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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Standard of care for glioblastomas includes radio-chemotherapy with the mono-
Glioblastoma alkylating compound temozolomide. Temozolomide induces primarily senescence, inefficiently killing glio-
Senescence blastoma cells. Recurrences are inevitable. Although recurrences presumably arise from cells evading/escaping
}Frgslteicnﬁbimr TMZ-induced senescence, becoming resistant, they are often again treated with TMZ. As an alternative treatment,
p21CPt irinotecan could be used. Our aim was to examine to what extent and conditions the topoisomerase I inhibitor

PTEN irinotecan induces senescence and to analyze the underlying mechanism.

Results: Multiple glioblastoma lines with different genetic signatures for p53, p21°P1 p16MNK4A 114ARF and
PTEN were used. By means of LN229 glioblastoma clones which escaped from temozolomide-induced senes-
cence, thus, being potentially recurrence-forming, we show that this escape is accompanied by increased p21°**
protein levels in temozolomide-unexposed senescence-evading clones and inability of temozolomide to induce
p21%PL, In contrast, irinotecan was still able to induce p21°®! and could elevate senescence and cell death. In
combination with the senolytic drug BV6, irinotecan-induced senescence was significantly reduced. Differential
response clusters were also observed in paired samples of newly diagnosed and recurrent patients’ tumors. This
can partially explain a significantly prolonged progression-free time until surgery for recurrence in patients
additionally treated with irinotecan after temozolomide consolidation and upon the first onset of recurrence.
Conclusions: p21<®! is essentially involved in induction and maintenance of irinotecan-induced senescence.
Neither p16™K*A p142RF nor PTEN contribute to senescence, if p21°*! cannot be induced. Based on the positive
results of the irinotecan/BV6 treatment, combatting recurrent glioblastomas by targeting senescence cell anti-
apoptotic pathways (SCAPs) should be considered.

1. Introduction

In 2021 the new WHO classification of central nervous system (CNS)
tumors has been published [1]. It relies on additional molecular markers
that enable more accuracy and refinement in defining different classes of
CNS tumors including glioblastomas (GB). Particularly concerning GB,
this might have a huge clinical impact, leading to re-classification of
histologically lower astrocytomas into GB, based on those specific mo-
lecular markers. Thus, newly diagnosed (former designated as primary)
GB correspond to the new classified ‘GBM, IDH-wildtype’ (CNS WHO
grade 4) tumor entity with several other mandatory molecular markers

* Corresponding authors.

(for detailed review, see [2]). Glioblastoma multiforme (GBM) is a highly
heterogenous and incurable tumor, characterized by diffuse infiltration,
aggressiveness, and formation of recurrences. Patients exhibit a dismal
prognosis of 14.6 months median survival and a 2-year survival rate of
less than 26.5% [3]. Current treatment comprises surgery (maximum
safe resection), radiotherapy, and concomitant and adjuvant chemo-
therapy with the methylating agent temozolomide (TMZ) [4].
TMZ-induced cytotoxicity (apoptosis) is only achieved in the absence
of the alkyl transferase O°Methylguanine-DNA-methyltransferase
(MGMT), thus enabling fixation of 06Methylguanine (OéMeG) in the
DNA. Subsequently, via the functional mismatch repair (MMR),
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inserting thymine opposite to 0°MeG (futile MMR cycles), the lesion is
converted into DNA double-strand breaks [5-7]. Even under these cir-
cumstances, apoptosis is only marginally induced. Instead, TMZ strongly
induces senescence in GB cells [8,9]. Cellular senescence pathways in
gliomas have been recently reviewed [10]. Some 60 years ago, Hayflick
described cellular senescence as a permanent or stable cell cycle arrest
that limits the life span of cultured human fibroblasts [11]. Opposite to
quiescence (temporary cell cycle arrest), senescence cannot be reverted
by proliferative signals [12]. Notably, at the same time, senescent cells
can activate tumor-promoting and tumor-suppressing factors, via the
phenomenon called senescence-associated secretory phenotype (SASP)
[13]. SASP is characterized by secretion of interleukins, chemokines,
growth factors and matrix metalloproteinases which increase reactive
oxygen species (ROS) production and the constant DNA damage
response, thus reinforcing the growth arrest [14-17]. Enhancing the
therapeutical response, the SASP induces an inflammatory response and
activates immune cells which eliminate senescent tumor cells [18,19].
Unfortunately, SASP factors can also enhance malignant tumorigenesis,
promote epithelial-mesenchymal transition (EMT) and tumor growth in
vivo [20-23].

Approx. 90 % of GB patients develop recurrence after the standard
therapy (Stupp protocol). There is, however, no established standard of
care for recurrent GB, and there is a plethora of therapy options, which
are all not curative [24]. One of the often used second-line therapies is
the combination of the angiogenic drug Bevacizumab and a topoisom-
erase I (TOP1) inhibitor irinotecan (IT), which has been administered
over a decade in clinical trials or in-house protocols for the treatment of
recurrent GB, since IT passes the blood-brain barrier. Just recently, a
paper was re-published describing the original clinical trial from 2009
[25]. As in the paper of 2009 concluded, Bevacizumab plus IT was well
tolerated and active in recurrent GB. Also, in 2023, ESMO Open pub-
lished retrospective study data on in-house primary GB patients who
second-line received Bevacizumab plus IT, in which the authors
concluded that this regimen shows activity in recurrent GB and that
toxicity (fatigue, diarrhea, anemia and thrombocytopenia) is considered
acceptable [26].

The camptothecin derivative IT gets metabolized by cellular car-
boxylesterases into the active compound SN-38 [27]. This metabolite
blocks the TOP1-cleavage complex and so the re-ligation function of
TOP1. This event leads to induction of multiple DNA single-strand
breaks and in course of replication leads to DNA double-strand breaks
and replication stalling/abortive replication [28]. Thus, the action of
camptothecin derivatives, and so of IT as well, depends on the active
S-phase of replicating tumor cells. This triggers the constant DNA
damage response (ATR/ATM - CHK1/CHK2 signaling). At significantly
higher concentrations, also transcription can be stalled. In
p53-proficient GB cells, TOP1 inhibition induces the S-phase arrest, but
particularly a strong CDK/CDC25c-dependent G2/M-phase arrest [27].
Under reduced DNA repair capacity, the arrest becomes stable, enforc-
ing later-on senescence; only a small portion of cells is apoptotic [29].

