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Abstract: Recent advances in glioblastoma (GB) research have shed light on the molecular charac-
teristics, the defected intracellular signaling pathways, and the genetic and epigenetic alterations
involved in their pathogenesis. Despite constant efforts, GB remains an aggressive malignant tumor
with limited therapeutic approaches, poor prognosis, and a low survival rate. Emerging evidence
points towards the crucial impact of epigenetic post-translational modifications in cancer develop-
ment with emphasis on the regulatory role of histone deacetylation in several key cellular processes,
including metabolic pathways, regulation of stress response, senescence, proliferation, DNA repair,
and apoptosis. The silent information regulator proteins (Sirtuins) are deacetylases of histone and
non-histone proteins that have been recently implicated in the initiation as well as in the progression
of GB. Herein, we provide a critical overview of the emerging functional role and mechanism of
action of the seven Sirtuins (SIRT1-7) in GB and discuss their potential targeting options in clinical
practice.
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1. Introduction

Glioblastoma (GB) represents the most common and aggressive group of neoplasms,
originating from glial cells. Despite advances in treatment modalities, GB remains the most
challenging malignancy to treat, with median survival varying from 9.2 to 16 months after
initial diagnosis [1]. Based on available follow-up data, only 2 to 5% of GB patients survive
3 years or more and are classified as long-term survivors [2].

The term “glioblastoma multiforme” was originally used to describe the increased het-
erogeneity characterizing these tumors [3]. However, their classification was substantially
revised during the past decade with integration of molecular tissue analysis in everyday
practice. In the most recent 5th edition of the WHO classification of the CNS tumors, the
term “multiforme” was excluded and GBs are further designated as diffuse astrocytic tu-
mors in adults that do not harbor isocitrate dehydrogenase (IDH) mutation (IDH-wild type)
but present one of the following characteristics: presence of necrosis or/and microvascular
proliferation, telomerase reverse transcriptase ('ERT) promoter mutation, and Epidermal
Growth Factor Receptor (EGFR) gene amplification, as well as combined gain of whole
chromosome 7 and loss of chromosome 10 [+7/—10] [4]. Now, GBs constitute entirely
separate histological and molecular entities from IDH-mutant astrocytomas grade 2, 3, 4 [4].
From a practical standpoint, the changes that were applied on the new classification define
GB as the most aggressive type that differs from IDH-mutant astrocytoma grade 4 with its
dismal outcome [5]. Taken altogether, the DNA repair protein, O6-Methylguanine-DNA
methyltransferase (MGMT) promoter methylation status remains the only prognostic factor
for GB, based on the temozolomide (TMZ) treatment response of patients since MGMT
methylation has been associated with longer overall survival [6].
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The new WHO classification of CNS tumors highlights further the importance of
molecular analysis in diagnosis, prognosis, and treatment. Current treatment options
for glioblastoma remain limited to surgery, radiotherapy, and chemotherapy without
addressing the genetic diversity of the tumor. Recent studies have demonstrated that
epigenetic mechanisms and respective DNA or chromatin modifications play a crucial role
in gliomagenesis and tumor progression, representing a valuable target for new treatment
approaches [7,8]. Among the repertoire of histone modifying enzymes, histone deacetylases
(HDAC) that remove acetyl groups from an e-N-acetyl lysine amino acids on histones have
been extensively investigated over the past 50 years, with several of them emerging as
effective treatment targets. Eighteen HDACs have been identified thus far and classified
into four classes [9]. Class IIl HDACs, also known as sirtuins (SIRTs) were originally
investigated as potential therapeutic targets in age-related and neurodegenerative dis-
eases [10,11], inflammatory disorders [12], muscular diseases [13], and recently, in different
cancer types [14-17], including GB. The role of SIRTs as regulators of gliomagenesis is
currently under thorough research with significant data.

In this review, we summarize recent in vitro and in vivo studies focused on sirtuins’
implication in GB pathogenesis. We further address their potential mechanisms of action
on GB progression, highlighting several activators and inhibitors as prospective treatment
targets for future investigation.

2. SIRT Proteins: An Overview of Structure and Function

The silent information regulator (SIRT) protein family was first identified in 1996,
constituting seven different members (SIRT1-SIRT?) [18]. Sirtuins are considered as NAD*-
dependent class III HDACs that regulate gene expression by altering the deacetylation-
adenosine diphosphate (ADP)-ribosylation of histone and non-histone proteins [19,20]. The
mammalian sirtuin family proteins vary in their cellular location (Figure 1), function and
substrate action, depending on the tissue type, and metabolic and stress conditions.

CYTOPLASM

Figure 1. Differential localization of sirtuins (SIRT1-7) in neuronal cells. SIRT1 is mainly located
in the nucleus of normal cells, whereas SIRT2 is mainly cytoplasmic. SIRT3, SIRT4, and SIRT5 are
mitochondrial proteins; however, SIRT3 may also be found in the nucleus and cytosol under different
cellular events. SIRT6 is a nuclear protein but can also be detected in the endoplasmic reticulum,
where it inactivates NF-«B. SIRT7 is mainly localized in the nucleolus. (Created with BioRender.com,
accessed on 17 July 2022).
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Regarding their cellular localization, SIRT1, SIRT6, and SIRT7 are restricted to the
nucleus, except that SIRT1 can shuttle to the cytoplasm when required, during development
and in response to stress, such as during inhibition of insulin signalling [21]. SIRT6 also has
been involved in the deacetylation of tumor-necrosis factor alpha (TNF-«) in the endoplas-
mic reticulum [22]. SIRT3, SIRT4, and SIRTS are located in the mitochondria, regulating
their function through deacetylation, demalonylation or desuccinylation activities [23].
SIRTS5 exerts its enzymatic activity both in the mitochondrial and extra-mitochondrial
compartments while under oxidative stress, and SIRT3 can change its location between
mitochondria and nucleus [24,25]. Finally, SIRT2 can be mostly found in the cytoplasm
of the central nervous system (CNS) cells, supporting its potential role in neurological
disorders [26,27].

