Neuro-Oncology Advances

8(1), vdag102, 2026 | https://doi.org/10.1093/noajnl/vdag102 | Advance Access publication April 13, 2026

Clofoctol as a novel senolytic drug eliminating
therapy-induced senescent glioma cells

Yuxin Zhang, Zhixing Wang, Yue Wang, Enyan Li, Fan Wu, Lin Hou, Bin Yin, Bogin Qiang, Wei Han,
and Xiaozhong Peng

All author affiliations are listed at the end of the article

Corresponding Authors: Xiaozhong Peng, State Key Laboratory of Common Mechanism Research for Major Diseases, Department of Biochemistry & Molecular
Biology, Institute of Basic Medical Sciences & School of Basic Medicine, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, No. 5
Dongdan Santiao, Dongcheng District, Beijing 100005, China (pengxiaozhong@pumc.edu.cn); Wei Han, State Key Laboratory of Common Mechanism Research for
Major Diseases, Department of Biochemistry & Molecular Biology, Institute of Basic Medical Sciences & School of Basic Medicine, Chinese Academy of Medical
Sciences & Peking Union Medical College, Beijing, No. 5 Dongdan Santiao, Dongcheng District, Beijing 100005, China (hanwei2012@ibms.pumc.edu.cn).

Abstract

Background. Glioblastoma is the most common malignant brain glioma, accounting for ~48% of malignant central
nervous system tumors. Targeting glioma stem cells and senescent glioma cells represents promising therapeutic
strategies. In our previous study, we identified the clofoctol as a candidate drug targeting glioma stem cells with
good blood-brain barrier permeability and potent anti-glioblastoma efficacy. Comprehensively demonstrating the
impact of clofoctol on glioblastoma might provide novel strategies for the treatment of glioblastoma.

Methods. By utilizing single-cell RNA sequencing of tumor tissue, we demonstrated the suppression effect of clofoctol
on senescent glioma cell. Cellular RNA sequencing, molecular docking and CETSA were used to further confirm
target of clofoctol. Ultimately, GL261 and orthotopic patient-derived xenograft animal models was performed to
assess whether the senolytic effect of clofoctol could enhance TMZ therapy.

Results. Clofoctol treatment reduced the senescence level (SASPs, senescence-related genes, and the proportion of
senescent cells) in GL261-derived tumor single-cell RNA sequencing. In vitro, clofoctol could target senescent glioma
cells and induce cell death through apoptosis and ferroptosis. P53 was identified as the functional protein which
elicited the effect of clofoctol. In vivo, clofoctol exhibited senolytic activity and synergized with TMZ, leading to
extended survival in glioblastoma mouse model.

Conclusions. Our study demonstrated the clinical drug clofoctol could target chemotherapy-induced senescent
glioma cells through P53 and trigger cell apoptotic and ferroptotic death. We further confirmed a synergistic effect
between clofoctol and temozolomide which could be a novel therapeutic approach for glioblastoma therapy.

Key Points
¢ Clofoctol eliminates senescent glioma cells as a novel senolytic drug.
e P53 is an effective target of clofoctol in senescent glioma cells.

¢ Clofoctol and TMZ synergistically inhibit glioma tumor growth in vivo and in vitro.

Glioblastoma (GBM) is the most aggressive and lethal brain
tumor in adults. The patients usually have a poor prognosis with
the median survival less than 2 years. The standard clinical
approach for GBM is maximal safe surgical resection followed
by radiotherapy and temozolomide (TMZ) chemotherapy.’
However, some patients initially benefit from TMZ, tumor

relapse typically occurs rapidly and are often refractory to fur-
ther treatment, primarily due to intrinsic or acquired chemore-
sistance mechanisms,?® including O6-methylguanine-DNA
methyltransferase (MGMT) expression in glioma cell, mismatch
repair when DNA damage happened, the persistence of glioma
stem cell in tumor* and the therapy-induced cellular senescence.®
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Importance of the Study

Glioblastoma (GBM) remains incurable due to therapy-
resistant cell populations, including senescent cells that
promote recurrence. While senolytic strategies show
promise, few cross the blood-brain barrier (BBB) or tar-
get glioma effectively. We demonstrate that clofoctol, a
BBB-permeable drug, functions as a senolytic agent by
eliminating therapy-induced senescent glioma cells
through P53-mediated apoptosis and ferroptosis.

Cellular senescence is a permanent cell cycle arrest
accompanied by secretion of senescence-associated secre-
tory phenotype (SASP), morphological transformation, and
elevated senescence-associated p-galactosidase (SA-p-Gal)
activity.” However, the impact of senescent cancer cell for
tumor progress is complicated. While senescence initially
limits tumor cell proliferation and SASP components may
promote immune-mediated clearance,®® accumulating evi-
dence suggests that sustained SASP signaling ultimately
creates a tumor-promoting microenvironment through mul-
tiple mechanisms, including chronic inflammation, mito-
genic stimulation, stemness maintenance, angiogenesis
promotion, and immunosuppression.”®" In GBM, it has
been proved that senescent cancer cells represent a
pro-tumor function in vivo. Recent investigations using
orthotopic patient-derived xenografts (PDX) and transgenic
mouse models of GBM reveal that targeted clearance of
senescent cells suppresses tumor proliferation and enhances
overall survival.>'>"*These findings position senescent cells
targeting as a promising therapeutic strategy for GBM, yet
several critical questions remain unresolved: (1) Which seno-
lytic agents show optimal efficacy for GBM treatment? (2)
Could senotherapy be effectively combined with standard
therapies like TMZ chemotherapy or radiotherapy?

Based on the huge financial and time burden to discovery
new drug, for GBM therapy, we used unbiased drug screening
on 1920 compounds from the MicroSource Spectrum
Collection in previous work, and defined clofoctol (Clo) as a
glioma stem cell targeted drug which represent robust anti-
cancer effect in vivo and in vitro." Clo is an antibacterial drug
for Gram-positive bacteria, such as Streptococcus, pyogenes
and Streptococcus pneumoniae, common pathogens of upper
and lower respiratory tract infections.’ Recently, it has also
been investigated for its anti-tumor properties by activating
unfolded protein response (UPR)® and anti-inflammatory
function by decreasing the transcription of inflammatory
markers like interleukin 6 (IL-6), tumor necrosis factor (TNF) «,
interferon (IFN) B, IFNy."” Evidences suggest that senescence
SASPs evoke chronic inflammatory microenvironment to pro-
mote tumorigenesis'® while cancer cell could acquire stem-cell
features after senescence occur by senescence related genes
Bmi-1, p16, p21, or p53," which indicate overlapping signaling
networks between stemness, inflammation and senescence
in tumor.?° These observations raise an important question:
could Clo influence cellular senescence processes?