Transcriptional activation of CDKNIA encoding p21°"! was shown
to be a main cause of senescence induction. p21°*! inhibits various
cyclin-dependent kinases (CDKs) and thus arrests the cell cycle [30,31].
Besides p21“™!, two additional factors seem to be important for senes-
cence induction and its maintenance - p14*FF and p16™K4A [32,33].
Both factors are transcribed from the CDKN2A gene. Whereas p16™K44
inhibits CDK4 and CDK6 [34], p14*®F stabilizes p53 by sequestering
mouse double minute 2 homolog (MDM2), a protein responsible for the
degradation of p53 [35-37].

We could show that TMZ-induced senescence in GB cells as well as its
maintenance decisively depends on the transcriptional upregulation of
CDKN1A and expression of the p21 protein, but does not require p14fF/
p16™K44 activity [8]. Since the TOP1 inhibitor IT, a prodrug derivative
belonging to camptothecins [38], is a relevant drug in therapy of GB
recurrences [25], here we investigated to which extent IT can induce
senescence in GB cells, and whether induction of p21™®! is
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indispensable for this process. By modulating expression of prominent
factors, involved in genotoxic stress-induced senescence, such as the cell
cycle inhibitors p21®!, p14*RF p16™X4A and the tumor suppressor
PTEN (phosphatase and tensin homolog), the major negative regulator
of the PI3K/AKT pathway, we examined how overexpression or
knockdown of these players impacts IT-induced senescence in GB cells.
We compared six different IT-exposed GB cell lines with different gene
signatures in respect to the end points colony formation, cell death, cell
cycle progression and senescence. We also examined the response of
TMZ-treated senescence-escaped and potentially recurrent GB single
clones to IT, and investigated RNA expression of senescence-associated
factors in newly diagnosed vs. recurrent tumors of patients exposed
only to the standard therapy [3] as well as of those exposed additionally
to IT after the onset of the first recurrence i.e. onset of TMZ resistance.

2. Materials and methods

2.1. Cell culture, drug treatment, siRNA-mediated knockdown and
plasmid transfection

The GB cell lines A172 (RRID:CVCL_0131), LN18 (RRID:
CVCL_0392), LN229 (RRID:CVCL_0393), LN308 (RRID:CVCL_0394),
LN319 (RRID:CVCL_3958), LN428 (RRID:CVCL_3959) were cultivated
in Dulbeccos minimal essential medium (DMEM) containing 10 % fetal
bovine serum (FBS) in a humidified atmosphere containing 5 % COx at
37°C. The A172 line was purchased from Cell Line Service (Eppelheim,
Germany) and the LN229 cells were obtained from LGC Standards
(Wesel am Rhein, Germany). All other cell lines (LN18, LN308, LN319
and LN428) were a generous gift from Prof. Michael Weller (University
of Ziirich, Switzerland). The cell lines were regularly checked for
mycoplasm contamination using the VenorGEM classic detection kit
(#11-1100, Minerva Biologicals). TMZ was a kind gift of Prof. Geoff
Margison (Centre for Occupational and Environmental Health, Univer-
sity of Manchester, United Kingdom). TMZ was solubilized in dimethyl
sulfoxide (DMSO), diluted in distilled water immediately before use and
administered at a final concentration of 50 uM. IT (CPT-11) was pre-
pared at 20 mg/mL stock solution by the pharmacy of the University
Medical Center Mainz, and was used at the final concentration of 5 pM.
BV6 inhibitor (targets cellular inhibitor of apoptosis protein 1 and 2
(cIAP1 and cIAP2); CAS 1001600-56-1, Selleckchem) was solubilized in
DMSO and used at the indicated concentrations. The p53 inhibitor
Pifithrin a (Ptha, P4359, Sigma-Aldrich, St. Louis, MO, USA) was used at
30 uM. For silencing p21°"!, Wafl/Cipl/CDKN1A p21°P! siRNA (h)
(sc-29427, Santa Cruz) was used. For PTEN knockdown, PTEN siRNA (h)
(sc-29459, Santa Cruz) was applied. Control human non-silencing siRNA
(Silencer Select Predesigned siRNA-Negative Control #1 siRNA;
Ambion, Austin, TX, USA) was used as a transfection control. Cells were
transfected with siRNAs using Lipofectamine RNAiMAX transfection
reagent (Thermo Fisher Scientific). For re-expressing p14ARF or
pl6™K4A cells were transfected with the pcDNA3-myc-ARF or
pCMVp16INK4A, and with pcDNA3 as a mock control, using Effectene
Reagent (Qiagen, Hilden, Germany). pCMVpl6INK4A was a gift from
Bob Weinberg (Addgene plasmid #10916; http://n2t.net/addg
ene:10916; RRID:Addgene_10916) [39]. pcDNA3-myc-ARF was a gift
from Yue Xiong (Addgene plasmid #19930; http://n2t.net/addg
ene:19930; RRID:Addgene_19930) [36]. For overexpressing p21CIP1,
self-made pcDNA3-p21 plasmid was used [40].

2.2. Determination of colony formation, cell death, cell cycle progression,
and senescence

For colony formation assay (CFA), 1 x 10> cells were seeded per 6-cm
dish and 24h later exposed to anticancer drugs, as described [41].
Colonies were fixed in methanol and stained with 1.25% Gi-
emsa/0.125 % crystal violet three weeks after exposure. To determine
IT-induced cell death and cell cycle distribution, attached and detached
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Fig. 1. Protein expression of cell cycle regulators upon drug exposure and methylation-specific PCR. (A) GB cell lines LN229, LN18 and LN308 were exposed to 5 uM
IT for 24 or 48 h, or 120 h (upper panel). Expression of phosphorylated p53%°, total p53 and p21 was analyzed by immunoblotting. GAPDH and HSP90 were used
as loading controls. A representative blot out of three independent blots is shown. The blots were quantified in relation to the loading control set to 1 (lower panel).
Differences between treatment and control (con) were statistically analyzed using Student’s t test (ns = non-significant, *p < 0.1, **p < 0.01, ***p < 0.001). (B)
Promoter methylation of p14 and p16 in untreated LN229, LN18 and LN308 cells was determined by methylation-specific PCR (U = unmethylated; M = methylated).
ACTB (A) was used as a positive control and double-distilled water (Aquagq) as a negative primer control. (C/D) GB cell lines LN229, LN18 and LN308 were exposed

to 5 uM IT for 120 h and expression of pl4, p16, phosphorylated PTEN (p-PTEN) and total PTEN was analyzed by immunoblotting. HSP90 was used as loading
control. Representative blots out of three independent blots are shown.
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cells were collected and stained with PI and analyzed by flow cytometry
using BD FACSCanto II, as described [41]. Senescence was measured by
senescence-associated p-galactosidase (SA-p-Gal) staining and flow
cytometry-based C;12FDG staining in attached cells as described [42].
Experiments were repeated at least three times, mean values + SD are
shown.

