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Resumo

Moretti IF. Exploracdo da via de sinalizacdo do Receptor do Tipo Toll 4 (TLR4) para o
tratamento de Glioblastoma [tese]. Sdo Paulo: Faculdade de Medicina, Universidade
de S&o Paulo; 2023.

Glioblastomas (GBM) séo astrocitomas grau 4 e apresentam sobrevida média de 15
meses apoés o diagndstico mesmo como tratamento padrédo que consiste na ressec¢ao
cirdrgica, radioterapia e quimioterapia com temozolamida (TMZ). Previamente, n0Sso
grupo reportou o aumento da expressao de receptores do tipo Toll (TLR) de membrana
plasmatica em GBMs, especialmente no subtipo mesenquimal (MES), que apresenta
0 pior prognéstico. TLR4 é um receptor do sistema imunoldgico responsavel em
reconhecer moléculas associadas a patdgenos e a dano. Diferentes vias de
sinalizacdo sao descritas para o0 TLR4 que podem ser pro-sobrevivéncia ou pro-
morte. O objetivo principal deste trabalho foi a andlise da sinalizacdo do TLR4 em
células de GBM e explorar possiveis alvos terapéuticos. Inicialmente confirmou-se a
presenca de TLR4 em astrocitomas humanos e nas linhagens celulares de GBM do
subtipo MES, U87MG e Al172. O tratamento com lipossacarideo (LPS), ativador
classico da via TLR4, levou a translocamento para o ndcleo tardio do NF-xB, um dos
principais fatores de transcricdo da via do TLR4, com aumento da expresséao de IL1B
e genes relacionados ao reparo do DNA. Observou-se ainda aumento da expressao
de genes associados a vias ndo canonicas do TLR4, inflamassomo e ripoptossomo,
gue foram validados em analise in silico em banco de dados publicos do Atlas do
Genoma do Céancer (TCGA). O tratamento combinado com LPS+TMZ aumentou a
apoptose das células U87MG, no entanto, houve um incremento significativo maior da
morte celular com o acréscimo de inibidor do reparo do DNA, anti-RAD51 / Amuvatinib,
em comparacao a cada tratamento Unico. A seguir, o efeito combinado de LPS com
metformina (MET) foi analisada em U87MG e A172 por RNASeq. MET é um
medicamento conhecido para tratamento de diabetes e inibi o complexo | da
fosforilagcdo oxidativa e também pode causar uma resposta anti-inflamataria, incluindo
diminuicdo da ativagdo do NF-kB. MET levou a diminuicdo da viabilidade celular e
estresse mitocondrial em ambas linhagens. Na U87MG, LPS+MET aumentou a
expressdo de genes pro-apoptéticos e diminuiu de genes pro-sobrevivéncia e o
tratamento combinado LPS+MET+TMZ aumentou significativamente a apoptose das

células tumorais. Ja nas células A172, com aumento da expressao de genes anti-



oxidantes, o nivel de apoptose do tratamento combinado foi muito similar ao
tratamento s6 com TMZ. No entanto, o tratamento com MET diminui a expressao de
genes relacionados a segregacdo cromossémica, o que foi compativel com a parada
do ciclo celular observado apés tratamento MET+TMZ. O aumento da expresséo de
genes de anti-oxidacao, especialmente SOD1 foi validado in silico nos dados de TCGA
no subtipo mitocondrial (MTC), com perfil de expressao similar a linhagem A172. A
ativacdo da via TLR4 foi confirmada no subtipo glicolitico/plurimetabdlico (GPM),
compativel com perfil de expressédo da linhagem U87MG. Os resultados do presente
estudo sugerem que os GBM-GPM séo elegiveis ao tratamento com MET e a
associacdo com inibidores de reparo do DNA podera incrementar a morte da célula
tumoral, enquanto os GBM-MTC poderao se beneficiar com tratamento combinado
com inibidores de anti-oxidantes, como anti-SOD1.

Palavras-chave: Glioblastoma. Metformina. Receptores de lipopolissacarideos.

Pontos de checagem do ciclo celular. Apoptose. NF-kappa B. Receptor 4 toll-like.



Abstract
Moretti IF. Exploitation of Toll like rector 4 (TLR4) signaling pathway for Glioblastoma

treatment [thesis]. S&o Paulo: “Faculdade de Medicina, Universidade Sao Paulo”; 2023

Glioblastomas are grade 4 astrocytomas, presenting a medium overall survival of 15
months with standard treatment which consists in tumor resection, radiotherapy and
chemotherapy with temozolomide (TMZ). Previously, our group showed upregulation
of plasmatic membrane Toll-like receptors (TLRS) in human astrocytoma samples,
particularly in GBM of mesenchymal (MES) subtype, presenting the poorest outcome.
TLR4 is an important immune receptor, responsible to recognize molecules associated
to pathogens and cellular damage. TLR4 stimulation may activate different pathways
leading either to cell survival or cell death. The general aim of the present study was
to analyze TLR4 signaling pathways in GBM cells and explore possible druggable
targets. First, we confirmed TLR4 presence in human astrocytoma samples, and GBM
cell lines of MES subtype, U87MG and A172. The lipopolysaccharide (LPS) treatment,
TLR4 classical activator, led to late nuclear translocation of NF-xB, one of the main
transcription factor downstream of TLR4 activation, with upregulation of IL1B and gene
related to DNA repair. Genes associated to non-canonical TLR4 pathway, as
ripoptosome and inflammasome, were also upregulated, which were validated in silico
analysis of the public The Cancer Genome Atlas (TCGA) GBM RNASeq database.
The combined LPS+TMZ treatment increased apoptotic rate of US7MG cells, however,
a further increment was observed with the addition of the DNA repair inhibitor, anti-
RAD51 / Amuvatinib, compared to each treatment alone. Next, the effect of the
combined therapy with LPS and metformin (MET) was analyzed in U87MG and A172
by RNASeq. MET is a known medication for diabetes and inhibits complex | of oxidative
phosphorylation, and also may cause an anti-inflammatory response, including NF-xB
activation. MET led to a decrease of tumor cell viability and mitochondrial stress in both
lineages. In U87MG, LPS+MET upregulated pro-apoptotic gene expressions and
downregulated pro-survival gene expressions and the combined treatment
LPS+MET+TMZ increased significantly the apoptosis of tumor cells. In contrast, in
Al172, with upregulation of anti-oxidative genes, the apoptotic rate of the combined
treatment was similar to TMZ alone. However, MET treatment decreased the
expression of genes related to chromosome segregation, which was compatible to

observed cell cycle arrest after MET+TMZ treatment. Upregulation of anti-oxidative



genes, mainly SOD1, was validated in silico in the TCGA dataset in the mitochondrial
(MTC) GBM subtype, with similar expression profile detected in A172. TLR4 activation
was confirmed in the glycolytic/plurimetabolic (GPM) GBM subtype, compatible with
the expression profile observed in U87MG. Therefore, the results of the present study
suggested that GBM-GPM are eligible for MET treatment and an association with DNA
repair inhibitors may increment tumoral cell death, while GBM-MTC may benefit from

combined treatment with anti-oxidative inhibitors as anti-SOD1.

Keywords: Glioblastoma. Metformina. Lipopolysaccharide receptors. Cell cycle

checkpoints. Apoptosis. NF-kappa B. Toll-like receptor 4.
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TLR4 and Glioblastoma
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1 Introduction

Toll like receptor 4 (TLRA4) is classically described as present in immune system
cells, and it binds to molecules commonly present in pathogens or to endogenous
molecules derived from cellular damage. Initially, TLR4 activation leads to a pro-
inflammatory response through the production of interleukin-6 (IL-6), interleukin-18 (IL-
1B), interleukin-8 (IL-8) cytokines and tumor necrosis factor (TNF), which assures cell
survival and promotes cell proliferation. TLR4 can also activate an anti-inflammatory
signal increasing interleukin-10 (IL-10) expression or by interferon type | signaling
pathway (1). Moreover, TLR4 activation can promote cellular death (2).

In the tumor context, phenotypically anti- and/or pro-inflammatory cells infiltrate
the tumor configuring a complex microenvironment (3, 4). Besides, tumor cells may
“re-educate” immune cells to a pro-tumoral phenotype to promote tumor growth and
proliferation (4). Additionally, TLR4 has been detected not only in inflammatory cells,
but also in tumor cells (5, 6, 7, 8). Therefore, the present work was designed to address
the question how the activation of TLR4 in GBM cells impact in tumor progression.

1.1 Toll like receptor 4

TLR4, among receptors, is the first molecule in the innate immunity capable of
recognizing cell stress or pathogens invasion. Ten TLRs are described in humans,
TLR1-10, and are structurally similar

The basic structure of these receptors comprises a recognition domain in the
amino- terminal portion, presenting leucin repetitions; followed by a transmembrane
helix, and a cytoplasmic domain, denominated Toll-interleukin receptor (TIR) in the
carboxy-terminal portion (9, 10, 11).

Each TLR presents specific roles and characteristics for recognition, as TLR 1,
2,4,5, and 6, located in plasmatic membrane, bind to bacterial and fungal structures,
while TLR 3, 7, 8, and 9, located in endosomes, recognize bacterial and viral molecules
(9, 10, 12).

Pathogens molecules recognized by these receptors are nominated as
Pathogens Associated Molecular Patterns (PAMPS), and endogenous molecules from
damage or necrotic cells and tissues are designated as Danger Associated Molecular

Patterns (DAMPSs). Several molecules are classified as DAMPS, such as, high mobility
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protein B1 (HMGB1) (13); hyaluronic acid (9); uric acid, heat chock proteins, surfactant
protein A and extracellular matrix products like fibronectin, heparan sulfate, and
fibrinogen (10, 14). DAMPs are recognized by TLR2 and TLR4, and they play an
immunogenic role repairing the damaged area (15). The signaling pathway activated by
DAMPs and PAMPs are similar, differing only for the co-receptors associated to the
recognition (16).

Interestingly, TLR4 has the ability to activate two distinct pathways, via Myeloid
Differentiation primary response gene 88 (MyD88) and TIR-domain-containing
adapter-inducing interferon-B (TRIF). After MyD88 activation, transcription factor
Nuclear kappa B (NF-kB) and the family Mitogen Activated Protein Kinases (MAPKS)
are activated.

The NF-xB is an important transcription factor in TLR4 pathway. The NF-xB
family consists of five subunits. Structurally, NF-xB family present a transactivation
domain responsible for gene transcription. The five subunits can form homo and
heterodimers, and are named RelA, also known as p65; RelB, c-Rel, p50 and p52(17).
TLRs are known to activate the NF-«B canonical pathway. Briefly, in the canonical
pathway, the signal starts after NF-xB p50/p65 is released from the inhibitor kappa B
(IKB), and subsequently phosphorylated by IKB kinase complex (IKK), the IKB is
ubiquitinated and degraded (18). The subunit p65 plays the major role and it forms
heterodimer with p50 and c-Rel, being part of the canonical pathway (19). In this
pathway, the NF-xB induces a pro-inflammatory phenotype by expressing IL-6, TNF,
IL-18 and IL-8, chemokines, adhesion molecules, acute phase proteins, and co-
stimulation molecules (20, 21). This signaling pathway is related to cell proliferation,
with activation of proliferation factors as cyclin D1 (22), c-JUN (6, 23) and c-myc (24).
In addition, cell proliferation can be also increased indirectly by IL-6 and IL-8 secretion
(25, 26). This pro-survival signaling is essential for immune cells to fulfill their protective
role (10, 27). For IL-1p maturation is necessary the inflammasome complex, composed
by NLRP3 (NLR Family Pyrin Domain Containing 3), CASP1 (Caspase 1) and
PYCARD (PYD And CARD Domain Containing). The Inflammasome is an important
process that activates the innate immune response, adaptative response and also lead

to a type of cell death, named pyroptosis (28).
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The non-canonical pathway of TLR4 involves the TLR4 endocytosis under
phosphoinositide 3-kinase (PI3K) modulation. Once inside the endosome, TLR4
signals by TRIF (29). TRIF activation leads to an anti-inflammatory response, resulting
in the activation of the transcription factors interferon-3 and 7 (IRF3/7). IRF3/7 induces
the expression of interferon type | cytokines (IFN-a and IFN-B) and IL-10 (9, 10, 30, 31).
TRIF pathway is responsible to end the inflammatory process. Furthermore, TRIF
orchestrates a death signaling pathway by interaction with RIPK1 (Receptor interacting
protein kinase 1), RIPK3 (Receptor interacting protein kinase 3), and FADD (Fas
Adaptor Death Domain). This complex activates CASP8 (caspase 8), starting the
apoptotic cell signaling (32). CASP8 inhibition may result in a necroptosis response
(33).

interferon type |
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I I endosome
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ripoptosome

PYCARD ‘ ;
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Figure 1 Schematic of TLR4 signaling. After activation of TLR4 the canonical signaling pathway
activates NF-kB, that translocates to the nucleus and starts the transcription of cell proliferation genes,
and inflammatory cytokines. TLR4 activates the inflammasome complex to produce the functional IL-
18. TLR4 endocytosis is another pathway signaling for Interferon type | response. Further, TLR4
activates the ripoptosome complex leading to either necroptosis with the inhibition of CASP8 or
apoptosis in its presence.

1.2 Glioblastoma

The present work will analyze TLR4 role in Glioblastoma (GBM) cells. GBM is
classified as astrocytoma grade 4 according to the World Health Organization (WHO),
with overall survival of 15 months with current standard of care which includes surgical

tumor resection, radiotherapy, and chemotherapy with temozolomide (TMZ) (34, 35).
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GBM is a very heterogenous tumor, with high proliferative cells rate, nuclear atypia,
neovascularization, and necrosis. GBM is restrict to the central nervous system, and
is highly invasive to the surrounding normal brain tissue (36, 37).

The de novo GBM corresponds to primary GBM, whereas secondary GBM
evolves from a lower grade astrocytoma (38). GBM was one of the first solid tumor
analyzed by high throughput sequencing which determined different molecular
subtypes based on mutational status with impact on patient’s overall survival. The
proneural (PN) subtype presents a molecular pattern related to progenitor or neural
stem cells and correlated with better overall survival. The PN subtype harbour
mutations in PDGFRA (platelet derived growth factor receptor alpha), TP53 (tumor
protein p53) and IDHL1 (isocitrate dehydrogenase 1) genes. The classical subtype (CS)
presents proliferative markers, mostly EGFR (epidermal growth factor receptor)
amplification, but also deletion in chromosome 10 and amplification in chromosome 7.
The mesenchymal (MES) subtype is associated to mesenchymal markers, as MET,
NF1 (neurofibromin 1) mutations, and presents the worst prognosis (39, 40, 41). WHO
added IDH1 mutation status for classification purposes and the majority of secondary
GBMs presents IDH1 mutation and characteristics of PN subtype (42). GBM with IDH1
mutation will be designated as grade 4 astrocytoma with IDH1 mutation, according the
most recent WHO classification (43).

