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Simple Summary: Glioblastoma (GBM) is an aggressive and mostly incurable from of brain cancer.
This is largely due to individual tumor cells invading the surrounding tissue, through which they
evade surgical removal and reconstitute the tumor. Here, we define three distinct environments
that GBM cells migrate into: the vascular, the neural, and the glial niches. These environments can
nurture GBM recurrence through factors associated with a process called “senescence”; a cellular
stress response which causes them to secrete mostly pro-tumorigenic factors. Senescence is especially
relevant to late-stage brain cancer since it occurs mainly in aged people, who have senescent cells.
Moreover, brain cells can become senescent in response to unresolved damage from chemo- and
radio- therapies. As such, we summarize recent literature on brain senescence and discuss strategies
to optimize and implement anti-senescence therapies aimed at overcoming recurrence and lethality
from GBM.

Abstract: With a dismally low median survival of less than two years after diagnosis, Glioblastoma
(GBM) is the most lethal type of brain cancer. The standard-of-care of surgical resection, followed
by DNA-damaging chemo-/radiotherapy, is often non-curative. In part, this is because individual
cells close to the resection border remain alive and eventually undergo renewed proliferation. These
residual, therapy-resistant cells lead to rapid recurrence, against which no effective treatment exists
to date. Thus, new experimental approaches need to be developed against residual disease to prevent
GBM survival and recurrence. Cellular senescence is an attractive area for the development of such
new approaches. Senescence can occur in healthy cells when they are irreparably damaged. Senescent
cells develop a chronic secretory phenotype that is generally considered pro-tumorigenic and pro-
migratory. Age is a negative prognostic factor for GBM stage, and, with age, senescence steadily
increases. Moreover, chemo-/radiotherapy can provide an additional increase in senescence close
to the tumor. In light of this, we will review the importance of senescence in the tumor-supportive
brain parenchyma, focusing on the invasion and growth of GBM in residual disease. We will propose
a future direction on the application of anti-senescence therapies against recurrent GBM.
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1. Residual Disease Is the Main Contributor to Treatment Failure of GBM

Gliomas are the most common type of cancer of the central nervous system, whereas
the early grades I-II are self-limiting and can often be removed by resection, grade III and
IV are characterized by a diffuse spread into the neighboring brain [1]. Stage IV gliomas,
also known as Glioblastoma, or previously called Glioblastoma multifome (GBM), span
well over half of all gliomas and some 15% of all types of brain cancer combined [1,2]. GBM
prevalence is on the rise, with an incidence that doubled over the last two decades [3,4].
GBM has one of the worst prognoses of all human cancers, with as little as 4-6.7% of
patients surviving to five years after diagnosis and only 0.7% making it to ten years [5-7].
Based on this, we will review what causes current therapies to fail and explore experimental
areas of therapy development.
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Tumor cell invasion into the normal brain poses one of the primary hurdles for GBM
treatment success [8] (Figure 1, Part 1). Maximally safe surgical resection usually includes
an area well beyond the tumor [1] and several retrospective studies suggest that larger
extents of resection delay recurrence and prolong overall survival [9-12]. Unfortunately,
the depth of surgery is inevitably limited by the cerebral anatomy to avoid compromis-
ing neurological function [13]. Even with a seemingly complete resection of the tumor,
infiltrated residual cells often remain behind and give rise to recurrence. In line with this,
postmortem studies have shown that neoplastic cells extend beyond the visible enhance-
ment of CT and MRI images [14,15]. This makes surgery non-curative and renders GBM a
malignant disease.

Since most of the GBM invades locally, it is common practice to apply radiotherapy
(60 Gy total, 2 Gy/day) to the original tumor area plus a small margin to encompass residual
cells [16]. The DNA alkylating chemotherapy Temozolomide (TMZ) is administered
together with radiotherapy, followed by additional adjuvant TMZ and tumor-treating fields
(TTFields) [1,17]. Ultimately, tumors recur within as little as half a year from diagnosis on
average (Figure 1, Part 1), and, in most patients (up to 90%), the tumor regrows within 2 cm
from the resection margin [5,6,18,19]. At this stage, the recurrent disease has no specific
standard-of-care. Surgery, radiotherapy, TTFields, and systemic chemotherapy, including
TMZ and bevacizumab, are options (as reviewed in [20]). Still, these interventions only
have modest benefits (as reviewed in [21]), and a substantial proportion of patients are
not eligible for second-line therapy [22]. Thus, it is crucial to understand what causes
residual GBM cells to escape cell death and migrate into the brain parenchyma to cause
lethality ultimately. Here, we focus on the role of aging and provide arguments that a
process that drives aging, cellular senescence, should be considered for the development of
new treatment options against GBM.
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1. A main culprit behind GBM recurrence: The peritumoral niche
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Figure 1. Clinical and biological definition of residual disease; (1) Illustration of different stages during patient-treatment ar-
guing for an intervention window following standard-of-care. Treatment-induced senescence may be a target. (2) Illustration
of residual disease. Graphical representation of three situations of pro-tumorigenic brain niches which can both stimulate
invasion as well as promote survival of cancer cells. The left side depicts the cellular-components in the three niches and the
right side shows the molecules and receptors responsible for the bi-directional communication between glioma cells and their
niche. (A) IL8- & Wnt-induced invasion over blood vessels is sustained by calcium-mobilization and glioma cell cytoskeletal
reorganization to move over collagen in the basement membrane. (B) Glutamate-stimulated invasion of Notch1-positive
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glioma cells to its cognate receptor on axons. This interaction activates SOX2 & 9 signaling in glioma cells; (C) bidirectional
communication between glioma and astrocytes. NFkB is active in these glioma cells. Glioma RANKL- induced TGF-b, IL33,
and MPPs secreted by reactive astrocytes are necessary for glioma invasion both as single cells and as a strand. Hyaluronan
induces single cell migration through CD44 and TLR on glioma cells. Fibronectin enables collective invasion over tenascin

C fibers.

2. Aging Is a Risk Factor for Advanced GBM and Treatment Resistance—A
Connection with Senescence?

The etiology of gliomas is still largely unclear. One of the few established risk factors is
radiation exposure, and a small percentage is linked to sporadic hereditary predisposition
syndromes [1]. There is one other clear risk factor for the development of the more
aggressive glioma, which is also a prognostic factor: Age at diagnosis. In contrast to lower
grade glioma, stage IV, GBM, is primarily diagnosed in older individuals, with a median
age of 62 at diagnosis for isocitrate dehydrogenase (IDH) wild type tumors (Figure 2). Age
at diagnosis negatively affects survival rate [7]. To illustrate, patients who reach five years
following diagnosis are mostly, approximately 20%, under the age of 50, whereas only 5%
of patients between the ages of 50 and 64 and much less for the elderly over 65 years of age,
0.2% [20,23]. This poor prognosis is primarily attributed to the extent of resection and poor
performance or frailty associated with advanced age [23,24]. However, this may in part be
caused by brain aging. Age-related inflammation may promote GBM progression, as has
been observed for other neoplasms [25]. One important pathognomonic landmark of the
aging brain is senescence [26]. Not surprisingly, senescence is one of the main drivers of
aging, and it also supports cancer progression. This circumstantial evidence compels an
investigation into whether brain senescence has a causative role in glioma progression, as
senescence could be an attractive target in light of emerging anti-senescence strategies.

Linking senescence to glioma grade through age
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(months) - -grade Il
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Figure 2. Linking glioma grade to age and senescence. The table depicts median survival and graphs
incidence per glioma grade [2,27]. Stage II (dark green dotted line), stage III (light green dotted line),
and GBM with IDH mutations (IDH-mut, purple dotted line) occur in younger people. Grade IV,
GBM without IDH mutations (IDH-WT, red line) has the worst prognosis and mostly occurs in the
elderly with a median around 60 years old. The bottom row compares glioma incidence to the age of
senescence onset and senescence prevalence [28].
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3. Senescence Is a Causal Driver of Aging and Cancer

Since the discovery of “cellular senescence” over half a decade ago, it has been proven
beyond doubt to be a major driver of aging [28-32]. The senescence-associated growth
arrest requires the coordinated action of the p53 and p16™NK4A tumor-suppressive pathways.
Uncapped telomeres and DNA double-strand breaks activate a DNA damage response that
leads to stabilization of p53 initiating transcription of the cyclin-dependent kinase inhibitor
(CDKi) p21 [33]. After this initial arrest, a permanent arrest is controlled by p16 K44,
Senescent cells arise during wound healing responses, but the immune system quickly
clears them; however, with advanced age, they evade the immune-mediated clearance and
are maintained in various tissues, including the brain [28].

Although senescent cells make up a small percentage of the cells in an old organ, they
can affect pathology most likely through their secretory phenotype termed the senescence-
associated secretory phenotype (SASP) [34,35]. Significantly, senescence is involved in
every cancer progression step (reviewed in [36,37]). Specifically, senescent cells can promote
tumor cell proliferation, invasion, and metastasis in a few different types of cancer [38,39].
To understand whether a senescent brain could coordinate tumor progression, this review
aims first to define invaded GBM cells in the context of their peritumoral microenvironment
and second to describe how a senescent microenvironment could spur GBM progression.
Since the main feature of senescence that drives cancer progression is the SASP, we will
highlight critical observations for SASP components essential to growth and invasion into
the peritumoral niche. These will comprise the criteria used to score the role of senescence
in glioma.

4. The Identity of the Tumor Cells in the Peritumoral Zone
4.1. Heterogeneity and Plasticity at the Tumor’s Edge by Pro-Inflammatory Signals

GBM is highly heterogeneous, as implied by the previously-used appellation mul-
tiforme, not only on histology but also at the molecular level. Driver mutations differ
significantly among tumor cells [40-42]. GBM can be classified into four subtypes based on
gene expression and mutational data: classical, mesenchymal, neural, and proneural [43].
The proneural subtype has been associated with the presence of oligodendrocytic genes.
Nearly all cases have point mutations in IDH1, and more than half show TP53 loss of hem-
izygosity and altered platelet-derived growth factor (PDGFR) expression. The neuronal
subtype mostly expresses neuronal markers. Nearly all of the classical subtype presents an
amplified epidermal growth factor receptor (EGFR) signaling, wild type TP53, and deletion
of CDKN2A. This subtype is marked by high Notch and Sonic Hedgehog markers. The
mesenchymal subtype has a higher expression of mesenchymal and astrocytic markers
such as CD44. It has mutated TP53, neurofibromatosis (NF1), and Phosphatase and Tensin
homolog (PTEN) genes and increased serine-threonine kinase (Akt) and NFkB pathways.
Strikingly, a gene expression study in single cells shows that all four signatures identified
by Verhaak et al. may be present in the same tumor [44]. Moreover, a mathematical model
predicts that cells can regularly switch among them and that these subtypes are plastic
cell states rather than rigid subtype [45]. Single-cell approaches using RNA sequencing
and phosphoproteomics have shown that the four phenotypic signatures are dynamic and
interchangeable [44,46,47]. This marked plasticity is probably a consequence of cancer cells
undergoing phenotypic modifications to adapt to environmental challenges and complicate
efficient treatment effectively. Among the four subtypes, patient survival is quite similar.
However, the classical subtype has the best prognosis, and the mesenchymal subtype has
the worst prognosis [43]. The next question is whether such marked heterogeneity and
plasticity contribute to therapy resistance enabling recurrence.

Molecular profiling of recurrent disease has revealed that both heterogeneity and
plasticity are involved in therapy resistance in GBM, as is the case for other cancer types.
Recurrent disease shares only half of its genetic mutations with primary tumors [45]. This
implies that, in half of the tumors, it is likely that new clones arose during treatment but
also that, in the rest, existing clones took over in the recurrence. Notably, more than half
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of recurrent GBM is of the mesenchymal subtype, suggesting that this subtype might
endow chemo-resistance or at least a survival benefit [48]. This is confirmed in glioma
mouse models. Tumors with a proneural phenotype switch to mesenchymal in response to
ionizing radiation [49]. Mesenchymal transformation can promote resistance to classical
chemotherapies in other neoplasms, and mesenchymal transition can promote radiotherapy
resistance in GBM cell lines as well [45,49-52]. Ionizing radiation, a component of the
standard of care for GBM, can induce mesenchymal features in GBM through NFkB
activation [53,54]. NFkB may drive mesenchymal conversion by controlling the expression
of genes associated with a mesenchymal program such as Signal Transducer and Activator
of Transcription (STAT) 3 and CCA AT-enhancer-binding protein B (C/EBPB) [55]. NFkB
is constitutively activated in glioma stem cell patient lines and GBM mouse models and
has an essential role in controlling GBM pathobiology [56-59]. Thus, a mesenchymal state
enhances GBM migration and therapy resistance, and can, paradoxically, be created in
response to chemo-radiotherapy:.