2.3. Preparation of RNA, cDNA synthesis and quantitative real time PCR
(gPCR)

Total RNA was isolated using the Nucleo Spin RNA Kit (Machery and
Nagel, Diiren, Germany). One pg total RNA was transcribed into cDNA
(Verso cDNA Kit, Thermo Scientific) and qPCR was performed using the
GoTaq®qPCR Master Mix Protocol (Promega, Madison, USA) and the
CFX96 Real-Time PCR Detection System (Biorad, Miinchen, Germany).
In all experiments, qPCR was performed in technical triplicates, SD
shows intra-experimental variation. The analysis was performed using
CFX Manager™ Software. Non-transcribed controls were included in
each run, expression was normalized to GAPDH and ACTB; the untreated
control was set to one. The specific primers are listed in Table S1.

2.4. RNA isolation from shock-frozen tumor material

The biological material (shock-frozen tissue and FFPE microscope
slides of primary and corresponding recurrent GB) and associated data
were provided by the French Glioblastoma Biobank (FGB, CHU Angers,
BRIF n° BB-0033-00093). Disposal of the biological material and the
associated data is regulated via the Material Transfer Agreement be-
tween the Centre Hospitalier Universitaire d’Angers and the University
Medical Center of the Johannes Gutenberg-University Mainz. Informa-
tion letter and patients consent form are provided in French (Annex 3).
The positive ethics vote was additionally obtained from the ethics
committee at the Rhineland-Palatinate State Medical Association
(Application number 2022-16425). Collection, handling, and bio-
banking of the patients’ GB tissue was described in detail [43]. Nucleic
acids and proteins were isolated from the frozen material using the kit
for the preparation of nucleic acids and proteins from the formalin-fixed
paraffin-embedded tissues (Quick-DNA/RNA™ FFPE Mini Prep, Zymo
Research). The nucleic acid quality and the concentration were
measured at Nano Drop 2000 (Thermo Scientific peQlab). The cDNA
synthesis and qPCR were performed as described above.

2.5. Preparation of genomic DNA and methylation-specific PCR (MSP)

DNA was extracted according to standard protocols using phenol-
chloroform extraction. Modification of the DNA was performed using
the EZ DNA Methylation Kit (Zymo Research). Methylation specific PCR
[44] was performed using following primer sequences (5’-3"): p14ARF :
Meth-up GTGTTAAAGGGCGGCGTAGC, Meth-low AAAACCCTCACTCGC
GACGA, Unmeth-up TTTTTGGTGTTAAAGGGTGGTGTAGT, Unmeth-low
CACAAAAACCCTCACTCACAACAA; pl6™K4A:  Meth-up TTATTA-
GAGGGTGGGGCGGATCGC, Meth-low GACCCCGAACCGCGACCGTAA,
Unmeth-up TTATTAGAGGGTGGGGTGGATTGT, Unmeth-low CAACCC-
CAAACCACAACCATAA. Specific primers for p14**F and p16™“A have
been published before [45]. As positive control for the reaction, the ACTB
promoter was included. ACTB-up AGGGAGTATATAGGTTGGGGAAGTT,
ACTB-low AACACACAATAACAAACACAAATTCAC.

2.6. Preparation of protein extracts and western blot analysis

Whole-cell extracts were prepared as previously described [46].
Primary antibodies were diluted 1:500-1:1000 in 5% BSA, 0.1 %
Tween-TBS and incubated overnight at 4°C. Peroxidase-coupled sec-
ondary antibodies were diluted 1:2000 and incubated 2h at RT. The
protein-antibody complexes were visualized by chemo-luminescence
using Pierce® ECL Western Blotting Substrate (Thermo Fisher

Biomedicine & Pharmacotherapy 181 (2024) 117634

Scientific), and immunodetection was performed using X-ray films and
the iBright CL1000 system (Invitrogen). The specific antibodies are lis-
ted in Table S2.

2.7. Statistical analysis

The data were statistically evaluated using two-way ANOVA with
Bonferroni correction or Student’s t-test and were expressed as a mean +
SD *p < 0.1 significant, **p < 0.01 very significant, ***p < 0.001 highly
significant. Statistical analyses were performed using GraphPad Prism
version 8 for Windows, GraphPad Software, La Jolla, CA, USA.