In this study, we determined Clo to be a senolytic drug in
vitro and in vivo. Single-cell RNA sequencing analysis of

Using single-cell transcriptomics, orthotopic PDX
models, and mechanistic studies, we prove that clofoctol
depletes senescent cells, synergizes with temozolomide
(TMZ), and significantly extends survival. Our work iden-
tifies clofoctol as a novel senolytic drug for glioma that
targets senescence cells, offering a potential approach
to overcome resistance. This dual-action, repurposed
strategy addresses an urgent need for combinatorial
therapies against recurrent GBM.

Clo-treated GL261-derived tumors revealed a reduction in
senescence features. We further validated Clo’s senolytic
activity using two distinct models of therapy-induced senes-
cence (TIS) established by temozolomide and doxorubicin
(DOX) treatment. Moreover, integrating RNA sequencing
(RNA-seq), molecular docking, and cellular thermal shift
assay analyses (CETSA) identified p53 as the primary molec-
ular target of Clo in senescent glioma cells. Mechanistically,
Clo binds to the asparagine-288 (Asn-288) residue of p53,
concurrently activating both apoptotic and ferroptotic cell
death pathways. Ultimately, we evaluated the combined
therapeutic efficacy of TMZ and Clo in both PDX and GL261
orthotopic glioma models. Our results demonstrate a syn-
ergistic anti-tumor effect of this drug combination in GBM.

Methods

Cell Culture and Lentivirus

Murine GBM cell line GL261 and the patient-derived glioma
cell line T3-5 were obtained from Beijing Tiantan Hospital.
Human GBM cell lines LN229 and U87MG were purchased
from American Type Culture Collection (ATCC). GL261 and
LN229 were maintained in DMEM (Gibco) media with 10%
FBS (Gibco), 1% 100xAntibiotic-Antimycotic (Gibco). T3-5
was cultured in neurobasal medium (Gibco) supplemented
with 2% B-27 (Gibco), 1% 100x Antibiotic-Antimycotic
(Gibco), 2 mmol/L I-glutamine (catalog SH30034.01,
HyClone), 20 ng/mL basic fibroblast growth factor (bFGF;
catalog 100-18B-50UG PeproTech), 20 ng/mL epidermal
growth factor (EGF; catalog AF-100-15-100UG, PeproTech),
10 yg/mL heparin (Sigma-Aldrich). P53 knockdown LN229
(LN229-shP53) was generated by lentivirus transduction and
2 yg/mL puromycin was used to purify.The lentivirus is pur-
chased from Genechem, shanghai.The clofoctol treatment
concentration for GL261, LN229, and U87MG was 50 uM and
forT3-5 was 20 uM expect otherwise stated.

Mouse Orthotopic Tumorigenesis

To establish traceable tumor models, we generated
luciferase-expressing GL261 cells (GL261-luc) through len-
tiviral transduction. We orthotopically injected 5x10°
GL261-luc cells into male C57BL/6J mice (5-6 weeks).



A midline scalp incision was made and a burr-hole was
created 1.0 mm anterior to the bregma and 2.0 mm lateral
to the midline using a high-powered drill.Then, cells were
transplanted into the burr-hole to a depth of 3 mm using
the injection needle of a Hamilton syringe (Hamilton-10
pL, Reno). For drug treatment, the mode of administration
and concentration of drugs was described in figures.
Monitoring of luciferase-expressing tumors was done
using the Xenogen IVIS spectrum imaging system by
injecting mice with D-Luciferin Firefly (YEASEN). Animals
were monitored daily and euthanized upon displaying
signs of distress or a>20% weight loss (whichever occurred
first). Kaplan-Meier curves were created according to the
survival results.

For the PDX model, 6-week-old BALB/c-nude male mice
were intracranially implanted 5x 10° tumor cells suspension.
Mouse brain MRl images were then acquired, and tumor
size was analyzed before and after treatment. Treatment
strategy was carried out in accordance with figures.

Western Blot Analysis

Cells were harvested, washed with 0.9% NaCl, resuspended in
TNTE buffer (60 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA
(pH=8), 1%Triton X-100, 25 mM NaF, TmM Na,VO,, 100 pg/mL
DTT, 100 pg/mL) with 100 pg/ml PMSFE 1 pg/mL, aprotinin,
1 ug/mL leupeptin, 1 yg/mL pepstatin and centrifuged at 12,000
rpm, 4°C for 30 min. Protein samples were analyzed by
SDS-PAGE and electro-transferred to a Nitrocellulose (Pall).The
blots were then blocked in 5% non-fat milk in TBST, followed
by incubation of primary antibodies at 4°C overnight. After
washing, the blots were incubated in horseradish peroxidase
(HRP) conjugated secondary antibodies at room temperature
for 1-2 h. Signals were detected using ECL (NCM biotech).The
primary antibodies used are as follows: P21 (10355-1-AP, pro-
teintech), Caspase3 (9665, CST), Cleaved-Caspase3 (9661,
CST), PARP (9542, CST), Cleaved-PARP (9541, CST), GPX4
(30388-1-AP, proteintech), P53 (21891-1-AP, proteintech),
GAPDH (10494-1-AP, proteintech).

Apoptosis Analysis

Apoptosis was detected using Annexin V-FITC Apoptosis
Detection Kit (C1062, Byotime) according to the manufac-
turer’s instructions. In brief, cells were collected and 1x 10°
to 1x 106 cells were resuspended in 195 yL Annexin V-FITC-
binding buffer. 2.5 pL of the Annexin V-FITC conjugate was
added to each cell suspension and 5 pL of the 1mg/mL
Propidium was then added to each cell suspension. Cells
were analyzed on cytoflex (Beckman). The Clo-treatment
concentration has limited effect in non-senescent cells (40
MM in LN229 and GL261).