Using MRI-localized biopsies, numerous studies identified differences in gene expres-
sion and mutational signatures between the contrast-enhancing core and the non-enhancing
margins of tumors [60,61]. Analysis of such biopsies revealed elevated NF-kB protein ex-
pression in invasive GBM cells at the tumor margin compared to non-invasive cells within
the cellular core [62]. Moreover, cells at the invasive edge show exceptionally high plas-
ticity [53,63]. Although NFkB inhibition did not alter GBM cell proliferation, it strongly
reduced cell invasion. In contrast, Myelocytomatosis oncogene cellular homolog (Myc)
inhibition decreased cell proliferation and, in turn, increased cell migration. Such evidence
underscores plasticity between an MYC-driven proliferative, yet non-invasive, tumor core
versus a less proliferative but invasive, NFkB-driven tumor rim. Interestingly, NFkB can
be activated by hyaluronan, which is enriched at the tumor margin, through engaging the
toll-like receptor (TLR) 4 on the surface of CD44+ glioma stem-like cells [64,65]. NFkB
is responsible for maintaining the stem-cell identity since inhibition thereof resulted in
senescence and differentiation of glioma stem-like cells [66]. This makes NFkB of relevance
to induction and maintenance of a pro-inflammatory microenvironment. The question is
how this is connected to GBM invasion and therapy resistance.

4.2. The GBM Tumor Micro-Environment (TME) Determines GBM Cancer Stemness

Glioma stem cells (GSC) coexist with non-stem bulk cells and are likely to dynamically
inter-change, stimulating the microenvironment [67]. So far, GBM does not have an
unequivocally universal GSC marker. The expression of particular cell membrane antigens,
including CD133 and CD44, and neural stem and progenitor cell markers, such as Nestin
and Olig2, has been used to identify the GSC subsets. Although several studies point
out the tumorigenic capacity of GSCs [68], Dirkse et al. provide strong evidence that
GSCs do not constitute a defined cellular entity but rather a cellular state adapting to
microenvironmental cues [69]. They also found that reconstitution of heterogeneity drives
tumor growth in vivo, indicating that tumorigenic potential is defined by plasticity rather
than CSC multipotency. In addition, CD133 shows a dynamic expression pattern, with
CD133 low cells capable of upregulating CD133 transplanted in a nude mouse [70]. The
niche can coordinate such plasticity. Accordingly, pro-inflammatory cytokines from the
TME, such as tumor necrosis factor (TNF) alpha, interleukin(IL) 6 and 8, can activate NFkB
and STATS3, helping maintain a GSC identity and instate chemo-resistance [71]. Thus, a
pro-inflammatory TME is a driving force in GSC development.

GSC show enhanced therapy resistance, thereby contributing to recurrence [72]. The
first evidence supporting this came from a study conducted by Chen [73] where they used
a reporter to tag Nestin + cells in a murine glioma model. Speaking to the essential role of
GSC in tumor growth, ablating these Nestin + cells prevented tumor growth, and, with the
addition of TMZ, it stopped tumor development altogether. Nestin + cells present at the
tumor margin survived TMZ therapy, recovered from the chemotherapy-induced growth
arrest, and reconstituted the tumor leading to recurrence [73,74]. TMZ and radiation
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enriched for cells expressing CD44 [68]. In line with this, recurrent tumors are enriched for
CD44 [68]. GSCs have inherent properties that make them more resilient to therapy. CD44
+ cells exhibit an enhanced basal expression of DNA damage repair (DDR) factors, which
endows them with a superior detection of DNA damage and improved DDR, leading
to a lower burden of double-stranded breaks from therapy [75-77]. In addition, CD44 is
highly expressed in the mesenchymal subtype, which is enriched upon recurrence [78].
Moreover, GBM that primarily expresses CD44 at the margin compared to the tumor
core has a worse prognosis than at tumors where CD44 is evenly distributed [64]. Thus,
stemness, e.g., caused by chemo-radiotherapy-induced NFkB activity, is an attractive target
for intervention against GBM therapy resistance leading to recurrence. Moreover, the
presence of these cells in the peritumoral brain reinforced their role in residual disease.
How these cells end up in the healthy brain will be discussed in the next section.

5. The Right Niche to Subsist in the Peritumoral Zone
5.1. Enhanced GBM Invasion Features

One of the main clinical hallmarks of high-grade glioma is extensive infiltration into
the peritumoral healthy brain. Not surprisingly, gliomas express many factors that promote
invasion (as reviewed [79]. Moreover, migratory behavior of patient-derived tumor cells
from in vitro may predict clinical outcomes, including recurrence [80]. GBM infiltrates
peritumorally in two different patterns: diffusely as single cells and collectively as a strand.
These two behaviors were documented using intravital imaging to track the real-time
movement of the mouse glioma line GL261 out of the primary tumor in mouse brains [81].
Collective invasion has been observed in patient samples as well using a three-dimensional
(3D) image reconstruction of 30 to 50 conventional single-slice pathology images of human
glioma samples [82]. Collective invasion is directional and can lead to faster growth of the
tumor into the surrounding brain and more toxicity from disrupting vascular integrity and
neurotoxicity and seizures, one of the earliest signs of GBM [81-84]. Invasion and growth
into the peritumoral zone depend on the brain’s extracellular matrix (ECM), which can be
either a barrier or a scaffold for invading cells.

In contrast to other organs, the brain parenchyma consists mostly of proteoglycans
and their binding partners: hyaluronan (HA) and tenascins, and little fibronectin and
collagens primarily expressed on blood vessels [85]. Experiments using de-cellularized
brain tissues suggest that the ECM is strongly involved in single-cell infiltration [86]. The
main structural component of the brain ECM, HA, stimulates migration through binding
to its cognate receptor CD44 [87-90]. Gliomas are enriched for specific ECM components.
For example, fibronectin, which is typically expressed in blood vessels in the healthy
human brain, is also expressed in gliomas, specifically in the mesenchymal subtype [91]. It
enables cohesion between glioma cells favoring collective invasion [91]. Furthermore, GBM-
derived fibronectin could have an additional role in chemo-resistance since it suppressed
chemotherapy-induced apoptosis through integrin signaling [91,92].

The interaction with the ECM is mediated through integrins on the cell surface, regu-
lating signaling pathways that control cytoskeletal organization, critical for cell migration.
Indicating their importance, tumors upregulate multiple integrins with increasing grades
compared to the normal brain [93]. To further migration, ECM—cell interactions are dy-
namic with constant detachment and re-attachment of cells from the ECM. Thereby, glioma
cell movement appears saltatory in intravital microscopy and ex vivo microscopy [81,94,95].
To enable this migration, matrix remodelers such as the metalloproteinases (MMP) 2 and 9
control the ECM’s integrity. Underscoring their importance, both are highly expressed in
glioma than normal brains [96,97]. Besides degrading ECM, they both activate cytokines
and chemokines associated with growth and invasion, including the IL1 and IL8 fami-
lies [98]. MMP2 appears to be specifically essential to migrate through collagen type I,
mostly found in the tumor core and the perivascular space [8,86]. MPPs are typically
secreted by the tumor cells or the brain parenchyma. As most tumors recur within 2 cm
from the resection edge, it is reasonable to hypothesize that the peritumoral niche cells
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could influence this invasion [19]. Amassing recent literature, we identified three distinct
niches that promote both tumor growth and invasion (Figure 1, Part 2): (A) the vascular
niche, (B) the astrocyte niche, and the (C) neuron niche.

5.2. The Vascular Niche Supports Residual Invasion

Glioma cells may recapitulate migration patterns that take place during CNS develop-
ment. Organotypic brain slices co-cultured with patient-derived GBM cells revealed that
glioma cells take a unipolar stretched morphology with leading invasive protrusions like
glial progenitor cells along blood vessels [95]. These structures are also termed focal adhe-
sions or invadopodia and are essential to the migration of cells [99,100]. These invadopodia
can sense ECM, degrade it, and induce cytoskeleton remodeling to move the cell body
forward and infiltrate the surrounding parenchyma [101]. Intracellular calcium facilitates
these cytoskeletal changes. Additionally, increased intracellular calcium concentration can
activate migratory programs in glioma cells potentially in collaboration with the transient
receptor potential vanilloid type 4 (TRPV4), which is a Ca?*-permeable non-selective cation
channel that belongs to the transient receptor potential vanilloid superfamily [102]. A
recent study demonstrated that TRPV4 is present at focal adhesions and is involved in the
invasion and growth of subcutaneously and intracranially-transplanted GBM in mice [103].
Moreover, this receptor is highly expressed preferentially in high-grade gliomas over low
grades and normal brains [103]. Cell division control protein (Cdc) 42 is a Rho-GTPase that
regulates actin-cytoskeleton rearrangements and subsequently cell polarity and migration
by specifying the localization of such filopodia [104]. Okura et al. demonstrated, using the
TCGA dataset, that Cdc42 expression correlated to worse progression-free survival in the
proneural and neural subtypes [105]. Brain slices co-cultured with GBM cells have revealed
Cdc 42-dependent interaction between GBM and pericytes in co-opted vessels [106]. Next,
GBM binds endothelial cells lining the blood vessels attracted by chemoattracts secreted by
endothelial cells.

The interaction between GBM cells and endothelial cells in blood vessels is achieved
through a combination of ECM and cell surface receptors. GBM cells bind to the endothelial
ephrin-B2, as evidenced through intravital imaging of murine GBM and patient-derived
cell culture models [107]. Additionally, GBM cells expressing bradykinin receptor 2 (BKR2)
bind to bradykinin, which is physiologically present in the brain’s blood vessels and is
an endothelial cell product that is increased during tumor progression [108,109]. It is not
a gradient of nutrients or oxygen that attract GBM cells to blood vessels since functional
blood vessels are not present in these studies using brain slice co-cultures with GBM, but
rather chemoattractants secreted by parenchymal cells.

Distinctive paracrine signals can direct perivascular invasion. Wnt stimulates single-
cell invasion onto blood vessels in a zebrafish glioma model [110]. Additionally, Wnt7
promotes single-cell perivascular invasion into brain slices of Olig2 + GBM cells, whereas
Olig2-cells migrate over blood vessels as clusters of cells [83]. Chemokine signaling is
an essential driver of perivascular migration into the brain parenchyma. IL8 produced
by endothelial cells promotes glioma spheroids invasion in a three-dimensional collagen
matrix; it stimulates invasion and tumor growth in vivo in a cell line-derived orthotopic
model [111]. IL8 is necessary for tumor progression, as it can regulate stem cell marker
expression in GBM and other cancers [112]. Furthermore, downregulating IL8 by using tar-
geted siRNA and neutralizing antibodies inhibited invasion in Matrigel of several glioma
cell lines [113]. Strikingly, IL8 activates the invasion of glioma stem cells precisely [114].
The invasion is possibly mediated through the IL8 activation of NFkB [113]. Additionally,
bradykinin binding to BKR2 both increases intracellular calcium to support cytoskele-
tal remodeling as well as activates the NFkB pathway to promote migration of GBM
cells [58,109]. This suggests that specialized GBM can migrate across blood vessels in
response to chemoattractants secreted by endothelial cells. Surprisingly, a neurotransmitter
may play a role in vessel co-option, since one of the most abundant glutamate receptor
subunits, the «-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) subunit
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GluR1, associates with 31- integrin at focal adhesions and correlates with sticking to the
ECM component collagen, which is most abundant in endothelial basement membranes
and brain meninges [115]. Interestingly, the high intracellular calcium present in these
invading GBM cells may facilitate glutamate exocytosis, an essential function in GBM, as
described in the next section.

5.3. The Neuron Niche Supports Growth

Glioma cells rely on neurochemical interactions with neurons for survival and growth.
In contrast to low grades, higher grades of glioma are highly interconnected with the brain
parenchyma, which may also be a reflection of the high invasion capacity of advanced
gliomas [116-118]. Several studies have found that glioma cells form synapses with neu-
rons in human glioma samples, and these are more common in high grades than low
grades [116-119]. Venkeratamani and colleagues observed that such synapses produce
synaptic currents mediated by the AMPA subtype’s glutamate receptors [119]. Depolar-
ization of glioma membranes promoted proliferation, whereas blocking electrochemical
signaling inhibited glioma xenografts’ growth. Intriguingly, a second study found synapses
between breast cancer cells and glutamatergic neurons involving activation by glutamate
ligands of N-methyl-D-aspartate receptors (NMDARs) [120].

High-grade gliomas release excitotoxic glutamate concentrations [119,121]. Glutamate
is a neurotransmitter present in most of the excitatory synapses. It typically stimulates
neuronal and oligodendrocyte migration and enables glioma cells” migration [119,121,122].
Moreover, it may promote glioma cells” viability, stimulating tumor growth [123-125].
Glutamate receptors show a higher expression in GSC [126]. One of the prominent roles
of glutamate is maintaining autophagic homeostasis by regulating mechanistic Target of
Rapamycin (mTOR) signaling [127]. Autophagic flux is essential for the viability of GSC. It
may enable chemo-resistance [127-129]. Wang et al. demonstrated that Notchl + glioma
cells bound with its Jagged1 ligand on axons [130]. This interaction led to a positive
feedback loop governed by SOX2 and 9 on glioma cells, which decreased Notchl promoter
methylation, leading to its transcription to reinforce glioma-neuron association [130]. This
indicates an innovative form of direct and biologically relevant synaptic communication
between neurons and tumor cells. Astrocytes regulate glutamate homeostasis in the brain,
with potential consequences for migration is the astrocyte [131].