3. Results and discussion

3.1. Expression of p53, p21°"%, p16™%*A and p14*RF in model GB cell
lines upon IT exposure

To analyze induction of crucial DNA damage response and cell cycle
mediating factors, the GB cell lines LN229, LN18 and LN308 were
exposed to 5uM IT. As shown in Fig. 1A, LN229 cells induced the total
and phosphorylated (transactivating) form of p53 (p535¢'°) 24 and 48 h
after IT. In parallel, induction of p21™"! was observed after 24 h, which
further increased at later exposure times (48h), and was still signifi-
cantly upregulated 120h after exposure (right panel). LN18 cells
expressed mutated p53 in the untreated control (con), hence in the
absence of DNA damage. Upon IT exposure, they expressed phosphor-
ylated p53, however, this transactivating signal was insufficient to
induce its target, p21°®1, neither at 48 nor at 120 h. The same was true
for p53 in mutated LN319 and LN428 lines, not expressing p21°*! or
expressing it to a fairly high level already in the untreated control,
respectively (Fig. S1A). In LN308 both p53 alleles are deleted, and thus
these cells express neither p53 nor p21 clp1 (Fig. 1A). Methylation-
specific PCR of exon 1la (specific for p16™¥#4) and exon 1B (specific
for p14*FF) from the CDKN2A promoter showed neither the signal for
the methylated nor for the unmethylated p14*RF and p16™€*4 in LN229
and LN18 cells (Fig. 1B). This shows that the corresponding exon is
deleted in those cell lines. This leads to a complete absence of the p14°kF
and p16™¥4A protein expression in LN229 and LN18 (Fig. 1C). On the
contrary, in LN308, both, p14*% and p16™K#4 were found unmethylated
(Fig. 1B); therefore, LN308 cells strongly expressed both proteins
(Fig. 1C). Of note, p14*R¥ was slightly induced upon IT exposure,
whereas p16™¥*A expression remained the same in nonexposed and
exposed LN308 cells. Another p14*Rf/p16™K*A proficient cell line
analyzed was LN319; all other lines were negative (for protein expres-
sion and MSP, see Fig. S1A/B). Apart from the p21°®1, p14ARF /p16INK4A
status, we also examined expression of the tumor suppressor PTEN,
which is deleted in many tumors and crucial for decision of a cell to
undergo cell cycle arrest, apoptosis or senescence; loss of PTEN was
shown to be connected with induction of cellular senescence without
DNA damage [47,48]. Also, DNA damage-induced senescence seems to
be facilitated by PTEN loss [49].

LN229 and LN18 expressed phosphorylated and total PTEN upon IT
exposure, whereas LN308 were negative (Fig. 1D), which is due to a
known gene deletion [50]. PTEN expression in additional cell lines is
shown in Fig. STA. Of notice, according to the online data base DepMap
Portal (https://depmap.org/portal/), LN319 express mutated PTEN, but
the mutation is not damaging, meaning PTEN is, in fact, functional.

3.2. Colony formation, induction of cell death and cell cycle distribution
in model GB cell lines

To investigate whether expression/absence of these factors impacts
the cellular response to IT, colony forming ability was analyzed. As
shown in Fig. 2A (upper and lower panel), upon IT concentrations
> 1uM, p53/p21°F! proficient LN229 and A172 lines completely
abrogated colony formation. At 3-4 uM IT, LN308 and LN18, as well as
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Fig. 2. Impact of IT exposure on survival, cell death and cell cycle regulation in GB cell lines. (A) A172, LN229, LN18, LN308, LN319 and LN428 cells with different
profiles regarding p21 induction (p21 up), p14/p16 and PTEN status were treated with IT in varying concentrations for two weeks (upper panel). Survival was
calculated by normalization of assessed colonies to the respective untreated control (lower panel). A representative microscopy picture of observed microcolonies of
LN308 is shown in the lower right compared to untreated control colonies. (B) Cell death and cell cycle distribution of LN229, LN18 and LN308 cells were measured
after treatment with 5 uM IT for 24-120 h by flow cytometry using PI staining. Experiments were performed in triplicates. Differences between treatment and control
(con) were statistically analyzed using Student’s t test (non-labeled = non-significant, *p < 0.1, **p < 0.01, ***p < 0.001).
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Fig. 3. Senescence induction of GB cell lines exposed to IT. (A) LN229 were treated with IT (2.5 or 5 pM) for 120 or 144 h and senescence induction measured by
either p-galactosidase staining assay or C;2FDG flow cytometric assay. Representative microscopy pictures for the f-galactosidase staining assay are shown as well as
representative graphs for evaluation of the C15FDG flow cytometric assay (red = non-senescent control cells; blue = treated cells). (B) LN18 and LN308 cells were
treated with IT (2.5 or 5 uM) for 120 or 144 h and senescence induction measured by either p-galactosidase staining assay or C;2FDG flow cytometric assay. Ex-
periments were performed in triplicates. Differences between treatment and control (con) were statistically analyzed using Student’s ¢ test (non-labeled = non-
s‘igniﬁcant, *p < 0.1, **p < 0.01, ***p < 0.001).
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Fig. 4. Transcriptional regulation of SASP factors upon IT treatment. Expression of SASP factors (IL-1a, IL-18, IL-6, IL-8, CDKN1A, CXCL-1, CCL2, CCL8) in LN229,
LN18 and LN308 cells after exposure to 5 uM IT for 96 or 120 h was assessed by real-time qPCR. ACTB and GAPDH were used as internal loading control. Ex-
periments were performed in triplicates. Differences between treatment and control (con) were statistically analyzed using Student’s t test (non-labeled = non-
significant, *p < 0.1, **p < 0.01, ***p < 0.001).
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Fig. 5. Modulation of p21 expression and induction of senescence. (A) LN229 cells were exposed to 5 uM IT, or were transfected with non-silencing siRNA (ns-si) or
p21-specific siRNA (p21-si) at 20 nM each, and 24 h later exposed to 5 uM IT for 120 h. Alternatively, the cells were pre-treated with Pifithrin a (30 pM Ptha) and
24 h later treated with 5 uM IT for 120 h, or were Ptha-pre-treated and 6 h later transfected with the recombinant plasmid expressing p21-cDNA (pcDNA3-p21), and
18 h later exposed to 5 uM IT for 120 h. Expression of p21 was determined by immunoblotting. HSP90 was used as loading control. con, non-transfected and non-
exposed cells. Representative blots out of three independent blots are shown. The blots were quantified in relation to the loading control set to 1 (right panel). (B)
LN229 cells were exposed to 5 uM IT, or were transfected with non-silencing siRNA (ns-si) or p21-specific siRNA (p21-si) at 20 nM each, and 24 h later exposed to
5 uM IT for 120 h. Alternatively, the cells were pre-treated with 30 uM Ptha and 24 h later treated with 5 uM IT for 120 h, or were Ptha-pre-treated and 6 h later
transfected with the recombinant pcDNA3-p21 plasmid or mock-transfected, and 18 h later exposed to 5 uM IT for 120 h. con, non-transfected and non-exposed cells.
Senescence was determined by flow cytometric analysis using C;,FDG. (C) LN18 and LN308 cells were mock- or pcDNA3-p21-transfected, and 24 h later exposed to
5 uM IT for 120 h. Expression of p21 was determined by western blot analysis. HSP90 was used as loading control. con, non-transfected and non-exposed cells.
Representative blots out of three independent blots are shown. (D) LN18 and LN308 cells were mock- or pcDNA3-p21-transfected, and 24 h later exposed to 5 uM IT
for 120 h. Senescence was determined by flow cytometric analysis using C;1,FDG. As positive control, LN229 cells were exposed to 5 uM IT for 120 h (LN229 IT).
Experiments were performed in triplicates. Differences between treatment and respective control were statistically analyzed using Student’s t test (non-labeled = non-
significant, *p < 0.1, **p < 0.01, ***p < 0.001).