Several high throughput analyses were performed to try to identify expression
signatures and correlation to overall survival. In the present work the classification
proposed in Garofano et al’s study, 2021 (44) was applied to analyze the impact of our
results based in a metabolic stratification of GBM. Four pathways based on metabolic
and development molecular signatures were identified in GBM by the authors. Two
subtypes were based in metabolic phenotypes, one presenting complex | of the
mitochondrial oxidative phosphorylation system (OXPHOS) upregulated genes,
named as Mitochondrial (MTC), and the other with upregulation of glycolytic pathway
targets, named as glycolytic/plurimetabolic. The two other subtypes were classified
according to developmental markers, one being neuronal (NEU), presenting
upregulation of genes responsible for axogenesis and synaptic transmission, and the
other denominated as proliferative/progenitor subtype (PPR), with markers of
progenitor neural cells, and upregulation of genes related with cell cycle progression
and DNA repair (44).
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1.3 TLR4 and GBM

Several roles have been described for TLR4 in tumor cells, as cell survival and
proliferation (7,45, 46, 47, 48, 49, 50), migration (49, 51), and a pro-inflammatory phenotype
(50, 52, 53, 54, 55). In glioma animal models (52, 56, 57), TLR4 activation by LPS, a
known agonist for TLR4, resulted in tumor remission, where the anti-tumor response
was attributed to the infiltration of inflammatory cells (45).

TLRA4 role was also evaluated in glioma stem cells(GSCs). TLR4 upregulation
was reported in differentiating glioma stem cells (GSCs) and its blockage led to
decreased number and viability of differentiate cells. The transcription factor, NF-kB,
was associated to TLR4 activation in differentiating GSCs cells. A positive loop of
autocrine signaling through secreted hyaluronic acid, a DAMP TLR4-agonist, was
described to increment this pathway (58). However, newly differentiated GBM cells
showed no effect in their viability, when treated with LPS and TMZ (5 9) . Moreover,
non-differentiated GSCs with downregulated TLR4, presented self-renewal and
survival by avoiding the activation of inflammatory pathways (60). In animal models,
microglia secretion of IL-6 via TLR4, increased glioma growth through IL-6 intake by
GSCs cells (61).

Previously, we also evaluated the expression of plasmatic membrane TLRs in
human astrocytoma samples and observed higher TLRs expression in the tumor
samples compared to non-tumor samples. Interestingly, TLRS expressions were
upregulated in MES-GBM subtype. Our findings confirmed the TLRs presence in tumor
cells (8), that motivated our interest to better understand their role in the tumor context.
We focused our studies in TLR4 because it was highly upregulated in tumor samples,
and presented a particular cell compartment distribution, including a nuclear

localization.
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2 Aims

We aimed to evaluate the TLR4 role in GBM cells in search for druggable
targets in the TLR4 signaling pathways.

3 Experimental design and the studies
We designed the present work with in vitro experiments in GBM cell lines to
address the TLR4 signaling pathways activated by LPS, and the effects on these

pathways with combined treatment with metformin (MET) and TMZ. The corresponding

results were presented in publication 1 and publication 2, respectively.
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4 Publication 1 - Late p65 nuclear translocation in glioblastoma cells
indicates non-canonical TLR4 signaling and activation of DNA repair

genes

In publication 1, we evaluated the role of TLR4 in GBM, aiming to analyze:

a) TLR4 expression in human astrocytoma cases
b) TLR4 gene and protein expression in U87MG-GBM cell line
b) US7MG cells behavior after stimulus with LPS in UB7MG cells
c) involved signaling pathways in U87MG cells after LPS stimulus by Next Generation

Sequencing-RNASeq (NGS-RNA-seq)
d) effect of combined treatment with LPS + TMZ and LPS + inhibitor of DNA repair +

TMZ in UB7MG cells.
e) the identified signaling pathways in silico in the Cancer Genome Atlas (TCGA)-GBM-

RNASeq dataset

This study was published in the Scientific Reports (62), where methodology,

results and discussion were detailed. In brief, we observed, unexpectedly, alate NF-xB
translocation to nucleus after 12hs of LPS stimulation, in contrast to a translocation
within 100min after canonical activation of TLR4 previously described in immune cells.
An increased expression of IL1B was observed after this time interval, and,
interestingly, DNA repair genes expressions were concomitantly increased, and TLR4
was detected in nuclei of U87MG cells. A TLR4-non-canonical pathway activation was
observed after LPS stimulation by the transcriptomic analysis, with upregulation of
ripoptosome and inflammasome components. The combined treatment with LPS and
TMZ led to an increased apoptotic rate in comparison to TMZ alone, and the addition
of a DNA repair inhibitor, Amuvatinib, RAD51 inhibitor, further reduced tumor cell
viability more than with each treatment alone. These results suggested that for GBM
cases presenting stimulation of TLR4, a combinatory treatment with pharmacological
inhibition of the DNA repair pathway may be complementary treatment to the current
standard of care. The publication 1 (PMID: 33446690) is presented below.
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Publication 1

Late p65 nuclear translocation in glioblastoma cells
indicates non-canonical TLR4 signaling and activation of
DNA repair genes
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scientific reports

W) Check for updates

Late p65 nuclear translocation

in glioblastoma cells indicates
non-canonical TLR4 signaling

and activation of DNA repair genes

Isabele F. Moretti'™, Antonio M. Lerario?, Marina Trombetta-Lima?, Paula R. Sola?,
Roseli da Silva Soares?, Sueli M. Oba-Shinjo! & Suely K. N. Marie!

Glioblastoma (GBM) is the most aggressive brain primary malignancy. Toll-like receptor 4 (TLR4) has
adualrole in cell fate, promoting cell survival or death depending on the context. Here, we analyzed
TLR4 expression in different grades of astrocytoma, and observed increased expression in tumors,
mainly in GBM, compared to non-neoplastic brain tissue. TLR4 role was investigated in U87MG, a
GBM mesenchymal subtype cell line, upon LPS stimulation. p65 nuclear translocation was observed in
late phase, suggesting TLR4-non-canonical pathway activation. In fact, components of ripoptosome
and inflammasome cascades were upregulated and they were significantly correlated in GBMs of

the TCGA-RNASeq dataset. Moreover, an increased apoptotic rate was observed when the GBM-
derived U87MG cells were co-treated with LPS and Temozolomide (TMZ) in comparison to TMZ alone.
Increased TLR4 immunostaining was detected in nuclei of U87MG cells 12 h after LPS treatment,
concomitant to activation of DNA repair genes. Time-dependent increased RAD51, FENI and UNG
expression levels were confirmed after LPS stimulation, which may contribute to tumor cell fitness.
Moreover, the combined treatment with the RAD51 inhibitor, Amuvatinib in combination with, TMZ
after LPS stimulation reduced tumor cell viability more than with each treatment alone. In conclusion,
our results suggest that stimulation of TLR4 combined with pharmacological inhibition of the DNA
repair pathway may be an alternative treatment for GBM patients.

Toll-like receptor 4 (TLR4) is part of the receptor family for innate immunity that first recognizes endogenous
(damage-associated molecular patterns-DAMPs) and exogenous (pathogen-associated molecular patterns-
PAMPs) molecules'. This family is composed of 10 known receptors in humans, which are structurally simi-
lar (TLR1-10)>. Depending on the context, TLR4 activation may induce a pro-inflammatory and pro-survival
response, which translates into a proliferative phenotype or may induce an anti-inflammatory response leading
to cell death?’.

TLR4 downstream signaling includes two distinct pathways: the myeloid differentiation primary response
gene 88 (MyD88; "canonical” pathway) and TIR-domain-containing adapter-inducing interferon-p (TRIF; "non-
canonical" pathway). Signaling through the canonical TLR4 leads to the activation of the transcription factor
nuclear kappa B (NF-kB) by means of the translocation of its heterodimeric complex p50/p65 to the nucleus®.
Once in the nucleus, NF-kB induces the transcription of pro-inflammatory genes coding for interleukins 6 (IL6)
and 1B (IL-1P), tumor necrosis factor (TNF), adhesion molecules, and chemokines®~, as well as genes coding for
a proliferative response®'2, On the other hand, the non-canonical pathway consists of the TLR4 internalization
to the endosome compartment by a phosphoinositide 3-kinase (P13K)-dependent mechanism'’. This process
results in the activation of TRIE, which promotes an anti-inflammatory response by inducing the expression of
interferon type I, interferon regulatory factor 3 and 7 (IRF3/7), and IL-10>"*. TRIF may also trigger a cell death
pathway by interacting with receptor interacting protein kinase 1 and 3 (RIPK1, RIPK3), and the fas adaptor
death domain (FADD), which in turn activate caspase 8 (CASP8), leading to apoptosis. In the absence of CASPS8,
the necroptosis pathway is activated'*¢.

*Laboratory of Molecular and Cellular Biology (LIM15), Department of Neurology, Faculdade de Medicina FMUSP,
Universidade de Sao Paulo, Sdo Paulo, SP, Brazil. “Department of Internal Medicine, Division of Metabolism,
Endocrinology and Diabetes, University of Michigan, Ann Arbor, MI, USA. *“email: imoretti@usp.br
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Figure 1. The TLR4 mRNA expression level was upregulated in human astrocytoma. (A) Box plot
representation of TLR4 expression levels in our cohort of different astrocytoma malignant grades (AGII, AGIII,
and GBM) and non-neoplastic (NN) brain samples (*p < 0.05 Kruskal-Wallis and Dunn tests). TLR4 expression
levels (272“') are log10 transformed, and the horizontal bars represent the median values. (B) The expression
levels of TLR4 in the GBM molecular subtypes: proneural (PN), classical (CS), and mesenchymal (MES) in our
cohort. (C) TLR4 expression analysis in the TCGA RNASeq data set is demonstrated by reads per kilobase per
million mapped reads (RPKM), transformed in log10, including values for AGII, AGIII and GBM molecular
subtypes. AGII and AGIII presented higher expression values (A) compared to GBM, and MES subtype
presented significant higher than CS (*) and PN (**)(p=0.001, Kruskal-Wallis, p=0.001 Dunn tests).

TLR4 stimulation may also lead to NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflam-
masome activation by either MyD88 or the TRIF-dependent pathway'”!®. The NLRP3 inflammasome complex
comprises NLRP3, a sensing molecule with a pyrin domain (PYD), which interacts with an adaptor protein (ASC)
with a CARD domain. The resulting combined ASC-CARD domain interacts with pro-CASP1'%, which cleaves
and releases interleukin-1 family members such as IL-1p and interleukin-18 (IL18)%.

Inflammatory cells in a solid tumor microenvironment may exhibit a pro- or anti-inflammatory profile
depending on the stimuli’!. Moreover, inflammatory receptors such as TLR4 are also expressed in tumor cells,
adding another layer of complexity that results from potentially distinct effects of TLR4 downstream signaling
in each cell compartment®. We previously demonstrated an increased TLR4 expression in human astrocytoma,
particularly glioblastoma (WHO-grade IV astrocytoma). Glioblastoma (GBM) is the most common and the
most aggressive primary brain malignancy in adults®, and due to its relevant heterogeneity and the invasive
feature, the outcomes of current therapeutic strategies have remained almost invariably lethal. In fact, the stand-
ard of care, including surgical tumor cytoreduction followed by radiotherapy and adjunct chemotherapy with
Temozolomide (TMZ), and several combinatorial rescue trials have not improved the median overall survival
time of approximately 15 months**, Among the GBM molecular subtypes, the mesenchymal (MES) subtype,
which harbors neurofibromin 1 (NF1) and RB transcription corepressor 1 (RBI) mutations, presents the poorest
outcome, compared to the proneural (PN) subtype harboring somatic mutations in tumor protein p53 (TP53),
platelet-derived growth factor receptor A (PDGFRA), and isocitrate dehydrogenase 1 (IDH1), and to the classical
subtype with epidermal growth factor receptor (EGFR) mutations®-°.

In this context, we aimed to analyze the impact of TLR4 stimulation in a MES-GBM tumor cell. We worked
with the hypothesis that activating the TLR4 downstream cascade might activate a cell death pathway and con-
tribute to a better outcome for GBM patients, mainly with the MES subtype.

Results

TLR4% expression in human astrocytoma. The upregulation of plasmatic membrane TLRs have been
previously demonstrated in astrocytoma, particularly in GBM by our group?”. Here, we first recapitulated TLR4
expression in our cohort of 140 human astrocytoma of different grades of malignancy (26 AGII, 18 AGIII, and
96 GBM compared to 22 non-neoplastic [NN] brain tissue), and we next analyzed TLR4 signaling pathways.
TLR4 expression was significantly higher in AGII, AGIII, and GBM when compared to NN (p <0.05, Kruskal-
Wallis and Dunn tests). Interestingly, among GBM molecular subtypes (14 PN, 36 CS, and 16 MES)*, TLR4
expression was higher in MES than in PN and CS subtypes, however a statistical significance was not reached
in our cohort due to the small number of cases in each subtype. Then, we validated this result in a larger data-
set of the TCGA cohort, and a significant difference of TLR4 expression was confirmed among GBM subtypes
(p<0.0001 Kruskal-Wallis test), being higher in MES subtype compared to PN and to CS subtypes (p=0.001
for both comparisons, Dunn test) (Fig. 1) Lower grade astrocytomas (AGII and AGIII) presented TLR4 higher
expression levels when compared to GBM samples (p =0.001 for both comparisons, Dunn test).

TLR4 canonical signaling pathway in U87MG cells.  To access TLR4 role in a GBM cell line, we treated
UB7MG cells with LPS and observed NF-kB activation aiming to analyze the canonical TLR4 signaling path-
way. The NF-xB translocation to the nucleus was assessed by the presence of the p65 subunit in the nucleus.
In immune cells, NF-kB translocation to the nucleus has been detected 30-100 min after TNF stimulation®®.
However, in our experiment the nuclear translocation was not observed at 30 min or 2 h after LPS stimulation,
the time interval expected for NF-kB translocation to occur through the MyD88/TRAF6 canonical pathway. It
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Figure 2. Translocation of the p65 subunit of NF-kB to the nucleus of U87MG cells after LPS treatment. (A)
Immunofluorescence confocal images at three different time points (0, 0.5, 12 h) of U87MG cells treated with
LPS showed p65 translocation to nucleus after 12 h of treatment. Cells were incubated with anti-p65, followed
by a secondary antibody anti-rabbit-Alexa Fluor 488, in green, and with DAPI, in blue. 400 x magnification (B)
Western blot analysis of p65 with nuclear (Nu) and cytoplasmic (Cy) extracts of U§7MG cells after 2 and 12 h
of LPS treatment. Histone H3 was used as a loading control for nuclear extract. (C) Quantification of nuclear
fluorescence intensity of p65 staining (n=30) at the three time points (*p <0.05 compared to 0 h and **p <0.05
compared to 0.5 h by one-way Anova, Tukey test).

occurred only after 12 h, being considered a late translocation, as demonstrated by immunofluorescence analysis
and Western blotting (Fig. 2A-C).