Based on phylogenetic analysis, SIRTs are classified into four classes, in which SIRT1,
SIRT2, and SIRT3 are gathered in class I, SIRT4 into class 1I, SIRT 5 into class III, and SIRT6
and SIRT7 into class IV [28,29]. All sirtuin genes have conserved a core catalytic domain that
contains 275 amino acids and variable N- and C-terminal domains with distinct lengths and
sequence [30]. The catalytic core domain structure contains a large Rossmann fold domain,
a small zinc-binding domain, and a cleft between the domains that forms the binding
sites for both substrates for catalysis. All SIRT family proteins display distinct deacetylase
activities and protein targets despite their conserved domain for core catalysis. Some
family members exhibit additional enzymatic activities, such as ADP- ribosyltransferase
and desuccinylase functions (Figure 2).
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Figure 2. Sirtuins’ structural and functional characteristics. (Created with BioRender.com, accessed
on 18 September 2022).

In more details, SIRT1 is the best-studied family member, mainly expressed in the
nucleus where it catalyzes acetyl lysine of histone substrates and non-histone proteins
controlling gene expression. SIRT1 is responsible for the regulation of cell differentia-
tion, autophagy, apoptosis, inflammatory response, energy metabolism, and oxidative
stress through activation of different cellular pathways [31-34]. Therefore, even minor
fluctuations in SIRT1 expression can significantly impact cellular physiology. The first
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discovered non-histone target of SIRT1 is p53, the guardian of the genome and a principal
tumor suppressor. SIRT1 regulates p53-mediated transcriptional activity either directly
through p53 deacetylation or by deacetylating the CBP/p300 acetyltransferase, which
mediates p53 acetylation [35,36]. Other transcription factors that are regulated by SIRT1
include the forkhead box (FOXO) family members, FOXO3a, FOXO1, and FOXO4, which
are highly conserved proteins that control key cellular functions such as cell proliferation,
differentiation, cell cycle arrest, and cell survival [37,38]. Additionally, SIRT1 regulates the
transcription of various downstream inflammatory factors. Through inhibition of NF-«B
signaling pathways, SIRT2 enhances oxidative metabolism and the resolution of inflamma-
tion [39,40]. Furthermore, SIRT1 interacts with several autophagy proteins such as Atg5,
Atg7, and Atg8, thus synchronizing the autophagy-lysosome pathway from initiation to
degradation [41,42].

Furthermore, the SIRT2 gene is one of the first studied members of the family, lo-
cated on autosomal chromosome 19q13.2. The SIRT2 protein is localized mainly in the
cytosol [43] and is widely expressed in metabolically active tissues including kidney, heart,
liver, and brain [44]. Multiple histone (H4K16, H3K18) [26] and non-histone targets (tubulin,
p300, NF-kB, glucose-6-phosphate 1-dehydrogenase (G6PD), HIF1«, phosphoglycerate
mutase (PGAM), IDH1 and FOXO3) have been identified [45-48]. They are involved in
crucial cellular processes such as regulation of gene expression and transcription and signal
transduction in metabolic pathways [49,50]. Consequently, dysregulation of SIRT2 has
been associated with a broad spectrum of diseases including metabolic and neurological
disorders, cancer, and aging [51,52]. By forming a crosstalk between gene expression
regulation and metabolic pathways, SIRT2 is involved in all aspects of cell metabolism,
including lipogenesis, fatty acid oxidation, gluconeogenesis, and glycolysis [53]. SIRT2
promotes gluconeogenesis by deacetylating FOXO1 and Phosphoenolpyruvate Carboxyki-
nase (PEPCK), enhances glycolysis by interacting with glycolytic enzymes (ALDOA, PGK1,
ENO1, GAPDH, PFKP, PKM, LDH) [54,55], and regulates insulin secretion through the
PI3K/AKT pathway [56]. Furthermore, SIRT2 has been shown to promote lipid synthesis
through deacetylation of ATP-citrate lyase (ACLY) [57] and inhibit it by deacetylating
HNF4« via nuclear translocation of FOXO1. Additionally, SIRT2 can promote fatty acid oxi-
dation by downregulating FOXOL1 [58]. Moreover, it can regulate oxidative stress response
through reactive oxygen species (ROS) by targeting glucose 6-phosphate dehydrogenase
(G6PD), phosphoglyceride mutant enzyme (PGAM?2), and NF-«B [59].

