-3.56 (m, 1H),
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3.08-3.04 (m, 2H), 2.04 (t, ] = 7.4, 2H), 1.95 (t, ] = 7.3, 2H), 1.74-1.43 (m, 6H), 1.20 (d, J = 6.2,
3H); 13C NMR (75 MHz, DMSO) & 171.32, 169.03, 159.00, 144.62, 144.23, 136.09, 134.79,
134.52, 129.57, 128.72, 128.26, 128.16, 122.09, 96.10, 91.59, 76.77, 54.97, 46.98, 38.41, 34.57,
33.43, 31.70, 25.99, 21.21, 20.19; MS/MS (m/z): [M]+ calcd. for C27H34N40, 479.26; found

479.3; analysis (caled., found for C27H34N40): C (67.76, 67.59), H (7.16, 6.98), N (11.71, 12.04).

Compound 5 (sahaquine)

Suspension of O-benzylhydroxamic acid 4 (0,129 g, 0.00027 mol) and 20 mg 10% Pd/C (Sigma-
Aldrich, St. Louis, MO, USA) in methanol was stirred for 2 h at room temperature under hydrogen
atmosphere. The catalyst was filtered off and methanol was evaporated under reduced pressure.
The crude product was crystallized from ether to give pure 5 (0.077g, 73%); pale yellow solid; mp
99-102 [UC; IR: [max 3468, 3375, 3283, 3210, 3008, 2963, 2933, 1744, 1645, 1613, 1520, 1455,
1386, 1204, 1171, 1158, 1056, 821, 789, 677 cm—1; 1H NMR (300 MHz, DMSO) 6 10.32 (s, 1H),
8.63 (s, 1H), 8.55-8.52 (dd, J=4.2, 1.6, 1H), 8.09-8.05 (dd, ] = 8.3, 1.6, 1H), 7.76 (t, ] = 5.3, 1H),
7.45-7.39 (m, 1H), 6.47 (d, J = 2.4, 1H), 6.26 (d, J = 2.4, 1H), 6.11 (d, J = 8.7, 1H), 3.82 (s, 3H),
3.68-3.56 (m, 1H), 3.05 (d, J =5.6,2H), 2.04 (t,J=7.4,2H), 1.94 (t,J = 7.4, 2H), 1.76-1.57, 1.57-
1.40 (2m, 6H), 1.21 (d, J = 6.3, 3H); 13C NMR (75 MHz, DMSO) & 171.37, 168.74, 158.98,
144.60, 144.20, 134.75, 134.50, 129.54, 122.05, 96.08, 91.61, 54.95, 46.98, 38.39, 34.73, 33.43,
31.75, 25.95, 21.42, 20.17; MS/MS (m/z): [M]+ calcd. for C20H28N404, 389.21; found 389.2;

analysis (calcd., found for C20H28N404): C (61.84, 61.69), H (7.27, 7.03), N (14.42, 14.77).
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Supplementary Table 2.1. Structures of sahaquine precursors with basic physicochemical
properties, calculated with the Chemicalize.org program (Instant Cheminformatics Solutions.

Available online: http://www.chemicalize.org/ (accessed on October 10th, 2017)).
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Structure IUPAC name Molecular | logP pl
mass
o~ methyl 5-((4-((6- 387.48 1.88 9.80
methoxyquinolin-8-
| NH ; yl)amino)pentyl)amino)-
N MNMO“ 5-oxopentanoate
(o] (o]
o~ 5-((4-((6- 373.45 1.29 4.19
methoxyquinolin-8-
| NH ; yl)amino)pentyl)amino)-
N AN OH 5-oxopentanoic acid
Y
N'-(benzyloxy)-N°-(4- 478.58 3.02 6.18

((6-methoxyquinolin-8-
yl)amino)pentyl)glutara
mide

Table S2.1.
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Supplementary Figure 2.1. Spectra confirming the structure of sahaquine

(a) Annotated structure of sahaquine. (b) Mass spectra (MS) showing only one peak corresponding
to [M+1]. MS was recorded on HPLC-MS/MS. Mass determination was performed using electron
spray ionization (ESI) in positive mode. (c) 1H and (d) 13C NMR spectra with marked peaks. All
NMR (1H and 13C) spectra were recorded at 25°C at 300, 400 and 600 MHz for 1H and 75, 100
and 150 MHz for 13C nuclei, respectively. Chemical shifts (8) are reported in parts per million
(ppm) using tetramethylsilane as reference in the 1H and the DMSO residual peak as reference in

the 13C spectra (39.51 ppm).
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Supplementary Figure 2.2. Time-dependent decrease in cell viability with temozolomide

combination treatments

GBM cells were treated for 24h or 72h with the combination of temozolomide (TMZ, 30 uM, 24
h n=21, 72 h n=22) and sahaquine (Sq, 10 uM, 24 h n=15, 72 h n=21; Sq+TMZ, 24 hn=21,72 h
n=21), quercetin (Q, 140 uM, 24 hn=21, 72 h n=22; Q+TMZ, 24 hn=21, 72 h n=21) or SAHA (1
uM, 24 h n=21, 72 h n=26; SAHA+TMZ, 24 h n=21, 72 h n=21) at IC50 concentrations. Cell
viability was measured by counting Hoechst 33342-labeled nuclei imaged using a fluorescence
microscope. Each point represents a percentage value normalized to the untreated control (24 h
n=39, 72 h n=12). Horizontal bars represent the mean (SD) from at least three independent
experiments (***p<0.001 compared to the untreated control; ##p<0.01, ###p<0.001 compared to

TMZ; Welch’s ANOVA with Games-Howell post hoc test).
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Supplementary Figure 2.3. Cytotoxic effects of selected drugs on human glioblastoma

tumoroids

(a) Representative micrographs of GBM tumoroids exposed to temozolomide (TMZ, 100 puM,
n=13), sahaquine (Sq, 10 uM, n=13) or quercetin (Q, 100 uM, n=17) for 7 days. (b) The size of
the tumoroids was measured based on 2D micrographs. Each point represents a value normalized
to the untreated control (set to 1, n=19). Horizontal bars represent the mean (SD) from at least
three independent experiments (***p<0.001, one-way ANOVA with Tukey-Kramer’s post hoc

test).
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Supplementary Figure 2.4. The effect of select chemotherapeutic agents on the abundance of

secreted MMP-2 and MMP-9 from human glioblastoma

Gelatin zymography of culture media from GBM cells treated with (a) temozolomide (TMZ, 100,
300, 500 uM), (b) sahaquine (Sq, 1, 10, 25 uM) or (c) quercetin (Q, 25, 50, 100 uM) for 24h. (d)
Quantification of MMP-9 and MMP-2 from gelatin zymographs (TMZ, 100 uM, n=5; Sq, 10 uM,
n=5; Q, 100 uM, n=3). Each point represents a value normalized to the untreated control (set to 1,

n=7). Horizontal bars represent the mean from at least three independent experiments.

96



a Temozolomide b Sahaquine

0 100 300 500 0 10 25 50
100 kDa » 100 kDa P
75 kDa p 75 kDa »
50 kDa » 50 kDa b
C Quercetin — d ® MMP-9 O MMP-2
0 25 50 100 oS 15
c
e 0 © Py
v Y
100kDa p gs 1 |we o o
75 kDa p w2 05 o -
o .:C“ . o0 o .%
50 kDa b £° o
g 0 S
= O ©
&S
Figure S2.4.

97



Supplementary Figure 2.5. Sahaquine inhibits P-glycoprotein activity

The intracellular accumulation of the P-glycoprotein substrate calcein-AM was measured in GBM
cells treated with sahaquine (Sq, 10 uM, n=176 cells), primaquine (PQ, 10 uM n=182 cells, 60
uM n=218 cells) and SAHA (10 uM, n=192 cells) for 24h. Cyclosporine A (10 uM, 30 min, n=172
cells) was included as a positive control for the inhibition of P-glycoprotein. Cells were imaged
using a fluorescence microscope and fluorescence was analyzed in ImageJ. Each point represents
a value normalized to the untreated control (set to 1, n=310 cells). Horizontal bars represent the
mean (SD) for control (1.00+0.24), Sq (1.28+0.27), PQ 10 uM (0.99+0.22), PQ 60 uM (1.35+0.29),
SAHA (1.16+£0.33) and cyclosporine A (1.29+0.28), from three independent experiments

(***p<0.001, Welch’s ANOVA with Games-Howell post hoc test).
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Supplementary Figure 2.6. Selective HDAC6 inhibition with ACY-1215 and sahaquine-

induced a-tubulin reorganization

Representative fluorescence micrographs of GBM a) a-tubulin acetylation (green) at lysine 40 and
histone H3 acetylation (red) at lysine 9/lysine 14 in response to HDAC6-selective inhibitor ACY-
1215 (100 nM) for 24h. b-c) Shown are means (SD) of fluorescence per cell for acetylated o-
tubulin (n=32 cells) and acetylated histone H3 (n=110 cells) after treatment with ACY-1215 (100
nM) for 24h. Each point represents a value normalized to the untreated control (set to 1; acetylated
a-tubulin n=197 cells; acetylated histone H3 n=158 cells) from at least three independent
experiments (*p<0.05, ***p<0.001, Welch’s ANOVA with Games-Howell post hoc test). Nuclei
(blue) were labeled with Hoechst 33342. Cells were imaged using a fluorescence microscope and

fluorescence was analyzed in ImagelJ.
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Supplementary Figure 2.7. Sahaquine-induced a-tubulin reorganization

Representative fluorescence micrographs of GBM a-tubulin (red) reorganization in response to Sq
(10 uM) after 24h treatment. Nuclei (blue) were labeled with Hoechst 33342. Cells were imaged
using a fluorescence microscope. Inserts show the microtubule organizing center, where a-tubulin

reorganization is observed.
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Supplementary Figure 2.8. Sahaquine and quercetin decrease the abundance of

Hsp70/Hsc70 in human glioblastoma

The abundance of heat shock proteins Hsp70 and Hsc70 was measured in GBM cells treated with
temozolomide (TMZ, 100 uM), sahaquine (Sq, 10 pM) or quercetin (Q, 100 pM) alone or in
combination for 24h, by Western blotting (n=4). Hsp70/Hsc70 protein abundance was normalized
to the actin loading control. Each point represents a value normalized to the untreated control (set

to 1). Horizontal bars represent means from four independent experiments.
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Supplementary Figure 2.9. Buthionine sulfoximine enhances the cell Kkilling effect of

sahaquine in GBM

GBM cell viability following treatment with sahaquine (Sq, 10 uM, 24 h n=15, 72 h n=30),
buthionine sulfoximine (BSO, 100 uM, 24 h n=32, 72 h n=18) or combination of sahaquine and
buthionine sulfoximine (Sq + BSO, 24 h n=35, 72 h n=27) for 24h or 72h. Cell viability was
measured by counting Hoechst 33342-labeled nuclei imaged using a fluorescence microscope.
Shown are the average percentage cell viability (SD). Each point represents a value normalized to
the untreated control (24 h n=33, 72 h n=18) from three independent experiments (***p<0.001,

Welch’s ANOVA with Games-Howell post hoc test).
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Connecting Text

Glioblastoma multiforme is heterogeneous and can adapt to stressful stimuli, which is why
combination treatments are crucial to overcome treatment resistance. In Chapter 2, we explored
the effectiveness of the HDACG6 inhibitor sahaquine in monotherapy as well as in combination
with the natural compound quercetin. Although natural compounds are attractive for
heterogeneous tumors because of their multiple mechanisms of action and safe profile, they are

often limited by their pharmacokinetic properties.

In Chapter 3, we investigated the role of lipid droplets in sequestering curcumin, a natural
compound with promising anti-cancer properties. Lipid droplets are upregulated in glioblastoma
(astrocytoma) compared to normal astrocytes and play an important role in supporting tumor
growth and resistance. We show that the pharmacological inhibition of lipid droplet formation in
glioblastoma increases cancer cell killing by curcumin. Using a dimerization-dependent biosensor
for caspase-3 activity, we also shed light onto the mechanism of cell death induced by curcumin,

as compared to that of the clinical standard temozolomide.

The results in Chapter 3 point to the importance of taking organellar adaptation into
account when considering combination treatments for cancer. Lipid droplets are particularly
interesting given their roles at the nexus of cell metabolism and inflammation, two key aspects in
the glioblastoma microenvironment. In addition to these results published in the European Journal
of Pharmaceutics and Biopharmaceutics, follow-up studies on the modulation of microglia and
astrocytes activation in the tumor microenvironment using dendrimeric nanostructures are

presented in Chapter 4.
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Chapter 3. Pharmacological inhibition of lipid droplet formation enhances the effectiveness

of curcumin in glioblastoma.

Zhang I, Cui Y, Amiri A, Ding Y, Campbell RE, Maysinger D. Eur J Pharm Biopharm. 2016;

100:66-76.
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Abstract

Increased lipid droplet number and fatty acid synthesis allow glioblastoma multiforme, the most
common and aggressive type of brain cancer, to withstand accelerated metabolic rates and resist
therapeutic treatments. Lipid droplets are postulated to sequester hydrophobic therapeutic agents,
thereby reducing drug effectiveness. We hypothesized that the inhibition of lipid droplet
accumulation in glioblastoma cells using pyrrolidine-2, a cytoplasmic phospholipase A2 alpha
inhibitor, can sensitize cancer cells to the killing effect of curcumin, a promising anticancer agent
isolated from the turmeric spice. We observed that curcumin localized in the lipid droplets of
human U25IN glioblastoma cells. Reduction of lipid droplet number using pyrrolidine-2
drastically enhanced the therapeutic effect of curcumin in both 2D and 3D glioblastoma cell
models. The mode of cell death involved was found to be mediated by caspase-3. Comparatively,
the current clinical chemotherapeutic standard, temozolomide, was significantly less effective in
inducing glioblastoma cell death. Together, our results suggest that the inhibition of lipid droplet
accumulation is an effective way to enhance the chemotherapeutic effect of curcumin against

glioblastoma multiforme.
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Introduction

In cancers such as glioblastoma multiforme, enhanced fatty acid storage and synthesis provide the
necessary resources for survival and rapid proliferation (K. Gupta et al., 2011). Although otherwise
highly heterogeneous, most cancer types present a lipogenic phenotype characterized by the
upregulation of key enzymes and transcriptional factors controlling lipid metabolism (e.g. Akt,
fatty acid synthase, hypoxia-inducible factor 1-alpha, sterol regulatory element binding proteins,
acetyl-CoA carboxylase alpha), and a boost in de novo lipogenesis (Baenke et al., 2013; Boroughs
& DeBerardinis, 2015; Francis P. Kuhajda, 2006; Menendez & Lupu, 2007). In solid malignancies,
the hypoxic conditions found at the core of the tumors induce adaptive pathways aimed at
maintaining lipid synthesis, homeostatic pH and cell survival (Kamphorst et al., 2013). The
resulting metabolic changes correlate with poor prognosis, poor treatment response and recurrence
in diseases such as breast, liver and brain cancer (F. P. Kuhajda et al., 1994; Patterson et al., 2011;
Prasanna et al., 1996; Renehan et al., 2015). Emerging therapeutic approaches have thus targeted
lipid synthesis to counter the effects of metabolic reprogramming in cancer cells (Sounni et al.,

2014; Umemura et al., 2014).

Aside from their increased de novo fatty acid synthesis, cancer cells are also characterized
by their increased number of lipid droplets compared to normal tissues (Santos & Schulze, 2012;
Swinnen et al., 2006). Lipid droplets are dynamic organelles that support cells with metabolic fuel,
membrane biosynthesis, inflammatory intermediates and signaling mediators (Barbosa et al., 2015;
Gross & Silver, 2014; Hashemi & Goodman, 2015). Although they can be found in almost all cell
types, their increased biogenesis in neoplastic and inflammatory conditions defines them as targets
for therapeutic intervention (Accioly et al., 2008). Aside from fueling the accelerated metabolism

of cancer cells, lipid droplets also harbor numerous proteins and transcription factors critical to
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lipid metabolism and related pathways (Welte, 2015). The hydrophobic core found in lipid droplets
provides a favorable compartment to attract and sequester lipophilic proteins and compounds, fat-
soluble vitamins, and even environmental pollutants (Thiam et al., 2013). As such, lipid droplets
can sequester lipophilic drugs and prevent them from reaching their targets, thus decreasing drug
effectiveness (Lagoutte et al., 2008; Rak et al., 2014). Therefore, it seems that inhibition by
pharmacological or genetic means of enzymes necessary for lipid droplet formation could provide
a way to reduce drug sequestration and improve drug effects. We tested this concept in
glioblastoma cells treated with curcumin in combination with pyrrolidine-2, and inhibitor of
cytosolic phospholipase A2 alpha (cPLA2a). Curcumin, a plant-derived polyphenol isolated from
the turmeric spice, has been shown to be a safe, potent and effective anticancer agent both in vitro
and in vivo (S. C. Gupta et al., 2013). It was found to affect multiple targets, leading to the
inhibition of inflammation and cell proliferation (J.-K. Lin, 2007). Curcumin has a broad range of
effects that are advantageous against multifactorial diseases such as cancer, and clinical trials have
suggested biological activity in patients with colorectal and pancreatic cancer (Cheng et al., 2001;
Dhillon et al., 2008). Despite being well-tolerated in humans, its poor bioavailability has limited
prospects of broader clinical applications (Anand et al., 2007; Dhillon et al., 2008). Given its
lipophilic properties, curcumin has been found to localize in lipid membranes and lipid droplets,
thereby decreasing its availability at drug targets. Pyrrolidine-2, also known as pyrrophenone, is a
potent and reversible inhibitor of cPLA2a, a key enzyme in the processes of arachidonic acid
release, eicosanoid synthesis and lipid droplet formation (Gubern et al., 2008; Ono et al., 2002a).
We hypothesize that pre-treatment of cancer cells with pyrrolidine-2 will enhance the cell killing

effect of curcumin by reducing its sequestration in lipid droplets.
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Glioblastoma multiforme is a highly aggressive and drug-resistant type of brain cancer
which currently lacks effective treatments (Cohen & Colman, 2015; Cuddapah et al., 2014).
Temozolomide, a DNA methylating agent, is the first-line drug used in concomitant and adjuvant
radiochemotherapy against glioblastoma (Petrecca et al., 2013; Stupp et al., 2005; Weller et al.,
2013). However, a large subset of patients is resistant to temozolomide due to the expression of
the O6-methylguanine-DNA methyltransferase gene (MGMT), a DNA repair protein, and there is
an urgent need for alternative mono- and combination therapies (Hegi et al., 2005¢c). We have
investigated the susceptibility of human glioblastoma monolayer (2D) and spheroid (3D) cultures
to curcumin and temozolomide used either individually or in combination with pyrrolidine-2. We
also compared the effect of pyrrolidine-2 to that of buthionine sulfoximine (BSO), an irreversible
inhibitor of gamma-glutamylcysteine synthetase, the rate-limiting enzyme in glutathione synthesis,
found to be effective as a sensitizing agent in patient-derived neuroblastoma cell lines (Anderson

& Reynolds, 2002; Griffith, 1982).

We further monitored the mode of cell death induced by these treatments using a newly
developed, dimerization-based biosensor which provides a highly sensitive method to visualize
and quantify caspase-dependent apoptotic activity in living cells (Ding et al., 2015). The cysteine
protease caspase-3 is a main executioner caspase in the process of caspase-dependent apoptosis
(Brown & Attardi, 2005; Kroemer et al., 2009). It was shown to be strongly activated in response
to curcumin treatment in different cell lines (Anto et al., 2002; Gogada et al., 2011; Sikora et al.,
2006). By investigating the activity of caspase-3 in cancer cells in response to chemotherapeutics

and sensitizers, we can reveal drug efficacy and underlying mechanisms of cell death.

The objective of these studies was to investigate the sensitization of human glioblastoma

cells in 2D and 3D cultures to caspase-3-mediated cell death induced by curcumin. We used the
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pharmacological agent pyrrolidine-2 to manipulate lipid droplet number in glioblastoma cells and
assessed caspase-3 activity in living cells using a recently developed biosensor. The results
indicate a significant increase in caspase-3-mediated cell death induced by curcumin when lipid

droplet formation is reduced.
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Materials and methods

Materials

Curcumin (Sigma—Aldrich, Canada), pyrrolidine-2 (Calbiochem, United States), temozolomide
(Sigma—Aldrich, Canada), buthionine sulfoximine (Sigma—Aldrich, Canada), staurosporine
(Sigma—Aldrich, Canada), dimethyl sulfoxide (Sigma—Aldrich, Canada), Nile Red (Sigma—
Aldrich, Canada), paraformaldehyde (Sigma—Aldrich, Canada), BODIPY 493/503 (Invitrogen,
Canada), Hoechst 33342 (Sigma—Aldrich, Canada) and propidium iodide (Sigma—Aldrich, Canada)

were used as received.

Cell culture

The U251N human glioblastoma cell line was originally obtained from the American Type Culture
Collection. Unless otherwise specified, U251N cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Invitrogen, Canada) containing 10% (v/v) fetal bovine serum (Invitrogen,
Canada), 2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin (Invitrogen, Canada),

and 1% non-essential amino acids. Cells were incubated at 37 °C with 5% CO2.

Spheroid preparation

Spheroid cultures were prepared using a protocol adapted from the previously established liquid
overlay system: confluent U251N monolayer cell cultures were detached using 0.05% trypsin—
EDTA (Invitrogen, Canada), and seeded at 5,000 cells per well in 96-well plates pre-coated with

2% agarose (Invitrogen, Canada) in serum-deprived DMEM (Dhanikula et al., 2008). Spheroids
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were seeded and maintained in complete DMEM medium for four days before drug treatments.
Spheroids expressing the caspase-3 biosensor were prepared following the same method, using

transfected cells.

Cell treatment

Confluent monolayer cell cultures were detached using 0.05% trypsin—EDTA, seeded in 24-well
or 96-well cell culture plates (Sarstedt, Canada) at 50,000 or 10,000 cells per well, respectively,
and treated after 24 h. For 24 h dose-response experiments, drugs were administered in the
following concentrations: curcumin (Cur; 5-100 uM); pyrrolidine-2 (Pyr-2; 1-5 uM). For 72 h
dose—response experiments, curcumin was added at concentrations 5-30 uM. For pyrrolidine-2 (3
puM) and buthionine sulfoximine (BSO; 5 mM) pre-treatments, cells were treated for 24 h, after
which the medium was refreshed. To establish the time course of drug effects in spheroid cultures,
treatments were maintained for 24 h or 72 h. BSO stocks (200 mM) were prepared fresh in purified
water. Stock solutions of temozolomide, curcumin, staurosporine and pyrrolidine-2 were prepared
in dimethyl sulfoxide (DMSO), and added to cells for a final DMSO concentration <0.5%. Vehicle

controls were included in each experiment.

Lipid droplet labeling, imaging and quantification

After treatment with curcumin (10-30 uM) for 24 h, the media were refreshed, and cells were
incubated with Nile Red (2 uM; 10 min). Nile red is a commonly used fluorescent label for lipid
droplets (Greenspan et al., 1985; Melo et al., 2011), but it can also bind to hydrophobic protein

domains and be employed to probe hydrophobic pockets in purified native proteins (Sackett &
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Wolft, 1987). Labeled cells were washed with phosphate buffered saline (PBS), and imaged using
a fluorescence microscope (Leica, Canada). To quantify the number of lipid droplets per cell,
U251N cells were fixed with paraformaldehyde (4%; 15 min) following treatment, labeled with

BODIPY 493/503 (2 uM; 10 min), and then imaged using a fluorescence microscope.

Hoechst 33342 and propidium iodide labeling

In monolayer cultures, the culture medium was removed following treatment, and cells were fixed
with paraformaldehyde (4%; 15 min). Cells were stained with Hoechst 33342 (10 uM; 10 min),
and then washed and kept in PBS. Cell imaging was conducted using an automated microscopy
platform (Operetta High Content Imaging System; Perkin Elmer, United States). Image analysis
and cell counting were performed using the Columbus Image Data Storage and Analysis platform
(Perkin Elmer, United States). In spheroid cultures, propidium iodide and Hoechst 33342
fluorescent dyes were added 3 h prior to measurements. At the end of treatment, individual
spheroids were carefully transferred onto a microscope slide using a pipette, and flattened under a
glass coverslip to facilitate imaging. Imaging was conducted using a fluorescence microscope, and

fluorescence intensity was quantified using Imagel.

Biosensor construction

The caspase-3 biosensor consists of two parts (Fig. 3). Plasmid 1 encodes the green dimerization-
dependent fluorescent protein (GA) linked with a nuclear exclusion signal sequence (NES;
LALKLAGLDIGS)(Alford et al., 2012; Wen et al., 1995), the caspase-3 substrate sequence

(DEVD)(Xu et al., 1998), and a partner protein (B) linked to a nuclear localization signal (NLS;
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DPKKKRKVDPKKKRKVDPKKKRKV)(Moreland et al., 1985). Plasmid 2 encodes the
dimerization-dependent red fluorescent protein (RA) linked with a NLS. Expression and
purification of constructs 1 and 2 were performed according to procedures previously described in

detail (Ding et al., 2015). Details of the plasmid constructs are found in Table 1.

Plasmid preparation and transfection

Stocks of the caspase-3 biosensor plasmids (kindly provided by Dr. Robert E. Campbell,
University of Alberta, Canada) were prepared in a-Select Escherichia coli (Bioline, United States)
using a Miniprep Kit (Qiagen, Canada). DNA concentration was adjusted to 1 pg/ul in purified
water, and plasmids were stored at -20 °C. For transfection, U251N cells were seeded in black 96-
well plates (Corning, United States) at a density of 10,000 cells per well, and cultured for 24 h.
Transfection was conducted in the absence of antibiotics, using Lipofectamine 2000 (Invitrogen,
Canada), following the procedure recommended by the manufacturer. The transfection complexes
were kept for 24 h, after which the medium was replaced by complete medium, and cells were

treated.

Live cell imaging of the caspase-3 biosensor

Monolayer cells seeded in black 96-well cell culture plates were transfected with the biosensor,
and treated for 24 h. Following treatment, cells were imaged using the Operetta High Content
Imaging System to analyze green (eGFP) and red (Alexa 594) signals. Caspase-3 activity was
quantified as the number of cells with red nuclei, and expressed as a percentage of total transfected

cells (expressing green or red fluorescence). The absence of caspase-3 activity was quantified from
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the number of cells with green cytoplasm, and expressed in the same manner. Eleven fields were
analyzed per well, with six wells per treatment group. Negative controls were non-transfected cells
in the presence or absence of drugs. Following treatment, transfected spheroids were transferred
onto microscope slides, flattened under glass coverslips, and imaged using a fluorescence
microscope. Full spheroids were imaged and the number of cells with green fluorescence in the

cytoplasm or red fluorescence in the nucleus was counted.

Statistical analysis

Each experiment was independently performed at least two or three times. Each treatment was
performed in three samples (24-well plates) or six samples (96-well plates). All data are expressed
as mean = SEM values. Statistical significance was calculated using one-way ANOVA, followed

by the Student’s t-test. For multiple comparisons, Bonferroni corrections were applied.
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Results

Curcumin is sequestered in lipid droplets

Due to its fluorescent properties, curcumin’s intracellular localization can be visualized using a
fluorescence microscope (488/509 nm). After treating U251N glioblastoma cells with curcumin
(10 um) for 4 h, green fluorescence was found diffused throughout the cells, located at cell
membranes, and concentrated in numerous punctate in the cytoplasm (Fig. 1A). Staining of
curcumin-treated cells with Nile Red, a lipophilic stain for intracellular lipids, showed that
curcumin co-localized with membrane lipids and lipid droplets. Given the importance of lipid
droplets for cancer cells, we then employed pyrrolidine-2, an inhibitor of cPLA2a, to reduce lipid
droplet number in glioblastoma cells. U25IN cells normally contain lipid droplets and their
number can be reduced using inhibitors of lipid droplet formation, or increased using fatty acids
such as oleic acid (Fig. S1). Pyrrolidine-2 treatment (3 uM; 24 h) reduced lipid droplet number to
52 £ 5.7% of untreated control levels (Fig. 1C). Lipid droplet number in cells treated with both
curcumin and pyrrolidine-2 was higher (82.3 + 16.0%) than that of cells treated with pyrrolidine-

2 alone.

Pyrrolidine-2 potentiates the cell killing effect of curcumin

We postulated that U251N glioblastoma cells would be more susceptible to the therapeutic effects
of curcumin following the reduction of lipid droplet number by pyrrolidine-2. Cell viability
measured by counting cell nuclei labeled with Hoechst 33342 showed that 25 uM of curcumin
decreased cell number to 53.8 + 2.8% after 24 h of treatment (Fig. 2A and B). In turn, pyrrolidine-

2 alone did not induce any significant decrease in cell viability up to 4 uM (Fig. 2C). Pre-treatment
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of U251N cells with pyrrolidine-2 potentiated the cell killing effect of curcumin. Notably, pre-
treatment with pyrrolidine-2 (24 h) virtually abolished glioblastoma viability when followed by
curcumin treatment (72 h) at concentrations above 20 uM (Fig. 2B). In comparison, pyrrolidine-2
modestly increased the effectiveness of temozolomide, which was included as a clinically relevant
comparator (Fig. S2). The effect of pyrrolidine-2 as a sensitizer was compared to that of BSO.
Although pre-treatment with BSO increased cell death at lower concentrations of curcumin, it did

not substantially increase cell death at higher concentrations (Fig. S3).

Cell death induced by curcumin and pyrrolidine-2 is mediated by caspase-3

To investigate the mode of cell death induced by curcumin and pyrrolidine-2, we employed a
newly developed biosensor for caspase-3 activation. This construct offers a highly sensitive
method to detect caspase-3-mediated apoptosis in live cells. In the absence of caspase-3 activity,
cells expressing the biosensor display green fluorescence in the cytoplasm. Following the
activation of caspase-3, green fluorescence fades and red fluorescence increases in the cell nucleus.
Thus, caspase-3 activity can be quantified by counting the number of cells with red fluorescence
as a proportion of total transfected cells expressing either green or red fluorescence. Experiments
showed that even under control conditions, a small proportion of cells (13.2 + 1.4%) display
caspase-3 activity. In turn, the positive control staurosporine, a potent activator of caspase-3,

significantly increased the proportion of cells with a red nucleus (Fig. 3D).

To compare the mode of cell death induced by curcumin and pyrrolidine-2-sensitized
curcumin treatments, U251N cells transfected with the caspase-3 biosensor were treated with

mono- and combination therapies for 24 h. The results showed that although temozolomide,
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curcumin and pyrrolidine-2-sensitized treatments all significantly reduced cell viability in U251N
cells, only curcumin (alone or in combination) significantly induced caspase-3-mediated cell death

(Fig. 4B and C).

Curcumin and pyrrolidine-2 are effective in glioblastoma spheroids

To further investigate the effectiveness of curcumin and pyrrolidine-2, we used glioblastoma
spheroids cultures, which more closely represent brain tumors found in vivo. Following the
preparation of U251N spheroids using cells transfected with the caspase-3 biosensor, spheroids
were treated at drug concentrations found to be effective in monolayer experiments. Due to their
3D structure, spheroids were “squashed” between two glass surfaces in order to disperse the cells
and facilitate their imaging (Fig. 5A). Both curcumin and curcumin combined with pyrrolidine-2
induced a time-dependent increase in caspase-3 activity. In contrast, cytotoxic concentrations of

temozolomide did not induce caspase-3 activity, even after 72 h (Fig. 5B and C).

To relate caspase-3 activity to overall cell viability, we used Hoechst 33342 and propidium
iodide labeling to examine the importance of necrotic cell death (Fig. 6). The results showed that
a time-dependent increase in necrotic cell death was seen in response to temozolomide, curcumin
and curcumin combined with pyrrolodine-2. Yet, the most dramatic increase was seen with the
combination treatment, where the rate of necrotic cell death almost doubled from 24 h to 72 h of

treatment (Fig. 6B and C).
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Discussion

In the nervous system, the presence of lipid droplets in neurons is minimal, and is most noticeable
in glia cells under physiological conditions. In many models of neurodegeneration, the excessive
accumulation of lipid droplets in glial cells is a hallmark of disease and is linked to mitochondrial
dysfunction (Welte, 2015). In glioblastoma multiforme, the accumulation of lipid droplets serves
to fuel tumor growth and resist therapeutic treatments. Aside from providing energy to resist stress
induced by chemotherapeutic drugs, it appears that lipid droplets can also directly decrease the
amount of drugs available at targets by sequestering them inside the core of the lipid droplets. We
hypothesized that the pharmacological inhibition of lipid droplet formation and the reduction of
lipid droplet number in glioblastoma cells are viable strategies to increase the effectiveness of
lipophilic chemotherapeutic drugs such as curcumin. The mechanisms involved are summarized
in Fig. 7. Curcumin is a hydrophobic compound owing to its aromatic phenolic groups and
methylene bridge (Aggarwal & Sung, 2009; Priyadarsini, 2013). The high lipophilicity of
curcumin is indicated by its octanol-water partition coefficient of 2.5 x 104 M—1 (Heger et al.,
2014; Kunwar et al.,, 2006). Curcumin’s partition coefficient for 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) lipid bilayers and HEPES buffer was 2.4 x 104 M—1 (Hung et al., 2008).
This high partition coefficient clearly indicates curcumin’s preference for lipophilic cellular
compartments. As such, it can rapidly cross cell membranes and localize in lipid droplets (Fig.
1A). In contrast, analysis using Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
showed that temozolomide did not localize in lipid droplets (data not shown). The inhibition of
lipid droplet formation can thus serve two purposes: (1) to lower the capacity of glioblastoma cells
to withstand curcumin-induced stress by reducing their energy stores, and (2) to reduce the amount

of compartments where curcumin can be sequestered, thereby increasing drug availability at
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targets. Different kinds of delivery systems have been used to deliver curcumin to the brain and to
glioblastoma in vivo (Xi Chen et al., 2013; Shinde et al., 2015; S. Wang et al., 2012). Polymeric
carriers have the potential to improve the stability and solubility of curcumin(Naksuriya et al.,
2015; Rabanel et al., 2015; X. Yang et al., 2015). Our research group has previously reported the
incorporation of curcumin into A2B star polymer micelles and effectiveness of this preparation in
glioblastoma (M Soliman, 2014; Moquin et al., 2015). A retention of curcumin’s biological activity
in nanocarriers, an enhanced permeability and retention (EPR) effect and diffusion of curcumin
into the neighboring glioblastoma cells could provide an improved therapeutic intervention in vivo

(Schiitze et al., 2015).