TLR4 non-canonical signaling pathway in U87MG cells.  To further investigate the TLR4-signaling
pathways after LPS stimulation of U87MG cells, considering the late translocation of NF-B to the nucleus, we
performed a qQRT-PCR for the MYD88, and TRAF6 of the canonical pathway; SRF?, and JUN? for the prolifera-
tive response; TRIFY for the endosome; NLRP3'” and IL1B*' for inflammasome; and RIPK1 and RIPK3 for ripop-
tosome pathways??, at different time points: 0, 0.5, 12, 24 and 48 h, in three independent experiments. MYDS88,
SRF, JUN, IL1B, NLRP3, and RIPK1 expression levels increased after 12 h of LPS stimulation, and IL1B expres-
sion reached the largest fold change of 5.83 times compared to basal expression level. Interestingly, TRAF6 was
the only analyzed target presenting a peak of increased expression within 30 min of stimulation (p=0.052, One-
way Anova post-hoc Tukey test), but it was not related to the NF-kB translocation to the nucleus, as shown by
the Western blot analysis (Fig. 2B). The mRNAs expression alterations at 12 h after LPS stimulation corroborated
the activation of TLR4-inflammasome, and -ripoptosome pathways, with increase of SRF, JUN and particularly
IL1B (p<0.05 One-way Anova, p=0.012 Tukey test) transcripts levels. (Fig. 3A). We next checked the expres-
sion level of these targets in the TCGA RNASeq dataset to validate the activation of these pathways in human
astrocytoma (Fig. 3B). In fact, significant upregulations of MYD&8, SRF, JUN, IL1B, TRIF, RIPK1, NLRP3 were
detected in GBM cases compared to lower grade astrocytomas (AGII and AGIII) (Supplementary Fig. 1). When
the expression pattern of these genes was compared among the GBM subtypes, MES subtype presented higher
MYD88, IL1B, RIPK3 and NLRP3 expression levels than PN and CS subtypes (Supplementary Fig. 1), in a similar
pattern to TLR4 expression (Fig. 1C).

Therefore, these observations of the TCGA dataset were convergent to U87MG expression profile after LPS
stimulation, indicating upregulation of inflammasome and ripoptosome pathways in GBM, particularly in MES
subtype.

As a next step, we checked whether the activation of TLR4 by LPS presented a co-stimulatory effect to
TMZ, the alkylating agent used in the standard of care of GBM patients. Interestingly, U87MG cells presented
a more significant early cell death after combined stimulation than either TMZ- or LPS-alone treatment after
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Figure 3. Canonical and non-canonical gene expression profile after LPS stimulation of U87MG cells and

of TCGA astrocytoma RNASeq data. (A) MYD88, TRAFé, JUN, SRE, IL1B, TRIF, NLRP3, RIPK1, RIPK3
expression ratio with the non-treated cell were accessed by qRT-PCR, at different time points (0.5, 12, 24, 48 h)
in three independent experiments. The fold change values were calculated by the ratio of the value obtained

by 274 formula of treated cells compared to control cells (time point 0). (B) Heatmap of the RPKM values
from the TCGA RNASeq dataset, normalized by z-score for the selected genes of astrocytoma cases of different
malignant grades (AGII, AGIII, and GBM). GBM cases were subdivided by molecular subtypes proneural (PN),
classical (CS), and mesenchymal (MES). Upregulated values are in red and downregulated in blue.

48 h (Fig. 4A). We observed an approximately 10% increase in the initial cell death by the combined treatment
in comparison to the TMZ single treatment (Fig. 4B). No differences among the stimulation conditions were
observed for the number of cells in late cell death.

TLR4localization in nuclei of U87MG cells.  We also analyzed TLR4 protein distribution within US7MG
cells upon 12 h of LPS stimulation compared to control. Unexpectedly, immunofluorescence analysis showed a
granular pattern of TLR4 expression in nuclei in addition to its distribution in cytosol and plasma membrane
in these cells (Fig. 5B), with increased immunostaining after 12 h of LPS stimulation (Fig. 5C) (p <0.05, Mann
Whitney). Such nuclear TLR4 distribution was also confirmed by Western blot in non-treated cells (Fig. 5A).

Increased mRNA expression of DNA repair genes related to TLR4 stimulation.  To better under-
stand the role of TLR4 in the nucleus, we performed RNASeq in U87MG cell lines after 12 h of LPS stimulation and
compared to non-treated cells. This transcriptomic analysis showed 286 upregulated genes and 232 downregu-
lated genes (logFC >0.5], p<0.05, and adjusted p<0.1). The enrichment analysis by Hallmark gene sets®® showed
statistical significance for 25 pathways, including the pathway for DNA repair (HALLMARK_DNA_REPAIR),
that was upregulated in the treated cells with a logFC of 0.244 (Fig. 6A). Eighteen differentially expressed genes
included in this Hallmark group were detected, 16 genes upregulated and 2 genes downregulated after LPS treat-
ment compared to control cells (Fig. 6B). These genes were grouped according to their biological function by
GO classification as: DNA repair, DNA dependent DNA replication, regulation of DNA binding, mRNA splicing
via spliceosome and transcription by RNA polymerase III. The analysis with the String Consortium tool showed
high connectivity among them (Fig. 6C). Additionally, in the TCGA dataset of astrocytoma, their expressions
were significantly higher in GBM compared to lower grade astrocytoma (AGII and AGII), (p <0.0001, Kruskal-
Wallis test), except for XRCCI and POLAI. Among them, MBD4 (methyl-CpG binding domain 4), PLAUR
(urokinase plasminogen activator receptor), POLE (DNA polymerase epsilon, catalytic subunit) and RAD51
(RAD5I recombinase) expressions were significantly higher in GBM-MES subtype when compared to CS and
PN subtypes (p <0.05 Dunn test for all comparisons) (Supplementary Fig. 1). The DNA repair gene expressions
correlated positively among themselves, particularly RAD51 with FENTI (flap structure-specific endonuclease 1)
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Figure 4. Cell death functional assay by flow cytometry. (A) U87MG cells were treated for 48 h with LPS, TMZ,
and LPS together with TMZ. The cells were incubated with annexin V and propidium iodide (PI) and evaluated
by flow cytometry for the adherent and supernatant cells. Statistical analysis was performed using a Two-way
Anova p<0.001 followed by Bonferroni post-test, where significance was *p<0.001 compared to non-treated
cells (control group), ®p <0.001 compared to cells treated with LPS, and °p<0.001 in comparison to cells treated
with TMZ. (B) Representative scatter plots of Annexin V-FITC/PI staining of U87MG cells with TMZ alone or
in combination with LPS. The initial cell death phenotype was indicated when the cells were positive by annexin
V (orange). Late cell death was given by the positivity for annexin V and PI (blue).
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Figure 5. TLR4 localization in U87MG cells. (A) TLR4 presence was observed in nuclear (Nu) and cytoplasmic
(Cy) protein fractions of U87MG cell line by Western blot analysis. Total H3 protein was used for nuclear
protein enrichment control and B-actin for protein loading control. (B) The presence of TLR4 was detected in
cytoplasmic and nuclear compartments in U87MG cells by immunofluorescence. TLR4 staining in the nucleus
increased after 12 h of LPS stimulation. Cells incubated with anti-TLR4-secondary antibody anti-mouse-Alexa
Fluor 568, in red, and with DAPI, in blue. 200 x magnification. (C) Values for nuclear fluorescence intensity for
each analyzed celln=23 at 0 h and n=25 at 12 h (**p<0.001 compared to 0 h, Mann--Whitney).
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Figure 6. Transcriptome analysis of U87MG cell line treated with LPS showed upregulation of genes related
to DNA repair when compared to non-treated condition (CTL). (A) 25 gene sets from “Hallmark” gene sets
from the MSigDB database were significantly enriched upon LPS treatment (adjusted p <0.1), bars represent the
value for the log,FC, and the DNA repair gene set is highlighted in the red box. (B) Heatmap representing the
expression of 18 genes coding for proteins with biological functions for DNA repair. Each group was analyzed
in triplicates for CTL and LPS treated U87MG cells. *p value<0.05 ** adjusted p <0.1. (C) The differentially
expressed genes were plotted in a network according to the biological function (Gene Ontology Resource)
(accessed: 2020-02-10 https://doi.org/10.5281/zen0do.2529950) by the String Consortium tool. (D) RAD51,
UNG, FENI levels in UM87MG cell stimulated with LPS at different time points. The fold change values were
calculated by the ratio with the control cells (time point 0) for the 27 formula. The dotted line represents the
ratio value for the control (FC=1).
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Figure 7. U87MG cell viability with LPS, Amb and TMZ combined treatment. (A) Cell viability curves with
values normalized by the 0 h values at 0, 24, 48, 72 h with different treatments: LPS-alone, Amb-alone, TMZ-
alone, LPS+ Amb, LPS+ Amb + TMZ compared to non-treated cells. (B) The percentage of cell viability decrease
compared to non-treated cells after 72 h treatment. The bar graphs represent the fluorescence of viable cells
normalized by the mean of non-treated cells (wherein *p <0.001 compared with non-treated and #p<0.001
compared with Amb-alone and TMZ-alone, Two-way Anova, followed byTukey post-hoc test).

(r=0.632, p=0.0001) and with UNG (uracil DNA glycosylase) (r=0.263, p=0.003) in GBM. In MES subtype, a
stronger correlation was observed between RAD51 and FEN1 expression (r=0.758, p=0.0001, Spearman test).

Considering these correlation findings in the TCGA dataset and our observations of differential expression
after LPS stimulus in U87MG cells, we checked the expression level of RAD51, FENI, and UNG of U87MG cells
after 0.5, 12, 24 and 48 h after LPS stimulation. These three genes presented an increase of their expressions in
24 h, with further increase of UNG expression in 48 h (Fig. 6D). Thus, these findings corroborated our transcrip-
tomic data of DNA repair related genes upregulation upon LPS stimulation.

Decreased viability after RAD51 inhibition and LPS stimulation of U87MG cells. Considering
the upregulation of RAD51 expression after TLR4 stimulation with LPS, we chose Amuvatinib (Amb), a RAD51
inhibitor tested in clinical trial for advanced solid tumors* to check the impact on U87MG cells (Fig. 7A).

LPS treatment alone did not alter U87MG cell viability, however it significantly decreased with Amb single
treatment (compared to non-treated in 48 and 72 h, p<0.001). TMZ single treatment led to a sharper viabil-
ity decrease in 72 h (compared to non-treated in 48 and 72 h, p<0.001; compared to Amb in 72 h, p<0.001).
Moreover, a more pronounced decrease of cell viability was observed when Amb was combined to LPS stimu-
lation (compared to non-treated in 48 and 72 h, p<0.001; compared to Amb in 72 h, p <0.001; compared to
TMZ in 72 h, p<0.001), which was comparable to Amb and TMZ combined treatment after LPS stimulation
(compared to non-treated in 48 and 72 h, p <0.001; compared to Amb in 72 h, p<0.001; compared to TMZ in
72 h, p<0.001) (Fig. 7B).

Discussion

In view of TLR4 dual role in cellular fate, which is a direct consequence of both the stimuli and microenviron-
mental context, we aimed to evaluate TLR4 molecular mechanism in human GBM cells. First, we determined
TLR4 expression in 140 human astrocytoma samples of different malignant grades. We observed that TLR4
expression was higher in astrocytoma samples when compared to non-neoplastic samples. Moreover, when we
focused on GBM samples, the analysis of the TGCA RNASeq dataset revealed that TLR4 expression was higher
in the MES subtype, with the poorest outcome when compared to PN and CS subtypes.

The function of TLR4 has been extensively described in immune cells*®. Nonetheless, TLR4 role in the tumor
cell compartment is still lacking. To analyze TLR4 signaling pathways in GBM cells, the U87MG cell line, harbor-
ing NF1 mutation®®, was chosen as a model for the MES-GBM subtype®.

We observed that stimulation of U87MG cells with LPS, a traditional TLR4 agonist that activates pro-inflam-
matory pathways”, led to NF-kB (p65) nuclear translocation after 12 h. This was considered a late response
because both tumor necrosis factor-alpha (TNFa) and LPS stimulation have been described to induce NF-xB
translocation to the nucleus through the MyD88/TRAF6 canonical pathway within 30 min to 2 h*. Addition-
ally, hyaluronic acid, a component of the brain extracellular matrix, has been described to trigger TLR4-NF-xB
pathway in GBM stem-like cell differentiation and maintenance in a proliferative astrocytic precursor state®.
Furthermore, angiogenin has also induced a proliferative phenotype in U87MG cells through NF-xB translo-
cation to the nucleus®. In opposition to these previous observations, an unequivocal proliferative effect was
not observed in our experiments with U87MG. In another report, TLR4 was able to suppress tumor growth
by decreasing the expression of a transcription factor responsible for the maintenance of cancer stem cells, the
retinoblastoma binding protein 5*°.

A late NF-xB translocation to nucleus was observed in U87MG cells stimulated by LPS, and the gene expres-
sion profile of our experiments was compatible to activation of inflammasome and ripoptosome pathways. TRIF
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was described to interact with TRAF®6, leading to a late-phase NF-kB activation. Moreover, TLR4 signaling
activates the TRIF-RIPK3 complex!! and leads to apoptosis in the presence of CASPS, or to necroptosis in its
absence™. However, CASP8 activation can be prevented by its inhibitor, c-FLIP, or by blocking TLR4-pathway
and inhibiting apoptosis*%. Following TLR4 internalization, TRIF mediates the activation of inflammasome
complexes®. Two distinct inflammasome pathways have been described: a pro-proliferative through NLRP3
overexpression*! and a cell death signaling pathway®, a pyroptotic type of cell death triggered by persistent
stimulation of IL-1p*. Additionally, the TLR4 pathway has been described to trigger apoptosis in glioma in a
TRIF-dependent pathway". Our transcriptomic data of U87MG cells 12 h after LPS stimulation and the TCGA
RNASeq dataset of astrocytoma showed upregulation of genes related to inflammasome and ripoptosome path-
ways, namely MYD88, NLRP3, RIPK1 and RIPK3, and also SRF, JUN and IL1B, the downstream regulated genes.

In this context, an increase of apoptosis of LPS stimulated U87MG cells was expected, however only an
increase of approximately 10% in early apoptosis 48 h after the combined treatment of TMZ and LPS was
observed. Moreover, we detected an increase of TLR4 distribution in the nucleus of U87MG, 12 h after LPS
stimulation. In fact, portions of the TLR4 protein were predicted by computational analysis to be in the nucleus®,
and such nuclear distribution has already been reported in pancreatic cancer cells*, as well as in non-neoplastic
rat cells™. Additionally, the combined TLR4 expression in nuclei and in cytosol has been associated with poor
prognosis and metastasis”.