In turn, SIRT3 has been detected as a major mitochondrial deacetylase, being widely
expressed in energy-consuming tissues such as kidney, heart, brain, and liver [60]. Most
SIRT3 deacetylase targets are involved in the regulation of mitochondrial metabolism
through modulation of tricarboxylic acid (TCA) and urea cycle, fatty acid oxidation, and
ROS detoxification. To maintain basal adenosine triphosphate (ATP) cell levels, SIRT3 can
deacetylate and activate several components of the electron transport chain (ETC), such
as NDUFA9 complex I and succinate dehydrogenase (SDHA) in complex II, as well as the
oligomycin-sensitivity conferring protein (OSCP) in complex V [61,62]. In addition, SIRT3
regulates the Krebs cycle through acetyl-CoA to oxaloacetate transformation [63]. SIRT3
also participates in fatty acid oxidation and amino acid catabolism. It has been shown
to target enzymes involved in fatty acid oxidation regulating ATP levels during caloric
restriction [64]. By facilitating conversion of Acetyl-CoA into ketones, SIRT3 reserves
energy sources during fasting [65]. In respect to amino acid metabolism, SIRT3 deacetylases
ornithine transcarbamylase (OTC) and therefore regulates the urea cycle [66]. Moreover,
it also exerts decrotonylase activity and regulates gene expression through epigenetic
mechanisms [67].

In contrast to other mitochondrial sirtuins, SIRT4 remains largely undetermined, al-
though it is widely expressed in human organs including kidney, liver, heart, ovaries, testis,
adipose tissue, muscle, and brain [68,69]. SIRT4 functions as an ADP-ribosyltransferase,
and lipoamidase, but also exhibits weak deacetylase activity [70,71]. These catalytic activi-
ties implicate SIRT4 in the regulation of insulin secretion, ATP homeostasis, lipid catabolism,
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neurological disorders, and tumorigenesis [72-74]. As an ADP-ribosyltransferase, SIRT4
is responsible for the transfer of the ADP-ribosyl group from NAD™ to the C172 histone
residue of glutamate dehydrogenase (GDH), inhibiting the metabolism of glutamine and
reducing ATP production [75]. In addition to glutamine metabolism, SIRT4 is responsible
for the deacetylation of malonyl-CoA-decarboxylase (MCD) and the regulation of fatty
acids’ oxidation [76].

Among the other mitochondrial sirtuins, SIRT5 was found to exert a weak deacetylase
activity but strong desuccinylase, demalonylase, and deglutarylase functions [77]. SIRT5
possesses a specific mitochondrial localization sequence (MLS) that enables its localization
to the mitochondrial matrix [78], as well as to the cytosol [79]. The SIRT5 gene encodes
four SIRTS5 protein isoforms (SIRT5 iso1-SIRTS iso4). SIRT5 isol and SIRTS5 iso2 contain
an N-terminal MLS but differ in their C-terminal domain [78]. While SIRT5 isoforms are
localized in mitochondria, SIRT5isol has been detected only in the cytosol. Two addi-
tional isoforms of SIRTS iso3 and SIRTS iso4 are still under investigation [80]. With the
development of mass spectrometry techniques, a plethora of SIRT5 substrates have been
discovered, including GAPDH, CPS1, SOD1, HMGCS2, PKM2, VLCAD, IDH2, G6PD,
PDC1, and ECHA [79,81-86]. In the cytosol, SIRT5, through manolation, promotes gly-
colysis via GAPDH regulation [79], whereas in the mitochondrial matrix, SIRT5 regulates
ammonia detoxification and the urea cycle via deacetylation of CPS1 [81]. Moreover, SIRT5
regulates isocitrate to a-ketoglutarate («-KG) by desuccinylating isocitrate dehydrogenase
2 (IDH2), thus supporting ROS scavenging activities. In addition, SIRT5, through deglu-
tarylation, increases the activity of glucose 6-phosphate dehydrogenase (G6PD) via the
pentose phosphate pathway (PPP) and promotes NADPH production [84,87]. Rapidly
proliferating cells require metabolites from PPP to synthesize ribonucleotides and regulate
gene expression. G6PD expression can be deregulated in a variety of cancers and act as
a regulator of viral replication [87]. Recent studies have suggested that SIRT5 plays an
important role as a proviral factor necessary for the efficient replication of acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) through its direct interaction with the viral Nsp14
protein [88]. In summary, SIRT5 is involved in several intracellular signaling pathways,
anti-inflammatory processes, cancer progression, regulation of glucose metabolism, and
response to oxidative stress [85].

SIRT6 is a multifunctional protein that is highly expressed in skeletal muscles, brain,
heart, thymus, and liver tissues [89,90]. The enzymatic activities of SIRT6 are not limited
to deacetylation but also include defatty-acylation activity and ADP-ribosylation, thus
enabling SIRT6 to regulate glucose homeostasis, DNA repair, and cellular lifespan [91].
Deacetylation of histone H3 and H4 is responsible for the compaction of chromatin, tran-
scriptional repression, and DNA damage response [92]. The deacylase efficiency of SIRT6
has been shown to be higher compared to deacetylation activity based on the regulation of
the secretion of tumor necrosis factor-« (TNF-ot) by removing the fatty acyl modification on
K19 and K20 [93]. Finally, SIRT6 has ADP-ribosylation activity with substrate (ADP-ribose)
polymerase-1 (PARP-1) that enhances DSB repair under oxidative stress [94].

Compared to the other well-studied SIRTs, the biological function of SIRT7 is poorly
defined but is gradually revealed. Its catalytic domain displays weak deacetylation activity
on histones and is responsible for the highly selective deacetylation of histone H3K18,
responsible for transcriptional repression, DNA damage response, and regulation of cell
transformation programs [95,96]. At the same time, a wide variety of non-histone sub-
strates of SIRT7 have been identified, including p53, NPM1, FKBP51, FOXO3, SMAD4, and
PAF53 [97-100]. SIRT7-dependent deacetylation has been shown to regulate rRNA synthe-
sis and processing via the nucleolar proteins PAF53 and U3-55k [101], and mitochondrial
functions through GABPA1 deacetylation [98]. Furthermore, SIRT7 has been reported to
order the acetylation of tumor suppressor p53 [99].