Pyrrolidine-2 is an inhibitor of cPLA2a, a key rate limiting enzyme in the synthesis of
eicosanoids and a necessary player in the formation of lipid droplets (Seno et al., 2000; Stephenson
et al., 1994). In normal brain tissues, particularly in astrocytes and microglia, excessive PLA2
activation in response to stressors (e.g. glutamate excitotoxicity) can exacerbate inflammatory
processes and oxidative stress. In turn, these can promote neurological disorders such as
Alzheimer’s disease, Parkinson’s disease, and traumatic brain injuries (G. Y. Sun et al., 2010). In
glioblastoma cells, cPLA2a activity is likely to be upregulated in response to chemotherapeutic
intervention, allowing cancer cells to stock up in energy and adapt their metabolic pathways.
Although pyrrolidine-2 treatment alone does not induce significant loss in cell viability in U251N
glioblastoma cells up to 4 uM, its effect becomes apparent when followed by curcumin treatments.
Our results show that pyrrolidine-2 pre-treatment dramatically increased the effectiveness of
curcumin in U251N cells after 72 h, virtually abolishing cell viability at curcumin concentrations
above 20 uM. Interestingly, the lipid droplet number of cells treated with curcumin following

pyrrolidine-2 sensitization was higher than that of cells treated with curcumin alone — likely due
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to the drug-induced cellular stress, previously reported to induce lipid droplet formation
(Cabodevilla et al., 2013; Khatchadourian et al., 2012; Welte, 2015). Sensitization using BSO was
comparatively less effective, likely due to the diversity of antioxidants and enzymes that can
reduce ROS levels. Nevertheless, the depletion of glutathione by BSO increased curcumin-
mediated cell death, possibly through the increased peroxidation of lipid droplets, and necrosis

(Fig. 7)(L. Liu et al., 2015).

To investigate the mode of cell death induced by curcumin and pyrrolidine-2, we employed
a highly sensitive biosensor to detect and measure caspase-3 activity in live cells (Ding et al., 2015).
The mechanism of the biosensor relies on a bi-modular design, in which two fluorescent proteins
with dimerization-dependent brightness are activated in a mutually-exclusive manner. When
challenged with pro-apoptotic stimuli, cells transfected with the biosensor manifest a change in
fluorescence color, from green to red, and in signal localization, from the cytosol to the nucleus.
In the absence of caspase-3 activity, the green cytoplasmic protein is linked with a non-fluorescent
partner protein which increases green fluorescence manyfolds. Following the activation of
caspase-3 during apoptosis, the caspase-3 substrate (DEVD) contained in the linker region is
cleaved, and green fluorescence is dramatically decreased. The partner protein then translocates
into the nucleus and associates with high affinity to the red fluorescent protein, enhancing red
fluorescence manyfold. Thus, the specificity of detection is based on (1) the caspase-3 substrate,
(2) the change in the color of the signal, and (3) the change in the subcellular localization of the
signal. It is to note that a small proportion of cells display caspase-3 activity under control
conditions. Our results support previous findings stating that curcumin is a strong inducer of
caspase-3-mediated apoptosis in cancer cells (Anto et al., 2002; Sikora et al., 2006). In contrast,

temozolomide-induced cell death did not implicate caspase-3 activation, suggesting the
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involvement of other modes of cell death, such as autophagy (Kanzawa et al., 2004). Autophagy
is usually reduced in cells with a large number of lipid droplets, which could partly explain the
limited effectiveness of temozolomide against glioblastoma tumors (Sesen et al., 2015; Z.-S.

Zhang et al., 2015).

In normal brain tissues, it appears that cPLA2a and lipid droplets play protective roles,
notably helping glia cells to support neurons and resist stressors. For example, cPLA2a (+/4) mice
were found to be more resistant to hypoxic conditions resulting from brain ischemia than their null
counterparts (Tabuchi et al., 2003). Excessive cPLA2a activity has also been involved in apoptosis,
as it was found to drive arachidonic acid-mediated cytotoxicity and subsequent caspase-3
activation (Nakanishi & Rosenberg, 2006). On the other hand, the protective role of lipid droplets
in glioblastoma cells is highly detrimental to cancer patients. The inhibition of cPLA2a is one of
several approaches recently investigated to hinder lipid metabolism in cancer cells. Small
molecules and gene silencing (e.g. acetyl-CoA carboxylase alpha) were shown to be effective in
inhibiting cancer cell proliferation and viability in vitro (Cai et al., 2015; Hilvo et al., 2011; F. P.
Kuhajda et al., 2000). However, most experiments performed in monolayer cancer cell cultures do
not accurately reflect the conditions found in in vivo, where the intercellular contact, tumor
dynamics and overall heterogeneous microenvironment found in tumors often heighten resistance
to radiotherapy and chemotherapy (Hékanson et al., 2011; He et al., 2014; Zips et al., 2005).
Glioblastoma spheroids harbor hypoxic cores where metabolic pathways, including those
involving lipids, are changed (Ackerman & Simon, 2014; Baenke et al., 2013; Chinnaiyan et al.,
2012; Kucharzewska et al., 2015). De novo lipogenesis, for instance, was shown to be bypassed
in cancer cells in hypoxic conditions. Instead, cancer cells relied on extracellular lipid scavenging

to supply for their needs (Kamphorst et al., 2013). Thus, we conducted experiments in 3D spheroid,
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and confirmed that pyrrolidine-2 pre-treatment enhanced the cell killing effect of curcumin in a
time- and caspase-3-dependent manner. In contrast, temozolomide alone was significantly less

effective at inducing caspase-3 activation and glioblastoma cell death.

Because of the importance of cPLA2a in lipid metabolism and the production of pro-
inflammatory mediators, its inhibition has also been studied in the context of inflammatory
conditions such as arthritis (Balboa et al., 2003; Tai et al., 2010). The microenvironment of
glioblastoma tumors is characterized by the infiltration of hyperactivated immune cells, which
aggravate disease progression. Thus, it can be hypothesized that inhibition of lipid metabolism can
also reduce inflammation at tumor sites (Desmarais et al., 2015; Sowers et al., 2014; Tafani et al.,
2011). However, the potential side effects of pyrrolidine-2 deter its use in vivo. One of the best
tolerated statins is simvastatin (Naci et al., 2013). Statins were tested in some CNS diseases and
were suggested as supplemental anticancer agents (David Gaist et al., 2014; Menge et al., 2005).
Thus, the administration of simvastatin in combination with curcumin might be a suitable

therapeutic strategy for certain groups of glioblastoma patients.

Taken together, our results indicate that lipid droplets in glioblastoma cells play a
protective role by sequestering drugs and promoting cell survival. Decreased lipid droplet
formation using pyrrolidine-2 as a sensitizing agent significantly increases the cell killing effect

of chemotherapeutic agents such as curcumin.
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Figure 3.1. Curcumin co-localizes with lipid droplets and pyrrolidine-2 reduces lipid droplet

content in glioblastoma cells

(a) U251N glioblastoma cells treated with curcumin (10 uM; 4 h) show green fluorescence in the
cytoplasm. Co-labeling with Nile Red (2 uM; 10 min) indicated that curcumin localizes in lipid
droplets. Fluorescence micrograph overlays were prepared in Imagel. Insets show details of
curcumin co-localized with Nile Red-labeled lipid droplets. (b) Schematic representation of the
status of lipid droplets (yellow), and curcumin localization (green) in U251N glioblastoma cells
with or without pyrrolidine-2 treatment. Curcumin is sequestered in lipid droplets, and pyrrolidine-
2 pre-treatment increases the availability of curcumin at its targets. (¢) U251N glioblastoma cells
treated with pyrrolidine-2 (3 uM; 24 h) show a significant reduction in lipid droplet content. Cells
were labeled with Bodipy 493/503 (2 uM; 10 min) and imaged using a fluorescence microscope.
The number of lipid droplets per cell was counted manually (250 cells were analyzed per treatment

group). (*** p <0.001).
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Figure 3.2. Sensitization with pyrrolidine-2 increased the cell killing effect of curcumin in

U251N glioblastoma cells

(a) U251IN glioblastoma cells treated with curcumin (5—100 uM) for 24 h were labeled with
Hoechst 33342 and imaged using a high-throughput fluorescence microscope. Fluorescence
micrographs show representative fields. (b) The cell viability of U251N glioblastoma cells treated
with curcumin (5-100 uM) for 24 h was measured by counting the number of cell nuclei labeled
with Hoechst 33342. Cells were imaged using a high-throughput microscope. Cell viability was
significantly decreased at curcumin treatments above 25 uM. Shown are average percentage values
+ SEM compared to untreated controls from three independent experiments. (*** p < 0.001). (c)
The cell viability of U251N glioblastoma cells treated with pyrrolidine-2 (1-5 pM) for 24 h was
measured by counting the number of cell nuclei labeled with Hoechst 33342. Cells were imaged
using a high-throughput microscope. Cell viability was significantly decreased at pyrrolidine-2
treatments above 4 uM. Shown are average percentage values £ SEM compared to untreated
controls from three independent experiments. (x** p < 0.001). (d) The cell viability of U251N
glioblastoma cells treated with curcumin (5-30 uM; 72 h), with or without pyrrolidine-2
sensitization (3 uM; 24 h), was measured by counting the number of cell nuclei labeled with
Hoechst 33342. Cells were imaged using a high-throughput microscope. Pyrrolidine-2
sensitization significantly increased cell death compared to treatment with curcumin alone. Shown
are average percentage values + SEM compared to untreated controls from three independent

experiments. (x** p <0.001).
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Figure 3.3. Principle of caspase-3 detection using the dimerization-based biosensor and

measurement of caspase-3 activity

(a) The caspase-3 biosensor is composed of two dimerization-dependent fluorescent proteins: (1)
a red fluorescent protein (RA) with a nuclear localization signal (NLS), and (2) a green fluorescent
protein (GA) with a nuclear exclusion signal (NES), heterodimerized with a non-fluorescent
partner protein (b) through the caspase-3 substrate peptide (DEVD). Fluorescence micrographs
show U251N cells with green cytoplasms when GA is heterodimerized with B (scale bar = 50 um).
(b) Upon caspase-3 activation, the caspase-3 substrate DEVD is cleaved, and green fluorescence
signal from GA diminishes. (¢) The partner protein B translocates into the nucleus by a NLS and
heterodimerizes with RA, increasing red fluorescence in the nucleus manyfold. Fluorescence
micrographs show U251N cells with red nuclei when RA is heterodimerized (scale bar = 50 pm).
(d) Measurement of caspase-3 activity in U251N glioblastoma cells. Cells transfected with the
biosensor were imaged using a fluorescence microscope following treatment with staurosporine
(STS; 0.5 uM) for 24 h. Cells with active caspase-3 show an increase in red fluorescence (RFP) in
the nucleus and a decrease in green fluorescence (GFP) in the cytoplasm. Mean percentage of total
transfected cells expressing GFP or RFP £ SEM is shown for three independent experiments (*x**

p <0.001).
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Figure 3.4. Curcumin-mediated and pyrrolidine-2-sensitized cell deaths are mediated

through caspase-3 activation

(a) Fluorescence micrographs of U251N cells transfected with the caspase-3 biosensor and treated
with curcumin (25 uM; 24 h), with or without pyrrolidine-2 (Pyr-2; 3 uM; 24 h) pre-treatment.
Temozolomide (TMZ; 400 uM; 24 h) was included as a clinically-relevant drug. Cells with green
fluorescence in the cytoplasm express the caspase-3 biosensor, while those with a red nucleus
present caspase-3 activity. (b) U251N cells transfected with the caspase-3 biosensor were treated
with curcumin (Cur; 25 uM; 24 h), with or without pyrrolidine-2 (Pyr-2; 3 uM; 24 h) pre-treatment.
Temozolomide (TMZ; 400 uM; 24 h) was included as a clinically-relevant drug. Caspase-3 activity
was assessed using a fluorescence microscope. Mean percentage of total transfected cells
expressing caspase-3 activity = SEM is shown for three independent experiments. (*** p <0.001).
(c) Cell viability of U25IN cells treated with curcumin (Cur; 25 uM; 24 h), with or without
pyrrolidine-2 (Pyr-2; 3 uM; 24 h) pre-treatment. Temozolomide (TMZ; 400 puM; 24 h) was
included as a clinically-relevant drug. Cell viability was measured by counting the number of cell
nuclei labeled with Hoechst 33342. Cells were imaged using a high-throughput microscope.
Shown are average percentage values = SEM compared to untreated controls from three

independent experiments. (x** p <0.001).
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Figure 3.5. Curcumin and pyrrolidine-2-sensitization induce caspase-3-mediated cell death

in glioblastoma spheroids

(a) U251N spheroids expressing the caspase-3 biosensor were prepared from U251N monolayer
cells transfected with the caspase-3 biosensor. Transfected cells were collected and seeded in
agarose-coated wells. The fluorescence micrograph shows cells expressing green and red
fluorescence within the spheroid. U251N spheroids expressing the caspase-3 biosensor were
squashed between a glass coverslip and a microscope slide to facilitate the quantification of cells
expressing either green or red fluorescence. (b) U251N spheroids expressing the caspase-3
biosensor were treated with temozolomide (TMZ; 400 uM; 24 h) and curcumin (Cur; 25 uM; 24
h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 uM; 24 h). Following treatment,
spheroids were squashed and imaged using a fluorescence microscope. The number of cells
expressing either green or red fluorescence was counted. Caspase-3 activity was quantified as the
number of cells expressing red fluorescence (the presence of caspase-3 activity) over the total
number of transfected cells (cells with either green or red fluorescence). Mean percentage values
+ SEM are shown from three independent experiments ran in triplicate. ***(p <0.001). (c) U251N
spheroids expressing the caspase-3 biosensor were treated with temozolomide (TMZ; 400 uM; 72
h) and curcumin (Cur, 25 uM; 72 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3
uM; 24 h). Following treatment, spheroids were imaged and caspase-3 activity was quantified as
in (b). Mean percentage values + SEM are shown from three independent experiments ran in

triplicate. **x(p < 0.001).
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Figure 3.6. Pyrrolidine-2-sensitization increases the Killing effect of curcumin in

glioblastoma spheroids

(a) Fluorescence micrographs of U251N spheroids treated with temozolomide (TMZ; 400 uM; 72
h) and curcumin (Cur; 25 puM; 72 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3
uM; 24 h). Cells were labeled with Hoechst 33342 and propidium iodide (PI) to quantify necrotic
cell death. (b) U251N spheroids were treated with temozolomide (TMZ; 400 uM; 24 h) and
curcumin (Cur; 25 uM; 24 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 uM; 24
h). Following treatment, spheroids were imaged using a fluorescence microscope and cell death
was quantified by calculating the ratio of propidium iodide to Hoechst 33342 fluorescence. Image
analysis was carried out in ImageJ. Shown are mean fold increase values compared to the untreated
control (set to 1), from three independent experiments. ***(p < 0.001). (c) U251N spheroids were
treated with temozolomide (TMZ; 400 uM; 72 h) and curcumin (Cur; 25 uM; 72 h), with or without
pre-treatment with pyrrolidine-2 (Pyr-2; 3 uM; 24 h). Following treatment, spheroids were imaged
using a fluorescence microscope and cell death was quantified by calculating the ratio of propidium
iodide to Hoechst 33342 fluorescence. Image analysis was carried out in ImageJ. Shown are mean
fold increase values compared to the untreated control (set to 1), from three independent

experiments. **(p < 0.01), **x(p < 0.001).
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Figure 3.7. Proposed mechanisms of drug action for curcumin and pyrrolidine-2-

sensitization

Curcumin is a pluripotent agent. It induces apoptosis mainly through the activation of caspase-3-
mediated apoptosis. Lipid droplets (LD) can sequester curcumin, reducing the availability and
effectiveness of the drug. Sensitization of glioblastoma cells with pyrrolidine-2, an inhibitor of
cPLA2a and of lipid droplet formation, can increase curcumin’s availability at targets and cell
death. In combination with BSO, curcumin also induces necrosis by reducing the levels of the
scavenger glutathione (GSH), thereby increasing reactive oxygen species (ROS), leakage of

peroxidized lipids from lipid droplets, and cell death.
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Supplementary Figure 3.1. Pyrrolidine-2 decreases lipid droplet accumulation in U251N

glioblastoma cells

Fluorescence micrographs of U251N cells labelled for nuclei (Hoechst 33342) and lipid droplets
(Bodipy 493/503). Cells treated with pyrrolidine-2 (Pyr-2) for 24h show a dose-dependent
decrease in lipid droplets numbers compared to untreated cells. Cells treated with oleic acid (OA)

show increased lipid droplets numbers.
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Supplementary Figure 3.2. Effect of pyrrolidine-2 on the cell killing effect of temozolomide

in U251N glioblastoma cells

The cell viability of U251N glioblastoma cells treated with temozolomide (100-500 uM; 72h),
with and without pyrrolidine-2 sensitization (3 pM; 24h), was measured by counting the number
of cell nuclei labelled with Hoechst 33342. Cells were imaged using a high-throughput microscope.
Shown are average percentage values £ SEM compared to untreated controls from two

independent experiments. (**p<0.01; ***p<0.001)
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Supplementary Figure 3.3. BSO modulates the cell killing effect of curcumin in U251N

glioblastoma cells

Cell viability of U251N cells in response to curcumin (5-100 uM; 24h), in the presence or absence
of buthionine sulfoximine (BSO; 5 mM; 24h) pre-treatment, was measured by counting the number
of cell nuclei labelled with Hoechst 33342. Cells were imaged using a high-throughput microscope.
Shown are mean percentage values £ SEM compared to untreated controls, from three independent

experiments.
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Connecting Text

Glioblastoma cells of astrocytic origin are substantially different from normal astrocytes. In
Chapter 3, we showed how adaptations at the organellar level can benefit cancer cell survival.
Lipid droplets in GBM are larger and more numerous than in normal astrocytes, serving as an
energy source and performing anti-oxidative functions. Such adaptative changes are not limited to
the cancer cells. Normal neural cells respond to the presence of cancer cells and undergo changes

that can ultimately contribute to disease progression.

Glial cells are particularly important in the tumor microenvironment; astrocytes and
microglia secrete trophic factors that stimulate GBM survival and proliferation, as well as the
recruitment of more immune cells from the periphery. There is great interest in modulating these
cells to diminish their supportive role in the tumor stroma. In Chapter 4, we explore the use of
dendritic polyglycerol sulfates, an anti-inflammatory nanotherapeutic that downregulates tumor-
supportive secreted factors from glial cells, thereby limiting inflammatory processes and GBM
invasiveness. We focused on the role of lipocalin-2, an acute phase protein with emerging roles in
the brain. To adequately study the complex interactions between the different cell types of the

brain, we employed human cerebral organoids to model neural cells in 3D.

Cerebral organoids are valuable tools to study the response of normal human brain cells.
Chapter 4 discusses their use in the context of inflammation and the tumor microenvironment,
which are aspects often neglected in GBM research. In addition, this chapter presents on the testing
of nanotherapeutics in human neural cells, a topic of great interest given the ever-expanding

potential nanostructures in medicine.
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Chapter 4. Nanotherapeutic Modulation of Human Neural Cells and Glioblastoma in

Organoids and Monocultures

Zhang I, Lépine P, Han C, Lacalle-Aurioles M, Chen C X C, Haag R, Durcan T M, Maysinger

D. Cells. 20201 9:2434.
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Abstract

Inflammatory processes in the brain are orchestrated by microglia and astrocytes in response to
activators such as pathogen-associated molecular patterns, danger-associated molecular patterns
and some nanostructures. Microglia are the primary immune responders in the brain and initiate
responses amplified by astrocytes through intercellular signaling. Intercellular communication
between neural cells can be studied in cerebral organoids, co-cultures or in vivo. We used human
cerebral organoids and glioblastoma co-cultures to study glia modulation by dendritic polyglycerol
sulfate (dPGS). dPGS is an extensively studied nanostructure with inherent anti-inflammatory
properties. Under inflammatory conditions, lipocalin-2 levels in astrocytes are markedly increased
and indirectly enhanced by soluble factors released from hyperactive microglia. dPGS is an
effective anti-inflammatory modulator of these markers. Our results show that dPGS can enter
neural cells in cerebral organoids and glial cells in monocultures in a time-dependent manner.
dPGS markedly reduces lipocalin-2 abundance in the neural cells. Glioblastoma tumoroids of
astrocytic origin respond to activated microglia with enhanced invasiveness, whereas conditioned
media from dPGS-treated microglia reduce tumoroid invasiveness. Considering that many
nanostructures have only been tested in cancer cells and rodent models, experiments in human 3D
cerebral organoids and co-cultures are complementary in vitro models to evaluate nanotherapeutics
in the pre-clinical setting. Thoroughly characterized organoids and standardized procedures for
their preparation are prerequisites to gain information of translational value in nanomedicine. This
study provides data for a well-characterized dendrimer (dPGS) that modulates the activation state

of human microglia implicated in brain tumor invasiveness.
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Introduction

The brain is particularly challenging to model because of its complex structure and
functions. Neural cells constantly interact with each other through signaling molecules as
well as cell-cell contacts (Paolicelli et al., 2019; Pésfai et al., 2019; Simon et al., 2019).
Monocultures are useful to answer cell type-specific questions, but processes involving
multiple cell types benefit from the use of co-cultures and organoids (M. Li & Izpisua
Belmonte, 2019; Rossi et al., 2018; Takebe & Wells, 2019).

Although primary dissociated and organotypic slice cultures are attractive models to
investigate molecular mechanisms and functions, particularly for genetic knock-ins and
knock-outs, key differences between human and mouse brains can impact the translational
potential of experimental results (Breschi et al., 2017; Marshall & Mason, 2019). Primary
human neural cells are valuable resources, but their use is often restrained by access or
methodological limitations. Advances in stem cell research have led to the development of
organoids as in vitro models resembling human tissues in structure and complexity (M. Li
& Izpisua Belmonte, 2019; Rossi et al., 2018; Takebe & Wells, 2019). Cerebral organoids
differentiated from induced pluripotent stem cells (iPSCs) show organized neurons and
astrocytes in three-dimension (3D) (Xiuqing Chen et al., 2019; Lancaster & Knoblich,
2014).

Nanostructures have been extensively studied in different cell lines and rodents (Ioannidis
et al., 2018), but limited amount of data is available in human primary cells and organoids.
Rodent models were valuable for the assessment of absorption, distribution, elimination
and metabolism of nanomedicines. They clearly showed problematic entry of some

nanostructures into the cerebral parenchyma due to the blood-brain barrier (Aparicio-
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Blanco et al., 2016; Jackson et al., 2019). Studies in rodents also provided information on
how some nanostructures can be tuned in terms of size, shape and surface properties to
facilitate brain entry. Similar studies are clearly not amenable in humans and are very sparse
in non-human primates (e.g. Onpattro, Abraxane, BIND-014)(Akinc et al., 2019; Havel et
al., 2016; Hrkach et al., 2012). Organoids therefore offer a valuable platform for the testing
of organic and metallic nanostructures.

Among the nanostructures that have been studied in rodents and showed pronounced
intrinsic anti-inflammatory properties are dendritic polyglycerol sulfates (dPGS)
(Maysinger et al., 2015; Maysinger, Lalancette-Hébert, et al., 2019; Rades et al., 2018).
Their structures with terminal sulfate groups resemble that of heparan sulfate, which exerts
anti-coagulant effects (Dernedde et al., 2010; Parish, 2006; Rades et al., 2018). In contrast
to heparan sulfate, dPGS show primarily anti-inflammatory activity with relatively weak
anti-coagulant effects that are size- and charge-dependent. Earlier studies indicated that
dPGS can effectively reduce hyperactivity of microglia stimulated by danger-associated
molecular patterns and lipopolysaccharide (LPS) in mice (Maysinger et al., 2015;
Maysinger, Ji, et al., 2018; Maysinger, Lalancette-Hébert, et al., 2019). Microglia are the
resident immune cells of the central nervous system and constantly survey their
surroundings under physiological conditions (Masuda et al., 2020; Prinz et al., 2019;
Rodriguez-Gémez et al., 2020). Their morphology and phagocytic functions are elevated
under many pathological conditions, making them attractive targets for nanotherapeutic
interventions. Our previous studies showed that dPGS can modulate microglial activation
in response to pathogen-associated molecular patterns and misfolded proteins (e.g. amyloid

beta), thereby reducing losses in dendritic spine density of excitatory hippocampal neurons
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in mouse organotypic slice cultures (Maysinger et al., 2015; Maysinger, Ji, et al., 2018;
Maysinger, Lalancette-Hébert, et al., 2019). These studies also showed that hyperactive
microglia generate reactive astrocytes through the release of acute-phase cytokines such as
interleukin-6, tumor necrosis factor alpha and lipocalin-2 (LCN2). However, the abundance
and release of LCN2 in human glial cells was not reported. We tested if dPGS can modulate
LCN2 in a cerebral organoid model.

Aside from establishing human cerebral organoids, we also used glioblastoma tumoroids
to investigate the effectiveness of nanotherapeutics in the brain tumor microenvironment.
Glioblastoma are mainly astrocytomas characterized by their infiltrative nature (C. Li et al., 2019).
Microglia in the glioblastoma environment promote disease progression by secreting cytokines
and growth factors (Anfray et al., 2020; Broekman et al., 2018; Z. Chen & Hambardzumyan,
2018). By combining reconstituted 3D models of glioblastoma (tumoroids) with organoids and
modulating the activity of microglia with dPGS, we demonstrate that dPGS is a powerful

therapeutic agent that can reduce inflammatory markers and glioblastoma invasiveness.
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Materials and methods

Generation of cerebral organoids from human iPSC
Procedures for culturing human iPSCs, embedding organoids in optimal cutting temperature
(OCT) blocks, cryosectioning and immunostaining were all described previously (Xiuqing Chen
et al., 2019). The cell-line used was the NCRM1 iPSC line obtained from the National Institutes
of Health. The method used to generate the 3D cerebral organoids was adapted from the protocol
published by Lancaster and Knoblich in Nature Protocols (Lancaster & Knoblich, 2014).
Compositions of the different media are the same and reagents used are similar, except for:
DMEM-F12 (Gibco, Ottawa, ON, Canada), human embryonic stem cell (hESC) quality fetal
bovine serum (FBS) (Wisent, St-Bruno, QC, Canada), MEM Non-Essential Amino Acids Solution
(MEM-NEAA) (Multicell, Montreal, QC, Canada), 2-mercaptoethanol (Millipore Sigma, Oakville,
ON, Canada), Y27632 Rho-associated protein kinase (ROCK) inhibitor (Selleckchem, Burlington,
ON, Canada), N2 supplement (Gibco) and Penicillin-Streptomycin (Multicell).

For the generation and maintenance of embryoid bodies (EBs, days 0-11), we started from
a 100 mm dish with iPSCs at 70 % confluence with high quality (less than 10 % differentiated
cells). Cells were washed with DMEM-F12 and dissociated with Accutase to generate a suspension
of single cells. Cells were gently resuspended in hESC media containing ROCK inhibitor
(Lancaster & Knoblich, 2014), FGF-b and plated at a density of 10 000 cells/well in a 96-well
ultra-low attachment U-bottomed plate (Corning, Burlington, ON, Canada). Plates were
centrifuged at 1 200 rpm for 10 min and incubated at 37 °C, 5 % COz for 48 h. During day 2, a
half media change was made, followed by a media change every other day up to day 11. Images
of EBs were recorded with Evos XL Core Microscope (Thermo Fisher Scientific, Ottawa, ON,

Canada) every 2 days during media changes to measure their diameter using the Image J software
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(U. S. National Institutes of Health, Bethesda, Maryland, USA). Once EBs had reached >350 um
in diameter, hESC media was switched to be without ROCK inhibitor and FGF-b (Lancaster &
Knoblich, 2014). When EBs were about 500-600 um in diameter with smooth and bright edges,
media was switched to neuronal induction media (NIM). EBs are maintained in NIM for 4-5 days
until the outer surface is optically translucent and ready to be embedded in Matrigel® containing
reduced growth factor droplets.

Matrigel® was thawed on ice. After media removal from each well containing the EBs, 30
pL of Matrigel® was added per well and incubated for 30 min at 37 °C. Next, 200 pL of final
differentiation media without vitamin A (Lancaster & Knoblich, 2014) was added per well. Using
a 1000 pL cut tip, the Matrigel®-embedded organoids were transferred into an uncoated 6-well
ultra-low attachment plate (Corning) with 4 mL of final differentiation media without vitamin A
per well. A maximum of five organoids were added and maintained per well to avoid fusion.
Following transfer, plates were left for 48 h in stationary culture. After 48 h, media was changed
to fresh final differentiation media without vitamin A, followed by a second 48 h incubation.
Following the second media change, plates were transferred onto an orbital shaker set at 70 rpm
(Scientific Industries Inc., Bohemia, NY, USA) housed within the 37 °C incubator. Media was
changed every 3 days with fresh final differentiation media with vitamin A until the organoids

were ready for analysis.

Immunofluorescence (IF) staining in organoids
Cerebral organoids were fixed with 4 % paraformaldehyde (overnight at 4 °C), washed in
phosphate-buffered saline (PBS, Multicell), dehydrated in 20 % sucrose (1-3 days) and embedded

in OCT Compound (Thermo Fisher Scientific). Blocks were kept at -80 °C until needed. For IF,
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samples were sectioned (20 um) in a cryostat (Cryostar NX70, Thermo Fisher Scientific), air dried
at room temperature (RT), and kept at -20°C before IF staining. Cryosections were rehydrated in
PBS (15 min) and permeabilized/blocked in blocking solution (1 h at RT) containing: 0.2 % Triton
X-100 (Millipore Sigma), 0.05 % bovine serum albumin and 5 % normal donkey serum in PBS,
before incubation (overnight at 4 °C) with primary antibodies. Antibodies used were as follows:
mouse anti-Nestin (1:250, Developmental Studies Hybridoma Bank, lowa City, IA, USA, rat-401),
rabbit anti-SOX2 (1:500, Millipore, Oakville, ON, Canada, AB5603), chicken anti-MAP2 (1:1000,
EnCor Biotechnology, Gainesville, FL, USA, CPCA-MAP2), rat anti-CTIP2 (1:500, Abcam,
Toronto, ON, Canada, ab18465), rabbit anti-GFAP (1:250 Millipore, MAB144P), chicken anti-
Beta III Tubulin (1:400, Millipore, AB9354), rabbit anti-Nestin (1:200, Abcam, ab92391) and rat
anti-lipocalin-2 (1:500, R&D Systems, Toronto, ON, Canada, MAB1757). Sections were then
washed in PBS (45 min) and incubated (1 h at RT) with secondary antibodies in blocking solution:
goat anti-rat Dylight 488 (1:300, Abcam, ab96887), donkey anti-rabbit Dylight 594 (1:400, Abcam,
ab96877), donkey anti-chicken Alexa 647 (1:500, Invitrogen, Ottawa, ON, Canada, A21447),
donkey anti-mouse Dylight 550 (1:200, Abcam, ab96876), goat anti-chicken Dylight 650 (1:200,
Abcam, ab96950), donkey anti-rabbit Dylight 550 (1:200, Abcam, ab96892) and goat anti-rat
Alexa Fluor 647 (1:500, Thermo Fisher Scientific, A21247). Sections were washed (45 min) with
PBS and incubated (10 min at RT) with Hoechst 33342 (1:5000, Thermo Fischer Scientific) in
PBS, washed in PBS (10 min) and mounted using Aqua-Poly/Mount (Polysciences
Inc.,Warrington, PA, USA). Samples were imaged on a Leica TCS SP8 confocal microscope

(Leica, Richmond Hill, ON, Canada) at a 20X magnification.
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Cell culture

U251N human glioblastoma cells and HMC3 human microglia were originally obtained from the
American Type Culture Collection. Unless otherwise indicated, cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific) supplemented with 5%
fetal bovine serum (FBS, Wisent) and 1% Penicillin-Streptomycin (Thermo Fisher Scientific).
Primary human astrocytes were obtained from Dr. Jack Antel’s lab and maintained in DMEM
supplemented with 5% FBS and 1% Penicillin-Streptomycin. Primary astrocytes were kept at
passages below five. Conditioned media was obtained from cell cultures maintained in the
exponential growth phase and used fresh at 50% (v/v) in fresh media following centrifugation
(3,000 rpm, 5 min) to remove cell debris. When used for the treatment of cerebral organoids,

conditioned media was prepared using organoid media.

Time-dependent dPG/dPGS internalization in organoids

Human cerebral organoids were treated with dPG-Cy5 (1 uM) or dPGS-Cy5 (1 uM) for 1 h, 4 h
or 24 h, then used for IF staining or direct imaging. For direct imaging, organoids were fixed in
4% paraformaldehyde overnight and nuclei were labeled with Hoechst 33342 (10 uM, overnight).
Organoids were washed in PBS and imaged using a fluorescence microscope. Fluorescence was
analyzed in ImageJ. Glioblastoma tumoroids were treated with dPG-Cy5 (1 uM) or dPGS-Cy5 (1

uM) for 24 h, then washed twice with PBS before imaging using a fluorescence microscope.

Western blot
Western blot analysis followed published procedures (I. Zhang et al., 2018). In brief, organoids

were cut into small pieces using a razor blade and incubated in RIPA lysis buffer for 30 min on
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ice. Lysates were vortexed for 10 sec every 10 min and lastly centrifuged for 30 min at 4 °C and
13,000 rpm. Lysates and media samples were separated by SDS-PAGE and blotted onto PVDF
membranes (Bio-Rad, Mississauga, ON, Canada). Blocked membranes were probed with primary
antibodies: rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), rabbit anti-NF«xB p65 (1:1000,
Abcam, ab16502), mouse anti-STAT3 (1:1000, Abcam, ab119352), mouse anti-actin (1:5000,
Millipore Sigma, A5316) or mouse anti-alpha-tubulin (1:5000, Abcam, ab7291) overnight at 4 °C.
Membranes were washed and incubated with secondary antibodies (goat anti-rat HRP, 1:1000,
Thermo Fisher Scientific, 31470, goat anti-rabbit HRP, 1:1000, Bio-Rad, 1706515 and horse anti-
mouse HRP, 1:5000, Cell Signaling, Burlington, ON, Canada, 7076S) for 1 h at RT. Membranes
were washed and incubated with enhanced chemiluminescence substrate (Bio-Rad) for 5 min,
signals were acquired with an Amersham 6000 imager (Amersham, Oakville, ON, Canada) or on

film, and quantified in ImageJ.