5.4. The Astrocyte Niche Promotes Invasion and Mesenchymal Transformation

Tumors induce and surround themselves with reactive astrocytes. Reactive astrocytes
are generated by neoplasms, as exemplified in the GL261 murine glioma model by increased
glial fibrillary protein (GFAP) + cells [74]. Reactivation of perivascular astrocytes is induced
during mouse aging marked by increased GFAP coupled with a loss of blood vessel
integrity characterized by loss of AQP4 localization [132,133]. Moreover, loss of AQP4 and
vascular integrity has been observed in human glioma tissues [134-136]. Strikingly, GBM
cells were observed to migrate along blood vessels near AQP4+ astrocytes and induce
loss of AQP4 in astrocytes as the tumor grows [84]. Since tumor cells induce astrocyte
reactivation, this already suggests their essential role in tumor progression.

Astrocytes promote GBM invasion and growth of tumors in a paracrine fashion
(Figure 1, Box 2C) [137-139]. The U251N glioma cell line showed more substantial trans-
migration through a Boyden invasion chamber when co-cultured with astrocytes due to
secreted MMP2 [137]. Murine reactive astrocytes produce TGF-f3 in the patient-derived
preclinical glioma model [140]. Tumor-secreted receptor activator of NFkB ligand (RANKL)
activates NFkB in astrocytes leading to their producing transforming growth factor 3 (TGF-
(), which stimulates invasion in vivo in xenografts of the glioma cell line U87 [141]. A third
essential cytokine produced by reactive astrocytes is the alarmin IL33 [74]. IL33 is part of
the IL1 family and binds the ST2 receptor, and it can promote growth and dissemination
by remodeling the tumor microenvironment [142]. IL33 has been found to activate NFkB-
transcription of MMP2 and 9 initiating migration and invasion of glioma cell lines U251
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and U87 as assayed by using transwell chambers [143-145]. Moreover, in autocrine-fashion,
it promoted transcription of tenascin C, a multimeric ECM glycoprotein that is downregu-
lated in the adult brain except for canonic neurogenic zones in the hypothalamus; however,
it is also expressed by reactive astrocytes [146,147]. Accordingly, gliomas and mostly GBM
highly express tenascin C compared to the normal brain, and it is correlated with poor
prognosis [145,148]. Tenascin C binds the TLR4 to induce activation of tumor-associated
macrophages and microglia and patterning towards an M2 phenotype essential for tu-
mor growth and progression [146,149]. It also activates NFkB-dependent transcription of
mesenchymal genes leading to a mesenchymal switch in tumor cells [150]. Taking all this
together, the intracellular invasion pathways converge on NFkB, underscoring the essential
role this transcription factor plays in glioma invasion.

Concludingly, NFkB has a two-fold role: when activated in cancer cells, it supports
migration out of the primary tumor and chemo-resistance, and, when activated in the
reactive astrocytes, it reorganizes the peritumoral niche to favor invasion and survival of
disseminated glioma cells [151]. Since NFkB also controls transcription of the SASP, some of
these components could substitute for all the factors mentioned in the above sections [152].
Part of the non-cellular elements that drive invasion and growth into the three niches can
also be produced and secreted by senescent cells.

6. Factors Secreted by Senescent Cells Create a Supportive Niche for GBM Recurrence

There are two arguments why cellular senescence could contribute to GBM. First, aged
brains from healthy individuals over the age of 60 are abundant in senescent astrocytes, and
GBM is mostly diagnosed in this age group (Figure 2) [28]. Second, DNA-damaging anti-
cancer therapies have been shown to induce senescence in healthy cells. This includes the
first-line treatments for GBM, such as radiotherapy and Temozolomide. Indeed, ionizing
radiation induces senescence in the mouse brain, which has been suggested to be a cause
for functional irregularities [32,153]. Additionally, Temozolomide causes senescence in
astrocytes in vitro [38,154]. The next step is to verify if senescent cells are present in GBM
samples, most notably in the peritumoral zone. This area receives both radiation and
chemotherapy since this tumor niche is critical for tumor recurrence.

Senescent brain cells mass-produce and secrete factors ranging from ECM components
and remodelers to chemoattractants, some of which can promote tumor viability and
invasion into any of the three niches (Table 1). For example, astrocytes from aging primate
brains synthesize excess hyaluronan, supporting both the single-cell invasion and NFkB
activation [155]. Senescent astrocytes also produce excess fibronectin, potentially promoting
cell survival and collective invasion [156]. Senescent astrocytes have both MMP 2 and 9,
which are essential factors for GBM invasion into multiple brain niches [156,157]. Typically,
astrocytes are required to clear neurochemicals from the synaptic cleft to avoid damaging
neurons [131]. Senescent astrocytes are less well equipped to do this because of decreased
expression of glutamate transporter GLT1, leading to excess synaptic glutamate and long-
term potentiation of neurons coupled with excitotoxicity [158,159]. This could be exploited
by cancer cells to amplify the local levels of glutamate to support growth and invasion.
Senescent astrocytes and endothelial cells are also known to secrete a plethora of cytokines
and chemokines, among which IL6 and IL8 can activate NFkB and STAT3 signaling in
glioma cells to maintain their stemness and promote their invasiveness [156]. Conclusively,
conditioned media from in vitro-induced senescent astrocytes promoted the proliferation
of glioma cell lines by increasing c-Myc [160]. More importantly, this leads to improved
survival from TMZ [160]. This initial indication of the direct role of the SASP in therapy
resistance prompts further studies, especially in vivo studies, to understand whether anti-
senescence therapies targeted at niche cells could be applied to glioma.
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Table 1. Selected SASP components and their potential role in GBM, a residual disease.

Role in Glioma Progression Type of Component Name of the SASP Component Cell Type
Invasion ECM Fibronectin Astrocyte
Invasion ECM Hyaluronan Astrocyte
Invasion ECM MMP2 Astrocyte
Invasion ECM MMP9 Astrocyte
Invasion Ion balance Calcium
Invasion Cytokine 1L6 Astrocyte, endothelial cell
Invasion Cytokine IL8 Astrocyte, endothelial cell
Glioma cell proliferation Nutrients Glutamate Astrocyte
GSC maintenance Cytokine IL33 Astrocyte

Data for the table was selected from [156].

7. Conclusions: Senescence in the Tumor Niche Is Likely to Favor Advanced GBM and
Post-Treatment Recurrence

Invading cells create new supportive niches to forward recurrence [161]. Compiling
up-to-date literature, we here define three distinct niches and their roles in sustaining
residual disease. There are several arguments as to why cellular senescence is likely to be a
driver of advanced GBM and a culprit in residual disease:

(A) GBM is more commonly diagnosed in the elderly, with a median age at diagnosis
of 62. At this age, there is a considerable elevation of senescent cells in tissues, including
the brain. (B) The combination of TMZ with radiotherapy that is administered after surgery
induces cellular senescence in the peritumoral niche. This is where residual GBM cells
reside. (C) Although the residual niches are very different entities, they secrete factors that
are also part of the SASP, which sustain residual glioma through therapy and drive therapy
resistance and recurrence. The SASP correlates with every step of cancer progression, and
the SASP factors can drive tumor growth, invasion, and therapy resistance. Altogether,
we, therefore, conclude that cellular senescence is likely to cause residual GBM, and the
development of tailored anti-senescence therapies should be investigated as a new concept
in the treatment of advanced glioma.

8. Future Perspectives: Strategies to Target Senescence in Glioma

Several anti-senescence compounds are under advanced development, with many
options being evaluated in at least a dozen start-ups and scale-ups [162]. The design of
anti-senescence compounds is focused on key drivers of cellular senescence. At the core of
the senescence-associated growth-arrest lies p53 activated by the chronic unrepaired DNA
damage. Such insults typically induce apoptosis; however, senescent cells present elevated
expression of anti-apoptotic proteins, such as (B-cell lymphoma) BCL that counteract the
apoptotic function of p53 [163]. In a recent study, Baar [30] identified a pivoting factor in
the viability of senescent cells, the Forkhead box protein O (FOXO) 4 can sequester p53
to favor growth arrest and prevent it from triggering apoptosis. Accordingly, dissociating
p53 from FOXO4 using a cell-penetrating blocking peptide leads to p53 relocalization to
the mitochondria, thereby causing caspase-dependent apoptosis. Whether FOXO4-p53
interference would work against GBM remains to be investigated.

Several alternative anti-senescence compounds are also focused either on p53 reactiva-
tion or on blocking anti-apoptotic signals. The latter is exemplified by BCL blockers [162].
The former is achieved either through peptides inhibiting FOXO4-p53 or with Mouse
Double Minute (MDM?2) blockers that prevent degradation of p53 [30,162]. It is essential
to consider the application of these compounds to GBM for maximizing treatment. A
different proposed strategy is by applying anti-senescent drugs in a two-strike model: first
induction of cancer cell senescence by classical chemotherapy followed by anti-senescence
treatment. For this strategy to be considered a candidate treatment for GBM, it needs to
overcome two obstacles. Firstly, GBM shows alterations in the main senescence drivers. As
is common in other neoplasms, gliomas arise from a multistep process driven by genetic
alterations, including loss of tumor-suppressor genes, e.g., TP53, cyclin-dependent kinase
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inhibitor 2A and 2B (CDKN2A /B) and PTEN 10 [1]. Whether these mutations influence
GBM cell’s potential for entering into the senescence-associated growth arrest is unclear
and begets further investigation. Secondly, the highly plastic nature of GBM could lead to
senescence-evasion. The senescence dogma stipulates a permanent-growth arrest; however,
recent evidence suggests that this growth arrest is less robust than once thought and can be
reversed significantly in cancer cells, enhancing stemness and leading to recurrence [164].

Research into senescence in glioma is at its infancy, with the first indication that
the two-strike strategy might work for GBM coming from a recent in vitro study [165].
A high one-time dose of radiation was sufficient to induce senescence in glioma cell
lines, which are targeted by a BCL-blockade [165]. Since one-dose radiotherapy is likely
to be unsuitable for clinical application, numerous groups are investigating alternative
senescence-inducers. Recently-discovered alternative glioma cell senescence-inducers
include MAPK-activated protein kinase 2 inhibitors, the plant sugar flagellin, and the
sugar D-galactose [160,166]. The next step is to apply anti-senescence therapies against
these kinds of cancer cell senescence; however, it is also essential to investigate whether
the standard-of-care is sufficient to induce targetable senescent not only glioma but also
niche cells. A prolonged combined treatment regimen of p53-modulating anti-senescence
compounds, like the ones mentioned previously, following chemo- and radio- therapy may
lead to a new treatment concept.

Whether anti-senescence treatments would be efficient in GBM still needs to be in-
vestigated. At present, most research focuses on identifying ways to target senescent
glioma cells; however, since this review unveiled a potential role of senescent niche cells
in maintaining residual disease, it warrants investigation into targeting the niche. Such
a treatment strategy can implement anti-senescence therapies in cancer care, focusing
on targeting residual disease to prevent a recurrence. At the dawn of anti-senescence
treatments, it is time to understand the different types of senescence and their roles in
residual disease to develop tailored anti-senescence treatments to counter chemo- and
radio- therapy resistance to improve patient survival.

Author Contributions: Conceptualization, D.A.P. and P.L.J.d.K.; writing—original draft preparation,
D.A.P. and PL.J.d.K,; writing—review and editing, P.L.].d K. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors acknowledge support for D.A.P. from the Dutch Cancer Society (KWF) grant
UMCU-7141 awarded to P.L.J.d.K.

Conflicts of Interest: PL.J.d.K. is a co-founder and shareholder for Cleara Biotech BV, The Netherlands.

References

1.  DeAngelis, L.M.; Wen, P.Y. Primary and Metastatic Tumors of the Nervous System. In Harrison’s Principles of Internal Medicine,
20th ed.; Shanahan, J.F.,, Davis, K.J., Eds.; McGraw-Hill Professional Publishing: New York, NY, USA, 2018; Chapter 86; p. 31.

2. Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P,; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef]

3. Grech, N; Dalli, T.; Mizzi, S.; Meilak, L.; Calleja, N.; Zrinzo, A. Rising Incidence of Glioblastoma Multiforme in a Well-Defined
Population. Cureus 2020, 12. [CrossRef] [PubMed]

4. Philips, A.; Henshaw, D.L.; Lamburn, G.; O’Carroll, M.J. Brain Tumours: Rise in Glioblastoma Multiforme Incidence in England
1995-2015 Suggests an Adverse Environmental or Lifestyle Factor. J. Environ. Public Health 2018, 2018, 1-10. [CrossRef]

5. Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]

6.  Ferlay, ]J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, F. Estimating the global cancer
incidence and mortality in 2018: GLOBOCAN sources and methods. Int. . Cancer 2019, 144, 1941-1953. [CrossRef] [PubMed]

7. Tykocki, T.; Eltayeb, M. Ten-year survival in glioblastoma. A systematic review. J. Clin. Neurosci. 2018, 54, 7-13. [CrossRef]

8.  De Gooijer, M.C.; Navarro, M.G.; Bernards, R.; Wurdinger, T.; van Tellingen, O. An Experimenter’s Guide to Glioblastoma

Invasion Pathways. Trends Mol. Med. 2018, 24, 763-780. [CrossRef]


http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.7759/cureus.8195
http://www.ncbi.nlm.nih.gov/pubmed/32572354
http://doi.org/10.1155/2018/7910754
http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1002/ijc.31937
http://www.ncbi.nlm.nih.gov/pubmed/30350310
http://doi.org/10.1016/j.jocn.2018.05.002
http://doi.org/10.1016/j.molmed.2018.07.003

Cancers 2021, 13, 1560 13 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chaichana, K.L.; Jusue-Torres, I.; Navarro-Ramirez, R.; Raza, S.M.; Pascual-Gallego, M.; Ibrahim, A.; Hernandez-Hermann, M.;
Gomez, L.; Ye, X.; Weingart, ].D.; et al. Establishing percent resection and residual volume thresholds affecting survival and
recurrence for patients with newly diagnosed intracranial glioblastoma. Neuro-Oncology 2014, 16, 113-122. [CrossRef]

Lacroix, M.; Abi-Said, D.; Fourney, D.R.; Gokaslan, Z.L.; Shi, W.; Demonte, F.; Lang, E.F.; McCutcheon, L.E.; Hassenbusch, S.].;
Holland, E.; et al. A multivariate analysis of 416 patients with glioblastoma multiforme: Prognosis, extent of resection, and
survival. J. Neurosurg. 2001, 95, 190-198. [CrossRef]

Li, YM.; Suki, D.; Hess, K.R.; Sawaya, R. The influence of maximum safe resection of glioblastoma on survival in 1229 patients:
Can we do better than gross-total resection? J. Neurosurg. 2016, 124, 977-988. [CrossRef]

Sanai, N.; Polley, M.Y.; McDermott, M.W.; Parsa, A.T.; Berger, M.S. An extent of resection threshold for newly diagnosed
glioblastomas. J. Neurosurg. 2011, 115, 3-8. [CrossRef] [PubMed]

Simpson, J.; Horton, J.; Scott, C.; Curran, W.; Rubin, P; Fischbach, J.; Isaacson, S.; Rotman, M.; Asbell, S.; Nelson, J.; et al. Influence
of location and extent of surgical resection on survival of patients with glioblastoma multiforme: Results of three consecutive
radiation therapy oncology group (RTOG) clinical trials. Int. J. Radiat. Oncol. 1993, 26, 239-244. [CrossRef]

Burger, P.C.; Heinz, E.R.; Shibata, T.; Kleihues, P. Topographic anatomy and CT correlations in the untreated glioblastoma
multiforme. J. Neurosurg. 1988, 68, 698-704. [CrossRef]

Kelly, PJ.; Daumas-Duport, C.; Kispert, D.B.; Kall, B.A.; Scheithauer, B.W.; Illig, ].J. Imaging-based stereotaxic serial biopsies in
untreated intracranial glial neoplasms. J. Neurosurg. 1987, 66, 865-874. [CrossRef]

Noone, A.M.; Howlader, N.; Krapcho, M.; Miller, D.; Brest, A.; Yu, M.; Ruhl, J.; Tatalovich, Z.; Mariotto, A.; Lewis, D.R;;
et al. SEER Cancer Statistics Review, 1975-2015; National Cancer Institute: Bethesda, MD, USA, 2017. Available online: https:
/ /seer.cancer.gov/csr/1975_2015/ (accessed on 1 April 2018).

Stupp, R; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.M.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma. JAMA 2017, 318, 2306-2316. [CrossRef]

Sherriff, J.; Tamangani, J.; Senthil, L.; Cruickshank, G.; Spooner, D.; Jones, B.; Brookes, C.; Sanghera, P. Patterns of relapse
in glioblastoma multiforme following concomitant chemoradiotherapy with temozolomide. Br. J. Radiol. 2013, 86, 20120414.
[CrossRef]

Zhou, X,; Liao, X.; Zhang, B.; He, H.; Shui, Y.; Xu, W.; Jiang, C.; Shen, L.; Wei, Q. Recurrence patterns in patients with high-grade
glioma following temozolomide-based chemoradiotherapy. Mol. Clin. Oncol. 2016, 5, 289-294. [CrossRef] [PubMed]

Tan, A.C.; Ashley, D.M,; Lopez, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art
and future directions. CA Cancer J. Clin. 2020, 70, 299-312. [CrossRef] [PubMed]

Zhao, Y.-H.; Wang, Z.-F,; Pan, Z.-Y.; Péus, D.; Delgado-Fernandez, J.; Pallud, J.; Li, Z.-Q. A Meta-Analysis of Survival Outcomes
Following Reoperation in Recurrent Glioblastoma: Time to Consider the Timing of Reoperation. Front. Neurol. 2019, 10, 286.
[CrossRef]

Nava, F,; Tramacere, L; Fittipaldo, A.; Bruzzone, M.G.; DiMeco, F.; Fariselli, L.; Finocchiaro, G.; Pollo, B.; Salmaggi, A.; Silvani,
A.; et al. Survival effect of first- and second-line treatments for patients with primary glioblastoma: A cohort study from a
prospective registry, 1997-2010. Neuro-Oncology 2014, 16, 719-727. [CrossRef]

Minniti, G.; Lombardi, G.; Paolini, S. Glioblastoma in Elderly Patients: Current Management and Future Perspectives. Cancers
2019, 11, 336. [CrossRef]

Perry, J.R.; Laperriere, N.; O’Callaghan, C.J.; Brandes, A.A.; Menten, J.; Phillips, C.; Fay, M.; Nishikawa, R.; Cairncross, ].G.; Roa,
W.; et al. Short-Course Radiation plus Temozolomide in Elderly Patients with Glioblastoma. N. Engl. . Med. 2017, 376, 1027-1037.
[CrossRef]

Leonardi, G.C.; Accardi, G.; Monastero, R.; Nicoletti, F.; Libra, M. Ageing: From inflammation to cancer. Immun. Ageing 2018, 15,
1-7. [CrossRef]

Dibattista, A.M.; Sierra, F.; Masliah, E. NIA workshop on senescence in brain aging and Alzheimer’s disease and its related
dementias. GeroScience 2020, 42, 389-396. [CrossRef]

Pekmezci, M.; Rice, T.; Molinaro, A.M.; Walsh, K.M.; Decker, P.A.; Hansen, H.; Sicotte, H.; Kollmeyer, T.M.; McCoy, L.S.; Sarkar,
G.; et al. Adult infiltrating gliomas with WHO 2016 integrated diagnosis: Additional prognostic roles of ATRX and TERT. Acta
Neuropathol. 2017, 133, 1001-1016. [CrossRef]

Bhat, R.; Crowe, E.P; Bitto, A.; Moh, M.; Katsetos, C.D.; Garcia, FU.; Johnson, EB.; Trojanowski, ].Q.; Sell, C.; Torres, C. Astrocyte
Senescence as a Component of Alzheimer’s Disease. PLoS ONE 2012, 7, e45069. [CrossRef] [PubMed]

Hayflick, L.; Moorhead, P. The serial cultivation of human diploid cell strains. Exp. Cell Res. 1961, 25, 585-621. [CrossRef]

Baar, M.P; Brandt, R M.C,; Putavet, D.A.; Klein, ].D.D.; Derks, K.W.J.; Bourgeois, B.R.M.; Stryeck, S.; Rijksen, Y.; Van Willigenburg,
H.; Feijtel, D.A; et al. Targeted Apoptosis of Senescent Cells Restores Tissue Homeostasis in Response to Chemotoxicity and
Aging. Cell 2017, 169, 132-147.e16. [CrossRef]

Chinta, S.J.; Woods, G.; DeMaria, M.; Rane, A.; Zou, Y.; McQuade, A.; Rajagopalan, S.; Limbad, C.; Madden, D.T.; Campisi, J.;
et al. Cellular Senescence Is Induced by the Environmental Neurotoxin Paraquat and Contributes to Neuropathology Linked to
Parkinson’s Disease. Cell Rep. 2018, 22, 930-940. [CrossRef]

Swenson, B.L.; Meyer, C.F; Bussian, T]J.; Baker, D.]J. Senescence in aging and disorders of the central nervous system. Transl. Med.
Aging 2019, 3, 17-25. [CrossRef]


http://doi.org/10.1093/neuonc/not137
http://doi.org/10.3171/jns.2001.95.2.0190
http://doi.org/10.3171/2015.5.JNS142087
http://doi.org/10.3171/2011.2.JNS10998
http://www.ncbi.nlm.nih.gov/pubmed/21417701
http://doi.org/10.1016/0360-3016(93)90203-8
http://doi.org/10.3171/jns.1988.68.5.0698
http://doi.org/10.3171/jns.1987.66.6.0865
https://seer.cancer.gov/csr/1975_2015/
https://seer.cancer.gov/csr/1975_2015/
http://doi.org/10.1001/jama.2017.18718
http://doi.org/10.1259/bjr.20120414
http://doi.org/10.3892/mco.2016.936
http://www.ncbi.nlm.nih.gov/pubmed/27446566
http://doi.org/10.3322/caac.21613
http://www.ncbi.nlm.nih.gov/pubmed/32478924
http://doi.org/10.3389/fneur.2019.00286
http://doi.org/10.1093/neuonc/not316
http://doi.org/10.3390/cancers11030336
http://doi.org/10.1056/NEJMoa1611977
http://doi.org/10.1186/s12979-017-0112-5
http://doi.org/10.1007/s11357-020-00153-9
http://doi.org/10.1007/s00401-017-1690-1
http://doi.org/10.1371/journal.pone.0045069
http://www.ncbi.nlm.nih.gov/pubmed/22984612
http://doi.org/10.1016/0014-4827(61)90192-6
http://doi.org/10.1016/j.cell.2017.02.031
http://doi.org/10.1016/j.celrep.2017.12.092
http://doi.org/10.1016/j.tma.2019.01.002

Cancers 2021, 13, 1560 14 of 19

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Herbig, U.; Wei, W.; Dutriaux, A.; Jobling, W.A.; Sedivy, ]. M. Real-time imaging of transcriptional activation in live cells reveals
rapid up-regulation of the cyclin-dependent kinase inhibitor gene CDKNIA in replicative cellular senescence. Aging Cell 2008, 2,
295-304. [CrossRef] [PubMed]

Biran, A.; Zada, L.; Karam, P.A.; Vadai, E.; Roitman, L.; Ovadya, Y.; Porat, Z.; Krizhanovsky, V. Quantitative identification of
senescent cells in aging and disease. Aging Cell 2017, 16, 661-671. [CrossRef]

Coppé, ].-P,; Desprez, P-Y.; Krtolica, A.; Campisi, ]. The Senescence-Associated Secretory Phenotype: The Dark Side of Tumor
Suppression. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 99-118. [CrossRef] [PubMed]

Faget, D.V,; Ren, Q.; Stewart, S.A. Unmasking senescence: Context-dependent effects of SASP in cancer. Nat. Rev. Cancer 2019, 19,
439-453. [CrossRef] [PubMed]

Lee, S.; Schmitt, C.A. The dynamic nature of senescence in cancer. Nat. Cell Biol. 2019, 21, 94-101. [CrossRef]

DeMaria, M.; O’Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular
Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2016, 7, 165-176. [CrossRef] [PubMed]

Kim, Y.H.; Choi, YW,; Lee, J.; Soh, E.Y.; Kim, J.-H.; Park, T.J. Senescent tumor cells lead the collective invasion in thyroid cancer.
Nat. Commun. 2017, 8, 15208. [CrossRef]

Asif, S.; Fatima, R.; Krc, R.; Bennett, J.; Raza, S. Comparative proteogenomic characterization of glioblastoma. CNS Oncol. 2019, 8,
CNS37. [CrossRef] [PubMed]

Brennan, C.W.; Verhaak, R.G.W.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S.R.; Zheng, S.; Chakravarty, D.; Sanborn,
J.Z.; Berman, S.H.; et al. The Somatic Genomic Landscape of Glioblastoma. Cell 2013, 155, 462—477. [CrossRef]

Parsons, D.W.; Jones, S.; Zhang, X.; Lin, ].C.-H.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Siu, I.-M.; Gallia, G.L.; et al. An
Integrated Genomic Analysis of Human Glioblastoma Multiforme. Science 2008, 321, 1807-1812. [CrossRef]

Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R,; Ding, L.; Golub, T.; Mesirov, ].P;
et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98-110. [CrossRef]

Patel, A.P; Tirosh, I.; Trombetta, ].].; Shalek, A K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P,; Nahed, B.V.; Curry, W.T.; Martuza,
R.L; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014, 344, 1396-1401.
[CrossRef]