In an attempt to understand the mechanisms that lead to the low rate of apoptosis, and the role of TLR4
in the nucleus, NGS transcriptomic analysis of U87MG cells after 12 h of LPS stimulation was performed.
Interestingly, among the enriched gene sets differentially expressed after TLR4 activation we found the DNA
repair-related genes. Particularly, UNG, FEN1 and RADS51 presented a time-dependent pattern of upregulation
after LPS stimulation in U87MG cells. Considering that the activation of DNA repair cascade may increase
tumoral cell fitness, with consequent enhancement of tumor cell survival, we tested the impact of inhibiting this
cascade in this model of TLR4-LPS stimulation. In fact, such strategy has already been proposed as targeting
the phosphorylation of H2AX, a histone acting for the assembly of repair foci, through modification of TLR4
pathway?2. Moreover, the activation of DNA repair signals has been associated with TMZ resistance, including
the MGMT (O-6-methylguanine-DNA methyltransferase) repair system, which catalyzes the transference of
the methyl group to the cysteine residue of the MGMT protein®!. Therefore, targeting DNA repair proteins has
been pursued as interesting cancer therapeutic strategy.

Among the DNA repair related genes identified in our transcriptomic data, we selected RAD51 as its inhibi-
tion has already shown antitumor activity when combined with other therapeutic agents*’. RAD51 has a role in
the DNA repair pathway of homologous recombination (HR), and it forms a complex in a single strand DNA
break, allowing the homology search and the HR process to continue. Amuvatinib (Amb) is a multi-kinase
inhibitor, including RAD51, and it has been tested in a clinical trial for advanced solid tumors®. Additionally,
in several GBM cell lines, Amb had a radiosensitization effect and delayed tumor growth, as in U87MG sub-
cutaneous xenograft mice model®. Convergently to this previous finding, we observed a significant reduction
of U87MG cell viability with Amb treatment after TLR4-LPS stimulation, in a similar fashion as the combined
Amb and TMZ treatment after TLR4-LPS stimulation. Furthermore, TLR4 protective role against tumorigenesis
by downregulation of DNA damage repair proteins was also described in a mouse hepatocellular carcinoma®.
Additionally, the absence of TLR4 was associated with DNA damage resistance after UV irradiation in mice skin
cells™. These cumulative pieces of evidence suggest TLR4 as a DNA repair pathway regulator due to its capacity
to recognize DAMPs and to generate an auto-paracrine signal in the presence of DNA damage®. Therefore, we
speculate that the reduction of tumor cell viability by TLR4 stimulation combined with the downregulation of
DNA repair genes may be an attractive complementary cancer therapeutic strategy, and a treatment alternative
for tumor TMZ resistance, as hypermutated TMZ status®’. Further clarification of the involved mechanisms
might enable TLR4-targeted therapies to be combined with the current standard of care to improve GBM patient
outcomes.

Materials and methods

TLR4 expression in human astrocytoma and GBM cell line.  Biological samples were collected dur-
ing the neurosurgical procedure by the Neurosurgery Division of the Neurology Department of the Hospital das
Clinicas, Faculdade de Medicina, Universidade de Sao Paulo (FMUSP) after informed and written consent from
the patients following the Institutional Ethical Committee guidelines (process number: 691/05). The present
study was approved by the HCFMUSP (process number: 059/15) and the FMUSP, ethical committee (process
number: 278/15). The samples were snap frozen in liquid nitrogen and necrotic, gliotic, and non-neoplastic areas
wetre previously macrodissected to guarantee presence of more than 90% of tumor cells in the processed tumor
fragments as described previously™.

Biological samples and cell line total RNA were extracted using the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) following the manufacturer instructions. Purity and concentration were analyzed by NanoDrop (Thermo
Fisher Scientific, Carlsbad, CA, USA), and 1.8-2.0 values for the absorbance ratio 260/280 were considered
satisfactory. Electrophoresis in agarose gel was done to check RNA quality.

For the reverse transcription, 1 ug of total RNA of each sample was used. Treatment with DNase I (FPLC-puro,
GE Healthcare, Uppsala, Sweden) was performed, and RNA was reversely transcribed with random primers,
oligodT oligonucleotides RNase inhibitor, and SuperScript III (Thermo Fisher Scientific). Lastly, the cDNA was
treated with RNase H (GE Healthcare) and diluted in TE (Tris/EDTA) buffer.

We analyzed 22 non-neoplastic (NN) brain samples obtained from temporal lobectomy of epilepsy surgery,
26 astrocytoma grade II (AGII) samples, 18 astrocytoma grade III (AGIII) samples, and 96 GBM, classified 14
as PN, 38 CS and 16 MES subtype.
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Cell culture. U87MG human GBM cell lineage was acquired from ATCC and authenticated by short tan-
dem repeats (STR) analysis using the GenePrint 10 System (Promega, Madison, WI, USA). Cells were cultured
in monolayer with DMEM medium (Dulbecco’s Modified Eagle’s Medium) (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum and 100 pg/ml streptomycin and 100 IU/ml penicillin. The cells were
kept in an incubator at 37 °C with 5% CO,. U87MG cell line presents Neurofibromin 1 (NF1) mutation, with
molecular pattern of MES subtype®.

Western blotting. To analyze NF-kB activation by TLR4 stimulation, the translocation of the subunit p65
to the nucleus was evaluated by Western blot. Cytoplasmic and nuclear protein extractions were performed for
U87MG cells after LPS treatment for 2 and 12 h. The cells were lysed with a buffer solution containing light deter-
gents to separate the cytoplasmic proteins: Igepal-CA-630 (0,5%), Triton X-100 (0,25%), glycerol (10%) (Thermo
Fisher Scientific), 1 mM EDTA, 50 mM Hepes, and 140 mM NaCl. After centrifugation, nuclei were lysed with
a buffer containing strong detergent and sonicated 50 mM Tris-HCI, 10 mM EDTA and 1% SDS. The Western
blotting was performed with the loading of 40 ug proteins in a 4-12% polyacrylamide gel (Thermo Fisher Scien-
tific), using a buffer solution NuPAGE MOPS SDS (Thermo Fisher Scientific). The proteins were transferred to a
polyvinylidene fluoride(PVDF) membrane through a semi-dry transfer system (Bio-Rad, Hercules, CA, USA).
The antibodies used were anti-p65 (Abcam, Cambridge, UK, 1:500), TLR4 (, Santa Cruz Biotechnology, Santa
Cruz, CA, USA, 1:500), p-actin ( Sigma-Aldrich, 1:1000) and Histone H3 total (Abcam, 1:20,000). The second-
ary antibodies were anti-rabbit (p65), anti-mouse (TLR4 and p-actin) and anti-goat (Histone H3 total) (Sigma-
Aldrich, 1:1000). The proteins were detected by the chemiluminescent reagent ECL (Western Lightning Chemi-
luminescence Reagent Plus, Perkin Elmer, Waltham, MA, USA) in the ImageQuant LAS4000 (GE Healthcare).

Immunofluorescence. Immunofluorescence analysis was performed to analyze p65 and TLR4 distribu-
tion in the cell compartments, 0.5 h and 12 h after LPS stimulation, and control with no stimulation. The cells
wete fixed with methanol and acetone (1:1), the cell membrane was permeabilized with Triton-X-100 (0.1%),
and, to avoid unspecific reactions, the cells were treated with 2% bovine serum albumin. The primary antibodies
anti-p65 (Abcam, 1:500), anti-TLR4 (Abcam, 1:800) were incubated overnight at 4°C. The secondary antibod-
ies (Thermo Fisher Scientific) goat anti-Rabbit IgG H&L (Alexa Fluor 488, 1:400) and goat anti-Mouse IgG
H&L (Alexa Fluor 546) were incubated overnight, and nuclei were stained with DAPI (Thermo Fisher Scien-
tific, 1:1000 dilution). The preparations were analyzed in confocal microscope Zeiss 780-NLO (Thornwood, NY,
USA). The retrieved images were analyzed by Image J/Fiji’®. The fluorescence values for TLR4 and p65 in the
nuclei was delimited by DAPI staining.

Cell viability analysis. U87MG cells were plated in 96 wells (2x 10° cell/well), stimulated with LPS alone,
Amuvatinib (Amb), a RADS51 inhibitor, alone, TMZ alone and the combined treatment, compared to the non-
stimulated, and non-treated group. The plates were observed in four time periods of 24, 48 and 72 h. The con-
centrations for Amb and TMZ were 10 uM and TMZ 0.54 mM, respectively. The cell viability was analyzed by
the Presto Blue reagent (Thermo Fisher Scientific), following the manufacturer instructions. The fluorescence
of each well was measured by the Glomax (Promega). The samples were evaluated in octuplicate in two inde-
pendent experiments, and an additional spot with only the Presto Blue reagent was evaluated to normalize the
fluorescence results.

Apoptosis assay. U87MG cells were treated with LPS and TMZ and the combined treatment LPS and TMZ
for 48 h. Cells were washed with PBS and trypsinized. The adherent and non-adherent cells were collected for
analysis. Annexin V conjugated with FITC and propidium iodide (PI) were used for the staining following the
manufactures instructions (BD Biosciences, San Jose, CA, USA) and the measurements were done by the Flow
Cytometry FACs Canto BD (BD Biosciences). The cells presenting the phosphatidylserine translocation with
Annexin V positivity were considered as in early apoptosis. The cells with increased membrane permeability
resulting in Annexin V and PI positivity were considered as in late apoptosis. The results were analyzed by Flow
Jo version 10 (Flow Jo, LLC, Ashton, OR, USA).

Transcriptome analysis. We performed RNA-Seq to interrogate differentially expressed transcripts
induced by LPS treatment for 12 h in the U87MG cell line. Control and LPS-treated cells were analyzed in trip-
licates. We used the QuantSeq 3' mRNA-Seq Library Prep kit FWD for Illumina (Lexogen, Vienna, Austria) to
generate around 5 million 75 bp single-ended reads per library. Libraries for a given condition (control or LPS)
were generated in triplicates. Sequencing was performed in the Illumina NextSeq 550 (Illumina, San Diego, CA,
USA) platform at the Sequenciamento em Larga Escala (SELA) facility of FMUSP.

We used STAR to align sequencing data to the GRCh38 version of the human genome (downloaded from
ftp.ensembl.org). We used the bamsort tool, from biobambam2, for downstream processing of the BAM file,
including merging and sorting. To count the number of reads that overlap each gene, we used featureCounts.
We obtained the GFF file containing the gene models from ftp.ensembl.org. We used fastQC and RNASEQC to
assess sequencing quality and alignment metrics, respectively. To assess differential gene expression between LPS-
treated and control cells, we used the R-Bioconductor package limma. Pathway analysis and gene-set enrichment
analysis were performed using online tools such as GSEA (http://software broadinstitute.org/gsea) and Web-
Gestalt (http://www.webgestalt.org/), Gene Ontology Resources (accessed: 2020-02-10 https://doi.org/10.5281/
zen0d0.2529950)** and String consortium to produce figure?®.
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Validation of the transcriptomic analysis. The differentially expressed genes selected from the tran-
scriptomic analysis was validated by qRT-PCRs. The cells were collected in four time points (0.5, 12, 24, 48 h).
The genes of the DNA repair pathway analyzed were UNG, FENI, and RAD51.

Gene expression analyses. Gene expression levels were evaluated by qRT-PCR using the Sybr green
approach to in an ABI 7500 (Thermo Fisher Scientific), using the Power Sybr green PCR master mix (Thermo
Fisher Scientific). The primers were synthesized by IDT (Coralville, IA, USA) and Thermo Fisher Scientific.
The sequence of primers were: TLR4 (F: TTTATCCAGGTGTGAAATCCAGAGC; R: TCCAGAAAAGGCTCC
CAGG), TRAF6 (F: TGAAATGTCCAAATGAAGGTTGTT; R: GAAGGGACGCTGGCATTG), MYDSS (F:
GGATGGTGGTGGTTGTCTCTG; R: CCTTGTACTTGATGGGGATCAGT), SRF (F: ACAGCAGCACAG
ACCTCACG; R: CATGCGGGCTAGGGTACATC), JUN (F: CTCAGACAGTGCCCGAGATG; R: TTCCTC
TCCGCCTTGATCC), NLRP3 (F: CGGAGACAAGGGGATCAAACT; R: AGCAGCAGTGTGACGTGAGG),
IL1B (F: GGGACAGGATATGGAGCAACAA, R: TCAACACGCAGGACAGGTACA); TRIF (F: AAGCCGTGC
CCACCTACTC, R: GAGGAAGGGAACAGGGAGGA); RIPK1 (F: TTTGGGAAGGTGT CTCTGTGTTT, R:
CATCATCTTCGCCTCCTCCA); RIPK3 (F: CAATATGAATGCTGCTGTCTCCA, R: CCATCCATTTCTGTC
CCTCCT), UNG (F:-TTGCTCTGGGGCTCTTATGC; RTGACAAAGGGGAGGGATGAG), FEN1 (F:GAA
GGGAGAGCGAGCTTAGGA; RGGCAACACAGAGGAGGGATG), RAD51 (F:CGTTCAACACAGACCACC
AGAC; R.GCGGTGGCACTGTCTACAATAA) TBP (F: AGGATAAGAGAGCCACGAACCA; R: CTTGCT
GCCAGTCCTGGACTGT), HPRT (F: TGAGGATTTGGAAAGGGTGT; R: AGCACACAGAGGGCTACAA),
GUSB (F: GAAAATACGTGGTTGGAGAGCTCATT; R: CGAGTGAAGATCCCCTTTTTA). . The expression
levels for the tissues samples and cell samples were resulted by the formula 272 (where ACt=TLR4 Ct—geo-
metric means of three housekeeping genes, TBP, HPRT and GUSB)¥. The cell samples were analyzed by one
housekeeping gene (HPRT).

In silico analysis using TCGA dataset. Datasets from The Cancer Genome Atlas (TCGA-http://cance
rgenome.nih.gov/) was downloaded from Genomics Data Commons Data Portal, and the data were normalized
by DE-seq. Heatmap z-score of RPKM values were calculated for each gene, and the mean was used as cutoff
value to determine whether up- and down-regulated. The TCGA cohorts consist of low grade astrocytomas (63
AGII and 128 AGIII cases), 29 GBM-PN, 38 GBM-CS, and 48 GBM-MES cases.

