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Abstract

Background Temozolomide (TMZ) resistance in glioblastoma (GBM) remains a critical barrier to treatment success,
driven by O6—methy|guanine—DNA methyltransferase (MGMT) overexpression, glioma stem cell (GSC) persistence,
and redox adaptation.

Methods We developed cp8, a first-in-class abiraterone-based histone deacetylase (HDAC) inhibitor, to simultane-
ously target these resistance mechanisms. The orthotopic mouse models were used to evaluate the efficacy of cp8
compared to SAHA (vorinostat). The mouse survival period was recorded, and the tumor growth was monitored using
the IVIS imaging system.

Results Cp8 demonstrated approximately tenfold greater potency than SAHA, with ICs values <3 uM against TMZ-resistant
GBM cells (compared with >30 uM for SAHA). Transcriptomic analysis revealed a unigue ability of cp8 to upregulate filag-

grin (FLG), a structural protein whose expression correlated with improved patient survival in TCGA and CGGA datasets
(p=0.001). Functional studies showed that FLG knockdown increased GSC-associated markers (Oct4, 2.1-fold; SOX2, 1.8-fold)
and enhanced TMZ resistance, whereas cp8 treatment reduced MGMT protein expression by 68% and significantly decreased
glioma sphere size by 54% (p<0.01). In orthotopic models, cp8 extended median survival to 59 days compared with 34 days
for controls (p<0.001) and 49 days for SAHA (p<0.01), while reducing tumor volume by 72% (p < 0.001) without systemic
toxicity. Mechanistically, dual inhibition of HDACE and CYP17A1 by cp8 disrupted redox homeostasis and stemness-associ-
ated pathways, leading to altered ROS metabolism, reduced MGMT expression, and attenuation of GSC-driven tumor growth
while restoring FLG-mediated tumor suppression.

Conclusion This study establishes FLG as a novel therapeutic target in GBM and validates the suppressive efficacy
of cp8 on the characteristics of TMZ resistance, highlighting the translational potential as a multitargeted therapy
against TMZ-resistant GBM.
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Introduction

Despite revolutionary advancements in cancer treat-
ment, drug resistance remains a significant obstacle,
enabling tumors to evade therapy and continue grow-
ing. This challenge is especially evident in glioblas-
toma (GBM), an aggressive and lethal primary brain
cancer, where resistance to standard treatments like
temozolomide (TMZ) and targeted therapies severely
limits patient outcomes [1, 2]. Unfortunately, more
than 50% of GBM patients exhibit poor prognosis due
to acquiring resistance to TMZ [3, 4]. Expression of
O° methylguanine-DNA methyltransferase (MGMT),
removing TMZ-induced alkylation from nucleotides,
is strongly implicated as the primary mechanism driv-
ing TMZ resistance in GBM [5, 6]. In addition, TMZ
resistance in GBM is not solely due to MGMT but also
involves the glioma stem cell (GSC) enrichment, dis-
rupted reactive oxygen species accumulation, hyperac-
tive DNA repair, increased drug efflux, and enhanced
cell survival mechanisms [3, 7-10].

Filaggrin (FLG) is a key structural protein that is
mainly found in the epidermis and is essential for
healthy skin hydration and barrier [11, 12]. By aggre-
gating keratin filaments, it creates a stronger epider-
mal barrier that protects against environmental factors,
pathogens, and dehydration [12]. Mutations or defi-
ciencies in the FLG gene have been associated with
various dermatological disorders, leading to weakened
skin barriers and increased susceptibility to allergens
and infections [12, 13]. Recent studies have indicated
the pivotal involvement of FLG mutations in cancer
biology and clinical outcomes, including skin cancer
[14], bladder urothelial carcinoma [15], cervical cancer
[16], and human papillomavirus-related cancer [17].
However, the significance of FLG in GBM is still under
investigation, and current research lacks evidence of its
influence on GBM development.