Zhang, L.; Liu, Z,; Li, ].; Huang, T.; Wang, Y.; Chang, L.; Zheng, W.; Ma, Y.; Chen, F,; Gong, X_; et al. Genomic analysis of primary
and recurrent gliomas reveals clinical outcome related molecular features. Sci. Rep. 2019, 9, 1-8. [CrossRef]

Neftel, C.; Laffy, ]J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G.]J.; Richman, A.R;; Silverbush, D.; Shaw, M.L.; Hebert, C.M.;
et al. An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell 2019, 178, 835-849.e21. [CrossRef]
[PubMed]

Wei, W,; Shin, Y.S.; Xue, M.; Matsutani, T.; Masui, K.; Yang, H.; Ikegami, S.; Gu, Y.; Herrmann, K.; Johnson, D.; et al. Single-Cell
Phosphoproteomics Resolves Adaptive Signaling Dynamics and Informs Targeted Combination Therapy in Glioblastoma. Cancer
Cell 2016, 29, 563-573. [CrossRef]

Wang, Q.; Hu, B.; Hu, X.; Kim, H.; Squatrito, M.; Scarpace, L.; Decarvalho, A.C.; Lyu, S.; Li, P,; Li, Y.; et al. Tumor Evolution of
Glioma-Intrinsic Gene Expression Subtypes Associates with Inmunological Changes in the Microenvironment. Cancer Cell 2017,
32, 42-56.e6. [CrossRef]

Halliday, J.; Helmy, K.; Pattwell, S.S.; Pitter, K.L.; LaPlant, Q.; Ozawa, T.; Holland, E.C. In vivo radiation response of proneural
glioma characterized by protective p53 transcriptional program and proneural-mesenchymal shift. Proc. Natl. Acad. Sci. USA
2014, 111, 5248-5253. [CrossRef]

Fischer, K.R.; Durrans, A.; Lee, S.; Sheng, J.; Li, E; Wong, S.T.C.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al. Epithelial-
to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance. Nature 2015, 527, 472-476.
[CrossRef] [PubMed]

Zheng, X.; Carstens, ].L.; Kim, J.; Scheible, M.; Kaye, ].; Sugimoto, H.; Wu, C.-C.; LeBleu, V.S.; Kalluri, R. Epithelial-to-mesenchymal
transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nat. Cell Biol. 2015, 527, 525-530.
[CrossRef] [PubMed]

Yu, M,; Bardia, A.; Wittner, B.S,; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, ]J.C.; Wells, M.N.; Shah, A.M.; et al.
Circulating Breast Tumor Cells Exhibit Dynamic Changes in Epithelial and Mesenchymal Composition. Science 2013, 339, 580-584.
[CrossRef]

Thomas, ].G.; Kerrigan, B.C.P.; Hossain, A.; Gumin, J.; Shinojima, N.; Nwajei, F.; Ezhilarasan, R.; Love, P.; Sulman, E.P,; Lang, EF.
Ionizing radiation augments glioma tropism of mesenchymal stem cells. |. Neurosurg. 2018, 128, 287-295. [CrossRef] [PubMed]

Kesanakurti, D.; Chetty, C.; Maddirela, D.R.; Gujrati, M.; Rao, J.S. Essential role of cooperative NF-«B and Stat3 recruitment to
ICAM-1 intronic consensus elements in the regulation of radiation-induced invasion and migration in glioma. Oncogene 2012, 32,
5144-5155. [CrossRef] [PubMed]

Choi, K.J.; Nam, J.-K.; Kim, J.-H.; Choi, S.-H.; Lee, Y.-]. Endothelial-to-mesenchymal transition in anticancer therapy and normal
tissue damage. Exp. Mol. Med. 2020, 52, 781-792. [CrossRef]

Ahn, S.-H.; Park, H.; Ahn, Y.-H.; Kim, S.; Cho, M.-S.; Kang, J.L.; Choi, Y.-H. Necrotic cells influence migration and invasion of
glioblastoma via NF-kB/AP-1-mediated IL-8 regulation. Sci. Rep. 2016, 6, 24552. [CrossRef]


http://doi.org/10.1046/j.1474-9728.2003.00067.x
http://www.ncbi.nlm.nih.gov/pubmed/14677632
http://doi.org/10.1111/acel.12592
http://doi.org/10.1146/annurev-pathol-121808-102144
http://www.ncbi.nlm.nih.gov/pubmed/20078217
http://doi.org/10.1038/s41568-019-0156-2
http://www.ncbi.nlm.nih.gov/pubmed/31235879
http://doi.org/10.1038/s41556-018-0249-2
http://doi.org/10.1158/2159-8290.CD-16-0241
http://www.ncbi.nlm.nih.gov/pubmed/27979832
http://doi.org/10.1038/ncomms15208
http://doi.org/10.2217/cns-2019-0003
http://www.ncbi.nlm.nih.gov/pubmed/31290679
http://doi.org/10.1016/j.cell.2013.09.034
http://doi.org/10.1126/science.1164382
http://doi.org/10.1016/j.ccr.2009.12.020
http://doi.org/10.1126/science.1254257
http://doi.org/10.1038/s41598-019-52515-9
http://doi.org/10.1016/j.cell.2019.06.024
http://www.ncbi.nlm.nih.gov/pubmed/31327527
http://doi.org/10.1016/j.ccell.2016.03.012
http://doi.org/10.1016/j.ccell.2017.06.003
http://doi.org/10.1073/pnas.1321014111
http://doi.org/10.1038/nature15748
http://www.ncbi.nlm.nih.gov/pubmed/26560033
http://doi.org/10.1038/nature16064
http://www.ncbi.nlm.nih.gov/pubmed/26560028
http://doi.org/10.1126/science.1228522
http://doi.org/10.3171/2016.9.JNS16278
http://www.ncbi.nlm.nih.gov/pubmed/28362237
http://doi.org/10.1038/onc.2012.546
http://www.ncbi.nlm.nih.gov/pubmed/23178493
http://doi.org/10.1038/s12276-020-0439-4
http://doi.org/10.1038/srep24552

Cancers 2021, 13, 1560 15 of 19

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Priester, M.; Copanaki, E.; Vafaizadeh, V.; Hensel, S.; Bernreuther, C.; Glatzel, M.; Seifert, V.; Groner, B.; Kogel, D.; Weissenberger, J.
STAT3 silencing inhibits glioma single cell infiltration and tumor growth. Neuro-Oncology 2013, 15, 840-852. [CrossRef] [PubMed]
Sun, D.-P; Lee, Y.-W.; Chen, ].-T.; Lin, Y.-W.; Chen, R.-M. The Bradykinin-BDKRB1 Axis Regulates Aquaporin 4 Gene Expression
and Consequential Migration and Invasion of Malignant Glioblastoma Cells via a Ca2*-MEK1-ERK1/2-NF-kB Mechanism.
Cancers 2020, 12, 667. [CrossRef] [PubMed]

Senft, C.; Priester, M.; Polacin, M.; Schroder, K.; Seifert, V.; Kogel, N.; Weissenberger, J. Inhibition of the JAK-2/STAT3 signaling
pathway impedes the migratory and invasive potential of human glioblastoma cells. J. Neuro-Oncol. 2010, 101, 393—403. [CrossRef]
Spiteri, I.; Caravagna, G.; Cresswell, G.; Vatsiou, A.; Nichol, D.; Acar, A.; Ermini, L.; Chkhaidze, K.; Werner, B.; Mair, R.; et al.
Evolutionary dynamics of residual disease in human glioblastoma. Ann. Oncol. 2019, 30, 456—463. [CrossRef]

Gill, B.J.; Pisapia, D.J.; Malone, H.R.; Goldstein, H.; Lei, L.; Sonabend, A.; Yun, J.; Samanamud, J.; Sims, J.S.; Banu, M.; et al.
MRI-localized biopsies reveal subtype-specific differences in molecular and cellular composition at the margins of glioblastoma.
Proc. Natl. Acad. Sci. USA 2014, 111, 12550-12555. [CrossRef]

Dhruv, H.D.; Winslow, W.S.M.; Armstrong, B.; Tuncali, S.; Eschbacher, J.; Kislin, K.; Loftus, J.C.; Tran, N.L.; Berens, M.E. Reciprocal
Activation of Transcription Factors Underlies the Dichotomy between Proliferation and Invasion of Glioma Cells. PLoS ONE
2013, 8, €72134. [CrossRef]

Minata, M.; Audia, A.; Shi, ].; Lu, S.; Bernstock, J.; Pavlyukov, M.S; Das, A.; Kim, S.-H.; Shin, Y.J.; Lee, Y.; et al. Phenotypic
Plasticity of Invasive Edge Glioma Stem-like Cells in Response to Ionizing Radiation. Cell Rep. 2019, 26, 1893-1905.€7. [CrossRef]
[PubMed]

Nishikawa, M.; Inoue, A.; Ohnishi, T.; Kohno, S.; Ohue, S.; Matsumoto, S.; Suehiro, S.; Yamashita, D.; Ozaki, S.; Watanabe, H.;
et al. Significance of Glioma Stem-Like Cells in the Tumor Periphery That Express High Levels of CD44 in Tumor Invasion, Early
Progression, and Poor Prognosis in Glioblastoma. Stem Cells Int. 2018, 2018, 1-15. [CrossRef] [PubMed]

Ferrandez, E.; Gutierrez, O.; Segundo, D.S.; Fernandez-Luna, ].L. NF«B activation in differentiating glioblastoma stem-like cells is
promoted by hyaluronic acid signaling through TLR4. Sci. Rep. 2018, 8, 1-10. [CrossRef] [PubMed]

Nogueira, L.; Ruiz-Ontafon, P.; Vazquez-Barquero, A.; Lafarga, M.; Berciano, M.T.; Aldaz, B.; Grande, L.; Casafont, I.; Segura, V.;
Robles, E.F; et al. Blockade of the NF«B pathway drives differentiating glioblastoma-initiating cells into senescence both in vitro
and in vivo. Oncogene 2011, 30, 3537-3548. [CrossRef]

Medema, J.P. Cancer stem cells: The challenges ahead. Nat. Cell Biol. 2013, 15, 338-344. [CrossRef] [PubMed]

Brown, D.V,; Filiz, G.; Daniel, PM.; Hollande, F.; Dworkin, S.; Amiridis, S.; Kountouri, N.; Ng, W.; Morokoff, A.P.; Mantamadiotis,
T. Expression of CD133 and CD44 in glioblastoma stem cells correlates with cell proliferation, phenotype stability and intra-tumor
heterogeneity. PLoS ONE 2017, 12, e0172791. [CrossRef]

Dirkse, A.; Golebiewska, A.; Buder, T.; Nazarov, P.V.; Muller, A.; Poovathingal, S.; Brons, N.H.C.; Leite, S.; Sauvageot, N.;
Sarkisjan, D.; et al. Stem cell-associated heterogeneity in Glioblastoma results from intrinsic tumor plasticity shaped by the
microenvironment. Nat. Commun. 2019, 10, 1-16. [CrossRef] [PubMed]

Beier, D.; Hau, P.; Proescholdt, M. A.; Lohmeier, A.; Wischhusen, J.; Oefner, PJ.; Aigner, L.; Brawanski, A.; Bogdahn, U.; Beier, C.P.
CD133+ and CD133— Glioblastoma-Derived Cancer Stem Cells Show Differential Growth Characteristics and Molecular Profiles.
Cancer Res. 2007, 67,4010-4015. [CrossRef]

Da Hora, C.C.; Pinkham, K.; Carvalho, L.; Zinter, M.; Tabet, E.; Nakano, I.; Tannous, B.A.; Badr, C.E. Sustained NF-kB-STAT3
signaling promotes resistance to Smac mimetics in Glioma stem-like cells but creates a vulnerability to EZH2 inhibition. Cell
Death Discov. 2019, 5, 1-11. [CrossRef]

Gimple, R.C.; Bhargava, S.; Dixit, D.; Rich, ].N. Glioblastoma stem cells: Lessons from the tumor hierarchy in a lethal cancer.
Genes Dev. 2019, 33, 591-609. [CrossRef]

Chen, J.; Li, Y;; Yu, T.-S.; McKay, R.M.; Burns, D.K.; Kernie, S.G.; Parada, L.F. A restricted cell population propagates glioblastoma
growth after chemotherapy. Nat. Cell Biol. 2012, 488, 522-526. [CrossRef] [PubMed]

Okolie, O.; Bago, ].R.; Schmid, R.S.; Irvin, D.M.; Bash, R.E.; Miller, C.R.; Hingtgen, S.D. Reactive astrocytes potentiate tumor
aggressiveness in a murine glioma resection and recurrence model. Neuro-Oncology 2016, 18, 1622-1633. [CrossRef] [PubMed]
Bao, S.; Wu, Q.; McLendon, R.E.; Hao, Y.; Shi, Q.; Hjelmeland, A.B.; Dewhirst, M.W.; Bigner, D.D.; Rich, J.N. Glioma stem cells
promote radioresistance by preferential activation of the DNA damage response. Nature 2006, 444, 756-760. [CrossRef]
Bartkova, J.; Hamerlik, P.; Stockhausen, M.-T.; Ehrmann, J.; Hlobilkova, A.; Laursen, H.; Kalita, O.; Kolar, Z.; Poulsen, H.S.;
Broholm, H.; et al. Replication stress and oxidative damage contribute to aberrant constitutive activation of DNA damage
signalling in human gliomas. Oncogene 2010, 29, 5095-5102. [CrossRef]

