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Resumo

Franco YEM. Estudo da via da glutaminolise em astrocitomas ¢ mecanismo de a¢do do gene
Glsiso2 (GAC) [tese]. Sao Paulo: Universidade de Sao Paulo, Faculdade de Medicina; 2023.

O glioblastoma (GBM) ¢ o tumor maligno de alto grau mais frequente no do sistema nervoso
central e com pior progndstico, mesmo com uso da terapia combinada envolvendo resseccao
cirtirgica maxima, radioterapia e quimioterapia com temozolomida (TMZ). As células tumorais
tém capacidade de reprogramar sua maquinaria metabolica para atender as suas necessidades
biosintéticas e bioenergéticas, por meio de uma variedade de vias alternativas de producdo de
energia, dependendo da disponibilidade de nutrientes. A glutaminolise, o processo pelo qual a
glutamina ¢ transportada para dentro da célula e ¢ convertida em a-cetoglutarato para entrar no
ciclo do acido tricarboxilico, ¢ regulada positivamente em varios tipos de cancer, incluindo GBM.
A glutaminase (GLS) € o principal regulador desta via e apresenta duas formas em humanos: GLS
tipo rim (KGA ou GAC) e GLS2 tipo figado (LGA ou GAB), com distribui¢do, regulagao e
fungdes distintas. O gene GLS apresenta duas isoformas: GLSisol e GLSiso2 e sua regulacdo em
células tumorais ainda ndo ¢ bem compreendida. No presente estudo, analisamos os niveis de
expressao génica relacionada a glutaminolise em nossa coorte de 153 astrocitomas de diferentes
graus de malignidade e 22 amostras cerebrais nao neoplasicas por meio de qRT-PCR.
Adicionalmente, investigamos o perfil de expressdao proteica dos principais reguladores da
glutaminolise: GLS, glutamato desidrogenase (GLUDI), glutamato piruvato transaminase
(GPT2); e reguladores da biossintese de glutationa (GSH): GSH sintase (GS) e niveis de GSH em
diferentes graus de astrocitoma estratificados pelo estado mutacional de /DHI. As expressoes
génicas diferenciais foram validadas in silico no banco de dados TCGA GBM-RNASeq. Em GBM,
o acumulo de Glu devido ao aumento da expressao de GPT2 e GLUDI correlacionou-se com o
aumento da expressao de genes relacionados a sintese de GSH que poderiam favorecer a
sobrevivéncia de células tumorais, principalmente no subtipo de GBM mesenquimal mais
agressivo. Em contraste, a analise de correlacdo in silicio do conjunto de dados TCGA mostrou
que GLUDI1 pode levar a diminuicao da sintese de GSH em astrocitoma de baixo grau /DHImut,
aumentando a suscetibilidade ao estresse oxidativo, tornando-os mais sensiveis a radioterapia e a
terapia alquilante. Sendo assim, a monitoracdo dos niveis de expressao de GLUDI1 e GPT2
medindo enzimas e produtos de seus metabolitos, como amdnia e alanina, utilizando técnica de
imagem nao invasiva, poderia potencialmente detectar a progressao de astrocitoma de baixo grau
com mutacao /DH1 para GBM secundario. Além disso, o aumento gradual da expressao de ambas
as 1soformas GLS, GLSisol e GLSis02, foi observado em paralelo ao aumento da malignidade do
astrocitoma. E importante ressaltar que a expressio de GLSiso2 no tecido cerebral normal foi
menor do que GLSisol, apontando GLSiso2 como alvo terapéutico interessante. O papel de
GLSiso2 na tumorigénese foi analisado através do silenciamento génico da isoforma utilizando a
técnica de siRNA em células US7MG-GBM. O silenciamento de GLSiso2 levou a diminui¢ao da
proliferagdo celular, parada do ciclo na fase G1 e aumento da resposta das células tumorais para o
tratamento com TMZ. Os dados do transcriptoma de RNAseq e ensaios funcionais mostraram a
associacao de GLSiso2 com um shift metabolico em direcdo ao efeito Warburg, interferindo
principalmente no nivel de lactato no microambiente tumoral. Além disso, uma diminui¢do de
48,6% do processo angiogénico foi observada pelo ensaio de sprouting utilizando esferoides



provenientes da linhagem endotelial HUVEC que foram expostos ao meio condicionado de células
U87MG silenciadas com GLSiso2. Tal diminui¢ao angiogénica foi provavelmente mediada por
VEGF-A, TNF-a ¢ ANGPTL2 cujos niveis foram reduzidos no meio condicionado de células
GLSiso2 silenciadas em relacio ao NTC. Esses achados de ensaios funcionais in vitro
corroboraram com a hipotese de que o GLSiso2 e um potencial novo alvo terapéutico para
pacientes com GBM.

Palavras-chave: Glioblastoma. GLS. GLSiso2. Glutaminolise. IDHI1. Angiogénese.
Metabolismo.



Abstract

Franco YEM. Glutaminolysis dynamics in astrocytomas and GLSiso2 (GAC) gene silencing:
mechanism of action [thesis]. Sdo Paulo: “ Universidade de Sao Paulo, Faculdade de Medicina™;
2023.

Glioblastoma (GBM) is the most frequent and high-grade adult malignant central nervous system
tumor, with poor prognosis despite the combined therapy involving maximal surgical resection,
radiotherapy, and chemotherapy with temozolomide (TMZ). Tumor cells can reprogram their
metabolic machinery to meet their biosynthetic and bioenergetic needs, through a variety of
alternative energy production pathways depending on the availability of nutrients. Glutaminolysis,
the process by which the glutamine is transported into cell and converted into a-ketoglutarate to
enter into the tricarboxylic acid cycle, is upregulated in several cancer types, including GBM.
Glutaminase (GLS) is the main regulator of this pathway and presents two forms in humans:
kidney-type GLS (KGA or GAC) and liver-type GLS2 (LGA or GAB), with distinct tissue
distribution, regulation and functions. The GLS gene presents two isoforms: GLSisol and GLSiso2
and their regulation in tumor cells is still not well understood. In the present study, we analyzed
the glutaminolysis-related gene expression levels in our cohort of 153 astrocytomas of different
malignant grades and 22 non-neoplastic brain samples through qRT-PCR. Additionally, we
investigated the protein expression profile of the key regulator of glutaminolysis: GLS, glutamate
dehydrogenase (GLUD1), glutamate pyruvate transaminase (GPT2); and regulators of glutathione
(GSH) biosynthesis: GSH synthase (GS) and GSH levels in different grades of astrocytoma
stratified by the IDH1 mutational status. The differential gene expressions were validated in silico
on the TCGA GBM-RNASeq database. Particularly in GBM, the accumulation of Glu due to
GPT2 and GLUDI downregulation correlated to upregulation of genes related to GSH synthesis
which could favor tumor cell survival, mostly in the most aggressive mesenchymal GBM subtype.
In contrast, in silico TCGA dataset correlation analysis showed that GLUDI may lead to decrease
in GSH synthesis in IDHI™" low-grade astrocytoma increasing the susceptibility to oxidative
stress, rendering them more sensitive to radiation therapy and to alkylating therapy. Thus,
monitoring GLUD1 and GPT2 expression levels by measuring their end metabolites enzymes such
as ammonia, and alanine by a non-invasive imaging technique may potentially detect the
progression of lower-grade astrocytoma harboring /DHImutation towards secondary GBM.
Additionally, gradual expression increase of both GLS isoforms, GLSisol and GLSiso2, was
observed in parallel to the increase of astrocytoma malignancy. Importantly, GLSiso2 expression
in normal brain tissue was lower than GLSisol, which pointed GLSiso2 more eligible as
therapeutic target. GLSiso2 role in tumorigenesis was analyzed by silencing this isoform through
siRNA in US7MG-GBM cells. GLSiso?2 silencing led to decrease of tumor cell proliferation, cycle
arrest at G1 phase and increase of tumor cell response for TMZ. The RNAseq transcriptome data
and functional assays showed the association of GLSiso2 with metabolic shift towards Warburg
effect, mainly interfering with lactate level in tumor microenvironment. Moreover, a decrease of
48.6% of angiogenic process was observed by sprouting assay of HUVEC spheroids exposed to
GLSiso2 silenced US7MG cells conditioned media. Such angiogenic decrease was problably
mediated by VEGF-A, TNF-a and ANGPTL2 which levels were reduced in the conditioned media



of GLSiso2 silenced cells compared to NTC. These findings of in vitro functional assays
corroborated GLSiso?2 as a potential new therapeutic target for GBM patients.

Keywords: Glioblastoma. GLS. GLSiso02. Glutaminolysis. IDHI. Angiogenesis. Metabolism.
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1. Introduction

1.1. Cancer, glioma, and glioblastoma

Cancer is a multifactorial heterogeneous disease and one of the major causes of mortality
worldwide (1). It is characterized by disordered growth of cells that invade surrounding normal
tissues and can spread to other organs of the body. According to the WHO, the estimate for the year
2030 is about 26 million new cases and 17 million cancer deaths worldwide due to aging and
population growth (2). Some physiological changes that characterize cancer are sustaining
proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, and activating invasion and metastasis (3). In addition, changes
may lead to genomic instabilities, which generate genetic diversity and accelerate the process of
cell mutation; as well as inflammation, reprogramming of energy metabolism and immune system
evasion. Additionally, the tumor microenvironment also plays a role as it propitiates an appropriate
ambience for growth, maintenance, and malignant progression of tumor cells (4). Therefore, deep
understanding on tumor characteristics helps in identifying new drugs and in new treatment
strategies for this disease.

Brain tumors account for about 3% of all types of malignancies, being one of the least
prevalent, although they are more worrying because of their poor outcome (5,6). Among them,
gliomas present the highest frequency (above 80%) and are among the most fatal types of cancers.
The annual incidence of glioma is around 6 per 100.000 worldwide. Being 1.6 fold more incident
in men than woman (5). They are qualified as lesions originating from glial cells, which have
support, protection, and nutrition roles of neurons in the central nervous system (CNS) (7). Gliomas
have been historically classified based on morphological and immunohistochemical resemblance to
differentiated glial lineages, including astrocytic, oligodendrocytic and ependymal lineages and
have been graded according to histological features of biological aggressiveness. Stem—like cells
within the CNS are now thought to be the cells of origin of several primary brain tumor types,
including glioblastoma (GBM) (8,9). GBM is the most lethal type of glioma, accounting for 70—
75% of all diffuse gliomas. This tumor presents the median overall survival of 14—-17 months even
after current standard of care, consisting in surgical resection, irradiation, and chemotherapy with

Temozolomide (TMZ) (6,8,9). The recurrence of GBM is also high, with an average rate of more
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than 90%, by regrowth of surgically not-resected cells that invaded the surrounding normal brain

parenchyma, partially induced by hypoxic and acidic environment (10—13).

1.2. Classification of astrocytomas: molecular classification and /DH mutation

Due to The Cancer Genome Atlas (TCGA) team’s efforts a refined glioma classification
system was proposed based on in-depth tumor genomic characterization, which allowed the
integration of histologic and genomic features (14—16). As a result of this integration of pheno and
genotypic features, gliomas are classified into two major categories: /DHI-wildtype (IDHI™) and
IDH [-mutant (IDHI™") gliomas (17). The IDH status separates low-grade gliomas from high-grade
GBM, impacting the overall survival of patients and it is considered a strong prognostic marker of
gliomas. GBM is the most frequent glioma, classified as astrocytoma grade 4 with the poorest
outcome. Histologically, GBM is a heterogenous, mitotically active with high proliferative rate,
characterized by nuclear atypia, microvascular proliferation, and necrosis (18,19). In the past
decade, many efforts have been made to better understand the molecular basis of GBM (6,8).
Verhaak and colleagues classified GBM into 4 molecular subtypes according to transcriptomic
profile: proneural, neural, classical and mesenchymal subtypes (20), which was later refined into
three subtypes: proneural, classical and mesenchymal (21). The proneural subtype is characterized
by the presence of IDHI, PDGFRA and TP53 gene mutations and has been associated with better
prognosis (22). The classical subtype is characterized by the presence of proliferative markers such
as amplification of EGFR, deletion in chromosome 10 and amplification in chromosome 7 (23).
The mesenchymal subtype shows NF'/ or RBI mutations and presents the worst prognosis, with an
average overall survival of 811 months (24). Metabolic reprogramming (25,26), invasion, and
angiogenesis are major hallmarks of GBM (27-29).

Isocitrate dehydrogenase (IDH) enzymes are essential enzymes that participate in major
metabolic processes as Krebs cycle, glutamine metabolism and lipogenesis (30). IDH1 is found
mainly in the cytoplasm and peroxisomes, whereas IDH2 is located in the mitochondrial matrix
(31). The IDH1 gene encodes an enzyme that catalyzes oxidative carboxylation of isocitrate to a-
ketoglutarate (a-KG) and is a major cellular source of cytoplasmic NADPH (32). IDH mutations
occurs most frequently at exon 4 codon 132 (R132H) and are prevalent in gliomas, as 80% of low-

grade gliomas, grades 2 and 3, harbor this mutation. In GBMs, the /DH mutations are mainly found
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in secondary GBM (73%), whereas only 3.7% on primary GBM are IDH™" (30). The presence of
IDH mutations is correlated with favorable outcome with a prolonged median survival. Low grade
gliomas IDHI™" present 7-year overall survival (33), and primary IDHI™" GBMs present 46
months of overall survival compared to 13 months in /DHI™ GBMs (34,35). Consequently, the
IDH mutational status is relevant for glioma diagnosis, prognosis and establishment of treatment

strategy (36-38).

1.3. Metabolic reprogramming in GBM: relevance of glutaminolysis

The deregulated cellular energetics metabolism is known for affecting the transition from
normal to cancer cells (3,39). Glioma cells, like many other cancer cells, acquire abilities to
reprogram the metabolic machinery to satisfy their biosynthetic and bioenergetic needs (Figure 1A)
(40-42). Hypoxia, mutation in oncogenes and changes in signaling pathways induce
hyperregulation of anabolic processes and suppression of catabolic pathways in tumor cells (43).
The most well documented metabolic alteration in cancer is the activation of aerobic glycolysis,
known as the Warburg effect, where glycolysis is uncoupled from the mitochondrial tricarboxylic
acid (TCA) cycle and oxidative phosphorylation (OXPHOS). Consequently, the majority of
glycolysis-derived pyruvate is diverted to lactate fermentation and kept away from mitochondrial
oxidative metabolism (44—46). Furthermore, cancer cells, including gliomas cells, shift their
metabolic pathways to increase nutrient availability, including intracellular lipids, amino acids and
nucleotides through several molecular mechanisms as incrementing extracellular uptake, increasing
de novo synthesis and orchestrating carbon and nitrogen availability from different metabolic
pathways (28,40,41,47,48). Since the description of the Warburg effect in 1925, glucose has been
considered as the main metabolic source for energy production in cancer (49). However, cumulative
evidences have demonstrated that tumor cells may also resort of alternative energy production
pathways. Glutaminolysis, the process by which glutamine is converted to a-KG, a key substrate of

TCA cycle, has emerged as a relevant anaplerotic metabolic pathway in cancer cells (40,50-52).
1.3.1 Glutaminolysis

Glutamine (Gln) is a non-essential amino acid that maintains cell survival by supporting the

anaplerosis, as a source of carbon to replenish the TCA cycle, and of nitrogen for de novo
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biosynthesis of nucleotides and other nonessential amino acids, via glutaminolysis (41,53). Gln is
also involved in other cellular processes, including antioxidative stress, as a source of glutathione,
mTOR signaling and autophagy for anaplerosis (53-57). Both GIln uptake and the rate of
glutaminolysis are known to be increased in tumors (50,51,58), including gliomas (42,51,59,60). In
addition, upregulation of Gln transporters in astrocytomas was previously described by our group
(61). Therefore, the dependence of cancer cells on Gln makes glutaminolysis an attractive cancer
therapy target (58,62—64).

Glutaminolysis starts when Gln is transported into the cells via transporters such as SLC1AS
(ASCT2) and SLC7AS5 (LAT1) and is converted into glutamate (Glu) and ammonia through
deamination by the enzyme glutaminase (GLS). Glu is then converted to a-KG, an intermediate
substrate in the TCA cycle, to produce ATP and anabolic carbons for the synthesis of amino acids,
nucleotides, and lipids. The conversion of Glu to a-KG is catalyzed by glutamate dehydrogenase
(GLUD) or transaminases such as glutamate pyruvate transaminases (GPT-alanine
aminotransferases) and glutamate oxaloacetate transaminases (GOT-aspartate aminotransferases),
which convert a-keto acids to their corresponding amino acids (Figure 1B). This mechanism
provides nitrogen, sulfur, and carbon skeletons to produce biosynthetic precursors necessary for the
growth and proliferation of cancer cells (16,50,65). The main regulator of this pathway is the
glutaminase (GLS) enzyme that converts Gln to Glu (Figure 1B). High rates of glutaminolysis
support rapid proliferation by supplying precursors to low—flux biosynthetic pathways (66). Current
attempts to target glutaminolysis clinically have focused largely on inhibiting glutaminase. Such
chemical inhibitors, as BPTES (bis-2- (5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide),
have presented impact in cancer cell decreasing proliferation both in in vitro/in vivo models (67,68).