Statistical analysis. 'The program SPSS version 23.0 (IBM, Armonk, NY, USA) and Graph Pad Prism (Graph-
Pad Software Inc, CA, USA) were used for the statistical analysis and graphs. The Normality of the data distribu-
tion was analyzed by the Kolmogorov-Smirnov test. Kruskal-Wallis and post hoc Dunn tests were used to ana-
lyze the differences among groups when non-parametric, and One-way Anova when parametric and multiple
groups comparisons for the cellular treatment experiments, and Tukey as post hoc test (p65 nuclei staining and
expression levels). For multiple variables comparison Two-way Anova was used, upon significance of interac-
tion, column and row factor, Bonferroni post hoc test (apoptosis by flow cytometry) and Tukey post hoc (cel-
lular viability assay) were applied. The test Mann Whitney was used for two groups comparison (TLR4 nuclear
staining). The correlations were performed by Spearman’s rho test. Differences were considered significant for
p<0.05.
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Supplementary Figure 1. Expression analysis in the TCGA RNAseq data set for the different
genes analyzed throughout the study. For TLR4 canonical and non-canonical pathways targets.
The data is demonstrated by reads per kilobase per million mapped reads (RPKM), presented in
the graph by log10, including values for low grade astrocytomas and GBM molecular subtypes.
Statistical significance were analyzed and demonstrated by (*) for Kruskal-Wallis test, and
followed of post hoc Dunn tests, wherein: 9 AGIl in comparison with AGIIl; $ AGIlin comparison
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with GBM; # AGIIl compared to GBM; (¥ PN compared to MS; A CS compared to MS and & PN
compared to CS. The quantity of symbols is proportional to p value, as one symbol p<0.0, two
symbols p<0.00, and three symbols p< 0.000.
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Supplementary Figure 2. (A) Heatmap representing the expression of genes coding for proteins
with biological functions for DNA repair (genes selected from the gene set enrichment analysis
- GSEA). Each group was analyzed in triplicates for CTL and LPS treated. *p-value <0.05 **
adjusted p<0.05 (B) Heatmap representing the expression of selected genes from TCGA RNAseq
dataset from astrocytoma cases (AGIl, AGIll, and AGIV). GBM cases were subdivided by the
molecular subtypes (PN, CS, MES). Up-regulated values are in red and down-regulated in blue.
The log2CPM values were normalized by z-score.
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Supplementary Figure 3- Western blot full length images highlighting the areas presented in figure 3 B. Both images
were merged with the protein ladder for size localization. (A) Cytoplasmatic extract incubated with anti-p65 and anti
-H3 total and (B) nuclear extract incubated with anti-p65 and anti-H3 total. The antibodies were incubated in different
times in the same membrane in (C) Cytoplasmatic extract for anti-p65, left membrane exposed for 1 minutes and
anti-H3 total right membrane, exposed for 1 minute and (D) nuclear extract for anti-p65, left membrane, exposed for
2 minutes and anti-H3 total right membrane, exposed for 1 minute.
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Supplementary Figure 4- Western blot full length images highlighting the areas presented in
figure 6 D merged with the protein ladder image, the antibodies were incubated in different
times in the same membrane in (A) anti-TLR4 first incubated antibody with the membrane
exposition for 5 min. In (B) anti-H3 total image exposed for 1min30s and (C) anti-B-actin exposed
for 1 minute. (D-F) Same images without the ladder image merged.

36



5 Publication 2 - GBM Cells Exhibit Susceptibility to Metformin Treatment
According to TLR4 Pathway Activation and Metabolic and Antioxidant
Status

In Publication 2, we aimed to analyze the effect of LPS combined to metformin
in two GBM cell lines, U87MG and Al172.Metformin (MET), a known medication for
diabetic patients, sensitizes insulin receptor, increases mitochondrial ROS by
inhibition of complex | of oxidative phosphorylation, decreases ATP level, and
activates AMPK (adenosine monophosphate (AMP)-activated protein kinase). AMPK
activation, in turn, inhibits NF-xB pathway, leading to anti-tumor response by
decreasing pro- inflammatory cytokines. We analyzed the impact of MET in GBM cells
in TLR4 activated condition by RNA-Seq. This study was published in Cancers (63),
where methodology, results and discussion were detailed. In brief, the transcriptomic
analysis in the designed experimental conditions revealed different gene expression
signature in U87MG and A172 cells in response to LPS+MET. U87MG cells were more
prone to oxidative stress, mitochondrial damage and cell death than A172. On the other
hand, Al172 exhibited minor change after LPS, however, MET treatment
downregulated a set of genes related to cell cycle, corroborating the cell cycle arrest
observed after MET+TMZ combined treatment. Moreover, A172 cells presented an
upregulation of antioxidant genes, explaining the low apoptotic rate presented by these
cells after MET+TMZ treatment. According to Garofanos’s proposed GBM stratification
U87MG cell line presented a glycolytic/multimetabolic subtype profile, while A172
presented a mitochondrial subtype profile (44). Interestingly, the in silico analysis of
the TCGA-GBM-RNASeq dataset showed upregulation of antioxidant genes in the
MTC subtype and activation of the TLR4 pathway in GPM subtype, suggesting that
GPM-GBM subtype will be eligible for MET treatment, but MTC-GBM subtype will
require a combinatory treatment with an anti-oxidant inhibitor to get anti-tumor effect.
The publication 2 (PMID: 36765551) is presented next.
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Publication 2

GBM Cells Exhibit Susceptibility to Metformin Treatment
According to TLR4 Pathway Activation and Metabolic
and Antioxidant Status
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Simple Summary: An analysis of metformin (MET) treatment in combination with temozolomide
(TMZ) in two glioblastoma cell lines, U87MG and A172, stimulated with lipopolysaccharide (LPS),
a TLR4 agonist was conducted. Both cells presented blunted mitochondrial respiration leading
to oxidative stress after MET treatment, and decreased cell viability after MET + TMZ treatment.
UB7MQG cells presented increased apoptosis after MET + LPS + TMZ treatment by increment of ER
stress, and downregulation of BLC2. A172, with an upregulated antioxidant background, including
SOD1, exhibited cell cycle arrest after MET + TMZ treatment. The observed differential response
was associated with a distinct metabolic status: glycolytic/plurimetabolic (GPM) subtype in US7MG
and mitochondrial (MTC) in A172. TCGA-GBM-RNASeq in silico analysis showed that GPM-GBM
cases with an activated TLR4 pathway might respond to MET, but the concomitant CXCL8/IL8
upregulation may demand a combination treatment with an IL8 inhibitor. MET combined with an
antioxidant inhibitor, such as anti-SOD1, may be indicated for MTC-GBM cases.

Abstract: Glioblastoma (GBM) is an aggressive brain cancer associated with poor overall survival.
The metabolic status and tumor microenvironment of GBM cells have been targeted to improve ther-
apeutic strategies. TLR4 is an important innate immune receptor capable of recognizing pathogens
and danger-associated molecules. We have previously demonstrated the presence of TLR4 in GBM
tumors and the decreased viability of the GBM tumor cell line after lipopolysaccharide (LPS) (TLR4
agonist) stimulation. In the present study, metformin (MET) treatment, used in combination with
temozolomide (TMZ) in two GBM cell lines (U87MG and A172) and stimulated with LPS was ana-
lyzed. MET is a drug widely used for the treatment of diabetes and has been repurposed for cancer
treatment owing to its anti-proliferative and anti-inflammatory actions. The aim of the study was to
investigate MET and LPS treatment in two GBM cell lines with different metabolic statuses. MET
treatment led to mitochondrial respiration blunting and oxidative stress with superoxide production
in both cell lines, more markedly in U87MG cells. Decreased cell viability after MET + TMZ and
MET + LPS + TMZ treatment was observed in both cell lines. U87MG cells exhibited apoptosis after
MET + LPS + TMZ treatment, promoting increased ER stress, unfolded protein response, and BLC2
downregulation. LPS stimulation of U87MG cells led to upregulation of SOD2 and genes related to
the TLR4 signaling pathway, including IL1B and CXCL8. A172 cells attained upregulated antioxidant
gene expression, particularly SOD1, TXN and PRDX1-5, while MET treatment led to cell-cycle arrest.
In silico analysis of the TCGA-GBM-RNASeq dataset indicated that the glycolytic plurimetabolic
(GPM)-GBM subtype had a transcriptomic profile which overlapped with US7MG cells, suggesting
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GBM cases exhibiting this metabolic background with an activated inflammatory TLR4 pathway
may respond to MET treatment. For cases with upregulated CXCLS, coding for IL8 (a pro-angiogenic
factor), combination treatment with an IL8 inhibitor may improve tumor growth control. The A172
cell line corresponded to the mitochondrial (MTC)-GBM subtype, where MET plus an antioxidant
inhibitor, such as anti-SOD1, may be indicated as a combinatory therapy.

Keywords: GBM; U87MG; A172; Metformin; LPS; antioxidant; cell cycle arrest; apoptosis

1. Introduction

Glioblastoma (GBM), a WHO grade 4 astrocytoma, is the most aggressive and malig-
nant brain tumor [1], with an overall survival (OS) of 15 months [2], despite the current
standard of care treatment consisting of surgical tumor macroresection followed by radio-
therapy and chemotherapy with the alkylating agent temozolomide (TMZ) [3]. The limited
effectiveness of therapeutic modalities available has been attributed to tumor invasiveness
and high tumor heterogeneity [4]. Moreover, metabolic plasticity guarantees tumor fit-
ness, where a blockade of metabolic pathways has been a focus of combination therapy
strategies [5].

Metformin (MET), 1,1-dimethylbiguanide hydrochloride, known for its hypoglycemic
action and widely used as the first-line medication for the treatment of type 2 diabetes [6],
has been repurposed for cancer therapy. Known MET actions include regulation of AMPK
pathway activity and mitochondria oxidative stress through inhibition of the oxidative
phosphorylation (OXPHOS) complex I [7]. MET can also inhibit hexokinase activity and
reduce cell glucose consumption, as well as act on the NFkB canonical pathway decreas-
ing IL8 [8], IL6, and TNF expression [9]. Moreover, recent studies have shown the role
of MET in inhibiting NLRP3 inflammasome activation and IL1f production in alveolar
macrophages [10]; involving inhibition of NFkB-NLRP3-mediated endothelial cell pyrop-
tosis [11]; and of fatty acid synthase (FASN) with suppression of the proinflammatory
response through the FASN/AKT pathway [12]. Additionally, inhibition of tumor growth
using MET treatment has been described for several types of cancer, including colon, breast,
prostate, pancreatic, lung, endometrial carcinomas, melanoma, and leukemia [13-18]. In
particular, MET is a promising therapeutic option for brain tumors, given its hydrophilic
property and permeability across the blood-brain barrier, as demonstrated in animal
models [19,20]. In fact, the effects of MET on GBM cell viability have been studied pre-
viously [21-23], and several clinical trials of combination treatment with MET for GBM
patients have been conducted [24].

We have previously demonstrated activation of the TLR4 signaling pathway in GBM,
mainly the mesenchymal subtype, and upregulation of IL13 and DNA repair genes through
late activation of NF«B in GBM cells stimulated with lipopolysaccharide (LPS). The LPS-
stimulated GBM cells had decreased tumor cell viability with the use of treatment combin-
ing DNA repair inhibitor and TMZ, which proved more effective than treatment with TMZ
alone [25].

In the present study, MET treatment, used in combination with TMZ in two GBM
cell lines (U87MG and A172) and stimulated using LPS, was analyzed. The aims were to
analyze the signaling pathways activated by MET, LPS and TMZ treatment used alone and
in combination, and to identify predictive markers of treatment response.

2. Materials and Methods
2.1. Cell Culture

GBM cellular lines US7MG and A172 were acquired from ATCC. Lineages authenti-
cation by short tandem repeats analysis was performed using the GenePrint 10 System
(Promega, Madison, WI, USA). Cells were maintained in DMEM (Dulbecco’s Modified
Eagle’s Medium) (Thermo Fisher Scientific, Waltham, MA, USA) with the addition of 10%
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fetal bovine serum (FBS) (Cultilab, Campinas, Brazil), streptomycin (100 pg/mL), and
penicillin (100 IU/mL) (Thermo Fisher Scientific). Cells were incubated at 37 °C with 5%
CO; and were routinely tested for mycoplasma contamination.

2.2. Cell Treatment

The following reagents: LPS from Escherichia coli O55:B5, MET and TMZ (Merck,
Readington Township, NJ, USA) were used in US7MG and A172 cell cultures in single or
combination treatments. Controls consisted of non-treated cells or treated with DMSO when
TMZ was used. Proliferation curves with PrestoBlue reagent (Thermo Fisher Scientific) were
performed to determine the half maximal inhibitory concentration (IC50) dose of a single
treatment. The IC50 was used for all assays. Assays before (time 0) and after 24 and/or 48 h
of treatment were analyzed, according to Figure 1, which shows the schematic experimental
design with the time points of the cellular functional analysis: cell viability, apoptosis, cell
cycle, mitochondria respiration and superoxide measurements, and transcriptomic analysis.
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Figure 1. The schematic presentation of the experimental design.

2.3. Cell Viability and Apoptosis Assays

For the cell viability analyses, cells were plated in 96 wells plate (2 x 10° cells/well)
and analyzed at different time points (24, 48 h). PrestoBlue Cell Viability Reagent was used
according to the manufacturer’s instructions (Thermo Fisher Scientific). Glomax equipment
(Promega) was used to evaluate the fluorescence intensity after incubation (excitation at
540 nm, emission at 560 nm). Treatments were done in octuplicate, and two wells without
the cell culture medium were used to access the background for each time point to be
subtracted from each measurement value.

Cell-death assays of US7MG and A172 cell lines were analyzed after 48h of treatment.
Cells were trypsinized, and the medium containing possible necrotic and late apoptotic cells
was collected. The Dead Cell Apoptosis Kit (Thermo Fischer Scientific) containing Annexin
V conjugated with FITC and propidium iodide (PI) was used following the instructions of
the manufacturer. Cell death measurements were performed in the flow cytometry system
BD FACSCanto (Beckton Dickinson, East Rutherford, NJ, USA). The analysis was done by
Flow]Jo version 10 (Beckton Dickinson). For the analysis, a non-stained population of cells
was used to set the percentage of alive cells. Positivity only for Annexin V was considered
as early apoptosis, double positivity for Annexin V and PI was considered as late apoptosis,
and positivity only for PI was considered as necrotic cells.

2.4. Mitochondrial Superoxide Assay

Production of superoxide by mitochondria after 24 h of treatment in US7MG and A172
cells was assessed by flow cytometry and compared to non-treated cells, in triplicate for each
treatment. The MitoSOX Red Mitochondrial Superoxide Indicator kit was used following
the instructions of the manufacturer (Thermo Fischer Scientific). MitoSOX fluorescence
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was assessed in the flow cytometer FACSCanto (Beckton Dickinson). MitoSOX positivity
was analyzed by FlowJo version 10.

2.5. Mitochondrial Respiration Analysis

The Seahorse XFe24 Analyzer (Agilent Technology, Santa Clara, CA, USA) equip-
ment was used for mitochondrial respiration analysis of U87MG and A172 cell lines after
treatment. The Cell Mito Stress Test Kit was used to access mitochondria viability. Cells
were plated in the Seahorse plate and treated with MET and LPS single and combined, in
triplicate for each treatment, for 24 h, at 37 °C and 5% CO,. Next, cells were washed, and
the medium was changed to an un-buffered medium and maintained in a 37 °C incubator
free of CO,. The oxygen consumption rate (OCR) was measured following the Mito Stress
program, and treatment was as follow: 2 uM oligomycin, for inhibiting ATP synthase (OX-
PHOS complex V), and decreasing OCR; 2 uM carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), for collapsing the proton gradient, disrupting the mitochondrial membrane, and
maximizing OCR through OXPHOS complex IV; 5 uM antimycin A for inhibiting complex
IIT and rotenone for inhibiting complex I, leading to a mitochondria shutdown.