The implication of SIRT proteins in diverse cellular processes and pathological condi-
tions makes them attractive therapeutic targets. Development of specific SIRT activators
and inhibitors is needed for the in-depth study of SIRTs” function but also as potential
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treatment targets for a variety of diseases, such as type 2 diabetes, inflammatory and
neurodegenerative disorders, and cancer. The discovery of small molecule regulators that
target SIRTs has become a topic of intense interest the past 30 years with several hundred
articles investigating new molecular targets as possible regulators of sirtuins” enzymatic
activity in normal cells and disease. Unfortunately, translating SIRT regulators from the
bench to the clinics, faces absences of selective compounds with favorable pharmacokinetic
and pharmacodynamic profiles [102-105]. Therefore, only 70 studies and respective agents
have passed through the preclinical phase and were finely tested in clinical trials as poten-
tial treatment options in coronary disease, COVID-19, neurodegenerative disease, diabetes,
kidney disease, and cancer [106].

3. Evidence of SIRTs Implication in GB Pathogenesis

A growing body of experimental evidence has implicated SIRTs in the regulation
of pivotal cellular processes involved in cancer initiation and progression [14-17,106].
Although their expression is quite variable among tumor types and may act either as tumor
suppressors or promoters depending on the cellular context, some SIRTs have shown clinical
relevance with prognostic significance, biomarker potential, and association with drug
resistance [14-17]. Emerging data have also implicated SIRTs in various aspects of glioma
tumorigenesis, including proliferation, apoptosis, autophagy, stemness, angiogenesis, and
metastasis, and are discussed in the following sections.

3.1. SIRT1 Involvement in GB Growth and Progression

SIRT1 was the first family member to be recognized as a crucial epigenetic regulator
of genomic stability, aging, apoptosis, and senescence in normal cells, as well as a dual
regulator in cancer cells. It has been shown to exhibit a neuroprotective role in traumatic
brain injury and play an important regulatory part in CNS function. However, at the same
time, SIRT1 has been implicated in the pathology of brain tumors and specifically in GB
proliferation, invasion, and therapy resistance. The first documentation of SIRT1’s tumor
promoter activity was demonstrated by its ability to deacetylate and inactivate tumor
suppressors, such as p53, hypermethylated in cancer 1 (HIC1) and deleted in breast cancer
1 (DBC1) proteins [107-109]. Conversely, conditional overexpression of SIRT1 was shown
to reduce the tumor burden in p53 (+/—) mice, promote genomic stability in vivo, and
inhibit the NF-«B pathway, responsible for metastasis and cancer cell survival [110-112].

Normally, SIRT1 supports cell survival of neurons exposed to oxidative stress or DNA
damage, by promoting DNA repair or cell cycle arrest via induction of apoptosis. However,
in cancer cells and upon persistent stress signals, SIRT1 is overexpressed and consequently
promotes DNA repair, leading to additional DNA mutations, and increasing genomic
instability (Figure 3). Therefore, depending on cell conditions and the stage of the disease,
SIRT1 plays a regulatory role either towards tumor progression or suppression, balancing
the process of oncogenesis [112,113].

Numerous studies have demonstrated the bifurcated role of SIRT1 protein in glioma-
genesis. SIRT1 has been detected overexpressed in GB cell lines, exhibiting an essential
role in both glioma proliferation and chemoresistance [114,115]. It has also been reported
that overexpression of SIRT1 is associated with a shorter overall survival of patients with
glioma [114]. Furthermore, downregulation of SIRT1 in GB cell lines by selective inhibitors
results in suppression of the cell proliferation, migration, and angiogenesis [116,117]. How-
ever, other studies demonstrate that expression of SIRT1 is significantly downregulated in
GB cell lines [118,119].

Moreover, activation of SIRT-1 was reported to induce autophagic glioma cell death
and inhibit cell viability [120,121]. In neural stem cells, SIRT1 has been involved in onco-
genic transformation by suppressing p53-dependent tumor surveillance, thus predicting
the survival of “cancer cells with stemness” [122].

Taken altogether, the expression of SIRT1 in GB cells remains contradictory and its
actual role under discussion. It is essential to detect the specific intracellular proteins
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involved in GB and the underlying mechanisms responsible for the inhibition or activation
of SIRT1 in order to further proceed to targeted therapy.
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Figure 3. The dual role of the sirtuin SIRT1 in the GB cell. In a normal cell, stress activates SIRT1,
which induces epigenetic silencing of the damaged DNA site, modulates DDR (DNA damage
response), and DNA repair proteins, resulting in DNA replication fidelity and cell survival. In cancer
cells and upon persistent stress signals, SIRT1 is upregulated and promotes further DNA repair
with additional DNA mutations, increasing genomic instability and leading to tumor progression.
(Created with BioRender.com, accessed on 17 July 2022).