Glioblastoma invasion assay

U251N tumoroids and human astrocyte spheroids were prepared using the hanging drop method
(Del Duca et al., 2004). Briefly, drops of 5,000 cells in 30 pul medium were pipetted onto the inner
side of a 100 mm Petri dish (Thermo Fisher Scientific) lid. The lid was quickly flipped to cover
the Petri dish filled with 20 mL PBS. Hanging drops were cultured at 37 °C for 48 h to allow
tumoroids to form. Tumoroids were then gently scooped into a medium-filled Petri dish coated
with 2% agarose (dissolved in PBS) and cultured for 48 h. Tumoroids were implanted in collagen
gel (Advanced BioMatrix, San Diego, CA, USA), in the presence or absence of primary human
astrocytes (7,000 cells) and human HMC3 microglia (3,000 cells) dispersed in 200 pL gel. Gels

were covered with 200 ul DMEM with or without treatment. Tumoroids were imaged using light
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microscopy immediately after implantation (time = 0 day) and after 6 days. The average length of
cell outgrowth into the surrounding collagen was measured in Imagel. For invasion assays of
tumoroids into organoids, fluorescently-labeled tumoroids were prepared using U251N cells
incubated with CellTracker Red (Thermo Fisher Scientific) following recommendations from the
manufacturer. Tumoroids were placed in culture with organoids and observed to adhere after 24 h.

Cultures were imaged using a fluorescence microscope over 6 days.

Immunocytochemistry

Cells were seeded at 5,000 cells/coverslip on glass coverslips (Merlan Scientific, Mississauga, ON,
Canada) coated with poly-D-lysine (Millipore Sigma). Cells were cultured for 24 h (U251IN and
HMC3) or 48 h (primary human astrocytes) before treatment. Following treatment, cells were fixed
in 4% paraformaldehyde (10 min), permeabilized with 0.1% Triton X-100 (10 min), blocked in
10% goat serum in PBS (Gibco) for 1 h and incubated with primary antibodies overnight at 4 °C:
rabbit anti-GFAP (1:500, Abcam, ab7260), mouse anti-Lampl (1:500, Developmental Studies
Hybridoma Bank, H4A3-c), rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), rabbit anti-
NFkB p65 (1:500, Abcam, ab16502) or rabbit anti-phospho-STAT3 Y705 (1:500, Abcam,
ab76315). Cells were washed in PBS three times and incubated with secondary antibodies for 1 h
at RT: goat anti-rabbit Alexa Fluor 488 (1:1000, Thermo Fisher, Mississauga, ON, Canada,
A27034), goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher, A21247) or goat anti-mouse Alexa
Fluor 488 (1:1000, Thermo Fisher, A28175). Cells were washed with PBS and nuclei were labeled
with Hoechst 33342 (10 uM, 10 min). After three more washings with PBS, coverslips were
mounted on microscope slides (Diamed) using Aqua-Poly/Mount. Samples were imaged using a

fluorescence microscope (Leica DMI4000B) and intracellular fluorescence was analyzed in
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Imagel. The nuclear and/or cytoplasmic fluorescence of NFxB, LCN2 and phosphor-STAT3 for
each cell was measured and normalized to the nuclear or cytoplasmic area. The background

fluorescence was subtracted.

Immunohistochemistry

Immunohistochemistry was performed as previously published (I. Zhang et al., 2018). In brief,
human brain sections were dewaxed in xylene and rehydrated in ethanol. Antigen retrieval was
performed in citrate buffer. Following blocking, samples were incubated with primary antibodies:
rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), mouse anti-IBA1 (1:300, Invitrogen, MAS-
27726) or rabbit anti-GFAP (1:250 Millipore, MAB144P) overnight at 4 °C. Samples were washed
and incubated with secondary antibodies: goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher
Scientific, A21247), goat anti-mouse Alexa Fluor 647 (1:300, Thermo Fisher Scientific, A28181)
or goat anti-rabbit Alexa Fluor 488 (1:500, Thermo Fisher, A27034) for 1 h at RT. Nuclei were
labeled with DAPI (1 g/mL, 5 min, Molecular Probes, Ottawa, ON, Canada) and samples were
mounted on microscope slides using Dako mounting medium (Dako, Burlington, ON, Canada).
Samples were imaged using a fluorescence microscope. The samples were harvested under a
protocol approved by the Montreal Neurological Hospital’s research ethics board (NEU-10-066).

Consent was given by all patients and controls (aged 55-76). Tissues were from the cerebral cortex.

Lipid droplet imaging
Cells seeded on glass coverslips at 5,000 cells/coverslip were cultured for 24 h before treatment.
Following treatment, cells were washed twice with PBS and fixed in 4% paraformaldehyde (10

min). Cells were washed with PBS and incubated with BODIPY 493/503 (10 uM, Thermo Fisher)
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and Hoechst 33342 (10 uM) for 10 min. Cells were washed with PBS four times, then mounted on
microscope slides using EverBrite (Biotium, Burlington, ON, Canada). Samples were imaged

using a fluorescence microscope.

MTT assay

Following treatment, organoids were washed in PBS twice and incubated in fresh media in the
presence of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5mg/mL,
Millipore Sigma) for 1 h at 37 °C. The media was removed, and cells were lysed in 500 pL
dimethyl sulfoxide (Santa Cruz, Dallas, TX, USA). Samples were measured at 595 nm in triplicate
using a microplate reader (Spark 10M, Tecan, Médnnedorf, Switzerland). Measurements were

normalized to the organoid weight.

Statistics
Statistical significance was determined using one-way ANOVA followed by the Student’s t-test.
p-values lesser than 0.05 were deemed significant. The Bonferroni correction was applied for

multiple comparisons.
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Results

dPGS are internalized in 3D cerebral organoids

Human cerebral organoids were generated from human iPSCs according to an established protocol
(Lancaster & Knoblich, 2014). A timeline of organoid formation and biomarkers used to delineate
dynamic linage progression is illustrated in Figure S1. We used these organoids after a 100-day
maturation to test dendritic polyglycerol sulfates (dPGS) as model nanostructures with anti-
inflammatory properties in human neural cells, as well as other types of emerging nanostructures
with biomedical applications, such as metallic gold nanoclusters (Bonaci¢-Koutecky & Antoine,
2019;J. Jietal., 2019; Maysinger, Gran, et al., 2019). Gold nanoclusters have been shown to affect
cellular stress and organellar function thanks to their unique physicochemical properties, but little
work was done in human neural cells. The nanostructures were screened for cytotoxic effects
(Figure 1A and Figure S2) and results showed that they can be studied in human neural cells
without jeopardizing the viability of the organoid cultures. This provides the basis for further
investigations on nanomedical applications in a translationally-relevant model. The first step was
to show if dPGS are internalized by neural cells within the organoids themselves. To this end, we
treated organoids with fluorescently (Cy5)-labeled dPGS (Figure 1). Time-course experiments
showed that dPGS-Cy5 was internalized within 1 h (12.842.2 SEM fold increase of baseline
fluorescence), then progressively more over 24 h (64.5£11.4 SEM fold increase) (Figure 1B and
C). Compared to dPGS, internalization of the non-sulfated dendritic polyglycerol (dPG) was low
(8.7£2.1 SEM fold increase after 24 h)(Figure 1B and C), underlining the important role of the
terminal sulfate groups to cell internalization. In the current study, we showed that GFAP-labeled
astrocytes within the outermost layer (200-300 pm) of the cerebral organoids contain abundant

amounts of dPGS (Figure 1D).
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dPGS internalization in human microglia and normal astrocytes

Given the importance of glial cells in regulating inflammatory processes in the brain, we further
studied the intracellular effects of dPGS in astrocytes and particularly microglia, which are absent
from the cerebral organoids. We established in cell monolayer cultures that human microglia and
astrocytes internalized comparable amounts of dPGS within 24 h of treatment (Figure 1E and F).
Fluorescence imaging at the single cell level showed that dPGS-Cy5 accumulated in the
perinuclear area (Figure 1E), and was partially co-localized with lysosomal compartments labeled
with Lampl (Macairan et al., 2020). Given that microglia activated by pro-inflammagens (e.g.
LPS) are associated with increased sequestration of neutral lipids into lipid droplets
(LDs)(Marschallinger et al., 2020; Olzmann & Carvalho, 2019)(Figure S3B), we investigated if
dPGS could have modulatory effects on lysosomes, which interact with LDs through lipophagy
and other processes (Pu et al., 2016; Schulze et al., 2017). This was suggested by changes in
lysosomal positioning, with an increase in perinuclear lysosomes (Figure S3A). In turn, treatment

with dPGS prevented LPS-induced lipid droplet accumulation (Figure S3C).

dPGS reduced microglia-stimulated lipocalin-2 in cerebral organoid models

Considering the importance of microglia-astrocyte crosstalk in rodent (Maysinger, Lalancette-
Hébert, et al., 2019) and human neural cells (Paolicelli et al., 2019; Posfai et al., 2019), we
measured LCN2 abundance in human glial cells in response to LPS, a prototypical pro-
inflammagen whose levels are exacerbated in endotoxemia and sepsis. The presence of microglia
is required to stimulate the synthesis of LCN2 in neural cells, as levels in response to LPS remained

comparable to that of the untreated control in the absence of microglia from the organoids (Figure
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2A, B and Figure S4). In turn, conditioned media from LPS-stimulated microglia induced a
significant increase in intracellular and extracellular LCN2 in the cerebral organoid cultures
(Figure 3C-E), confirming that this upregulation is microglia-dependent in human neural cells.
Given that astrocytes play a significant role in inflammatory processes in the brain, we investigated
if there was increased LCN2 abundance in these cells in response to microglia activation.

Similarly to the results from cerebral organoids, direct stimulation of astrocytes with LPS did not
have a significant effect (Figure 2F). In contrast, treatment with conditioned media from LPS-
activated microglia increased LCN2 abundance, whereas the presence of dPGS returned LCN2
abundance to control levels (Figure 2F). dPGS alone and conditioned media from resting microglia
did not have significant effects (Figure 3D-F). Finally, to show that dPGS is not cytotoxic to human
neural cells, we measured mitochondrial metabolic activity using the MTT assay. Results from
these studies showed that neither dPGS nor dPG affected mitochondrial metabolic activity in in
3D organoids for up to 72 h (Figure S2). Our earlier studies indicated that in rodent cells,
concentrations of dPGS up to 100 uM did not cause any notable cytotoxicity (Maysinger et al.,
2015). These results encouraged us to investigate dPGS as a microglia modulator and indirect

suppressor of glioblastoma invasiveness.

Microglia and dPGS modulate glioblastoma invasiveness

Glioblastoma multiforme is an aggressive brain tumor of astrocytic origin for which complete
resection is often impossible due to its invasive nature (Mary Elizabeth Davis, 2016; C. Li et al.,
2019). To model the impact of microglia and astrocytes on glioblastoma invasiveness, we designed
a 3D invasion assay examining the propensity of the cancer cells to migrate into the surrounding

collagen matrix. Human microglia and primary human astrocytes were embedded into the collagen
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matrix, wherein a tumoroid was then implanted (Figure 3A). Over time, the normal neural cells
extend their processes while cancer cells migrate radially from the tumoroid. Glioblastoma
outgrowth from the tumoroid into the surrounding collagen was encouraged by the presence of
microglia and astrocytes (Figure 3A and B), an effect replicated using microglia-conditioned
media and inhibited by dPGS (Figure 3C and D). This indicates that neural cells secrete factors
(extracellular matrix degradation enzymes, cytokines, growth factors) that can stimulate tumor
invasiveness (Medema, 2013; Ramachandran et al., 2017; Vollmann-Zwerenz et al., 2020). In
contrast, tumoroids grown in isolation or within cerebral organoids in the absence of microglia had
comparatively less outgrowth over time (Figure 3A, 3B and Figure S5), and normal human

astrocytes migrated in scattered pattern without radial outgrowth (Figure S6).

To characterize the effects of glioblastoma on its surrounding immune cells, glioblastoma
cells were directly co-cultured with microglia cells and showed significantly higher LCN2 levels
compared to glioblastoma cells in monoculture (Figure 3E). High LCN2 levels were also observed
in tumor tissues from glioblastoma patients as compared to control brain tissues (Figure 3F). To
investigate the mechanism behind LCN2 upregulation, microglia were stimulated with
glioblastoma-conditioned media. This resulted in increased nuclear NF«kB and STAT3
phosphorylation, two key transcription factors for immune activation (Figure 3G and H) that are
also hyperactivated in glioblastoma. The protein levels of total NFkB and STAT3 in the cells

remained comparable to the control (Figure 31).

On the other hand, dPGS was internalized into glioblastoma tumoroids (Figure S7) and
decreased LCN2 levels in glioblastoma cells in vitro (Figure 3E). This demonstrates proof of

concept for using dPGS as a modulator of the tumor microenvironment (Figure 4).

166



Discussion

The key question addressed in this study is: can dendritic polyglycerol sulfates with intrinsic anti-
inflammatory properties reduce inflammatory markers in cerebral organoids and glioblastoma
invasiveness by modulating microglia activity? Mechanistic studies in 3D human neural cultures
with new drugs or nanostructures are sparse due to the limited availability of neural tissues. To
overcome such a problem, several protocols have been developed for the generation of 3D cerebral
organoids and other types of organoids (Lancaster & Knoblich, 2014; M. Li & Izpisua Belmonte,
2019; Marshall & Mason, 2019; Rossi et al., 2018). Human cerebral organoids derived from iPSCs
showing properties of different neural cell types are valuable models to study the interactions and
effects of nanostructures in 3D. One of the most advanced organoids containing vasculature
resembling that of the brain was recently proposed to investigate physiology and pathological
changes in neurological disorders (Cakir et al., 2019). Although our organoids are not as complex
as Cakir’s, we took advantage of cerebral organoids to reveal how microglia exposed to the pro-
inflammagen LPS and the dendritic nanostructure dPGS affect astrocyte reactivity. We show clear
anti-inflammatory effects from dPGS and provide the first evidence for this in human brain cells.
There are still several limitations to overcome: (1) the integration of resident and peripheral
immune cells recruited chemotactically and (2) the contribution of endothelial cells in vasculature

as part of the blood-brain barrier.

Our results in the organoid cultures showed that the presence of sulfate groups on dPGS
was critical for the internalization of nanostructures, as it allowed binding to selectin receptors
(Dernedde et al., 2010; Maysinger, Lalancette-Hébert, et al., 2019; Rades et al., 2018). Intracellular
changes associated with dPGS included an increase in perinuclear lysosomes, which typically have

lower luminal pH and increased degradation activity (D. E. Johnson et al., 2016; Pu et al., 2016),
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functions often impaired in aging and neurodegenerative diseases. This is interesting given the role
of lysosomes in processing LDs, which are upregulated in inflammation and cancer
(Marschallinger et al., 2020; Olzmann & Carvalho, 2019). LDs are promiscuous organelles:
depending on the cell type, cellular context and their intracellular location, they can play a
protective role or become damaging to neural and other cells if peroxidized lipids are released. In
aggressive tumors (e.g. glioblastoma and breast), they provide energy for cancer cells to thrive and
can sequester lipophilic anticancer agents, reducing the rate at which they reach their desirable
targets (Dubey et al., 2020; Treyer et al., 2018; I. Zhang et al., 2016). Their numbers are highly
upregulated in glioblastoma compared to normal astrocytes (Figure S3C and D), and their
inhibition was shown to enhance the effectiveness of pharmacological agents (I. Zhang et al.,

2016).

As now shown in human neural cells, LCN2 is mainly produced by microglia-stimulated
astrocytes. Microglia themselves are not significant contributors to LCN2 upregulation due to the
LCN2 gene being suppressed by SRSF3 (Boutej et al., 2017). Instead, they secrete other cytokines
(e.g. IL-6, TNFa) and alarmins under pro-inflammatory conditions that can activate astrocytes and
other neural cells (Boutej et al., 2017; Liddelow et al., 2017). Several of these were shown to bind
heparan sulfate (Mummery & Rider, 2000; Parish, 2006), suggesting that dPGS prevented
microglia-mediated LCN2 production by blocking some soluble factors and preventing
downstream signaling (Figure 2D and E). One of the candidate cytokines is interleukin-6 released
from microglia, to which dPGS was shown to bind in our earlier studies using surface plasmon

resonance (Maysinger, Lalancette-Hébert, et al., 2019).

Cytokines and alarmins play key roles in the tumor microenvironment (Conti et al., 2020;

Matarredona & Pastor, 2020; Rapoport et al., 2020; Roesch et al., 2018; Sims et al., 2010). The
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cancer cells secrete factors that actively recruit microglia and peripheral macrophages to the tumor
site. In turn, these immune cells produce cytokine and growth factors that can promote cancer
progression (Anfray et al., 2020). In this context, microglia-astrocyte crosstalk forms a positive
feedback loop that maintains an unfavourable tumor microenvironment (Broekman et al., 2018;
Gieryng et al., 2017). LCN2 is an acute-phase protein with emerging roles in the brain and in
cancer. It was shown to complex with and enhance the activity of metalloproteinase-9, a protease
secreted by cancer cells that breaks down the extracellular matrix and promotes invasiveness
(Kobara et al., 2013; Y. Lin et al., 2014). This is significant given that dPGS can downregulate
LCN?2 in neural cells and decrease glioblastoma invasiveness. dPGS can bind P-selectin, which is
expressed in the tumor endothelium and in glioblastoma cells. Because dPGS can also serve as
nanocarrier, they have the potential to deliver anti-cancer agents (Ferber et al., 2017; Sousa-Herves
et al., 2015). Nanocarriers such as functionalized dendrimers for siRNA and anti-cancer drug co-
delivery (Mendes et al., 2019; Subhan & Torchilin, 2019) merit testing in human organoid models
to reveal how combination therapy could affect interplay between cancer cells and the tumor
microenvironment. The modulatory effect of dPGS on organelles could impact glioblastoma cells
in several ways: 1) the increase in perinuclear lysosomes could decrease lysosomal exocytosis and
the release of extracellular matrix-degrading enzymes (e.g. cathepsins)(Machado et al., 2015;
Sundler, 1997), 2) a reduction in lipid droplet size and number (Kepsutlu et al., 2020) is an
indicator of reduced microglia hyperactivity, thus fewer cytokines and trophic factors contributing
to glioblastoma invasiveness, and 3) decreased lipid droplets prevents the sequestration of
lipophilic anti-cancer agents, allowing them to reach their intracellular targets (e.g. curcumin)(l.

Zhang et al., 2016).
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Conclusions

Our results show that dPGS is an attractive candidate as an anti-inflammatory polyglycerol
dendrimer able to modulate human microglia-astrocyte crosstalk. This dendrimer regulated
lipocalin-2 abundance in human neural organoids. In the context of inflammation associated with
glioblastoma multiforme, dPGS limited glioblastoma invasiveness by modulating microglial
activation. Overall, these studies propose the evaluation of well-defined nanostructures in well-
characterized human organoids and co-cultures. Cerebral organoids merit further studies as
complementary 3D models in nanoscience, but they require rigorous characterization and
application of standardized procedures to be widely used (Marx, 2020). Such three-dimensional
systems together with co-cultures and in vivo experiments will provide a valuable evaluation
platform for the internalization, cytotoxicity and modulatory effects of nanotherapeutics in human

neural cells.
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Figure 4.1. dPGS internalization in cerebral organoids and human neural cells

(a) Schematic representation of cerebral organoid usage for nanostructure screening. (b) Human
cerebral organoids were treated with dendritic polyglycerol (dPG)-Cy5 (1 uM) or dendritic
polyglycerol sulfate (dPGS)-Cy5 (1 uM) for 1 h, 4 h or 24 h. Nuclei were labeled with Hoechst
33342. Organoids were imaged using a fluorescence microscope. (c) Cy5 fluorescence in
organoids was analyzed in ImageJ. Shown are the average fluorescence per condition £ SEM. At
least 90 organoids were analyzed from three independent experiments. *** p < 0.001 (d)
Fluorescence micrographs of human cerebral organoids treated with dPG-Cy5 (1 uM) or dPGS-
Cy5 (1 uM) for 24 h and labeled for glial fibrillary acidic protein (GFAP). Nuclei were labeled
with Hoechst 33342. (e) Primary human astrocytes and human HMC3 microglia internalization of
dPGS-Cy5 (1 uM) after 24 h. dPGS-Cy5 (red) is partially co-localized with Lampl-labeled
lysosomal compartments (green). The negative control was prepared in the absence of dPGS-Cy5
and primary antibody to account for background fluorescence. Nuclei were labeled with Hoechst
33342 (blue). Cells were imaged using a fluorescence microscope. (f) Shown are the average
intracellular CyS5 fluorescence per cell expressed as fold change from untreated cells = SD. At least

90 cells were analyzed in two independent experiments. n.s. Non-significant.
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Figure 4.2. Modulating lipocalin-2 levels in human cerebral organoids and neural cells

Lipocalin-2 levels in human cerebral organoids. (a) Micrographs of lipocalin-2 (LCN2) detected
by immunofluorescence in organoid cryosections following treatment with LPS (10 ng/mL) for 24
h. Astrocytes were labeled with GFAP and nuclei with Hoechst 33342. The negative control was
prepared in the absence of primary antibodies to account for background fluorescence. Samples
were imaged using a fluorescence microscope. (b) LCN2 levels in organoids treated with
lipopolysaccharide (LPS) (10 ng/mL) with or without dPG (1 uM) and dPGS (1 uM) for 24 h and
measured by Western blot, with beta-actin as loading control. Quantification shown are the average
intracellular LCN2 levels + SD in organoids based on immunofluorescence images shown in (a).
A total of 27 samples were analyzed from three independent experiments. (c¢) Schematic
representation of media conditioning from microglia used for cerebral organoid treatment. (d)
Representative fluorescence micrographs of intracellular LCN2 levels in organoids treated with
conditioned media from microglia (MCM) treated with LPS (10 ng/mL), dPGS (1 uM) for 24 h.
Quantifications show the average and single-cell levels of LCN2 fluorescence in cryosections. A
total of 1017 cells were analyzed from independent experiments. *** p < 0.001 (e) LCN2 levels
from organoids treated as in (d) and measured by Western blot, with alpha-tubulin as loading
control. Shown are the average LCN2 levels from two independent experiments. * p < 0.05 (f)
Fluorescence micrographs of LCN2 abundance in primary human astrocytes treated as in (d) and
measured using immunocytochemistry. Shown are the average intracellular LCN2 levels in
astrocytes as fold increase of the untreated control. A total of 477 cells from two independent

experiments were analyzed. *** p <0.001.
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Figure 4.3. Glioblastoma invasiveness in 3D co-cultures and the role of microglia

Glioblastoma (GBM) invasiveness in 3D co-cultures. (a) Collagen gels were seeded with human
primary astrocytes and human HMC3 microglia in the presence or absence of a glioblastoma
tumoroid. (b) Glioblastoma invasiveness in the presence or absence of microglia and astrocytes in

3D co-cultures after 6 days. Shown are the average distance of outgrowth from the tumoroid as a

fold change of the tumoroid monoculture = SEM. A total of 32 tumoroids were tested from at least

three independent experiments. * p < 0.05 (c) Schematic representation of microglial conditioned

media (MCM) used to treat collagen-embedded tumoroids. (d) Glioblastoma tumoroid outgrowth

in the presence of conditioned media from microglia treated or not with dPGS (1 uM) after 6 days

+ SEM. A total of 29 tumoroids were tested from at least four independent experiments. * p <0.05

(e) Representative fluorescence micrographs showing intracellular LCN2 (red) in glioblastoma
cells in the presence or absence of microglia cells in direct co-culture and dPGS (1 uM) for 24 h.
LCN2 was fluorescently immunolabeled and cells were imaged using a fluorescence microscope.
Quantifications show the average intracellular LCN2 levels + SD per cell. At least 500 cells were
analyzed from five independent experiments. *** p <0.001; n.s. Non-significant. (f) Fluorescence
micrographs of LCN2 (red) and GFAP (white) in human brain sections from non-cancerous brain
or glioblastoma tumor tissues. LCN2 and GFAP were fluorescently labeled by
immunohistochemistry and imaged using a fluorescence microscope. (g,h) Activation of
transcription factors NFB and STAT3 in microglia in response to glioblastoma secreted factors.
Human HMC3 microglia were treated with glioblastoma conditioned media (GCM) for 24 h, after
which NF«kB p65 and phosphorylated STAT3 Tyr705 were fluorescently immunolabeled (red) and

cells were imaged using a fluorescence microscope. Shown are (g) the average nuclear NFkB p65
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level per cell £ SEM (237 cells from three independent experiments) and (h) the average pSTAT3
Y705 level per cell SEM (317 cells from three independent experiments) *** p < (0.001. (i) Total
NF«B p65 and STAT3 protein abundance in microglia treated as in (g,h). Protein levels were
determined by measurements of immunopositive bands in Western blots. Alpha-tubulin was used

as loading control. Shown are the average protein abundance of NFxB p65 and STAT3 from

three independent experiments. n.s. Non-significant.
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Figure 4.4. Schematic representation of the proposed modulatory effects of dPGS on

microglia, astrocyte and glioblastoma crosstalk

(a) dPGS is internalized in cerebral organoids, and (b) downregulates LCN2 produced by
microglia-induced astrocytes, thereby (c) reducing markers of inflammation (e.g., lipid droplets)

and (d) glioblastoma invasiveness.
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Supplementary Figure 4.1. Markers and development of cerebral organoids

(a) Expression of pluripotency markers in human iPSCs. Immunofluorescence images of NCRM1
cells labelled for the pluripotency markers SSEA-4, Oct3-4, Nanog and Tra-1-60 with nuclear
staining (DAPI). Scale bar: 200 um. (b) Timeline of cerebral organoid growth and development
from iPSCs, over 100 days. (c,d) Stemness (SOX2, Nestin) and neural markers in cerebral
organoids at day 60 and 100. Immunofluorescence staining for mature neurons expressing
microtubule associated protein 2 (MAP2) and astrocytes expressing glial fibrillary acidic protein
(GFAP). Staining of cell nuclei with Hoechst 33342. Scale bar: 200 pm (for higher magnification:

scale bar: 25 um).
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Supplementary Figure 4.2. Mitochondrial activity in cerebral organoids exposed to

nanostructures

(a) Mitochondrial metabolic activity in cerebral organoids following treatment with dPG and dPGS
(1 uM, 72 h), using the MTT assay. Shown are the average percentage mitochondrial metabolic
activity £SD. (b) Mitochondrial metabolic activity in cerebral organoids following treatment with
gold nanoclusters Aul5SG and Aul5PEG (1 uM, 72 h), using the MTT assay. Shown are the

average percentage mitochondrial metabolic activity + SD.

183



o %
Lt
“
A
©
o 3
— O
I 1 1 1 0
o o o o
2 g 5 o
<
7))
et
Y =
Oo\ 20
© =
V)
)
— \0
3 w\\n\o
T T T 1 0
o o o o
(9] o (9]

(losuo9 Jo %) Anaoe
u__onEmE_m_GcocuE_E

184



Supplementary Figure 4.3. Lysosome and lipid droplet adaptation in microglia and GBM

(a) Increase in microglial perinuclear lysosomal marker Lamp]1 in response to dPGS treatment.
Human HMC3 microglia were treated with dPGS (1 uM) for 2 h or 24 h, then Lampl was
fluorescently labeled by immunocytochemistry. Cells were imaged using a fluorescent microscope
and perinuclear signal (within 5 pm of the nucleus) was measured in Imagel]. Shown are the
average perinuclear Lamp1 signal per cell £SEM. 356 cells were analyzed from two independent
experiments. ***p<0.001 (b) Increase in microglial lipid droplet numbers in response to LPS and
normalization of lipid droplet numbers with dPGS. Human HMC3 microglia were treated with
LPS (10 ng/mL) with or without dPGS (1 uM) for 24 h, after which lipid droplets were
fluorescently labeled with BODIPY 493/503 and imaged using a fluorescence microscope. The
number of lipid droplets per cell was counted manually. Shown are the average number of lipid
droplets per cell +SEM. At least 250 cells from three independent experiments were analyzed.
*#%p<(0.001 (c) Fluorescence micrographs of lipid droplets in human primary astrocytes and
U251N glioblastoma (astrocytoma) cells. Lipid droplets were labelled as in (b) and imaged using
a fluorescence microscope. (d) Shown are the average number of lipid droplets in human primary
astrocytes and glioblastoma cells £SD. 51 cells were analyzed from two independent experiments.

*#%p<0.001
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Supplementary Figure 4.4. Absence of microglia from cerebral organoids

Absence of microglia from the cerebral organoids, as shown by IBA1 Ilabeling.
Immunofluorescence staining for astrocytes with GFAP and microglia with IBA1. Staining of cell

nuclei with Hoechst 33342.
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Supplementary Figure 4.5. Glioblastoma invasiveness in cerebral organoids in the absence

of microglia

Glioblastoma tumoroid has limited invasiveness in cerebral organoids in the absence of microglia
cells. Fluorescently-labeled glioblastoma tumoroids were implanted in cerebral organoids and

imaged after 6 days for infiltrative invasiveness using a fluorescence microscope.
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Supplementary Figure 4.6. Movement of normal human astrocytes in 3D culture

Human astrocyte spheroids were implanted into collagen gels and cultured for 6 days. Spheroids

were imaged using brightfield.
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Supplementary Figure 4.7. Internalization of fluorescent dPGS-Cy5 in glioblastoma
tumoroids

Shown are representative fluorescence micrographs of glioblastoma tumoroids treated with dPGS-
CY5 (red) or dPG-CyS5 for 24h at 1 uM. Nuclei were labeled with Hoechst 33342 (blue).

Tumoroids were imaged using a fluorescence microscope.
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Chapter 5. General Discussion
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This manuscript-based thesis has two main goals. (1) To provide and interpret new data related to
glioblastoma treatment with HDACG6 inhibitors starting from simple monolayer culture systems
and leading to more complex 3D models such as tumoroids and cerebral organoids. These systems
were used to test mono- and combination therapies as well as to show the role of several signal
transduction mechanisms. (2) To show how cells in the glioblastoma microenvironment can be
modulated to reduce the negative impact of neuroinflammation. In this context, the role of lipid

droplets is highlighted and new therapeutic approaches based on nanomedicine are proposed.

Glioblastoma multiforme is a challenging disease for which current treatments are often
ineffective due to different mechanisms of resistance (Erasimus et al., 2016a; S. Y. Lee, 2016a;
Weller et al., 2013). These include the prevalence of upregulated DNA repair mechanisms in the
nucleus, which result in resistance to the first-line treatment temozolomide, and warranted our
interest in sahaquine, a new pharmacological agent targeting the cytoplasmic protein HDACS6.
Particularly, the selectivity of sahaquine for HDAC6 was deemed to be an advantage due to the
pre-clinically and clinically observed toxicity of non-selective HDAC inhibitors such as SAHA

(Subramanian et al., 2010).

Other less understood mechanisms of resistance involve lipid droplets, cytosolic organelles
that not only store lipids and serve as energy sources for GBM but can also entrap and prevent the
pharmacological effect of lipophilic compounds such as curcumin. Beyond their role in GBM cells,
lipid droplets also participate in the inflammatory processes that involve cells of the tumor
microenvironment, particularly normal astrocytes and microglia (Barber & Raben, 2019;
Marschallinger et al., 2020; Olzmann & Carvalho, 2019). These cells can significantly contribute
to GBM progression, which is why nanostructures such as dendritic polyglycerol sulfates are so

interesting as inflammatory modulators (Abels et al., 2019; Matias et al., 2018; Roesch et al., 2018).
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5.1. Advantages and considerations of HDAC®6 inhibition in GBM

5.1.1. Role of HDACG in signalling pathways

Previous reports have related increased levels of HDAC6 with worse prognosis in different types
of cancers, including GBM (S. Li et al., 2015; T. Li et al., 2018; Yano et al., 2018; S.-L. Zhang et
al., 2019). HDACS6 plays several roles in GBM, as well as normal cells. It regulates the acetylation
of several client proteins, such as the cytoskeletal component a-tubulin and heat shock protein 90
(HSP90), among others. In turn, acetylation of these proteins regulates their function (e.g. a-
tubulin stability, HSP90 binding to its client proteins). In cancer, high levels of HDAC6 was shown
to be important for the hyperactivation of proliferative pathways involving kinases such as Akt
and Erk1/2, and is linked to worse prognosis in patients. Upstream of these kinases is EGFR,
perhaps the best characterized receptor in GBM whose amplification contributes to tumor growth
and survival. Although several strategies and pharmaceutical agents (e.g. monoclonal antibodies,
tyrosine kinase inhibitors) have been developed over the years to target EGFR and downregulate
its signalling, little progress has been achieved in clinical trials (Ayati et al., 2020; Bhullar et al.,
2018, p.). This is in part due to genetic variability in EGFR, which compromises the effectiveness
of EGFR-binding agents, and in part due to the severity of side effects from broad spectrum agents
such as tyrosine kinase inhibitors. In contrast, HDAC6 was not reported to be often mutated in
GBM or other cancers, and thus has a lower risk of resistance to its inhibitors. We hypothesized
that sahaquine could downregulate EGFR levels — as well as the activation of downstream kinases
Akt and Erk1/2 — by its inhibition of HDAC6. Our results showed that selective HDAC6 inhibition
with sahaquine significantly decreased EGFR levels in GBM cells, in monolayer cultures as well

as three dimensional tumoroids (Chapter 4)(I. Zhang et al., 2018). This is likely due to the role of

197



HDACS6 in regulating microtubule trafficking, which impacts EGFR cell surface expression and

subsequent degradation (W. Liu et al., 2012).