2.6. Cell Cycle Analysis

Analyses of US7MG and A172 cell cycle phases were accessed by flow cytometry.
Previously to treatment with LPS, MET, and TMZ, cells were synchronized by incubation
with FBS-free DMEM with 0.5% bovine serum albumin for 24 h. Subsequently, cells were
treated for 24 h in triplicate and fixed with cold ethanol in increasing concentrations (25,
50,75, 90%). After fixation, cells were washed and incubated with PIL. PI fluorescence was
accessed by flow cytometry FACSCanto (Beckton Dickinson). Analysis was performed
using Flow]Jo version 10, using the cell cycle interface.

2.7. High-Throughput Sequencing for Transcriptome Analysis

Total RNA of US87MG and A172 cells after 24 h of treatment with LPS and/or MET
was extracted using the RNeasy mini kit (Qiagen, Hilden, Germany) for the transcriptomic
analysis. Untreated cells were considered as the control. Two independent experiments
in duplicate were performed for each condition. RNA integrity and concentration were
accessed using RNA screentape in the 4200 Tapestation system (Agilent Technologies). The
QuantSeq 3’ mRNA-Seq Library Prep kit FWD for Illumina (Lexogen, Vienna, Austria) was
used for library construction from 500 ng of total RNA following the recommendations of
the manufacturer. The library concentration was measured using the Qubit dsDNA HS
Assay Kit (Thermo Fisher Scientific), and the size distribution was determined using the
Agilent D1000 ScreenTape System on TapeStation 4200 (Agilent Technologies). Sequencing
was performed using the NextSeq 500 platform (Illumina, San Diego, CA, USA) at the
next-generation sequencing facility core (SELA) at Faculdade de Medicina da Universidade
de Sao Paulo (FMUSP). Sequencing data were aligned to the GRCh38 version of the human
genome and quantified using the R-Bioconductor package QuasR using HiSAT?2 as the
aligner [26]. The GFF file containing the gene models was obtained from ftp.ensembl.org
(accessed on 20 November 2022). Sequencing quality and alignment metrics were assessed
with FastQC and RNASEQC, respectively. Downstream analyses were performed in R
using specific Bioconductor and CRAN tools, and briefly described. Normalization was
performed with edgeR using the trimmed-mean (TMM) method. We used sva to remove
occult/unwanted sources of variation from the data. The R-Bioconductor package limma
was used to assess differential gene expression in each group, and to perform log2 counts
per million reads mapped (CPM) in the transformation of the data. Principal component
analysis was performed using the prcomp function from R-stats, and graphically depicted
as biplots constructed using ggplot2. To identify modules of co-regulated genes among
the differentially expressed genes, we used heatmap and cutree to perform hierarchical
clustering and to build heatmaps displaying these modules. We used Pearson correlation
as the similarity metric, and the ward D2 clustering algorithm. We used clusterProfiler to
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perform gene set enrichment analysis for each module of co-regulated genes. Expression
data were centered on the mean of each gene. Additional gene set enrichment analyses
were performed by online tools such as Gene Ontology [27-29] resources and String
consortium [30,31]. The metabolic subtype for the cell lines was determined by the analysis
of a combined score of marker gene expressions for glycolytic plurimetabolic (GPM) and
mitochondrial (MTC subtypes described by Garofano et al. (2021) [32]. We used GSVA [33]
to calculate these scores. For the heatmaps, the data were normalized by z-score. The
logCPM for each gene was subtracted by the mean and divided by the standard deviation.

2.8. Western Blot

Protein extraction of U87MG and A172 cells was performed after 48 h of treatment
using the lysis buffer (10 mM Hepes, 1% SDS, 1.5 mM MgCl,, 1 mM KCl, 1 mM DTT, and
0.1% NP-40), protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, USA).
Samples were quantified by Qubit protein Assay kit platform (Thermo Fisher Scientific) and
solubilized in sample buffer containing 60 mM Tris-HCl, 2% SDS, 10% glycerol, and 0.01%
bromophenol blue. A total of 25 ug of proteins were separated by SDS-PAGE and electro-
transferred to PVDF membranes, which were directly incubated with blocking buffer (5%
bovine serum albumin (BSA) in Tris-buffered saline (TBS) and 0.05% Tween-20 (TBST)) for
1h. Subsequently, samples were incubated with primary antibodies: anti-BCL2 (2876, Cell
signaling, Denver, MA, USA) and anti-B-actin (Sigma-Aldrich, A2228, 1:10,000) for loading
control, followed by secondary antibody conjugated with horseradish peroxidase for anti-
mouse diluted 1:4000 (Abcam, Cambridge, MA, USA) was used for detection of proteins.
Immunoreactive bands were detected with the ChemiDoc XRS Imaging System equipment
and protein quantification was performed using the Image] software (vesion 1.53t).

2.9. In Silico Analysis

The astrocytoma dataset from The Cancer Genome Atlas (TCGA) was downloaded
from Genomics Data Commons Data Portal [34], and the data were normalized by DEseq
software. GBM cases with clinical follow-up data were selected for the analysis. Data
analysis was done by heatmap for visualization using z-score to normalize RPKM values.

2.10. Statistical Analysis

Statistical analysis was performed using the program SPSS version 23.0 (IBM Corpo-
ration, Armonk, NY, USA), Graph Pad Prism (GraphPad Software Inc., San Diego, CA,
USA), and R studio [35]. The Kolmogorov-Smirnov test was applied to verify the normal
distribution of the results. For non-parametric analysis, Kruskal-Wallis and post hoc Dunn
test were used to assess the differences among three or more groups. For two groups
comparison, the Mann-Whitney test was used. For parametric analysis, One-way ANOVA
and Tukey post hoc test was used, and for multiple variables comparison, two-way ANOVA
and Bonferroni or Tukey were used as post hoc tests. Correlation analysis was done by
Pearson'’s test when parametric, and Spearman’s when non-parametric. The Corrplot
package was used for correlation visualization [36]. Statistical significance was considered
when p < 0.05. The Kaplan-Meier estimator was applied for the TCGA-GPM-GBM subtype
using SOD2 and CXCLS expression ratio, where the cases were stratified as high and low
according to the mean value for the ratio. Statistical analysis for the survival distribution
was performed by Logrank test.

3. Results
3.1. Characterization of U87MG and A172 GBM Cell Lines

The effect of LPS and MET treatment, used alone and in combination, on US7MG
and A172 GBM cell lines, was analyzed given that both present TLR4 expression [37]
(Supplementary Figure S1A), and the fact that an increased apoptotic rate with the use
of LPS and TMZ co-treatment in U87MG cells has been previously demonstrated by our
group [24]. Also, US7MG and A172 cell lines were selected for an additional metabolic
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intervention with MET because U87MG cells exhibited upregulation of genes related to
glycolytic process, while A172 cells showed a marked upregulation of genes related to
complex I of OXPHOS, as evidenced by transcriptome analysis (Figure 2A). Moreover, the
overall expression levels of genes attributed as markers for the glycolytic plurimetabolic
(GPM) GBM subtype and mitochondrial (MTC) GBM subtype, according to Garofano et al.
(2021) [32], were upregulated in US7MG and A172 cell lines, respectively (Supplementary
Figure S1B).
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Figure 2. Cell viability and death assays for A172 and US87MG treatment with LPS, MET, and TMZ.
(A) Heatmap presenting expression values for the genes related to glycolysis, TCA cycle and oxidative
phosphorylation normalized by z—score. A score value for the expression of genes attributed as a
marker for glycolytic plurimetabolic (GPM) and mitochondrial (MTC) GBM subtypes according to
Garofano’s (2021) classification [32]. Upregulated genes are presented in red and downregulated
genes in blue. Graph bars representing the viability plotted for the single and combined treatments
for LPS, MET, and TMZ in US7MG; (B) and A172 (D) after 48 h of treatment (**) p < 0.01, (***) p < 0.001
by one—way ANOVA post hoc Tukey test. Cellular death was analyzed by flow cytometry 48 h after
treatments for US87MG; (C) and A172; and (E), and the results for initial apoptosis are presented.
The graphs represent the percentage of the population in initial apoptosis through the positivity for
annexin and PI negative in bars for each treatment condition. (*) p < 0.05, (**) p <0.01, (***) p < 0.001
by two—way ANOVA post hoc Tukey test.
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3.2. U87MG and A172 Cell Viability and Cell Death with LPS, MET and TMZ Treatment

Cell viability and cell death assays were performed to analyze U87MG and A172 cell
proliferation after use of LPS, MET, and TMZ treatment alone and in combination. In
a previous study, we described a decrease in US7MG cell viability following the use of
LPS + TMZ treatment [25]. By comparison, MET + TMZ treatment after 48 h in the present
study led to a more significant decrease in cell viability (53%) (p < 0.001, one-way ANOVA
post hoc Tukey test, relative to parental cells treated with DMSO), while MET alone led to a
decrease of 19%, TMZ alone 37% or LPS + MET 12% (p < 0.05, one-way ANOVA post hoc
Tukey test, relative to parental cells with DMSO) (Figure 2B). Analyses were performed
at 24 and 48 h, and higher differences for the treatments group was observed after 48 h
(Supplementary Figure S2A). The cell death assay revealed a significant increase in initial
apoptosis only with the use of the LPS + MET + TMZ treatment combination after 48 h
(57%) (p < 0.001, two-way ANOVA post hoc Tukey test, relative to parental cells + vehicle
DMSO) (Figure 2C and Supplementary Figure S2B).

A172 cells also showed a significant decrease in cell viability (48%, p < 0.001, one-
way ANOVA post hoc Tukey test, after 48 h) for the MET + TMZ treatment combination
(Figure 2D), yielding similar results to the LPS + MET + TMZ treatment (49%). Moreover,
no difference in the cell death assay was observed for treatment alone or combined in
A172 cells (Figure 2E). Interestingly, treatment with TMZ alone resulted in a 42% increase
in initial apoptosis of A172 cells compared to control cells (A172 cells + vehicle DMSQO)
(Figure 2E). In both cell lines, no differences were observed in late apoptosis (Supplementary
Figure S52C).

3.3. Altered Signaling Pathways in U87MG and A172 Cells after LPS and MET Treatment Alone
and in Combination

The results of the cell viability assay and cell death for the signaling pathways involved
were analyzed by high-throughput sequencing of the transcriptome of both cell lines treated
with LPS and MET, alone and in combination.

The RNASeq of US7MG cells yielded 12,396 genes with 212 differentially expressed
genes (DEGs) for LPS treatment, 362 DEGs for MET treatment and 1810 DEGs for combined
LPS + MET treatment with an adjusted p (adj p) < 0.1 compared to non-treated cells. To
identify the clusters of DEGs, a Pearson’s correlation analysis was performed, which
identified 6 different clusters for the comparison of the four groups (U87MG parental cells,
LPS alone, MET alone and LPS + MET treated cells) (Figure 3A). The clusters included
enrichment of DEGs associated with different signaling pathways (Figure 3B). Cluster
1 showed upregulated genes after combined treatment (LPS + MET), whereas cluster 2
included upregulated genes only after MET treatment, while both clusters were related
to apoptotic signaling pathway on the gene ontology enrichment analysis. Additionally,
Cluster 1 included genes related to endoplasmic reticulum (ER) stress response and Cluster
2 to a process of import into cell pathways. Clusters 3 and 6 included genes downregulated
after MET treatment, where the genes in Cluster 3 were related to response to wound
and regulation of ERK1 and ERK2 cascade pathways, while the genes in Cluster 6 were
related to actin filament assembly with increment of downregulation after combined
(LPS + MET) treatment. Cluster 4 included upregulated genes after LPS treatment with
enrichment for regulation of inflammatory response and vasculature development, and
Cluster 5 included downregulated genes after LPS treatment enriched for ion transport and
regulation (Figure 3A,B).

The RNASeq of A172 cells detected 13,059 genes, with 1278 DEGs after MET treatment
and 1204 DEGs after LPS + MET combined treatment compared to non-treated cells, with
an adj p < 0.1. Interestingly, LPS stimulation promoted no alteration in DEG profile relative
to non-treated cells. The Pearson’s correlation analysis for the DEGs showed four clusters
of correlation (Figure 3C). Cluster 1 included upregulated genes after MET treatment
with enrichment of genes related to the amino acid metabolic process and import into
the cell pathways, while Cluster 2 included downregulated genes after MET treatment
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related to chromosome segregation and mitotic nuclear division. Cluster 3 also included
downregulated genes after MET treatment associated with the reactive oxygen metabolic
process. Cluster 4 presented no significant enriched pathway (Figure 3C,D).
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Figure 3. Transcriptome analysis for US7MG and A172 at 24 h after LPS and MET single and
combined treatments compared to non—treated cells. A heatmap for the expression values after
each treatment is presented and Pearson’s correlation analysis for clusterization of the different
groups showed six different clusters for US87MG (A) and four clusters for A172 (C). The top two gene
ontology enrichment pathways identified in each cluster are shown in bars with the —log adj p for
U87MG (B) and A172 (D).

3.4. U87MG Cells Were Prone to Mitochondrial Stress after MET Treatment

With regard to MET inhibition at the level of complex I of OXPHOS with consequent
increase in reactive oxygen species (ROS) production, the MitoSOX assay was performed
under the different treatment conditions.

An increase in mitochondrial superoxide production was observed in U87MG cells,
as 100% of cells were positive for mitochondrial superoxide after MET treatment, a result
replicated for the treatments combining TMZ or LPS (p < 0.0001 compared to non-treated
condition, one-way ANOVA, post-hoc Tukey test) (Figure 4A and Supplementary Figure S3A).
By contrast, A172 cells showed only 50% positivity when treated with MET, a rate unchanged
by the treatment combination with TMZ or LPS (p < 0.0001 compared to non-treated cells,
one-way ANOVA, post-hoc Tukey test) (Figure 4A and Supplementary Figure S3B).
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Figure 4. Mitochondrial stress. (A) The superoxide production in mitochondria after LPS, MET, and
TMZ single and combined treatments for US7MG and A172. Graph bars represent the percentage
of positive cells for MitoSOX. (*) p < 0.0001, One—way ANOVA post hoc Tukey test; (B) heatmap
presenting the expression levels of antioxidant-related genes in U87MG and A172 cells. Presenting
score values for the pathway for both cells (**) p < 0.01, and (***) p < 0.001, Limma t-test; (C) values
for logCPM for SOD1 and SOD2 represented by the graph bars for US7MG and A172 after LPS, MET
and LPS + MET treatment (*) p < 0.05, (**) p < 0.01, and p < 0.001, Limma ¢-test; (D) mitochondrial
respiration by Seahorse, following the mitochondrial stress analysis. The oxygen consumption rate
(OCR) curves along the time interval up to 60 min are presented according to applied drugs; and
(E) histograms of basal respiration calculated by OCR before oligomycin incubation; ATP production
evaluated by oligomycin—OCR subtracted from baseline cellular rate and maximal mitochondria
respiration calculated as the value after CCCP—OCR subtracted from the value after rotenone- and
antimycin A—OCR for US7MG and A172 in non-treated and MET treated. (*) p < 0.0001, one—way
ANOVA followed by Tukey test. Red (parental-PAR), blue (MET treated) for U87MG and lilac (PAR),
green (MET treated) for A172.