3.2. SIRT2 Implication in GB Proliferation

SIRT2 is an NAD*-dependent protein that deacetylates tubulin and histone H4, and
modulates mitotic deposition of H4K20 methylation, resulting in cell cycle progression and
genome stability [123]. SIRT2 is the most highly expressed mammalian sirtuin protein in the
CNS, present primarily in the oligodendrocytes and involved in neural development [44,45].
Due to its neurodevelopmental role, SIRT2 is also involved in the pathogenesis of vari-
ous neurodegenerative disorders, including Parkinson’s, Alzheimer’s, and Huntington’s
diseases [124,125]. The SIRT2 gene location is at the 19q13.2 chromosomal region, which
is often altered in GB [126]. A study by Hiratsuka et al. reported that SIRT2 expression
was downregulated in glioma tissues and cell lines, while its overexpression was shown
to decrease GB cell proliferation and survival [126]. Conversely, a study by He et al. re-
vealed that downregulation of SIRT2 activity can induce necrosis and apoptosis in C6
glioma cells [127]. Similar conclusions were made by a study by Funato et al., showing
that SIRT2 is required for the tumorigenicity of GB cells by regulating the transcriptional
activity of tumor suppressor p73, while knockdown of SIRT2 induced cell-cycle arrest
(Figure 4) [128]. These differential results could be attributed to the use of the C6 rat glioma
cell line, which differs from the human glioma cells, as well as to the use of a 2D culture
model that is not representative of the in vivo tumor microenvironment. At the study by
Funato et al., a neurospheres assay-3D model was used, which is regarded as the “gold
standard” for in vitro GB stem cell population culture [128]. Unfortunately, this assay has
its own disadvantages, allowing cells to create their own niche, with mixed populations of
cells and a small number of genuine stem cells [129]. Moreover, in other malignancies such
as breast cancer, SIRT2 expression is closely correlated with the stage of the disease, with a
significant tumor suppressive role during early carcinogenesis and controversial effects in
the advanced phase of the disease [130]. Based on this evidence, and on the findings of dual
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expression of SIRT1 in GB, it is suggested that SIRT2 expression is also dependent on the
disease stage, and its activation/suppression mechanisms need to be further investigated.

Tumor progression Tumor suppression
GB cell
GB CELL
SURVIVAL 76 SIRTZ
SIRT2
SIRT2 NF-kB Apoptosis

APOPTOSIS CASPASE-3 \/

INHIBITION PATHWAY
Figure 4. The role of the sirtuin SIRT?2 in glioblastoma (GB). (Created with BioRender.com, accessed
on 17 July 2022).

3.3. SIRT3 Implication in GB Cell Metabolism

Cancer is a highly energy-consuming process, and reprogramming of cellular metabolism
is a crucial hallmark of tumorigenesis. SIRT3 is a major mitochondrial NAD-dependent
deacetylase that is involved in the regulation of mitochondrial metabolism and energy cell
homeostasis [131]. It has been associated to the pathogenesis of cancer, DM, neurodegener-
ation, and cardiological and liver diseases [132].

In GB, aberrant regulation of several metabolic pathways has been suggested to con-
tribute to their infiltrative phenotype, enhancing tumor growth. To support the high
metabolic demands of GB, glucose uptake is increased through deregulation of carbohy-
drate cell metabolism. This metabolic reprogramming, known as the Warburg effect, is
actively controlled by SIRT3. In other malignancies, it has been shown that loss of SIRT3 up-
regulates hypoxia-inducible factor 1-alpha (HIF1«x) target genes, resulting in stimulation of
cell proliferation and increased cell glucose uptake [133]. Additionally, SIRT3 deacetylates
the isocitrate dehydrogenase 2 (IDH2), protecting cells from oxidative stress and regulating
reactive oxygen species (ROS) homeostasis [134]. IDH2 is frequently mutated in secondary
GB (70-75%) [135] and is a biomarker of a good prognosis.

According to a study by Luo et al., SIRT3 expression is upregulated in glioma tissues
and is correlated with tumor aggressiveness (according to WHO grade) and prognosis [136].
Patients with low SIRT3 expression were shown to exhibit better prognosis and overall
survival. Further investigation revealed that SIRT3 overexpression downregulated glioma
cell apoptosis via the Ku70-BAX pathway (Figure 5) [136]. Additionally, Park et al. studied
the interplay between TRAP1 mitochondrial chaperone and SIRT3 in GSC and demon-
strated that inactivation of TRAP1 or SIRT3 leads to loss of stemness and suppression of
GSC formation [137].

Altogether, SIRT3 as a main player of mitochondrial energy homeostasis may con-
tribute to metabolic alterations in GB cells and represents a possible therapeutic target that
needs further exploration for GB treatment.
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Figure 5. Overview of sirtuins-associated signaling pathways implicated in glioblastoma develop-
ment and progression. Red rectangle: signaling pathways; blue oval: sirtuin member; blue rectangle:
sirtuin targeting agent or approach. (Created with BioRender.com, accessed on 16 October 2022).

3.4. SIRT4 Involvement in GB Cell Metabolism

SIRT4 is a mitochondrial sirtuin with mostly ADP-ribosylation activity, but little
deacetylase activity [138]. SIRT4 is highly expressed in the brain tissue, especially in as-
trocytes and radial glia during embryogenesis, and its expression decreases throughout
development [139]. The amino acid glutamine is a key nutrient of the brain tissue and,
along with glutamate, plays a crucial role in normal brain function. During gliomagenesis,
cancer cells that grow in a glutamate—glutamine-rich microenvironment try to reprogram
the glutamine metabolism to support their growth and activity [140]. Excitotoxicity refers
to the presence of a large amount of glutamate outside the cell that under normal conditions
regulates astrocyte metabolism through glutamate transporter 1 (GLT-1). SIRT4 controls
glutamine metabolism via regulation of glutamate dehydrogenase (GDH) activity. Inhibi-
tion of GDH by SIRT4 results in downregulation of glutamate metabolism and reduces ATP
production [141]. A study by Yalcin et al. showed that by regulating glutamate metabolism,
SIRT4 prevents excitotoxicity in glioma cells and acts as a GB suppressor [142].