other p53/p21CIPl inactive lines (for protein expression, see Fig. S1A) examine whether these significant differences in the clonal survival are
still formed few (0.5 %) colonies. At the concentration above 4 M IT, based on differences in induction of cell death, we determined the
the clonal growth was completely abolished in all cell lines, except for SubG1 fraction in our model cell lines. At the highest concentration used
LN428, which was highly resistant. In addition, LN308 exhibited a sig- (5 uM IT) and exposure for 120 h, LN229 cells exhibited, at maximum, a
nificant number of microcolonies (lower right panel). To further death frequency of only 10 %, whereas approx. 50 % of LN18 and
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Fig. 6. Modulation of p14/pl6 expression and determination of senescence. (A) LN18 and LN308 cells were mock-transfected or transfected with plasmids
expressing p14ARF and p16INK4A, and 24 h later exposed to 5 uM IT for 120 h. Expression of p14 and p16 was determined by immunoblotting. HSP90 was used as
loading control. con, non-transfected and non-exposed cells. Representative blots out of three independent blots are shown. (B) LN18 and LN308 cells were mock-
transfected or transfected with plasmids expressing p14ARF and pl16INK4A, and 24 h later exposed to 5 uM IT for 120 h. Senescence was determined by flow
cytometric analysis using C12FDG. As positive control, LN229 cells were exposed to 5 uM IT for 120 h (LN229 IT). (C) LN229 cells were mock-transfected or
transfected with plasmid expressing p16INK4A, and 24 h later exposed to 5 uM IT for 120 h. Alternatively, LN229 cells were pre-treated with 30 uM Ptha, or
transfected with p21-siRNA (20 nM), 6 h later transfected with p16INK4A-expressing plasmid, and 18 h later exposed to 5 uM IT for 120 h. Expression of p21 was
determined by western blot analysis. HSP90 was used as loading control. con, non-transfected and non-exposed cells. A representative blot out of three independent
blots is shown (left panel). The blots were quantified in relation to the loading control set to 1 (middle panel). Senescence was determined by flow cytometric analysis

using C;2FDG (right panel). Experiments were performed in triplicates. Differences between treatment and respective control were statistically analyzed using
Student’s t test (non-labeled = non-significant, *p < 0.1, **p < 0.01, ***p < 0.001).

25-30 % of LN308 cells died (Fig. 2B). Thus, induction of cell death per published by us for exposure of GB cells to TMZ [8,9], LN229 exhibited a
se cannot be attributed to those great differences in colony formation significant fraction of cells in G2/M and > 2 n (polyploid cells); at 5 uM
among those GB lines. This particularly pertains to LN229 cells, with IT, both fractions together comprised 90 % (the SubG1 fraction was
only 10 % of cells in SubG1 fraction, despite a huge proliferation arrest excluded). At 2.5 and 5 pM IT (96 h), a significant fraction of LN18 and
in the CFA. Next, we determined the cell cycle distribution. As already LN308 was in G2/M but, in comparison to LN229, much less cells were
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Fig. 7. Modulation of PTEN expression and determination of senescence. LN18 cells (A) and LN229 cells (B) were transfected with non-silencing siRNA (ns-si) or
PTEN-specific siRNA (PTEN-si) at 20 nM each, and 24 h later exposed to 5 uM IT for 120 h. Expression of PTEN after transfection (left panel) and p21 after treatment
(right panel) were assessed by immunoblotting. HSP90 was used as loading control. (C) Senescence induction was measured by flow cytometry using C;,FDG.
Experiments were performed in triplicates. Differences between treatment and respective control were statistically analyzed using Student’s t test (non-labeled = non-
significant, *p < 0.1, **p < 0.01, ***p < 0.001).
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Fig. 8. Transcriptional regulation of SCAP factors and senolytic effect of BV6 on IT-treated cells. (A) Expression of SCAP factors (BIRC2, BIRC3, BIRC5, XIAP, XAF1,
Bcl-xL) in LN229, LN18 and LN308 cells after exposure to 5 uM IT for 96 or 120 h was assessed by real-time qPCR. ACTB and GAPDH were used as internal loading
control. (B) Cell cycle distribution (left graph) and cell death (right graph) of LN229 cells treated with 2.5 pM BV6, 5 pM IT or a combination of BV6 and IT for 96 or
120 h were measured by flow cytometry using PI staining. Experiments were performed in triplicates. Differences between treatment and control (con) and in the
case of cell cycle distribution differences between the polyploid cell fractions of combination treatment and IT exposure were statistically analyzed using Student’s ¢

test (non-labeled = non-significant, *p < 0.1, **p < 0.01, ***p < 0.001).

polyploid (Fig. S2A). The same was true for the time-dependent cell
cycle distribution upon 2.5 uM IT (Fig. S2B). Although not upregulating
p21™®1 the p53-mutated LN319 cells, which are the slowest of all used
GB lines, were strongly arrested in G2/M and after late times underwent
significant cell death (Fig. S2C).