The glutaminolysis is also essential for maintaining cellular redox homeostasis by
controlling the reactive oxygen species (ROS) level by the glutathione (GSH) synthesis pathway
(69). GSH is an important intracellular antioxidant, acting as a regulator of cellular redox state, and
protecting cells from damage caused by ROS (70). GSH biosynthesis is a well-conserved pathway
that occurs exclusively in the cytosol, involving two enzymes, glutamate cysteine ligase (GCL) and
glutathione synthetase (GS) (71), in which three amino acid precursors, cysteine, Glu, and glycine,
are combined to form the tripeptide GSH. Gln is a direct fuel source of Glu and cysteine uptake
occurs via the System XC-transporter, which takes up cysteine and simultaneously secretes Glu

(72). Consistent with this mechanism, Gln starvation has been associated with impaired uptake of
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cysteine through the System XC and with decreased intracellular GSH level (73). Recent studies
have highlighted the GSH involvement in key signal transduction reactions as a controller of cell
differentiation, proliferation, and apoptosis. Molecular changes in the GSH antioxidant system and
disruptions in GSH homeostasis have been implicated in tumor initiation, progression, and
treatment response (74,75). Importantly, GSH has been considered as the main factor responsible
for treatment resistance in cancer, including gliomas, because of its antioxidant effect (76,77).
Hence, GSH has both protective and pathogenic roles: in healthy cells, it is crucial for the removal
and detoxification of carcinogens, and in tumor cells, elevated GSH levels are associated with tumor
progression and increased resistance to chemotherapeutic drugs (70). Therefore, several attempts
have been aimed GSH depletion by inhibiting the XC—transporter (78) to limit GSH synthesis by
reducing cysteine availability (76,77).

1.3.2 Glutaminases and GLSiso2

Glutaminase (GLS) is the first enzyme of the glutaminolysis which converts Gln in Glu.
Two GLS enzymes are described in human: kidney-type GLS and liver-type GLS2 (LGA or GAB),
which exhibit distinct tissue distributions and are regulated differently (50,79,80). Tumor cells
present higher activity of GLS, being associated with tumor growth, malignancy and regulated by
the oncogene c-MYC. GLS2 presents tumor suppressive characteristics and its expression is
associated with resting or quiescent cell states, being regulated by p53 (81-85). Upregulation of
GLS at mRNA and protein levels has been observed in cancers including liver, lung, breast,
colorectal and brain tumors, and its enzymatic activity correlates with poor outcome (86—89).
Therefore, upregulation of GLS has been considered as a metabolic adaptation by which cancer
cells gain selective advantages for the use of alternative carbon sources, replenishing metabolic
requirements for tumor growth (68).

The GLS presents two isoforms: GLSisol- KGA and GLSiso2-GAC, and the regulation of
both GLS isoforms is not yet completely understood. Previous studies have reported GLSiso2
(GAC) in the mitochondria and GLSisol (KGA) in the cytoplasm. The GLSiso?2 is derived from an
alternative exon splicing at the 3'-end terminal, replacing the last four exons in the KGA transcript,
resulting in the lack of ankyrin repeats that are present at the C-terminus of the KGA. Thus, the

isoform 2 is shorter than isoform 1, with a distinct C-terminal (Figure 1C).
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Figure 1- Main metabolic pathways used by glioma cells, glutaminolysis pathway, and glutaminase
isoforms. (A) Glioma cells take up nutrients including glucose, acetate, and glutamine, as well as other
amino acids (AAs), fatty acids (FAs), and lipoproteins from the extracellular environment, and use these
nutrients for energy and biomass production by fueling the glycolysis, the tricarboxylic acid (TCA) cycle
and the oxidative phosphorylation (OXPHOS). The increased metabolic activity of proliferating glioma cells
generates reactive oxygen species as by-products that necessitate antioxidant production, including the
production of reduced glutathione (GSH). (B) Glutaminolysis pathway: The main destination of glutamine
(Gln), after its conversion to glutamate (Glu) is the conversion of glutamate to a-ketoglutarate. The
glutaminolysis contributes to the production of mitochondrial NADH, which is used to sustain ATP
production by OXPHOS. The enzyme glutaminase (GLS) is the main regulator of this pathway. The pyruvate
transaminase (GPT) and glutamate oxaloacetate transaminase (GOT) catalyze the transfer of the amino group
from glutamate to pyruvate and oxaloacetate to produce alanine and aspartate. (C) Structural organization of
GLS isoforms. KGA and GAC are alternative splicing products of the GLS gene. GAC and KGA have the
localization signal for mitochondria (MS). In common, both present glutaminase catalytic domains, in
addition to NR box domains for possible interaction with nuclear receptors. KGA presents ankyrin domains
(ANK) of interaction with other proteins. In the region C-terminal, KGA also has a KENbox sequence. There
is no known motif prediction for the GAC C-terminal region.
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1.4. GBM and Angiogenesis

One of the hallmarks of cancer is angiogenesis, the capacity of tumor cells to induce
formation of new blood vessels from an already existing vasculature through tumor-stromal
signaling. Endothelial cells (ECs) is the major lining component of blood and lymphatic vessels and
they respond to metabolic demands during the physiological growth of organs, supplying the
required nutrients and oxygen (95,96). Over time, ECs remain mostly inactive in the human body;
however, they retain the ability to rapidly initiate the formation of new vessels in response to injury
or in pathological conditions, phenomenon known as angiogenic switch. Evidences indicate that
metabolic changes may trigger this switch (91,92). During tumor progression, this switch occurs in
support for the high demands of proliferative cancer cells (47). Tumor and stromal cells secrete high
levels of pro-angiogenic factors, as vascular endothelial growth factor (VEGF), angiopoietins,
platelet-derived growth factor (PDGF-B) and transforming growth factor (TGF-b), that induce
neovascularization (98,99). The dysfunctional new vessels impact profoundly the tumor cell and its
microenvironment, leading to hypoxia, decreased infiltration and activity of immune cells,
remodeling of extracellular matrix (ECM), and metastatic dissemination (45,46).

Angiogenesis is increased in GBM and it is associated with poor prognosis (25,26). The
angiogenic process involves various mechanisms such as: growth of new blood vessels by coopting
existing host vessels (94); de novo angiogenesis through extension of nearby vessels (95);
differentiation of bone marrow-derived endothelial progenitors (96); splitting of the existing
vasculature known as intussusception (97); and vascular mimicry by glioma stem cells that form
luminal cylinders resembling vessels (98—101). Hypoxia is the main trigger of angiogenesis and
glioma cells are able to sense and adapt to hypoxic environments (98). The hypoxia-inducible
factor-1 (HIF1) is key nuclear transcription factor induced by hypoxia, a heterodimeric factor
composed by two subunits, HIFla and HIF1B. The HIFla subunit regulates HIF1 activity in
response to changes in local O, levels. Under normoxic conditions, the o subunit is rapidly
degraded; however, under hypoxic conditions, this subunit remains intact and binds to the
constitutively expressed B subunit to form HIFlcomplex in the nucleus, where it induces the
expression of several genes, including multiple proangiogenic factors. HIF-1 can also be activated
by non-canonic pathways such as a pseudo-hypoxic state caused by the Warburg effect and through

the lactate production (102-105). High lactate level has been related to tumor recurrence,
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metastases, and poor prognosis (106—108). It enhances tumor cells motility and can contribute to
angiogenesis through induction of IL-8 and VEGF/VEGF-A (109,110).

VEGF promotes tumor angiogenesis through different mechanisms such as increased
migration and invasion of EC and increased permeability of existing vessels (111,112). Besides, its
proangiogenic effect has independent autocrine effects of survival, migration, and invasion of tumor
cells (113). High VEGF expression level has been correlated with increased angiogenesis and higher
histological grade in various human cancers, including GBM (120-124). Thus, these clinical
findings supported the attempts to develop anti-angiogenic therapies to control tumor growth by
triggering tumor cell death via deprivation of oxygen and nutrients, as well as leading to the transient
normalization of the tumor vasculature and improved delivery of cytotoxic chemotherapy (115).
Given the importance of VEGF in tumor angiogenesis, several different approaches to suppress
VEGEF signaling have been searched, including monoclonal antibodies as Bevacizumab, and small
molecule inhibitors (116). However, anti-VEGF approach returned no benefits to GBM patients
(117,118).

In the context of tumor metabolic reprogramming and the previous findings of our group
about the amino transporters related to glutaminolysis (61), the aim of the present study was to
deepen the understanding of the role of glutaminolysis in the astrocytoma malignant progression,

analyzing the involved signaling pathways with emphasis to angiogenesis.
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2. Aims

2.1 Evaluate the glutaminolysis dynamics during astrocytoma malignant progression
e Analyze the expression of glutaminolysis related genes
e Analyze the impact of glutaminolysis in tumor cell fitness according to /DHI mutational

status

2.2 Evaluate the relevance of GLS isoforms, GLSisol and GLSiso2, in astrocytoma
e Analyze the impact of GLSiso2 on tumor cell behavior in in vitro model of GBM
e Validate the impact of GLS by chemical inhibition
e Analyze the signaling pathways associated with GLSis02

e Validate the identified pathways in in vitro 3D model
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3. Materials and methods

3.1. Tissue sample and Ethical statement: We analyzed 153 human astrocytoma samples stratified
according to the WHO classification (2007) (119) as: 23 astrocytomas grade 1 (AGl), 26
astrocytomas grade 2 (AG2), 18 astrocytomas grade 3 (AG3), and 86 GBM. Non—neoplastic brain
samples (NN) were used as control (22 cases). Tumor samples were obtained from surgery of
patients treated by the Neurosurgery Group of Department of Neurology at Hospital das Clinicas at
the School of Medicine of University of Sao Paulo, in the period of 2000 to 2007. NN brain tissue

samples were collected from epilepsy patients subjected to temporal lobectomy.

3.2. Cell Culture: The human GBM cell line U87MG was obtained from American Type Culture
Collection (ATCC) and was cultured in Dulbecco’s Modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific, Whatham, MA), supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Cultilab, Campinas, Sao Paulo, Brazil), and antibiotics (100 units/ml penicillin, 100pug/ml
streptomycin). The HUVEC cell line was kindly donated by Prof. F. Laurindo’s research group.
This cell line was cultured with RPMI supplemented with 10% FBS, and antibiotics (100 units/ml
penicillin, 100pg/ml streptomycin). Both cell lines were maintained in a humidified atmosphere of
5% COz in air at 37°C. The cell lines were authenticated by short tandem repeats (STR) analysis
using GenePrint 10 System (Promega, Madison, WI).

3.3. RNA extraction and cDNA synthesis: Samples were snap—frozen in liquid nitrogen
immediately following surgical removal and macro dissected prior to RNA extraction. A 4um-—thick
cryosection of each sample was stained with hematoxylin—eosin and analyzed under a light
microscope for assessment of necrotic, cellular debris and hemorragic areas (in tumoral samples) in
order to only include samples with more than 80% of tumor cell density. Total RNA was extracted
from frozen tissues (tumor and NN) using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The RNA concentration and purity were evaluated by
NanoDrop, and ratios of 260/280 measures ranging from 1.8 to 2.0 were considered satisfactory for
purity standards. RNA quality was checked by electrophoresis in agarose gel. A conventional
reverse transcription reaction was performed to yield single—stranded cDNA. The first strand of
cDNA was synthesized from 1 pug of total RNA previously treated with 1 unit of DNase I (FPLC—
pure, GE Healthcare, Uppsala, Sweden) using random and oligo (dT) primers, RNase inhibitor, and
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SuperScript III reverse transcriptase according to the manufacturer’s recommendations (Thermo
Fisher Scientific, Carlsbad, CA). The resulting cDNA was subsequently treated with 1 unit of RNase
H (GE Healthcare), diluted with TE buffer, and stored at —20°C until later use.

3.4. Analysis of Gene Expression by quantitative real-time PCR (qQRT-PCR): The relative
expression levels of genes involved in glutaminolysis pathway GLS, GLSisol, GLSiso2, GLS2,
GLUDI, GOTI, GOT2, GPT2 were analyzed by qRT-PCR, using the SYBR Green approach. The
expression of ASCT2 and LATI genes were previously described by our group (61). A geometric
mean of three suitable reference genes was used for normalizing the quantitative data: hypoxanthine
phosphoribosyl transferase (HPRT), glucuronidase beta (GUSp) and TATA box binding protein
(TBP) (120). The primers were designed to amplify 80—120 bp amplicons, with a melting
temperature of 60°C and were synthesized by IDT (Integrated DNA Technologies, Coralville, TA).

The primers information is described in Table 1:

Table 1: The primer sequences and the concentration used in qRT-PCR

Genes Forward Primer (5°-3’) Reverse Primer (5°-3") Concentration (nM)
GLS CAGGGCAGTTTGCTTTCCAT GAGACCAGCACATCATACCCAT 200
GLSisol GCAGAGGGTCATGTTGAAGTTGT GGTGTCCAAAGTGCAGTGCTT 200
GLSiso2 ATCCTCGAAGAGAAGGTGGTGA GCAAGTTCTTGTTGGAGACTTTCA 400
GLS2 ATCCTCGAAGAGAAGGTGGTGA ATGGCTGACAAGGCAAACCT 200
GLUDI TGGCATACACAATGGAGCGT TCTCAATGGCATTAACATAGGCA 400
GOT! CTGTGCCCAGTCCTTCTCCA GATGCTCTCAGGTTCTTTTCCAA 400
GOT2 CTTGAGGTTGGAGACCAGTTGAGT GATTGCTGCTGCCATTCTGA 400
GPT2 GGCTTTGGGCAGAGGGAA TCACGCGTACTTCTCCAGGAA 200
HPRT TGAGGATTTGGAAAGGGTGT GAGCACACAGAGGGCTACAA 200
GUSp AAATACGTGGTTGGAGAGCTCATT CCGAGTGAAGATCCCCTTTTTA 400
TBP AGGATAAGAGAGCCACGAACCA CTTGCTGCCAGTCTGGACTGT 200

To ensure the efficiency of amplification and analysis of melting curves, which gave a single peak
for all PCR products, standard curves with varying concentrations of the primer pairs of each gene
were performed. The optimal primer concentration was determined as the lower concentration
which did not affect the cycle threshold (Ct) and displayed the maximum amplification efficiency
while minimizing non—specific amplification. Additionally, the amplified PCR product sizes were
checked by agarose gel electrophoresis. The SYBR Green I amplification mixtures (12 ul) were
composed by cDNA, Power SYBR Green [ Master Mix (Thermo Fisher Scientific), and the reverse
and forward primers. The qRT-PCR was done in duplicate using the ABI Prism 7500 (Thermo

Fisher Scientific) as follows: 2min at 50°C, 10 min of polymerase activation at 95°C, and 40 cycles
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of 15s at 95°C and 1min at 60°C. The following equation was applied to calculate gene expression
in tumor and NN tissue samples: 272, where ACt = Ct of a specific gene — geometric mean Ct of

housekeeping genes (121).

3.5. Analysis of protein expression by Western Blotting: The protein extracts from NN (5), AG1
(4), AG2 (4), AG3 (2), GBM (6), and US7MG glioma cell line were analyzed. Cells were cultured
in monolayer with DMEM medium (Dulbecco’s Modified Eagle’s Medium, (Thermo Fisher
Scientific, Carlsbad, CA), 10% FBS and 100 pg/ml streptomycin and 100 [U/ml penicillin. The
samples were homogenized with RIPA lysis buffer (50mM Tris—HCI, 1%NP—40, 0.25% Na
deoxycholate, 150mM NaCl, ImM EDTA) supplemented with a cocktail of protease inhibitors
(Sigma—Aldrich, St Louis, MO). The protein concentration was determined using Bradford reagent.
All samples (20 pg protein) were resolved by electrophoresis on 4-12% gradient gels in SDS—
PAGE using electrophorese buffer NuPAGE MOPS SDS (Thermo Fisher Scientific) and transferred
onto PVDF membrane by iBlot Dry Blotting System (Thermo Fisher Scientific). Then the
remaining binding sites of the membranes were blocked with skimmed milk powder solution at 5%
diluted in Tris—buffered saline and 0.1%Tween 20 (TBST). Subsequently, the membranes were
incubated overnight with the primary antibody, anti—-GLS (1:1000, Abcam, Cambridge, MA), anti-
GS (1:2000) from Abcam (Cambridge, MA), and anti-GLUDI, anti-GPT2 (1:1000) from Thermo
Fisher diluted in TBST with 5% bovine serum albumin (BSA) solution. f—actin (Sigma—Aldrich)
was used as loading control (dilution 1:5000). The membranes were incubated with peroxidase—
conjugated secondary antibody anti—rabbit and anti-mouse (1:5000) (Sigma—Aldrich), also diluted
in TBST 5% BSA. The proteins levels were detected using the chemiluminescence detection
method (Western Lightning Plus—ECL, Enhanced Chemiluminescence Substrate, Perkin Elmer,
Waltham, MA). The detection of the chemiluminescent signal was performed in the Photo
QuantLAS 4000 mini (GE Healthcare) photo documentation system and the bands were analyzed

and quantified using Image J software (obtained from imagej.nih.gov/ij/download/).

3.6. GSH measurement: Tissue samples were resuspended in PSB-0.5% NP40 (pH 6) and
homogenized in syringes with an insulin needle 10 times. An aliquot of each sample was separated
for protein quantification. Eighty uLL were processed with 250 uL of cold GSH extraction buffer
(KClO4 50 mM; EDTA 10 mM; H3PO40.1% (v/v), pH 5) and 40 pL of cold metaphosphoric acid
5% (v/v). The samples were vortexed for 1 min and centrifuged at 8000%g (10 min, 4 °C). The
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supernatants were used as 1:10 dilutions. GSH was measured using a fluorometric detection assay
kit (ab138881, Abcam) according to the manufacturer’s instructions. This assay is based on the
fluorescent properties of thiol green, which is a non-fluorescent dye that becomes strongly
fluorescent upon reacting directly with GSH. The fluorescence intensity was evaluated at an
excitation wavelength of 490 nm and an emission wavelength of 520 nm using a 96-well plate in a
spectrofluorometer (SpectraMAX M2, Molecular Devices, Sunnyvale, CA). GSH concentration
was calculated by interpolation of a standard curve and results were expressed as pmol/ug of total

protein.