It is therefore suggested that targeting the glutamate metabolic pathway through SIRT4
regulation could be a possible effective approach to inhibit gliomagenesis progression
(Figure 5) and needs further investigation.

3.5. Role of SIRTS in GB Progression

SIRTS is the third mitochondrial enzyme with low deacetylation activity [143] but with
strong desuccinylation, demalonylation, and deglutarylation activities [144]. SIRTS tissue ex-
pression is modest in the brain, heart, and liver cells, as well as in lymphoblasts [21,145,146].
The main cellular processes regulated by SIRT5 are urea metabolism, through activation
of carbamoyl phosphate synthetase 1 (CPS1) [147], and oxidative stress via ROS regula-
tion [148]. Additionally, SIRT5 interacts with p53 and suppresses transcriptional activity
via succinylation of p53 at lysine 120 (K120) [144]. Despite research evidence supporting a
high biological impact of SIRT5 on various cellular processes, data on the role of SIRT5 in
GB onset are scarce. Chen et al. demonstrated that SIRT5 expression is significantly down-
regulated in GB and is correlated with worse prognosis and overall survival. Moreover, the
expression levels of SIRT5 were linked to DNA methylation activity in GB [149].
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It is evident that mitochondrial SIRTs play a crucial role in a variety of metabolic
processes related to GB progression and pathogenesis. While research on mitochondrial
SIRTs in GB is still in progress, several studies indicate that these proteins may exhibit a dual
role, acting both as tumor suppressors and tumor promoters. Modulation of this balance
may play a critical role in targeted therapy approaches for GB, which are greatly needed.

3.6. SIRT6 Implication in GB Growth

SIRT6 is predominantly a nuclear enzyme that is highly expressed in muscle, brain,
and heart tissues [150]. Due to its location, SIRT6 appears to be involved mainly in the
regulation of nuclear processes through histone deacetylation. SIRT6 binds to the telomeres
and modulates their function through deacetylation of H3 lysine 9 (H3K9) and lysine 56
(H3K56) [151]. SIRT6 deacetylation regulates the transcriptional activity via the NF-«B,
HIF1, and c-myc pathways, downregulating gene expression [152]. The substrates of SIRT6
include, in addition to multiple H3 and H4 histone lysine residues, non-histone proteins.
SIRT6 can directly deacetylate the K549 of histone GCN5 and enhance its enzymatic
activity in the regulation of hepatic gluconeogenesis [153]. Furthermore, SIRT6 can remove
the acetyl groups from the pyruvate kinase muscle isozyme (PKM2) lysine 433 residue,
activating its nuclear export and inhibiting PKM2 oncogenic activity [154]. In addition to the
well-established deacetylase activity, SIRT6 possesses an efficient defatty-acylase activity
that is involved in the regulation of several proteins” secretion. TNF-«, a proinflammation
cytokine, was one of the first targets of SIRT6 deacylation to be studied. SIRT6 has been
demonstrated to promote the secretion of TNF-«, activating apoptosis and cell-survival
signaling pathways [93]. Furthermore, SIRT6 is also a mono-ADP-ribosylation enzyme that
can regulate the activity of poly ADP-ribose polymerase-1 (PARP-1), enhancing double
strand break (DSB) repair under oxidative stress and maintaining genomic stability [94]. To
date, SIRT6 has been proposed as a unique enzyme that modulates gene expression and cell
metabolism, promotes DNA repair, and prolongs lifespan. SIRT6 mainly acts as a tumor
suppressor and regulator of age-related pathological changes [155]. It is an important
regulator of cancer progression and is reported to be associated with the prognosis of
cancer patients. A meta-analysis conducted by Wu et al., including data from 1577 patients,
revealed that low expression of SIRT6 may predict a favorable survival rate for patients
with solid tumors [15].

Although the role of SIRT6 in GB is still under investigation, the study by Chang et al.
showed that SIRT6 is downregulated and negatively correlated with miR-33 expression
in GB cell lines. Moreover, SIRT6 overexpression was shown to reduce cell survival and
proliferation of GB cells [156]. Another study demonstrated that SIRT6 regresses GB cell
growth through induction of apoptosis and suppression of the JAK2/STAT3 signaling
pathway (Figure 5) [157]. Downregulation of the NOTCHS3 pathway by SIRT6 has been
detected, confirming the oncosuppressive role of SIRT6 in GB [158].

3.7. SIRT7 Implication in GB Progression

SIRT7 is present in eukaryotes, located mainly in the nucleus, where it is involved in
multiple pathways that regulate rRNA processing and protein translation [101,159]. SIRT7
activity is necessary for the regulation of rDNA transcription during mitosis [160] and is
known to play a role in protein synthesis through reduction of tRNA levels [161]. SIRT6 and
SIRT7 share many interacting proteins that are involved in chromatin remodeling, DNA
repair, and aging processes [162]. Several studies have demonstrated a role of SIRT7 in
hepatic lipid metabolism, in the regulation of the ubiquitin pathway [163]. Although several
studies have investigated the role of SIRT7 in disease, particularly in cancer, indicating an
oncogenic function [164,165], its possible role in GB is unclear and demands further study.
Mu et al. demonstrated that SIRT7 was upregulated in GB tissues and correlated with
tumor aggression [166]. In addition, SIRT7 expression can serve as a prognostic biomarker
for GB, as its downregulation was shown to decrease expression of cyclin-dependent kinase
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2 (CDK2) and STATS3, leading to suppression of GB cell proliferation and invasion in vitro
(Figure 5) [166].