The antioxidant genes expressed in mitochondria were evaluated in US7MG and
A172 parental cells to better understand the observed difference between the two cell lines.
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Figure 4. Mitochondrial stress. (A) The superoxide production in mitochondria after LPS, MET, and
TMZ single and combined treatments for US7MG and A172. Graph bars represent the percentage
of positive cells for MitoSOX. (*) p < 0.0001, One—way ANOVA post hoc Tukey test; (B) heatmap
presenting the expression levels of antioxidant-related genes in U87MG and A172 cells. Presenting
score values for the pathway for both cells (**) p < 0.01, and (***) p < 0.001, Limma t-test; (C) values
for logCPM for SOD1 and SOD2 represented by the graph bars for US7MG and A172 after LPS, MET
and LPS + MET treatment (*) p < 0.05, (**) p < 0.01, and p < 0.001, Limma ¢-test; (D) mitochondrial
respiration by Seahorse, following the mitochondrial stress analysis. The oxygen consumption rate
(OCR) curves along the time interval up to 60 min are presented according to applied drugs; and
(E) histograms of basal respiration calculated by OCR before oligomycin incubation; ATP production
evaluated by oligomycin—OCR subtracted from baseline cellular rate and maximal mitochondria
respiration calculated as the value after CCCP—OCR subtracted from the value after rotenone- and
antimycin A—OCR for US7MG and A172 in non-treated and MET treated. (*) p < 0.0001, one—way
ANOVA followed by Tukey test. Red (parental-PAR), blue (MET treated) for U87MG and lilac (PAR),
green (MET treated) for A172.

The antioxidant genes expressed in mitochondria were evaluated in US7MG and
A172 parental cells to better understand the observed difference between the two cell lines.
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Figure 5. Cell cycle analysis and expression of genes related to chromosome segregation. (A) Cell
cycle analysis for US7MG and A172 after MET and TMZ single and combined treatments. The bars
represent each treatment condition. (*) p < 0.0001, two—way ANOVA post hoc Tukey test. GO/G1
phase (bottom bar), S phase (medium bar), G2/M phase (top bar); and (B) heatmap of chromosome
segregation-related gene expressions after LPS and MET single and combined treatments in U§7MG
and A172 cells relative to non-treated controls. (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001, Limma
t-test for MET in comparison to PAR.

3.6. U87MG and A172 Cells Showed Upregulation of ER Stress and U87MG Cells Proved Prone
to Apoptosis after MET Treatment

ER stress-related genes ATF4, ATF6 and DDIT3 (coding for CHOP), were upreg-
ulated in both cell lines after treatment with MET or LPS + MET. Additionally, pro-
apoptotic genes CHAC, TRIB3, PMAIP1, BBC3 and BAX were also upregulated in both
cell lines, but more significantly in US7MG cells and after combined LPS + MET treat-
ment (3.2 x 1071 < p < 0.02, compared to non-treated cells). Additionally, after MET or
LPS + MET treatment, US7MG cells exhibited significant downregulation of anti-apoptotic
genes, including MCL1, PDK1 and BCL2 (p < 0.005) (Figure 6A). Notably, the decrease in
BCL2 expression was confirmed at the protein level by Western blot in US7MG cells after
MET + LPS treatment (Figure 6B, original Western blot is in Supplementary information
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original images). By contrast, none of these anti-apoptotic genes were downregulated in
A172 cells after treatment with MET or LPS + MET.
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Figure 6. ER stress, pro- and anti-apoptotic and TLR4 pathway related gene expressions. (A) Heatmap
for expression values of genes related to ER stress, pro—apoptotic, anti—apoptotic and TLR4 pathway
in U87MG cells and A172 cells after LPS and MET single and combined treatments, (*) p < 0.05,
(**) p < 0.01, and (**) p < 0.001, Limma #-test for LPS + MET combined and MET single treatment
compared to non—treated cells; and (B) Western blot results for BCL2 of U87MG and A172 parental,
DMSO, LPS, TMZ, MET single treated cells. -actin was used for protein loading control.

Another difference between US87MG and A172 cells involved TLR4 signaling path-
way activation. Expression of RELA, coding for p65 subunit of NFkB, and of IL1B, was
downregulated in U87MG after MET treatment, most significantly for IL1B expression.
However, higher upregulation of CXCL8, coding for IL8, was observed after LPS + MET
treatment compared to LPS treatment alone. By contrast, A172 cells showed no differential
expression for RELA, while no CXCL8 and IL1B expression was detected for any of the
treatment conditions (Figure 6A).

3.7. In Silico Validation of the Results in the TCGA-GBM-RNASeq Dataset

Of the 160 GBM cases in the TCGA-RNASeq dataset, 77 were stratified according
to the metabolic classification proposed by Garofano et al. (2021) [32] into GPM (n = 34)
subtype with similarities to the US7MG cell line, and MTC (n = 43) subtype with similarities
to the A172 cell line. Interestingly, antioxidant genes, including SOD1, TXN and PRDX1-
5, were upregulated in MTC cases (Figure 7A and Supplementary Figure S5), whereas
SOD2 (Figure 7A) and TXNRD1 were upregulated in GPM (p < 0.05, Mann-Whitney test).
Moreover, expression levels of antioxidant genes were significantly correlated to SOD1
expression in MTC (p < 0.05, Spearman’s test) (Figure 7B). In contrast, genes related to
the TLR4 signaling pathway, including TLR4, MYD88, TRAF6, subunits of NFkB (REL,
RELA, RELB, NFKB1) and CXCL8, were upregulated in GPM (p < 0.05, Mann-Whitney test)
(Figure 7A and Supplementary Figure S5). More specifically, expression of SOD2 and CXCL8
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was higher in GPM-GBM than in MTC-GBM (Figure 7C) and the analysis of the impact of
upregulation of these two genes, according to the Kaplan-Meier estimator, showed that
CXCL8 upregulation was more negative than SOD2 upregulation, as GPM-GBM cases with
lower SOD2/CXCLS ratio had an OS of 7.72 months compared to 22.26 months for cases
with a higher ratio (p = 0.002, Logrank test) (Figure 7D). Taken together, this in silico analysis
of the MTC-GBM subtype revealing upregulation of antioxidant genes, especially SOD1,
and the GPM-GBM subtype showing upregulation of SOD2 and TLR4 pathway-related
genes, mirrors the findings observed for A172 and U87MG cells, respectively.
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Figure 7. In silico validation of antioxidant and TLR4 pathway-related gene expressions in TCGA
GBM-RNASeq dataset. (A) Heatmap of antioxidant and TLR4 pathway-related gene expressions
normalized by z—score in 3¢ GPM and 43 MTC GBM subtypes according to Garofano’s classification.
The gene signatures for each case were calculated, and a score value was designated and normalized
by z—score. (*) p <0.05, (**) p < 0.01 (***), p < 0.001 (Mann—Whitney test); (B) in MTC, Spearman’s
correlation analysis showed strong correlation between the expression of SOD1 and other antioxidant
genes. The size of the circles is proportional to the p values, and positive (green) and negative (pink)
correlations are presented according to the rho values in the bar scale at right. (C) RPKM values of
S0OD2 and CXCLS8 for GPM— and MTC—GBM subtypes, graph bar presenting the mean values. Each
circle represents a GBM case. (**) p < 0.01 (***), p < 0.001 (Mann—Whitney test); (D) in GPM, longer
OS was presented by GBM cases with higher SOD2/CXCLS ratio in a Kaplan—Meier graph, p = 0.002
by log rank test (four cases were censored).

4. Discussion

GBM heterogeneity is a major factor limiting the effectiveness of therapeutic strategies
available, creating the need to identify biomarkers to better stratify these tumors for specific
combination therapies. We analyzed the response of two GBM cell lines to treatment with
MET, LPS and TMZ, used alone and in combination. The U87MG cell line harboring the
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NF1 mutation and A172 cell line with RBI mutation, classified as the mesenchymal GBM
subtype with the worst prognosis, were selected to investigate the effects of these treatment
conditions. These two specific cell lines were also chosen for their distinct metabolic
profile, where U87MG has a GPM profile and A172 a MTC profile, according to Garofano’s
proposed GBM stratification based on metabolic pathways [32]. Differences of response
to MET were already associated to mutational status of GBM cell lines [40]. Herein, we
investigated MET response associated with the metabolic status of GBM cell lines.

Decreased cell viability was detected after MET + TMZ and MET + LPS + TMZ treatments
in both cell lines, corroborating previous reports of anti-tumor effects of MET + TMZ [41,42].
Combined LPS + MET treatment has been previously tested in a mouse model of colon
rectal cancer, with decreased tumor cell migration and longer OS in this animal model [13].
However, to our knowledge, this is the first study of LPS + MET treatment in gliomas.

A MET effect on mitochondrial respiration was confirmed in U87MG and A172 cells.
Although A172 cells exhibited mostly oxidative respiration, with higher expression of genes
coding for complex I of OXPHOS compared with US7MG cells, MET treatment reduced
ATP production and oxygen consumption in both cell lines. The decoupling of electron
transport induced by MET led to oxidative stress with superoxide production, ER stress
and unfolded protein response (UPR) activation in both cell lines. Elevated superoxide after
MET treatment was previously described in hepatocellular carcinoma [43], and pancreatic
cancer cells, where superoxide accumulation in the mitochondrial matrix was associated
with alteration of superoxide dismutase (SOD) expression [16]. SODs are antioxidant
proteins responsible for converting superoxide radicals into hydrogen peroxide. SOD1 is
localized in cytosol and mitochondrial intermembrane space and SOD2 in mitochondrial
matrix [39,44]. Interestingly, A172 cells exhibited high expression of SOD1 and of several
other antioxidant genes coding for proteins located in the organelle, possibly explaining
the lower production of mitochondrial ROS detected after MET treatment. Moreover, A172
cells had upregulated expression of pro-apoptotic genes, with no change in expression
of anti-apoptotic genes and, consequently, no increase in apoptosis after MET treatment.
Nevertheless, in A172 cells, MET treatment promoted cell-cycle alteration with G2/M arrest
due to downregulation of several genes related to chromosome segregation. In particular,
genes related to kinetochore (HJURP, ZWINT), centromere (NUF2, NEK2, CENPX), mitotic
spindle (SPDL1, SPAGS5), chromatid separation (TOP2A, NCAPG), chromosome assembly
(NCAPH, SMC4) and microtubule binding (CDT1, FAM83D), were downregulated. The
kinetochore is built in the centromere and connects the chromosome to microtubules. The
NDC80 complex (coded by NUF2), the kinetochore structural component, maintains micro-
tubule attachment, and its blockage affects chromosome segregation stability [45]. CDT1
is associated with the stable attachment of microtubule to kinetochore in the formation of
the pre-DNA replication complex [46]. RAN [47], NEK2 [48], SPDL1 are related to micro-
tubule positioning, where the latter plays this role by recruiting dynein for kinetochore [49].
Kinesins, KIF4, KIF23 and KIF14, are important molecules responsible for microtubule
transportation and positioning [50], which were also downregulated in A172 cells after
MET treatment. Therefore, treatment with MET alone led to cell-cycle arrest, but this inter-
vention proved insufficient to induce cell death of A172 cells. In a bid to identify an analogy
of these findings with human GBM cases, the GBM-RNASeq dataset of the TCGA was
analyzed. The MTC-GBM subtype, corresponding to the A172 cell line expression profile,
showed upregulation of SODI expression and significant correlation with antioxidant gene
expressions, predominantly with the PRDX family, PRDX1-5, and with TXNRD1. Given
this increased antioxidant state may blunt the apoptotic response, antioxidant inhibitors
may represent an alternative combination therapy for the MTC-GBM subtype. Previous
studies have demonstrated suppression of the ROS signaling pathway and triggering of
apoptosis by a specific SOD1 inhibitor LD100 [51], an efficient copper-chelating agent [52].
Therefore, SOD1 inhibitors, or other antioxidant drugs, may be eligible for use in com-
bination treatment with MET for the MTC-GBM subtype to induce cell-cycle arrest and
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activation of the apoptotic pathway. Under this condition, SOD1 expression level may be
used as an eligibility parameter for this combination therapy.

By contrast, US87MG cells showed upregulation of SOD2, with increased expression fol-
lowing LPS stimulation. However, the upregulation of this antioxidant proved insufficient
to buffer the massive production of superoxide after MET treatment, exacerbated by the
low expression of other mitochondrial antioxidant genes. ER response and UPR activation
due to this oxidative stress resulted in increased apoptosis after MET treatment (33%), an
increase which was significantly higher with MET + LPS + TMZ treatment (57%). The
upregulation of pro-apoptotic genes and downregulation of anti-apoptotic genes, mainly
MCL1, PDK1 and BCL2, after MET and MET + LPS treatments contributed to the tumor cell
death observed. In fact, a previous U87MG in vivo study showed delayed tumor growth
with daily MET treatment [40], and better OS with MET + TMZ combined treatment [41].
MET treatment also induced TMZ sensitivity to a resistant GBM cell line [53]. In U251 and
T98G GBM cell lines, a decrease of BCL2 and an increase of pro-apoptotic proteins were
observed after MET treatment with enhancement of TMZ effect [54].

Additionally, unlike A172 cells, US7MG cells showed activation of the NFkB path-
way leading to increased IL1B expression after LPS stimulation, confirming our previous
evidence [25]. Notably, IL1B upregulation persisted after LSP + MET treatment, a phe-
nomenon that might also control tumor growth, as a pyroptotic type of cell death via the
cGAS-STING pathway was triggered by persistent stimulation of IL1f [55]. However, LPS
treatment also increased CXCL8, coding for IL8, a known pro-angiogenic factor in the tumor
microenvironment [56], where neovascularization is one of the main characteristics of GBM
responsible for its aggressiveness. Moreover, SOD2 upregulation has been associated with
poor prognosis in several tumors [57] and was associated with TMZ resistance in GBM
cells and in xenograft models [58]. In fact, the transcriptomic analysis of the human GBM
cases of the TGCA RNASeq dataset showed the GPM-GBM subtype had upregulation of
SOD2 and genes related to the TLR4 signaling pathway, including CXCLS, in comparison
to the MTC-GBM subtype. The analysis of the impact of the two pro-tumoral genes, SOD2
and CXCLS, showed a shorter OS for the GPM-GBM cases with lower SOD2 /CXCLS, indi-
cating that increased CXCL8 expression may be more deleterious. Increased CXCLS8 (IL8)
expression may be addressed by a neutralizing IL8 monoclonal antibody, which has been
tested in a phase I clinical trial for metastatic or unresectable solid tumors and in ongoing
studies evaluating its effect in reducing mesenchymal features in tumor cells, rendering
them less resistant to treatment [59]. To date, no SOD2 pharmacological inhibitors have
been tested. Further in vivo studies are needed to determine the efficacy of the suggested
combination therapies for GBM treatment.