3.7. Lactate quantification: US7MG cells were cultured in monolayer (5% 10* cells/well) and then
challenged with siIRNAGLSiso2 and NTC. The supernatants were collected 72 hours after silencing
(day 4), centrifuged (5 min, 2500 rpm) and then transferred (200uL/ replicate) to a 96 wells clear
plate. The extra cellular lactate level was quantified using the L-Lactate Assay Kit (Eton Bioscience
Inc., Research Triangle Park, NC) following the manufacturer's instructions. The plates were read

using a SpectroStar plate reader.

3.8. Analysis of growth factor expression: US7MG cells were cultured in monolayer (5x 10*
cells/well) and then challenged with siRNAGLSiso2 and NTC. The supernatants were collected 72
hours after silencing (day 4), centrifuged (5 min, 2500 rpm) and then transferred (200ul/ replicate)
to a 96 well clear plate. The profiling of growth factors/angiogenesis panel (LEGENDplex,
BioLegend, San Diego, CA) was performed according to the manufacturer's instructions using a
Cytek Aurora Flow cytometer. The mix and match fluorescence-encoded beads Angiogenesis
human Panel 1 (VEGF Cat#: 740710 TNF-a Cat#: 740711 and Angiopoietin-2 Cat#: 741217) were

selected.

3.9. TCGA data analysis: The gene expression from TCGA GBM-RNAseq dataset was
downloaded (Genomics Data Commons Data Portal - https://portal.gdc.cancer.gov/) and
normalized by DEseq R software. Normalized read counts were converted to z-score for heat map

visualization.

3.10. GLSiso2 gene silencing of US7MG cells by siRNA: 4 sequence of small interference RNA
(siRNA) for GLSiso2 silencing (5’-AUAUAGAAUGGAAAGUCUGGGAGAG-3’) and non-target
control (NTC) siRNA were synthesized by Integrated DNA technologies (IDT, Coralville, IA). The
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oligos were diluted in RNAse free duplex buffer provided by IDT. U87MG cells (1 x 10° cells/well)
were seeded in a six-well plate and transfected after 24 h with Lipofectamine RNAiMax (Thermo
Fisher Scientific). siRNA and NTC oligos were utilized at a final concentration of 10 nM and the
knockdown were evaluated after 2-, 4- and 7-days following transfection. The efficiency was

verified by RT-qPCR and Western blot.

3.11. Cell Viability/Proliferation: US7MG cells were seeded (1.10°/well- 96wells plate) after 24h
of incubation the cells were challenged with siRNAGLSiso2 and NTC. The cell viability was
analyzed for 7 days (168h). After each day, the cells were incubated with PrestoBlue reagent
(Invitrogen, Carlsbad, CA, USA) for 2 h, and the fluorescence was measured on a GloMax® 96
Microplate Luminometer (Promega Corporation, Madison, WI, USA).

3.12. Apoptosis assay: This experiment was done using FITC Annexin V Apoptosis Detection Kit
I (Thermo Fisher Scientific), following the fabricant’s instructions. U87MG cells (5x10° cells /
well) were seeded in 6-well plates with complete medium and incubated at 37 °C with 5% CO-, for
24h. After that, the cells were challenged with siRNAGLSiso2 and NTC, and additionally, they
were also treated with Temozolomide (1mM) diluted in DMSO and with DMSO as a negative
control. The samples were collected after 72 hours after silencing (day 4). The cells were harvested,
collected, centrifuged (5 min, 2500 rpm) and the supernatant collected. After trypsinization and
washing, each cell suspension was stained with FITC Annexin V Apoptosis Detection Kit I (Thermo
Fisher Scientific) for 20 min at room temperature in the dark and then analyzed (at least 5000
events/replicate) by flow cytometry. Using the FACS Canto II; BD Biosciences software each cell
population was registered and quantified at four cell subpopulations named as viable cells [(-)
annexin (-) 7-AAD]; only PS externalization [(+) annexin (-) 7-AAD]; both PS externalization and
membrane permeabilization [(+) annexin (+) 7-AAD]; only membrane permeabilization [(-)

annexin (+) 7-AAD].

3.13. Cell cycle assay: US7MG cells (5x10° cells / well) were seeded in 6-well plates with complete
medium and incubated at 37 °C with 5% CO2, for 24h. Cells were synchronized by incubation with
FBS-free DMEM with 0.5% bovine serum albumin for 24 h. After that, the cells were challenged
with siRNAGLSiso2 and the NTC and the samples were collected at 3, 6, 12 and 24 hours after

silencing and fixed with cold ethanol in increasing concentrations (25, 50, 75, 90%). After fixation,
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cells were washed and incubated with PI. PI fluorescence was accessed by flow cytometry
FACSCanto (Beckton Dickinson). Analysis was performed using FlowJo version 10, using the cell

cycle interface.

3.14. Chemical inhibition of GLS by BPTES: The U87MG cell line was exposed to BPTES
(Sigma-Aldrich), a total GLS inhibitor, at different concentrations and time intervals to define the
best response for chemical blockade. First, the stock solution of BPTES (7.5mM) was prepared
aseptically using DMSO followed by serial dilution in complete medium. The cells were seeded
(1x10* cells/mL, 100 pL/well) in 96-well plates incubated for 24 h and treated with BPTES at final
concentrations of 0.8 - 50 uM (100 pL/well), in quadruplicate, and then incubated for 48 h at 37°C
in 5% COaz. A second plate, named TO, was prepared to infer the absorbance value of untreated cells
at the sample addition moment. The final concentration of DMSO was used as a control and did not
affect cell viability. The cell viability was analyzed for 24, 48, 72 and 96 hours. After each day, the
cells were incubated with PrestoBlue reagent (Invitrogen, Carlsbad, CA, USA) for 2 h, and the
fluorescence was measured on a GloMax® 96 Microplate Luminometer (Promega Corporation,

Madison, WI, USA).

3.15. Analyze of GLS expression by immunohistochemistry: Paraffin embedded tissue of AG1,
AG2, AG3 and GBM cases, and NN brain tissues from surgical epilepsy cases were immunostained
for GLS using the Novolink kit (Novolink; Novocastra, Newcastle-upon-Tyne, UK), following the
manufacture guide. The sections were processed to antigen retrieval, by citrate buffer (10mM,
pH6.0) for 3 minutes at 122°C, using an electric cooker (BioCare Medical, Walnut Creek, USA).
After protein blocking, the tissue was incubated with anti-GLS (ab180798, rabbit polyclonal,
1:1000 diluted) at 20° for 16 hours. The reaction performed by the kit uses diaminobenzidine, and
for nuclear staining Harris hematoxylin was used. To obtained optimal dilution tonsil sections was
used. The immunoreactions for the GLS were analyzed according to a semi-quantitative score
system considering the intensity of staining (0: negative, 1: weak, 2: moderate and 3: strong). An
immunolabeling score (ILS) was obtained by the product of the intensity of stained cells, by two
independent investigators (YFP and SKNM), and simultaneous revision were performed to obtain
the final score in case the concordance was not achieved. Digital photomicrographs of
representative fields were captured and processed using Adobe Illustrator CS6 (Adobe System, San

Jose, CA).
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3.16. Analyze of GLS expression by Immunofluorescence. The immunofluorescence was
assessed to confirm the GLSiso2 protein expression in US7MG after 2, 4 and 7 days after silencing
with siRNA-GLSiso2 and to evaluate the GLS expression in HUVEC cells. For this, cells were
cultured in monolayer (5x 10* cells/well) in coverslip pre-treated with poli-L-lisine. The
mitochondrial staining with MitoTracker Deep Red (Thermo Fisher Scientific) was performed
according to manufacturer’s recommendation. After each day, cells were fixed with
paraformaldehyde (4%), the membrane was permeabilized with Triton-X-100 (0.1%), and, to avoid
unspecific reactions, the cells were blocked with 4% of goat serum. The primary antibody GLS
(ab180798, rabbit polyclonal, 1:1000 diluted), was incubated overnight at 4°C. The secondary
antibody (Thermo Fisher Scientific, Carlsbad, CA) goat anti-Rabbit I[gG H&L (Alexa Fluor 568)
and goat anti-Mouse IgG H&L (Alexa Fluor 568 and 488) were incubated for one hour, and nuclei
were stained with DAPI (Thermo Fisher Scientific, Carlsbad, CA). The preparations were analyzed
in confocal microscopic Zeiss 510 LSM META and Zeiss 780-NLO (Thornwood, NY). The

retrieved images were analyzed by Image J/Fiji.

3.17. RNA-Seq analysis of US7MG cells silenced for GLSiso2: The libraries were constructed
with SureSelect Strand-Specific RNA Prep for Illumina Multiplexed Sequencing following the
manufacturer protocol (Ilumina, CA, USA). Total RNA of each sample in duplicates were used to
start the library prep. The mean size of each library was determined on the Tapestation 2200
(Agilent Technologies), and quantification was performed by qRT-PCR using Kapa Library
Quantification Kit (Kapa Biosystems, Wilmington, MA). The DNA libraries were pooled and
sequenced on a HiSeq 2500 (Illumina) with 100 bp pair-ended reads in the SELA Facility Core of

Rede Premium of School of Medicine, University of Sao Paulo.

3.18. Analysis of signaling pathways associated with GLSiso2: Sequencing generated an average
of 51 million reads per sample. Quality control analysis was performed by FASTQC software. Raw
reads were aligned to the hg38 through STAR software (122) . Quantification of the gene expression
data was performed through RSEM software (123) and the data were normalized according to two
different methods: Reads per kilobase million (RPKM) and counts per million (CPM). Differential
expression analysis (Bioconductor portal) was analyzed by the Limma-voom framework (124). The
raw data were initially log-transformed and normalized. Subsequently, differential expression

between groups was analyzed by linear models and the application of moderate t statistics. This
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analysis was performed with the RNA-Seq tool (125). The GLSiso2 silencing showed log [fold
change] = -0,7. Finally, the analysis of RNA-Seq data (genes differentially expressed in cells
silenced by siRNA compared with the NTC) was performed in genes related to altered processes
observed in functional assays. logCPM values were transformed to z-scores for heat map

visualization.

3.19. Functional validation of angiogenesis by sprouting assay: This assay was performed based
on HUVEC cells (1.10%/spheroid) were resuspended in DME F-12 culture media containing 0.20%
(w/v) methylcellulose and seeded by using the hanging drop method. After for 24 h each spheroid
was transferred to an embedded media containing collagen and methocel (1:1) into a 96 well plate
and allowed to polymerize for 30 min prior adding conditioned media on top of the gel. Each
well/condition containing at least 4 spheroids was treated with a different conditioned media being:
basal media with VEGF-A (250ug/mL) the positive control, and the media from U87MG cells
silenced with and NTC (negative control) at day 4. After 24 h, the spheroids were fixed using PFA
4% and pictures of the sprouting were taken with an inverted light microscope (Invitrogen
EVOS™), Sprouting was quantified by counting the number of the sprouts that had grown out of
each spheroid using Fiji v1.5.2, with at least 4 spheroids analyzed per experimental group and the

experiment was done in duplicates.

3.20. Statistical analysis: Statistical analysis was conducted with SPSS for Windows, version 20.0
(IBM Corporation, Armonk, NY) and GraphPad Prism (version 5.02, San Diego, CA). Comparisons
were considered statistically significant when p<0.05. The non-parametric Kruskal-Wallis and post
hoc Dunn tests were used to analyze the differences in mRNA relative expression in different grades
of astrocytomas. The correlation analysis between gene expression values was assessed by the non-
parametric Spearman-rho correlation test. The variation of specificity and sensibility of gene
expression levels was analyzed using the receiver operating characteristic (ROC) curve. Among the
continuous variables categorized through the ROC curve, the value with the best sensitivity and
specificity was chosen as the cut-off value. The area under the ROC curve (AUC) was used to
measure how the expression levels could distinguish between two groups. The gene expressions
were classified as hyper or hypoexpressed based on this cut-off value. The comparison of protein

expression and functional assays were carried by Two—way ANOV A and Bonferroni post-test. The
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data was provided as the result with mean = standard error and we considered statistically significant

when p < 0.05. The analysis was done in biological triplicate of at least two experiments.
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4. Results

4.1. Expression analysis of coding transcripts for the key enzymes involved in glutaminolysis

Expression analysis of transcript coding for the key enzymes involved in glutaminolysis,
GLSisol, GLSiso2, GLS2, GLUDI, GOTI, GOT2, and GPT2 was performed in our series of

astrocytomas of different malignant grades and NN brain samples.

4.2. GAC (GLSiso2) expression increases in parallel to astrocytoma malignancy

Interestingly, although no significant differential expression of the total GLS transcripts was
observed among different grades of astrocytoma compared to NN, a significant GLSiso2 (GAC)
hyperexpression was observed in all grades of astrocytoma when compared to NN (p < 0.0001
Kruskal-Wallis test, and p < 0.001 Dunn test), with the highest expression levels detected in a set
of GBM samples (Figure 2A). Of note, GLSiso2 expression increased in parallel to the grade of
malignancy (p <0.0001 AG1 vs. AG3, p <0.05 AG2 vs. GBM, p <0.05 AG3vs. GBM; Dunn test)
which reflected an increase of its correlation with the gene expression levels of the glutaminolysis
pathway from NN to GBM (Figure 2A). When gene expression level correlations were analyzed,
GLSiso?2 expression correlated weakly only with GPT2 expression in NN, while no correlation was
detected in AG1. GLSiso2 correlated negatively with GLS2, GOTI, and GOT2 in AG2 and
positively with GLS2 and GLSisol in AG3, whereas GLSiso2 correlated positively with all genes
of the glutaminolysis pathway in GBM (Figure 2B). Additionally, as shown in Figure 3, the GLSiso2
expression levels presented high discriminatory power to distinguish between GBM and NN
samples by ROC curve analysis (AUC =0.919; 95% CI, 0.867-0.971) and between GBM and AG2,
although with lower discriminatory power (AUC = 0.675; 95% CI, 0.569-0.781).
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Figure 2. Expression analysis of genes coding for glutaminolysis in astrocytomas of different malignant
grades. (A) GLSisol, GLSiso2, GLS, GLS2, GLUDI, GOTI, GOT2 and GPT2 expression levels in non-neoplastic
brain tissue (NN) compared to pilocytic astrocytoma (AGI1), low grade astrocytoma (AG2), anaplastic
astrocytoma (AG3) and glioblastoma (GBM). The expression levels differ significantly among the groups for all
genes analyzed (**p = 0.002, ***p < 0.0001, Kruskal-Wallis test) and between NN and each tumor group (post-
hoc Dunn test, where ****p < 0.0001, ***p < 0.0005, **p < 0.005, and *p < 0.05. The significant comparison
between the groups are represent by different symbols: NN (*), AG1 (o), AG2 ($), and AG3 (#). Horizontal bars
show the median of each group. The results are presented in log10 scale. (B) Correlation matrix showing the gene
expression correlations with each other in all groups analyzed. Positive correlations are shown in blue and negative
correlations in orange. The color intensiveness and the size of the circle are proportional to the value of r by
Spearman test. Only the correlations with p < 0.05 were plotted.

In contrast, GLSisol mRNA expression was significantly lower in AGl, AG2 and GBM
compared to NN (p < 0.0001 Kruskal-Wallis test, and p < 0.05 Dunn’s test) (Figure 2A), with
discriminatory power to distinguish between GBM and NN (AUC = 0.796; 95% CI, 0.1-0.308). No

significant difference of its expression was detected in a pairwise comparison among different
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grades of astrocytoma. However, we observed a strong positive correlation between GLSisol and
GLS2 in AG2 and with GLSiso2 in AG3, as well as with GLSiso2, GLUDI, GOTI1, GOT2 and GPT2
in GBM cases. Similarly, GLS2 hypoexpression was observed in astrocytoma of all malignant
grades compared to NN (p <0.0001 Kruskal-Wallis test, and p <0.00001 for all astrocytoma grades
and NN Dunn test) (Figure 2), and its expression level presented the power to distinguish between
GBM and NN (AUC =0.791; 95% CI, 0.000-0.06) and to distinguish between GBM and AG2, but
with lower discriminatory power (AUC = 0.65; 95% CI, 0.221-0.48) (Figure 3)
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Figure 3. ROC curves for glutaminolysis pathway gene expressions. ROC curves for GLSisol, GLSiso2,
GLS2, GLUDI and GOTI and GOT2 expression levels, showing sensitivity and specificity of gene expression.
The AUC values represent the accuracy of the individual gene for distinguishing between GBM and non—
neoplastic tissue in A, and between GBM and AG2 samples in B.

4.3. GPT2 downregulation in the GBM mesenchymal subtype correlated to upregulation of genes

involved in glutathione synthesis

Once Glu is synthesized it can be converted to a—KG, an intermediate of the TCA cycle, by

glutamate dehydrogenase (GLUDI1) and glutamate transaminases, as glutamate oxaloacetate
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transaminases (GOT1—cytosolic and GOT2—-mitochondrial) and glutamate pyruvate transaminases
(GPT1-cytosolic and GPT2-mitochondrial), which transfer amino groups from oxaloacetate or
from pyruvate to generate a—KG and aspartate or alanine, respectively (50). The expressions levels
of GLUDI, GOTI, GOT2, and GPT2 were differentially expressed in astrocytomas compared to
NN (p <0.0001 Kruskal-Wallis test for GLUD 1, GOT1, and GPT2 and p <0.002 for GOT2) (Figure
2A). Interestingly, GLUD1 expression was significantly decreased in GBM compared to AG2 (p <
0.005 Dunn test), and its expression level presented discriminatory power to distinguish between
GBM and NN (ROC AUC =0.770; 95% CI, 0.128-0.332) and between GBM and AG2 (ROC AUC
=0.742; 95% CI, 0.147-0.368) (Figure 3).