RT-qPCR

RNA was collected for real-time qPCR analysis using the
TRIzol reagent (15596026CN, Invitrogen). RNA was reverse
transcribed using HiScript Il Q RT SuperMix for qPCR
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(R323-01, Vazym). gqPCR was performed with SYBR
green-containing PCR kit (RR420A, Takara). Real-Time PCR
System (Biorad) was used for data analysis. Primers used
for qPCR are listed in Supplementary Table S1.

Cell Senescence Induction, 5-Galactosidase
Staining, and Senescence Probe

As described previously,?' the senescent LN229 cells were
induced by 50 uMTMZ for 4 days or 100 nM DOX for 4 days.
The senescent US7MG cells were induced by 100 yM TMZ
for 5 days or 100 nM DOX for 3 days.The senescentT3-5 and
GL261 cells were induced by 300 uMTMZ for 5 days or 100
nM DOX for 3 days. Clo was applied to senescent cells for
24 h. LN229 and T3-5 cells were stained for f-galactosidase
activity using a SA-p-Gal Stain Kit (G1508, solarbio). Images
were then immediately captured using the EVOS FL Auto2
system.The acquired images were analyzed using the Image
J. All samples were analyzed in triplicate with >3 fields per
well. And the senescent level of GL261, LN229, T3-5 cells
were examined using a CellEvent Senescence Green kit
(C10841, Invitrogen).

Immunohistofluorescence

Brain tissues were fixed in 4% paraformaldehyde (PFA) over
night and dehydrated in 25% sucrose, then embedded in
paraffin for IHEThe experiment was performed as described
previously. After washing with 1xPBS three times, the slides
were blocked in 5% sheep serum for 45 minutes, then
probed with primary antibodies, P21 1:200 (10355-1-AP, pro-
teintech), P53 1:500 (21891-1-AP, proteintech), Cleaved-
caspase3 1:500 (9664, CST), Ki67 1:1000 (ab15580, Abcam)
and incubated overnight at 4°C in a wet box. After washing
with 1xPBS three times, the fluorescently-labeled secondary
antibodies were incubated for 2 h at room temperature.The
nuclei were visualized with DAPI (Sigma-Aldrich). Images
were captured using a confocal laser scanning microscope
(FV1000MPE-BX61WI, Olympus) and were analyzed using
Image J software.

SiRNA and Plasmid Transfection

The P53 siRNAs were purchased from Tsingke Biotech
Corporation.The human P53 siRNA sequences were: sil1#:
CCGGACGAUAUUGAACAAU, si2#: GGAAGACUCCAG
UGGUAAU, si3#: GAUAUUGAACAAUGGUUCA. The
mouse P53 siRNA sequences were: sil#: GAAUGAGG
CCUUAGAGUUA, si2#: CCAUCUACAAGAAGUCACA, si3t:
CGACCUAUCCUUACCAUCA. LN229 cells were transfected
with siRNA via INTERFERin (PolyPlus PT-409-10) when the
cells reached 70% to 80% confluency. For the wild type
P53 and mutant P53 overexpression, the P53 cDNA and
cDNA with Asn-288 deletion, Glu-349 deletion, R175H mis-
sense, R248Q missense or R273C missense, were insert
into pcDNA3.1 vector via a ClonExpress MultiS One
Step Cloning Kit (Vazyme). LN229 and U87MG was trans-
fected with plasmid using LIPOFECTAMINE 3000
(Invitrogen).
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Cellular Thermal Shift Assay

Cells were inculpated with DMSO or Clo for 1 hour and then
digested as cell suspension in PBS to equally divide into
few tubes, followed with heating under different tempera-
ture.Three snap freeze-thaw cycles were then performed to
lyse cells, and protein was detected by Western blot
analysis.

Surface Plasmon Resonance

The binding affinities of Clo for GST and its target proteins
GST-P53 were assayed by SPR-based Biacore 1S+ instru-
ment (cytiva). The CM5 sensor chip was used to immobilize
target protein to the sensor surface by the standard amine
coupling reaction at 25°C in PBS running buffer. Gradient
concentrations of Clo containing 5% DMSO were injected
into the channels to evaluate the binding affinity.

Single-Cell RNA-Sequencing

Tumor tissues were isolated into single-cell suspensions and
performed on the 10X Genomics platform (CapitalBio
Technology). The scRNA-seq dataset represents pooled
tumors from three mice per group and was primarily used
for exploratory and hypothesis-generating analyses. Similar
pooling strategies have been reported in previous single-cell
studies aiming to increase cellular yield and reduce technical
variability, particularly when the primary objective is to iden-
tify transcriptional states rather than to perform replicated
quantitative comparisons.?>* We aligned the data with
mm10-2020-A, followed by barcode counting and unique
molecular identifier (UMI) counting, to generate a raw gene
expression matrix. Then, the expression matrix was con-
verted to Seurat objects by the Seurat package in R 4.2.0 for
further analysis and we randomly extracted appropriate cell
from each group. By filtering cell with gene numbers (nFea-
ture_RNA) <300 and >7,500, UMI counting > 100,000, per-
centage of red blood cell genes >3% and percentage of
mitochondrial genes >10%, the seurat object including 4,175
cells of control and 4,084 cells of Clofoctol. By
“NormalizeData” function, cell gene expression from two
group were normalized to a log scale and 3,000 highly vari-
able genes from the normalized expression matrix were
identified by ‘FindVariableFeatures’ function. Then, the
“FindClusters” functions with top 15 principal components
(PCs) and resolution 0.3 were used and identified 12 clusters.
According to specific gene of each cluster (Supplementary
Table S2), we annotated these cells as 7 cell types. See
Supplementary Materials and Methods for InferCNV, hdW-
GCNA, and SIT details.