5.1.2. Role of HDACS6 in cancer invasiveness

Through its effect on a-tubulin and microtubule stability, HDACG6 also regulates cell motility
(Boyault et al., 2007, p. 6). In the context of GBM, this implies that HDAC6 regulates the
invasiveness of cancer cells into the surrounding brain tissues. GBM invasiveness is a main reason
why surgery is ineffective, since tumor cells infiltrate the normal tissues extensively, preventing
the possibility of full resection. Cancer cells left behind are then susceptible to initiate recurrent
tumors, which are usually more resistant to treatment. Studies on compounds targeting
microtubules have yielded several successful anti-cancer drugs (Dumontet & Jordan, 2010).
Paclitaxel — the first of the taxane family to be used in anti-cancer therapy — stabilizes microtubules
and prevents cell cycle progression past the G2/M phase. This not only prevents fast-growing
cancer cells from proliferating, but also limits tumor invasiveness and metastasis. Paclitaxel has
been widely used in clinics for several types of cancers (ovarian, breast, non-small cell lung cancer,
etc.) since 1993, but also has a well-described toxicity profile (Camidge, 2001; Marupudi et al.,
2007). Significant side effects include myelosuppression, neuropathy and hair loss, which are
typical of agents affecting all rapidly dividing cells of the body (bone marrow, hair follicles).
Clinical trials with the pan-HDAC inhibitor SAHA showed several grade 3 and 4 adverse effects,

including thrombocytopenia, fatigue and dehydration (Subramanian et al., 2010).
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More worrying are reports of electrocardiogram changes, which warranted close monitoring of

potential cardiac arrhythmias (Subramanian et al., 2010).

5.1.3. Side effects of HDACS6 inhibition

Although inhibition of HDACS6 results in the hyperacetylation a-tubulin, side effects observed in
clinical trials with ACY-1215, a HDAC6-selective inhibitor, were very different from that of
paclitaxel or SAHA. The drug was overall well tolerated, with grade 1 and 2 side effects (nausea,
fatigue) in dose-finding studies. The most notable side effect at higher doses is thrombocytopenia,
which is present with both HDAC6-selective and non-selective HDAC inhibitors (Subramanian et
al., 2010) This was suggested to be caused by the role played by HDAC6 in the maturation of
megakaryocytes. Interestingly, HDAC6 knock-out mice are viable, fertile and develop normally,
although a-tubulin is globally hyperacetylated in their body. This suggests that although HDAC6
is found in all cells, inhibition of its activity is unlikely to results in severe side effects. In contrast,
HDACI knock-out mice are embryonic lethal due to severe development defects stemming from

impaired cell proliferation (Y. Zhang et al., 2008).

5.1.4. Properties of HDAC inhibitors for the brain

Both SAHA and ACY-1215 are available as oral drugs. ACY-1215 was the first in-class orally
available HDAC6-selective inhibitor to be tested in clinical trials (Vogl et al., 2017). However,
both drugs have been mostly studied for diseases outside of the central nervous system and there
is limited data on blood brain barrier (BBB) permeability. Studies done in nude mice showed that

SAHA crossed the BBB, as evidenced by increased levels of acetylated histone H3 and H4 in the
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brain (Yin et al., 2007b). Mice studies with ACY-1215 showed that the compound had lower brain
permeability compared to same-family molecules such as ACY-1083, although both compounds
can exert significant effects in the brain (D. Wang et al., 2019; L. Zhang et al., 2014). Both
molecules contain hydroxamic acid as the active HDAC-inhibiting moiety, yet other properties

(e.g. lipophilicity, size) differ.

Different conformations in the L1 loops of HDAC6 and Class I HDACs can explain the
selectivity of ACY-1215 and sahaquine. These two compounds have capping groups larger than
that of pan-inhibitor SAHA, causing steric hindrance that prevents interaction with the active site
of Class I HDAC:s. In particular, it is the L1 loop of Class | HDACs which constricts their active
site in a manner that prevents HDAC6-selective compounds like ACY-1215 and sahaquine from

reaching in (Porter, Osko, et al., 2018; Porter, Shen, et al., 2018).

Because the main mechanism of action of sahaquine is the same as that of ACY-1215, it
likely has commonalities with this drug, including potential side effects in humans. However,
sahaquine is different is some aspects. It is smaller (388.47 g/mol for sahaquine; 433.512 g/mol
for ACY-1215) and its logP is very close to that of SAHA, which is brain permeable (0.92 for
sahaquine; 1.0 for SAHA). Importantly, recent reports have shown that ACY-1215 was susceptible
to an acquired mechanism of drug resistance mediated by human ATP-binding cassette
transporters ABCB1 and ABCG2 (Wu et al., 2018), which are enriched at the BBB. These
transporters are thought to be responsible for the lower effectiveness of several drugs — including
tyrosine kinase inhibitors such as ibrutinib — in vivo compared to their predicted effect based on in

vitro studies (Amengual et al., 2017; van Hoppe et al., 2018).

On the other hand, primaquine — and primaquine-containing compounds like sahaquine —
can inhibit efflux pumps responsible for multidrug resistance (Wu et al., 2008), and thus are
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attractive to overcome one of the most common issues related to cancer drugs. As a hybrid
molecule, sahaquine not only merges two different drugs into one, but the effects of one drug
positively impacts the effect of the other: primaquine provides the bulkiness necessary for the
capping group to cause steric hindrance with the active site of Class I HDACsS, thereby giving
sahaquine HDAC®6 selectivity, and inhibits efflux pumps that might otherwise result in poor BBB

permeability or drug resistance.

Another common issue related to cancer chemotherapy is peripheral neuropathy, a serious
adverse effect observed with drugs such as paclitaxel, cisplatin and pan-HDAC inhibitors like
SAHA (Starobova & Vetter, 2017; Subramanian et al., 2010). In contrast, HDAC6-selective
inhibitors were found to reverse neuropathy by improving mitochondrial and axonal transport
through tubulin stabilization. The positive results in mice led to clinical trials for ACY-1215 to
benefit patients with diabetic neuropathy (D. Wang et al., 2019). In the future, such studies are
planned for neuropathies secondary to chemotherapy and Charcot—Marie-Tooth disease,
supporting the use of HDAC6 inhibitors for combination therapy in cancer and other diseases
(Shukla & Tekwani, 2020). One example is Alzheimer’s disease, where ACY-1215 was found to
improve autophagic clearance of amyloid-f and hyperphosphorylated tau in mouse brains (L.
Zhang et al., 2014) through the modulation of intracellular transport along microtubules and

organellar function.
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5.2. Role and inhibition of lipid droplets in GBM

5.2.1. Lipid droplets in astrocytes and GBM

GBM cells easily adapt to stressful stimuli (Colwell et al., 2017; Shen et al., 2019). In response to
hypoxia in the GBM microenvironment, the cancer cells stimulate angiogenesis to increase oxygen
supply to the tumor core. To support its growth, GBM obtains energy from different sources,
including lipids. In contrast with normal astrocytes, which have few, very small lipid droplets,
GBM typically have numerous LDs that can serve several purposes (Geng & Guo, 2017; Taib et

al., 2019; I. Zhang et al., 2016).

LDs are primarily storage sites for lipids, but participate extensively in cellular processes
such as signal transduction, membrane synthesis, etc. LDs can form to store fatty acids internalized
by the cell or from de novo fatty acid synthesis (Olzmann & Carvalho, 2019). In turn, LDs provide
fatty acids for functions such as B-oxidation in mitochondria, membrane repair, prostaglandin
synthesis, etc. For a long time, the role of B-oxidation in the brain was unclear, as glucose was well
described as the main source of energy for neural cells. GBM was also described as reliant on
glucose, which is why the ketogenic diet was proposed to deprive tumors from their preferred
source of energy (Schwartz et al., 2018; van der Louw et al., 2019). However, several issues arose.
Firstly, some patients would not tolerate well the drastic changes imposed by a ketogenic diet.
Secondly, GBM is not solely dependent on glucose and can use fatty acids as an energy source
(Kant et al., 2020; Strickland & Stoll, 2017). In fact, brain tumors are often iso-metabolic compared
to normal gray matter when detected by positron emission tomography with 2-deoxy-2-[fluorine-
18]fluoro- D-glucose, rendering the method ineffective in differentiating cancer tissue from the
normal brain (Y. Yang et al., 2019). Lastly and most importantly, several factors upregulated in
GBM actually promote fatty acid synthesis and usage, particularly under the hypoxic and low pH
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conditions of the tumor core. One example is EGFR, which is upregulated in more than 40% of
GBM tumors, promotes the activation of sterol regulatory element-binding transcription factor 1c
(SREBP-Ic), a master regulator of lipogenesis (Sperry et al., 2019). Some of the fatty acid
synthesis rate-limiting enzymes upregulated by transcription factors in the SREBP family are fatty

acid synthetase and acetyl-CoA carboxylases, among others.

5.2.2. Lipid droplet functions in GBM

Besides serving as energy sources, LDs can also prevent oxidative damage and lipotoxicity by
serving as buffer systems (Olzmann & Carvalho, 2019; Taib et al., 2019). They prevent
peroxidation reactions that might otherwise damage cellular membranes; store excess lipids to
avoid cytosolic overload, provide repair material for membranes damaged by oxidative stress, etc.
LD homeostasis is different dependent on the cell type, and neither too few nor too many is
beneficial in the long term. If LDs are overloaded in cells other than adipose cells, there is a risk
of leakage and lipotoxicity. On the other hand, too few LDs in cells that normally require them
may result in energy shortage and starvation. In GBM, LDs serve as energy source as well as
defence against oxidative stress resulting from their high metabolic activity. Under hypoxic
conditions, hypoxia inducible factors HIF-1a and HIF-2a upregulate glucose and glutamine import,
along with SREBP activation. These mechanisms of adaptation result in increased lipid droplets

under hypoxic conditions (Koizume & Miyagi, 2016).

Another function of LDs in GBM explored in Chapter 3 is their role in trapping lipophilic
agents such as curcumin, modifying their pharmacokinetic and pharmacodynamic profiles (i.e.

effectiveness, duration, metabolism, etc.). This trapping can be observed at the systemic level for
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lipophilic drugs that significantly partition into adipose tissues. This is particularly important for
the drug-dosing of lipophilic anesthetics (e.g. diazepam), while that of agents with low
lipophilicity (e.g. sevoflurane, desflurane) is less impacted (Casati & Putzu, 2005). Furthermore,
compounds accumulating in LDs are susceptible to be further processed by several lipases and
other enzymes associated with these organelles, thus affecting drug metabolism. For example,
lasonolide A, a lipophilic macrolide with anti-cancer properties, is cleaved by lipid droplet-
associated hydrolase into a toxic metabolite that can significantly increase adverse effects (Dubey

et al., 2020).

5.2.3. Inhibiting lipid droplet formation in GBM

Our results demonstrated that inhibiting of LDs increases the cell killing effect of curcumin in
GBM. Pyrrolidine-2, an inhibitor of cytoplasmic phospholipase A2, was a potent pharmacological
tool to demonstrate the importance of LDs in supporting GBM function (Ono et al., 2002b).
Although effective in vitro, pyrrolidine-2 has not progressed into clinical trials so far; it was shown
to have off-target effects, namely the blocking of calcium release from the ER and of calcium
increases in mitochondria (Yun et al., 2016). Furthermore, cPLA2 is necessary for lipid release
from normal astrocytes, which mediates signalling between neural cells (F. Wang et al., 2020, p.).
Due to the important role of cPLA2 in normal cells, its adverse effects are likely to be significant
in humans. Interestingly, long-term treatment with curcumin itself was found to improve
triglyceride and cholesterol levels in humans, and was used to promote glycemic control in patients
with diabetes, the metabolic syndrome and related conditions (Tabrizi et al., 2018). In hepatocytes,
curcumin was shown to regulate endoplasmic reticulum stress, thereby lowering stress-induced
LD formation (H.-Y. Lee et al., 2017).
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However, many phytochemicals that reached clinical trials have shown limited
effectiveness, often due to low bioavailability and stability in vivo. Although curcumin is well
tolerated even at high doses (12 g/day), it is poorly water-soluble and was barely detected in the
serum at doses below 4-8g/day (Lao et al., 2006). Even compounds like genistein that comply to
Lipinski’s ‘rule of five’ do not necessarily have good absorptive properties; they are susceptible
to other factors such as metabolism (gastric pH, first-pass effect, gut microbiome, etc.) and rate of

absorption in the intestines (Aqil et al., 2013).

5.3. Nanostructures as pharmacological modulators of the brain

5.3.1. Nanodelivery systems for natural compounds and lipophilic drugs

Despite the detrimental effect of lipid droplets in reducing the effectiveness of curcumin, the
concept of “entrapping” lipophilic compounds is not necessarily always disadvantageous and has
been exploited for the delivery of therapeutic agents that would otherwise lack the bioavailability
or stability to be effective in vivo. For instance, these compounds can be loaded inside
nanostructured carriers with a hydrophobic interior and a hydrophilic exterior, which protects the
agent and improves solubility. In turn, this lengthens the half-life of the compound while retaining

its biological effect.

Numerous types of nanocarriers have been explored over the years. Micellar structures
made of block copolymers simulate endogenous micelles (e.g. lipoproteins) and are readily
internalized by cells along with their cargo (Savi¢ et al., 2006). Telodendrimeric self-assembly
systems made of amphiphilic polymers preserve the biological activity of curcumin, reducing

neurite loss in a model of cisplatin-mediated neuropathy (Moquin et al., 2019). Release of the drug
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is determined by the stability of the nanostructures, which depends on the critical aggregation
concentration (CAC) of the nanomaterial. When the nanostructures reach cells and their

concentration becomes lower than that of the CAC, the nanocarrier unravels and releases the cargo.

5.3.2. Nanostructures for the brain

Although numerous types of nanostructures have been studied in animal models, their effects in
vivo greatly differ depending on their size, shape and surface properties (Sitharaman, 2016).
Despite these differences, most nanostructures tend to accumulate in well vascularized organs (e.g.
liver and kidneys), then are cleared over time. The BBB remains the greatest challenge for drug
delivery to the brain, as tight junctions restrict passage for most blood-borne substances

(Villabona-Rueda et al., 2019).

However, the BBB undergoes important changes under pathological conditions (e.g. GBM,
inflammation)(Arvanitis et al., 2020; Shigemoto-Mogami et al., 2018). Tight junctions are
disrupted from the pressure of the growing tumor and from the activation and recruitment of
immune cells at the tumor site. These disruptions make the BBB more permeable, allowing for
nanostructures and drugs to enter the brain. Furthermore, tumor neovasculature is more “leaky”
than established vessels, allowing for nanostructures to seep out and accumulate at the tumor site

— an effect termed enhanced permeability and retention (Fang et al., 2011; Greish, 2010).

Nanoconstructs can also be designed to bind tumor cells, for instance with delivery systems
specifically targeting EGFRVIII, a constitutively active EGFR variant commonly found in GBM.
They can also be recruited by interacting with factors upregulated at the tumor site. The

microenvironment of GBM is infiltrated with resident and peripheral immune cells, predominantly
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microglia and macrophages. These cells are activated by factors released from the tumor and
express high levels of selectins (L/P) on their surface (Siew & Chern, 2018). Dendritic
polyglycerol sulfates (APGS) are polymeric nanostructures that are particularly interesting in this
context. dPGS can cross the BBB and binds to selectins on the surface of activated immune cells
(Barthel et al., 2007). Furthermore, it was shown that these selectins are enriched on GBM cells
and the tumor endothelium, thus making dPGS interesting targeted nanostructures (Ferber et al.,

2017).

5.3.3. dPGS as modulators of inflammation

Dendritic polyglycerol sulfates were originally synthesized from the sulfation of dendritic
polyglycerols (dPG)(Sandler & Berg, 1966) to serve as synthetic alternatives to heparin. Heparin
is still commonly used as an anti-coagulant, but the need to isolate it from animal sources means
higher risks of contamination from pathogens. Although similar in structure to heparin, dPGS
showed significantly lower anti-coagulant properties and its hydroxylated analog dPG had none
(Tirk et al., 2004). dPGS binds to P-selectin on leukocytes with high affinity; this data and
experimental work in immune cells suggested dPGS as anti-inflammatory nanostructures

(Dernedde et al., 2010; Rades et al., 2018; Tiirk et al., 2004).

The evidence the anti-inflammatory properties of dPGS was provided in several studies by
our group in mice, using dissociated primary neural cells as well as organotypic slice cultures.
dPGS blunted the upregulation in cytokines and alarmins (e.g. IL-6, TNF-a, lipocalin-2) in
response to LPS and amyloid-p, thus reducing impairments in morphological plasticity in

hippocampal excitatory neurons, and reducing the loss of dendritic spines in the hippocampus
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(Maysinger et al., 2015; Maysinger, Ji, et al., 2018; Maysinger, Lalancette-Hébert, et al., 2019).
Studies described in Chapter 4 capitalize on these findings and expand the investigations of dPGS
in human neural cells, both in the simple dissociated human glial cells and in human cerebral
organoids (I. Zhang et al., 2020). Although human and mouse neural cells share a number of
common features, they also have considerable differences. For instance, the mouse and human
brains are similar in structure, but great differences exist in the way pathways and genes are
activated (Breschi et al., 2017; Hodge et al., 2019; Kalmbach et al., 2018). Expression in glial cells
diverge significantly, with more than 3 500 genes showing at least a ten-fold difference between
the two species (Hodge et al., 2019). This is particularly important for microglia, as subtypes with
distinct transcriptional profiles can emerge depending on the pathology (Masuda et al., 2019) and
astrocytes depend on microglia to shape their own response (Bellver-Landete et al., 2019;

Maysinger, Lalancette-Hébert, et al., 2019; Nichols et al., 2019; Tremblay et al., 2016).

5.3.4. Cerebral organoids as 3D brain models

The development of human cerebral organoids was of great significance for the study of the brain,
as it allowed to examine crosstalk between neural cells in 3D (Eiraku & Sasai, 2012; Lancaster &
Knoblich, 2014). There are several advantages to cerebral organoids compared to dispersed neural
cells from human donors. Apart from practical or technical perks such as availability and
reproducibility, organoids are also attractive for modelling complex disorders (e.g.
microencephaly, Alzheimer’s, autism etc.)(Lancaster et al., 2013; Mariani et al., 2015; Nascimento
et al., 2019; Raja et al., 2016) and for avoiding phenotypic changes associated with culture in

monolayers. Nevertheless, studies employing human cerebral organoids to test nanostructures such
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as dPGS remain rare despite the fast growing field of nanomedicine and few reviews cover the

subject (Abdel Fattah & Ranga, 2020; Q. Zhang et al., 2019).

A limitation to most models of cerebral organoids is the lack of vasculature. Endothelial
cells forming the blood brain barrier regulate brain entry for immune cells and therapeutic agents
(Daneman & Prat, 2015; Sweeney et al., 2019). The extent to which these elements can enter the
brain depends on changes in the blood brain barrier in pathological conditions. Systemic
inflammation can cause transient or permanent loss of integrity in the tight junctions, damage to
endothelial cells and breakdown of the glia limitans (Varatharaj & Galea, 2017). Furthermore,
endothelial cells themselves can exacerbate injury by increasing vascular permeability, leading to
edema and excessive inflammation (Daneman & Prat, 2015; Varatharaj & Galea, 2017). The
inhibition of P-selectin on endothelial cells has been proposed to reduce brain injury, and dPGS is
an interesting candidate given its P-selectin binding properties (Ferber et al., 2017; Ishikawa et al.,
2004; Ruehl et al., 2002). Because peripheral immune cells bind P-selectin prior to extravasation,
dPGS could also reduce migration of peripheral macrophages through the blood brain barrier
toward inflamed or tumor tissues (Mayadas et al., 1993). In GBM, pressure from the growing
tumor can physically disrupt the blood brain barrier and vasculature at the tumor site tends to be
leakier than elsewhere (Arvanitis et al., 2020). This led to the assumption that pharmacological
agents and nanotherapeutical constructs can accumulate homogeneously at the tumor site of all
GBM patients, which is not the case. There is a significant proportion of GBM patients with parts
or most of the blood brain barrier intact, especially in the early stages of the pathology (Sarkaria
et al., 2018). Thus, organoids which can include or model the blood brain barrier are advantageous

(Bergmann et al., 2018; Cakir et al., 2019).
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Another important limitation to most cerebral organoids is the absence of microglia.
Microglia originate from erythro-myeloid progenitors in the yolk sac then migrate to the brain, and
therefore are not differentiated from the neuroectoderm along with other neural cells (Alliot et al.,
1999; Menassa & Gomez-Nicola, 2018). Although this absence prevents the study of immune and
neural cell interactions in the brain, it can be useful for experiments requiring microglial depletion.
In primary mixed neural cultures, depletion is usually achieved by mechanical, genetic or
pharmacologic manipulations, but there is often a small percentage (<5%) of microglia that could
still make astrocytes significantly reactive. In experiments where microglia are required, efforts
were made to develop cerebral organoids containing microglia, either by differentiating them along
with neural cells or by subsequent addition (Ormel et al., 2018; Song et al., 2019). However, these
models came with their own limitations, the most important being high variability in the
distribution and number of microglia within and across individual organoids (Ormel et al., 2018;
Song et al., 2019). As the immune surveyors and phagocytes of the brain, microglia are the most
capable brain cells to internalize nanostructures compared to astrocytes and neurons.
Nanomedicines are thus particularly attractive as modulators of microglia plasticity and activity

(D. M. and J. Ji, 2019; Maysinger & Zhang, 2016; Rodell et al., 2018).

5.3.5. Role and modulation of the tumor microenvironment

The tumor microenvironment has received considerable attention in recent years. Its importance
was shown in different types of cancer and several features remained consistent: alternations to
the tumor stroma in terms of 1) signalling molecules (e.g. cytokines, alarmins) and 2) cell types
(e.g. endothelial cells, immune cells)(Brandao et al., 2019; Quail & Joyce, 2017; Roesch et al.,
2018). Although the specifics of these alterations can differ, their contribution to disease
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progression are such that immune checkpoints inhibitors (e.g. monoclonal antibodies against PD-

LT) are now considered landmark interventions (Chamoto et al., 2020).

The brain, however, has long been considered an immune privileged organ and does not
follow the same regulations as peripheral organs. As opposed to “hot” tumors (e.g. kidney cancer,
melanoma), GBM has very low T-cell infiltration and is an unlikely candidate for checkpoint
inhibitors targeting effector T-cells (Duan et al., 2020). Although T-cell infiltration into “cold”
tumors can be stimulated using vaccines (Bonaventura et al., 2019; Hilf et al., 2019; Keskin et al.,
2019), the effectiveness in situ is compromised by the tumor microenvironment itself. The GBM
microenvironment is rich in transforming growth factor beta (TGF-B) and interleukin-10 (IL-10),

which would largely suppress the anti-cancer activity of cytotoxic T-cells (Ye et al., 2007).

GBM tumors are massively infiltrated by microglia and peripheral macrophages
(Hambardzumyan et al., 2016), which are collectively termed tumor-associated macrophages
(TAMs)(Pathria et al., 2019; Roesch et al., 2018; Zhou et al., 2020). These cells are the source of
most cytokines upregulated in the tumor microenvironment and are receptive to
immunomodulatory agents. For instance, the antibiotic minocycline reduced microglial-secreted
factors and tumor growth (Markovic et al., 2011), whereas the antifungal amphotericin B enhanced
microglial activation and subsequent cancer killing (Sarkar & Yong, 2014). These two seemingly
opposing approaches share the same goal: to shift the polarization of TAMs away from tumor-

supportive functions.

Apart from promoting GBM proliferation, invasiveness and angiogenesis, TAMs-secreted
factors (e.g. TGF-B, IL-6 and IL-10) also maintain stemness in brain tumor stem cells through the
activation of STAT3 (Almiron Bonnin et al., 2018; Galoczova et al., 2018, p. 3). Brain tumor stem
cells are central to tumor recurrence due to their resistance to conventional radiotherapy and
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chemotherapy. Their self-renewal properties are dependant on STAT3 and can be abolished using
STAT3 inhibitors (Han et al., 2019). The ideal path to achieving STAT3 inhibition remains a
matter of debate, given the essential roles played by this transcription factor throughout the body.
STAT3 has no enzymatic pocket to target, and upstream kinases (JAK1/2) are too promiscuous to
inhibit without significant side effects (Yue & Turkson, 2009). Many approaches have been tested
for direct STAT3 inhibition (e.g. peptides, small molecules, siRNA), yielding so far no outstanding
candidates in clinical trials (Gelain et al., 2019; Yue & Turkson, 2009). STATS3 is rarely mutated
in cancer, being instead hyperactively driven by the tumor microenvironment (Dasgupta et al.,
2015). As such, it would be susceptible to indirect inhibitors (e.g. dPGS) acting at the source of its

activation, i.e. by downregulating TAMs-secreted factors (Huynh et al., 2019).
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Figure 5.3. Mechanisms of action of dPGS on the GBM microenvironment
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5.3.6. Nanotherapeutic and pharmacological modulators of the glioblastoma

microenvironment

Due to the complexity of GBM, monotherapies are likely to fail. It is essential to consider the
tumor microenvironment in pre-clinical research to avoid oversimplifying the disease and
overestimating treatment effectiveness. The main objectives are to 1) kill GBM cells, 2) kill or
differentiate brain tumor stem cells, 3) limit tumor invasiveness and 4) interrupt tumor-supporting
functions in cells of the tumor stroma. Achieving objective #4 would greatly contribute to progress
toward the other three objectives, which is why immunomodulatory agents such as dPGS are of

interest.

dPGS does not directly kill cancer cells but could significantly enhance GBM Kkilling in
combination with anti-cancer drugs with low cancer resistance potential (e.g. sahaquine). Due to
their effects on different elements of the GBM microenvironment, synergistic effects between
dPGS and sahaquine would only be apparent in complex 3D models, which are still under-
represented in screening experiments for combination therapies. Our studies have revealed
synergistic effects between sahaquine and temozolomide, as the combination index (CI) was < 1
(I. Zhang et al., 2018). CI is a useful quantifier which clearly shows the biological outcome when
two therapeutics are combined: if CI = 1, there is an additive effect, if CI < 1, there is synergism,
and if CI > 1, antagonism (Chou, 2018). Combination treatment focusing on different aspects of
the disease is important given the heterogeneity of GBM. Apart from intratumoral heterogeneity,
there is also differences between patients (e.g. sex, age, health) that can significantly impact
treatment response. Women tend to respond better than men, and younger patients, better than
older ones (Ostrom et al., 2018; Trifiletti et al., 2017; W. Yang et al., 2019). Medical history can

also matter: the chronic use of certain drugs, such as statins, is associated with lower GBM risk
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and better prognostic (B. K. Chen et al., 2016; D. Gaist et al., 2013; Lu & McDonald, 2017). This
particular association reflects the findings of Chapter 2, where combination therapy with
temozolomide and pyrrolidine-2 increased GBM killing through the inhibition of lipid droplets (1.

Zhang et al., 2016).

Ongoing progress toward a better understanding of GBM as a disease and development of
new therapeutic agents as well as human brain models are converging to advance translational
research. Most exciting are emerging nanotherapeutic agents such as dPGS that could serve both
as targeted drug carriers for anti-cancer agents (e.g. sahaquine, temozolomide) and as modulators

of TAMs.
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Conclusions

This thesis presents current therapeutic challenges and corresponding advances for glioblastoma
multiforme, a devastating disease for which treatments consistently fail. The urgent need for new
therapeutics was a main motive for investigating the novel hybrid molecule sahaquine. The
observation that some lipophilic anti-cancer agents are sequestered in fat cells and organelles led
to studies on lipid droplets, which were largely unexplored in brain tumors. We hypothesized that
better understanding of their role in cancer resistance will lead to the selection of more effective
combination treatments. Finally, considering the limitations of 2D glioblastoma models, we
established complex in vitro brain models in 3D to study inflammation in the glioblastoma

microenvironment using human neural cells.

Chapter 2 of the thesis presents direct and indirect effects of targeting the uniquely
cytoplasmic HDAC6 using sahaquine, an anti-cancer hybrid molecule that also inhibits P-
glycoprotein-mediated drug efflux. Additionally, sahaquine kills brain tumor stem cells and
minimizes hyperactivation of pro-survival pathways. Importantly, combination treatments
presented in Chapter 2 were superior to monotherapies in tackling glioblastoma heterogeneity and

adaptability.

Chapter 3 focused on the effectiveness of combination treatment with pyrrolidine-2, an
inhibitor of lipid droplet formation, and curcumin, a natural compound previously suggested for
cancer treatments. Results from this chapter clearly show the contribution of lipid droplets to
glioblastoma resistance. The extensive organellar and functional changes in glioblastoma were

also observed in cells of the tumor stroma.
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In Chapter 4, we capitalize on human neural cells forming organoids to test anti-
inflammatory effects in the glioblastoma microenvironment. Results in Chapter 4 reveal the
contribution of normal astrocytes and microglia to cancer progression. We used dendritic
polyglycerol sulfates as anti-inflammatory nanostructures to normalize glial functions in the tumor

microenvironment in 3D.

Taken together, this thesis joined pharmacological and nanomedical advances with
emerging pre-clinical tools and biological models. Results from this thesis should provide the basis
for future studies with combination therapies in vivo by combining metabolomic, proteomic and
lipidomic approaches. Ultimately, this thesis strives to advance patient prospects beyond the

Hobson’s choice currently available in clinics.
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Abstract

anti-cancer intervention.

Glioblastoma multiforme is one of the most aggressive brain tumors and current therapies with temozolomide or
suberoylanilide hydroxamic acid (SAHA, vorinostat) show considerable limitations. SAHA is a histone deacetylase
(HDAQ) inhibitor that can cause undesirable side effects due to the lack of selectivity. We show here properties of a
novel hybrid molecule, sahaquine, which selectively inhibits cytoplasmic HDAC6 at nanomolar concentrations without
markedly suppressing class | HDACs. Inhibition of HDAC6 leads to significant a-tubulin acetylation, thereby impairing
cytoskeletal organization in glioblastoma cells. The primaquine moiety of sahaquine reduced the activity of P-
glycoprotein, which contributes to glioblastoma multiforme drug resistance. We propose the mechanism of action of
sahaquine to implicate HDAC6 inhibition together with suppression of epidermal growth factor receptor and
downstream kinase activity, which are prominent therapeutic targets in glioblastoma multiforme. Sahaquine
significantly reduces the viability and invasiveness of glioblastoma tumoroids, as well as brain tumor stem cells, which
are key to tumor survival and recurrence. These effects are augmented with the combination of sahaquine with
temozolomide, the natural compound quercetin or buthionine sulfoximine, an inhibitor of glutathione biosynthesis.
Thus, a combination of agents disrupting glioblastoma and brain tumor stem cell homeostasis provides an effective

Introduction

Glioblastoma multiforme (GBM) is the most common
and aggressive form of brain cancer, with limited treat-
ment options and dismal survival rates. Current treatment
involves surgical resection followed by radiotherapy and
chemotherapy with temozolomide (TMZ)'. However,
more than half of GBM patients do not respond to TMZ
due to the overexpression of DNA repair enzymes,
notably O°-methylguanine transferase®*.
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Histone deacetylase (HDAC) inhibitors exert anticancer
effects by inducing cell differentiation, cell cycle arrest, and
apoptotic cell death through the upregulation of tumor
suppressor and cell cycle-regulatory genes’. Suberoylanilide
hydroxamic acid (SAHA, vorinostat) is a Food and Drug
Administration-approved drug for the treatment of cuta-
neous T cell lymphoma. It is currently in clinical trials for
GBM as monotherapy and combined with radiotherapy®~.
Despite advancements in treatments, the median survival
rate for GBM remains low (14—16 months) and new ther-
apeutic options are urgently needed™'’.

In this study, we combined hydroxamic acid—the active
moiety of SAHA exerting biological effects in cancer cells—
with primaquine to generate a new class of hybrid antic-
ancer agents: sahaquines. Hydroxamic acid inhibits HDACs;
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these enzymes are overexpressed in many cancers, includ-
ing GBM'"'"?, The hydroxamic acid pharmacophore of
SAHA chelates metal ions, thereby inhibiting metalloen-
zymes such as HDACs and matrix metalloproteinases
(MMPs),  which  promote cancer growth and
invasiveness'>'°, Hydroxamic acid is a weak acid, which is
favorable in the acidic tumor microenvironment as weak
bases become protonated, resulting in ion trapping, lyso-
somal accumulation, elimination by lysosomal exocytosis,
and overall decreased biological activity'®™'®. Primaquine
can directly interfere with endosomal trafficking to the
plasma membrane'®, inhibit the multidrug resistance
transporter P-glycoprotein, and autophagy, thereby sensi-
tizing cancer cells to anti-mitotic drugs®**'. Considering
that monotherapies have limited effectiveness in GBM, we
tested sahaquine in combination with TMZ, the standard of
care for GBM, quercetin, and buthionine sulfoxamine.
Quercetin is an abundant flavonoid found in fruits and
vegetables, such as apples and onions. Its estimated daily
intake ranges from 3—40 mg, but supplements up to 1000
mg per day are considered safe®”. Although it shows no
toxicity in normal cells, several studies have shown that
quercetin has anticancer effects. Its mechanism of action
involves the upregulation of pro-apoptotic and down-
regulation of anti-apoptotic factors, cell cycle arrest, and
DNA intercalation, resulting in DNA damage, activation of
apoptosis, and cell death®. In animal studies, quercetin
inhibited tumor growth and improved the lifespan of
tumor-bearing mice****, Furthermore, the anticancer
effects of quercetin are enhanced in combination with
chemotherapeutic agents or other drugs® >

We investigated the loss of cell viability and invasiveness
in GBM as functional read-outs of the effects of sahaquine
alone or in combination with TMZ and quercetin. Saha-
quine was tested in both differentiated GBM cells and brain
tumor stem cells (BTSCs), which are key to tumor survival
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and recurrence®®>', Our study supports the model that

sahaquine-induced cell death of GBM is mediated through
multiple pathways, including inhibition of HDACS, reduc-
tion of epidermal growth factor receptor (EGFR) protein
abundance, and decreased activation of downstream kinases
AKT and ERK1/2. The primaquine moiety of sahaquine
contributes to the inhibition of P-glycoprotein. Considering
that sahaquine significantly reduced BTSC viability and
markedly inhibited GBM invasion by disruption of GBM
homeostasis, further systematic studies are warranted in
patient-derived organoids.