In contrast, GOT2 expression increased according to malignancy (p < 0.001 AG2 vs. AG3
and p < 0.01 AG2 vs. GBM, Dunn test) (Figure 2A) and presented discriminatory power to
distinguish between GBM and AG2 (AUC = 0.709; 95% CI, 0.608-0.810) (Figure 3). GPT2
expression also increased significantly according to malignancy (AGI relative to AG2 p < 0.001,
to AG3 p <0.0001, to GBM p <0.05; AG2 vs AG3 p <0.05, AG3 vs GBM p < 0.005; Dunn test),
in addition, the only different expression level was observed in AG3 compared with NN (p <
0.0001) (Figure 2A). Although GOTI expression levels differed significantly between NN and
astrocytomas, with discriminatory power to distinguish GBM from NN (ROC AUC = 0.902; 95%
CI, 0.038-0.159), no significant difference of GOTI expression levels was detected among the
astrocytoma grades of malignancy (Figure 2A).

Considering the natural history of malignancy progression from AG2 to GBM, an
upregulation of GLSiso2, GOT2, and GPT2 expression levels were observed, in contrast to the
downregulation of GLUD 1. However, a large spreading of their expressions was detected in GBM,
consistent with the well-known heterogeneity observed in GBM. Therefore, we analyzed the
expression levels in GBM cases classified according to the molecular subtypes in proneural (PN),
classical (CS), and mesenchymal (MS) subtypes (126). Our cohort comprised of 14 PN, 38 CS, and
14 MS cases. We found a statistical difference for GLS2 expression among the groups (p < 0.005,
Kruskal-Wallis test) and comparing two groups: PN vs MS (p < 0.05, Dunn test) and CS vs MS (p
< 0.05, Dunn test), with lower expression detected in the MS subtype.

To validate these findings, we analyzed gene expression in silico in a larger database. The
TCGA GBM database with gene expression from RNAseq comprised of 37 PN (8 G-CIMP and 29
non-G-CIMP), 38 CS, and 48 MS cases. GPT2 expression levels varied significantly among the
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GBM subtypes (p < 0.0001, Kruskal-Wallis test) with lower levels in MS than G-CIMP (p <
0.0005), PN (p < 0.05), and CS (p < 0.05, Dunn test). GLUDI expression levels also varied
significantly amongst GBM subtypes (p = 0.05, Kruskal-Wallis test) with significant higher levels
in G-CIMP compared to PN (p < 0.01) and to MS (p < 0.005, Dunn test). Although no statistical
significance was observed of GLS expression among GBM subtypes, a trend of increase of its
expression was noted in MS subtype (Figure 4A). The expression levels of GLS isoforms were not
available in this dataset. The TCGA data analysis showed the downregulation of GLUDI and GPT2
involved in the conversion of Glu to a—KG. GLUD| differed statistically in G—=CIMP to MS (p <
0.01). Particularly, GPT2 differed when comparing all groups with the MS subtype of GBM (G-
CIMP vs. MS p <0.001; PN vs. MS p < 0.01; CS vs. MS p <0.05).

The downregulation of both genes GLUDI and GPT2 suggests that the intracellular
availability of Glu is increased, especially in the MS subtype of GBM, which led us to investigate
another important Glu metabolism pathway: GHS. To this purpose, we selected the genes related to
glutathione pathway, glutamate—cysteine ligase modifier subunit (CGLM), gamma—
glutamylcyclotransferase (GGCT), glutathione S—transferase mu 4 (GSTM4), glutathione S—
transferase omega 1 (GSTO1), microsomal glutathione S—transferase 1 (MGST1), and microsomal
glutathione S—transferase 2 (MSGT?2), and analyzed the expression levels in the GBM database of
TCGA (Figure 4A). Additionally, the expression values were correlated to the expression data of
glutaminolysis genes (Figure 4B). The seven genes related to GSH synthesis presented differential
expression levels among the GBM molecular subtypes, with statistical differences for all genes (p
< 0.0005, Kruskal-Wallis test). Particularly, the expression of these genes was higher in the MS
subtype compared to the other subtypes. Moreover, the gene expression levels of GSH synthesis
were highly correlated among themselves when all groups of GBM were analyzed together (GBM:
G—CIM+PN+CS+MS), and interestingly, an inverse correlation was noted with GPT2 expression.
Particularly in the MS subtype, GPT2 expression correlated inversely to the expression levels of
GSTO1, GSR, and MGST2, suggesting the possibility of Glu not converted to 0—KG being used for
GHS synthesis (Figure 4B).
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Figure 4. TCGA dataset: Glutaminolysis— and Glutathione synthesis—related gene expressions and
their correlation in GBM subtypes. (A) Heatmap representing gene expression levels in G-CIMP,
proneural (PN), classical (CS), mesenchymal (MS) GBM subtypes. Up-regulated values are in red and down-
regulated in blue. The RPKM values were normalized by z-score (*p =0.05, **p < 0.0001, Kruskal-Wallis
test). (B) Box and whisker plots of GLUDI and GPT2 expression levels in different GBM subgroups. The
lines in the middle of the boxes show the median expression in each group, and the top and the bottom of
boxes represent the first and third quartiles. The results are presented in log2 scale of RPKM values.
(Kruskal-Wallis: *p < 0.05, **p < 0.005, Dunn test: MS vs PN (a); MS vs CS ($); G-CIMP vs MS: (#).
Spearman correlation matrices of gene expression levels in different GBM molecular subtypes. The color
bar on the right indicates the level of correlation (r) ranging from dark purple (negative correlation) to green
(positive correlation). The color intensiveness and the circle size are proportional to r values. Only the
correlation with p < 0.05 are plotted.
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4.4. GLUDI upregulation in IDHI™" AG3 correlated to downregulation of genes involved in

glutathione synthesis

G-CIMP cases of PN molecular subtype of GBM presented the highest GLUDI and GPT2
expression levels when compared to the other subgroups. Additionally, genes related to GSH
synthesis presented the lowest expression levels in G-CIMP cases. These data and the information
that increased conversion of Gln to Glu has been described in glioma cells harboring /DH [ mutation
(127) motivated us to investigate the /DHI mutation status influence in the expression levels of
genes involved in the glutaminolysis pathway and GSH. Gene expression levels previously
analyzed in GBM cases were also analyzed in AG2 and AG3 cases of TCGA, separating cases with
and without /DHI mutation (Figure 5A). In our cohort, 20 AG2 out of 26 cases (77%) presented
IDHI mutation, and 11 out of 18 AG3 cases harbored IDHI mutation (61%). Interestingly,
upregulated GLUDI and GPT2 expressions were observed in IDHI™" AG2 cases, with significant
difference compared to IDH 1Y AG2 cases for GPT2 expression (p < 0.05, Mann-Whitney test), and
a trend of increase for GLUD (Figure 5B). In a larger TCGA dataset, with 51 IDHI™* AG2 out of
63 cases (86%), and 80 IDHI™" AG3 out of 129 cases (63%), a significant higher GLUDI and
GPT?2 expression levels were observed both in AG2 and AG3 harboring /DHI mutation when
compared to cases without /DH mutation (p < 0.01 and p < 0.0001 for GLUDI in AG2 and AG3
respectively; p < 0.01 and p <0.001 for GPT2 in AG2 and AG3, respectively, Mann-Whitney test)
(Figure 5B). Correlation analyzes of expression level of all genes demonstrated that IDH ™" AG2
cases presented activation of both glutaminolysis and GSH synthesis in contrast to IDHIY' AG2,
with an inverse correlation between GLS2 and MSGT2 expressions in IDHI™" AG2 (Figure 5C).
On the other hand, IDHI™" AG3 cases presented a significant high correlation between GLUD1
and GPT2 expression levels, and inverse correlations with several genes related to GSH synthesis.
Of note, GLUD1 expression level was inversely correlated to GSR, GCLM, GSTOI and GSMT?2
expression levels, indicating the downregulation of these gene expressions when GLUDI was

upregulated in IDHI™" AG3 cases (Figure 5C).
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Figure 5. AG2, AG3 TCGA dataset: Glutaminolysis— and Glutathione synthesis—related gene
expressions according to IDH1 mutation. (A) Heatmap representing the expression levels of genes
presenting statistical significance in AG2 and AG3 with wild type (wt) and mutated (mut) /DH 1. Upregulated
values are represented in red and downregulated in blue. The RPKM values were normalized by z-score. (B)
The differential expression levels of GLUDI and GPT?2 in each stratified group. (Mann-Whitney test: *p <
0.05, **p < 0.01; ***p < 0.0005, ****p < 0.0001). Horizontal bars show the median expression in each
group for the up panels, while the bottom panels boxes represent the first (top) and third (bottom) quartiles,
and the median are represented by the middle line in the boxes. The results are presented in log2 scale of
RPKM values. (C) Spearman correlation matrix among the gene expression levels of each group. The color
bar on the right indicates the level of correlation ranging from dark purple (negative correlation) to green
(positive correlation). The color intensiveness and the circle sizes are proportional to r values. Only the
correlations with p < 0.05 are plotted.

4.5. GLUDI1 and GPT2 protein downregulation in GBM-MS and GLUD1 downregulation in
AG2-IDH™ correlated with upregulation of GS activity
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The GBM-MS presented lower GLUDI and GPT2 protein levels when compared to the
GBM-PN cases (p < 0.05 and p < 0.001, respectively). Although statistical significance was not
reached, AG2-IDH™ presented low GLUDI1 protein level (Figures 6A, B). Additionally, we
evaluated whether the level of these proteins correlated with GS expression. Interestingly, a
significant increase of GS expression was observed in GBM-MS and AG2-IDH™ in comparison

with GBM-PN and AG2-IDH™ (p < 0.01 and p = 0.05, respectively) (Figures 6C, D).
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Figure 6: GLUD1, GPT2, and GS protein expression analysis in GBM and low-grade astrocytomas
according to IDH mutation status. (A) Western blotting analysis of the expression of GLUD1 and GPT2
in AG2-IDH"', AG2-IDH™" GBM-MS (IDH"") and GBM-PN (IDH™") samples, and GS in (C). B-actin was
used as the loading control. (B, D) Quantification of each protein relative to B-actin protein by Imagel,
represented by mean values + standard deviation. The graph is representative of at least four replicates of
one experiment. *p < 0.05, **p < 0.001, one-way ANOVA, Bonferroni post-test

4.6. The relevance of the GAC (GLSiso2) in malignant progression of astrocytomas

GLS isoforms expression was investigated at the protein level, and we confirmed a differential
expression of GLSisol and GLSiso2 in astrocytomas of different malignant grades compared to NN
cases (Figure 7). Whereas GLSisol was clearly present in all NN and in diffusely infiltrative
astrocytoma (grade 2 to 4) samples, with higher abundance in NN samples in comparison to GBM

samples (p <0.001 ANOVA two—way, with Bonferroni post—test), GLSiso2 expression was mostly
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detected in GBM cases and only slightly detected in NN samples. Both GLS isoforms were detected
in the U7MG cell line, a GBM cell line of MS subtype (Figure 7).
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Figure 7. GLS isoforms expression profile during astrocytoma progression and U§7MG human GBM
cells. (A) Western blot analysis of the expression of GLS isoforms in non-neoplastic (NN), pilocytic
astrocytoma (AG1), low grade astrocytoma (AG?2), anaplastic astrocytoma (AG3), glioblastoma (GBM), and
U87MG GBM cell line. GLSisol and GLSiso2 are indicated by green arrow and red arrows, respectively. -
actin was used as loading control. (B) Quantification of proteins by ImagelJ represented by mean values +
standard deviation. The graph is representative of at least two replicates of one experiment. ***p < 0.001,
Two-way ANOVA, Bonferroni post-test.

The high expression of GLSiso?2 in astrocytomas, especially in GBM, with its low expression
in NN tissue pointed out this isoform as a potential candidate for new therapeutic strategies for
GBM patients. Therefore, we analyzed the roles of GLSiso2 in in vitro GBM cell model to better
understand the reach of this target for clinical applicability. Initially, we performed a GLSiso?2
silencing in the human GBM cell line (U87MG). The analysis was assessed using a small interfering
RNA against GLSiso2 and a non-target (NTC) as negative control. We tested three different
concentrations (0.1, 1 and 10nM) and the efficiency of GLSiso?2 silencing was evaluated at mRNA
level through qPCR-RT (Figure 8A). The inhibition rate was more efficient on day four and day
seven at concentration of 10nM (15.7% and 8.4% of GLSiso2 expression in siRNA-GLSiso2
compared to NTC, respectively) (Figure 8B). We also evaluated the protein expression through
Western Blotting (Figures 8C, D) and we observed a higher inhibition at day 4 (D4). Thus, all
further experiments were performed at D4. In addition, protein expression level and its cellular
distribution were evaluated through immunofluorescence. A decrease of GLS protein expression
was observed in tumor cells silenced for GLSiso2 compared to control (NTC). Beyond the reduction
in the protein quantity, it was observed the GLS localization in mitochondria. The zoomed-in
regions-of-interest in images (ROI) confirmed the GLS, presumably GLSiso2, localization in

mitochondria, as previously reported in literature (Figure 8E) (128).
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Figure 8. GLS isoforms expression analysis in US87MG cell line. (A) Expression of GLSiso?2 silencing after
transfection in different concentrations (10, 1 and 0,1 nM). (B) Expression of GLSiso?2 after transfection in
different times (2, 4 and 7 days). Transcript levels was analyzed by quantitative real-time PCR. (C) Protein
expression of GLS isoforms in US7MG cell line analyzed by Western blotting. Endogenous control: -actin. (D)
Densitometry results of the Western blotting presented in (C) representative of one experiment. (E) Double
immunofluorescence analysis for GLS (green) and mitochondria (red mitoTracker) in U87MG cells showed their

co-localization in 63x STACK. Nuclei were counterstained with DAPI (blue). The cells were fixed and stained
after 4 days of silencing.

4.7. Silencing of GLSiso2 decreased cell proliferation rate

The cell proliferation rate after silencing GLSiso2, and NTC showed a significant decrease of
cell viability from D4 (50%), D5 (51.7%), D6 (70.3%) and D7 (59.4%) (Figure 9A). Moreover, a
cell cycle arrest at G1 phase was observed in the GLSiso2-silenced cells (69.5%) in comparison
with the control NTC (36.9%), as well as a significant difference between G1-S phases (25.77%)
and G2/M (8.5%) in the GLSiso2 silenced cells compared to NTC, confirming the G1 cell cycle
arrest (Figures 9B, C). Additionally, as a specific chemical inhibitor for the GLS isoforms is not
commercially available yet, we decided to perform the chemical blockage using different
concentrations of BPTES, a total GLS inhibitor. A decreased tumor cell viability was observed after
24,48, 72 and 96 h with BPTES at ICso of 6uM in comparison with the control using DMSO (Figure
9D).
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Figure 9. Proliferation rates in U87MG cell line after GLSiso2 silencing. (A) Data comparing US7MG
cells silenced for GLSiso2 and control (NTC) after 2 (D2), 4 (D4) and 7 (D7) days. Viability of cells was
accessed by Presto Blue reagent. *** p <0.001 * p <0.05 (two-way ANOVA: Bonferroni). (B) Quantification
of US7MG cells in phases G1, S, and G2 after 12 h of silencing. (C) Histograms of quantification of US7MG
cells in phases G1, S, and G2 after 3, 6, 12 and 24 h after silencing. The values were expressed as mean +
standard deviation of one replicate of three different experiments. * p < 0.05; ** p < 0.01, and **** p <
0.0001 (Two—way ANOVA: Bonferroni). (D) Proliferation assay comparing US7MG at 24, 48, 72 and 96 h
after treatment with GLS inhibitor (BPTES 0,1-50uM) and control DMSO. Cell viability accessed by Presto
Blue reagent. The values were expressed as mean + standard deviation of four replicates of two different
experiments.

4.8. Silencing of GLSiso2 sensitized US7MG cells to Temozolomide

The decrease of tumor cell proliferation by GLSiso2 silencing was enhanced in
temozolomide-sensitized tumor cells, which was demonstrated by photomicrographs showing
enhancement of cell death of sSiRNAGLSiso?2 cells when treated with TMZ in comparison to non-
treated parental control cells, and NTC cells (Figure 10A). Moreover, a significant decrease of
viable cells was observed for all conditions: NTC (91.0%) x siRNAGLSis02 (77.2%); NTC+
DMSO (91.5%) x siRNAGLSiso2 + DMSO (73.8%) and NTC+ TMZ (62.1%) x siRNAGLSiso2 +
TMZ (47.5%). Additionally, a trend of increasing annexin positive cells was observed (Figure 10B,
C) in GSLiso2 silenced+TMZ cells compared with controls. No differences were observed in double

staining/late apoptosis and 7AAD (7-Aminoactinomycin D) staining/necrosis.