Liu, W.-H,; Lin, J.-C.; Chou, Y.-C.; Li, M.-H.; Tsai, J.-T. CD44-associated radioresistance of glioblastoma in irradiated brain areas
with optimal tumor coverage. Cancer Med. 2020, 9, 350-360. [CrossRef]

Wang, F.; Zheng, Z.; Guan, J.; Qi, D.; Zhou, S.; Shen, X.; Wang, F.; Wenkert, D.; Kirmani, B.; Solouki, T.; et al. Identification of a
panel of genes as a prognostic biomarker for glioblastoma. EBioMedicine 2018, 37, 68-77. [CrossRef]

Velasquez, C.; Mansouri, S.; Mora, C.; Nassiri, E; Suppiah, S.; Martino, J.; Zadeh, G.; Fernandez-Luna, J.L. Molecular and Clinical
Insights into the Invasive Capacity of Glioblastoma Cells. . Oncol. 2019, 2019, 1-16. [CrossRef]

Smith, C.L.; Kilic, O.; Schiapparelli, P.; Guerrero-Cazares, H.; Kim, D.-H.; Sedora-Roman, N.L; Gupta, S.; O’'Donnell, T.; Chaichana,
K.L.; Rodriguez, EJ.; et al. Migration Phenotype of Brain-Cancer Cells Predicts Patient Outcomes. Cell Rep. 2016, 15, 2616-2624.
[CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/not025
http://www.ncbi.nlm.nih.gov/pubmed/23486688
http://doi.org/10.3390/cancers12030667
http://www.ncbi.nlm.nih.gov/pubmed/32182968
http://doi.org/10.1007/s11060-010-0273-y
http://doi.org/10.1093/annonc/mdy506
http://doi.org/10.1073/pnas.1405839111
http://doi.org/10.1371/journal.pone.0072134
http://doi.org/10.1016/j.celrep.2019.01.076
http://www.ncbi.nlm.nih.gov/pubmed/30759398
http://doi.org/10.1155/2018/5387041
http://www.ncbi.nlm.nih.gov/pubmed/30210550
http://doi.org/10.1038/s41598-018-24444-6
http://www.ncbi.nlm.nih.gov/pubmed/29679017
http://doi.org/10.1038/onc.2011.74
http://doi.org/10.1038/ncb2717
http://www.ncbi.nlm.nih.gov/pubmed/23548926
http://doi.org/10.1371/journal.pone.0172791
http://doi.org/10.1038/s41467-019-09853-z
http://www.ncbi.nlm.nih.gov/pubmed/30992437
http://doi.org/10.1158/0008-5472.CAN-06-4180
http://doi.org/10.1038/s41420-019-0155-9
http://doi.org/10.1101/gad.324301.119
http://doi.org/10.1038/nature11287
http://www.ncbi.nlm.nih.gov/pubmed/22854781
http://doi.org/10.1093/neuonc/now117
http://www.ncbi.nlm.nih.gov/pubmed/27298311
http://doi.org/10.1038/nature05236
http://doi.org/10.1038/onc.2010.249
http://doi.org/10.1002/cam4.2714
http://doi.org/10.1016/j.ebiom.2018.10.024
http://doi.org/10.1155/2019/1740763
http://doi.org/10.1016/j.celrep.2016.05.042
http://www.ncbi.nlm.nih.gov/pubmed/27292647

Cancers 2021, 13, 1560 16 of 19

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Alieva, M.; Leidgens, V.; Riemenschneider, M.]J.; Klein, C.A.; Hau, P.; Van Rheenen, J. Intravital imaging of glioma border
morphology reveals distinctive cellular dynamics and contribution to tumor cell invasion. Sci. Rep. 2019, 9, 1-11. [CrossRef]
Gritsenko, P.G.; Atlasy, N.; Dieteren, C.E.J.; Navis, A.C.; Venhuizen, J.-H.; Veelken, C.; Schubert, D.; Acker-Palmer, A.; Westerman,
B.A.; Wurdinger, T.; et al. p120-catenin-dependent collective brain infiltration by glioma cell networks. Nat. Cell Biol. 2020, 22,
97-107. [CrossRef]

Griveau, A.; Seano, G.; Shelton, S.J.; Kupp, R; Jahangiri, A.; Obernier, K.; Krishnan, S.; Lindberg, O.R.; Yuen, T.].; Tien, A.-C.; et al.
A Glial Signature and Wnt7 Signaling Regulate Glioma-Vascular Interactions and Tumor Microenvironment. Cancer Cell 2018, 33,
874-889.e7. [CrossRef]

Montgomery, M.K.; Kim, S.H.; Dovas, A.; Zhao, H.T.; Goldberg, A.R.; Xu, W.; Yagielski, A.J.; Cambareri, M.K.; Patel, K.B.; Mela,
A.; et al. Glioma-Induced Alterations in Neuronal Activity and Neurovascular Coupling during Disease Progression. Cell Rep.
2020, 31, 107500. [CrossRef]

Zimmermann, D.R.; Dours-Zimmermann, M. T. Extracellular matrix of the central nervous system: From neglect to challenge.
Histochem. Cell Biol. 2008, 130, 635-653. [CrossRef]

Koh, I; Cha, J.; Park, J.; Choi, J.; Kang, S.-G.; Kim, P. The mode and dynamics of glioblastoma cell invasion into a decellularized
tissue-derived extracellular matrix-based three-dimensional tumor model. Sci. Rep. 2018, 8, 1-12. [CrossRef]

Luo, N.; Knudson, W.; Askew, E.B.; Veluci, R.; Knudson, C.B. CD44 and Hyaluronan Promote the Bone Morphogenetic Protein 7
Signaling Response in Murine Chondrocytes. Arthritis Rheumatol. 2014, 66, 1547-1558. [CrossRef]

Wu, R.-L.; Sedlmeier, G.; Kyjacova, L.; Schmaus, A.; Philipp, J.; Thiele, W.; Garvalov, B.K.; Sleeman, J.P. Hyaluronic acid-CD44
interactions promote BMP4/7-dependent Id1/3 expression in melanoma cells. Sci. Rep. 2018, 8, 1-12. [CrossRef]

Kim, Y.; Kumar, S. CD44-Mediated Adhesion to Hyaluronic Acid Contributes to Mechanosensing and Invasive Motility. Mol.
Cancer Res. 2014, 12, 1416-1429. [CrossRef] [PubMed]

Bignami, A.; Hosley, M.; Dahl, D. Hyaluronic acid and hyaluronic acid-binding proteins in brain extracellular matrix. Brain Struct.
Funct. 1993, 188, 419-433. [CrossRef]

Serres, E.; Debarbieux, E; Stanchi, F.; Maggiorella, L.; Grall, D.; Turchi, L.; Burelvandenbos, F.; Figarellabranger, D.; Virolle, T.;
Rougon, G.; et al. Fibronectin expression in glioblastomas promotes cell cohesion, collective invasion of basement membrane
in vitro and orthotopic tumor growth in mice. Oncogene 2014, 33, 3451-3462. [CrossRef]

Yu, Q.; Xue, Y,; Liu, J.; Xi, Z.; Li, Z.; Liu, Y. Fibronectin Promotes the Malignancy of Glioma Stem-Like Cells Via Modulation of
Cell Adhesion, Differentiation, Proliferation and Chemoresistance. Front. Mol. Neurosci. 2018, 11, 130. [CrossRef]
Ellert-Miklaszewska, A.; Poleszak, K.; Pasierbinska, M.; Kaminska, B. Integrin Signaling in Glioma Pathogenesis: From Biology to
Therapy. Int. ]. Mol. Sci. 2020, 21, 888. [CrossRef] [PubMed]

Kassis, J.; Lauffenburger, U.A.; Turner, T.; Wells, A. Tumor invasion as dysregulated cell motility. Semin. Cancer Biol. 2001, 11,
105-117. [CrossRef]

Farin, A.; Suzuki, 5.0.; Weiker, M.; Goldman, J.E.; Bruce, ].N.; Canoll, P. Transplanted glioma cells migrate and proliferate on host
brain vasculature: A dynamic analysis. Glia 2006, 53, 799-808. [CrossRef] [PubMed]

Wang, M.; Wang, T.; Liu, S.; Yoshida, D.; Teramoto, A. The expression of matrix metalloproteinase-2 and-9 in human gliomas of
different pathological grades. Brain Tumor Pathol. 2003, 20, 65-72. [CrossRef]

Zhang, H.; Ma, Y.; Wang, H.; Xu, L.; Yu, Y. MMP-2 expression and correlation with pathology and MRI of glioma. Oncol. Lett.
2018, 17, 1826-1832. [CrossRef]

Steen, PE.V.D.; Dubois, B.; Nelissen, I.; Rudd, PM.; Dwek, R.A.; Opdenakker, G. Biochemistry and Molecular Biology of
Gelatinase B or Matrix Metalloproteinase-9 (MMP-9). Crit. Rev. Biochem. Mol. Biol. 2002, 37, 375-536. [CrossRef] [PubMed]
Buszczak, M.; Inaba, M.; Yamashita, Y.M. Signaling by Cellular Protrusions: Keeping the Conversation Private. Trends Cell Biol.
2016, 26, 526-534. [CrossRef]

Djuzenova, C.S.; Fiedler, V.; Memmel, S.; Katzer, A.; Hartmann, S.; Krohne, G.; Zimmermann, H.; Scholz, C.-J.; Polat, B.; Flentje,
M_; et al. Actin cytoskeleton organization, cell surface modification and invasion rate of 5 glioblastoma cell lines differing in
PTEN and p53 status. Exp. Cell Res. 2015, 330, 346-357. [CrossRef]

Paw, L; Carpenter, R.C.; Watabe, K.; Debinski, W.; Lo, H.-W. Mechanisms regulating glioma invasion. Cancer Lett. 2015, 362, 1-7.
[CrossRef]

Leclerc, C.; Haeich, J.; Aulestia, EJ.; Kilhoffer, M.-C.; Miller, A.L.; Néant, I.; Webb, S.E.; Schaeffer, E.; Junier, M.-P.; Chneiweiss, H.;
et al. Calcium signaling orchestrates glioblastoma development: Facts and conjunctures. Biochim. Biophys. Acta (BBA) Bioenergy
2016, 1863, 1447-1459. [CrossRef]

Yang, W.; Wu, P-F; Ma, J.-X,; Liao, M.-].; Xu, L.-S.; Yi, L. TRPV4 activates the Cdc42/N-wasp pathway to promote glioblastoma
invasion by altering cellular protrusions. Sci. Rep. 2020, 10, 1-15. [CrossRef] [PubMed]

Maldonado, M.D.M.; Dharmawardhane, S. Targeting Rac and Cdc42 GTPases in Cancer. Cancer Res. 2018, 78, 3101-3111.
[CrossRef]

Okura, H.; Golbourn, B.J.; Shahzad, U.; Agnihotri, S.; Sabha, N.; Krieger, ].R.; Figueiredo, C.A.; Chalil, A.; Landon-Brace, N.;
Riemenschneider, A.; et al. A role for activated Cdc42 in glioblastoma multiforme invasion. Oncotarget 2016, 7, 56958-56975.
[CrossRef]

Caspani, E.M.; Crossley, PH.; Redondo-Garcia, C.; Martinez, S. Glioblastoma: A Pathogenic Crosstalk between Tumor Cells and
Pericytes. PLoS ONE 2014, 9, e101402. [CrossRef]


http://doi.org/10.1038/s41598-019-38625-4
http://doi.org/10.1038/s41556-019-0443-x
http://doi.org/10.1016/j.ccell.2018.03.020
http://doi.org/10.1016/j.celrep.2020.03.064
http://doi.org/10.1007/s00418-008-0485-9
http://doi.org/10.1038/s41598-018-22681-3
http://doi.org/10.1002/art.38388
http://doi.org/10.1038/s41598-018-33337-7
http://doi.org/10.1158/1541-7786.MCR-13-0629
http://www.ncbi.nlm.nih.gov/pubmed/24962319
http://doi.org/10.1007/BF00190136
http://doi.org/10.1038/onc.2013.305
http://doi.org/10.3389/fnmol.2018.00130
http://doi.org/10.3390/ijms21030888
http://www.ncbi.nlm.nih.gov/pubmed/32019108
http://doi.org/10.1006/scbi.2000.0362
http://doi.org/10.1002/glia.20334
http://www.ncbi.nlm.nih.gov/pubmed/16541395
http://doi.org/10.1007/BF02483449
http://doi.org/10.3892/ol.2018.9806
http://doi.org/10.1080/10409230290771546
http://www.ncbi.nlm.nih.gov/pubmed/12540195
http://doi.org/10.1016/j.tcb.2016.03.003
http://doi.org/10.1016/j.yexcr.2014.08.013
http://doi.org/10.1016/j.canlet.2015.03.015
http://doi.org/10.1016/j.bbamcr.2016.01.018
http://doi.org/10.1038/s41598-020-70822-4
http://www.ncbi.nlm.nih.gov/pubmed/32843668
http://doi.org/10.1158/0008-5472.CAN-18-0619
http://doi.org/10.18632/oncotarget.10925
http://doi.org/10.1371/journal.pone.0101402