Results
Sahaquine synthesis and physicochemical properties of
the selected anticancer agents

Sahaquine is a primaquine and hydroxamic acid deri-
vative linked with glutaric acid. It is synthesized in four
steps (Fig. 1). The pharmacophore, hydroxamic acid, was
introduced in the last step. Yields were good to excellent
(50—88%). Sahaquine was fully characterized by conven-
tional spectroscopic and analytical methods (melting
point, IR, MS, '"H-NMR, *C-NMR), and the data were
consistent with the proposed structure (Supplementary
Fig. S1). The quinoline ring of sahaquine acts as the
capping group and the hydroxamic acid binds zinc. Cal-
culations of physicochemical properties showed that TMZ
is a hydrophilic compound (logP =-0.28), whereas
sahaquine and particularly quercetin are more lipophilic
(log P=0.92 and 2.16, respectively) (Table 1). The iso-
electric point (pI) values of these compounds vary from
2.9 (quercetin) to 9.2 (SAHA)%

Sahaquine is more potent than TMZ for killing human
glioblastoma and BTSCs

The half maximal inhibitory concentration (ICsy) value
of sahaquine (10 pM) was about threefold lower than that

¢}

Primaquine 1

4 (50%)

diisopropylethylamine, LiOH lithium hydroxide)

(e) o~
HO. O—i NH . NH
Y [';N { o [lft‘ .
| _N )\/\/NHQ o 7 M \n/\/\n/ ~ 2N )\/\,NMOH
o o 0 o)
(81%) 3 )

O/ o/
iii ?\NH iv "
| H H | H H
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Figure 1 Synthesis of sahaquine and its precursors. Reagents and conditions: (i) HATU, DIEA, dichloromethane, 1 h, (i) LIOH, methanol, H,O, 1 h,
(iii) O-benzylhydroxylamine, HATU, DIEA, dichloromethane, 2 h, (iv) H,, 10% Pd/C, methanol, 4 h. All reactions were performed at room temperature.
Yields are shown in brackets. HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate, DIEA N,N-

2 (81% (88%

5 (73%)
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Table 1 Structures of sahaquine, temozolomide, quercetin, and SAHA with basic physicochemical properties
Structure IUPAC name Molecular logP pl
mass
i Sahaquine N-hydroxy-N'-{4-[(6- 388.47 0.92 6.48
methoxyquinolin-8-
) yl)amino]pentyl}pentanediamide
I ZN MM
Temozolomide 3-methyl-4-oxo-3H,4H- 194.15 -0.28 71
~ )J\ A imidazo[4,3-d][1,2,3,5]tetrazine-
'/ 8-carboxamide
Quercetin 2-(3,4-dihydroxyphenyl)-3,5,7- 302.24 2.16 29
trihydroxy-4H-chromen-4-one
SAHA N'-hydroxy-N- 264.33 1.0 9.2
phenyloctanediamide
©/ M -~

The physicochemical properties are calculated with the Chemicalize.org program (Instant Cheminformatics Solutions. Available online at http://www.chemicalize.org/

(accessed on 10 October 2017))

of TMZ (31 uM), whereas it was less potent than its
parent compound SAHA after 72 h incubation (Fig. 2).
Sahaquine precursors were also tested, but because of the
relatively high ICsq values (>50 M), further experiments
were not pursued (Supplementary Table S1). Enhanced
cell killing was achieved by combining quercetin with
sahaquine in a dose-dependent manner, although quer-
cetin alone showed limited cytotoxicity (IC5q= 140 uM
after 72 h) (Fig. 2e). Combination of TMZ with sahaquine,
quercetin, or SAHA at ICsq concentrations was more
effective than any of the compounds alone (Supplemen-
tary Fig. S2). Similar results were obtained by measure-
ments of mitochondrial metabolic activity using
the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide) assay (Supplementary Fig. S3).

We further tested the selected compounds on GBM
tumoroids, which are more drug-resistant and repre-
sentative models of brain tumors in vivo. Sahaquine and
TMZ reduced tumoroid sizes by 37 and 40%, respectively,
while quercetin did not have a significant effect after
7 days (Supplementary Fig. S4).

Official journal of the Cell Death Differentiation Association

Based on the results shown in Fig. 2, we investigated the
cytotoxic effects of the selected compounds on BTSCs.
BTSCs are a key subpopulation of GBM tumors impli-
cated in tumor initiation, propagation and recurrence”®>°,
In vitro BTSC cultures spontaneously formed neuro-
spheres of approximately 100 um in diameter within
7 days. Sahaquine and quercetin were most effective at
reducing the size of BTSC aggregates and abolishing the
formation of neurospheres (Fig. 3).

Sahaquine inhibits GBM invasion and P-glycoprotein
activity

GBM is characterized by a diffuse brain tissue dis-
tribution®®. Tumors commonly reoccur within a few
centimeters of the original lesion, making surgical resec-
tion difficult®®. We tested the effect of sahaquine and
quercetin on GBM migration using a scratch assay, and
invasion using a three-dimensional (3D) collagen matrix.
Sahaquine did not significantly inhibit cell migration over
24'h, while quercetin reduced cell migration by 20%
(Fig. 4a). The combination of sahaquine with quercetin
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Figure 2 Sahaquine kills human glioblastoma cells in a dose-dependent and time-dependent manner. GBM cell viability (n = 9) following
treatment with a sahaquine (Sg, 0.001-50 uM), b temozolomide (TMZ, 0.001-500 uM), ¢ quercetin (Q, 0.001-300 uM), and d SAHA (0.001-50 uM) for
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concentrations of sahaquine (Sq 1 uM, n =21, Sg 10 uM, n =30, Sq 20 UM, n=21,Sq 1 UM + Q, n = 25,5 10 uM 4+ Q, n =29, Sq 20 uM + Q, n = 27),
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untreated control; **p < 0.001 compared to e Q 100 uM alone or f Sq 10 uM alone; Welch's ANOVA with Games—Howell post hoc test). Cell viability
was measured by counting Hoechst 33342-labeled nuclei imaged using a fluorescence microscope

b Temozolomide

100 00080..|."---i0-€.@
75 R O
50 fpmmmmm - ——— o o

®24h &
A
25 | a72n n
0 o Vehlcle control
0.00 O 01 1 100 uM
d SAHA
¢ ?
100 (L"-?uuuggol::g(j" -§§
&, gi os}
75 o %
) I .29
e 24h
5 4720 LS
0 o Vehicle c?ntrol _ a,
0.00 0.01 1 100 uM

O (-)Sq10 M @ (+) Sq 10 uM

Ht#
f _ ###

‘H;

00&‘ ,\Q\’\\\ ,\Q\’\\\ QQ& ,LQQ@\
= Q G

X
x
*

100

@ k%%

GOdID *kk
***

was most effective, reducing migration by 42%. This effect
was not observed when combining sahaquine with TMZ.
In contrast, sahaquine significantly inhibited GBM inva-
siveness, whereas quercetin and TMZ reduced cell inva-
sion by 35 and 45% after 4 days, respectively (Fig. 4c).
GBM invasiveness is enabled by MMP degradation of the
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extracellular matrix and basement membranes®**. We
investigated the effect of the selected compounds on the
abundance of secreted MMPs using gelatin zymography
and showed that quercetin decreases MMP abundance in
a dose-dependent manner (Supplementary Fig. S5). Nei-
ther sahaquine nor TMZ reduced MMP concentrations,
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Figure 3 Sahaquine and quercetin are most effective in killing
human brain cancer stem cells. a Representative micrographs of
BTSCs treated with temozolomide (100 uM, n = 99), sahaquine (10 uM,
n=183) or quercetin (100 uM, n = 264) for 7 days. b The surface area
of neurospheres was measured based on 2D micrographs from three
independent experiments. Shown are average values (SD) normalized
to the untreated controls (set to 1, n=334) (**p < 0.001, Welch’s
ANOVA with Games—-Howell post hoc test)

although the hydroxamic acid moiety in sahaquine can
bind zinc within the MMP structure®®. The primaquine
moiety of sahaquine contributed to the inhibition of P-
glycoprotein, as assessed by intracellular retention of
calcein-AM (Supplementary Fig. S6). The primaquine
concentration within sahaquine (10puM) effectively
inhibited P-glycoprotein activity, whereas 60pM of
unincorporated primaquine was required to achieve a
comparable effect. A smaller extent of P-glycoprotein
inhibition by SAHA was obtained with equimolar saha-
quine concentrations (10 uM) (Supplementary Fig. S6).

Sahaquine selectively inhibits HDAC6

We further examined the HDAC inhibitory activity of
sahaquine compared to its parent compound SAHA.
SAHA is a pan-HDAC inhibitor that caused an increase in
both acetylated a-tubulin (K40) and acetylated histone H3
(K9/K14) (Fig. 5). We hypothesized sahaquine to be
selective toward HDACS, because its bulky capping group
would fit better into the wide binding site of the
enzyme37’38. Nanomolar concentrations (100 nM) of
sahaquine resulted in a 1.5-fold increase in acetylated
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a-tubulin compared to the untreated control, but did not
affect histone acetylation (Fig. 5a). Similar results were
obtained with the HDAC6-selective inhibitor ACY-1215
(Supplementary Fig. S7). TMZ and quercetin did not
inhibit HDAC6. These results were supported by Western
blot analyses (Fig. 5¢). HDAC6 abundance was compar-
able following all treatments, suggesting that sahaquine
inhibited the enzyme activity without affecting its protein
levels (Fig. 5d).

Sahaquine reduces EGFR abundance, ERK1/2, and AKT
phosphorylation

EGEFR overexpression and downstream hyperactivity of
ERK1/2 and AKT are associated with worse prognosis in
GBM***°, We assessed the abundance of these markers
and HDAC6 in GBM by immunohistochemistry, and
showed an increase in EGFR, dually phosphorylated
(active) ERK1/2, phosphorylated (active) AKT, and
HDAC6 compared to control brains (Fig. 6a). To test
whether sahaquine impinges on EGFR and the activation
of downstream kinases, we measured EGFR abundance,
dual ERK1/2 phosphorylation (Thr202/Tyr204), and AKT
phosphorylation (Ser473) by Western blotting (Fig. 6b).
Sahaquine reduced EGFR concentrations in GBM. Inter-
estingly, combining sahaquine and TMZ abrogated this
inhibitory effect. Sahaquine also reduced levels of phos-
phorylated ERK1/2 and phosphorylated AKT, alone and
in combination with quercetin or TMZ. Total ERK1/2
and AKT protein levels remained unchanged (Supple-
mentary Fig. S8).

Discussion

Results from this study show that sahaquine is more
effective than TMZ in killing glioblastoma and BTSCs, as
well as inhibiting glioblastoma invasiveness. The mode of
action of sahaquine implicates in part excessive a-tubu-
lin acetylation due to the selective inhibition of HDACS,
resulting in cytoskeletal reorganization (Supplementary
Fig. S9) and reduced invasiveness. Additional modes of
action involve decreased EGFR abundance and down-
stream activity of AKT and ERK1/2. These results are
particularly striking in combination with TMZ or
quercetin.

TMZ is one of few clinically approved drugs for the
treatment of GBM, but a substantial portion of newly
diagnosed tumors and recurrent tumors are resistant
to this drug®*'. HDAC inhibitors are of particular
interest for GBM treatment, as their effectiveness is
unaltered by mechanisms of resistance upregulated in
GBM, such as mismatch-repair, O°-methylguanine
methyltransferase and base-excision repair®***. The
pan-HDAC inhibitor SAHA is currently in clinical trials
for GBM, but results so far showed marginal improve-
ment in overall survival (5.7 months compared to
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Figure 4 Sahaquine inhibits human glioblastoma cell migration and invasion. Cell migration was measured using the scratch assay, as
schematically represented in a. Representative micrographs show migration of cells into the scratch (delineated by vertical black bars) after treatment
with temozolomide (100 uM, n = 12), sahaquine (Sqg, 10 uM, n = 10), quercetin (Q, 100 uM, n = 12) or SAHA (10 uM, n = 10), alone or in combination
(Sq+TMZ, n=12; Sq 4+ Q, n =12) for 24 h. Cytochalasin D (40 nM, n = 13) served as a positive control. b Cell migration was quantified as the area
covered by migrating cells. Each point represents a value normalized to the untreated control (set to 1, n = 35). Horizontal bars represent the mean
(SD) from at least three independent experiments (*p < 0.05, **p < 0.01, **p < 0.001, Welch’s ANOVA with Games—Howell post hoc test). ¢ Cell
invasion was measured from the radial movement of cells from 3D tumoroids embedded in a collagen matrix, as schematically represented in the
first panel. Representative micrographs show cell movement from 3D tumoroids treated with temozolomide (100 uM, n = 7), sahaquine (Sg, 10 uM, n
=7), quercetin (Q, 100 uM, n = 10), or SAHA (10 UM, n = 5), alone or in combination (Sq + TMZ, n = 5; Sq + Q, n = 8) after 4 days. d Cell invasion was
quantified from the area covered by invading cells. Each point represents a value normalized to the untreated control (set to 1, n = 11). Horizontal
bars represent the mean from at least three independent experiments (***p < 0.001, two-tailed one-way ANOVA with Tukey—Kramer's post hoc test)

4.4 months) and several serious side effects®~>*3** This
and other current therapeutic interventions for GBM
are ineffective®®>*?!,

Thus, our goal was to test a new hybrid compound. The
development of hybrid molecules is one of the most active
areas in therapeutics. Hybrid compounds can have mul-
tiple targets, reducing the risk of resistance, lowering
effective doses, and decreasing side effects*>*®. Sahaquine
is a hybrid molecule consisting of hydroxamic acid and
primaquine linked by a dicarboxylic acid. Primaquine is a
strong base (pl=13.7), but addition of the hydroxamic
acid group lowers its pl to 6.48, making sahaquine a weak
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acid. Weak acids are more advantageous than weak bases
as anticancer therapeutics, because they will not be pro-
tonated in the acidic tumor environment or trigger lyso-
somal exocytosis'®~*%, Similarly to primaquine, sahaquine
can also inhibit P-glycoprotein activity (Supplementary
Fig. S6), thereby preventing multidrug resistance.

One of the great challenges in GBM treatment is het-
erogeneity, both within and between tumors® ~°. Inter-
patient heterogeneity has been shown through genomic
and transcriptomic analyses by the Cancer Genome Atlas
research network®*?, Intratumoral heterogeneity can be
attributed to the different cellular lineages and subtypes
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Figure 5 Sahaquine-mediated HDACG6 inhibition results in selective a-tubulin hyperacetylation at nanomolar concentrations. a
Representative fluorescence micrographs of GBM a-tubulin acetylation (green) at lysine 40 in response to sahaquine (Sg, 100 nM, n = 121 cells), SAHA
(100 nM, n =54 cells) or primaquine (PQ, 10 uM, n =30 cells) treatment for 24 h. b Representative fluorescence micrographs of GBM histone H3
acetylation (red) at lysine 9/lysine 14 in response to sahaquine (S, 100 nM, n = 120 cells), SAHA (100 nM, n = 90 cells) or primaquine (PQ, 10 uM, n =
83 cells) for 24 h. Nuclei (blue) were labeled with Hoechst 33342. Cells were imaged using a fluorescence microscope and fluorescence was analyzed
in ImageJ. Shown are averages of fluorescence per cell (SD) normalized to the untreated controls (set to 1) from at least three independent
experiments (***p < 0.001, Welch’s ANOVA with Games—Howell post hoc test). ¢ Acetylated a-tubulin (n = 3) and d HDAC6 protein abundance (n =
4) in GBM cells treated with temozolomide (TMZ, 100 uM), sahaquine (Sq, 10 uM) or quercetin (Q, 100 uM) alone or in combination for 24 h, measured
by Western blotting. Acetylated a-tubulin and HDAC6 were normalized to total a-tubulin and actin, respectively. Each point represents a value
normalized to the untreated control (set to 1). Horizontal bars represent the mean from at least three independent experiments. e Representative
fluorescence micrographs of GBM a-tubulin acetylation (green) at lysine 40 in response to temozolomide (TMZ, 100 uM, n = 76 cells), sahaquine (Sq,
10 UM, n = 56 cells), quercetin (Q, 100 uM, n = 32 cells) or SAHA (10 uM, n = 36 cells) alone or in combination for 24 h. Nuclei (blue) were labeled with
Hoechst 33342. f Shown are averages (SD) of fluorescence per cell normalized to the untreated control (set to 1, n =197 cells) from at least three
independent experiments (***p < 0.001, Welch's ANOVA with Games—Howell post hoc test)
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present in different parts of the same tumor®°% or even  xenotransplantation®®~>%, They are resistant to radiation®

in individual cells within a tumor®>*®, Another cause of and chemotherapy’®™®!, and are thought to promote
GBM heterogeneity is the presence of BTSCs, a subset of  tumor recurrence®®®!. Therefore, effective GBM treat-
glioma cells with the abilities of self-renewal, differentia- ment demands a better understanding of tumor origin
tion, and recapitulation of the original tumor upon and heterogeneity to identify new therapeutic targets>°>.

Official journal of the Cell Death Differentiation Association



Zhang et al. Cell Death Discovery (2018)4:41 Page 8 of 14

)

HDACG6 EGFR p-AKT p-ERK1/2

Glioblastoma

Control

b HDAC6 EGFR c S &g
*kk & \&1’ I\ X
4 - ) ey S o P9
ek - s EGFR
08 2|, e 33145& 134kDaH"~'q.~
2 € % . c 5 .
< 8 a . (L 33) Actin
o €% —
€% 0 €% obL— 42 kDo 'S . D T
23 p-AKT  ® S  p-ERK1/2 S 45 EGFR/actin
c S *%k% £ © s - .
S w© 4 o
[ Q< c & °
5, *%e,.. B G kkk G S * .
— E L] .. DL- -E -c Y 1 - u — _-— o
e R S o 59 L L
= 2 ’73‘ "i 2 . 44 205 T ° T
J C
> L] §s
0 » o 0 °g O R O o W O
ORI > o o S RPN ) N\ X
o O 00(\\‘ c® € oo < %&« N
d > v e > v
\< S\ e \ﬂ S\l
S o o K S e o o oS
p-AKT p-ERK1/2

60kDa TR TN GBS . o 44/42 kDo D - — —

AKT — ERK1/2 -—
56 kDa ‘- S———— 44/42 kDa - --‘

Actin Actin
— ——

42 kKDa —— WD .o - 42 kDa e e WS D

= p-AKT/AKT = p-ERK/ERK1/2
gL o 2
o= 15 o= 15
c 5 < .
e ’ e
%5 ——— [<I) — ° — ®
é > * - T é S o ke * =

(] [ ]

€5 05 + 4 £5 05 ol S
O C O C
55 35
22 1 <o O o o3 Y o« % O (L O

S ISP Qx‘\ﬂ/ o &= 00‘\\‘0 PR 6&3“\ o

Figure 6 (See legend on next page)

\ J

Official journal of the Cell Death Differentiation Association



Zhang et al. Cell Death Discovery (2018)4:41

Page 9 of 14

(see figure on previous page)

Figure 6 Sahaquine reduces EGFR abundance and AKT/ERK1/2 phosphorylation in human glioblastoma. a Representative fluorescence
micrographs of human brain sections (GBM or healthy control) labeled for HDAC6, EGFR, phosphorylated AKT (p-AKT), or dually phosphorylated
ERK1/2 (p-ERK1/2). Nuclei (blue) were labeled with Hoechst 33342. Cells were imaged using a fluorescence microscope and fluorescence was
analyzed in ImageJ. b Horizontal bars represent averages of fluorescence per cell (SD) for HDAC6 (control, n =181 cells, GBM, n = 272 cells), EGFR
(control, n =94 cells, GBM, n = 116 cells), p-AKT (control, n =115 cells, GBM, n = 147 cells) and p-ERK1/2 (control, n = 35 cells, GBM, n = 104 cells).
Each point represents a value normalized to the healthy control (set to 1) (***p < 0.001, Welch's ANOVA with Games-Howell post hoc test). ¢ EGFR
(TMZ,n=4,59,n=5,Q,n=5,59+TMZ n=5,Sq+ Q, n=15), d phosphorylated AKT (n = 3), and e phosphorylated ERK1/2 (TMZ, n =4, Sq, n =4,
Q,n=4,5q+TMZ, n=4,5q+ Q, n = 3) protein abundances were measured in GBM cells treated with temozolomide (TMZ, 100 uM), sahaquine (Sq,
10 puM), or quercetin (Q, 100 uM) alone or in combination for 24 h, by Western blotting. EGFR protein abundance was normalized to the actin loading
control. Phosphorylated AKT and ERK1/2 were normalized to total AKT and total ERK1/2, respectively. Each point represents a value normalized to the
untreated control (set to 1). Horizontal bars represent means from at least three independent experiments

Sahaquine (10 uM) abolished the formation of BTSC
neurospheres and significantly reduced the size of BTSC
aggregates. TMZ was less effective, even at a tenfold
higher concentration (100 uM). Quercetin was as effective
as sahaquine in killing BTSCs, but showed limited cyto-
toxicity toward differentiated GBM cells. Sahaquine
eliminated both BTSCs and differentiated cancer cells.

Another factor contributing considerably to GBM
recurrence is tumor invasiveness. While sahaquine abol-
ished invasiveness and contributed to the loss of tumoroid
viability, it did not markedly affect the abundance of
secreted MMPs. In contrast, quercetin had limited effects
on tumoroid viability, but decreased GBM invasion by
inhibiting MMP secretion. Quercetin inhibits nuclear
factor-kB (NF-kB) nuclear translocation, which could
alter MMP expression®®* and enhance cell death
through NF-kB-dependent regulation of apoptosis.

In an effort to reduce undesirable side effects in normal
cells, selective HDAC inhibitors have been developed65'66.
Ricolinostat (ACY-1215) is a selective HDAC6 inhibitor
currently in clinical trials (phase I and II) in combination
with pomalidomide for multiple myeloma®’. Ricolinostat
inhibits heat shock protein 90 deacetylation, resulting in
an accumulation of unfolded proteins, disruption of pro-
tein homeostasis and cell death®®. We show that saha-
quine selectively inhibits HDAC6 at nanomolar
concentrations, which distinguishes it from SAHA, which
is non-selective at equimolar concentrations. Interest-
ingly, sahaquine significantly reduced the abundance of
heat shock protein 70 in GBM (Supplementary Fig. S10)
and altered a-tubulin organization. We have previously
shown that celastrol disrupts protein homeostasis® and
the organization of the F-actin cytoskeleton in GBM’°.
Future studies will have to evaluate how sahaquine affects
proteostasis in relation to cytoskeletal dynamics.

Many drugs currently in clinical trials aim at inhibiting
proteins and proliferation pathways deregulated in GBM,
notably HDAC6, EGFR, AKT, and ERK1/2”'""* Our
in vitro studies showing enhanced ERK1/2 and AKT
phosphorylation are corroborated by immunohistochem-
ical data in tumor sections from GBM patients (Fig. 6a),
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also showing markedly stronger signals for HDACS,
EGEFR, phosphorylated ERK1/2, and phosphorylated AKT
compared to normal brain tissue (Fig. 6a). Sahaquine can
decrease the abundance of EGFR, phosphorylated AKT,
and phosphorylated ERK1/2 in GBM (Fig. 6b), thereby
suggesting that similar hybrid molecules are viable can-
didates for GBM combination therapy. Interestingly, AKT
deacetylation by HDAC6 promotes cancer growth and
proliferation’®, indicating that sahaquine could reduce
AKT activation through HDAC6 inhibition.

Drug resistance is a major problem in glioblastoma
therapy®*!. A recent study of HDAC inhibitors in drug-
resistant melanoma implicated increased levels of reactive
oxygen species’®. Combination of sahaquine with
buthionine sulfoximine, which depletes endogenous glu-
tathione levels’’, sensitized GBM cells to reactive oxygen
species and enhanced cell death (Supplementary Fig. S11),
although buthionine sulfoximine alone in the tested
concentration had no effect on GBM viability. Further
analysis of the effect of sahaquine on reactive oxygen
species production in GBM is warranted.

Taken together, our study reveals sahaquine as a ther-
apeutic agent affecting multiple cellular factors and pro-
cesses that are critical for GBM treatment (Fig. 7).
Sahaquine is superior to the clinical standard TMZ in
reducing GBM and BTSC viability, invasiveness, and
markers of key survival pathways. These effects are even
more profound when sahaquine is combined with TMZ,
buthionine sulfoximine, or quercetin. In conclusion,
sahaquine is an effective cell death inducer which elim-
inates not only GBM cells but also BTSCs, thus suggesting
that evaluation of sahaquine in combination with other
drugs merit further investigations in patient-derived
organoids, and eventually in humans.

Materials and methods
Synthesis of sahaquine

Sahaquine 5 was synthesized in four reaction steps
(Fig. 1) adapted from the synthetic approach of Zhang
et al*®. Details of these steps are provided in the Supple-
mentary Information. The first step included amide bond
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formation between mono-methyl glutarate (1, Sigma-
Aldrich, St. Louis, MO, USA) and primaquine (Sigma-
Aldrich, St. Louis, MO, USA), with 1-[bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU, Alfa Aesar, Thermo
Fisher, Kandel, Germany) as a coupling agent and N,N-
diisopropylethylamine (DIEA, Alfa Aesar, Thermo Fisher,
Kandel, Germany) as a base. The prepared product 2 was
further hydrolyzed with lithium hydroxide (Sigma-
Aldrich, St. Louis, MO, USA) and gave carboxylic acid 3.
In the next step, 3 was coupled with O-benzylhydrox-
ylamine (Sigma-Aldrich, St. Louis, MO, USA) in
the presence of HATU/DIEA and vyielded O-
benzylhydroxamic acid 4, which was deprotected by cat-
alytic hydrogenation and gave the target compound 5
(sahaquine). All reactions proceeded at room
temperature.

Cell culture and tissue samples

U25IN  human glioblastoma cells were originally
obtained from the American Type Culture Collection.
Cells were cultured in Dulbecco’s modified Eagle's media
(DMEM, Gibco, Thermo Fischer Scientific, Grand Island,
NY, USA) supplemented with 5% (v/v) fetal bovine serum
(Wisent, St. Bruno, Canada) and 1% (v/v)
penicillin-streptomycin ~ (Thermo  Fisher Scientific,
Eugene, OR, USA) at 37 °C with 5% CO, and 95% relative
humidity, unless otherwise indicated. Glioblastoma sam-
ples were harvested under a protocol approved by the
Montreal Neurological Hospital’s research ethics board
(NEU-10-066). Consent was given by all patients. At least
116 brain sections from GBM patients aged 55-76 and
controls were used. Tissues were from the frontal, tem-
poral, or parietal lobes of the cerebral cortex. Human
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BTSCs were expanded as neurospheres in complete
NeuroCult™ proliferation media (Stemcell Technologies,
Vancouver, BC, Canada). NeuroCult™ basal medium
contained: NeuroCult™ NS-A proliferation supplement
(1/10), recombinant human epidermal growth factor EGF
(20 ng/ml), recombinant human basic fibroblast growth
factor (20 ng/ml), and heparin (2 pg/ml).

Cell counting assay

U251N cells were seeded in 96-well black plates (Costar,
Corning, NY, USA) at 5,000 cells per well in 0.1 ml media
and cultured for 24 h. Cells were treated with sahaquine
(0.001, 1, 5, 10, 20, 25, 30, 40, and 50 uM), TMZ (0.001, 1,
10, 50, 100, 200, 300, 400, and 500 uM, Sigma-Aldrich, St.
Louis, MO, USA), quercetin (0.001, 1, 10, 25, 50, 75, 100,
200, and 300 pM, Sigma-Aldrich, St. Louis, MO, USA), or
SAHA (0.001, 0.1, 1, 2, 5, 8, 10, 25, and 50 pM, Cayman
Chemical, Ann Arbor, MI, USA) for 24 or 72h. Combi-
nation treatments included increasing concentrations of
sahaquine (0.001, 1, 3, 5, 7, 10, 20, and 50 uM) with quer-
cetin (100 pM), increasing concentrations of quercetin
(0.001, 1, 10, 25, 50, 100, and 200 uM) with sahaquine (10
uM), TMZ (30 uM) with sahaquine (10 uM), quercetin
(140 uM) or SAHA (1 uM), and buthionine sulfoximine
(100 uM, Sigma-Aldrich, St. Louis, MO, USA) with saha-
quine (10 uM) for 24'h or 72 h. Following treatment, cells
were fixed with 4% paraformaldehyde (w/v, 10 min, BDH,
Toronto, ON, Canada). Nuclei were labeled with Hoechst
33342 (10 uM, 10 min, Thermo Fisher Scientific, Eugene,
OR, USA). Cells were washed with phosphate-buffered
saline and imaged using a fluorescence microscope (Leica
DMI4000B, Toronto, ON, Canada).

BTSC viability

48EF human brain tumor cells were seeded at 5,000
cells per well in 96-well plates (Sarstedt, Niimbrecht,
Germany) and treated for 7 days. Cells were then imaged
using light microscopy (Leica DMI4000B) and the surface
areas of the neurospheres were measured in Image]
(version 1.51s).

Scratch assay

U251N cells were seeded in 6-well plates (Sarstedt,
Numbrecht, Germany) at 1,500,000 cells per well in 1 ml
media and cultured for 24 h. The scratch was performed
by gently dragging a 200 pul pipette tip across the cell
monolayer, after which cells were washed with phosphate-
buffered saline and incubated in DMEM with or without
treatment. Cytochalasin D (40nM, Sigma-Aldrich,
St. Louis, MO, USA) served as positive control. Pre-
determined areas of the wells were imaged using light
microscopy immediately after the scratch (time =0 h) and
after 24 h. The cell-free area of the scratch was measured
in Image].



Zhang et al. Cell Death Discovery (2018)4:41

Cell invasion assay

U251N tumoroids were prepared using the hanging drop
method’®, Drops of 30,000 cells in 20 ul medium were
pipetted onto the inner side of a 10 cm Petri dish (Thermo
Fisher Scientific, Eugene, OR, USA) lid. The lid was
quickly flipped to cover the Petri dish filled with 20 ml
phosphate-buffered saline. Hanging drops were cultured at
37°C for 48h to allow tumoroids to form. Tumoroids
were then gently scooped into a medium-filled Petri dish
coated with 2% agarose and cultured for 48 h. Tumoroids
were implanted in collagen gel (Advanced BioMatrix, San
Diego, CA, USA) mixed with DMEM (1x) and sodium
hydroxide (10 mM, Sigma-Aldrich, St. Louis, MO, USA).
Gels were covered with 500 ul DMEM with or without
treatment. Tumoroids were imaged using light microscopy
immediately after implantation (time=0 day) and after
4 days. The area of cell invasion was measured in Image].

Immunocytochemistry

Following treatment, U251N human glioblastoma cells
were fixed with 4% paraformaldehyde (10 min), and then
permeabilized using 0.1% Triton X-100 (v/v, 10 min,
Sigma-Aldrich, St. Louis, MO, USA). Blocking was per-
formed with 10% goat serum (v/v, 1h, Thermo Fisher
Scientific, Eugene, OR, USA) in phosphate-buffered sal-
ine, and then samples were incubated with primary anti-
bodies (acetyl-histone H3 K9/K14, 1/500, Cell Signalling,
#9677, acetyl-a-tubulin K40, 1/500, Santa Cruz, sc-23950;
a-tubulin, 1/1000, Abcam, ab7291) overnight at 4°C in a
humidified chamber. Samples were washed three times
with phosphate-buffered saline with 5min incubation
between washes. Secondary antibodies (anti-rabbit Alexa
Fluor 488, 1/500, Thermo Fisher Scientific, A11008; anti-
mouse Alexa Fluor 647, 1/500, Thermo Fisher Scientific,
A28181) were incubated with samples for 1h in the dark,
and then washed off three times with phosphate-buffered
saline with 5min incubation in between washes. Nuclei
were labeled with Hoechst 33342 (10 uM, 10 min). Sam-
ples were mounted on microscope slides using Aqua-
Poly/Mount (Polysciences, Warrington, PA, USA) and
dried overnight before imaging with a fluorescence
microscope (Leica DMI4000B).

Immunohistochemistry

Human brain sections were dewaxed in xylene, and then
rehydrated in ethanol. Antigen retrieval was performed in
citrate buffer using a decloaking chamber for 3 h. Samples
were washed twice with double-distilled water, three
times with phosphate-buffered saline, and then blocked
with Protein Block (10 min, Spring Biosciences, Plea-
santon, CA, USA). Samples were incubated with primary
antibodies (HDACS6, 1/100, Santa Cruz, sc-11420; EGFR,
1/100, Oncogene Science Ab-1; phospho-AKT Serd73,
Cell Signalling, #9271; phospho-p44/42 Erk1/2 Thr202/
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Tyr204, 1/100, Cell Signalling, #9101) overnight at 4 °C in
a humidified chamber. Samples were washed twice with IF
buffer (0.05% (v/v) Tween 20, 0.2% (v/v) Triton X-100 in
phosphate-buffered saline). Secondary antibodies (anti-
rabbit Alexa Fluor 647, 1/500, Thermo Fisher Scientific,
A21245; anti-rabbit Alexa Fluor 488, 1/1000, Thermo
Fisher Scientific, A27034; anti-mouse Alexa Fluor 647, 1/
1000, Thermo Fisher Scientific, A-21235) diluted in 2%
(w/v) bovine serum albumin (Sigma-Aldrich, St. Louis,
MO, USA) in phosphate-buffered saline were incubated
with samples for 1h in the dark at room temperature.
Samples were washed three times with IF buffer, and then
nuclei were labeled with DAPI (4’,6-diamidino-2-pheny-
lindole; 1 pg/ml, 5min, Molecular Probes, Eugene, OR,
USA). Samples were washed three times with phosphate-
buffered saline, then mounted on microscope slides using
mounting media (Dako, Mississauga, ON, Canada), and
air-dried for at least 30 min. Samples were imaged using a
fluorescence microscope (Leica DMI4000B).

Western blotting

Western blot analysis followed published procedures”®.
In brief, crude extracts were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and blotted onto nitrocellulose membranes. Blocked fil-
ters were probed with antibodies against acetyl-a-tubulin
K40 (1/10,000, Sigma-Aldrich, St. Louis, MO, USA,
#T17451), a-tubulin (1/1000, Santa Cruz, sc-5286),
phospho-AKT Ser473 (1/2000, Santa Cruz, sc-7985), pan-
AKT (1/1500, Cell Signaling, #9272), HDAC6 (1/1000,
Santa Cruz, sc-11420), EGFR (1/1000, Santa Cruz, sc-03),
phospho-ERK1/2 Thr202/Tyr204 (1/2000, Cell Signaling,
#9106), pan-ERK1/2 (1/2000, Cell Signaling, #4695), and
actin (1/100,000, Chemicon, MABI1501). Signals for
enhanced chemiluminescence were acquired with a Bio-
Rad ChemiDoc™ MP imaging system and quantified.