39



A TMZ (1nM) DMSO C

NTC GLSiso2
at Q2 Q2
E 525 1,84 274
siRNA
o i
= a4 a3 a3
2 909 1,08 322
> -
< "o
Z
I a1 Q2 s ai Q2
75 > z 249 145 107375 368
o 0, 5 =y N 3 < " < E|
'g (=5 "e o " ] . DRSS SiRNA+
2 7 + 3 p LN oo pmMsoO < 4l
G S, o BB A AR 3 o
Qv S @Y 08 i S - [ :
Z | 97 g\ Shavey Wy F- = o o
s @Ry “ - BT e v £ : : s
- = b - T g¥ s £ . . A Q 3 3
@ ) R o & 00 . DH* 5 : o
B o od
Q4 Q3 3 Q4
NTC 93,7 2,33 10® 1 80,8

GLSiso2 L e AR
NTC DMSO -0 1 1
NTC + TMZ a1

1004 [ 1 GLSiso2 + DMSO 126
GLSis02 +TMZ
80
siRNA+

T™Z

*
*
*
*

60+

40

Cell Population (%)

Q4
708

204

0- Comp-PE-Texas Red-A :: PI

Viables Annexin(+)

Figure 10. GLSiso2 silencing sensitized US7TMG cell to Temozolomide treatment. (A) Proliferation assay
photomicrographs comparing the US7MG cell line treated with TMZ (1mM) and non-treated in different
conditions: WT (parental cells), NTC (control) and silenced cells (siRNAGLSiso2). (B) Quantification of
U87MG cells stained for annexin V-PE and 7-AAD after GLSiso2 silencing, control (NTC) after 4 (D4)
days and treated with TMZ (1mM-72h). Scatter plots of flow cytometry results are presented at (C). The
values are expressed as mean =+ standard deviation of two replicates of three different experiments. * p <
0.05 and *** p <0.001. (Two—way ANOVA: Bonferroni).

4.9. GLS protein distribution in human Astrocytomas and HUVEC endothelial cell line

Total GLS protein distribution was also analyzed in different grades of human astrocytomas
by immunohistochemistry. We observed that the higher the malignant grade, the higher the GLS
protein expression in tumor cells. Interestingly, tumor ECs presented higher GLS expression in
grade 4-GBM cases compared to lower grade astrocytomas and NN brain tissues (Figure 11A, B).
As antibodies for specific GLS isoforms are not commercially available, the distribution of both
isoforms in each tumor cell compartment, including ECs, awaits the development of these specific
reagents.

We analyzed the differential expression of GLS isoforms in HUVEC immortalized umbilical

EC line by qPCR and WB to verify whether this cell line was suitable to study the impact of GLS
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isoforms on the vessel compartment. HUVEC cells presented higher expression of GLSiso2 than
GLSisol (Figure 11D, E). Therefore, chemical blockade of the total GLS by BPTES was tested in
HUVEC cells, and a significant decrease of EC proliferation was observed (Figure 11F). In addition,
GLS protein distribution was evaluated through immunofluorescence in HUVEC cells. GLS (green)
colocalized with mitochondria (red), suggesting the presence and abundance of GLSiso2

(mitochondrial isoform) in ECs (Figure 11C).
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Figure 11. GLS protein distribution in different grades of astrocytomas and GLS isoform expressions
in HUVEC cell line. (A, B) GLS protein expression in AG1-4 and NN: Representative images of GLS in
(A-NN), (B-AG1), (C-AG2), (D-AG3), and (E, F-GBM). GLS positive staining was detected in neurons but
not ECs in NN. AG1 and AG2 tumor cells (TUs) and ECs did not present positivity whereas few AG3 TUs
and ECs presented positivity. Interestingly, GLS immunoreaction was quite heterogeneous in GBM: cases
with ECs+/TU- (E-GBM) and ECs-/TU+ with strong positivity in granular pattern (F-GBM, insert 600x)
were observed. Arrowheads = vessels. * In C point to neurons within the AG2 tumor bulk. Bars = 10um
scale. (C) Double immunofluorescence analysis for GLS (green) and mitochondria (red MitoTracker) in
HUVEC cells showed their co-localization. Nuclei were counterstained with DAPI (blue). (D) Expression
of total GLS and GLSisol and 2 in HUVEC cell line. Transcript levels was analyzed by quantitative real-
time PCR. (E) Protein expression of GLS isoforms in HUVEC cell line analyzed by Western blotting.
Endogenous control: B-actin. (F) Proliferation assay comparing HUVEC at 24, 48, 72, and 96 after treatment
with GLS inhibitors (BPTES 0,1-50uM) and control DMSO. Cell viability accessed by Presto Blue reagent.
The values were expressed as mean + standard deviation of four replicates of two different experiments.

4.10. The GLSiso?2 related signaling pathways identified by RNASeq: metabolic reprogramming

and angiogenesis
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To better understand the role of GLSiso2 in GBM, we analyzed the transcriptome of U87MG
GLSiso2-silenced cells by RNASeq. The transcriptomic analysis showed 352 downregulated genes
(logFC<-0.7, p<0.05, and adjusted p<0.5) in comparison to NTC. The enrichment analysis by
WebGestalt using the ORA methodology and Gene Ontology Pathways database revealed 10
biological processes with FDR <0.05 including, regulation of RNA polymerase II transcriptional
complex assembly, post- embryonic animal organ development, response to hydrogen peroxide,
muscle cell development, regulation of actin filament organization, cellular response to platelet-
derived growth factor stimulus, response to platelet-derived growth factors, coronary vasculature
morphogenesis , coronary vasculature development, and artery development (Figure 12A). The
gene set from these pathways were analyzed and twenty-one differentially expressed genes,
including important genes related to angiogenesis (129) such as pro-angiogenic factors VEGFA,
TGFA, PDGFp, and ANGPTL2,4 were downregulated in the silenced cells compared to NTC cells
(Figure 12B). Additionally, the analysis of the String Consortium tool showed high connectivity
among this set of genes (130) (Figure 12C). Moreover, the system biology analysis revealed an
interesting net among GLS, TP53, PDGFR-B, TGFA, VEGFA, ANGPTLZ2,4 connecting metabolism,
and angiogenesis (Figure 12D).
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Figure 12- Transcriptome analysis of U87MG GLSiso2-silenced cells. (a) Ten most enriched pathways
of ORA methods for GO biological process pathways of downregulated genes in comparison to NTC. The
bars represent a score determined by the gene pool (FDR) and related fold change. FDR: false discovery rate.
(b) Heatmap of 21 genes involved in pathways related to angiogenesis. Downregulated values are presented
in blue and upregulated values in red. The values are expressed as mean three replicates ***p < 0.001 and
*¥*k*% p < 0.0001. (Two-way ANOVA: Bonferroni). The logCPM (counts per million) values were
normalized by z-score. (¢) The differentially expressed genes were plotted in a network according to the
biological function- Gene Ontology Resource (130) by the String Consortium tool. (d) Proposed influence
of GLSiso2 siRNA and angiogenesis related genes in U87MG cells.

*x GLSis02
B« pDGFRB
*4+ PLXND1
** VEGFA
*+ TGFBR1
*x PDGFRB
woer ANGPTL2
*oer ANGPTL4
*orx TGFA

*x NDST1
*++ PLCD3
*ox SEMABA
*ex JIMID6
*or TGFBR1
*orr RHOB
*x | DLR

*+ PTPRB
*ex TP53

*ox 5| CBAT
woex ANK2

wox KLF4

*ox \WWNT10B

o

4.11. GLSiso?2 association with metabolic reprogramming

As GLS is a key regulator of the glutaminolysis, an important metabolic pathway, we analyzed
the metabolic related genes in US7MG GLSiso2-silenced compared with NTC cells based on the
KEGG pathway database (131). A set of 17 downregulated genes were detected in different
metabolic pathways (Figure 13A), strongly connected as shown by the String Consortium tool
(Figure 13B). Important genes related to glycolysis pathway such as LDHA, ENOI1, GAPDH and
ALDOA as well as glucose transporters, GLUTI and GLUT3, were downregulated in GLSiso2
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silenced cells. Moreover, GPT2 related to glutaminolysis, and IDH3B and IDH3G, genes
responsible for converting a-KG in isocitrate in TCA cycle were downregulated. Lastly, two lactate
transporters (MCT1 and MCT4) were downregulated in comparison to the NTC. The above cited
genes are involved in the Warburg effect (132).

The lactate is an end product of glycolysis, and its abundance increases during Warburg effect.
Therefore, we measured lactate in sSIRNAGLSios2 and NTC cell samples, and a decreased of 48.6%
in the siRNAGLSiso2 samples was observed (Figure 13D), corroborating the downregulation of
important metabolic genes involved in the Warburg effect, including genes associated with the
glycolytic pathway, glucose and lactate transporters leading to a decreased lactate production in

GLSiso?2 silencing cells (Figure 13C).
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Figure 13- Metabolic downregulated genes in U87MG GLSiso2-silenced cells. (A) Heatmap of
expression values for 17 genes involved in the Warburg Effect. Comparison of the expression for GLSiso2-
silenced cells and NTC, wherein red are up-regulated values and blue down regulated. The logCPM values
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were normalized by z-score. The values are expressed as mean of three replicates **** p < 0.0001. (Two—
way ANOVA: Bonferroni) (B) The differentially expressed genes were plotted in a network according to
the biological function (Gene Ontology Resource®) by the String Consortium tool. (C) Proposed influence
of GLSiso2 inibition in Warburg effect in U87MG cells. (D) Lactate expression analysis comparing

GLSiso2 silenced cells and NTC. The values are expressed as mean of three replicates of two experiments
*
p <0.05.

4.12. GLSiso?2 association with angiogenic process

Considering the findings of angiogenic pathway by transcriptomic analysis of GLSiso2
silenced US7MG cells, a set of growth factors related to angiogenesis was analyzed using a
multiplex assay. The measurements of VEGF-A, TNF-a and ANGPTL2 were significantly lower
in the siRNA-GLSiso2 samples in comparison to the NTC (Figure 14A). Thus, the impact of these
decreased growth factors expression on angiogenesis was analyzed by sprouting assay using
HUVEC cells. Spheroids of HUVEC cells were harvested with cell media of siRNAGLSiso2 cells
and of NTC cells at D4 of gene silencing. The cell media of HUVEC parental cell harvested with
VEGF-A was used as a positive control. Decreased sprouting number formation in the
siRNAGLSiso2 samples compared to the positive control and NTC was observed (Figure 14B, C).
The length of the sproutings of HUVEC cells exposed to GLSiso2 silenced cell media was also
decreased in comparison to the positive control (Figure 14C), corroborating previous data indicating

the involvement of GLSiso?2 in the angiogenic process.
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Figure 14- GLSiso2 participation in angiogenic process. (A) Analysis of ANGP-2, TNF-a and VEGF-a.
Comparison of the expression for GLSiso2-silenced cells and NTC. The values are expressed as mean of
three replicates of three experiments * p <0.05 ** p <0.01*** p <0.001. (Two—way ANOVA: Bonferroni)
(B) Photomicrography of HUVEC spheroids after 24 h of treatment with positive control (mediat VEGF-
a), NTC and GLSiso2 cell media at D4 of gene silencing (C) Number of sprouting formation and length of
sprouting comparing the GLSiso2 treated spheroids with positive control, and NTC. The values are
expressed as mean of three replicates (spheroids) and two experiments * p < 0.05 p < 0.01**,
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5. Discussion

Metabolic reprogramming has been proposed to be a hallmark of cancer (47), and in the
present analysis we observed a progressive activation of the glutaminolysis from low grade
astrocytoma to GBM. In fact, glutaminolysis has been pointed as one of the major altered metabolic
pathways related to tumor growth (41,53). High extracellular GIn concentration has been associated
with cell transformation (50), and its metabolism was related to cell survival and tumor growth by
maintaining redox balance, bioenergetics and supporting macromolecular biosynthesis (47,60). We
have previously reported the upregulation of Gln transporters, ASCT2 and LAT]1, in all grades of
astrocytoma (61). Here, we showed the upregulation of the mitochondrial isoform of GLS (128),
GLSiso2 (GAC), in all grades of astrocytoma at gene and protein levels, and a gradual increase of
its expression was observed in parallel to the increment of malignancy. GLSiso2 involvement in
cancer progression has been previously reported in prostate cancer and B cell lymphoma (133).
GLSiso2 is activated by inorganic phosphate (128) and it is also under c-Myc oncogene influence,
through a mechanism involving microRNA (59,133). Oscillation of GLSis02 expression has been
associated with oxygen concentration, with an increase in hypoxic condition (128). Our finding of
GLSiso2 higher expression in GBM, the more malignant astrocytoma presenting necrosis,
corroborated this previous observation. The cytosolic GLSisol (KGA) expression was also higher
in more malignant than lower grade astrocytomas. Nevertheless, the high expression observed in
NN tissue renders this target less eligible for therapeutic purposes.

The other glutaminase, GLS2, in contrast to GLS with broad distribution among normal
tissue, presents a more restricted distribution in liver, brain, pituitary gland and pancreas (134,135).
GLS2 expression level was significantly lower in astrocytoma than NN, with the lowest expression
in GBM of MS subtype in our cohort. This finding corroborates the tumor suppressor role attributed
to GLS2 in previous studies, where inhibition of tumor cell proliferation, colony formation and
migration were attributed to GLS2 (60,83,133,136—139). This tumor suppressor activity is
dependent on p53 and other related proteins, as p63 and p73 (83). Therefore, concerning the first
step of the glutaminolysis pathway, our findings suggested that GLSiso2 plays a key role in
tumorigenesis and malignant progression of astrocytoma, whereas GLS2 expression pattern is
consistent with tumor suppressor function, being mostly suppressed in the aggressive MS molecular

subtype of GBM.
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Interestingly, the downflow activation of the glutaminolysis pathway with the conversion of
Glu to a—KG through dehydrogenase and transaminase varied according to the astrocytoma grade.
A significant downregulation of GLUDI and GPT2 expressions were observed in GBM compared
to lower grade astrocytoma in our cohort and confirmed in the TCGA dataset. Particularly, GPT2
was significantly downregulated in GBM of MS subtype compared to other molecular subtypes.
The downregulation of GPT2 may result in an increase of intracellular Glu availability, which may
be directed for GSH synthesis (140).

GSH is a tripeptide formed by glutamic acid, cysteine, and glycine and plays an important role
in the maintenance of the intracellular redox balance (141,142). Elevated GSH levels confer
resistant to chemotherapy in various types of cancer (143—145) by binding to or reacting with drugs,
interacting with ROS, preventing damage to proteins or DNA, and participating in DNA repair
processes (143). Moreover, GSH and GSH-related enzymes including ligase (GCLM), transferase
(GGT), reductase (GSR) and glutathione S—transferases (GSTM4, GSTO1, MGST1, MGST2)
activities may play a role in adaptive detoxification processes in response to the oxidative stress,
thus contributing to drug resistance phenotype (141,143).

The increase of intracellular Glu level may favor its release to the extracellular space by a Gln
/cysteine antiporter system x c—dependent, which increases intracellular cysteine levels ([Cys]i). In
turn, high [Cys]i favors GSH synthesis (140). In fact, the TCGA data analysis showed a significant
inverse correlation among GPT2 expression and expression level of several genes related to GSH
synthesis. Particularly, upregulation of GSTOI, MGST2 and GSR were correlated significantly to
the downregulation of GPT2 in MS subtype of GBM. The anti—oxidative effect provided by
increased synthesis of GSH can balance the elevated generation of ROS due to high metabolic rate
presented by GBM cells and favor their survival (146). Such mechanism may be related to the
aggressive behavior of GBM of MS molecular subtype.

In contrast, AG2 and AG3 presented higher GLUDI expression levels than GBM, and
particularly in those cases harboring /DH mutation. Similarly, GPT2 expression was also higher
in AG2 and AG3 cases harboring /DHI mutation. Metabolomic studies of /DH mutant cells have
revealed alterations in Gln, fatty acid, and citrate synthesis pathways (147,148). IDH [ mutation was
shown to convert 0—KG to D-2—hydroxyglutarate, which due to its structural similarities acts as a
competitive inhibitor reducing the activity of 0o—KG—processing enzymes (149). As a feedback, o—

KG is replenished by glutaminolysis and TCA cycle, which leads to a decrease in Gln and Glu
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levels (150). Therefore, IDHI™" gliomas are “glutamate addicted”, and the lack of Glu decreases
its exchange with Cys through the system XC— (151). The lack of cytoplasmic Cys reduces GSH
synthesis, which increases the susceptibility to ROS—induced stress as through radiation therapy or
TMZ treatment (151). In this context, reduced Glu contributes to a better outcome presented by
gliomas with IDHI mutation (127,140). In fact, our correlation analysis among genes related to
glutaminolysis and GSH synthesis—related genes demonstrated that GLUDI and GPT2 expression
levels inversely correlated to GSH synthesis—related gene expression levels, particularly in IDH ™"
AG3. Our findings reinforce the hypothesis that decreasing Glu may sensitize IDHI™" cells to
radiation and ROS—inducing drugs due to reduced GSH synthesis. Indeed, GLS inhibition and /DH
mutation were recently demonstrated to present a synthetic lethal relationship under conditions of
oxidative stress (127).

Our findings together with TCGA data analysis indicated that AG2 and AG3 harboring IDH 1
mutation may decrease tumor cell fitness by lowering Glu, GSH and resistance to oxidative stress.
Interestingly, the end metabolites of these enzymes, ammonia and alanine are measurable by the
MR spectroscopy (152—155). Thus, monitoring the waning of GLUDI and GPT2 expression levels
by measuring their end substrates by this non—invasive imaging technique may potentially detect
the progression of lower grade astrocytomas harboring /DHI mutation towards secondary GBM,
and it would, therefore, allow a change in therapeutic strategy for these patients. Such hypothesis
would be worthwhile to test in future studies.

After studying the glutaminolysis pathway and its impact in tumor astrocytomas we carried
out the analysis of the role of the GLSiso2 isoform in the US7MG cell line, representative of a GBM
cell line of MS subtype. As cited before, both isoforms of GLS were upregulated in our astrocytoma
cohort, with increased expression in parallel to the increase in the astrocytoma malignancy.
Interestingly, GLSisol expression was much higher than GLSiso2 in non-neoplastic brain, which
gives advantage to GLSiso2 as potential therapeutic target. Our results corroborated previous studies
reporting GAC variant as the key enzyme for cancer cell growth (128,133,156).