RNA-Sequencing

We cultured control, TMZ-induced (TMZ), and Clo-treated
TMZ-induced (TMZ+Clo) LN229 and GL261 cells in triplicate,
respectively, and extract the total RNA to created libraries
for RNA-sequencing. Briefly, using oligod (T) beads, mRNAs
were purified and fragmentated to target length range for

generating cDNA libraries which were sequenced after clus-
tering. We identified gene with P<.05 as the differentially
expressed genes (DEGs) of TMZ vs control and TMZ+Clo vs
TMZ. Gene Set Enrichment Analysis (GSEA) enrichment
analysis was performed for DEGs to identify the influence
of TMZ and Clofoctol for gene sets by R package “GSEABase.”
The GSVA algorithm was applied to explore the activity vari-
ation of hallmark gene sets by R package “GSVA” in LN229
and GL261 glioma cells.The differentially enriched gene sets
of TMZ vs control and TMZ+Clo were identified with R pack-
age “limma” The DEGs were listed in Supplementary
Tables S3-S6.

Protein-Protein Interaction Network

All the DEGs were retrieved in the STRING database to
obtain the protein-protein interaction network, the species
was set as “Homo sapiens,” and the “medium confidence”
was set at 0.5. At the same time, hide disconnected nodes
in the network.The visualization of the PPI network was per-
formed via Cytoscape 3.10.1 software.

Statistical Analysis

Results were performed on GraphPad Prism 8.0 and pre-
sented as the mean + SDs. For two comparisons, Student’s
t test was used, and for three or more groups, one-way
ANOVA was appropriately used to analyze experiment sta-
tistics unless otherwise stated. Dose-response curves for
IC,, calculation and relative protein integrated
density-temperature curve were calculated and draw by
nonlinear fitting with appropriate parameters. Kaplan-Meier
survival curve was analyzed by Mantel-Cox log-rank test.
The MRI images and IHF images of tumor were measured
by Image J. Not mentioned statistics are described in figure
legends.

Results

scRNA-seq Revealed That Clofoctol Treatment
Induced Significant Alterations in the Functional
States of Tumor Cells

To explore change of GBM cells functional states response
to Clo, we leveraged the GL261-luc cells to establish an
orthotopic glioma model in C57BL/6J mice, and treated mice
with saline and clofoctol as described in Figure 1A. Clo
exhibited an obvious antitumor effect after 10 days of treat-
ments (Figure 1B and C). We then performed scRNA-seq on
tumors harvested from mice at day 10 post-treatment.
Uniform manifold approximation and projection (UMAP)
dimension reduction was performed on cells from two
group (control and clofoctol) (Figure 1D), revealing a total
of 12 clusters (Figure 1E). These clusters were identified as
7 cell types with distinct gene expression signatures
(microglia cell, endothelial cell, neutrophils, B cell, T cell,
macrophage, and glioma cell) and one not defined cell type
(ND) (Figure 1F and Figure S1A). Moreover, consistent with


https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag102#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag102#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag102#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag102#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag102#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag102#supplementary-data

their malignant feature, glioma cells (cluster 0, 3, 6) demon-
strated pronounced somatic copy number alterations,
including chromosomal gains/losses at chromosome 5 and
15 (Figure S1B). Notably, Clo treatment reduced the CNV
burden score in glioma cells, suggesting an effect on
genome stability (Figure S1C).

As we previously described,™ Clo treatment demonstrated
significant anti-tumor effects in GBM through multiple mech-
anisms: (1) suppression of stemness properties, as evidenced
by targeting glioma stem cells; (2) inhibition of cellular prolif-
eration; and (3) induction of apoptosis, confirmed by increas-
ing KLF13. We employed the AUCell algorithm to quantify
single-cell pathway activity scores within glioma cell clusters,
evaluating key functional states of tumor progression includ-
ing: GSC, invasion, proliferation, apoptosis, and senescence
signatures (Supplementary Table S7). Quantitative analysis
revealed distinct patterns across treatment conditions, with
Clo-treated cells showing significantly decrease in GSC, inva-
sion, and proliferation (Figure 1G, Figure S1D). It is interesting
to note that Clo treatment induced a reduction in senescence
score in glioma cells (Figure 1G).

hdWGCNA and SIT Identified That Clofoctol
Treatment Might Impede GBM Senescence

Since Clo-treatment could decline the senescence score in
glioma cell, we then performed hdWGCNA and SIT to fur-
ther analyze the senescence level of glioma cell. Utilizing
hdWGCNA, a total of 15 network modules were identified
based on soft threshold 6.0 (Figure S2A and B). Among
these, 9 modules were correlated with Clo-treatment, includ-
ing M1, M2, M3, M6, M7, M8, M10, M13, and M14 (Figure
S2C). Gene signature scores across 9 functional modules
associated with Clo treatment were computed in single cells
using “Seurat” method (Figure S2D). We then used the hub
genes of 9 modules for pathway enrichment analysis in
which module 7 showed strong enrichment in P53 signaling
pathway, DNA repair, cellular senescence, and cell cycle
(Figure S2E and F) and this senescence-related module 7
was negatively enriched in Clo-treated versus controls
(Figure S2G). Then we calculated the senescence score of
module 7-related cells and found the score declined in Clo
group (Figure S3A).

We then applied SIT on glioma cell to distinguish senes-
cent cells from not senescent cells, and examined the pro-
portions of senescence cell in two group based on
senescence signature (Figure S3B), cell cycle arrest signa-
tures (Figure S3C) and senescence score (Figure S3D).
Compared with the control group, Clo treatment reduced
the proportion of senescent cells to a certain extent (Figure
S3E and F). Next, we isolated senescent glioma cells using
SIT. In senescent glioma cell, the senescence-related genes
and SASP genes expression were lower with Clo-treated
(Figure S3G and H). Overall, the scRNA-seq analysis indi-
cated that Clo could reduce the senescence of glioma cells.