Cancers 2021, 13, 1560 17 of 19

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Krusche, B.; Ottone, C.; Clements, M.P.; Johnstone, E.R.; Goetsch, K.; Lieven, H.; Mota, S.G.; Singh, P.; Khadayate, S.; Ashraf,
A.; et al. EphrinB2 drives perivascular invasion and proliferation of glioblastoma stem-like cells. eLife 2016, 5, 4565. [CrossRef]
[PubMed]

Montana, V.; Sontheimer, H. Bradykinin Promotes the Chemotactic Invasion of Primary Brain Tumors. J. Neurosci. 2011, 31,
4858-4867. [CrossRef] [PubMed]

Seifert, S.; Sontheimer, H. Bradykinin enhances invasion of malignant glioma into the brain parenchyma by inducing cells to
undergo amoeboid migration. J. Physiol. 2014, 592, 5109-5127. [CrossRef]

Umans, R.A ; Kate, M.T.; Pollock, C.; Sontheimer, H. Fishing for Contact: Modeling Perivascular Glioma Invasion in the Zebrafish
Brain. ACS Pharmacol. Transl. Sci. 2020. [CrossRef]

McCoy, M.G.; Nyanyo, D.; Hung, C.K.; Goerger, ].P; Zipfel, W.R.; Williams, R.M.; Nishimura, N.; Fischbach, C. Endothelial cells
promote 3D invasion of GBM by IL-8-dependent induction of cancer stem cell properties. Sci. Rep. 2019, 9, 1-14. [CrossRef]
Sharma, L; Singh, A.; Siraj, E.; Saxena, S. IL-8/CXCR1/2 signalling promotes tumor cell proliferation, invasion and vascular
mimicry in glioblastoma. J. Biomed. Sci. 2018, 25, 1-13. [CrossRef]

Raychaudhuri, B.; Vogelbaum, M.A. IL-8 is a mediator of NF-kB induced invasion by gliomas. J. Neuro-Oncol. 2010, 101, 227-235.
[CrossRef] [PubMed]

Infanger, D.W.; Cho, Y.; Lopez, B.S.; Mohanan, S.; Liu, S.C.; Gursel, D.; Boockvar, ].A.; Fischbach, C. Glioblastoma Stem Cells Are
Regulated by Interleukin-8 Signaling in a Tumoral Perivascular Niche. Cancer Res. 2013, 73, 7079-7089. [CrossRef] [PubMed]
Piao, Y,; Lu, L.; De Groot, J]. AMPA receptors promote perivascular glioma invasion via 1 integrin-dependent adhesion to the
extracellular matrix. Neuro-Oncology 2009, 11, 260-273. [CrossRef]

Osswald, M.; Jung, E.; Sahm, F,; Solecki, G.; Venkataramani, V.; Blaes, J.; Weil, S.; Horstmann, H.; Wiestler, B.; Syed, M.; et al.
Brain tumour cells interconnect to a functional and resistant network. Nature 2015, 528, 93-98. [CrossRef] [PubMed]

Venkatesh, H.S.; Johung, T.B.; Caretti, V.; Noll, A.; Tang, Y.; Nagaraja, S.; Gibson, E.M.; Mount, C.W.; Polepalli, ].; Mitra, S.S.; et al.
Neuronal Activity Promotes Glioma Growth through Neuroligin-3 Secretion. Cell 2015, 161, 803—-816. [CrossRef]

Venkatesh, H.S.; Tam, L.T.; Woo, PJ.; Lennon, ].; Nagaraja, S.; Gillespie, S.M.; Ni, J.; Duveau, D.Y.; Morris, PJ.; Zhao, J.].; et al.
Targeting neuronal activity-regulated neuroligin-3 dependency in high-grade glioma. Nat. Cell Biol. 2017, 549, 533-537. [CrossRef]
Venkataramani, V.; Tanev, D.I.; Strahle, C.; Studier-Fischer, A.; Fankhauser, L.; Kessler, T.; Korber, C.; Kardorff, M.; Ratliff, M.; Xie,
R.; et al. Glutamatergic synaptic input to glioma cells drives brain tumour progression. Nature 2019, 573, 532-538. [CrossRef]
Zeng, Q.; Michael, L.P; Zhang, P; Saghafinia, S.; Knott, G.; Jiao, W.; McCabe, B.D.; Galvan, ].A.; Robinson, H.P.C.; Zlobec, I.; et al.
Synaptic proximity enables NMDAR signalling to promote brain metastasis. Nature 2019, 573, 526-531. [CrossRef]
Buckingham, S.C.; Campbell, S.L.; Haas, B.R.; Montana, V.; Robel, S.; Ogunrinu, T.; Sontheimer, H. Glutamate release by primary
brain tumors induces epileptic activity. Nat. Med. 2011, 17, 1269-1274. [CrossRef]

Komuro, H.; Rakic, P. Modulation of neuronal migration by NMDA receptors. Science 1993, 260, 95-97. [CrossRef]

Dalley, C.B.; Wroblewska, B.; Wolfe, B.B.; Wroblewski, J.T. The Role of Metabotropic Glutamate Receptor 1 Dependent Signaling
in Glioma Viability. J. Pharmacol. Exp. Ther. 2018, 367, 59-70. [CrossRef]

Lange, F.; Wefllau, K.; Porath, K.; Hornschemeyer, J.; Bergner, C.; Krause, B.J.; Mullins, C.S.; Linnebacher, M.; Kohling, R.;
Kirschstein, T. AMPA receptor antagonist perampanel affects glioblastoma cell growth and glutamate release in vitro. PLoS ONE
2019, 14, e0211644. [CrossRef]

Takano, T.; Lin, J.H.-C.; Arcuino, G.; Gao, Q.; Yang, J.; Nedergaard, M. Glutamate release promotes growth of malignant gliomas.
Nat. Med. 2001, 7, 1010-1015. [CrossRef]

Oh, M.C,; Kim, ].M.; Safaee, M.; Kaur, G.; Sun, M.Z,; Kaur, R.; Celli, A.; Mauro, T.M.; Parsa, A.T. Overexpression of Calcium-
Permeable Glutamate Receptors in Glioblastoma Derived Brain Tumor Initiating Cells. PLoS ONE 2012, 7, e47846. [CrossRef]
Tan, HW.S,; Sim, A.Y.L.; Long, Y.C. Glutamine metabolism regulates autophagy-dependent mTORC1 reactivation during amino
acid starvation. Nat. Commun. 2017, 8, 1-10. [CrossRef]

Buccarelli, M.; Marconi, M.; Pacioni, S.; De Pasqualis, I.; D’Alessandris, Q.G.; Martini, M.; Ascione, B.; Malorni, W.; LaRocca,
L.M,; Pallini, R.; et al. Inhibition of autophagy increases susceptibility of glioblastoma stem cells to temozolomide by igniting
ferroptosis. Cell Death Dis. 2018, 9, 1-17. [CrossRef] [PubMed]

Nazio, F; Bordi, M.; Cianfanelli, V.; Locatelli, F; Cecconi, F. Autophagy and cancer stem cells: Molecular mechanisms and
therapeutic applications. Cell Death Differ. 2019, 26, 690-702. [CrossRef]

Wang, ].; Xu, S.-L.; Duan, J.-J.; Yi, L.; Guo, Y.-F; Shi, Y.; Li, L.; Yang, Z.-Y.; Liao, X.-M.; Cai, J.; et al. Invasion of white matter tracts
by glioma stem cells is regulated by a NOTCH1-SOX2 positive-feedback loop. Nat. Neurosci. 2019, 22, 91-105. [CrossRef]
Sofroniew, M.V. Astrocyte Reactivity: Subtypes, States, and Functions in CNS Innate Immunity. Trends Immunol. 2020, 41, 758-770.
[CrossRef]

Duncombe, J.; Lennen, R.J.; Jansen, M.A.; Marshall, I.; Wardlaw, ].M.; Horsburgh, K. Ageing causes prominent neurovascular
dysfunction associated with loss of astrocytic contacts and gliosis. Neuropathol. Appl. Neurobiol. 2017, 43, 477-491. [CrossRef]
[PubMed]

Ba, B.T.K; 1liff, ].J.; Xia, M.; Wang, M.; Wei, H.S; Bs, D.Z,; Xie, L.; Kang, H.; Xu, Q.; Liew, ].A_; et al. Impairment of paravascular
clearance pathways in the aging brain. Ann. Neurol. 2014, 76, 845-861. [CrossRef]


http://doi.org/10.7554/eLife.14845
http://www.ncbi.nlm.nih.gov/pubmed/27350048
http://doi.org/10.1523/JNEUROSCI.3825-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21451024
http://doi.org/10.1113/jphysiol.2014.274498
http://doi.org/10.1021/acsptsci.0c00129
http://doi.org/10.1038/s41598-019-45535-y
http://doi.org/10.1186/s12929-018-0464-y
http://doi.org/10.1007/s11060-010-0261-2
http://www.ncbi.nlm.nih.gov/pubmed/20577780
http://doi.org/10.1158/0008-5472.CAN-13-1355
http://www.ncbi.nlm.nih.gov/pubmed/24121485
http://doi.org/10.1215/15228517-2008-094
http://doi.org/10.1038/nature16071
http://www.ncbi.nlm.nih.gov/pubmed/26536111
http://doi.org/10.1016/j.cell.2015.04.012
http://doi.org/10.1038/nature24014
http://doi.org/10.1038/s41586-019-1564-x
http://doi.org/10.1038/s41586-019-1576-6
http://doi.org/10.1038/nm.2453
http://doi.org/10.1126/science.8096653
http://doi.org/10.1124/jpet.118.250159
http://doi.org/10.1371/journal.pone.0211644
http://doi.org/10.1038/nm0901-1010
http://doi.org/10.1371/journal.pone.0047846
http://doi.org/10.1038/s41467-017-00369-y
http://doi.org/10.1038/s41419-018-0864-7
http://www.ncbi.nlm.nih.gov/pubmed/30082680
http://doi.org/10.1038/s41418-019-0292-y
http://doi.org/10.1038/s41593-018-0285-z
http://doi.org/10.1016/j.it.2020.07.004
http://doi.org/10.1111/nan.12375
http://www.ncbi.nlm.nih.gov/pubmed/28039950
http://doi.org/10.1002/ana.24271

Cancers 2021, 13, 1560 18 of 19

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Noell, S.; Wolburg-Buchholz, K.; Mack, A.F; Ritz, R.; Tatagiba, M.; Beschorner, R.; Wolburg, H.; Fallier-Becker, P. Dynamics of
expression patterns of AQP4, dystroglycan, agrin and matrix metalloproteinases in human glioblastoma. Cell Tissue Res. 2012,
347,429-441. [CrossRef] [PubMed]

Verkman, A.S.; Smith, A.J.; Phuan, P.-W.; Tradtrantip, L.; Anderson, M.O. The aquaporin-4 water channel as a potential drug
target in neurological disorders. Expert Opin. Ther. Targets 2017, 21, 1161-1170. [CrossRef] [PubMed]

Watkins, S.; Robel, S.; Kimbrough, I.E,; Robert, S.M.; Ellisdavies, G.C.R.; Sontheimer, H. Disruption of astrocyte-vascular coupling
and the blood-brain barrier by invading glioma cells. Nat. Commun. 2014, 5, 1-15. [CrossRef]

Le, D.M.; Besson, A.; Fogg, D.K.; Choi, K.-S.; Waisman, D.M.; Goodyer, C.G.; Rewcastle, B.; Yong, V.W. Exploitation of
Astrocytes by Glioma Cells to Facilitate Invasiveness: A Mechanism Involving Matrix Metalloproteinase-2 and the Urokinase-
Type Plasminogen Activator-Plasmin Cascade. J. Neurosci. 2003, 23, 4034—4043. [CrossRef] [PubMed]

Rath, B.H.; Fair, ].M.; Jamal, M.; Camphausen, K.; Tofilon, P.J. Astrocytes Enhance the Invasion Potential of Glioblastoma
Stem-Like Cells. PLoS ONE 2013, 8, e54752. [CrossRef]

Shabtay-Orbach, A.; Amit, M.; Binenbaum, Y.; Na"Ara, S.; Gil, Z. Paracrine regulation of glioma cells invasion by astrocytes is
mediated by glial-derived neurotrophic factor. Int. J. Cancer 2015, 137, 1012-1020. [CrossRef]