The GLS isozymes, in particular the GAC splice variant, are frequently upregulated in many
types of tumors (128,157). Recently, GLS inhibitors, BPTES and 968, have been identified
(158,159) and siRNA-mediated knockdown of GLS showed to impact severely the proliferation
and/or survival of several cancer cell lines, without any detrimental effects on non-tumorigenic cells

(99). Here we showed, in US7MG cells, that transient silencing of the GLSiso2 isoform decreased
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cell proliferation, induced cell cycle arrest in G1 phase and sensitized the tumor cells to TMZ
treatment. The RNAseq data showed a downregulation in two major GBM-involved pathways:
angiogenesis and metabolism.

The hypervascularity is one of the most significant characteristics of GBM. There is a
significant correlation between the degree of angiogenesis and prognosis (160,161). Tumor
progression is intimately associated with changes to the tumor microenvironment (162), including
disruption of the blood brain barrier (BBB), variation of the extracellular matrix (ECM) (163), and
other factors that can induce a wide range of interactions between endothelial and stromal cell
populations (164). Hypoxic and necrotic conditions distinguish the GBM tumor microenvironment,
which supports the formation of new vessels. In these conditions, GBM stem cells (GSCs), promote
transdifferentiation of GSCs into ECs, and upregulate the release of pro-angiogenic growth factors,
such as VEGF. Notably, tumors presenting high stem cell number are highly angiogenic (164,165).
Besides, ECs play a role in barrier formation, conferring specific permeability in different organs,
being the tightest in the brain, characterizing the BBB. ECs are stimulated to form new blood vessels
by an angiogenic process when tissues or tumors grow. Phalanx ECs must change phenotypically
to build vessel sprouts during angiogenesis, inducing the formation of a migratory tip ECs and
proliferative stalk ECs that elongate the sprout. Active metabolism to convert nutrients to energy
and biomass is essential for ECs in this process of forming new blood vessels (166). One of the
main regulators of tumor metabolism and angiogenesis is HIF1a (167). In several cancer types,
increased HIF1a expression was correlated with poor clinical prognosis (168). A large body of
experimental data shows that manipulations that increases HIF1a expression result in increased
tumor growth, vascularization, and metastasis, whereas loss of HIF activity has the opposite effect
(169). A therapeutic strategy inhibiting angiogenesis through targeting proteins related to the
angiogenic signaling, as VEGF, has been attempted against cancer and other diseases as
retinopathies (166,170). However, the results have been limited by low efficacy and/or drug
resistance. Our siRNAGLSiso2 RNAseq results showed a decrease in different growth factors,
including VEGFa, TGFa, PDGFp, and Angiopoietins 2 and 4 that are intimately related to the
angiogenic pathway. We also showed a decrease in the number of sprouting when ECs spheroids
were cultivated with siRNAGLSiso2 media indicating that GLSiso2 was involved in angiogenic

process and its silencing in tumor cells may decrease the crosstalk between tumor cells and ECs.
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The siRNAGLSiso2 RNAseq analysis also showed a downregulation in key metabolic genes
involved in the glycolysis pathway and Warburg effect. The Warburg effect is characterized by the
metabolic shift towards aerobic glycolysis with reprogramming of mitochondrial oxidative
phosphorylation, regardless of oxygen availability, a characteristic feature of many types of cancers
including gliomas. In addition to the Warburg effect, GBM tumor cells also utilize the
TCA/OXPHOS in higher capacity than normal tissue (171). One of the major advantages of the
Warburg effect in tumor cells is the production of lactate during aerobic glycolysis. Lactate can
induce HIFla expression, which in turn, drives the expression of several glycolytic enzymes,
including phosphofructokinase (PFKM), glucose transporter-1, -3 (GLUT-1, -3), hexokinase II
(HK?2), lactate dehydrogenase A (LDHA), and aldolase (ALDOA), which are involved in
reprogramming aerobic glycolysis (103). The lactate produced by cancer cells is exported to the
extracellular space via MCTs and therefore, the extracellular pH significantly decreases in the tumor
microenvironment (TME) leading to apoptosis of non-tumor cells and invasion of malignant cells
into the normal parenchyma. Lactate also has a role as a potent signaling molecule. This is of
particular interest in tumor metabolism, as high-lactate levels are often associated with a worse
prognosis (172,173). One of the mechanisms proposed for this poor prognosis is the increase of
angiogenesis. Any change in lactate levels lead to immediate balance of pyruvate level through
LDH activity and vice versa. Accumulated pyruvate inhibits the formation of 2-oxoglutarate, the
molecule responsible for targeting HIFla for degradation in the proteasome. When lactate
(pyruvate) levels increase, HIFla drives angiogenesis via VEGF expression. Thus, HIFla
stabilization can be driven by lactate independently to hypoxia (174). Several studies have shown
the antitumor potential effect of the VEGF-lactate pathway. Interestingly, glycolytic glioma tumor
cells showed increased HIFla levels with exposure to lactate, independent of hypoxia (175).
Moreover, oxidative tumor cells activated HIF1a through importation of lactate (176). An in vivo
study using intraperitoneal lactate administration enhanced xenografted tumor growth, vascularity
and metastasis (177), and another in vivo study, in Lewis lung carcinoma mice model, showed a
twofold reduction of vascularity in less than 2 weeks inhibiting MTCs (178). Our results suggest a
decrease of the glycolytic gene expression, with decrease of lactate and VEGFA production, and
decrease of both substrates in TME which may lead to decreased angiogenesis.

To summarize our findings, we reported that in GBM particularly in the MS subtype, the

downregulation of both genes and proteins (GLUD1 and GPT2) increases the source of glutamate
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for GSH synthesis and enhances tumor cell fitness due to increased antioxidative capacity. In
contrast, in lower-grade astrocytoma, mainly in those harboring the /DHI! mutation, the gene
expression profile indicates that tumor cells might be sensitized to oxidative stress due to reduced
GSH synthesis. Reinforcing the hypothesis that decreasing Glu may sensitize IDHI™" cells to
radiation and ROS-inducing drugs due to reduced GSH synthesis. The measurement of GLUD1 and
GPT2 metabolic substrates, ammonia, and alanine, by noninvasive MR spectroscopy, may
potentially allow the identification of IDH1™* AG2 and AG3 progression towards secondary GBM.
Thus, monitoring the waning of GLUDIand GPT2 expression levels by measuring their end
substrates by this non-invasive imaging technique may potentially detect the progression of lower
grade astrocytomas harboring /DH Imutation towards secondary GBM.

We also showed that GLSiso2 upregulation was associated with tumorigenesis and tumor
progression in astrocytomas. The GLSiso2 gene silencing of the US7MG- GBM cell line led to a
significant decrease of tumor cell proliferation as well as a cell cycle arrest at G1 phase.
Additionally, an enhancement of this finding was achieved on temozolomide-sensitized tumor cells.
The RNAseq transcriptome analysis of these GLSiso2-silenced cells revealed a differential
expression of genes related to blood vessel development, angiogenesis, and tube development with
significant FDR values, showing a decrease of the expression in important genes involved in the
angiogenesis pathway such as VEGF-a, ANGP2,4, TNF-a in contrast with the control NTC. These
findings were confirmed when we evaluated the expression of growth factor in the cell culture media
and using the sprouting assay comparing siRNAGLSiso2 and NTC. The immunohistochemistry
analysis in human astrocytoma FFPE samples demonstrated GLS positivity on tumor cells and
blood vessels, with higher protein expression in more malignant astrocytoma as well as a higher
expression of GLSiso2 in HUVEC cells. We also showed a decreased lactate expression in the
silenced cell in comparison to the NTC. Such observation corroborated the transcriptomic finding
of GLSiso2 participation in the EC compartment, connecting genes related to metabolism and

angiogenesis and uncovering a new target for therapeutical strategies.
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6. Conclusion

In conclusion, GLSiso2 upregulation was associated with tumorigenesis and tumor
progression in astrocytomas. Particularly in GBM, the accumulation of Glu due to GP72 and
GLUDI downregulation correlated to upregulation of genes related to GSH synthesis which could
favor tumor cell survival, mostly in the most aggressive MS subtype. In contrast, GLUDI may lead
to a decrease in GSH synthesis in /DHI™" low-grade astrocytoma increasing the susceptibility to
oxidative stress, rendering them more sensitive to radiation therapy and to alkylating therapy. Both
GLS isoforms, GLSisol and GLSiso2 presented gradual expression increase in parallel to the
increase of astrocytoma malignancy, however, GLSiso2 expression in normal brain tissue was lower
than GLSisol, which rendered GLSiso2 more eligible as therapeutic target. GLSiso2 silencing in
U87MG-GBM cells led to a decrease of tumor cell proliferation, cycle arrest at G1 phase and to
increase susceptibility of tumor cells for temozolomide. The RNAseq transcriptome data and
functional assays showed the GLSiso2 association with metabolic shift and decrease of the
angiogenic process. In this work, we suggested the monitoring of GLUD1 and GPT2 expression
levels by measuring their end metabolites enzymes such as ammonia, and alanine by a non-invasive
imaging technique may potentially detect the progression of lower-grade astrocytoma harboring
IDH Imutation towards secondary GBM. The main findings of this work are described on figure 15.

Our results also suggested GLSiso?2 as a potential new therapeutic target for GBM patients.
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Glutaminolysis dynamics in astrocytomas GLSiso2 (GAC) gene silencing: mechanism of action
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Figure 15. (A) Schematic representation of glutaminolysis genes differentially expressed in GBM.
GBM presented hyperexpression of GLSiso2 and hypoexpression of other genes of the glutaminolysis
pathway (GLS2, GLUDI, GPT2), leading to Glu accumulation and activation of GSH synthesis.
Consequently, enhancing fitness of tumor cells. AG2- and AG3-IDHI™ displayed hyperexpression
of GLSiso2, GLUDI, and GPT2 with reduction of GSH synthesis, increasing tumor cell susceptibility to
radiation and chemotherapy. The downregulated expression is represented by blue thermometers,
upregulated by red thermometers, and the non-significant differential expression in gray. Red arrows
represent the activation of the pathway and blue arrows represent the inactivation of the pathway. (B)
Silencing  of GLSiso2 proposed mechanism of action: Metabolic and Angiogenic genes
downregulated after GLSiso2 silencing in comparison with N7C in U87MG cells. The downregulated genes
are represented in blue. *Substrate measured in tumor cells microenvironment.
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Abstract

Background: Glioblastoma is the most frequent and high-grade adult malignant central nervous system tumor.
The prognosis is still poor despite the use of combined therapy involving maximal surgical resection, radiotherapy,
and chemotherapy. Metabolic reprogramming currently is recognized as one of the hallmarks of cancer. Glutamine
metabolism through glutaminolysis has been associated with tumor cell maintenance and survival, and with
antioxidative stress through glutathione (GSH) synthesis.

Methods: In the present study, we analyzed the glutaminolysis-related gene expression levels in our cohort of 153
astrocytomas of different malignant grades and 22 non-neoplastic brain samples through gRT-PCR. Additionally, we
investigated the protein expression profile of the key regulator of glutaminolysis (GLS), glutamate dehydrogenase
(GLUD1), and glutamate pyruvate transaminase (GPT2) in these samples. We also investigated the glutathione
synthase (GS) protein profile and the GSH levels in different grades of astrocytomas. The differential gene
expressions were validated in silico on the TCGA database.

Results: We found an increase of glutaminase isoform 2 gene (GLSiso2) expression in all grades of astrocytoma
compared to non-neoplastic brain tissue, with a gradual expression increment in parallel to malignancy. Genes
coding for GLUDT and GPT2 expression levels varied according to the grade of malignancy, being downregulated in
glioblastoma, and upregulated in lower grades of astrocytoma (AGII-AGIII). Significant low GLUD1 and GPT2 protein
levels were observed in the mesenchymal subtype of GBM.
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towards secondary GBM.

Conclusions: In glioblastoma, particularly in the mesenchymal subtype, the downregulation of both genes and
proteins (GLUD1 and GPT2) increases the source of glutamate for GSH synthesis and enhances tumor cell fitness
due to increased antioxidative capacity. In contrast, in lower-grade astrocytoma, mainly in those harboring the IDH1
mutation, the gene expression profile indicates that tumor cells might be sensitized to oxidative stress due to
reduced GSH synthesis. The measurement of GLUDT and GPT2 metabolic substrates, ammonia, and alanine, by
noninvasive MR spectroscopy, may potentially allow the identification of IDH1™ AGII and AGIII progression

Keywords: Glutaminolysis, GBM, Low-grade astrocytoma, IDH1 mutation, Astrocytoma progression

Background

Cancer is among the leading causes of death worldwide [1].
Although the tumors of the central nervous system (CNS)
are less frequent, representing about 3% of all tumors, they
are among the most aggressive [2, 3]. Gliomas, which ori-
ginate from glial cells or their precursors, represent more
than 80% of primary brain tumors [4—6]. Glioblastoma
(GBM), the most frequent adult malignant glioma and clas-
sified as a WHO grade IV astrocytoma, has been stratified
according to the molecular profile as proneural, classical,
and mesenchymal subtypes [7, 8], which partially predict
the clinical outcome. The proneural subtype characterized
by the presence of IDH mutation has been associated with
a better prognosis [9], while the mesenchymal subtype with
NF1 or RBI mutations has presented the worst outcome,
with an average overall survival of 8—11 months [10].
More recently, an impact of the mutational landscape
on the response to immunotherapy and on the ac-
quired resistance to temozolomide (TMZ) has been
demonstrated in gliomas [11].

The capacity of cancer cells to reprogram their metab-
olisms to support rapid proliferation is another cancer
hallmark with prognostic impact [12, 13]. Interestingly,
metabolic enzymes with high catalytic activity are found
upregulated in different kinds of tumor and are associ-
ated with poor survival [14]. Glutamine (Gln) metabol-
ism is upregulated by various oncogenic signaling
pathways [15] and is relevant in cancer development due
to its involvement in mTOR signaling, autophagy, and
antioxidative stress and as a source of glutathione (GSH)
and for anaplerosis [12, 13, 16]. Moreover, Gln uptake
and the rate of glutaminolysis are known to be related to
tumor growth [17-19]. Besides, we previously have ob-
served that Gln transporters are upregulated in astrocy-
toma [20]. The dependence of cancer cells on Gln
makes glutaminolysis an attractive cancer therapy target
[15, 21-23]. GIn is a non-essential amino acid, con-
sumed largely by proliferating cancer cells in vitro,
which are often dependent on extracellular Gln for sur-
vival [24]. GIn carbon contributes to aspartate, glutamate
(Glu), and tricarboxylic acid (TCA) cycle metabolites via
glutaminolysis [15]. High rates of glutaminolysis support

rapid proliferation by supplying precursors to low-flux
biosynthetic pathways [24]. Current attempts to target
glutaminolysis clinically have focused largely on inhibit-
ing glutaminase. Chemical inhibitors have been found to
decrease cancer cell proliferation in both in vitro/in vivo
models [25-27].

The metabolic ending of glutamine—derived Glu is,
apart from a—ketoglutarate (a—KG), lactate and GSH be-
ing an important nitrogen donor for cell growth and
proliferation [28, 29]. Additionally, studies about IDH
mutation showed significantly reduced levels of Gln and
Glu levels were, which implies replenishment of a—KG
by glutaminolysis. Consequently, wild-type (wt) gliomas
presented high levels of intracellular Glu, which is re-
leased via the Gln/cysteine antiporter System X<~ in ex-
change for cysteine. GSH is considered a potent
antioxidant and the main factor responsible for treat-
ment resistance in gliomas or other neoplastic cells [30,
31]. Therapeutic attempts have been aimed at GSH
depletion by inhibiting the X<~ transporter [32], which
is responsible for counter—transport of Glu and cysteine—
a substrate—limiting GSH synthesis [30, 31]. This ex-
change is favorable for the cancer cells because Cys is a
major component of the antioxidant GSH, which in turn
is an antagonist of reactive oxygen species (ROS) [28].

In the present study, we analyzed the expression pro-
file of the genes related to glutaminolysis in different grades
of astrocytomas and, more specifically, in the molecular
subtypes of GBM, and lower malignant grades of astrocy-
toma regarding /DHI mutation status. We searched for
differential features of glutaminolysis related to GBM ag-
gressiveness and malignant progression of low-grade astro-
cytomas with IDHI mutation, which may help to better
characterize the metabolic features associated with GBM
aggressiveness and to tumor malignant progression.

Methods

Tissue sample and ethical statement

Samples were snap-frozen in liquid nitrogen immedi-
ately following surgical removal and macro dissected be-
fore RNA extraction. A 4-pum-thick cryosection of each
sample was stained with hematoxylin-eosin and analyzed
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under a light microscope for assessment of necrotic, cel-
lular debris, and NN areas (in tumoral samples). For
gene expression, we analyzed 153 human astrocytoma
samples stratified according to the WHO classification
(2007) [33] as 23 astrocytomas grade I (AGI), 26 astrocy-
tomas grade II (AGII), 18 astrocytomas grade III (AGII
I), and 86 GBM. Non-neoplastic brain samples (NN)
were used as control (22 cases). For the GLS protein
analysis, NN (5), AGI (4), AGII (4), AGIII (2), and GBM
(6) were evaluated. For GLUD1 and GPT2 protein ana-
lysis, we explored AGII-IDH"" (4), AGII-IDH™" (6),
GBM of mesenchymal subtype (GBM-MS) (7), and
GBM of proneural subtype (GBM-PN) (5) samples. For
glutathione synthetase (GS) protein analysis, we explored
AGII-IDH** (4), AGII-IDH™" (4), GBM-MS (4), and
GBM-PN (4). Tumor samples were obtained from sur-
gery of patients treated by the Neurosurgery Group of
Department of Neurology at Hospital das Clinicas at the
School of Medicine of University of Sao Paulo, from
2000 to 2007. NN brain tissue samples were collected
from epilepsy patients subjected to temporal lobectomy.