Clofoctol Inhibited Glioma Cell Senescence In Vitro

To verify anti-senescence effect of Clo, three senescent gli-
oma cell models (GL261, LN229,T3-5) were constructed by
using temozolomide (TMZ) and doxorubicin (DOX) as
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before.?” Across all models, TMZ/DOX treatment elevated
senescence-associated beta-galactosidase (SA-p-Gal) activ-
ity compared to controls, while Clo treatment reduced these
signals (Figure 2A). We also detected that Clo treatment
reduced the percentage of SA-p-Gal-positive GBM cells
treated withTMZ or DOX in LN229 andT3-5 cells (Figure 2B).
When performing Clo on senescent glioma cell and not
senescent cell, Clo prioritized inhibiting cell viability of
senescent cells over not senescent cell (Figure S4A and B).
And expression of some senescence related genes in LN229
(CDKN1A, CDKN2A, CSF1, CSF3, CXCL15, TGFB1, BMP2)
and GL261 (Cdkn1a, CdknZ2a, Csf1, Csf3, Csf2, Cxcl13, Cxcl15,
Bmp2, Tgfb1, and Mmp3) were stimulated by TMZ, which
inhibited by Clo instead (Figure 2C). Clo attenuated TMZ/
DOX-induced P21 upregulation in GL261, LN229, and T3-5
cells (Figure 2D).

To validate whether Clo impeded glioma cell senescence
by directly killing senescent cells or reversing cellular senes-
cence, pharmacodynamic analysis of Clo was performed in
GL261 and LN229. We performed Clo on glioma cell before
or afterTMZ or DOX-induction, resulting that senescent cells
were more sensitive to Clo than non-senescent cells
(Figure 2E). Inversely, when we performed TMZ onTMZ- or
DOX-induced glioma cell, Clo-treatment did not promote
cell sensitivity toTMZ, which indicated Clo couldn’t reverse
cellular senescence (Figure S4C and D). Collectively, our
results demonstrated that Clo effectively eliminates TMZ/
DOX-induced senescent glioma cells.

Clofoctol Stimulated the Death of Senescence
Glioma Cells through Ferroptosis and Apoptosis

To elucidate how Clo eliminates therapy-induced senescent
glioma cells, we performed comprehensive RNA sequenc-
ing across three experimental groups: (1) proliferating
tumor cells (control), (2) therapy-induced senescent tumor
cells (TMZ), and (3) senescent tumor cells following Clo
treatment (TMZ+Clo) to systematically characterize tran-
scriptional changes associated with Clo-mediated senolysis.
The differential gene expression (DEG) analysis defined 953
upregulated and 802 downregulated genes in senescent
LN229 cells compare to control with Pvalue < .05 while we
defined 743 upregulated and 1411 downregulated genes in
Clo-treated senescent LN229 compared to senescent LN229
cells (Figure 3A). The same analysis was performed on
GL261 and we got 38 upregulated and 58 downregulated
genes in senescent GL261 induced by TMZ, 1348 upregu-
lated and 1193 downregulated genes in Clo-treated senes-
cent GL261 (Figure S5A). Gene set enrichment analysis
(GSEA) was implemented to identify enriched pathways in
senescent LN229 cells compared with control, we found that
the DEGs were positively enriched to anti-apoptotic TRAIL
signaling (APOPTOSIS_VIA_TRAIL_DN, NES=1.37, P=.04)
and negatively enriched to pro-apoptosis TRAIL signaling
(APOPTOSIS_VIA_TRAIL_UP, NES=-3.44, P=3.84E-64)
(Figure 3B). However, Clo treatment significantly enhanced
pro-apoptotic signaling (APOPTOSIS_VIA_TRAIL_UP,
NES=3.35, P=1.64E-102) while suppressing anti-apoptotic
mediators (APOPTOSIS_VIA_TRAIL_DN, NES= -1.96,
P=2.65E-06) in senescent glioma cells (Figure 3B). The
GSEA result of GL261 also showed the Clo positive regu-
lated apoptosis-related pathways, including apoptotic
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Figure 1. scRNA-Seq of GL261-derived tumor in C57BL/6J mice. (A) Schematic of the single-cell sequencing workflow: Mice with GL261-luc
orthotopic tumors were divided into two groups: Control administered with 0.9% normal saline via tail vein injection and clofoctol-treated (Clo-treated)
administered with 10 mg/kg clofoctol for 10 days. Tumors were then harvested and processed for single-cell RNA sequencing. Figure created by
BioRender.com. (B, C) The representative luciferase images (B) and total flux [P/S] of mice on D1 and D10 from treated (C) (mean + SEM, n=8). The
unpaired Student's t-test determined the significance level. *P< .05. (D) UMAP visualization colored by sample. (E) UMAP visualization colored by
Seurat_clusters. (F) UMAP visualization colored by cell type in clofotcol and control group. (G) VInPlot showing AUCell score of cell functional
status gene sets in Clo-treated and control glioma cells.
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Figure 2. The clofoctol is more sensitive to senescent glioma cells. (A) Cellular senescence was measured by flow cytometry via senescence
probe staining. (B) SA-B-gal was assessed via X-gal staining in glioma cells. Scale bar 200 ym. *P < .05, **P < .01, ***P < .001, ****P < .0001 by
one-way ANOVA with Tukey's multiple comparison test. (C) RT-gPCR analysis of SASP genes in glioma cells. The data are presented as the means
+ SDs. *P < .05, **P < .01, ***P < .001, ****P < .0001 by one-way ANOVA with Tukey’s multiple comparison test. (D) Western blot analysis of P21
protein in GL261, LN229, and T3-5 cells. (E) Dose-response curves for Clofoctol in senescent glioma cells.
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signaling pathway in response to DNA damage by p53 class
mediator, intrinsic apoptotic signaling pathway in response
to endoplasmic reticulum stress and apoptosis by serum
deprivation up (Figure S5B). Meanwhile, the GSEA result
also proved that Clo positively regulated the gene of ferro-
ptosis in senescent LN229 (Figure 3C).

Furthermore, we measured cell apoptosis induced by Clo
in senescent glioma cells in vitro. Flow cytometry analysis
revealed Clo induced significantly apoptosis in senescent
glioma cells than non-senescent glioma cells (Figure 3D)
and Western blot analysis showed that Cleaved-Caspase3
and Cleaved-PARP were stimulated more strongly by Clo in
senescent glioma cells (Figure S5C). To investigate Clo's
impact on ferroptosis in senescent glioma cells, we mea-
sured key ferroptosis marker GPX4 protein.The experimen-
tal data demonstrated that Clo treatment downregulated the
expression of GPX4 in TMZ- and DOX-induced senescent
cells (Figure 3E). Next, we treated the TMZ-induced senes-
cent glioma cells with the ferroptosis inhibitor Ferrostatin-1
(Fer-1) following Clo. The results demonstrated that Fer-1
upregulated GPX4 expression, and also reversing the
Clo-mediated suppression of p21 expression (Figure 3F).The
same result also was observed in DOX-induced senescent
glioma cells (Figure S5D). Furthermore, senescence probe
analysis revealed that Fer-1 counteracted the Clo-mediated
suppression of senescence in TMZ- and DOX-induced gli-
oma cell (Figure 3G and Figure S5E). In addition, Fer-1 could
weak the sensitivity of TMZ- and DOX-induced senescent
cell for Clo (Figure 3H and Figure S5F). Collectively, our find-
ings demonstrate that Clo eliminates senescent cells
through a dual mechanism involving the activation of both
apoptotic and ferroptotic pathways.