MTT assay

U251N cells were seeded in 24-well plates (Sarstedt,
Numbrecht, Germany) at 50,000 cells per well in 300 pl
media and cultured for 24 h. Cells were treated with
sahaquine (0.001, 1, 5, 10, 25, and 50 uM), TMZ (50, 100,
200, 300, 400, and 500 uM), quercetin (10, 50, 100, and
200 uM), or SAHA (0.1, 1, 2, 5, 8, 10, and 50 pM) for 72 h.
Combination treatments included increasing concentra-
tions of sahaquine (1, 10, and 50 uM) with a fixed con-
centration of quercetin (100 uM), or increasing
concentrations of quercetin (10, 100, and 200 pM) with a
fixed concentration of sahaquine (10 uM) for 72 h. Fol-
lowing treatment, MTT (Sigma-Aldrich, St. Louis, MO,
USA) dissolved in phosphate-buffered saline was added to
cells (0.5 mg/ml) for 1h at 37 °C. After MTT-containing
media were removed, dimethyl sulfoxide (0.5ml) was
added to each well to lyse cells and dissolve formazan.
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Wells were sampled in triplicate and the optical density
was measured at 595 nm using a microplate reader (Asys
UVM 340, Biochrom, Holliston, MA, USA).

Gelatin zymography

U251N cells were seeded in 60-mm tissue culture dishes
(Thermo Fisher Scientific, Rochester, NY, USA) at
1,500,000 cells per dish in 3 ml media and cultured for 24
h. Cells were treated in serum-deprived DMEM for 24 h.
Following treatment, culture media were collected and
concentrated 15-fold using 30kDa centrifugal filters
(Millipore, Cork, Ireland) following the manufacturer’s
recommendations. Concentrated media were separated by
SDS-PAGE using gelatin (0.1%, w/v) and acrylamide
(7.5%, w/v) gels under non-reducing conditions. Gels
were washed for 30 min in renaturing solution (2.5% (v/v)
Triton X-100 in double-distilled water) and 30 min in
developing buffer (50 mM Tris, pH 7.8; 1% (v/v) Triton X-
100; 1 uM ZnCl,, 5 mM CaCl,, adjusted to pH 7.45). Gels
were then incubated in fresh developing buffer at 37 °C
overnight. Gels were stained with 0.5% (w/v) Coomassie
Blue G250 (Bio-Rad, Richmond, CA, USA) dissolved in
40% (v/v) ethanol and 10% (v/v) acetic acid for 1h, and
then destained in 40% ethanol and 10% acetic acid diluted
in double-distilled water, until clear bands appeared.
Quantification of MMP-9 and MMP-2 abundance (as
band area) was done in Image].

Tumoroid viability

U25IN tumoroids were prepared using the liquid
overlay system’”. The 96-well cell culture plates were
coated with 75 pl of 2% (w/v) agarose (Life Technologies,
Gaithersburg, MD, USA) dissolved in serum-deprived
DMEM. The agarose was cooled for 30 min, then cells
were seeded at 5,000 cells per well in 200 pl media, and
cultured for 4 days before treatment. Cells were treated
for 7 days, and then imaged using a microscope (Leica
DMI4000B). The surface area of tumoroids was analyzed
in Image].

Calcein-AM uptake

U251N cells were seeded in 96-well black plates at 5,000
cells per well in 0.1 ml media and cultured for 24 h before
treatment. Cyclosporine A (Calbiochem, Toronto,
Canada) served as a positive control for the inhibition of
P-glycoprotein. Following treatment, cells were incubated
in phenol-free Hanks’ balanced Salt solution containing
calcein-AM (0.5 uM, Thermo Fisher Scientific, Eugene,
OR, USA) and propidium iodide (3 uM, Sigma-Aldrich,
St. Louis, MO, USA) for 30 min at 37 °C. The media were
replaced with fresh Hanks’ balanced salt solution and cells
were imaged using a fluorescence microscope (Leica
DMI4000B). Cells positively labeled with propidium
iodide were excluded from the analysis.
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Statistics

Experiments were performed independently at least
three times. Unless otherwise indicated, data are shown as
mean (SD). Normality of data distribution was assessed by
the Shapiro—Wilk test. For sample sizes larger than 30, the
Central Limit Theorem allows the assumption of normal
distribution. Equality of variances was assessed by
Levene’s test. If the assumptions of normality and
homogeneity of variance were met, two-tailed one-way
analysis of variance (ANOVA) with Tukey—Kramer’s post
hoc test were performed. If homogeneity of variance was
not observed, Welch’'s ANOVA with the Games—Howell
post hoc test were used. A p value smaller than 0.05 was
considered statistically significant: *p <0.05, **p <0.01,
and ***p < 0.001.
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Chemistry

Melting points were measured on a Stuart Melting Point (SMP3) apparatus (Barloworld Scientific, UK) in open
capillaries and are uncorrected. IR spectra were recorded on FTIR Perkin Elmer Paragon 500 and UV-Vis spectra on
Lambda 20 double beam spectrophotometer (Perkin-Elmer, Waltham, MA, USA). All NMR ('H and '3C) spectra were
recorded at 25°C on NMR Avance 600 (Bruker, Rheinstetten, Germany) and Varian Inova 400 spectrometers (Varian,
Palo-Alto, CA, USA). Chemical shifts (&) are reported in parts per million (ppm) using tetramethylsilane as reference
in the 'H and the DMSO residual peak as reference in the 3C spectra (39.51 ppm). Coupling constants (J) are
reported in Hertz (Hz). Mass spectra were recorded on HPLC-MS/MS (HPLC, Agilent Technologies 1200 Series; MS,
Agilent Technologies 6410 Triple Quad, Santa Clara, CA, USA). Mass determination was realized using electron
spray ionization (ESI) in positive mode. Elemental analyses were performed on a CHNS LECO analyzer (LECO
Corporation, St. Joseph, MI, USA). Primaquine was prepared from primaquine diphosphate (Sigma Aldrich, St. Louis,

MO, USA) prior the use. All reactions with primaquine were run light protected.

Synthesis of sahaquine

Compound 2

Mono-methyl glutarate 1 (0.206 g,0.0014 mol, Sigma-Aldrich, St. Louis, MO, USA), HATU (0.532 g, 0.0014 mol, Alfa
Aesar, ThermoFisher, Kandel, Germany) and DIEA (0.362 g, 0.0028 mol, Alfa Aesar, ThermoFisher, Kandel,
Germany) were dissolved and stirred in dichloromethane at room temperature. After 10 min, a solution of primaquine
(0.401 g, 0.0015 mol, Sigma-Aldrich) in dichloromethane was added. After 1h at room temperature, reaction mixture
was evaporated under reduced pressure, dissolved in ethyl acetate and washed three times with brine. The organic
layer was dried over sodium sulfate, filtered and evaporated under reduced pressure. The crude product was purified
by column chromatography (dichloromethane/methanol 95:5) and crystallized from ether to give pure 2, yellow oil
(0.439 g, 81%); IR: v, 3376, 3246, 3086, 2993, 2961, 2927, 1736, 1632, 1612, 1574, 1520, 1458, 1423, 1386, 1219,
1203, 1172, 1161, 1052, 992, 817, 788, 751, 720, 676 cm~"'; '"H NMR (300 MHz, DMSO) & 8.53(d, J = 2.6, 1H), 8.07
(d, J=8.2,1H), 7.78 (t, J = 3, 1H), 7.43-7.41 (m, 1H), 6.47 (d, J= 2.2, 1H), 6.26 (d, J = 2.2, 1H), 6.11 (d, J = 8.8, 1H),
3.82 (s, 3H), 3.64-3.60 (m, 1H), 3.57 (s, 3H), 3.05 (t, J = 6.0, 2H), 2.27 (t, J = 3.0, 2H), 2.07 (t, J = 7.3, 2H), 1.74-1.69
(m, 2H), 1.67-1.62, 1.54-1.44 (2m, 4H), 1.21(d, J = 6.2, 3H; ®C NMR (75 MHz, DMSO) 6 173.00, 171.18, 158.98,
144.60, 144.20, 134.76, 134.50, 129.55, 122.05, 96.08, 91.59, 54.95, 51.14, 46.97, 38.36, 34.28, 33.40, 32.64, 25.93,
20.62, 20.17; MS/MS (m/z): [M]* calcd. for C,4H,9N30,, 388.22; found, 388.3; analysis (calcd., found for C,H,gN30,):

C (65.09, 65.35), H (7.54, (7.33), N (10.84, 10.99).



Compound 3

Lithium hydroxide monohydrate (0.126 g, 0.003 mol, Sigma-Aldrich, St. Louis, MO, USA) and ester 2 (0.323 g,
0.0006 mol) were stirred in a mixture of water and methanol for 1 h at room temperature. Methanol was
evaporated under reduced pressure and the aqueous residue was neutralized with 10%-HCI and extracted three
times with dichloromethane. The organic layer was dried over sodium sulfate, filtered and evaporated under
reduced pressure. The crude product was crystallized from ether to give crude product 3 (0.186 g, 88%); pale
yellow solid; mp 95-96 °C; IR: v, 3453, 3324, 2933, 1720, 1643, 1613, 1580, 1524, 1386, 1227, 1204, 1161,
1139, 1058, 822, 786, 675 cm~'; '"H NMR (300 MHz, DMSO) & 12.00 (s, 1H), 8.55-8.53 (dd, J = 4.2, 1.6, 1H),
8.10-8.07 (dd, J = 8.3, 1.5, 1H), 7.80(t, J = 5.4, 1H), 7.45-7.41 (m, 1H), 6.48 (d, J = 2.4, 1H), 6.27 (d, J = 2.4, 1H),
6.13 (d, J = 8.7, 1H), 3.83 (s, 3H), 3.69-3.55 (m, 1H), 3.09-3.05 (m, 2H), 2.20 (t, J = 7.4, 2H), 2.08 (t, J = 7.4, 2H),
1.75-1.43 (m, 6H), 1.21 (d, J = 6.3, 3H); '°C NMR (75 MHz, DMSO) & 147.15, 171.36, 159.00, 144.63, 144.23,
134.79, 134.53, 129.57, 122.09, 96.11, 91.60, 54.97, 46.98, 38.38, 34.46, 33.41, 33.04, 25.97, 20.71, 20.19;
MS/MS (m/z): [M]* calcd. for CyyH»;N3O,, 374.2; found, 374.2; analysis (calcd., found for C,yH,;N;O,): C (64.32,

64.21), H (7.29, 7.15), N (11.25, 11.48).

Compound 4

Solution of carboxylic acid 3 (0.224 g, 0.0006 mol), HATU (0.228 g, 0.0006 mol) and DIEA (0.155 g, 0.0012 mol)
was stirred in dichloromethane at room temperature. After 10 min, O-benzylhydroxylamine hydrochloride (0.112 g,
0.0007 mol, Sigma-Aldrich, St. Louis, MO, USA) and triethylamine (0.071 g, 0.0007 mol, Sigma-Aldrich, St. Louis,
MO, USA) were added. The reaction mixture was stirred for 2 h at room temperature, evaporated under reduced
pressure, dissolved in ethyl acetate and washed three times with brine. The organic layer was dried over sodium
sulfate, filtered and evaporated under reduced pressure. The crude product was purified by column
chromatography (dichloromethane/methanol 95:5) and crystallized from ether/petroleum ether to give pure 4
(0.144 g, 50%); pale yellow solid; mp 84-85 °C; IR: v, 3367, 3325, 3187, 2960, 2931, 2857, 1738, 1677, 1634,
1614, 1518, 1455, 1387, 1219, 1203, 1170, 1157, 1052, 1033, 821, 790, 740, 696, 676 cm~'; 'H NMR (300 MHz,
DMSO) 6 10.95 (s, 1H), 8.54-8.53 (dd, J = 4.1, 1.5, 1H), 8.09-8.06 (dd, J = 8.3, 1.4, 1H), 7.78 (t, J = 5.4, 1H),
7.44-7.33 (m, 6H), 6.47 (d, J = 2.4, 1H), 6.26 (d, J = 2.3, 1H), 6.13 (d, J = 8.8, 1H), 4.77 (s, 2H), 3.82 (s, 3H),
3.62-3.56 (m, 1H), 3.08-3.04 (m, 2H), 2.04 (t, J = 7.4, 2H), 1.95 (t, J = 7.3, 2H), 1.74-1.43 (m, 6H), 1.20 (d, J =
6.2, 3H); 3C NMR (75 MHz, DMSO) 6 171.32, 169.03, 159.00, 144.62, 144.23, 136.09, 134.79, 134.52, 129.57,
128.72, 128.26, 128.16, 122.09, 96.10, 91.59, 76.77, 54.97, 46.98, 38.41, 34.57, 33.43, 31.70, 25.99, 21.21,
20.19; MS/MS (m/z): [M]* calcd. for C,;H34,N,O, 479.26; found 479.3; analysis (calcd., found for C,;H;,N,O): C

(67.76, 67.59), H (7.16, 6.98), N (11.71, 12.04).



Compound 5 (sahaquine)

Suspension of O-benzylhydroxamic acid 4 (0,129 g, 0.00027 mol) and 20 mg 10% Pd/C (Sigma-Aldrich, St.
Louis, MO, USA) in methanol was stirred for 2 h at room temperature under hydrogen atmosphere. The catalyst
was filtered off and methanol was evaporated under reduced pressure. The crude product was crystallized from
ether to give pure 5 (0.077g, 73%); pale yellow solid; mp 99-102 °C; IR: v, 3468, 3375, 3283, 3210, 3008,
2963, 2933, 1744, 1645, 1613, 1520, 1455, 1386, 1204, 1171, 1158, 1056, 821, 789, 677 cm~'; "H NMR (300
MHz, DMSO) 6 10.32 (s, 1H), 8.63 (s, 1H), 8.55-8.52 (dd, J = 4.2, 1.6, 1H), 8.09-8.05 (dd, J = 8.3, 1.6, 1H),
7.76 (t, J=5.3, 1H), 7.45-7.39 (m, 1H), 6.47 (d, J = 2.4, 1H), 6.26 (d, J = 2.4, 1H), 6.11 (d, J = 8.7, 1H), 3.82 (s,
3H), 3.68-3.56 (m, 1H), 3.05 (d, J = 5.6, 2H), 2.04 (t, J = 7.4, 2H), 1.94 (1, J = 7.4, 2H), 1.76-1.57, 1.57-1.40
(2m, 6H), 1.21 (d, J = 6.3, 3H); 3C NMR (75 MHz, DMSO) & 171.37, 168.74, 158.98, 144.60, 144.20, 134.75,
134.50, 129.54, 122.05, 96.08, 91.61, 54.95, 46.98, 38.39, 34.73, 33.43, 31.75, 25.95, 21.42, 20.17; MS/MS
(m/z): [M]* calcd. for C,yH,sN,O,, 389.21; found 389.2; analysis (calcd., found for C,,H,sN,O,): C (61.84,

61.69), H (7.27, 7.03), N (14.42, 14.77).
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Supplementary Table S1. Structures of sahaquine precursors with basic
physicochemical properties, calculated with the Chemicalize.org program (Instant
Cheminformatics Solutions. Available online: http://www.chemicalize.org/ (accessed on
October 10, 2017)).
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Supplementary Figure S1. Spectra confirming the structure of sahaquine. a) Annotated
structure of sahaquine. b) Mass spectra (MS) showing only one peak corresponding to [M+1].
MS was recorded on HPLC-MS/MS. Mass determination was performed using electron spray
ionization (ESI) in positive mode. ¢) 1H and d) 13C NMR spectra with marked peaks. All NMR
(1H and 13C) spectra were recorded at 25°C at 300, 400 and 600 MHz for 1H and 75, 100
and 150 MHz for 13C nuclei, respectively. Chemical shifts (&) are reported in parts per million
(ppm) using tetramethylsilane as reference in the 1H and the DMSO residual peak as
reference in the 13C spectra (39.51 ppm).
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Supplementary Figure S2. Time-dependent decrease in cell viability with
temozolomide combination treatments. GBM cells were treated for 24 h or 72 h
with the combination of temozolomide (TMZ, 30 uM, 24 h n=21, 72 h n=22) and
sahaquine (Sq, 10 uM, 24 h n=15, 72 h n=21; Sq+TMZ, 24 h n=21, 72 h n=21),
quercetin (Q, 140 pM, 24 h n=21, 72 h n=22; Q+TMZ, 24 h n=21, 72 h n=21) or
SAHA (1 uM, 24 h n=21, 72 h n=26; SAHA+TMZ, 24 h n=21, 72 h n=21) at ICy,
concentrations. Cell viability was measured by counting Hoechst 33342-labeled
nuclei imaged using a fluorescence microscope. Each point represents a percentage
value normalized to the untreated control (24 h n=39, 72 h n=12). Horizontal bars
represent the mean (SD) from at least three independent experiments (***p<0.001
compared to the untreated control; ##p<0.01, ###p<0.001 compared to TMZ;
Welch’s ANOVA with Games-Howell post hoc test).
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Supplementary Figure S3. Sahaquine diminishes mitochondrial metabolic activity in
human glioblastoma cells in a dose- and time-dependent manner. GBM mitochondrial
metabolic activity (n=9) following treatment with a) sahaquine (Sq, 0.001-50 pM), b)
temozolomide (TMZ, 50-500 uM), c) quercetin (Q, 10-200 uM), and SAHA (0.1-50 uM) for 72
h. Shown are average percentage mitochondrial metabolic activity compared to untreated
controls (SEM) from three independent experiments. e-f) Dose-dependent decrease in
mitochondrial metabolic activity (72 h) with the combination of either a fixed concentration of
quercetin (100 uM, n=18) and increasing concentrations of sahaquine (Sq 1 uM n=12, Sq 10
MM n=16, Sq 20 uM n=20, Sq 1 uM+Q n=9, Sq 10 yM+Q n=9, Sq 20 uM+Q n=9), or a fixed
concentration of sahaquine (10 uM, n=16) and increasing concentrations of quercetin (Q 10
MM n=7, Q 100 uM n=15, Q 200 pM n=14, Q 10 uM+Sq n=11, Q 100 uM+Sq n=8, Q 200
MM+Sq n=8). Each point represents a percentage value normalized to the untreated control
(e) n=41, f) n=43). Horizontal bars represent the mean (SD) from at least three independent
experiments (*p<0.05, ***p<0.001 compared to the untreated control; #p<0.05, ###p<0.001
compared to €) Q 100 uyM alone or f) Sq 10 uM alone; Welch’s ANOVA with Games-Howell
post hoc test). Mitochondrial metabolic activity was measured by the MTT assay.
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Supplementary Figure S4. Cytotoxic effects of selected drugs on human
glioblastoma tumoroids. a) Representative micrographs of GBM tumoroids
exposed to temozolomide (TMZ, 100 yM, n=13), sahaquine (Sq, 10 uM, n=13) or
quercetin (Q, 100 uM, n=17) for 7 days. b) The size of the tumoroids was measured
based on 2D micrographs. Each point represents a value normalized to the untreated
control (set to 1, n=19). Horizontal bars represent the mean (SD) from at least three
independent experiments (***p<0.001, one-way ANOVA with Tukey-Kramer’s post
hoc test).
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Supplementary Figure S5. The effect of select chemotherapeutic agents on
the abundance of secreted MMP-2 and MMP-9 from human glioblastoma.
Gelatin zymography of culture media from GBM cells treated with a) temozolomide
(TMZ, 100, 300, 500 uM), b) sahaquine (Sq, 1, 10, 25 uM) or c) quercetin (Q, 25,
50, 100 pM) for 24 h. d) Quantification of MMP-9 and MMP-2 from gelatin
zymographs (TMZ, 100 uM, n=5; Sq, 10 pM, n=5; Q, 100 uM, n=3). Each point
represents a value normalized to the untreated control (set to 1, n=7). Horizontal
bars represent the mean from at least three independent experiments.
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Supplementary Figure S6. Sahaquine inhibits P-glycoprotein activity. The
intracellular accumulation of the P-glycoprotein substrate calcein-AM was measured in
GBM cells treated with sahaquine (Sq, 10 yM, n=176 cells), primaquine (PQ, 10 uM
n=182 cells, 60 yM n=218 cells) and SAHA (10 uM, n=192 cells) for 24 h. Cyclosporine
A (10 uM, 30 min, n=172 cells) was included as a positive control for the inhibition of P-
glycoprotein. Cells were imaged using a fluorescence microscope and fluorescence
was analyzed in Imaged. Each point represents a value normalized to the untreated
control (set to 1, n=310 cells). Horizontal bars represent the mean (SD) for control
(1.00£0.24), Sq (1.28+0.27), PQ 10 yM (0.994£0.22), PQ 60 uM (1.35+0.29), SAHA
(1.16+0.33) and cyclosporine A (1.2910.28), from three independent experiments
(***p<0.001, Welch’s ANOVA with Games-Howell post hoc test).



Supplementary Figure S7
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Supplementary Figure S7. Selective HDACG6 inhibition with ACY-1215 and
sahaquine-induced «a-tubulin reorganization. Representative fluorescence
micrographs of GBM a) a-tubulin acetylation (green) at lysine 40 and histone H3
acetylation (red) at lysine 9/lysine 14 in response to HDACG6-selective inhibitor ACY-
1215 (100 nM) for 24 h. b-c) Shown are means (SD) of fluorescence per cell for
acetylated a-tubulin (n=32 cells) and acetylated histone H3 (n=110 cells) after treatment
with ACY-1215 (100 nM) for 24 h. Each point represents a value normalized to the
untreated control (set to 1; acetylated a-tubulin n=197 cells; acetylated histone H3
n=158 cells) from at least three independent experiments (*p<0.05, ***p<0.001, Welch’s
ANOVA with Games-Howell post hoc test). Nuclei (blue) were labeled with Hoechst
33342. Cells were imaged using a fluorescence microscope and fluorescence was
analyzed in ImageJ.
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Supplementary Figure S8. Sahaquine does not affect total AKT and ERK1/2 levels in
human glioblastoma. a) AKT (n=3) and b) ERK1/2 (TMZ n=4, Sq n=4, Q n=4, Sq+TMZ n=4,
Sq+Q n=3) protein abundances were measured in GBM cells treated with temozolomide
(TMZ, 100 pM), sahaquine (Sqg, 10 uM) or quercetin (Q, 100 uM) alone or in combination for
24 h, by Western blotting. AKT and ERK1/2 protein abundance was normalized to the actin
loading control. Each point represents a value normalized to the untreated control (set to 1).
Horizontal bars represent means from at least three independent experiments.
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Supplementary Figure S$9. Sahaquine-induced a-tubulin reorganization.
Representative fluorescence micrographs of GBM a-tubulin (red) reorganization in
response to Sq (10 uM) after 24 h treatment. Nuclei (blue) were labeled with
Hoechst 33342. Cells were imaged using a fluorescence microscope. Inserts show
the microtubule organizing center, where a-tubulin reorganization is observed.
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Supplementary Figure $10. Sahaquine and quercetin decrease the abundance of
Hsp70/Hsc70 in human glioblastoma. The abundance of heat shock proteins Hsp70
and Hsc70 was measured in GBM cells treated with temozolomide (TMZ, 100 pM),
sahaquine (Sq, 10 uM) or quercetin (Q, 100 uM) alone or in combination for 24 h, by
Western blotting (n=4). Hsp70/Hsc70 protein abundance was normalized to the actin
loading control. Each point represents a value normalized to the untreated control (set to
1). Horizontal bars represent means from four independent experiments.
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Supplementary Figure S11. Buthionine sulfoximine enhances the cell Killing
effect of sahaquine in GBM. GBM cell viability following treatment with sahaquine
(Sq, 10 uM, 24 h n=15, 72 h n=30), buthionine sulfoximine (BSO, 100 pM, 24 h n=32,
72 h n=18) or combintation of sahaquine and buthionine sulfoximine (Sq + BSO, 24 h
n=35, 72 h n=27) for 24 h or 72 h. Cell viability was measured by counting Hoechst
33342-labeled nuclei imaged using a fluorescence microscope. Shown are the average
percentage cell viability (SD). Each point represents a value normalized to the
untreated control (24 h n=33, 72 h n=18) from three independent experiments
(***p<0.001, Welch’s ANOVA with Games-Howell post hoc test).
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Increased lipid droplet number and fatty acid synthesis allow glioblastoma multiforme, the most com-
mon and aggressive type of brain cancer, to withstand accelerated metabolic rates and resist therapeutic
treatments. Lipid droplets are postulated to sequester hydrophobic therapeutic agents, thereby reducing
drug effectiveness. We hypothesized that the inhibition of lipid droplet accumulation in glioblastoma
cells using pyrrolidine-2, a cytoplasmic phospholipase A2 alpha inhibitor, can sensitize cancer cells to
the killing effect of curcumin, a promising anticancer agent isolated from the turmeric spice. We observed
that curcumin localized in the lipid droplets of human U251N glioblastoma cells. Reduction of lipid dro-
plet number using pyrrolidine-2 drastically enhanced the therapeutic effect of curcumin in both 2D and
3D glioblastoma cell models. The mode of cell death involved was found to be mediated by caspase-3.
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Pyrrolidine-2 Comparatively, the current clinical chemotherapeutic standard, temozolomide, was significantly less
Caspase-3 sensor effective in inducing glioblastoma cell death. Together, our results suggest that the inhibition of lipid dro-
Cell death plet accumulation is an effective way to enhance the chemotherapeutic effect of curcumin against
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glioblastoma multiforme.
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1. Introduction

In cancers such as glioblastoma multiforme, enhanced fatty acid
storage and synthesis provide the necessary resources for survival
and rapid proliferation [1]. Although otherwise highly heteroge-
neous, most cancer types present a lipogenic phenotype character-
ized by the upregulation of key enzymes and transcriptional
factors controlling lipid metabolism (e.g. Akt, fatty acid synthase,
hypoxia-inducible factor 1-alpha, sterol regulatory element bind-
ing proteins, acetyl-CoA carboxylase alpha), and a boost in de novo
lipogenesis [2-5]. In solid malignancies, the hypoxic conditions
found at the core of the tumors induce adaptive pathways aimed
at maintaining lipid synthesis, homeostatic pH and cell survival
[6]. The resulting metabolic changes correlate with poor prognosis,
poor treatment response and recurrence in diseases such as breast,
liver and brain cancer [7-10]. Emerging therapeutic approaches
have thus targeted lipid synthesis to counter the effects of meta-
bolic reprogramming in cancer cells [11,12].
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Aside from their increased de novo fatty acid synthesis, cancer
cells are also characterized by their increased number of lipid dro-
plets compared to normal tissues [13,14]. Lipid droplets are
dynamic organelles that support cells with metabolic fuel, mem-
brane biosynthesis, inflammatory intermediates and signaling
mediators [15-17] . Although they can be found in almost all cell
types, their increased biogenesis in neoplastic and inflammatory
conditions defines them as targets for therapeutic intervention
[18]. Aside from fueling the accelerated metabolism of cancer cells,
lipid droplets also harbor numerous proteins and transcription fac-
tors critical to lipid metabolism and related pathways [19]. The
hydrophobic core found in lipid droplets provides a favorable com-
partment to attract and sequester lipophilic proteins and com-
pounds, fat-soluble vitamins, and even environmental pollutants
[20]. As such, lipid droplets can sequester lipophilic drugs and pre-
vent them from reaching their targets, thus decreasing drug effec-
tiveness [21,22]. Therefore, it seems that inhibition by
pharmacological or genetic means of enzymes necessary for lipid
droplet formation could provide a way to reduce drug sequestra-
tion and improve drug effects. We tested this concept in glioblas-
toma cells treated with curcumin in combination with
pyrrolidine-2, and inhibitor of cytosolic phospholipase A2 alpha
(cPLA2a). Curcumin, a plant-derived polyphenol isolated from
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the turmeric spice, has been shown to be a safe, potent and effec-
tive anticancer agent both in vitro and in vivo [23]. It was found to
affect multiple targets, leading to the inhibition of inflammation
and cell proliferation [24]. Curcumin has a broad range of effects
that are advantageous against multifactorial diseases such as can-
cer, and clinical trials have suggested biological activity in patients
with colorectal and pancreatic cancer [25,26]. Despite being well-
tolerated in humans, its poor bioavailability has limited prospects
of broader clinical applications [26,27]. Given its lipophilic proper-
ties, curcumin has been found to localize in lipid membranes and
lipid droplets, thereby decreasing its availability at drug targets.
Pyrrolidine-2, also known as pyrrophenone, is a potent and rever-
sible inhibitor of cPLA2a, a key enzyme in the processes of arachi-
donic acid release, eicosanoid synthesis and lipid droplet formation
[28,29]. We hypothesize that pre-treatment of cancer cells with
pyrrolidine-2 will enhance the cell killing effect of curcumin by
reducing its sequestration in lipid droplets.

Glioblastoma multiforme is a highly aggressive and drug-
resistant type of brain cancer which currently lacks effective treat-
ments [30,31]. Temozolomide, a DNA methylating agent, is the
first-line drug used in concomitant and adjuvant radiochemother-
apy against glioblastoma [32-34]. However, a large subset of
patients is resistant to temozolomide due to the expression of
the 0%-methylguanine-DNA methyltransferase gene (MGMT), a
DNA repair protein, and there is an urgent need for alternative
mono- and combination therapies [35]. We have investigated the
susceptibility of human glioblastoma monolayer (2D) and spheroid
(3D) cultures to curcumin and temozolomide used either individu-
ally or in combination with pyrrolidine-2. We also compared the
effect of pyrrolidine-2 to that of buthionine sulfoximine (BSO), an
irreversible inhibitor of gamma-glutamylcysteine synthetase, the
rate-limiting enzyme in glutathione synthesis, found to be effec-
tive as a sensitizing agent in patient-derived neuroblastoma cell
lines [36,37].

We further monitored the mode of cell death induced by these
treatments using a newly developed, dimerization-based biosensor
which provides a highly sensitive method to visualize and quantify
caspase-dependent apoptotic activity in living cells [38]. The cys-
teine protease caspase-3 is a main executioner caspase in the pro-
cess of caspase-dependent apoptosis [39,40]. It was shown to be
strongly activated in response to curcumin treatment in different
cell lines [41-43]. By investigating the activity of caspase-3 in can-
cer cells in response to chemotherapeutics and sensitizers, we can
reveal drug efficacy and underlying mechanisms of cell death.

The objective of these studies was to investigate the sensitiza-
tion of human glioblastoma cells in 2D and 3D cultures to
caspase-3-mediated cell death induced by curcumin. We used
the pharmacological agent pyrrolidine-2 to manipulate lipid dro-
plet number in glioblastoma cells and assessed caspase-3 activity
in living cells using a recently developed biosensor. The results
indicate a significant increase in caspase-3-mediated cell death
induced by curcumin when lipid droplet formation is reduced.

2. Materials and methods
2.1. Materials

Curcumin (Sigma-Aldrich, Canada), pyrrolidine-2 (Calbiochem,
United States), temozolomide (Sigma-Aldrich, Canada), buthionine
sulfoximine (Sigma-Aldrich, Canada), staurosporine (Sigma-
Aldrich, Canada), dimethyl sulfoxide (Sigma-Aldrich, Canada), Nile
Red (Sigma-Aldrich, Canada), paraformaldehyde (Sigma-Aldrich,
Canada), BODIPY 493/503 (Invitrogen, Canada), Hoechst 33342
(Sigma-Aldrich, Canada) and propidium iodide (Sigma-Aldrich,
Canada) were used as received.

Table 1
Construct of Plasmid 1 and Plasmid 2, which form the caspase-3 biosensor.
Name Gene GenBank Addgene
accession plasmid ID
numbers
GANES_DEVD-BNLS Xhol-GA-NES-Kpnl- KF976777 50842
DEVD-B-NLS-HindIll
RANLS Xhol- RA-NLS-HindlIII KF976778 50843

2.2. Cell culture

The U251N human glioblastoma cell line was originally obtained
from the American Type Culture Collection. Unless otherwise
specified, U251N cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM,; Invitrogen, Canada) containing 10% (v/v) fetal
bovine serum (Invitrogen, Canada), 2 mM L-glutamine, 100 IU/mL
penicillin, 100 pg/mL streptomycin (Invitrogen, Canada), and
1% non-essential amino acids. Cells were incubated at 37 °C with
5% CO,.

2.3. Spheroid preparation

Spheroid cultures were prepared using a protocol adapted from
the previously established liquid overlay system: confluent U251N
monolayer cell cultures were detached using 0.05% trypsin-EDTA
(Invitrogen, Canada), and seeded at 5,000 cells per well in 96-
well plates pre-coated with 2% agarose (Invitrogen, Canada) in
serum-deprived DMEM [44]. Spheroids were seeded and main-
tained in complete DMEM medium for four days before drug treat-
ments. Spheroids expressing the caspase-3 biosensor were
prepared following the same method, using transfected cells.

2.4. Cell treatment

Confluent monolayer cell cultures were detached using 0.05%
trypsin-EDTA, seeded in 24-well or 96-well cell culture plates
(Sarstedt, Canada) at 50,000 or 10,000 cells per well, respectively,
and treated after 24 h. For 24 h dose-response experiments, drugs
were administered in the following concentrations: curcumin (Cur;
5-100 pM); pyrrolidine-2 (Pyr-2; 1-5 uM). For 72 h dose-response
experiments, curcumin was added at concentrations 5-30 puM. For
pyrrolidine-2 (3 pM) and buthionine sulfoximine (BSO; 5 mM) pre-
treatments, cells were treated for 24 h, after which the medium
was refreshed. To establish the time course of drug effects in spher-
oid cultures, treatments were maintained for 24 h or 72 h. BSO
stocks (200 mM) were prepared fresh in purified water. Stock solu-
tions of temozolomide, curcumin, staurosporine and pyrrolidine-2
were prepared in dimethyl sulfoxide (DMSO), and added to cells for
a final DMSO concentration <0.5%. Vehicle controls were included
in each experiment.