Cell culture

The U87MG cell line was acquired from ATCC and au-
thenticated by short tandem repeats (STR) analysis using
GenePrint 10 System (Promega, Madison, WI). Cells
were cultured in monolayer with DMEM medium (Dul-
becco’s modified Eagle’s medium, Thermo Fisher Scien-
tific, Carlsbad, CA), 10% fetal bovine serum, and 100 pg/
ml streptomycin and 100 IU/ml penicillin.

RNA extraction and cDNA synthesis

Total RNA was extracted from frozen tissues (tumor and
NN) using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The RNA con-
centration and purity were evaluated by NanoDrop, and ra-
tios of 260/280 measures ranging from 1.8 to 2.0 were
considered satisfactory for purity standards. RNA quality
was checked by electrophoresis in agarose gel. A conven-
tional reverse transcription reaction was performed to yield
single-stranded cDNA. The first strand of cDNA was syn-
thesized from 1 pg of total RNA previously treated with 1
unit of DNase I (FPLC—pure, GE Healthcare, Uppsala,
Sweden) using random and oligo (dT) primers, RNase in-
hibitor, and SuperScript III reverse transcriptase according
to the manufacturer’s recommendations (Thermo Fisher
Scientific). The resulting cDNA was subsequently treated
with 1 unit of RNase H (GE Healthcare), diluted with TE
buffer, and stored at — 20 °C until later use.

Analysis of gene expression by quantitative real-time PCR
(qRT-PCR)

The relative expression levels of genes involved in the
glutaminolysis pathway GLS, GLSisol, GLSiso2, GLS2,
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GLUDI1, GOT1, GOT2, and GPT2 were analyzed by
qRT-PCR, using the SYBR Green approach. The expres-
sion of ASCT2 and LATI genes were previously de-
scribed by our group [20]. A geometric mean of three
suitable reference genes was used for normalizing the
quantitative data: hypoxanthine phosphoribosyltransfer-
ase (HPRT), glucuronidase beta (GUSf), and TATA box
binding protein (TBP) [34]. The primers were designed
to amplify 80-120 bp amplicons, with a melting
temperature of 60 °C and were synthesized by IDT (Inte-
grated DNA Technologies, Coralville, IA). The primers
information is described in Table 1.

To ensure the efficiency of amplification and analysis
of melting curves, which gave a single peak for all PCR
products, standard curves with varying concentrations of
the primer pairs of each gene were performed. The opti-
mal primer concentration was determined as the lower
concentration which did not affect the cycle threshold
(Ct) and displayed the maximum amplification efficiency
while minimizing non-specific amplification. Addition-
ally, the amplified PCR product sizes were checked by
agarose gel electrophoresis. The SYBR Green I amplifi-
cation mixtures (12 pl) were composed of cDNA, Power
SYBR Green I Master Mix (Thermo Fisher Scientific),
and the reverse and forward primers. The qRT-PCR
was done in duplicate using the ABI Prism 7500
(Thermo Fisher Scientific) as follows: 2 min at 50 °C, 10
min of polymerase activation at 95 °C, and 40 cycles of
15 s at 95 °C and 1 min at 60 °C. The following equation
was applied to calculate gene expression in tumor and
NN tissue samples: 27*“', where ACt = Ct of a specific
gene—geometric mean Ct of housekeeping genes [35].

Analysis of protein expression by western blotting

The samples and U87MG cells were homogenized with
RIPA lysis buffer (50 mM Tris—HCI, 1% NP—-40, 0.25%
Na deoxycholate, 150 mM NaCl, 1 mM EDTA) sup-
plemented with a cocktail of protease inhibitors
(Sigma—Aldrich, St Louis, MO). The protein concen-
tration was determined using the Bradford reagent. All
samples (20 pg protein) were resolved by electrophor-
esis on 4—-12% gradient gels in SDS—PAGE using elec-
trophorese buffer NuPAGE MOPS SDS (Thermo
Fisher Scientific) and transferred onto PVDF mem-
brane by iBlot Dry Blotting System (Thermo Fisher
Scientific). Then the remaining binding sites of the
membranes were blocked with skimmed milk powder
solution at 5% diluted in Tris-buffered saline and
0.1%Tween 20 (TBST). Subsequently, the membranes
were incubated overnight with the primary antibody,
anti-GLS (1:1,000), anti-GS (1:2,000) from Abcam
(Cambridge, MA), and anti-GLUDI, anti-GPT2 (1:1,
000) from Thermo Fisher and then diluted in TBST
with 5% bovine serum albumin (BSA) solution. -
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Table 1 The primer sequences and the concentration used in gRT-PCR

Genes Forward primer (5'-3')

Reverse Primer (5'-3') Concentration (nM)

GLS CAGGGCAGTTTGCTTTCCAT

GLSiso1 GCAGAGGGTCATGTTGAAGTTGT
GLSiso2 ATCCTCGAAGAGAAGGTGGTGA
GLS2 ATCCTCGAAGAGAAGGTGGTGA
GLUD1 TGGCATACACAATGGAGCGT
GOT1 CTGTGCCCAGTCCTTCTCCA

GOT12 CTTGAGGTTGGAGACCAGTTGAGT
GPT2 GGCTTTGGGCAGAGGGAA

HPRT TGAGGATTTGGAAAGGGTGT
GUSB AAATACGTGGTTGGAGAGCTCATT
8P AGGATAAGAGAGCCACGAACCA

GAGACCAGCACATCATACCCAT 200
GGTGTCCAAAGTGCAGTGCTT 200
GCAAGTTCTTGTTGGAGACTTTCA 400
ATGGCTGACAAGGCAAACCT 200
TCTCAATGGCATTAACATAGGCA 400
GATGCTCTCAGGTTCTTTTCCAA 400
GATTGCTGCTGCCATTCTGA 400
TCACGCGTACTTCTCCAGGAA 200
GAGCACACAGAGGGCTACAA 200
CCGAGTGAAGATCCCCTTTTTA 400
CTTGCTGCCAGTCTGGACTGT 200

actin (1:5.000) (Sigma—Aldrich) was used as a loading
control. The membranes were incubated with
peroxidase-conjugated secondary antibody anti-rabbit
and anti-mouse (1:5.000) (Sigma—Aldrich), also di-
luted in TBST 5% BSA. The protein levels were de-
tected using the chemiluminescence detection method
(Western Lightning Plus—ECL, Enhanced Chemilu-
minescence Substrate, Perkin Elmer, Waltham, MA).
The detection of the chemiluminescent signal was per-
formed in the Photo QuantLAS 4000 mini (GE
Healthcare) photo documentation system and the
bands were analyzed and quantified using Image]J soft-
ware (obtained from imagej.nih.gov/ij/download/).

GSH measurement

Tissue samples were resuspended in PSB-0.5% NP40
(pH 6) and homogenized in syringes with an insulin nee-
dle 10 times. An aliquot of each sample was separated
for protein quantification. Eighty microliters were proc-
essed with 250 pL of cold GSH extraction buffer (KCIO,
50 mM; EDTA 10 mM; H3PO,4 0.1% (v/v), pH 5) and 40
pL of cold metaphosphoric acid 5% (v/v). The samples
were vortexed for 1 min and centrifuged at 8000xg (10
min, 4 °C). The supernatants were used as 1:10 dilutions.
GSH was measured using a fluorometric detection assay
kit (ab138881, Abcam) assay according to the manufac-
turer’s instructions. This assay is based on the fluores-
cent properties of thiol green, which is a non-fluorescent
dye that becomes strongly fluorescent upon reacting dir-
ectly with GSH. The fluorescence intensity was evaluated at
an excitation wavelength of 490 nm and an emission wave-
length of 520 nm using a 96-well plate in a spectrofluorom-
eter (SpectraMAX M2, Molecular Devices, Sunnyvale, CA).
GSH concentration was calculated by interpolation of a
standard curve and results were expressed as pmol/ug of
total protein.

TCGA data analysis

The gene expression from the RNAseq GBM dataset
was downloaded (Genomics Data Commons Data
Portal—https://portal.gdc.cancer.gov/) and normalized
by DEseq R software. Normalized read counts were con-
verted to a z-score for heat map visualization.

Statistical analysis

Statistical analysis was conducted with SPSS for Win-
dows, version 20.0 (IBM Corporation, Armonk, NY),
and GraphPad Prism (version 5.02, San Diego, CA).
Comparisons were considered statistically significant
when p < 0.05. The non-parametric Kruskal-Wallis and
post hoc Dunn tests were used to analyze the differences
in mRNA relative expression in different grades of astro-
cytomas. The correlation analysis between gene expres-
sion values was assessed by the non-parametric
Spearman-rho correlation test. The variation of specificity
and sensibility of gene expression levels was analyzed
using the receiver operating characteristic (ROC) curve.
Among the continuous variables categorized through the
ROC curve, the value with the best sensitivity and specifi-
city was chosen as the cut-off value. The area under the
ROC curve (AUC) was used to measure how the expres-
sion levels could distinguish between two groups. The
gene expressions were classified as hyper or hypoex-
pressed based on this cut-off value. The comparison of
protein expression analysis was carried by two-way
ANOVA and Bonferroni post-test.

Results

GAC (GLSiso2) expression increases in parallel to
astrocytoma malignancy

Once GIn is transported into cells by ASCT2 (SLC1A5)
and LAT1 (SLC7AS5), it is converted to Glu by glutamin-
ases (GLS and GLS2). This is a critical step, as Glu does
not efficiently cross the blood-brain barrier, and brain
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interstitial Glu concentration is maintained essentially
through its synthesis [36-38]. GLS presents two iso-
forms: KGA (GLSisol, cytosolic) and GAC (GLSiso2,
mitochondrial). The GLSiso2 is derived from an alterna-
tive exon splicing at the 3'—end terminal, excluding the
ankyrin repeats at the C—terminus coded by the last four
exons of the GLSisol transcript. Thus, the GLSiso2 is
shorter than the GLSisol, with a distinct C—terminal
[39]. Expression analysis of transcript coding for the key
enzymes involved in glutaminolysis, GLSisol, GLSiso2,
GLS2, GLUDI1, GOTI1, GOT2, and GPT2 was performed
in our series of astrocytomas of different malignant
grades and NN brain samples. Interestingly, although no
significant differential expression of the total GLS tran-
scripts was observed among different grades of astrocy-
toma compared to NN, a significant GLSiso2 (GAC)
hyperexpression was observed in all grades of astrocy-
toma when compared to NN (p < 0.0001 Kruskal—Wallis
test, and p < 0.001 Dunn test), with the highest expres-
sion levels detected in a set of GBM samples (Fig. 1a).
Of note, GLSiso2 expression increased in parallel to the
grade of malignancy (p < 0.0001 AGII vs. AGIIL p <
0.05 AGII vs. GBM, p < 0.05 AGIII vs. GBM; Dunn test)
which reflected an increase of its correlation with the
gene expression levels of the glutaminolysis pathway
from NN to GBM (Fig. 1a). When gene expression level
correlations were analyzed, GLSiso2 expression corre-
lated weakly only with GPT2 expression in NN, while no
correlation was detected in AGIL GLSiso2 correlated
negatively with GLS2, GOTI, and GOT2 in AGII and
positively with GLS2 and GLSisol in AGIII, whereas
GLSiso2 correlated positively with all genes of the gluta-
minolysis pathway in GBM (Fig. 1b). All statistically sig-
nificant values are demonstrated in Supplemental Table
1. Additionally, as shown in Fig. 2, the GLSiso2 expres-
sion levels presented high discriminatory power to dis-
tinguish between GBM and NN samples by ROC curve
analysis (AUC = 0.919; 95% CI, 0.867-0.971) and be-
tween GBM and AGII, although with lower discrimin-
atory power (AUC = 0.675; 95% CI, 0.569-0.781).

In contrast, GLSisol mRNA expression was signifi-
cantly lower in AGI, AGII, and GBM compared to NN
(p < 0.0001 Kruskal-Wallis test, and p < 0.05 Dunn’s
test) (Fig. la), with discriminatory power to distinguish
between GBM and NN (AUC = 0.796; 95% CI, 0.1—-
0.308). No significant difference in its expression was de-
tected in a pairwise comparison among different grades
of astrocytoma. However, we observed a strong positive
correlation between GLSisol and GLS2 in AGII and with
GLSiso2 in AGIIL, as well as with GLSiso2, GLUDI,
GOT1, GOT2, and GPT2 in GBM cases. Similarly, GLS2
hypoexpression was observed in astrocytoma of all ma-
lignant grades compared to NN (p < 0.0001 Kruskal-
Wallis test, and p < 0.00001 for all astrocytoma grades
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and NN Dunn test), and its expression level presented
the power to distinguish between GBM and NN (AUC =
0.791; 95% CI, 0.000—0.06) and to distinguish between
GBM and AGII, but with lower discriminatory power
(AUC = 0.65; 95% CI, 0.221-0.48).

GLS isoforms expression was also investigated at the
protein level, and we confirmed a differential expression
of GLSisol and GLSiso2 in NN and astrocytomas of dif-
ferent malignant grades (Fig. 3). Whereas GLSisol was
present in all NN and diffusely infiltrative astrocytoma
(grade II to IV) samples, with higher abundance in NN
samples in comparison to GBM samples (p < 0.001
ANOVA two—way, with Bonferroni post-test). In con-
trast, GLSiso2 was mostly detected in GBM cases and
only slightly detected in NN samples. GLS isoforms were
detected in the U87MG cell line—a GBM mesenchymal
subtype cell line (Fig. 3).

GPT2 downregulation in the GBM mesenchymal subtype
correlated to upregulation of genes involved in GSH
synthesis

Once Glu is synthesized it can be converted to a—KG,
an intermediate of the TCA cycle, by glutamate de-
hydrogenase (GLUD1) and glutamate transaminases, as
glutamate oxaloacetate transaminases (GOT1-cytosolic
and GOT2-mitochondrial) and glutamate pyruvate
transaminases (GPT1-cytosolic and GPT2-mitochon-
drial), which transfer amino groups from oxaloacetate or
from pyruvate to generate a—KG and aspartate or ala-
nine, respectively [17]. The expression levels of GLUDI,
GOT1, GOT2, and GPT2 were differentially expressed in
astrocytomas compared to NN (p < 0.0001 Kruskal—
Wallis test for GLUDI1, GOT1, and GPT2 and p < 0.002
for GOT2) (Fig. la). Interestingly, GLUDI1 expression
was significantly decreased in GBM compared to AGII
(p < 0.005 Dunn test), and its expression level presented
discriminatory power to distinguish between GBM and
NN (ROC AUC = 0.770; 95% CI, 0.128-0.332) and be-
tween GBM and AGII (ROC AUC = 0.742; 95% CI,
0.147-0.368) (Fig. 2).

In contrast, GOT2 expressions increased according to
malignancy (p < 0.001 AGII vs. AGIII and p < 0.01 AGII
vs. GBM, Dunn test) (Fig. 1a) and presented discrimin-
atory power to distinguish between GBM and AGII
(AUC = 0.709; 95% CI, 0.608-0.810) (Fig. 2). GPT2 ex-
pression also increased significantly according to malig-
nancy (AGI relative to AGII p < 0.001, to AGIII p <
0.0001, to GBM p < 0.05; AGII vs AGIII p < 0.05, AGIII
vs GBM p < 0.005; Dunn test), besides, the only different
expression level in comparison with NN was AGIII (p <
0.0001) (Fig. 1a). Although GOT1I expression levels dif-
fered significantly between NN and astrocytoma, with
discriminatory power to distinguish GBM from NN
(ROC AUC = 0.902; 95% CI, 0.038-0.159), no significant
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(**p = 0.002, ***p < 0.0001, Kruskal-Wallis test) and between NN and each tumor group (post hoc Dunn test, where ****p < 0.0001, ***p < 0.0005,
**p < 0.005, and *p < 0.05. The significant comparison between the groups is represented by different symbols: NN (*), AGI (a), AGII ($), and AGlIII
(#). Horizontal bars show the median of each group. The results are presented on a log10 scale. b Correlation matrix showing the gene
expression correlations with each other in all groups analyzed. Positive correlations are shown in blue and negative correlations in dark orange.
The color intensiveness and the size of the circle are proportional to the value of r by the Spearman test. Only the correlations with p < 0.05
are plotted

difference of GOTI expression levels was detected
among the astrocytoma grades of malignancy (Fig. 1a).
Considering the natural history of malignancy progres-
sion of malignancy from AGII to GBM, an upregulation
of GLSis0o2, GOT2, and GPT2 expression levels were ob-
served, in contrast to the downregulation of GLUDI.
However, a large spreading of their expressions was de-
tected in GBM, consistent with the well-known hetero-
geneity observed in GBM. Therefore, we analyzed the
expression levels in GBM cases classified according to
the molecular subtypes in proneural (PN), classical (CS),
and mesenchymal (MS) subtypes [40]. Our cohort com-
prised 14 PN, 38 CS, and 14 MS cases. We found a stat-
istical difference for GLS2 expression among the groups

(p < 0.005, Kruskal-Wallis test) and comparing two
groups: PN vs MS (p < 0.05, Dunn test) and CS vs MS
(p < 0.05, Dunn test), with lower expression detected in
the MS subtype (Supplemental Figure 1).