3.3. Induction of cellular senescence and upregulation of SASP in model
GB cell lines

To substantiate that polyploid cells hint to induction of cellular
senescence, as published by us for exposure of GB cells to TMZ [8,9], GB
lines were exposed to 2.5 and 5uM IT, respectively, and
SA-B-Gal-positive as well as C1oFDG-positive cells were determined.
Whereas a fraction of up to 80 % LN229 cells was senescent after a
144h-exposure to IT (Fig. 3A), neither LN18 nor LN308 underwent
cellular senescence (Fig. 3B). Similar to the published data with TMZ
[9], p53/p21CIP1—proﬁcient A172 cells entered significant senescence
upon IT as well; they exhibited even a stronger blue staining marking
fB-galactosidase activity (Fig. S3), as compared to LN229 cells. LN428,
which were highly resistant to IT in CFA, entered neither cell death
(Fig. S2C) nor senescence (Fig. S3). To further verify the results obtained
by p-Gal and C;2FDG staining, we next measured the SASP activation,
which is characterized by the induction and secretion of different cy-
tokines and represents a clinically relevant mechanism affecting the
outcome of cancer therapy [51,52]. In order to analyze whether IT can
induce the SASP in GB lines, the time-dependent expression of different
components of the SASP was analyzed (Fig. 4). As expected, the stron-
gest upregulation of the SASP factors was observed in LN229 cells.
However, also LN18 cells, which did not undergo p-Gal-mediated
senescence, upregulated SASP markers to some extent, e.g. IL-8.
Generally seen, LN308 cells exhibited the weakest SASP response.
Altogether, those findings indicate that the GB lines with a pronounced
induction of p21°P! (LN229, A172) undergo a stable cell cycle arrest
which transforms into senescence, meaning those cells cannot form
colonies, as shown in Fig. 2A/B. Thus, senescence prevails, it is the main
trait for sensitivity, not cell death. The GB lines, which did not undergo
senescence but rather cell death (LN18), or were strongly arrested in the
cell cycle and very lately died (LN319) showed a less steep curve
(Fig. 2B). This goes along with the data showing that p53 disruption
profoundly alters response of human GB cells to TOP1 inhibitors [29].

3.4. p21°"1 is the rate-limiting factor and sufficient to induce senescence
of GB cells upon IT exposure

To examine whether genetic silencing of p21°*! and/or pharmaco-
logical inhibition of p53 is sufficient to abolish IT-induced senescence of
LN229 cells, the cells were transfected with p21#*-siRNA or exposed to
Pifithrin o (Ptha), the inhibitor of the p53 transactivating activity
(Fig. 5A), and afterwards treated with IT. Both inhibiting approaches led
to a complete abrogation of IT-induced p-galactosidase-mediated
senescence (Fig. 5B). When LN229 cells were treated with Ptha and
shortly thereafter transfected with the plasmid expressing p21¢%!-
cDNA, IT-induced senescence of LN229 cells could be significantly
rescued (Fig. 5B, right panel, last column). The same could be observed
in A172 cells (Fig. S4A/B).

Ectopic expression of p21CIP1 in LN18 and LN308 cells (Fig. 5C), led
to a significant increase in C12FDG-positive cells that were exposed to IT
(Fig. 5D), again underlying sustained DDR accompanied by p21°F!

12

activity is crucial for induction of cellular senescence in GB cell model.
In contrast, upon p14ARF -cDNA (Fig. 6A, left panel) or p1 6NK4A_DNA
(Fig. 6A, right panel) transfection, neither LN18 nor LN308 cells became
senescent (Fig. 6B). Nota bene, immunodetection was performed with
much lower amount of the cell extract to better observe the ectopic
expression from the plasmid, since LN308 cells express already a high
amount of p14*FF and p16™¥4A (see Fig. 1C). This once again excludes
p14*%F and p16™K4A to be rate-limiting and essential for GB cells to
enter IT-triggered senescence. In addition, ectopic expression of
p16™K4A in 1N229 cells (Fig. 6C, left panel) was unable to rescue IT-
induced senescence of cells priorly treated with Ptha or p21°"F1-siRNA
(Fig. 6C, right panel, last two bars), once again supporting the fact that
p16™K4A does not play an essential role in this context.

Also, knockdown of PTEN in LN18 (Fig. 7A, left panel) cells had no
impact on senescence (Fig. 7C, left panel). LN18 cells underwent cell
death upon IT alone and combined PTEN-si/IT exposure (Fig. S5). PTEN
knockdown in LN229 cells (Fig. 7B, left panel) slightly increased
senescence frequency after IT exposure (Fig. 7C, right panel), indicating
a reinforcing but not essential role regarding senescence induction.
Knockdown of PTEN in LN229 led to induction of p21°"! on its own
(Fig. 7B, right panel). While this resulted only in a mild senescence in-
duction, which was already observed in the non-silencing siRNA trans-
fected cells and may be a side-effect of transfection, the increased p21°"
induction may explain the strengthened effect of IT exposure (Fig. 7C,
right panel). As described previously for other cell types, e.g. BJ-T and
MCF7 cells, PTEN knockdown induced p21cm, and in some cases,
senescence through activation of the PI3K/AKT pathway, mTORC1 and
subsequent phosphorylation of p53 [47,53]. The results in our model
suggest that transient p21°*! induction by PTEN loss alone, i.e., without
DNA damage, is not sufficient to induce senescence.