2.5. Lipid droplet labeling, imaging and quantification

After treatment with curcumin (10-30 pM) for 24 h, the media
were refreshed, and cells were incubated with Nile Red (2 uM;
10 min). Nile red is a commonly used fluorescent label for lipid
droplets [45,46], but it can also bind to hydrophobic protein
domains and be employed to probe hydrophobic pockets in puri-
fied native proteins [47]. Labeled cells were washed with phos-
phate buffered saline (PBS), and imaged using a fluorescence
microscope (Leica, Canada). To quantify the number of lipid dro-
plets per cell, U251IN cells were fixed with paraformaldehyde
(4%; 15 min) following treatment, labeled with BODIPY 493/503
(2 pM; 10 min), and then imaged using a fluorescence microscope.
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pyrrolidine-2 pre-treatment increases the availability of curcumin at its targets. (C) U251N glioblastoma cells treated with pyrrolidine-2 (3 pM; 24 h) show a significant
reduction in lipid droplet content. Cells were labeled with Bodipy 493/503 (2 uM; 10 min) and imaged using a fluorescence microscope. The number of lipid droplets per cell
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Fig. 3. Principle of caspase-3 detection using the dimerization-based biosensor and
measurement of caspase-3 activity. (A) The caspase-3 biosensor is composed of two
dimerization-dependent fluorescent proteins: (1) a red fluorescent protein (RA)
with a nuclear localization signal (NLS), and (2) a green fluorescent protein (GA)
with a nuclear exclusion signal (NES), heterodimerized with a non-fluorescent
partner protein (B) through the caspase-3 substrate peptide (DEVD). Fluorescence
micrographs show U251N cells with green cytoplasms when GA is heterodimerized
with B (scale bar = 50 um). (B) Upon caspase-3 activation, the caspase-3 substrate
DEVD is cleaved, and green fluorescence signal from GA diminishes. (C) The partner
protein B translocates into the nucleus by a NLS and heterodimerizes with RA,
increasing red fluorescence in the nucleus manyfold. Fluorescence micrographs
show U251N cells with red nuclei when RA is heterodimerized (scale bar = 50 pm).
(D) Measurement of caspase-3 activity in U251N glioblastoma cells. Cells trans-
fected with the biosensor were imaged using a fluorescence microscope following
treatment with staurosporine (STS; 0.5 M) for 24 h. Cells with active caspase-3
show an increase in red fluorescence (RFP) in the nucleus and a decrease in green
fluorescence (GFP) in the cytoplasm. Mean percentage of total transfected cells
expressing GFP or RFP+SEM is shown for three independent experiments
(***p <0.001). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

2.6. Hoechst 33342 and propidium iodide labeling

In monolayer cultures, the culture medium was removed fol-
lowing treatment, and cells were fixed with paraformaldehyde
(4%; 15 min). Cells were stained with Hoechst 33342 (10 puM;
10 min), and then washed and kept in PBS. Cell imaging was con-
ducted using an automated microscopy platform (Operetta High
Content Imaging System; Perkin Elmer, United States). Image anal-
ysis and cell counting were performed using the Columbus Image
Data Storage and Analysis platform (Perkin Elmer, United States).
In spheroid cultures, propidium iodide and Hoechst 33342 fluores-
cent dyes were added 3 h prior to measurements. At the end of
treatment, individual spheroids were carefully transferred onto a
microscope slide using a pipette, and flattened under a glass cover-
slip to facilitate imaging. Imaging was conducted using a fluores-
cence microscope, and fluorescence intensity was quantified
using Image].

2.7. Biosensor construction

The caspase-3 biosensor consists of two parts (Fig. 3). Plasmid 1
encodes the green dimerization-dependent fluorescent protein

(GA) linked with a nuclear exclusion signal sequence (NES;
LALKLAGLDIGS) [48,49], the caspase-3 substrate sequence (DEVD)
[50], and a partner protein (B) linked to a nuclear localization sig-
nal (NLS; DPKKKRKVDPKKKRKVDPKKKRKV) [51]. Plasmid 2
encodes the dimerization-dependent red fluorescent protein (RA)
linked with a NLS. Expression and purification of constructs 1
and 2 were performed according to procedures previously
described in detail [38]. Details of the plasmid constructs are found
in Table 1.

2.8. Plasmid preparation and transfection

Stocks of the caspase-3 biosensor plasmids (kindly provided by
Dr. Robert E. Campbell, University of Alberta, Canada) were pre-
pared in o-Select Escherichia coli (Bioline, United States) using a
Miniprep Kit (Qiagen, Canada). DNA concentration was adjusted
to 1 pg/ul in purified water, and plasmids were stored at -20 °C.
For transfection, U251N cells were seeded in black 96-well plates
(Corning, United States) at a density of 10,000 cells per well, and
cultured for 24 h. Transfection was conducted in the absence of
antibiotics, using Lipofectamine 2000 (Invitrogen, Canada), follow-
ing the procedure recommended by the manufacturer. The trans-
fection complexes were kept for 24 h, after which the medium
was replaced by complete medium, and cells were treated.

2.9. Live cell imaging of the caspase-3 biosensor

Monolayer cells seeded in black 96-well cell culture plates were
transfected with the biosensor, and treated for 24 h. Following
treatment, cells were imaged using the Operetta High Content
Imaging System to analyze green (eGFP) and red (Alexa 594) sig-
nals. Caspase-3 activity was quantified as the number of cells with
red nuclei, and expressed as a percentage of total transfected cells
(expressing green or red fluorescence). The absence of caspase-3
activity was quantified from the number of cells with green cyto-
plasm, and expressed in the same manner. Eleven fields were ana-
lyzed per well, with six wells per treatment group. Negative
controls were non-transfected cells in the presence or absence of
drugs. Following treatment, transfected spheroids were transferred
onto microscope slides, flattened under glass coverslips, and
imaged using a fluorescence microscope. Full spheroids were
imaged and the number of cells with green fluorescence in the
cytoplasm or red fluorescence in the nucleus was counted.

2.10. Statistical analysis

Each experiment was independently performed at least two or
three times. Each treatment was performed in three samples (24-
well plates) or six samples (96-well plates). All data are expressed
as mean + SEM values. Statistical significance was calculated using
one-way ANOVA, followed by the Student’s t-test. For multiple
comparisons, Bonferroni corrections were applied.

3. Results
3.1. Curcumin is sequestered in lipid droplets

Due to its fluorescent properties, curcumin’s intracellular local-
ization can be visualized using a fluorescence microscope
(488/509 nm). After treating U251N glioblastoma cells with cur-
cumin (10 um) for 4 h, green fluorescence was found diffused
throughout the cells, located at cell membranes, and concentrated
in numerous punctate in the cytoplasm (Fig. 1A). Staining of
curcumin-treated cells with Nile Red, a lipophilic stain for intracel-
lular lipids, showed that curcumin co-localized with membrane
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Fig. 4. Curcumin-mediated and pyrrolidine-2-sensitized cell deaths are mediated through caspase-3 activation. (A) Fluorescence micrographs of U251N cells transfected with
the caspase-3 biosensor and treated with curcumin (25 pM; 24 h), with or without pyrrolidine-2 (Pyr-2; 3 pM; 24 h) pre-treatment. Temozolomide (TMZ; 400 uM; 24 h) was
included as a clinically-relevant drug. Cells with green fluorescence in the cytoplasm express the caspase-3 biosensor, while those with a red nucleus present caspase-3
activity. (B) U251N cells transfected with the caspase-3 biosensor were treated with curcumin (Cur; 25 uM; 24 h), with or without pyrrolidine-2 (Pyr-2; 3 uM; 24 h) pre-
treatment. Temozolomide (TMZ; 400 uM; 24 h) was included as a clinically-relevant drug. Caspase-3 activity was assessed using a fluorescence microscope. Mean percentage
of total transfected cells expressing caspase-3 activity + SEM is shown for three independent experiments. (*** p <0.001). (C) Cell viability of U251N cells treated with
curcumin (Cur; 25 pM; 24 h), with or without pyrrolidine-2 (Pyr-2; 3 uM; 24 h) pre-treatment. Temozolomide (TMZ; 400 uM; 24 h) was included as a clinically-relevant
drug. Cell viability was measured by counting the number of cell nuclei labeled with Hoechst 33342. Cells were imaged using a high-throughput microscope. Shown are
average percentage values + SEM compared to untreated controls from three independent experiments. (***p < 0.001).

lipids and lipid droplets. Given the importance of lipid droplets for
cancer cells, we then employed pyrrolidine-2, an inhibitor of
cPLA2q, to reduce lipid droplet number in glioblastoma cells.
U251N cells normally contain lipid droplets and their number
can be reduced using inhibitors of lipid droplet formation, or
increased using fatty acids such as oleic acid (Fig. S1).
Pyrrolidine-2 treatment (3 nM; 24 h) reduced lipid droplet number
to 52 +5.7% of untreated control levels (Fig. 1C). Lipid droplet
number in cells treated with both curcumin and pyrrolidine-2
was higher (82.3+16.0%) than that of cells treated with
pyrrolidine-2 alone.

3.2. Pyrrolidine-2 potentiates the cell killing effect of curcumin

We postulated that U251N glioblastoma cells would be more
susceptible to the therapeutic effects of curcumin following the
reduction of lipid droplet number by pyrrolidine-2. Cell viability
measured by counting cell nuclei labeled with Hoechst 33342
showed that 25uM of curcumin decreased cell number to
53.8+2.8% after 24h of treatment (Fig. 2A and B). In turn,

pyrrolidine-2 alone did not induce any significant decrease in cell
viability up to 4 uM (Fig. 2C). Pre-treatment of U251N cells with
pyrrolidine-2 potentiated the cell killing effect of curcumin. Nota-
bly, pre-treatment with pyrrolidine-2 (24 h) virtually abolished
glioblastoma viability when followed by curcumin treatment
(72 h) at concentrations above 20 uM (Fig. 2B). In comparison,
pyrrolidine-2 modestly increased the effectiveness of temozolo-
mide, which was included as a clinically relevant comparator
(Fig. S2). The effect of pyrrolidine-2 as a sensitizer was compared
to that of BSO. Although pre-treatment with BSO increased cell
death at lower concentrations of curcumin, it did not substantially
increase cell death at higher concentrations (Fig. S3).

3.3. Cell death induced by curcumin and pyrrolidine-2 is mediated by
caspase-3

To investigate the mode of cell death induced by curcumin and
pyrrolidine-2, we employed a newly developed biosensor for
caspase-3 activation. This construct offers a highly sensitive
method to detect caspase-3-mediated apoptosis in live cells. In
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Fig. 5. Curcumin and pyrrolidine-2-sensitization induce caspase-3-mediated cell death in glioblastoma spheroids. (A) U251N spheroids expressing the caspase-3 biosensor
were prepared from U251N monolayer cells transfected with the caspase-3 biosensor. Transfected cells were collected and seeded in agarose-coated wells. The fluorescence
micrograph shows cells expressing green and red fluorescence within the spheroid. U251N spheroids expressing the caspase-3 biosensor were squashed between a glass
coverslip and a microscope slide to facilitate the quantification of cells expressing either green or red fluorescence. (B) U251N spheroids expressing the caspase-3 biosensor
were treated with temozolomide (TMZ; 400 uM; 24 h) and curcumin (Cur; 25 pM; 24 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 pM; 24 h). Following
treatment, spheroids were squashed and imaged using a fluorescence microscope. The number of cells expressing either green or red fluorescence was counted. Caspase-3
activity was quantified as the number of cells expressing red fluorescence (the presence of caspase-3 activity) over the total number of transfected cells (cells with either
green or red fluorescence). Mean percentage values + SEM are shown from three independent experiments ran in triplicate. ***(p < 0.001). (C) U251N spheroids expressing the
caspase-3 biosensor were treated with temozolomide (TMZ; 400 uM; 72 h) and curcumin (Cur, 25 pM; 72 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 pM;
24 h). Following treatment, spheroids were imaged and caspase-3 activity was quantified as in (B). Mean percentage values + SEM are shown from three independent
experiments ran in triplicate. ***(p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the absence of caspase-3 activity, cells expressing the biosensor
display green fluorescence in the cytoplasm. Following the activa-
tion of caspase-3, green fluorescence fades and red fluorescence
increases in the cell nucleus. Thus, caspase-3 activity can be quan-
tified by counting the number of cells with red fluorescence as a
proportion of total transfected cells expressing either green or
red fluorescence. Experiments showed that even under control
conditions, a small proportion of cells (13.2 £1.4%) display
caspase-3 activity. In turn, the positive control staurosporine, a
potent activator of caspase-3, significantly increased the propor-
tion of cells with a red nucleus (Fig. 3D).

To compare the mode of cell death induced by curcumin and
pyrrolidine-2-sensitized curcumin treatments, U251N cells trans-
fected with the caspase-3 biosensor were treated with mono-
and combination therapies for 24 h. The results showed that
although temozolomide, curcumin and pyrrolidine-2-sensitized
treatments all significantly reduced cell viability in U251N cells,
only curcumin (alone or in combination) significantly induced
caspase-3-mediated cell death (Fig. 4B and C).

3.4. Curcumin and pyrrolidine-2 are effective in glioblastoma
spheroids

To further investigate the effectiveness of curcumin and
pyrrolidine-2, we used glioblastoma spheroids cultures, which
more closely represent brain tumors found in vivo. Following the

preparation of U251N spheroids using cells transfected with the
caspase-3 biosensor, spheroids were treated at drug concentra-
tions found to be effective in monolayer experiments. Due to their
3D structure, spheroids were ‘“squashed” between two glass sur-
faces in order to disperse the cells and facilitate their imaging
(Fig. 5A). Both curcumin and curcumin combined with
pyrrolidine-2 induced a time-dependent increase in caspase-3
activity. In contrast, cytotoxic concentrations of temozolomide
did not induce caspase-3 activity, even after 72 h (Fig. 5B and C).
To relate caspase-3 activity to overall cell viability, we used
Hoechst 33342 and propidium iodide labeling to examine the
importance of necrotic cell death (Fig. 6). The results showed that
a time-dependent increase in necrotic cell death was seen in
response to temozolomide, curcumin and curcumin combined
with pyrrolodine-2. Yet, the most dramatic increase was seen with
the combination treatment, where the rate of necrotic cell death
almost doubled from 24 h to 72 h of treatment (Fig. 6B and C).

4. Discussion

In the nervous system, the presence of lipid droplets in neurons
is minimal, and is most noticeable in glia cells under physiological
conditions. In many models of neurodegeneration, the excessive
accumulation of lipid droplets in glial cells is a hallmark of disease
and is linked to mitochondrial dysfunction [19]. In glioblastoma
multiforme, the accumulation of lipid droplets serves to fuel tumor
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Fig. 6. Pyrrolidine-2-sensitization increases the killing effect of curcumin in glioblastoma spheroids. (A) Fluorescence micrographs of U251N spheroids treated with
temozolomide (TMZ; 400 uM; 72 h) and curcumin (Cur; 25 pM; 72 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 pM; 24 h). Cells were labeled with Hoechst
33342 and propidium iodide (PI) to quantify necrotic cell death. (B) U251N spheroids were treated with temozolomide (TMZ; 400 uM; 24 h) and curcumin (Cur; 25 uM; 24 h),
with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 uM; 24 h). Following treatment, spheroids were imaged using a fluorescence microscope and cell death was
quantified by calculating the ratio of propidium iodide to Hoechst 33342 fluorescence. Image analysis was carried out in Image]. Shown are mean fold increase values
compared to the untreated control (set to 1), from three independent experiments. ***(p < 0.001). (C) U251N spheroids were treated with temozolomide (TMZ; 400 uM; 72 h)
and curcumin (Cur; 25 pM; 72 h), with or without pre-treatment with pyrrolidine-2 (Pyr-2; 3 uM; 24 h). Following treatment, spheroids were imaged using a fluorescence
microscope and cell death was quantified by calculating the ratio of propidium iodide to Hoechst 33342 fluorescence. Image analysis was carried out in ImageJ. Shown are
mean fold increase values compared to the untreated control (set to 1), from three independent experiments. *(p < 0.01), ***(p < 0.001).

growth and resist therapeutic treatments. Aside from providing
energy to resist stress induced by chemotherapeutic drugs, it
appears that lipid droplets can also directly decrease the amount
of drugs available at targets by sequestering them inside the core
of the lipid droplets. We hypothesized that the pharmacological
inhibition of lipid droplet formation and the reduction of lipid dro-
plet number in glioblastoma cells are viable strategies to increase
the effectiveness of lipophilic chemotherapeutic drugs such as cur-
cumin. The mechanisms involved are summarized in Fig. 7. Cur-
cumin is a hydrophobic compound owing to its aromatic
phenolic groups and methylene bridge [52,53]. The high lipophilic-
ity of curcumin is indicated by its octanol-water partition coeffi-
cient of 2.5 x 10* M~! [54,55]. Curcumin’s partition coefficient
for 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid bilayers
and HEPES buffer was 2.4 x 10* M~! [56]. This high partition coef-
ficient clearly indicates curcumin’s preference for lipophilic cellu-
lar compartments. As such, it can rapidly cross cell membranes
and localize in lipid droplets (Fig. 1A). In contrast, analysis using
Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)
showed that temozolomide did not localize in lipid droplets (data
not shown). The inhibition of lipid droplet formation can thus serve
two purposes: (1) to lower the capacity of glioblastoma cells to

withstand curcumin-induced stress by reducing their energy
stores, and (2) to reduce the amount of compartments where cur-
cumin can be sequestered, thereby increasing drug availability at
targets. Different kinds of delivery systems have been used to deli-
ver curcumin to the brain and to glioblastoma in vivo [57-59].
Polymeric carriers have the potential to improve the stability and
solubility of curcumin [60-62]. Our research group has previously
reported the incorporation of curcumin into A2B star polymer
micelles and effectiveness of this preparation in glioblastoma
[63,64]. A retention of curcumin’s biological activity in nanocarri-
ers, an enhanced permeability and retention (EPR) effect and diffu-
sion of curcumin into the neighboring glioblastoma cells could
provide an improved therapeutic intervention in vivo [65]
Pyrrolidine-2 is an inhibitor of cPLA2a, a key rate limiting
enzyme in the synthesis of eicosanoids and a necessary player in
the formation of lipid droplets [66,67]. In normal brain tissues, par-
ticularly in astrocytes and microglia, excessive PLA2 activation in
response to stressors (e.g. glutamate excitotoxicity) can exacerbate
inflammatory processes and oxidative stress. In turn, these can
promote neurological disorders such as Alzheimer’s disease,
Parkinson’s disease, and traumatic brain injuries [68]. In glioblas-
toma cells, cPLA2a activity is likely to be upregulated in response
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and cell death.

to chemotherapeutic intervention, allowing cancer cells to stock up
in energy and adapt their metabolic pathways. Although
pyrrolidine-2 treatment alone does not induce significant loss in
cell viability in U251N glioblastoma cells up to 4 uM, its effect
becomes apparent when followed by curcumin treatments. Our
results show that pyrrolidine-2 pre-treatment dramatically
increased the effectiveness of curcumin in U251N cells after 72 h,
virtually abolishing cell viability at curcumin concentrations above
20 uM. Interestingly, the lipid droplet number of cells treated with
curcumin following pyrrolidine-2 sensitization was higher than
that of cells treated with curcumin alone - likely due to the
drug-induced cellular stress, previously reported to induce lipid
droplet formation [19,69,70]. Sensitization using BSO was compar-
atively less effective, likely due to the diversity of antioxidants and
enzymes that can reduce ROS levels. Nevertheless, the depletion of
glutathione by BSO increased curcumin-mediated cell death, possi-
bly through the increased peroxidation of lipid droplets, and necro-
sis (Fig. 7)[71].

To investigate the mode of cell death induced by curcumin and
pyrrolidine-2, we employed a highly sensitive biosensor to detect
and measure caspase-3 activity in live cells [38]. The mechanism
of the biosensor relies on a bi-modular design, in which two fluo-
rescent proteins with dimerization-dependent brightness are acti-
vated in a mutually-exclusive manner. When challenged with pro-
apoptotic stimuli, cells transfected with the biosensor manifest a
change in fluorescence color, from green to red, and in signal local-
ization, from the cytosol to the nucleus. In the absence of caspase-3
activity, the green cytoplasmic protein is linked with a non-
fluorescent partner protein which increases green fluorescence
manyfolds. Following the activation of caspase-3 during apoptosis,
the caspase-3 substrate (DEVD) contained in the linker region is
cleaved, and green fluorescence is dramatically decreased. The

partner protein then translocates into the nucleus and associates
with high affinity to the red fluorescent protein, enhancing red flu-
orescence manyfold. Thus, the specificity of detection is based on
(1) the caspase-3 substrate, (2) the change in the color of the sig-
nal, and (3) the change in the subcellular localization of the signal.
It is to note that a small proportion of cells display caspase-3 activ-
ity under control conditions. Our results support previous findings
stating that curcumin is a strong inducer of caspase-3-mediated
apoptosis in cancer cells [41,42]. In contrast, temozolomide-
induced cell death did not implicate caspase-3 activation, suggest-
ing the involvement of other modes of cell death, such as autop-
hagy [72]. Autophagy is usually reduced in cells with a large
number of lipid droplets, which could partly explain the limited
effectiveness of temozolomide against glioblastoma tumors
[73,74].

In normal brain tissues, it appears that cPLA2a and lipid dro-
plets play protective roles, notably helping glia cells to support
neurons and resist stressors. For example, cPLA2o (+/+) mice were
found to be more resistant to hypoxic conditions resulting from
brain ischemia than their null counterparts [75]. Excessive cPLA2o
activity has also been involved in apoptosis, as it was found to
drive arachidonic acid-mediated cytotoxicity and subsequent
caspase-3 activation [76]. On the other hand, the protective role
of lipid droplets in glioblastoma cells is highly detrimental to can-
cer patients. The inhibition of cPLA2a is one of several approaches
recently investigated to hinder lipid metabolism in cancer cells.
Small molecules and gene silencing (e.g. acetyl-CoA carboxylase
alpha) were shown to be effective in inhibiting cancer cell prolifer-
ation and viability in vitro [77-79]. However, most experiments
performed in monolayer cancer cell cultures do not accurately
reflect the conditions found in in vivo, where the intercellular con-
tact, tumor dynamics and overall heterogeneous microenvironment
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found in tumors often heighten resistance to radiotherapy and
chemotherapy [80-82]. Glioblastoma spheroids harbor hypoxic
cores where metabolic pathways, including those involving lipids,
are changed [4,83-85]. De novo lipogenesis, for instance, was
shown to be bypassed in cancer cells in hypoxic conditions.
Instead, cancer cells relied on extracellular lipid scavenging to sup-
ply for their needs [6]. Thus, we conducted experiments in 3D
spheroid, and confirmed that pyrrolidine-2 pre-treatment
enhanced the cell killing effect of curcumin in a time- and
caspase-3-dependent manner. In contrast, temozolomide alone
was significantly less effective at inducing caspase-3 activation
and glioblastoma cell death.

Because of the importance of cPLA2a in lipid metabolism and
the production of pro-inflammatory mediators, its inhibition has
also been studied in the context of inflammatory conditions such
as arthritis [86,87]. The microenvironment of glioblastoma tumors
is characterized by the infiltration of hyperactivated immune cells,
which aggravate disease progression. Thus, it can be hypothesized
that inhibition of lipid metabolism can also reduce inflammation at
tumor sites [88-90]. However, the potential side effects of
pyrrolidine-2 deter its use in vivo. One of the best tolerated statins
is simvastatin [91]. Statins were tested in some CNS diseases and
were suggested as supplemental anticancer agents [92,93]. Thus,
the administration of simvastatin in combination with curcumin
might be a suitable therapeutic strategy for certain groups of
glioblastoma patients.

Taken together, our results indicate that lipid droplets in
glioblastoma cells play a protective role by sequestering drugs
and promoting cell survival. Decreased lipid droplet formation
using pyrrolidine-2 as a sensitizing agent significantly increases
the cell killing effect of chemotherapeutic agents such as curcumin.
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Pharmacological inhibition of lipid droplet formation enhances the

effectiveness of curcumin in glioblastoma

Issan Zhang and Yiming Cui, Abdolali Amiri, Yidan Ding, Robert E. Campbell, and

Dusica Maysinger

Supplementary Figures
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Figure S1. Pyrrolidine-2 decreases lipid droplet accumulation in U251N
glioblastoma cells.

Fluorescence micrographs of U251N cells labelled for nuclei (Hoechst 33342) and lipid
droplets (Bodipy 493/503). Cells treated with pyrrolidine-2 (Pyr-2) for 24h show a dose-
dependent decrease in lipid droplets numbers compared to untreated cells. Cells
treated with oleic acid (OA) show increased lipid droplets numbers.
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Figure S2. Effect of pyrrolidine-2 on the cell killing effect of temozolomide in
U251N glioblastoma cells.

(D) The cell viability of U251N glioblastoma cells treated with temozolomide (100-500
MM; 72h), with and without pyrrolidine-2 sensitization (3 uM; 24h), was measured by
counting the number of cell nuclei labelled with Hoechst 33342. Cells were imaged
using a high-throughput microscope. Shown are average percentage values + SEM
compared to untreated controls from two independent experiments. (**p<0.01;
***n<0.001)
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Figure S3. BSO modulates the cell killing effect of curcumin in U251N
glioblastoma cells.

Cell viability of U251N cells in response to curcumin (5-100 uM; 24h), in the presence or
absence of buthionine sulfoximine (BSO; 5 mM; 24h) pre-treatment, was measured by
counting the number of cell nuclei labelled with Hoechst 33342. Cells were imaged
using a high-throughput microscope. Shown are mean percentage values + SEM
compared to untreated controls, from three independent experiments.
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Abstract: Inflammatory processes in the brain are orchestrated by microglia and astrocytes in
response to activators such as pathogen-associated molecular patterns, danger-associated molecular
patterns and some nanostructures. Microglia are the primary immune responders in the brain and
initiate responses amplified by astrocytes through intercellular signaling. Intercellular communication
between neural cells can be studied in cerebral organoids, co-cultures or in vivo. We used human
cerebral organoids and glioblastoma co-cultures to study glia modulation by dendritic polyglycerol
sulfate (dPGS). dPGS is an extensively studied nanostructure with inherent anti-inflammatory
properties. Under inflammatory conditions, lipocalin-2 levels in astrocytes are markedly increased
and indirectly enhanced by soluble factors released from hyperactive microglia. dPGS is an effective
anti-inflammatory modulator of these markers. Our results show that dPGS can enter neural cells
in cerebral organoids and glial cells in monocultures in a time-dependent manner. dPGS markedly
reduces lipocalin-2 abundance in the neural cells. Glioblastoma tumoroids of astrocytic origin respond
to activated microglia with enhanced invasiveness, whereas conditioned media from dPGS-treated
microglia reduce tumoroid invasiveness. Considering that many nanostructures have only been tested
in cancer cells and rodent models, experiments in human 3D cerebral organoids and co-cultures are
complementary in vitro models to evaluate nanotherapeutics in the pre-clinical setting. Thoroughly
characterized organoids and standardized procedures for their preparation are prerequisites to gain
information of translational value in nanomedicine. This study provides data for a well-characterized
dendrimer (dPGS) that modulates the activation state of human microglia implicated in brain
tumor invasiveness.

Keywords: cerebral organoids; nanomedicines; astrocytes; microglia; glioblastoma; lipocalin-2;
inflammation

1. Introduction

The brain is particularly challenging to model because of its complex structure and functions.
Neural cells constantly interact with each other through signaling molecules as well as cell—cell
contacts [1-3]. Monocultures are useful to answer cell type-specific questions, but processes involving
multiple cell types benefit from the use of co-cultures and organoid models [4-6].
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Although primary dissociated and organotypic slice cultures are attractive models to investigate
molecular mechanisms and functions, particularly for genetic knock-ins and knock-outs, key differences
between human and mouse brains can impact the translational potential of experimental results [7,8].
Primary human neural cells are valuable resources, but their use is often restrained by access or
methodological limitations. Advances in stem cell research have led to the development of organoids
as in vitro models resembling human tissues in structure and complexity [4-6]. Cerebral organoids
differentiated from induced pluripotent stem cells (iPSCs) show organized neurons and astrocytes in
three-dimensions (3D) [9,10].

Nanostructures have been extensively studied in different cell lines and rodents [11], but a limited
amount of data are available in human primary cells and organoids. Rodent models were valuable for
the assessment of absorption, distribution, elimination and metabolism of nanomedicines. They clearly
showed problems related to the entry of some nanostructures into the cerebral parenchyma due to the
blood-brain barrier [12,13]. Studies in rodents also provided information on how nanostructures can
be tuned in terms of size, shape and surface properties to facilitate brain entry. Similar studies are
clearly not possible in humans and are rare in non-human primate models (e.g., Onpattro, Abraxane,
BIND-014) [14-16]. Organoids therefore offer a valuable platform for the testing of organic and
metallic nanostructures.

Among the nanostructures that have been studied in rodents, which showed pronounced intrinsic
anti-inflammatory properties, is dendritic polyglycerol sulfate (APGS) [17-21]. Their structures with
terminal sulfate groups resemble that of heparan sulfate, which exerts anti-coagulant effects [17,22-24].
In contrast to heparan sulfate, dPGS shows primarily anti-inflammatory activity with relatively weak
anti-coagulant effects that are size- and charge-dependent. Earlier studies indicated that dPGS can
effectively reduce hyperactivity of microglia stimulated by danger-associated molecular patterns and
lipopolysaccharide (LPS) in mice [18,19,25]. Microglia are the resident immune cells of the central
nervous system and constantly survey their surroundings under physiological conditions [26-28].
Their morphology is altered and their phagocytic functions are elevated under many pathological
conditions, making them attractive targets for nanotherapeutic interventions. Our previous studies
showed that dPGS can modulate microglial activation in response to pathogen-associated molecular
patterns and misfolded proteins (e.g., amyloid beta), thereby reducing losses in dendritic spine density
of excitatory hippocampal neurons in mouse organotypic slice cultures [18,19,25]. These studies also
showed that hyperactive microglia generate reactive astrocytes through the release of acute-phase
cytokines such as interleukin-6, tumor necrosis factor alpha and lipocalin-2 (LCN2). However,
the abundance and release of LCN2 in human neural cells has not yet been reported. We tested if dPGS
can modulate LCN2 in a human cerebral organoid model.

Aside from establishing human cerebral organoids, we also used glioblastoma tumoroids to
investigate the effectiveness of nanotherapeutics in the brain tumor microenvironment. Glioblastomas
are mainly astrocytomas characterized by their infiltrative nature [29]. Microglia and normal astrocytes
in the glioblastoma environment promote disease progression by secreting soluble factors (e.g., cytokines
and growth factors) [30-32]. By combining reconstituted 3D models of glioblastoma (tumoroids) with
organoids and modulating the activity of microglia with dPGS, we demonstrate that dPGS could be a
powerful therapeutic agent that can reduce inflammatory markers and glioblastoma invasiveness.

2. Materials and Methods

2.1. Generation of Cerebral Organoids from Human iPSC

Procedures for culturing human iPSCs, embedding organoids in optimal cutting temperature
(OCT) blocks, cryosectioning and immunostaining were all described previously [10]. The cell-line
used was the NCRM1 iPSC line obtained from the National Institutes of Health. The method used
to generate the 3D cerebral organoids was adapted from the protocol published by Lancaster and
Knoblich [9]. Compositions of the different media are the same and reagents used are similar,
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except for: DMEM-F12 (Gibco, Ottawa, ON, Canada), human embryonic stem cell (hESC) quality
fetal bovine serum (FBS) (Wisent, St-Bruno, QC, Canada), MEM Non-Essential Amino Acids Solution
(MEM-NEAA) (Multicell, Montreal, QC, Canada), 2-mercaptoethanol (Millipore Sigma, Oakville,
ON, Canada), Y27632 Rho-associated protein kinase (ROCK) inhibitor (Selleckchem, Burlington, ON,
Canada), N2 supplement (Gibco) and Penicillin-Streptomycin (Multicell).

For the generation and maintenance of embryoid bodies (EBs, days 0-11), we started from a
100 mm dish with iPSCs at 70% confluence with high quality (less than 10% differentiated cells).
Cells were washed with DMEM-F12 and dissociated with Accutase to generate a suspension of single
cells. Cells were gently resuspended in hESC media containing ROCK inhibitor [9], basic fibroblast
growth factor (FGF-b) and plated at a density of 10,000 cells/well in a 96-well ultra-low attachment
U-bottomed plate (Corning, Burlington, ON, Canada). Plates were centrifuged at 1200 rpm for 10 min
and incubated at 37 °C, 5% CO; for 48 h. During day 2, a half media change was made, followed
by a media change every other day up to day 11. Images of EBs were recorded with Evos XL Core
Microscope (Thermo Fisher Scientific, Ottawa, ON, Canada) every 2 days during media changes to
measure their diameter using the Image ] software (U. S. National Institutes of Health, Bethesda,
Maryland, USA). Once EBs had reached > 350 um in diameter, hESC media was switched to be without
ROCK inhibitor and FGF-b [9]. When EBs were about 500-600 um in diameter with smooth and bright
edges, the media was switched to neuronal induction media (NIM). EBs were maintained in NIM for
4-5 days until the outer surface was optically translucent and ready to be embedded in Matrigel®
(Corning) containing reduced growth factor droplets.

Matrigel® was thawed on ice. After media removal from each well containing the EBs, 30 uL of
Matrigel® was added per well and incubated for 30 min at 37 °C. Next, 200 uL of final differentiation
media without vitamin A [9] was added per well. Using a 1000 uL cut tip, the Matrigel®-embedded
organoids were transferred into an uncoated 6-well ultra-low attachment plate (Corning) with 4 mL of
final differentiation media without vitamin A per well. A maximum of five organoids were added and
maintained per well to avoid fusion. Following transfer, plates were left for 48 h in stationary culture.
After 48 h, media was changed to fresh final differentiation media without vitamin A, followed by a
second 48 h incubation. Following the second media change, plates were transferred onto an orbital
shaker set at 70 rpm (Scientific Industries Inc., Bohemia, NY, USA) housed in a 37 °C incubator.
Media was changed every 3 days with fresh final differentiation media with vitamin A until the
organoids were ready for analysis.