Clofoctol Induce Senescent Cell Death by
Binding P53

Our findings that senescent glioma cells exhibit marked sen-
sitivity to Clo led us to postulate that the therapeutic target
responsible for triggering both apoptotic and ferroptotic path-
ways is preferentially expressed in the senescent cell. We next
applied the GSVA algorithm to assess the pathway activity
(referred to as GSVA score) of each hallmark gene sets in
LN229 cells across three groups: Control, TMZ-treated, and
TMZ+Clo.Within the top 20 gene sets (ranked by Pvalue), the
P53 signaling pathway ranked second, demonstrating strong
activation (high GSVA score) underTMZ treatment but signif-
icant suppression (low GSVA score) with TMZ+Clo combina-
tion therapy (Figure 4A). We then drawn the PPl network of
the DEGs of TMZ+Clo compared to TMZ using Cytoscape
3.10.1 to search the target gene of Clo in senescent glioma
cells. PPl analysis showed P53 occupied the core position with
the top1 degree (Figure 4B, Supplementary Table S8). Based
on this, P53 was considered the hub genes.To characterize the
potential binding mode, we applied AutoDock vina to perform
molecular docking on the active site of P53 and Clo to assess
their binding activity.The result showed the minimum binding
energies (refer to the Affinity value) between Clo and P53 was
-5.6581 kcal/mol and Clo interact with the Asn-288 and
Glu-349 of P53 through hydrogen bonds (Figure 4C). Next,
P53 protein expression was assessed by Western blot, in
which P53 was upregulated in TMZ- and DOX-induced

senescence but downregulated in Clo-treated senescent gli-
oma cells (Figure S6A). When we eliminated the Asn-288 and
Glu-349 from P53, the absolute affinity value of Clo and P53
was decreased and there are no more hydrogen bonds
between Clo and P53 (Figure S6B and C).To verify the predic-
tion above, CETSA was used to show that with Clo protection,
P53 was more stable compared to control in TMZ-induced
senescent glioma cell (Figure 4D). We further tested P53 sta-
bility under temperatures from 25 to 72°C in DOX-induced
senescent glioma cell (Figure S6D) and non-senescent glioma
cell (Figure S6E).The results showed that in senescent glioma
cell, Clo could protect P53 from degradation while in
non-senescent glioma cell, the protection for P53 was not
apparent, which suggested Clo strongly bind P53 in senescent
glioma cell. The direct interaction between Clo and p53 was
evaluated by surface plasmon resonance (SPR), yielding a
dissociation constant (Kd) of 52.2 uM, indicating a moderate
micromolarrange binding affinity. Notably, GST alone exhib-
ited substantially weaker binding to Clo (Kd=789 uM), sup-
porting the presence of a p53-specific component in the
observed interaction (Figure S6F). Next, to pinpoint specific
Clo’s binding site on P53, we constructed two deletion mutants
(P53-A288 and P53-A349) and analyzed their thermal stability
over a range of temperatures (25-72°C). The results proved
that Clo protected WT-P53 and P53-A349 but not P53-A288 in
LN229 cells (Figure 4E and Figure S6G), indicating that
Asn-288 was the key binding site of P53 and Clo.To evaluate
the potential of Clo in targeting P53-mutated tumors, we per-
formed molecular docking with three common hotspot
mutants: R175H, R248Q, and R273C.** The analysis revealed
that Clo maintained a binding affinity comparable to that of
wild-type p53 (-5.658 kcal/mol), with binding energies of
-5.018 kcal/mol (R175H), -5.345 kcal/mol (R248Q), and -6.164
kcal/mol (R273C) (Figure S7A) and the Clo still preferentially
killed senescent cell in U87MG overexpressed the three P53
mutants (Figure S7B). Notably, R175H and R248Q inhibited
the preferential killing effect of Clo to some extent (Figure
S7B).To further validate P53 function on Clo target senescent
glioma cell, we used siRNAs to knockdown P53. The GL261
siRNA-1# and LN229 siRNA-3# presented obvious P53 knock-
down activity (Figure S7C) and were used for the following
experiments. Using senescence probe, the senescence level
increased again after Clo-treatment when P53 was knocked
down in TMZ or DOX-induced glioma cells (Figure 5A and
Figure S7D). By Western blot analysis, we also found that
knocking down P53 promoted GPX4 protein in TMZ or
DOX-induced glioma cells with Clo-treatment (Figure 5B and
Figure S7E). In apoptosis analysis, knocking down p53
decreased the Clo-induced apoptosis cell proportion in senes-
cent glioma cells (Figure 5C).Then, a p53 lentiviral knockdown
LN229 was constructed (Figure 5D) on which Clo had lower
suppressive effects after TMZ- and DOX-inducement com-
pared to LN229-shNC (Figure 5E and F). Above all, our data
suggested that, in senescent glioma cells, Clo-triggered apop-
tosis and ferroptosis were p53-dependent.