3.5. Upregulation of SCAP factors in model GB cell lines and targeting of
SCAPs for senolysis

In order to analyze whether IT induces the senescent cell anti-
apoptotic pathways (SCAPs) factors, the time-dependent expression of
different anti-apoptotic factors was analyzed by real-time qPCR
(Fig. 8A). LN229 cells exhibited a more than 32-fold induction of BIRC2
(encodes cIAP1), BIRC3 (encodes cIAP2) and a strong repression of
BIRC5 (encodes Survivin). This pronounced transcriptional repression of
the BIRC5 gene with concomitant CDKN1A/p21?! upregulation im-
plicates that the cells are significantly compromised in their prolifera-
tion capacity, undergoing senescence [54-56]. This repression was not
observed in LN18 and LN308 cells. Interestingly, at later time points
(120 h), LN18 cells upregulated (8-fold) BIRC2 and BIRC3 but did not
show repression of BIRC5, whereas, at the same time, they significantly
upregulated XAF1, a pro-apoptotic counterpart of Survivin. This goes
along with a significant apoptosis induction in those cells. In order to
investigate whether, in analogy to TMZ, cellular effects of IT in LN229
cells, such as the G2/M-arrest and polyploidy, could be modulated by
compounds targeting SCAPs, and thus, introducing senolytic effects [57,
58], we combined the cIAP1/cIAP2 inhibitor BV6 with IT. Being a sec-
ond mitochondria-derived activator of caspases (SMAC) mimetic, BV6
acts in a pro-apoptotic way. Since particularly cIAP1 and cIAP2 are
found overexpressed in GB cells undergoing therapy-induced senescence
(e.g., under TMZ exposure), targeting cellular IAPs might be used as a
senolytic approach [57]. After exposure for 96-120 h, a significant
senolytic effect of BV6 was observed. Thus, the polyploid fraction of
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Fig. 9. Analysis of potentially recurrence forming clones upon drug treatment. (A) LN229 cells and R-clones (LN-R3, LN-R4 and LN-R5) were treated with TMZ
(50 uM) or IT (5 uM) for 96 or 144 h and expression of PTEN and p21 detected by immunoblotting. HSP90 was used as internal loading control (M = marker). A
representative blot out of three independent blots is shown. (B) Signals of immunoblotting were quantified in relation to the loading control set to 1. (C) mRNA
expression of CDKN1A was measured by real-time qPCR in untreated LN229 cells and R clones. (D) LN229 cells and R clones were treated with either 50 uM TMZ (left
panel) or 5 uM IT (right panel) for 48 or 120 h. Real-time qPCR was used to assess relative induction of CDKN1A normalized to the untreated LN229 control (con).
Significance indicates differences between treated R-clones and accordingly treated LN229 cells statistically analyzed using two-way ANOVA. Cell cycle distribution
(E) and cell death (F) were measured by flow cytometry using PI staining after treatment of LN229 cells or R clones for 120 h with either TMZ (50 uM) or IT (5 uM).
Significance indicates differences between treated R clones and accordingly treated LN229 cells statistically analyzed using Student’s t test. (G) Senescence induction
was assessed by either C;12FDG flow cytometric assay after 120 h or p-Galactosidase staining assay after 144 h treatment with either 50 yM TMZ or 5 pM IT. Ex-
periments were performed in triplicates. Differences between treatment and control (con) or corresponding LN229 treatment were statistically analyzed using
%tudent’s t test (non-labeled/ns = non-significant, *p < 0.1, **p < 0.01, ***p < 0.001). In E only differences in the G1 fraction were analyzed by Student’s t test.

cells, contributing to senescence of LN229 cells was reduced (Fig. 8B,
left panel) and cell death was induced, showing more than additive ef-
fects (Fig. 8B, right panel). Similar results were observed in A172 cells
(Fig. S6A/B).

3.6. Senescence-escaped TMZ-resistant GB clones can be re-sensitized to
IT

To examine whether IT can target TMZ-escaped GB cells, we estab-
lished a set of cell clones (R-clones LN-R3, LN-R4 and LN-R5) derived
from LN229 cells that either evaded or escaped from senescence after
one application of 50 uM TMZ for 3-4 weeks. We showed in our previous
studies that TMZ predominantly induces senescence and not cell death
[8,9,57]. Senescence was shown to be already induced at lower TMZ
concentrations (10 and 25 pM), which shows that these concentrations
are sufficient to induce G2-arrest and polyploidy, and are nearly
completely blocking clonogenic survival [8]. Additionally, the clono-
genic survival of US87MG, LN229 and A172 glioma cell lines was reduced
to approx. 20 % at > 5 pM TMZ and completely abolished at 15 pM TMZ
[9,57], indicating also concentrations that are achievable in the cere-
brospinal fluid abrogate proliferation. Moreover, one should keep in
mind that in in vitro experiments higher concentrations are often
necessary, since established cell lines are more robust and not as
responsive as cells in vivo. Here we used a single application of 50 pM
TMZ to be able to simultaneously monitor induction of senescence and
cell death, and, in addition, to generate not too many survivors
(R-clones), and, also, to possibly avoid cross-resistance to IT. For such
tumor clones, it is to assume they might form recurrences and are
partially resistant to the corresponding drug (e.g. to TMZ), but might not
be cross-resistant to other anticancer drugs (e.g. IT in our experiments).

Our data show that the p21™! protein expression was strongly
upregulated in untreated R-clones, in comparison to the marginal
expression in untreated LN229 cells (Fig. 9A and Fig. 9B for quantifi-
cation). Accordingly, also the expression of CDKN1A was upregulated in
the R-clones, in comparison to the expression in parental LN229 cells as
revealed by real-time qPCR (Fig. 9C). Furthermore, p21°"! protein
expression could not be induced after exposure to 50 uM TMZ, but was
strongly induced upon exposure to 5 uM IT (Fig. 9A and Fig. 9B for
quantification). Again, the R-clones also showed a dampened response
to TMZ regarding CDKN1A induction (Fig. 9D, left panel), while expo-
sure to IT led to a higher induction of CDKN1A, which was comparable
to parental LN229 cells (Fig. 9D, right panel). Opposite to p21°F!, a
weak induction was observed for PTEN on protein level (Fig. 9A and
Fig. 9B for quantification) in the original LN229 cells and the R-clones.
Importantly, in contrast to TMZ, IT treatment led to a pronounced G2/
M-arrest accompanied by B-Gal positivity, reminiscent of the senes-
cence phenotype (Fig. 9E). Moreover, upon IT treatment, a higher
fraction of cells responded with induction of cell death (Fig. 9F) and
senescence after 120 and 144 h (Fig. 9G). We also determined senes-
cence at earlier time points (48 and 72 h) and lower concentrations of
TMZ and IT (Fig. S7A). Also, under these conditions R-clones were less
sensitive to TMZ compared to LN229 cells, which was not the case for IT.
Analysis of colony forming ability showed that R-clones were still highly
sensitive to treatment with IT, forming colonies only until 1.5 uM, while
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R-clones still consistently formed colonies at 15 yM TMZ, with LN-R5
showing a survival frequency of about 21 % (Fig. S7B).

Finally, we analyzed the expression of multiple SASP and SCAP
factors (e.g., Interleukins IL-1a, IL-15, IL-8 and IAPs BIRC2, BIRC3) in
LN229 cells and R-clones. The expression was differently modulated.
Here, we want to highlight the normalized expression of the pro-
apoptotic factor XAF1 in LN-R5, which was 80-fold higher than in
LN229 cells, respectively (Fig. S8), and might partially explain the
higher amount of cell death induced by IT.