2.2. Immunofluorescence (IF) Staining in Organoids

Cerebral organoids were fixed with 4% paraformaldehyde (overnight at 4 °C), washed in
phosphate-buffered saline (PBS, Multicell), dehydrated in 20% sucrose (1-3 days) and embedded
in OCT Compound (Thermo Fisher Scientific). Blocks were kept at —80 °C until needed. For IF,
samples were sectioned (20 pm) in a cryostat (Cryostar NX70, Thermo Fisher Scientific), air dried at
room temperature (RT) and kept at —20 °C before IF staining. Cryosections were rehydrated in PBS
(15 min) and permeabilized/blocked in blocking solution (1 h at room temperature, RT) containing:
0.2% Triton X-100 (Millipore Sigma), 0.05% bovine serum albumin and 5% normal donkey serum
in PBS, before incubation (overnight at 4 °C) with primary antibodies. Antibodies used were as
follows: mouse anti-Nestin (1:250, Developmental Studies Hybridoma Bank, Iowa City, IA, USA,
rat-401), rabbit anti-SOX2 (1:500, Millipore, Oakville, ON, Canada, AB5603), chicken anti-MAP?2 (1:1000,
EnCor Biotechnology, Gainesville, FL, USA, CPCA-MAP2), rat anti-CTIP2 (1:500, Abcam, Toronto,
ON, Canada, ab18465), rabbit anti-GFAP (1:250 Millipore, MAB144P), chicken anti-Beta III Tubulin
(1:400, Millipore, AB9354), rabbit anti-Nestin (1:200, Abcam, ab92391) and rat anti-lipocalin-2 (1:500,
R&D Systems, Toronto, ON, Canada, MAB1757). Sections were then washed in PBS (45 min) and
incubated (1 h at RT) with secondary antibodies in blocking solution: goat anti-rat Dylight 488 (1:300,
Abcam, ab96887), donkey anti-rabbit Dylight 594 (1:400, Abcam, ab96877), donkey anti-chicken Alexa
647 (1:500, Invitrogen, Ottawa, ON, Canada, A21447), donkey anti-mouse Dylight 550 (1:200, Abcam,
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ab96876), goat anti-chicken Dylight 650 (1:200, Abcam, ab96950), donkey anti-rabbit Dylight 550
(1:200, Abcam, ab96892) and goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher Scientific, A21247).
Sections were washed (45 min) with PBS and incubated (10 min at RT) with Hoechst 33342 (1:5000,
Thermo Fischer Scientific) in PBS, washed in PBS (10 min) and mounted using Aqua-Poly/Mount
(Polysciences Inc., Warrington, PA, USA). Samples were imaged on a Leica TCS SP8 confocal microscope
(Leica, Richmond Hill, ON, Canada) at a 20x magnification.

2.3. Cell Culture

U251N human glioblastoma cells and HMC3 human microglia were originally obtained from the
American Type Culture Collection. Unless otherwise indicated, cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, Thermo Fisher Scientific) supplemented with 5% fetal bovine serum
(FBS, Wisent) and 1% Penicillin-Streptomycin (Thermo Fisher Scientific). Primary human astrocytes
were obtained from Dr. Jack Antel’s lab and maintained in DMEM supplemented with 5% FBS and 1%
Penicillin-Streptomycin. Primary astrocytes were kept at passages below five. Conditioned media was
obtained from cell cultures maintained in the exponential growth phase and used fresh at 50% (v/v)
in fresh media following centrifugation (3,000 rpm, 5 min) to remove cell debris. When used for the
treatment of cerebral organoids, conditioned media was prepared using organoid media.

2.4. Time-Dependent dPG/dPGS Internalization in Organoids and Tumoroids

Human cerebral organoids were treated with dPG-Cy5 (1 uM) or dPGS-Cy5 (1 uM) for 1 h, 4 h
or 24 h, then used for IF staining or direct imaging. For direct imaging, organoids were fixed in
4% paraformaldehyde overnight and nuclei were labeled with Hoechst 33342 (10 uM, overnight).
Organoids were washed in PBS and imaged using a fluorescence microscope. Fluorescence was
analyzed in Image]J. Glioblastoma tumoroids were treated with dPG-Cy5 (1 uM) or dPGS-Cy5 (1 uM)
for 24 h, then washed twice with PBS before imaging using a fluorescence microscope.

2.5. Western Blot

Western blot analysis followed published procedures [33]. In brief, organoids were washed twice
in cold PBS, then were cut into small pieces using a razor blade and incubated in RIPA lysis buffer
for 30 min on ice. Monolayer cells were washed twice with cold PBS, then incubated in RIPA lysis
buffer for 30 min on ice. Lysates were vortexed for 10 sec every 10 min and lastly centrifuged for
30 min at 4 °C and 13,000 rpm. Lysates and media samples were separated by SDS-PAGE and blotted
onto PVDF membranes (Bio-Rad, Mississauga, ON, Canada). Blocked membranes were probed with
primary antibodies: rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), rabbit anti-NF«B p65 (1:1000,
Abcam, ab16502), mouse anti-STAT3 (1:1000, Abcam, ab119352), mouse anti-f3-actin (1:5000, Millipore
Sigma, A5316) or mouse anti-alpha-tubulin (1:5000, Abcam, ab7291) overnight at 4 °C. Membranes
were washed and incubated with secondary antibodies (goat anti-rat HRP, 1:1000, Thermo Fisher
Scientific, 31470, goat anti-rabbit HRP, 1:1000, Bio-Rad, 1706515 and horse anti-mouse HRP, 1:5000,
Cell Signaling, Burlington, ON, Canada, 7076S) for 1 h at RT. Membranes were washed and incubated
with enhanced chemiluminescence substrate (Bio-Rad) for 5 min, signals were acquired with an
Amersham 6000 imager (Amersham, Oakville, ON, Canada) or on film, and quantified in Image].

2.6. Collagen Invasion Assay

U25IN tumoroids and human astrocyte spheroids were prepared using the hanging drop
method [34]. Briefly, drops of 5,000 cells in 30 pL. medium were pipetted onto the inner side of a
100 mm Petri dish (Thermo Fisher Scientific) lid. The lid was quickly flipped to cover the Petri dish
filled with 20 mL PBS. Hanging drops were cultured at 37 °C for 48 h to allow tumoroids and spheroids
to form. Tumoroids and spheroids were then gently scooped into a medium-filled Petri dish coated
with 2% agarose (dissolved in PBS) and cultured for 48 h. Tumoroids and spheroids were implanted in
collagen gel (Advanced BioMatrix, San Diego, CA, USA), in the presence or absence of primary human
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astrocytes (7,000 cells) and human HMC3 microglia (3,000 cells) dispersed in 200 pL gel. Gels were
covered with 200 uL DMEM with or without treatment. Tumoroids and spheroids were imaged using
light microscopy immediately after implantation (time = 0 day) and after 6 days. The average distance
of cell outgrowth into the surrounding collagen was measured in Image]. For invasion assays of
tumoroids into organoids, fluorescently-labeled tumoroids were prepared using U251N cells incubated
with CellTracker Red (Thermo Fisher Scientific) following recommendations from the manufacturer.
Tumoroids were placed in culture with organoids and observed to adhere after 24 h. Cultures were
imaged using a fluorescence microscope over 6 days.

2.7. Immunocytochemistry

Cells were seeded at 5,000 cells/coverslip on glass coverslips (Merlan Scientific, Mississauga,
ON, Canada) coated with poly-D-lysine (Millipore Sigma). Cells were cultured for 24 h (U251N and
HMCS3) or 48 h (primary human astrocytes) before treatment. Following treatment, cells were fixed
in 4% paraformaldehyde (10 min), permeabilized with 0.1% Triton X-100 (10 min), blocked in 10%
goat serum in PBS (Gibco) for 1 h and incubated with primary antibodies overnight at 4 °C: rabbit
anti-GFAP (1:500, Abcam, ab7260), mouse anti-Lamp1 (1:500, Developmental Studies Hybridoma Banlk,
H4A3-c), rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), rabbit anti-NFkB p65 (1:500, Abcam,
ab16502) or rabbit anti-phospho-STAT3 Y705 (1:500, Abcam, ab76315). Cells were washed in PBS three
times and incubated with secondary antibodies for 1 h at RT: goat anti-rabbit Alexa Fluor 488 (1:1000,
Thermo Fisher, Mississauga, ON, Canada, A27034), goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher,
A21247) or goat anti-mouse Alexa Fluor 488 (1:1000, Thermo Fisher, A28175). Cells were washed
with PBS and nuclei were labeled with Hoechst 33342 (10 uM, 10 min). After three more washings
with PBS, coverslips were mounted on microscope slides (Diamed, Mississauga, ON, Canada) using
Aqua-Poly/Mount. Samples were imaged using a fluorescence microscope (Leica DMI4000B, Leica)
and intracellular fluorescence was analyzed in Image]. The nuclear and/or cytoplasmic fluorescence
of NFkB, LCN2 and phosphor-STAT3 for each cell was measured and normalized to the nuclear or
cytoplasmic area. The background fluorescence was subtracted.

2.8. Immunohistochemistry

Immunohistochemistry was performed as previously published [33]. In brief, human brain
sections were dewaxed in xylene and rehydrated in ethanol. Antigen retrieval was performed in citrate
buffer. Following blocking, samples were incubated with primary antibodies: rat anti-lipocalin-2
(1:500, R&D Systems, MAB1757), mouse anti-IBA1 (1:300, Invitrogen, MA5-27726) or rabbit anti-GFAP
(1:250 Millipore, MAB144P) overnight at 4 °C. Samples were washed and incubated with secondary
antibodies: goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher Scientific, A21247), goat anti-mouse
Alexa Fluor 647 (1:300, Thermo Fisher Scientific, A28181) or goat anti-rabbit Alexa Fluor 488 (1:500,
Thermo Fisher, A27034) for 1 h at RT. Nuclei were labeled with DAPI (1 ug/mL, 5 min, Molecular Probes,
Ottawa, ON, Canada) and samples were mounted on microscope slides using Dako mounting medium
(Dako, Burlington, ON, Canada). Samples were imaged using a fluorescence microscope. The samples
were harvested under a protocol approved by the Montreal Neurological Hospital’s research ethics
board (NEU-10-066). Consent was given by all patients and controls (aged 55-76). Tissues were from
the cerebral cortex.

2.9. Lipid Droplet Imaging

Cells seeded on glass coverslips at 5,000 cells/coverslip were cultured for 24 h before treatment.
Following treatment, cells were washed twice with PBS and fixed in 4% paraformaldehyde (10 min).
Cells were washed with PBS and incubated with BODIPY 493/503 (10 uM, Thermo Fisher) and
Hoechst 33342 (10 uM) for 10 min. Cells were washed with PBS four times, then mounted on
microscope slides using EverBrite (Biotium, Burlington, ON, Canada). Samples were imaged using a
fluorescence microscope.
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2.10. MTT Assay

Following treatment, organoids were washed in PBS twice and incubated in fresh media in
the presence of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/mL,
Millipore Sigma) for 1 h at 37 °C. The media was removed, and cells were lysed in 500 pL dimethyl
sulfoxide (Santa Cruz, Dallas, TX, USA). Samples were measured at 595 nm in triplicate using a
microplate reader (Spark 10M, Tecan, Mdnnedorf, Switzerland). Measurements were normalized to
the organoid weight.

2.11. Statistics

Statistical significance was determined using one-way ANOVA followed by the Student’s
t-test. p-values lesser than 0.05 were deemed significant. The Bonferroni correction was applied
for multiple comparisons.

3. Results

3.1. dPGS Are Internalized in 3D Cerebral Organoids

Human cerebral organoids were generated from human iPSCs according to an established
protocol [9]. A timeline of organoid formation and biomarkers used to delineate dynamic linage
progression is illustrated in Figure S1. We used these organoids after a 100-day maturation to test
dendritic polyglycerol sulfate (dAPGS) as a model nanostructure with anti-inflammatory properties in
human neural cells, as well as other types of emerging nanostructures with biomedical applications,
such as metallic gold nanoclusters [35-39]. Gold nanoclusters have been shown to affect cellular stress
and organellar function thanks to their unique physicochemical properties, but little work has been
done in human neural cells. The nanostructures were screened for cytotoxic effects (Figure 1a and
Figure S2) and results showed that they can be studied in human neural cells without jeopardizing the
viability of the organoid cultures. This provides the basis for further investigations on nanomedical
applications in a translationally-relevant model. The first step was to show if dPGS was internalized
by neural cells within the organoids themselves. To this end, we treated organoids with fluorescently
(Cyb)-labeled dPGS (Figure 1). Time-course experiments showed that dPGS-Cy5 was internalized
within 1 h (12.8 + 2.2 SEM fold increase over baseline fluorescence), then progressively more over 24 h
(64.5 + 11.4 SEM fold increase) (Figure 1b,c). Compared to dPGS, internalization of the non-sulfated
dendritic polyglycerol (dPG) was low (8.7 + 2.1 SEM fold increase after 24 h) (Figure 1b,c), underlining
the important role of the terminal sulfate groups for cell internalization. In the current study, we showed
that GFAP-labeled astrocytes within the outermost layer (200-300 pm) of the cerebral organoids contain
abundant amounts of dPGS (Figure 1d).
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Figure 1. (a) Schematic representation of cerebral organoid usage for nanostructure screening.
(b) Human cerebral organoids were treated with dendritic polyglycerol (dPG)-Cy5 (1 uM) or dendritic
polyglycerol sulfate (dPGS)-Cy5 (1 uM) for 1 h, 4 h or 24 h. Nuclei were labeled with Hoechst 33342.
Organoids were imaged using a fluorescence microscope. (c¢) Cy5 fluorescence in organoids was
analyzed in Image]. Shown are the average fluorescence per condition + SEM. At least 90 organoids
were analyzed from three independent experiments. *** p < 0.001 (d) Fluorescence micrographs of
human cerebral organoids treated with dPG-Cy5 (1 uM) or dPGS-Cy5 (1 uM) for 24 h and labeled for
glial fibrillary acidic protein (GFAP). Nuclei were labeled with Hoechst 33342. (e) Primary human
astrocytes and human HMC3 microglia internalization of dPGS-Cy5 (1 uM) after 24 h. dPGS-Cy5 (red)
is partially co-localized with Lamp1-labeled lysosomal compartments (green). The negative control was
prepared in the absence of dPGS-Cy5 and primary antibody to account for background fluorescence.
Nuclei were labeled with Hoechst 33342 (blue). Cells were imaged using a fluorescence microscope.
(f) Shown are the average intracellular Cy5 fluorescence per cell expressed as fold change from untreated
cells + SD. At least 90 cells were analyzed in two independent experiments. n.s. Non-significant.

3.2. dPGS Internalization in Human Microglia and Normal Astrocytes

Given the importance of glial cells in regulating inflammatory processes in the brain, we further
studied the intracellular effects of dPGS in astrocytes and particularly microglia, which are absent from
the cerebral organoids. We established in cell monolayer cultures that human microglia and astrocytes
internalized comparable amounts of dPGS within 24 h of treatment (Figure 1e,f). Fluorescence imaging
at the single cell level showed that dPGS-Cy5 accumulated in the perinuclear area (Figure 1e), and was
partially co-localized with lysosomal compartments labeled with Lamp1 [40]. Given that microglia
activated by pro-inflammagens (e.g., LPS) are associated with increased sequestration of neutral lipids
into lipid droplets (LDs) [41,42] (Figure S3b), we investigated if dPGS could have modulatory effects
on lysosomes, which interact with LDs through lipophagy and other processes [43,44]. This was
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suggested by changes in lysosomal positioning, with an increase in perinuclear lysosomes (Figure S3a).
In turn, treatment with dPGS prevented LPS-induced lipid droplet accumulation (Figure S3b).

3.3. dPGS Reduced Microglia-Stimulated Lipocalin-2 in Cerebral Organoid Models

Considering the importance of microglia-astrocyte crosstalk in rodent [19] and human neural
cells [1,3], we measured LCN2 abundance in human neural cells in response to LPS, a prototypical
pro-inflammagen whose levels are exacerbated in endotoxemia and sepsis. The presence of microglia
is required to stimulate the synthesis of LCN2 in the neural cells, as levels in response to LPS remained
comparable to that of the untreated control in the absence of microglia from the organoids (Figure 2a,b
and Figure 54). In turn, conditioned media from LPS-stimulated microglia induced a significant increase
in intracellular and extracellular LCN2 in the cerebral organoid cultures (Figure 2c-e), confirming
that this upregulation is microglia-dependent in human neural cells. Given that astrocytes play
a significant role in inflammatory processes in the brain, we investigated if there was increased
LCN2 abundance in these cells in response to microglia activation. Similarly to the results from
cerebral organoids, direct stimulation of astrocytes with LPS did not have a significant effect (Figure 2f).
In contrast, treatment with conditioned media from LPS-activated microglia increased LCN2 abundance,
whereas the presence of dPGS returned LCN2 abundance to control levels (Figure 2f). dPGS alone and
conditioned media from resting microglia did not have significant effects (Figure 2d—f). Finally, to show
that dPGS is not cytotoxic to human neural cells, we measured mitochondrial metabolic activity using
the MTT assay. Results from these studies showed that neither dPGS nor dPG affected mitochondrial
metabolic activity in 3D organoids for up to 72 h (Figure S2). Our earlier studies indicated that
in rodent cells, concentrations of dPGS up to 100 uM did not cause any notable cytotoxicity [18].
These results encouraged us to investigate dPGS as a microglia modulator and indirect suppressor of
glioblastoma invasiveness.

P Y
(a) LCN2 GFAP Nuclei (b) S A

LCN2 -

beta-actin

Control

1.5
1
0.5

PS

L
LCN2 levels
(fold change of control)

Cerebral
(c) organoid

LPS-stimulated | media

microglia —
+ dPGS

Negative control

Figure 2. Cont.



Cells 2020, 9, 2434 90f17

(d) EEY MCM (LPS)
a § 2.51
=
$3 7
3% 15
o S
Z c 1
MCM (dPGS)  [MCM (dPGS+LPS SRS
S
5 0.5
=
©
s ‘2@
W

MCM (LPS) N
LCN2 e g 2 exx
alpha-tubulin | S
[)]
— > b4
o 4 o 9 1 4
5 g2
@« 9 MCM (dPGS) MCM (@PGS+LPS) Kol
2w 2 -G
2 © it
S & 20- .
S & Qc’o‘“q%}a%‘b
3
o ¢ @x \09
2 & §\\®
@
é\

Figure 2. Lipocalin-2 levels in human cerebral organoids. (a) Micrographs of lipocalin-2 (LCN2)
detected by immunofluorescence in organoid cryosections following treatment with LPS (10 ng/mL) for
24 h. Astrocytes were labeled with GFAP and nuclei with Hoechst 33342. The negative control was
prepared in the absence of primary antibodies to account for background fluorescence. Samples were
imaged using a fluorescence microscope. (b) LCN2 levels in organoids treated with lipopolysaccharide
(LPS) (10 ng/mL) with or without dPG (1 uM) and dPGS (1 uM) for 24 h and measured by Western
blot, with beta-actin as loading control. Quantification shown are the average intracellular LCN2 levels
+SD in organoids based on immunofluorescence images shown in (a). A total of 27 samples were
analyzed from three independent experiments. (c) Schematic representation of media conditioning
from microglia used for cerebral organoid treatment. (d) Representative fluorescence micrographs
of intracellular LCN2 levels in organoids treated with conditioned media from microglia (MCM)
treated with LPS (10 ng/mL), dPGS (1 uM) for 24 h. Quantifications show the average and single-cell
levels of LCN2 fluorescence in cryosections. A total of 1017 cells were analyzed from independent
experiments. *** p < 0.001 (e) LCN2 levels from organoids treated as in (d) and measured by Western
blot, with alpha-tubulin as loading control. Shown are the average LCN2 levels from two independent
experiments. * p < 0.05 (f) Fluorescence micrographs of LCN2 abundance in primary human astrocytes
treated as in (d) and measured using immunocytochemistry. Shown are the average intracellular LCN2
levels in astrocytes as fold increase of the untreated control. A total of 477 cells from two independent

experiments were analyzed. *** p < 0.001.

3.4. Microglia and dPGS Modulate Glioblastoma Invasiveness

Glioblastoma multiforme is an aggressive brain tumor of astrocytic origin for which complete
resection is often impossible due to its invasive nature [29,45]. To model the impact of microglia and
astrocytes on glioblastoma invasiveness, we designed a 3D invasion assay examining the propensity
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of the cancer cells to migrate into the surrounding collagen matrix. Human microglia and primary
human astrocytes were embedded into the collagen matrix, wherein a tumoroid was then implanted
(Figure 3a). Over time, the normal neural cells extend processes while cancer cells migrate radially
from the tumoroid. Glioblastoma outgrowth from the tumoroid into the surrounding collagen
was facilitated by the presence of microglia and astrocytes (Figure 3a,b), an effect replicated using
microglia-conditioned media and inhibited by dPGS (Figure 3c,d). This indicates that neural cells
secrete factors (extracellular matrix degradation enzymes, cytokines, growth factors) that can stimulate
tumor invasiveness [46—48]. In contrast, tumoroids grown in isolation or within cerebral organoids
in the absence of microglia had comparatively less outgrowth over time (Figure 3a,b and Figure S5),
and normal human astrocytes migrated in a scattered pattern without radial outgrowth (Figure S6).
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Figure 3. Glioblastoma (GBM) invasiveness in 3D co-cultures. (a) Collagen gels were seeded with
human primary astrocytes and human HMC3 microglia in the presence or absence of a glioblastoma
tumoroid. (b) Glioblastoma invasiveness in the presence or absence of microglia and astrocytes in
3D co-cultures after 6 days. Shown are the average distance of outgrowth from the tumoroid as a
fold change of the tumoroid monoculture +SEM. A total of 32 tumoroids were tested from at least
three independent experiments. * p < 0.05 (¢) Schematic representation of microglial conditioned
media (MCM) used to treat collagen-embedded tumoroids. (d) Glioblastoma tumoroid outgrowth
in the presence of conditioned media from microglia treated or not with dPGS (1 uM) after 6 days
+SEM. A total of 29 tumoroids were tested from at least four independent experiments. *p < 0.05
(e) Representative fluorescence micrographs showing intracellular LCN2 (red) in glioblastoma cells in
the presence or absence of microglia cells in direct co-culture and dPGS (1 uM) for 24 h. LCN2 was
fluorescently immunolabeled and cells were imaged using a fluorescence microscope. Quantifications
show the average intracellular LCN2 levels + SD per cell. At least 500 cells were analyzed from five
independent experiments. *** p < 0.001; n.s. Non-significant. (f) Fluorescence micrographs of LCN2
(red) and GFAP (white) in human brain sections from non-cancerous brain or glioblastoma tumor
tissues. LCN2 and GFAP were fluorescently labeled by immunohistochemistry and imaged using a
fluorescence microscope. (g/h) Activation of transcription factors NFkB and STAT3 in microglia in
response to glioblastoma secreted factors. Human HMC3 microglia were treated with glioblastoma
conditioned media (GCM) for 24 h, after which NF«kB p65 and phosphorylated STAT3 Tyr705 were
fluorescently immunolabeled (red) and cells were imaged using a fluorescence microscope. Shown are
(g) the average nuclear NFkB p65 level per cell + SEM (237 cells from three independent experiments)
and (h) the average pSTAT3 Y705 level per cell + SEM (317 cells from three independent experiments)
*** p < 0.001. (i) Total NFkB p65 and STAT3 protein abundance in microglia treated as in (g,h). Protein
levels were determined by measurements of immunopositive bands in Western blots. Alpha-tubulin
was used as loading control. Shown are the average protein abundance of NF«B p65 and STAT3 from
three independent experiments. n.s. Non-significant.

To characterize the effects of glioblastoma on its surrounding immune cells, glioblastoma cells
were directly co-cultured with microglia cells and showed significantly higher LCN2 levels compared
to glioblastoma cells in monoculture (Figure 3e). High LCN2 and GFAP levels were also observed in
tumor tissues from glioblastoma patients as compared to control brain tissues (Figure 3f). To investigate
the mechanism behind LCN2 upregulation, microglia were stimulated with glioblastoma-conditioned
media. This resulted in increased nuclear NF«B and STAT3 phosphorylation, two key transcription
factors for immune activation (Figure 3g,h) that are also hyperactivated in glioblastoma. The protein
levels of total NFkB and STAT3 in the cells remained comparable to the control (Figure 3i).

On the other hand, dPGS was internalized into glioblastoma tumoroids (Figure S7) and decreased
LCN2 levels in glioblastoma cells in vitro (Figure 3e). This demonstrates proof of concept for using
dPGS as a modulator of the tumor microenvironment (Figure 4).
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Figure 4. Schematic representation of the proposed modulatory effects of dPGS on microglia, astrocyte
and glioblastoma crosstalk. (a) dPGS is internalized in cerebral organoids, and (b) downregulates
LCN2 produced by microglia-induced astrocytes, thereby (c) reducing markers of inflammation
(e.g., lipid droplets) and (d) glioblastoma invasiveness.

4. Discussion

The key question addressed in this study is: can dendritic polyglycerol sulfates with intrinsic
anti-inflammatory properties reduce inflammatory markers in cerebral organoids and glioblastoma
invasiveness by modulating microglia activity? Mechanistic studies in 3D human neural cultures with
new drugs or nanostructures are sparse due to the limited availability of neural tissues. To overcome
such a problem, several protocols have been developed for the generation of 3D cerebral organoids and
other types of organoids [4,5,7,9]. Human cerebral organoids derived from iPSCs showing properties
of different neural cell types are valuable models to study the interactions and effects of nanostructures
in 3D. One of the most advanced organoids containing vasculature resembling that of the brain was
recently proposed to investigate physiology and pathological changes in neurological disorders [49].
Although our organoids are not as complex as Cakir’s, we took advantage of cerebral organoids to
reveal how microglia exposed to the pro-inflammagen LPS and the dendritic nanostructure dPGS affect
astrocyte reactivity. We show clear anti-inflammatory effects from dPGS and provide the first evidence
for this in human brain cells. There are still several limitations to overcome: (1) the integration of
resident and peripheral immune cells recruited chemotactically and (2) the contribution of endothelial
cells in vasculature as part of the blood-brain barrier.

Our results in organoid cultures showed that the presence of sulfate groups on dPGS was critical for
the internalization of nanostructures, as it allowed binding to selectin receptors [17,19,22]. Intracellular
changes associated with dPGS included an increase in perinuclear lysosomes, which typically have
lower luminal pH and increased degradation activity [44,50], functions often impaired in aging and
neurodegenerative diseases. This is interesting given the role of lysosomes in processing LDs, which are
upregulated in inflammation and cancer [41,42]. LDs are promiscuous organelles: depending on the cell
type, cellular context and their intracellular location, they can play a protective role or become damaging
to neural and other cells if peroxidized lipids are released. In aggressive tumors (e.g., glioblastoma
and breast), they provide energy for cancer cells to thrive and can sequester lipophilic anticancer
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agents, reducing the rate at which they reach their desirable targets [51-53]. Their numbers are highly
upregulated in glioblastoma compared to normal astrocytes (Figure S3c,d), and their inhibition was
shown to enhance the effectiveness of pharmacological agents [51].

As now shown in human neural cells, LCN2 can be produced by microglia-stimulated astrocytes.
Microglia themselves are not significant contributors to LCN2 upregulation due to the LCN2 gene
being suppressed by SRSF3 [54]. Instead, they secrete other cytokines (e.g., IL-6, TNF«x) and alarmins
under pro-inflammatory conditions that can activate astrocytes and other neural cells [54,55]. Several of
these were shown to bind heparan sulfate [23,56], suggesting that dPGS prevented microglia-mediated
LCN2 production by blocking some soluble factors and preventing downstream signaling (Figure 2d,e).
One of the candidate cytokines is interleukin-6 released from microglia, to which dPGS was shown to
bind in our earlier studies using surface plasmon resonance [19].

Cytokines and alarmins play key roles in the tumor microenvironment [57-61]. The cancer cells
secrete factors that actively recruit microglia and peripheral macrophages to the tumor site. In turn,
these immune cells produce cytokine and growth factors that can promote cancer progression [32]. In this
context, microglia-astrocyte crosstalk forms a positive feedback loop that maintains an unfavorable
tumor microenvironment [30,62]. LCN2 is an acute-phase protein with emerging roles in the brain and
in cancer. It was shown to complex with and enhance the activity of metalloproteinase-9, a protease
secreted by cancer cells that breaks down the extracellular matrix and promotes invasiveness [63,64].
This is significant given that dPGS can downregulate LCN2 in neural cells and decrease glioblastoma
invasiveness. dPGS can bind P-selectin, which is expressed in the tumor endothelium and in
glioblastoma cells [65]. As dPGS can also serve as a nanocarrier, it has the potential to deliver
anti-cancer agents [65,66]. Nanocarriers such as functionalized dendrimers for siRNA and drug
delivery [67-69] merit testing in human organoid models to reveal how combination therapy could
affect interplay between cancer cells and the tumor microenvironment. The modulatory effect of
dPGS on organelles could impact glioblastoma cells in several ways: (1) the increase in perinuclear
lysosomes could decrease lysosomal exocytosis and the release of extracellular matrix-degrading
enzymes (e.g., cathepsins) [70,71], (2) a reduction in lipid droplet size and number [72] is an indicator of
reduced microglia hyperactivity, thus fewer cytokines and trophic factors contributing to glioblastoma
invasiveness and (3) a decrease in lipid droplets prevents the sequestration of lipophilic anti-cancer
agents, allowing them to reach their intracellular targets (e.g., curcumin) [51].

5. Conclusions

Our results show that dPGS is an attractive candidate as an anti-inflammatory polyglycerol
dendrimer able to modulate human microglia-astrocyte crosstalk. This dendrimer regulated lipocalin
2 abundance in human neural organoids. In the context of inflammation associated with glioblastoma
multiforme, dPGS limited glioblastoma invasiveness by modulating microglial activation. Overall,
these studies propose the evaluation of well-defined nanostructures in well-characterized human
organoids and co-cultures. Cerebral organoids merit further studies as complementary 3D models in
nanoscience, but they require rigorous characterization and application of standardized procedures to
be widely used [73]. Such three-dimensional systems together with co-cultures and in vivo experiments
will provide a valuable evaluation platform for the internalization, cytotoxicity and modulatory effects
of nanotherapeutics in human neural cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/11/2434/s1,
Figure S1: Maturation and characterization of cerebral organoids, Figure S2: Mitochondrial metabolic activity in
cerebral organoids following treatment with nanostructures, Figure S3: Changes in lysosomes and lipid droplets in
activated microglia, Figure S4: Absence of microglia in the cerebral organoids, Figure S5: Glioblastoma tumoroid
invasiveness in cerebral organoids, Figure S6: Movement of normal human astrocytes in 3D culture, Figure S7:
Internalization of fluorescent dPGS-Cy5 in glioblastoma tumoroids.
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Figure S1. (a) Expression of pluripotency markers in human iPSCs. Immunofluorescence images
of NCRM1 cells labelled for the pluripotency markers SSEA-4, Oct3-4, Nanog and Tra-1-60 with
nuclear staining (DAPI). Scale bar: 200 pym. (b) Timeline of cerebral organoid growth and
development from iPSCs, over 100 days. (c,d) Stemness (SOX2, Nestin) and neural markers in
cerebral organoids at day 60 and 100. Immunofluorescence staining for mature neurons
expressing microtubule associated protein 2 (MAP2) and astrocytes expressing glial fibrillary
acidic protein (GFAP). Staining of cell nuclei with Hoechst 33342. Scale bar: 200 um (for higher
magnification: scale bar: 25 ym).
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Figure S2. (a) Mitochondrial metabolic activity in cerebral organoids following
treatment with dPG and dPGS (1 uM, 72 h), using the MTT assay. Shown are the
average percentage mitochondrial metabolic activity +SD. (b) Mitochondrial
metabolic activity in cerebral organoids following treatment with gold nanoclusters
Au15SG and Au15PEG (1 uM, 72 h), using the MTT assay. Shown are the average
percentage mitochondrial metabolic activity +SD.
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Figure S3. (a) Increase in microglial perinuclear lysosomal marker Lamp1 in
response to dPGS treatment. Human HMC3 microglia were treated with dPGS (1
puM) for 2 h or 24 h, then Lamp1 was fluorescently labeled by immunocytochemistry.
Cells were imaged using a fluorescent microscope and perinuclear signal (within 5
pum of the nucleus) was measured in Imaged. Shown are the average perinuclear
Lamp1 signal per cell £SEM. 356 cells were analyzed from two independent
experiments. ***p<0.001 (b) Increase in microglial lipid droplet numbers in
response to LPS and normalization of lipid droplet numbers with dPGS. Human
HMC3 microglia were treated with LPS (10 ng/mL) with or without dPGS (1 uM) for
24 h, after which lipid droplets were fluorescently labeled with BODIPY 493/503
and imaged using a fluorescence microscope. The number of lipid droplets per cell
was counted manually. Shown are the average number of lipid droplets per cell
+SEM. At least 250 cells from three independent experiments were analyzed.
***p<0.001 (c) Fluorescence micrographs of lipid droplets in human primary
astrocytes and U251N glioblastoma (astrocytoma) cells. Lipid droplets were
labelled as in (b) and imaged using a fluorescence microscope. (d) Shown are the
average number of lipid droplets in human primary astrocytes and glioblastoma
cells £SD. 51 cells were analyzed from two independent experiments. ***p<0.001
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Figure S4. Absence of microglia from the cerebral organoids, as shown by
IBA1 labeling. Immunofluorescence staining for astrocytes with GFAP and
microglia with IBA1. Staining of cell nuclei with Hoechst 33342.

Day 1

Figure S5. Glioblastoma tumoroid has limited invasiveness in cerebral
organoids in the absence of microglia cells. Fluorescently-labeled
glioblastoma tumoroids were implanted in cerebral organoids and imaged
after 6 days for infiltrative invasiveness using a fluorescence microscope.
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Figure S6. Movement of normal human astrocytes in 3D culture. Human
astrocyte spheroids were implanted into collagen gels and cultured for 6
days. Spheroids were imaged using brightfield.
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Figure S7. Internalization of fluorescent dPGS-Cy5 in glioblastoma
tumoroids. Shown are representative fluorescence micrographs of
glioblastoma tumoroids treated with dPGS-CY5 (red) or dPG-Cy5 for 24h at
1 UM. Nuclei were labeled with Hoechst 33342 (blue). Tumoroids were
imaged using a fluorescence microscope.
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