Further research studies have shown that SIRT7 enhances IDH1 transcription, and that
SIRT7 insufficiency downregulates IDH1 expression, resulting in cell metabolic reprogram-
ming during tumorigenesis [167]. IDH1 mRNA and protein levels were found elevated in
primary GB supporting the aggressive tumor growth and therapy resistance, while IDH1 in-
activation promoted apoptosis and enhanced response to targeted therapies [168]. Further
investigation of the potential targeting of SIRT7-IDH1 axis as a possible novel therapeutic
tool for GB is necessary. According to the studies investigating SIRT3-IDH2 regulation
and the SIRT7-IDH1 axis, a combined downregulation of the SIRT3-SIRT7 proteins could
possibly be effective, with IDH presenting a specific target in both secondary and primary
GB, independent of IDH mutation.

4. Conclusions

During the past 50 years, the involvement of SIRTs in cancer biology has been studied,
and the accumulated evidence reveals their regulatory role in several important steps
during the development and progression of different tumor types [103,169-172]. SIRTs
are involved in various biological pathways in which they could act as either tumor
suppressors or activators, depending on the stage of the disease, the histological type,
and the tumor microenvironment [173]. Although the biological functions of SIRTs are
still under investigation, a plethora of possible inhibitors (SIRTi) and activators (STACs)
that may directly target specific SIRTs or their underlying pathways are already under
evaluation. The design of new SIRT-targeted molecules is constantly demanded to help
elucidate the role of SIRTs in cancer development and the associated mechanisms of
tumorigenesis, with the prospect of introducing novel SIRT regulators into clinical practice,
as promising treatment options. To date, most SIRTi apart from nicotinamide are grouped
according to their pharmacophore types, which include 3-napthol (sirtinol, splitomicin,
cambinol), indole (EX-527), urea (suramin) and thiourea derivatives (tenovins), as well
as some miscellaneous compounds (pan-SIRTi MC2494). However, limited evidence is
available regarding their specific anti-cancer activities [106,114,116,128].

Regarding STACS, the first that were discovered were phenolic compounds, such as
Resveratrol and other polyphenols, quercetin, butein, fisetin, piceatannol, and isoliquir-
itigenin. Recent efforts have further revealed some non-polyphenolic STACs, such as
the new second generation (SRT1460, SRT1720, SRT2183) and third generation (STAC-
5, STAC-9, and STAC-10) small molecules, with their anti-cancer activity being under
investigation [106,117,121].

An increasing number of studies indicate that SIRTs activity is involved in GB pathol-
ogy (Figure 5). Although many questions regarding the role of specific SIRTs in GB remain
unanswered or are still under investigation, there is a growing interest in this area, mainly
due to the urgent need for new treatment strategies for these tumors. Treatment recom-
mendations for GB have remained unchanged since 2005 and offer only a median patient
overall survival of 15 months [174]. New molecular regulators targeting SIRTs in GB have
demonstrated favorable results in vivo and in vitro (Table 1). Unfortunately, these do not
translate into immediate success in clinical practice because of multiple factors, includ-
ing tumor specificity and heterogeneity, stemness, blood-brain barrier drug penetration
capacity, and interactions with the microenvironment [175-177]. At present, none of the
SIRT inhibitors/activators are under clinical trial for GB [178]. More than 50 clinical tri-
als, however, are ongoing for SIRT targeting therapy for aging or age-related disorders,
including neurodegenerative and cardiovascular diseases, as well as DM. Evidence of the
therapeutic value of SIRT-targeted therapy in other disorders, along with success in the
in vitro/in vivo GB studies, will provide the impetus for novel prospective studies in the
field of GB research and treatment.
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Table 1. Studies implicating the sirtuins (SIRT1-7) in GB pathogenesis and indicative targeting approaches.
Sirtuin Type Cellular Location In Vitro/In Vivo Models SIRT Targeting Role of SIRT in GB and Mechanisms of Regulation Reference
Agent/Approach
SIRT1 expression is upregulated in glioma tissues and cell lines.
. L. SIRT1 silenced by shRNA, Patients with higher SIRT1 expression exhibit poorer prognosis.
U251 and US7MG cell lines, in vivo EX527 inhibitor SIRT1 inhibition sensitizes glioma cells to temozolomide (TMZ) [114]
treatment in vitro and in vivo
Downregulation of SIRT1 blocks inhibitory effects of urolithin A
U251 and U118 MG cell lines, in vivo on proliferation and migration of GB cells and modifies expression [179]
level of FOXO1
miR-376a directly targets and inhibits SIRT1 in GB via
A172, LN229, U251, and U373 cell lines, miR-376a, downregulation of the YAP1 and VEGF signalling axis resulting in [180]
in vivo selective SIRT1 inhibitor suppression of proliferation, migration, and angiogenesis abilities
of GB cells.
U87 and U251 cell lines SI‘RTl-small interfering RNA S¥RT1 .p051.tlvely associated with \./1.ab111ty and invasion of GB cells [115]
(siRNA) via epithelial-mesenchymal transition
Microglia BV2 GB C6, GL261 rodent cell OverTxPresTlonqu Sllifl 1;>é‘lomoctlesl the mc.rease1 'HI H4K16 X
lines - acetylation level in cell, and modulates microglial pro-tumora [181]
Nucleus/ activation
SIRT1 evtoplasm EX-527 SIRT1 inhibition produced a decreased expression of stemness
ytop U87MG, A172 and LN229 Cell lines S markers —-Sox-2 and Oct-4 and decreased capacity to form [116]
SIRT1 inhibitor . .
gliomaspheres (compared with control cells).
HT1080, U251, and HEK293T cell lines; EX-527
patient derived glioma lines MGG152, Sirt i nh,ibi tor Activation of SIRT1 can selectively target IDH-mutant tumors [182]
MGG119, MGG18, MGG123
SRT2183 suppresses GB cell growth by cell cycle arrest and
U87MG and T98G cell lines SRT2183, SIRT activator apoptosis via SIRT activation and upregulation of Bim and [117]
downregulation of Bcl-2 and Bcl-xL
US7MG and T98G cells lines, in vivo FO?11-7667 (Comp 5) SIRT F0911-7667 induces autoPhaglc cell death/mitophagy in GB cells [121]
activator through SIRT1 upregulation
EE;EE g?;iﬁiﬂ;? ?172;11;96?1_ %&:;S{EB) circWEE1 CircWEE1 induces GB cell growth by upregulating the expression [120]
in vivo & ” SIRT activator of SIRT1 through sponge adsorption of miR-138
miR-133b overexpression significantly inhibits GB cell proliferation.
Human GB U87 cell line SIRTI as a downstream effector SIRT1 overexpression reverses the miR-133b-mediated suppression [183]