5. Conclusions

In conclusion, US7MG, a mesenchymal GBM cell line with GPM metabolic background,
responded with increased apoptosis after MET + LPS + TMZ treatment via increased ER
stress and UPR response and downregulation of BCL2. A172; however, a mesenchymal
GBM cell line with an MTC metabolic background, also attained an upregulated antioxidant
status and MET treatment led to cell-cycle arrest. The present in vitro findings suggest that
the GPM-GBM subtype with activated inflammatory TLR4 pathway may respond to MET
treatment and that combination treatment with CXCL8/IL8-inhibitor may improve tumor
growth control. The use of MET treatment, in combination with an antioxidant inhibitor
such as anti-50D1, may be an eligible approach for cases with the MTC-GBM subtype. The
efficacy of the suggested combination therapies needs to be tested in in vivo studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15030587/s1. Figure S1:(A) Immunofluorescence analysis
exhibiting the presence of TLR4 (in red) in USYMG and A172 cells; (B) Heatmap showing the
differential expression in US7MG and A172 cell lines for marker genes for glycolytic plurimetabolic
(GPM) and mitochondrial (MTC) according to Garofano’s classification (2021). Figure 52: US7MG
and A172 cell death analyzed by flow cytometry. Figure S3: Superoxide production in mitochondria
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after LPS, MET, and TMZ single and combined treatments for US87MG. Figure S4: Cell cycle analysis
for US7MG and A172 after LPS, MET and TMZ single and combined treatments. Figure S5: Heatmap
of antioxidant genes, TLR4 pathway-related genes, marker genes for glycolytic plurimetabolic (GPM)
and mitochondrial (MTC) subtypes. Original images: Western blot original figure. See Ref. [60].
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Publication 2 Supplementary information

A
B

GPM markers MTC markers

down-regulated up-regulated

Figure S1. (A) Inmunofluorescence analysis exhibiting the presence of TLR4 (in red) in US7MG and
A172 cells. The nuclei were stained with DAPIL. (B) Heatmap showing the differential expression in
U87MG and A172 cell lines for marker genes for glycolytic plurimetabolic (GPM) and mitochondrial
(MTC) according to Garofano's classification (2021) [32] normalized by z-score. Up-regulated genes
are presented in red and downregulated genes in blue.
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Figure S2. US7MG and A172 cell death analyzed by flow cytometry. (A) Graph bars representing
the viability plotted for the single and combined treatments for LPS, MET, and TMZ in U87MG and
A172 at two different time points (24 and 48 h) (*) p < 0.05, (**) p < 0.01, (**) p<0.001 (Two-way
ANOVA post hoc Tukey test) (B) Representation of different cell populations observed in the apop-
tosis assay of US7MG and A172 cells treated for TMZ alone and LPS+MET+TMZ combination. Initial
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and late apoptosis are highlighted in red and orange bars, respectively. (C) The values in percentage
for initial and late apoptosis are presented in bar-graphs for each treatment condition, where an-
nexin V positive and propidium iodide (PI) negative corresponds to initial apoptosis and annexin
V and PI positive to late apoptosis. (*) p < 0.05, (**), p < 0.01, (***), p < 0.001 (Two-way ANOVA post

hoc Tukey test).
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Figure S3. Superoxide production in mitochondria after LPS, MET, and TMZ single and combined
treatments for US7MG (A) and A172 (B). Bar-graphs represent the percentage of positive cells for
MitoSOX. (*) p < 0.0001, one-way-ANOVA post hoc Tukey test. (C) Mitochondrial respiration anal-
ysis, following the mitochondrial stress analysis. The curves of the oxygen consumption rate (OCR)
along the time interval up to 60 minutes are presented according to drug treatment. The analysis
was performed for the LPS and MET single and combined treatments compared to non-treated cells
(PAR). CCCP, carbonyl cyanide 3-chlorophenylhydrazone.

59



A172

Count

I Go/cL 0 s B G2
100
O
=
~
2]
=) 50
0_
Go/G1 [0 s B G2/m* G
100
o~
S 50
<<
0-
pmMso - * - - - - - - -
PS - - + - - + + - +
MET - - - + - + - + +
MMz T
. DMsO(+) MET(+
G2 s G2
L * — o
TMZ(+) MET(+) TMZ(+)
w0 ‘ 62 * ‘ o2
[ ]

Propidium iodide-PE

Figure S4. (A) Cell cycle analysis for U87MG and A172 after LPS, MET and TMZ single and com-
bined treatments. The bars represent the percentage of cells in the corresponding cell cycle phase in
each treatment condition. (*) p <0.0001, two-way-ANOVA post hoc Tukey test. GO/G1 phase (bottom
bar), S phase (medium bar), G2/M phase (top bar) (B) Cell cycle curves for DMSO, MET and TMZ
single and combined treatments of A172 cells. The areas under the curve represent G0/G1 (lilac), S
(yellow), and G2/M (green).
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Figure S5. Heatmap of antioxidant genes, TLR4 pathway-related genes, marker genes for glycolytic
plurimetabolic (GPM) and mitochondrial (MTC) subtypes according to Garofano’s, 2021 [32] in 160
GBM cases of the TCGA-GBM-RNASeq dataset classified according to Verhaak, 2010 [60] in pro-
neural, neural, classical and mesenchymal molecular subtypes and according to Garofano’s MTC,
neural (NEU), proliferative/progenitor (PPR), and GPM metabolic subtypes. The gene expression
levels are normalized by z-score, and upregulated genes are in red, and downregulated in blue.
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Western Blot images for U87MG and A172 cells. Proteins extracted from each cell line in the designated treatment
condition were loaded in one gel.
The membrane was cropped to avoid antibodies cross reaction.
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6 Discussion- TLR4 and Glioblastoma - final remarks

In the present work, we analyzed the signaling pathways involved in TLR4
activation in GBM, based on in vitro experiments with GBM cell lines with
transcriptomic approach and in silico validation in the TCGA GBM RNASe(q dataset.
First, in the publication 1 we confirmed the TLR4 expression in human astrocytoma
samples and in human GBM derived cell lines. The Mesenchymal (MES) GBM
subtype exhibited the highest TLR4 expression, and also upregulation of important
TLR4 downstream signaling targets. The TLR4 agonist, LPS, was used to track the
involved signaling pathways in MES-GBM cell line, UB7MG. TLR4-agonists have
been tested in several clinical trials and have proved to improve the outcome in
several types of cancers. These trials aimed to activate inflammatory responses (64)
by enhancing the recruitment of lymphocytes (65) or increasing antigen presentation
by concomitant intratumoral injection of immature dendritic cells (66). Moreover, the
safety of immune checkpoint blockage together with TLR4-agonists was confirmed
in phase | clinical trials, and lymphoma patients with upregulated TLR4 presenting
better outcome in phase Il clinical trial (67).

The demonstration of TLR4 in GBM tumor cells pointed this receptor as a
potential therapeutic target in GBM. As TLR4 recognizes self-molecules, as
damage associated molecules and promotes pro-inflammatory response (68), it
may be triggered by GBM necrotic cell debris (34) to activate immune response.
The GBM tumor microenvironment is immunosuppressed (7), devoid from
lymphocytes (69), and the major immune population of macrophages derived from
monocytes and microglia present immunosuppressed and pro-tumor survival
profiles (70, 71). Macrophages co-cultured with GBM cells exhibited
downregulation of TLR4 (72). Thus, a therapeutic strategy to activate TLR4 in
GBM is justified in this context. However, in parallel to a pro-inflammatory response
with upregulation of IL1B, we observed upregulation of pro-proliferative gene
expressions, such as SRF and JUN, and also of DNA repair related genes after LPS
stimulation of U87MG cells. In fact, a correlation of TLR4 with DNA repair genes has
also been observed in kidney clear cell carcinoma, melanoma, and stomach
adenocarcinoma (73). Upregulation of DNA repair pathway may contribute to TMZ
therapy resistance (12). Regulation of TLR4 by miR-23b-5p was described in GBM,
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where TMZ resistant cells presented downregulation of this miR, and its
overexpression increased tumoral cell death (13). TLR4 was also associated to
radiation resistance through upregulation of DNA repair, by a mechanism involving
activation of MYD88 and NF-«B (16). Among the upregulated DNA repair genes
detected in this study, RAD51 is the central enzyme for homologous recombination
of double strand break repair (74) and there was a commercial pharmacological
compound, Amuvatinib (18), that has already been tested in clinical trials, including
a phase | trial in GBM (18-21). Although, the compound was well tolerated, in the
phase Il clinical trial including small cell lung carcinoma the pre-established endpoint
was not complied (20). Amuvatinib has also downregulated activation of c-MET
receptor tyrosine kinase. The protein c-MET is associated with cell survival and
proliferation (75). In vitro study with glioma cells, a specific antibody blocking RAD51
caused DNA damage accumulation and cell death (76). In our study, U87MG cells
stimulated with LPS, RAD51 inhibition with Amuvatinib, led to significant decrease in
tumor cell viability at the rate of TMZ treated cells. FEN1 was another upregulated
DNA repair gene after LPS treatment of U87MG cells, that was correlated with
RAD51 expression. Similarly, FEN1 upregulation was observed in TMZ resistant
cells, and in glioma patients associated with poor overall survival (12).
Pharmacological inhibition of FEN1 increased double strand breaks leading to
genome instability and cell death (12), reverted TMZ resistance, and downregulated
RAD51 in glioma mouse model. Therefore, FEN1 inhibition may be another option
for combined therapy in GBM, Nevertheless, specificity of these compounds for
inhibition of tumor cells-only still needs to be proven to avoid undesired effect on
DNA repair essential for the survival of normal cells (17).

Interestingly, in U87MG cells, TLR4 activation led to apoptosis, but TLR4
inhibition also led to cell cycle arrest, cell death and decreased migration (77).
Therefore, the comprehension of the involved pathways in TLR4 activation and
inhibition will help to refine the options for combinatory therapy in GBM. Curcumin
was reported as owing pharmacological effect to downregulate TLR4 and its
downstream cascade targets as p65, IL-18 and IL-6 (50), decreasing U87MG cell
viability. TAK-242, a more specific inhibitor of TLR4, decreased migration and
invasion of ovarian and breast cancer cells (78). Metformin (MET) decreased LPS

response and NF-xB activation in immune cells (27). Repurposing MET for GBM
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treatment is compelling, as MET is a well-known medication for diabetes, well
tolerated already tested for long-term usage.

Therefore, as the next step of the study we analyzed the role of MET
associated with LPS treatment in GBM cells. Two different GBM cell lines, US7TMG
and Al172, were used to this end, for both being MES-subtype but with distinct
metabolic profile, according to Garofano’s recent report (44). UB7MG cells presented
glycolytic / plurimetabolic (GPM) phenotype and A172 presented upregulation of
complex | of oxidative phosphorylation related genes, being classified with
mitochondrial (MTC) phenotype. Transcriptomic analysis of both cell lineages treated
for LPS, MET and LPS+MET showed upregulation of ER stress genes. Additionally,
differences in the antioxidant status was identified. A172 cells presenting an
upregulation of anti-oxidative genes, as SOD1, peroxiredoxins, and TRX, were less
prone to mitochondrial oxidative stress that hindered an increment of apoptosis after
LPS+MET treatment. Instead of apoptosis, A172 cells presented downregulation of
chromosome segregation related genes, and cell cycle arrest in G2/M phase after
MET+TMZ treatment. U87MG cells with GPM profile presented increased cell death,
through reduced BCL-2, a cell survival gene, suggesting an increment of autophagic
apoptosis after LPS+MET+TMZ treatment. Schematic main findings of these
combined treatments of UB7MG and A172 cells are presented in figure 1.

The validation of the transcriptomic findings was performed in silico in GBM
RNASeq dataset of the TCGA. In this dataset, GPM-GBM subtype showed TLR4
activation with downstream pathway genes, presenting eligibility characteristcs for
MET treatment. However, such cases also presented upregulation of IL8, a pro-
angiogenic factor, suggesting that a combination treatment for MET and IL-8
inhibition may be more effective. Upregulation of anti-oxidative genes was validated
in MTC-GBM subtype at the TCGA-GBM RNASeq dataset,and for those cases an
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inhibition of antioxidant factors, specially SOD1 inhibitor, may be indicated.
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Figure 1. Graphical abstract. UB7MG and Al72 cells, two GBM cell lines, exhibited different
responses after Metformin (MET) and Lipopolysaccharide (LPS) treatment. U87MG cells exhibited
upregulation of SOD2, while A172 presented upregulation of SOD1, peroxiredoxins, and thioredoxin
genes. U87MG presented activation of the TLR4 pathway, leading to upregulation of CXCL8 and IL1B
after LPS stimulation, whereas A172 showed no response to LPS. In both cell lines, MET treatment
blunted mitochondrial respiration and increased mitochondrial superoxide production, leading to
upregulation of genes related to ER stress. US7MG exhibited upregulation of pro-apoptotic genes and
downregulation of anti-apoptotic genes, resulting in increased apoptosis after MET+LPS+TMZ
combination treatment. A172 exhibited downregulation of cell cycle genes, leading to cell cycle arrest
after MET treatment. The graphical abstract was produced using BioRender.com.

Enthusiasm for MET in cancer therapies is increasing. New studies since the
publication 2 were released and will be discussed next. Two studies, one in breast
cancer cells and another in colon cancer cells, observed improvement of outcome
with MET combined therapy with other drugs. MET was responsible to increase
oxidative stress, cell cycle arrest and cell death (79, 80). Oxidative stress due to MET
induced DNA damage and cell death (80). In colorectal cancer cells, a
phosphoproteomic approach identified alterations in cell cycle regulation proteins
with cell cycle arrest in MET treated cells after 24hrs. The combined therapy with
MET and inhibitor of BCL-2 or BCL-XL improved the anti-survival effect of MET (81).
These findings were convergent with our study presented in publication 2, and
highlight the multiomics approach to refine the search for potential targets to improve
MET therapy.

Additionally, CAR-T cell was prepared in a hydrogel scaffold containing MET,
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and injected in a gastric cancer animal model. The CAR-T cells were more
proliferative with better metabolic fithess than tumor cells, and no tumor growth was

observed in the animals after 60 days (32).

7 Conclusion

In conclusion, TLR4 proved to be an interesting therapeutic target in GBM. As
GBM is a very heterogeneous tumor, the combination therapy needs to be featured
according to characteristics of each subtype described so far. Taking into account
the molecular mesenchymal (MES) subtype, and the metabolic phenotypes:
glycolytic / plurimetabolic (GPM) and mitochondrial (MTC) metabolic phenotype, the
MES-GPM-GBM presented upregulation of TLR4 pathway with eligibility for
metformin treatment, while the MES-MTC-GBM presented gene expression profile
prone to anti-oxidative inhibitor therapy, as anti-SOD1. Combinatory therapy with
anti-DNA repair, as anti-RDA51, and anti-angiogenic factor, as anti-IL8 may be
beneficial for MES-GPM-GBM.
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