Combined TMZ and Clofoctol: An Effective
Treatment Strategy

The foregoing results motivated us to validate the Synergistic
anti-GBM effect of TMZ and Clo.We analyzed the combination
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Figure 3. RNA sequencing reveals mechanism by which clofoctol promotes cell death in senescent glioma cells. (A) Volcano Plot of differential
gene expression analysis of TMZ vs Control (upper) and TMZ+Clofoctol vs TMZ (lower) in LN229. (B, C) Gene set enrichment analysis (GSEA)
identifies signaling pathways associated with apoptosis (B) and ferroptosis (C) involved in differential gene of TMZ vs Control (upper) and
TMZ+Clofoctol vs TMZ (lower). (D) Flow cytometry analysis of apoptosis cell in senescent and non-senescent glioma cells treated with Clo. The
data are presented as the means + SDs. *P < .05, ****P<.0001 by one-way ANOVA with Tukey’s multiple comparison test. (E) Western blot analysis
of GPX4 protein in Clo-treated senescent glioma cell. (F) Western blot analysis of P21, GPX4 proteins in Clo-treated senescent glioma cells and
Fer-1+Clo-treated senescent glioma cells. (G) Cellular senescence in Clo-treated senescent glioma cells and Fer-1+Clo-treated glioma cells was
measured by flow cytometry via senescence probe staining. (H) Dose-response curves for Clo in senescent glioma cells and Fer-1-treated senescent
glioma cells induced by TMZ.
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index (Cl-index) of TMZ and Clo in vitro and found TMZ and
Clo exhibited strong synergistic inhibitory effect (Figure
S8A-C). Moreover, we administrated PDX- and GL261-derived
orthotopic tumor mice models with saline (Control), temo-
zolomide (TMZ), Clofoctol (Clo), combination of TMZ and
Clofoctol (TMZ+Clo) (Supplementary File, Figure S8D). In PDX
models, TMZ+Clo further inhibited tumor growth rates in
brain (Figure 6A) and IHF showed Ki67-positive cells
decreased and Cleaved-Caspase3-positive cells increased in
TMZ+Clo compared to TMZ group (Figure 6B and C).
Moreover, the P21-positive and P53-positive cell inTMZ were
declined in TMZ+Clo (Figure 6D and E). In GL261 models,
TMZ+Clo also further inhibited tumor growth in vivo (Figure
S8E). To predict the therapeutic outcomes, the mice weight
and survival after treatment were also explored. TMZ+Clo
better maintained mouse weight over the period of treatment
(Figure S8F) andTMZ+Clo treatment further extended mouse
survival compared to TMZ alone (Figure 6F). We then mea-
sured the senescence cell proportion in tumors, the result
showed afterTMZ treatment, senescent cells increased while
the combination treatment reduced the number of senescent
cells (Figure 6G). And IHF in GL261 models also showed
P21-positive cells decreased inTMZ+Clo group (Figure S8G).
These data demonstrate that the TMZ+Clo combination
enhanced therapeutic efficacy against glioma and reduced
tumor cellular senescence compared toTMZ alone. Summary
of the proposed molecular mechanism is shown in Figure 6H.

Discussion

As an established high-resolution analytical platform,
scRNA-seq enables comprehensive characterization of cel-
lular states at the individual cell level. Through integrative
multi-modal analysis combining scRNA-seq and hdWGCNA,
we systematically characterized Clo’s pleiotropic effects on
tumor cell populations, with particular emphasis on its
potent modulation of cellular senescence programs. We
acknowledge that the scRNA-seq data was generated from
pooled samples, which limits statistical power regarding
biological variability. However, key findings were validated
in independent cohorts.

In our previous work, Clo was defined as a GSC-targeted
drug which binding upstream of N-ras (UNR), thereby induc-
ing GSC apoptosis with minimal toxicity to normal cells and
favorable blood-brain barrier (BBB) permeability. In mice,
intravenous administration of Clo at 10 mg/kg resulted in
measurable brain exposure, with brain concentrations
reaching 152 to 187 ng/g within 5 to 90 minutes after the
final injection, supporting its ability to penetrate the BBB in
vivo." Importantly, although direct measurements of human
brain concentrations are limited, available clinical pharma-
cokinetic data indicate that Clo exhibits good systemic expo-
sure in humans. Following a single rectal administration of
1.5 g, Clo achieved a mean plasma AUC of 112.78 pmol/L:h,
demonstrating efficient absorption and sustained systemic
availability.?® Given Clo’s physicochemical properties and its
documented BBB penetration in mouse models, these phar-
macokinetics (PK) characteristics support the plausibility
that therapeutically relevant brain concentrations could be
achievable under clinically feasible dosing regimens. In this

study, we further extend this concept by showing that Clo
exhibits limited cytotoxicity toward proliferating glioma cells
but potently induces apoptosis in senescent glioma cells.
This preferential vulnerability is consistent with our previous
observations in GSCs and suggests that Clo may preferen-
tially target stress-adapted or therapy-induced tumor cell
states, thereby offering a mechanistically distinct and poten-
tially complementary strategy for glioma treatment.

TMZ, the first-line therapeutic agent for GBM, is an oral
alkylating chemotherapy drug that has demonstrated sig-
nificant single-agent activity against GBM in clinical set-
tings.?¢?” TMZ treatment mainly induces apoptosis.?®
However, approximately 50% of patients developTMZ resis-
tance, mediated through two distinct mechanisms: (1) intrin-
sic resistance conferred by MGMT expression in
treatment-naive GBM cells, and (2) acquired resistance
driven by dynamic genomic and epigenetic alterations in
adapted tumor populations.?*TIS represents a pivotal mech-
anism of TMZ resistance in GBM cells, with activation of the
p53/p21 signaling axis and consequent G2/M cell cycle arrest
serving as the primary molecular mediators.***'The senes-
cent cells also display resistance to apoptosis for the
increased MGMT.?%*2 Above all, exploring senolytic drugs to
kill senescent cell to prevent drug-resistance become a new
sight for GBM.**-* However, current senotherapeutic strat-
egies for cancer remain largely limited to Bcl-2 family pro-
tein inhibitors,*** highlighting a critical need for alternative
molecular target. In this study, we identified Clo as a
p53-targeting compound that preferentially eliminates
senescent glioma cells, simultaneously revealing its poten-
tial as a candidate senotherapeutic drug.