miR-133b

of GB cell proliferation and invasion.
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Table 1. Cont.
s . . . SIRT Targeting . . .
Sirtuin Type Cellular Location In Vitro/In Vivo Models A Role of SIRT in GB and Mechanisms of Regulation Reference
gent/Approach
SIRT2 expression is downregulated in human GB tissues and cell
GB cell lines T98G, US7MG, A172, U251, lines. SIRT2 regresses glioma growth via the NF-kB—p21-apoptosis [126,184]
and CCFSTTG1 axis. SIRT2 overexpression decreases cell proliferation and colony !
formation capacity
SIRT2 acts as a tumor suppressor gene in human gliomas. SIRT2
SIRT2 Cytoplasm G201, G301, G302 G402, G405 overexpression reduces colony formation of human glioma cells. [184]
SIRT2-specific inhibitor AGK2, Downregulation of SIRT2 results in significant inhibition of GB
GBI-GBI3 and GB16 siRNA sphere formation, and in growth arrest and apoptosis of GB cells [128]
SIRT2 promotes survival maintenance of glioma cells. Inhibition of
€6 GB cells SIRT2 activity can induce necrosis apoptosis in GB cells [127]
GB tissues, U87 and U251 glioma cell SIRT3 is upregulated in GB tissues. Low SIRT3 expression shows [136]
lines better prognosis in GB then high SIRT3 expression
GB tissues SIRT3 deacetylates TRAP1. Inactivation of TRAP1 or SIRT3 leads
SIRT3 Mitochondria LN229, T98G, US7 and U251, in vivo siRNA ’;(t)elrtr)lsze(ilfsstemness, and suppression of tumor formation in GB [137]
Human GB cell lines T98G and LN229 SIRNA SIRT3 is a positive regulatmj of autophagy; 1nh1b}t10n of SIRT3 [185]
down regulates autophagy induced by hypoxia in GB
. . . SIRT4 overexpression increases cell viability after kainic acid )
SIRT4 Mitochondria A172 cell line treatment. SIRT4 decreases cell death by preventing excitotoxicity. [142]
. . SIRTS expression is decreased in GB tissues. SIRTS5 acts as a tumor
SIRTS Mitochondria suppressor. SIRT 5 shows promise as a prognostic biomarker in GB [149]
Human GB cell lines, U87, T98, A172 and SIRT6 is dowmegulated and. mverse}y correlated with miR-33a
U251 expression in GB. Deregulation of miR-33a may promote tumor [156]
development in human GB by regulating the expression of SIRT6
GB cell lines U251, U87, LN18, and A172, . SIRT6 is downregulated in GB. Knockdown of SIRT6 increased cell
siRNA . . O . . [158]
and normal human astrocyte cell proliferation, migration, and invasion of cancer cells
SIRT6 Nucleus U87-MG and T98C and one human SIRT6 overexpression promot.ed apoptosis, reduced ox1da.t1ve .
. . stress, and suppressed the activation of the JAK2/STAT3 signaling [157]
normal glial cell line HEB ,
pathway in GB
PCBP2 expression is inhibited by SIRT6. SIRT6 inhibits GB cell
GB cell lines T98G proliferation and colony formation in vitro and glioma cell growth [186]
in vivo in a PCBP2 dependent manner
SIRT7 is upregulated in human GB tissues and high expression of
. . SIRT7 is positively correlated with GB malignancy. SIRT7 induces
U87 and U251 cell line SIRNA GB cell proliferation and invasion by activation of the ERK/STAT3 [166]
SIRT?7 Nucleus signalling pathway
U-118 MG, U87, and U251 SiRNA SIRT7 knockdown reduced IDH1 protein and mRNA levels GB [167]

cell lines
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