3.7. Patients with recurrences receiving IT therapy show prolonged delay
to surgery for recurrence

The results in R-clones let assume that in patients, TOP1-based
recurrence therapy might be superior to the repeated TMZ therapy. To
address this point, we received 13 recurrence samples of GB patients
together with the respective primary tumors from the French Glioblas-
toma Biobank (FGB). Based on the clinical data, we identified three pa-
tients who were given additional therapy options between the Stupp
protocol and surgery for recurrence (Fig. 10A). Upon onset of recur-
rence, these patients were treated with IT (Campto) plus the anti-
angiogenic drug Bevacizumab (Avastin; monoclonal antibody against
the vascular endothelial growth factor) (Patient 7) or with TMZ (3 cy-
cles) and IT (plus Bevacizumab) (Patient 9). The time between the onset
of recurrence and the surgery for recurrence was 553 days, and 351
days, respectively. In comparison, e.g., a male patient of similar age,
receiving no additional therapy to Stupp, had a delay to surgery for
recurrence of only 43 days (Fig. 10A). In another patient, who received
Bevacizumab (Patient 12), the time between the onset of recurrence and
the surgery for recurrence was 113 days. We excluded Patient 5 from
further analysis due to a young age (28 years at diagnosis) and ketogenic
diet during therapy.

We are aware that the number of only twelve analyzed patient
samples is relatively low, but nevertheless a direct comparison of re-
currences to respective (paired) newly diagnosed tumors is much more
meaningful than comparing random recurrences to primary tumors, as is
the case in publicly available databases (https://www.cbioportal.org/st
udy/summary?id=gbm_tcga_pan_can_ atlas 2018 [uses Glioblastoma
Multiforme TCGA PanCancer data; UID: 10414]).

By means of real-time qPCR we analyzed expression levels of SASP
and SCAP factors, DNA repair genes and cell cycle inhibitors in the
recurrence sample of a patient (referred to as “Rec” in Fig. 10B) and set
those into relation to the levels in the primary tumor of this very patient.
We next looked for similarities and curated two clusters (1 and 2) of
recurrences that seemed to behave similarly (Fig. 10B). Importantly,
PTEN mRNA was upregulated in all patients of Cluster 1 (4 patients),
whereas CDKN1A was downregulated. Opposite, PTEN mRNA was
down-regulated in all patients of Cluster 2 (4 patients), whereas
CDKN1A was up-regulated in 3 patients, which coincides with the
findings by us (this work) and others, where PTEN loss led to an in-
duction of p21°™®! [47,53,59]. Three patients showed a mixture of
Cluster 1 and 2. Of note, Patient 12, who only received Bevacizumab
treatment without concomitant TMZ or IT, was among them. Finally,
patient 13 showed no differences between primary tumor and
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Fig. 10. Analysis of GBM patient tumor samples. (A) Sample pairs of primary tumor and respective recurrence of 13 GBM patients, who all received first-line
treatment (Stupp protocol) after initial surgery, were obtained from the FGB and classified by sex, age at diagnosis, additional therapy between Stupp protocol
and surgery for recurrence and the time (delay) between onset and surgery for recurrence. (B) The RNA of tumor samples was analyzed by real-time qPCR and
expression levels in the recurrence (Rec) sample normalized to the respective primary tumor set to 1. Two clusters (1 and 2) of samples showing similar expression
patterns in the analyzed genes were curated. Type of treatment between onset of recurrence and surgery for recurrence is indicated for each patient (TMZ and/or IT).
Three samples (Rec11, Rec 12 and Rec 1) which showed a mixed pattern were classified as “mix cluster 1+2”.

recurrence at all. Interestingly, unlike the other patients, this patient
showed no positive immunohistochemistry staining for p53 (carried out
by the FGB).

It was described that cells, which escape from senescence, e.g. by
downregulation of p53 with simultaneous low levels of p16™X*A, can
retain the SASP [60,61]. This would coincide with the expression pro-
files of cluster 1, where many SASP factors were commonly upregulated,
while an increase of CDKN1A was not observed. This finding drives our
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assumption that recurrences of this cluster may have derived from cells
which have initially undergone senescence during standard therapy but
then escaped from senescence and started to proliferate again. For
several cancer model cell lines, senescence escape has already been
described and recently summarized [62], which underlines the theory of
recurrences potentially deriving from once senescent cells [63]. One can
only hypothesize if treatment with senolytics would have benefited
those GB patients showing the crucial need for further research in this
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field [64-66]. Treatment with IT might have also resulted in senescence
re-induction, as observed in the analyzed R-clones, explaining the delay
observed in patients 7 and 9, belonging to cluster 2. However, these
patients exhibited no pronounced SASP. Thus, the recurrences of cluster
2 containing both IT-treated patients have possibly derived from cells
which were able to avoid entering senescence in the first place. Inter-
estingly enough, CDKN1A was upregulated in three out of four patients
in this cluster. This suits well to results in LN428 cells, which express
moderate but not inducible amounts of p21CIPl and were also resistant to
senescence induction (Fig. S1A, Fig. S3).

In this study, we could show that IT is able to re-sensitize clones that
escaped from TMZ-induced senescence in two ways: by upregulation of
p21<™®1 at protein level, and being capable of increasing senescence, but
also cell death. Thus, we think that during the first weeks or couple of
months after the first appearance of recurrence, IT could act in a similar
way. The repercussions of this putative effect of IT therapy are visible in
our transcription heatmap, showing what is ‘left’ in the final recurrence
for surgery. Thus, in Rec7 (patient receiving IT), we observed repression
of all genes investigated, apart from EGRI. Not only Rec7 but all re-
currences in Cluster 2 exhibited repression of the DNA repair genes
MSH2, MSH6 and EXO1 involved in mismatch repair, of apoptosis in-
hibitors (BIRC2, BIRC5, XIAP, Bcl-xL) and SASP factors (CCL8, CXCL-1,
IL-1a, IL-6), which might implicate cell death. It is known that IT works
more efficiently in the background of inactive MMR and dysfunctional
or inhibited p53/ p21® pathway [41,67,68].

Overall, we showed that IT efficiently induced senescence in GB cells
and that p21°"!, but not p142%F, p16™¥*A or PTEN is decisively
involved. Importantly, IT can also induce senescence and cell death in
cell clones evading/escaping TMZ-induced senescence and these se-
nescent cells can be targeted with the senolytic drug BV6. Learning from
these encouraging results, it might be worthy of treating recurrent GB
tumors with this combination.
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