Ferroptosis is a unique modality of cell death driven by
iron-dependent phospholipid peroxidation and regulated by
xc—cystine/glutamate antiporter-GPX4 pathway, iron metab-
olism pathway and lipid metabolism pathway.”” GPX4 cata-
lyzes the reduction of PLOOHs in mammalian cells.®®
Disfunction of GPX4 causes excessive lipid peroxidation
resulting as ferroptosis.*® As a cell death mechanism differ-
ent from apoptosis, necrosis and autophagy, ferroptosis is
initially explores for cancer to invert the therapy-resistance.
Tumors like Melanoma, ovarian cancer, non-small cell lung
cancer and GBM resistant to apoptosis and common thera-
peutics are vulnerable to ferroptosis agonist, for the
drug-resistance cells are highly dependent on GPX4 perox-
idase activity for survival.***? Moreover, many chemother-
apy drugs have been proved could trigger ferroptosis.*#
We found Clo could lower GPX4 protein and its senolytic
effect partially depends on ferroptosis, which was associated
with P53.

As a transcription factor (TF), P53 hinders normal cell
transformation by regulating cell cycle and proliferation,
while in tumor cell, P53 frequently paly a complex role to
bidirectionally regulated cell DNA stability, GSC self-renewal,
cell senescence, cell death and other tumor progress pro-
cesses.”® Utilizing CETSA and SPR, we identified the inter-
action of Clo and P53 in vitro. Although the SPR-derived Kd
was modest, the downstream response (apoptosis and fer-
roptosis) of Clo was substantially recovered by knocking
down P53 and another Clo target UNR was found
non-functional in senescent glioma cells (data not shown),
which proved the specific functional relevance of P53
and Clo.
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Figure 4. RNA-seq combined with molecular docking indicated P53 as potential targets of clofoctol. (A) GSVA_score heatmap of pathways
identified in TMZ+Clofoctol vs TMZ by gene set variation analysis (GSVA). (B) The PPI network of DEG. (C) Molecular docking of Clo and P53. (D)
Clo promoted resistance of P53 to different temperature gradients in senescent glioma cells, which was detected by CETSA. (E) Western blot
showed the stronger protection of Clo for Flag-P53-wt than Flag-P53-A288 under different temperature gradients, which was detected by CETSA.
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Figure 5. Clofoctol induces senescent glioma cells death by binding P53. (A) Cellular senescence in Clo-treated senescent glioma cells and
Clo-treated P53 knockdown senescent glioma cells was measured by flow cytometry via senescence probe staining. (B) Western blot analysis of
P53, GPX4 protein in Clo-treated senescent glioma cell and Clo-treated P53 knockdown senescent glioma cells. (C) Apoptosis cell in Clo-treated
senescent glioma cells and Clo-treated P53 knockdown senescent glioma cells which was analysis by flowcytometry. The data are presented as
the means + SDs. *P < .05, ***P < .001, ****P < .0001 by one-way ANOVA with Tukey’s multiple comparison test. (D) Western blot analysis of P53
protein in P53 knockdown LN229 transfected with lentivirus (LN229-shP53). (E, F) Dose-response curves for Clofoctol in senescent LN229-shNC
and senescent LN229-shP53.
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Figure 6. The combination of TMZ and clofoctol inhibited the growth of glioma in vivo. (A) The presentive MRI images and tumor growth rate of
four groups. (B-E) Representative staining images of Ki67 (B), Cleaved-Caspase3 (C), P21 (D) and P53 (E) in the PDX-derived tumors treated with
TMZ or TMZ combined with Clofoctol. Positive cells were quantitated and presented as a bar graph. *P<.05, **P< .01, ***P<.001 and ****P<.0001
by one-way ANOVA with Tukey’s multiple comparison test. (F) the survival curves of Mice in four groups. The Mantel-Cox log-rank test was used
for analysis, **P< .01 and ****P<.0001. (G) Proportion of senescent cells in tumors and the data are presented as means + SDs. *P< .05, **P< .01
by one-way ANOVA with Tukey's multiple comparison test. (H) The senescent glioma cells induced by TMZ/DOX showed increased SASPs, P21,
and P53 expression accompanied with SA-B-gal activity. Senescent cells could be caught by Clo through P53 and induced cell death via apoptosis
and ferroptosis. Figure created by BioRender.com.
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Numerous researches suggest that P53 mutation regulate
malignant phenotypes by: (1) loss of function, (2) dominant
negative effect and (3) gain of function. ~30% of samples
from human primary GBMs harborTP53 mutations, and in
TMZ-resistant GBM cell lines, p53 gene mutations were
found.“® To determine whether the clinically relevant P53
mutations affect the function of Clo in senescent glioma
cells, we employed molecular docking to evaluate the bind-
ing ability of Clo with three common hotspot p53 mutants
in GBM: R175H, R248Q, and R273C. These mutations have
a high incidence in GBM and have been confirmed to
exhibit gain-of-function characteristics. In our study, the
molecular docking analysis predicted Clo maintained bind-
ing capability with P53-R175H, P53-R248Q, and P53-R273C.
Consistent with the predictions, Clo exhibited comparable
preferential killing ability in senescent U87MG overex-
pressed P53-R273C and P53-WT, while P53-R248Q and
P53-R175H likely hindered the biological function of Clo.
These findings suggest that the therapeutic efficacy of Clo
may extend to glioma patients with some clinically relevant
P53 mutations. However, the mainly functional Clo target
was still P53-WT. For mutant P53, further mechanistic stud-
ies using defined mutant model and clinical investigation
are warranted.

The targets of Clo have been identified are multifarious
in different situations. Clo binds Cdc7/Dbf4 protein complex
in OEC-M1 oral cancer cells to arise UPR.”™ In GBM, UNR
has been identified as the target of Clo and the B7 (a Clo
derivatives with scaffold-oriented molecular optimization)
binds CD155 to activate NK cell-mediated immunity.*4” We
have demonstrated P53, a crucial protein regulating tumor
process, was the Clo target in senescent glioma cell. In
summary, Clo impedes GBM with multiple targets in many
aspects, including targeting GSCs, modulating antitumor
immunity and senescent cell. However, the direct
p53-dependent mechanism of Clo prior to cell death
remains unclear, warranting further investigation in vivo.
Of note, human brain exposure of Clo has not been directly
assessed, representing a limitation for clinical translation.
Comprehensive preclinical pharmacokinetic and extended
toxicology studies of Clo are therefore essential.

Supplementary Material

Supplementary material is available online at Neuro-Oncology
Advances (https://academic.oup.com/noa).
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