To validate these findings, we analyzed gene expres-
sion in silico in a larger database. The TCGA GBM data-
base with gene expression from RNAseq comprising 37
PN (8 G-CIMP and 29 non-G-CIMP), 38 CS, and 48 MS
cases. GPT2 expression levels varied significantly among
the GBM subtypes (p < 0.0001, Kruskal-Wallis test)
with lower levels in MS than G-CIMP (p < 0.0005), PN
(p < 0.05), and CS (p < 0.05, Dunn test). GLUDI expres-
sion levels also varied significantly amongst GBM sub-
types (p = 0.05, Kruskal-Wallis test) with significant
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higher levels in G-CIMP compared to PN (p < 0.01) and
to MS (p < 0.005, Dunn test). Although no statistical sig-
nificance was observed of GLS expression among GBM
subtypes, a trend of increase of its expression was noted
in the MS subtype (Fig. 4a). The expression levels of
GLS isoforms were not available in this dataset. The
TCGA data analysis showed the downregulation of
GLUDI and GPT2 involved in the conversion of Glu to
a-KG. GLUDI differed statistically in G-CIMP to MS
(p < 0.01). Particularly, GPT2 differed when comparing

all groups with the MS subtype of GBM (G-CIMP-MS
p < 0.001; PN-MS p < 0.01; CS-MS p < 0.05).

The downregulation of both genes GLUDI and GPT2
suggest that the intracellular availability of Glu is in-
creased, especially in the MS subtype of GBM, which led
us to investigate another important Glu metabolism
pathway: GHS. To this purpose, we selected the genes
related to GSH pathway, glutamate-cysteine ligase modi-
fier subunit (CGLM), gamma-glutamylcyclotransferase
(GGCT), glutathione S-transferase mu 4 (GSTM4),
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Fig. 3 GLS isoforms expression profile during astrocytoma progression and U87MG human GBM cells. a Western blot analysis of the expression of
GLS isoforms in non-neoplastic (NN), pilocytic astrocytoma (AGI), low-grade astrocytoma (AGll), anaplastic astrocytoma (AGlll), glioblastoma (GBM),
and U87MG GBM cell line. GLSiso1 and GLSiso2 are indicated by green arrow and red arrows, respectively. 3-actin was used as a loading control.
b Quantification of the protein relative to -actin protein by ImageJ, represented by mean values + standard deviation. The graph is
representative of at least two replicates of one experiment. ***p < 0.001, Two-way ANOVA, Bonferroni post-test
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glutathione S—transferase omega 1 (GSTO1), microsomal
glutathione S—transferase 1 (MGSTI), and microsomal
glutathione S—transferase 2 (MSGT2) and analyzed the
expression levels in the GBM database of TCGA (Fig.
4a). Additionally, the expression values were correlated
to the expression data of glutaminolysis genes (Fig. 4b).
The seven genes related to GSH synthesis presented dif-
ferential expression levels among the GBM molecular
subtypes, with statistical differences for all genes (p <
0.0005, Kruskal-Wallis test). Particularly, the expression
of these genes was higher in the MS subtype compared
to the other subtypes (Supplemental Figure 2). More-
over, the gene expression levels of GSH synthesis were
highly correlated among themselves when all groups of
GBM were analyzed together (GBM: G-CIM+PN+CS+
MS), and interestingly, an inverse correlation was noted
with GPT2 expression. Particularly in the MS subtype,
GPT2 expression correlated inversely to the expression
levels of GSTOI, GSR, and MGST2, suggesting the possi-
bility of Glu not converted to «—KG being used for GHS
synthesis (Fig. 4b). All statistically significant values are
demonstrated on Supplemental Table 2.

GLUD1 upregulation in IDH1™" AGlII correlated to
downregulation of genes involved in GSH synthesis
G-CIMP cases of PN molecular subtype of GBM pre-
sented the higher GLUDI and GPT2 expression levels
when compared to the other subgroups. Additionally,
genes related to GSH synthesis presented the lowest ex-
pression levels in G-CIMP cases. These data and the in-
formation that increased conversion of Gln to Glu has
been described in glioma cells harboring IDHI mutation
[41] motivated us to investigate the /DH1 mutation sta-
tus influence in the expression levels of genes involved
in the glutaminolysis pathway and GSH. Gene expres-
sion levels previously analyzed in GBM cases were also
analyzed in AGII and AGIII cases of TCGA, separating
cases with and without IDHI mutation (Fig. 5a). In our
cohort, 20 AGII out of 26 cases (77%) presented IDHI
mutation, and 11 out of 18 AGIII cases harbored IDHI
mutation (61%). Interestingly, upregulated GLUDI and
GPT?2 expressions were observed in IDHI™" AGII cases,
with a significant difference compared to IDHI"* AGII
cases for GPT2 expression (p < 0.05, Mann-Whitney
test), and a trend of increase for GLUDI (Fig. 5b). In a
larger TCGA dataset, with 51 IDHI™" AGII out of 63
cases (86%), and 80 IDHI™"* AGIII out of 129 cases
(63%), a significant higher GLUDI1 and GPT2 expression
levels were observed both in AGII and AGIII harboring
IDHI mutation when compared to cases without IDHI
mutation (p < 0.01 and p < 0.0001 for GLUDI in AGII
and AGIII respectively; p < 0.01 and p < 0.001 for GPT2
in AGII and AGIII, respectively, Mann-Whitney test)
(Fig. 5b). Expression analyses of expression levels of all
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genes presented in the correlation matrix demonstrated
that IDHI™" AGII cases presented activation of both
glutaminolysis and GSH synthesis in contrast to IDHI™"
AGII, with an inverse correlation between GLS2 and
MSGT?2 expressions in IDHI™" AGII (Fig. 5c). On the
other hand, IDHI™" AGIII cases presented a signifi-
cantly high correlation between GLUDI and GPT2 ex-
pression levels, and inverse correlations with several
genes related to GSH synthesis. Of note, the GLUDI ex-
pression level was inversely correlated to GSR, GCLM,
GSTO1, and GSMT2 expression levels, indicating the
downregulation of these gene expressions when GLUDI
was upregulated in AGIII cases with IDHI mutation
(Fig. 5c). All statistically significant values are demon-
strated on Supplemental Table 3.

GLUD1 and GPT2 protein downregulation in GBM-MS and
GLUD1 downregulation in AGII-IDH"* correlated with
upregulation of GS activity

The GBM-MS presented low expression of GLUD1 and
GPT2 protein levels when compared to the GBM-PN
cases (p < 0.05 and p < 0.001, respectively). Although
statistical significance was not reached, AGII-IDH"" pre-
sented low GLUDI1 protein level (Fig. 6a, b). Addition-
ally, we evaluated whether the level of these proteins
correlated with glutathione synthetase (GS) expression.
Interestingly, a significant increase of GS expression was
observed in GBM-MS and AGII-IDH" in comparison
with GBM-PN and AGII-IDH™" (p < 0.01 and p = 0.05,
respectively) (Fig. 6¢, d). We also found a trend of in-
creased levels of GSH in GBM-MS (IDH"") samples in
contrast to more uniform low GSH levels in GBM-PN
(IDH™") (Supplemental Figure 3).

Discussion

Metabolic reprogramming has been proposed to be a
hallmark of cancer [42], and in the present analysis, we
observed a progressive activation of the glutaminolysis
from low-grade astrocytoma to GBM. Glutaminolysis
has been pointed to as one of the major altered meta-
bolic pathways related to tumor growth [12, 16]. High
extracellular Gln concentration has been associated with
cell transformation [17], and its metabolism was related
to cell survival and tumor growth by maintaining redox
balance, bioenergetics, and supporting macromolecular
biosynthesis [28, 42]. We have previously reported the
upregulation of Gln transporters, ASCT2 and LATI, in
all grades of astrocytoma [20]. Here, we showed the up-
regulation of the mitochondrial isoform of GLS [39],
GLSiso2 (GAC), in all grades of astrocytoma at gene and
protein levels, and a gradual increase of its expression
was observed in parallel to the increment of malignancy.
GLSiso2 involvement in cancer progression has been
previously reported in prostate cancer and B cell
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Fig. 5 AGII, AGIII TCGA dataset: glutaminolysis- and GSH synthesis-related gene expressions according to /DHT mutation. a Heatmap representing
the expression levels of genes presenting statistical significance in AGIl and AGIIl with wild type (wt) and mutated IDHT (mut). Upregulated values
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correlation) to blue (positive correlation). The color intensiveness and the circle sizes are proportional to r values. Only the correlations with p <
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lymphoma [43]. GLSiso2 is activated by inorganic phos-  astrocytomas. Nevertheless, the high expression ob-
phate [39] and it is also under c—-Myc oncogene influ- served in NN tissue renders this target less eligible for
ence, through a mechanism involving miRNA [43, 44].  therapeutic purposes.

The c-Myc can also upregulate the GLS isoforms KGA The other glutaminase, GLS2, in contrast to GLS with
and GAC at protein levels increasing the levels of intra-  broad distribution among normal tissue, presents a more
cellular glutamate in Epstein-Barr virus-infected cells restricted distribution in the liver, brain, pituitary gland,
[68]. Oscillation of GLSiso2 expression has been associ- and pancreas [45, 46]. The GLS2 expression level was
ated with oxygen concentration, with an increase in hyp-  significantly lower in astrocytoma than NN, with the
oxic conditions [39]. Our finding of GLSiso2 higher lowest expression in GBM of MS subtype in our cohort.
expression in GBM, the more malignant astrocytoma  This finding corroborates the tumor suppressor role at-
presenting necrosis, corroborated these previous obser-  tributed to GLS2 in previous studies, where inhibition of
vations. The cytosolic GLSisol (KGA) expression was tumor cell proliferation, colony formation, and migration
also higher in more malignant than lower-grade were attributed to GLS2 [28, 43, 47-51]. This tumor
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suppressor activity is dependent on p53 and other re-
lated proteins, as p63 and p73 [48]. Therefore, concern-
ing the first step of the glutaminolysis pathway, our
findings suggested that GLSiso2 plays a key role in
tumorigenesis and malignant progression of astrocy-
toma, whereas the GLS2 expression pattern is consistent
with tumor suppressor function, being mostly sup-
pressed in the aggressive MS molecular subtype of
GBM.

Interestingly, the downflow activation of the glutamino-
lysis pathway with the conversion of Glu to a—KG through
dehydrogenase and transaminase varied according to the
astrocytoma grade. Significant downregulation of GLUDI
and GPT?2 expressions were observed in GBM compared
to lower-grade astrocytoma in our cohort and confirmed
in the TCGA dataset. Particularly, GPT2 was significantly
downregulated in GBM of MS subtype compared to other
molecular subtypes. We also observed this downregulation
of GLUD1 and GPT2 at the protein level in GBM-MS
subtype. The downregulation of these proteins may in-
crease intracellular Glu availability, which may be directed
for GSH synthesis [52].

GSH is a tripeptide formed by glutamic acid, cysteine,
and glycine and plays an important role in the mainten-
ance of the intracellular redox balance [53, 54]. Elevated

GSH levels confer resistance to chemotherapy in various
types of cancer [55-57] by binding to or reacting with
drugs, interacting with ROS, preventing damage to proteins
or DNA, and participating in DNA repair processes [55].
Moreover, GSH- and GSH-related enzymes including syn-
thetase (GS), ligase (GCLM), transferase (GGT), reductase
(GSR), and glutathione S—transferases (GSTM4, GSTO],
MGST1, MGST?2) activities may play a role in adaptive de-
toxification processes in response to the oxidative stress,
thus contributing to drug resistance phenotype [53, 54].
The increase of intracellular Glu level may favor its re-
lease to the extracellular space by a Gln/cysteine antipor-
ter system x c—dependent, which increases intracellular
cysteine levels ([Cys]i). In turn, high [Cys]i favors GSH
synthesis [52]. The TCGA data analysis showed a signifi-
cant inverse correlation among GPT?2 expression and ex-
pression level of several genes related to GSH synthesis.
Particularly, upregulation of GSTOI, MGST2, and GSR
were correlated significantly to the downregulation of
GPT2 in the MS subtype of GBM. Also, we observed a sig-
nificant increase of the GS protein and a trend of an in-
crease of GSH protein level in the GBM-MS in
comparison with the GBM-PN samples. The antioxidative
effect provided by increased synthesis of GSH can balance
the elevated generation of ROS due to the high metabolic



Moreira Franco et al. Cancer & Metabolism (2021) 9:18

rate presented by GBM cells and favor their survival [58].
Such mechanism may be related to the aggressive behav-
ior of GBM of MS molecular subtype.

In contrast, AGII and AGIII presented higher GLUDI
expression levels than GBM, and particularly in those
cases harboring IDHI mutation, and a similar trend was
observed at the protein level, although this observation
needs to be extended for additional cases to reach statis-
tical significance. Similarly, GPT2 expression was also
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higher in AGII and AGIII cases harboring IDHI muta-
tion, but this finding was not confirmed at the protein
level in our studied cohort. However, GS protein level
was significantly lower in AGII-IDH™" compared to
AGII-IDH", suggesting that low-grade astrocytomas
harboring IDH mutation may be more susceptible to
ROS induced stress. Metabolomic studies of IDHI mu-
tant cells have revealed alterations in Gln, fatty acid, and
citrate synthesis pathways [59, 60]. IDHI mutation was
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availability sensitizes the tumor cells to oxidative stress leading to slow tumor growth. The downregulated expression is represented by blue
thermometers, upregulated by red thermometers, and the non-significant differential expression in gray. Red arrows represent the activation of
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shown to convert a—KG to D-2-hydroxyglutarate,
which due to its structural similarities acts as a competi-
tive inhibitor reducing the activity of a—KG—processing
enzymes [61]. As feedback, a—KG is replenished by glu-
taminolysis and TCA cycle, which leads to a decrease in
GIn and Glu levels [62]. Therefore, IDH™" gliomas are
“glutamate addicted”, and the lack of Glu decreases its
exchange with Cys through the system X~ [63]. The
lack of cytoplasmic Cys reduces GSH synthesis, which
increases the susceptibility to ROS—induced stress as
through radiation therapy or TMZ treatment [63]. In
this context, reduced Glu contributes to a better out-
come presented by gliomas with IDHI mutation [41,
52]. Our correlation analysis among genes related to glu-
taminolysis and GSH synthesis-related genes demon-
strated that GLUDI and GPT2 expression levels
inversely correlated to GSH synthesis-related gene ex-
pression levels, particularly in IDHI™"AGIIL Our find-
ings reinforce the hypothesis that decreasing Glu may
sensitize IDHI™" cells to radiation and ROS-inducing
drugs due to reduced GSH synthesis. Indeed, GLS inhib-
ition and IDHI mutation were recently demonstrated to
present a synthetic lethal relationship under conditions
of oxidative stress [41].

Our findings together with TCGA data analysis indi-
cated that AGII and AGIII harboring IDHI mutation
may decrease tumor cell fitness by lowering Glu, GSH,
and resistance to oxidative stress. Interestingly, the end
metabolites of these enzymes, ammonia, and alanine are
measurable by the MR spectroscopy [64-67]. Thus,
monitoring the waning of GLUDI and GPT2 expression
levels by measuring their end substrates by this non-
invasive imaging technique may potentially detect the
progression of lower-grade astrocytomas harboring
IDHI mutation towards secondary GBM, and it would,
therefore, allow a change in the therapeutic strategy for
these patients. Such hypothesis would be worthwhile to
test in future studies.

Conclusion

In conclusion, GLSiso2 upregulation was associated with
tumorigenesis and tumor progression in astrocytomas.
Particularly in GBM, the accumulation of Glu due to
GPT2 and GLUDI1 downregulation correlated to upregu-
lation of genes related to GSH synthesis which could
favor tumor cell survival, mostly in the most aggressive
MS subtype. In contrast, GLUDI may lead to a decrease
in GSH synthesis in IDHI™" low-grade astrocytomas in-
creasing the susceptibility to oxidative stress, rendering
them more sensitive to radiation therapy and to alkylat-
ing therapy (Fig. 7).
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Additional file 1: Figure S1. Expression analysis of genes related to
glutaminolysis in different molecular subtypes of GBM in our cohort. A:
Heatmap of GLSisol, GLSiso2, GLS, GLS2, GOTI1, GOT2, GPT2, and GLUD1
MRNA expression levels in different molecular subtypes of GBM (PN:
proneural, CS: classical, MS: mesenchymal). Upregulated values are in red
and downregulated in blue. The RPKM values were normalized by z-
score. B: GLS2 expression differed significantly among the subtypes (Krus-
kal-Wallis, p < 0.005, **p < 0.05, Dunn test). Horizontal bars show the me-
dian relative expression in each group.

Additional file 2: Figure S2. Expression analysis of GPT2 and genes
related to glutathione synthesis in different molecular subgroups of GBM
from TCGA RNAseq dataset. Box and whiskers plot of GPT2, GCLM, GGCT,
GSR, GSTM4, GSTO1, MGST1, and MGST2 expression levels in G-CIMP, pro-
neural (PN), classical (CS), and mesenchymal (MS) GBM cases. The top
and the bottom of boxes represent the first and third quartiles, respect-
ively, and the lines in the middle the median of the groups. Kruskal-
Wallis: *p < 0.05, **p < 0.005, **p < 0.0005, Dunn test: CS vs PN (#); MS
vs PN (9); MS vs CS ($); G-CIMP vs MS: ($); G-CIMP vs CS: (@). The results
are presented in the log2 scale of RPKM values.
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levels in AGIIDH" AGIIDH™", GBM-MS (IDH™) and PN (IDH™"). GSH
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blastoma IDH™" —Proneural). Results are presented as mean =+ standard
deviation (n 2 3 samples of each group).
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