Heiland, D.H.; Ravi, V.M.; Behringer, S.P; Frenking, J. H.; Wurm, J.; Joseph, K.; Garrelfs, N.W.C.; Strdhle, J.; Heynckes, S.;
Grauvogel, J.; et al. Tumor-associated reactive astrocytes aid the evolution of immunosuppressive environment in glioblastoma.
Nat. Commun. 2019, 10, 2541. [CrossRef] [PubMed]

Kim, J.-K; Jin, X.; Sohn, Y.-W.; Jin, X.; Jeon, H.-Y.; Kim, E.-].; Ham, SW.; Jeon, H.-M.; Chang, S.-Y.; Oh, S.-Y.; et al. Tumoral RANKL
activates astrocytes that promote glioma cell invasion through cytokine signaling. Cancer Lett. 2014, 353, 194-200. [CrossRef]
Fournié, J.-J.; Poupot, M. The Pro-tumorigenic IL-33 Involved in Antitumor Immunity: A Yin and Yang Cytokine. Front. Immunol.
2018, 9, 2506. [CrossRef]

Zhang, ].-F.; Wang, P; Yan, Y.-J.; Li, Y.; Guan, M.-W.; Yu, J.-].; Wang, X.-D. IL-33 enhances glioma cell migration and invasion by
upregulation of MMP2 and MMP9 via the ST2-NF-«kB pathway. Oncol. Rep. 2017, 38, 2033-2042. [CrossRef]

Zhang, ].-F,; Tao, T.; Wang, K.; Zhang, G.-X; Yan, Y.; Lin, H.-R.; Li, Y.; Guan, M.-W.; Yu, ].-].; Wang, X.-D. IL-33/ST2 axis promotes
glioblastoma cell invasion by accumulating tenascin-C. Sci. Rep. 2019, 9, 1-10. [CrossRef] [PubMed]

Cai, H.-P; Wang, J.; Xi, S.-Y.; Ni, X.-R.; Chen, Y.-S.; Yu, Y.-J.; Cen, Z.-W.; Yu, Z.-H.; Chen, E-R.; Guo, C.-C.; et al. Tenascin-c
mediated vasculogenic mimicry formation via regulation of MMP2/MMP9 in glioma. Cell Death Dis. 2019, 10, 1-14. [CrossRef]
Haage, V.; ElImadany, N.; Roll, L.; Faissner, A.; Gutmann, D.H.; Semtner, M.; Kettenmann, H. Tenascin C regulates multiple
microglial functions involving TLR4 signaling and HDAC1. Brain Behav. Immun. 2019, 81, 470-483. [CrossRef]

Theodosis, D.; Pierre, K.; Cadoret, M.; Allard, M.; Faissner, A.; Poulain, D. Expression of high levels of the extracellular matrix
glycoprotein, tenascin-C, in the normal adult hypothalamoneurohypophysial system. J. Comp. Neurol. 1997, 379, 386-398.
[CrossRef]

Leins, A.; Riva, P; Lindstedt, R.; Davidoff, M.S.; Mehraein, P.; Weis, S. Expression of tenascin-C in various human brain tumors
and its relevance for survival in patients with astrocytoma. Cancer 2003, 98, 2430-2439. [CrossRef] [PubMed]

De Boeck, A.; Ahn, B.Y,; D’Mello, C.; Lun, X.; Menon, 5.V.; AlShehri, M.M.; Szulzewsky, E; Shen, Y.; Khan, L.; Dang, N.H; et al.
Glioma-derived IL-33 orchestrates an inflammatory brain tumor microenvironment that accelerates glioma progression. Nat.
Commun. 2020, 11, 1-24. [CrossRef]

Angel, I.; Kerman, O.P; Rousso-Noori, L.; Friedmann-Morvinski, D. Tenascin C promotes cancer cell plasticity in mesenchymal
glioblastoma. Oncogene 2020, 39, 6990-7004. [CrossRef] [PubMed]

Saggu, R.; Schumacher, T.; Gerich, F,; Rakers, C.; Tai, K.; Delekate, A.; Petzold, G.C. Astroglial NF-kB contributes to white matter
damage and cognitive impairment in a mouse model of vascular dementia. Acta Neuropathol. Commun. 2016, 4, 1-10. [CrossRef]
Chien, Y.; Scuoppo, C.; Wang, X.; Fang, X.; Balgley, B.; Bolden, J.E.; Premsrirut, P.; Luo, W.; Chicas, A.; Lee, C.S.; et al. Control of
the senescence-associated secretory phenotype by NF- B promotes senescence and enhances chemosensitivity. Genes Dev. 2011,
25,2125-2136. [CrossRef]

Le, O.N.L.; Rodier, F.; Fontaine, F.; Coppé, ].-P.; Campisi, J.; DeGregori, J.; Laverdiere, C.; Kokta, V.; Haddad, E.; Beauséjour, C.M.
Ionizing radiation-induced long-term expression of senescence markers in mice is independent of p53 and immune status. Aging
Cell 2010, 9, 398-409. [CrossRef] [PubMed]

Aasland, D.; Gotzinger, L.; Hauck, L.; Berte, N.; Meyer, J.; Effenberger, M.; Schneider, S.; Reuber, E.E.; Roos, W.P,; Tomicic, M.T,;
et al. Temozolomide Induces Senescence and Repression of DNA Repair Pathways in Glioblastoma Cells via Activation of
ATR-CHK1, p21, and NF-kB. Cancer Res. 2019, 79, 99-113. [CrossRef]

Cargill, R.; Kohama, S.G.; Struve, J.; Su, W.; Banine, F.; Witkowski, E.; Back, S.A.; Sherman, L.S. Astrocytes in aged nonhuman
primate brain gray matter synthesize excess hyaluronan. Neurobiol. Aging 2012, 33, 830.e13-830.e24. [CrossRef] [PubMed]
Hernandez-Segura, A.; De Jong, T.V.; Melov, S.; Guryev, V.; Campisi, ].; DeMaria, M. Unmasking Transcriptional Heterogeneity in
Senescent Cells. Curr. Biol. 2017, 27, 2652-2660.e4. [CrossRef] [PubMed]

Boisvert, M.M.; Erikson, G.A.; Shokhirev, M.N.; Allen, N.J. The Aging Astrocyte Transcriptome from Multiple Regions of the
Mouse Brain. Cell Rep. 2018, 22, 269-285. [CrossRef] [PubMed]

Cao, P; Zhang, J.; Huang, Y.; Fang, Y,; Lyu, J.; Shen, Y. The age-related changes and differences in energy metabolism and
glutamate-glutamine recycling in the d-gal-induced and naturally occurring senescent astrocytes in vitro. Exp. Gerontol. 2019,
118,9-18. [CrossRef]


http://doi.org/10.1007/s00441-011-1321-4
http://www.ncbi.nlm.nih.gov/pubmed/22307776
http://doi.org/10.1080/14728222.2017.1398236
http://www.ncbi.nlm.nih.gov/pubmed/29072508
http://doi.org/10.1038/ncomms5196
http://doi.org/10.1523/JNEUROSCI.23-10-04034.2003
http://www.ncbi.nlm.nih.gov/pubmed/12764090
http://doi.org/10.1371/journal.pone.0054752
http://doi.org/10.1002/ijc.29380
http://doi.org/10.1038/s41467-019-10493-6
http://www.ncbi.nlm.nih.gov/pubmed/31186414
http://doi.org/10.1016/j.canlet.2014.07.034
http://doi.org/10.3389/fimmu.2018.02506
http://doi.org/10.3892/or.2017.5926
http://doi.org/10.1038/s41598-019-56696-1
http://www.ncbi.nlm.nih.gov/pubmed/31889095
http://doi.org/10.1038/s41419-019-2102-3
http://doi.org/10.1016/j.bbi.2019.06.047
http://doi.org/10.1002/(SICI)1096-9861(19970317)379:3&lt;386::AID-CNE5&gt;3.0.CO;2-
http://doi.org/10.1002/cncr.11796
http://www.ncbi.nlm.nih.gov/pubmed/14635078
http://doi.org/10.1038/s41467-020-18569-4
http://doi.org/10.1038/s41388-020-01506-6
http://www.ncbi.nlm.nih.gov/pubmed/33077835
http://doi.org/10.1186/s40478-016-0350-3
http://doi.org/10.1101/gad.17276711
http://doi.org/10.1111/j.1474-9726.2010.00567.x
http://www.ncbi.nlm.nih.gov/pubmed/20331441
http://doi.org/10.1158/0008-5472.CAN-18-1733
http://doi.org/10.1016/j.neurobiolaging.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21872361
http://doi.org/10.1016/j.cub.2017.07.033
http://www.ncbi.nlm.nih.gov/pubmed/28844647
http://doi.org/10.1016/j.celrep.2017.12.039
http://www.ncbi.nlm.nih.gov/pubmed/29298427
http://doi.org/10.1016/j.exger.2018.12.018

Cancers 2021, 13, 1560 19 of 19

159.

160.

161.

162.

163.

164.

165.

166.

Limbad, C.; Oron, T.R.; Alimirah, F,; Davalos, A.R.; Tracy, T.E.; Gan, L.; Desprez, P-Y.; Campisi, ]. Astrocyte senescence promotes
glutamate toxicity in cortical neurons. PLoS ONE 2020, 15, 0227887. [CrossRef]

Hou, J.; Yun, Y,; Xue, J.; Sun, M.; Kim, S. D-galactose induces astrocytic aging and contributes to astrocytoma progression and
chemoresistance via cellular senescence. Mol. Med. Rep. 2019, 20, 4111-4118. [CrossRef]

Broekman, M.L.; Maas, S.L.N.; Abels, E.R.; Mempel, T.R.; Krichevsky, A.M.; Breakefield, X.O. Multidimensional communication
in the microenvirons of glioblastoma. Nat. Rev. Neurol. 2018, 14, 482—495. [CrossRef] [PubMed]

Wyld, L.; Bellantuono, I.; Tchkonia, T.; Morgan, J.; Turner, O.; Foss, E.; George, J.; Danson, S.; Kirkland, J.L. Senescence and Cancer:
A Review of Clinical Implications of Senescence and Senotherapies. Cancers 2020, 12, 2134. [CrossRef]

Rincheval, V.; Renaud, F.; Lemaire, C.; Godefroy, N.; Krejbich-Trotot, P; Boulo, V.; Mignotte, B.; Vayssiere, ].-L. Bcl-2 can promote
p53-dependent senescence versus apoptosis without affecting the G1/S transition. Biochem. Biophys. Res. Commun. 2002, 298,
282-288. [CrossRef]

Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Dabritz, ].H.M.; Zhao, Z.; Yu, Y.; Dorr, J.R.; Dimitrova, L.; Lenze, D.; Barbosa, .A.M.; et al.
Senescence-associated reprogramming promotes cancer stemness. Nat. Cell Biol. 2018, 553, 96-100. [CrossRef] [PubMed]
Rahman, M.; Olson, I.; Mansour, M.; Carlstrom, L.P,; Sutiwisesak, R.; Saber, R.; Burns, T.C. Selective Vulnerability of Senescent
Glioblastoma Cells to Bcl-XL Inhibition (preprint). Cancer Biol. 2020. [CrossRef]

Harmouch, E.; Seitlinger, J.; Chaddad, H.; Ubeaud-Sequier, G.; Barths, J.; Saidu, S.; Désaubry, L.; Grandemange, S.; Massfelder,
T.; Fuhrmann, G.; et al. Flavagline synthetic derivative induces senescence in glioblastoma cancer cells without being toxic to
healthy astrocytes. Sci. Rep. 2020, 10, 1-16. [CrossRef]


http://doi.org/10.1371/journal.pone.0227887
http://doi.org/10.3892/mmr.2019.10677
http://doi.org/10.1038/s41582-018-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/29985475
http://doi.org/10.3390/cancers12082134
http://doi.org/10.1016/S0006-291X(02)02454-3
http://doi.org/10.1038/nature25167
http://www.ncbi.nlm.nih.gov/pubmed/29258294
http://doi.org/10.1101/2020.06.03.132712
http://doi.org/10.1038/s41598-020-70820-6

	Residual Disease Is the Main Contributor to Treatment Failure of GBM 
	Aging Is a Risk Factor for Advanced GBM and Treatment Resistance—A Connection with Senescence? 
	Senescence Is a Causal Driver of Aging and Cancer 
	The Identity of the Tumor Cells in the Peritumoral Zone 
	Heterogeneity and Plasticity at the Tumor’s Edge by Pro-Inflammatory Signals 
	The GBM Tumor Micro-Environment (TME) Determines GBM Cancer Stemness 

	The Right Niche to Subsist in the Peritumoral Zone 
	Enhanced GBM Invasion Features 
	The Vascular Niche Supports Residual Invasion 
	The Neuron Niche Supports Growth 
	The Astrocyte Niche Promotes Invasion and Mesenchymal Transformation 

	Factors Secreted by Senescent Cells Create a Supportive Niche for GBM Recurrence 
	Conclusions: Senescence in the Tumor Niche Is Likely to Favor Advanced GBM and Post-Treatment Recurrence 
	Future Perspectives: Strategies to Target Senescence in Glioma 
	References