Glioma stem cells (GSCs) are a subset of GBM tumor
cells that play a pivotal role in therapy resistance and
tumor recurrence [18]. The self-renewal and adapt-
ability to harsh conditions allow these cells to survive
chemotherapy and restore the tumor [19, 20]. Their
ability to escape apoptosis, sustain MGMT expres-
sion, and alter the tumor microenvironment makes
them key drivers of tumorigenic initiation, progres-
sion, TMZ resistance, and GBM recurrence [21]. Sev-
eral GSC markers, including Oct4, SOX-2, Bmi-1, and
CD133, contribute to TMZ resistance by promoting
stemness, DNA repair, and therapy evasion. Stud-
ies have indicated that radiotherapy and chemother-
apy are less effective against cancer stem cells than
against other tumor cells [22, 23], and TMZ treatment
may increase the number of GSCs [24, 25], potentially
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resulting in worse patient outcomes. Moreover, reac-
tive oxygen species (ROS) and redox homeostasis serve
crucial roles in mediating therapeutic resistance in
TMZ-resistant GBM. Strategies that disrupt redox bal-
ance have demonstrated potential in overcoming this
resistance. The discoveries emphasize the pressing need
for novel therapeutic strategies targeting MGMT, ROS
expression, and GSC survival simultaneously.

Our prior findings suggested a critical involvement
for CYP17A1 in GBM progression [26]. Abiraterone, a
CYP17A1 inhibitor, demonstrated promise in suppress-
ing GBM by targeting both tumor survival mechanisms
and the immune microenvironment. This compound
was able to inhibit the survival of GBM cells by disrupt-
ing SAR1-mediated endoplasmic reticulum function and
redox balance, leading to cellular stress and apoptosis in
GBM cells [27]. In parallel, histone deacetylase (HDAC)
inhibitors represent one of the most intensively investi-
gated areas in antitumor scaffold development due to
their capacity to induce the acetylation of histone and
nonhistone proteins, thereby modulating gene expression
and influencing various cellular pathways critical to can-
cer progression. By inhibiting HDAC6, induction of DNA
damage and oxidative stress can sensitize GBM cells to
TMZ, leading to significant GBM cell survival reduction
[28].

Building on these findings, this study aims to syner-
gize the antitumor properties of abiraterone with the
epigenetic modulation capabilities of HDAC inhibitors
to develop novel hybrid chemical architectures with
enhanced therapeutic potential against GBM, especially
to overcome TMZ resistance by attenuating GSC enrich-
ment and MGMT expression and malfunctioning ROS.
This innovative design strategy integrates the antiprolif-
erative effects of abiraterone with the epigenetic regu-
latory mechanisms of HDAC inhibition, synthesizing
a dual-action therapeutic approach for TMZ-resistant
GBM. More importantly, our research will target FLG to
explore the potential of our novel abiraterone derivatives
in regulating FLG for the discovery and development of
future anti-GBM therapies.

Methods

Cell line and cell culture

Both human and mouse glioma cell lines were included
to assess cross-species conservation of compound effi-
cacy; however, key comparative analyses were performed
within species-matched pairs. Glioma cells, T98G, A172,
UB7MG, U87MG-luc, and CT-2A, were purchased from
American Type Culture Collection (Manassas, VA,
USA). Pt#3 (patient-derived GBM cell) and P1S (patient-
derived TMZ-resistant cell) were generated as previously
described [29-31]. In addition, a detailed description of
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the derivation source, selection steps, TMZ exposure and
MGMT status, and mycoplasma testing of Pt#3, Pt#3-R,
and P1S cells is shown in Table S1, Fig. S1, and Fig. S12.
Cells were cultivated in complete Dulbecco’s Modifica-
tion of Eagle’s Medium 1X (DMEM) (Corning, Mediat-
ech, Inc., VA, USA), supplemented with 10% (v/v) fetal
bovine serum and 100 pg/mL penicillin/streptomycin,
and incubated at 37 °C and 5% CO,. Pt#3-R, CT-2A-R,
and P1S were established and cultured in complete
DMEM with 50 uM of TMZ (MilliporeSigma Corporate,
St. Louis, MO, USA) or 100 uM of TMZ (U87MG-R).
Mycoplasma contamination was monitored every two
months (provided in Method S1).

Stem-like cell culture
DMEM/F12 (1:1, v/v) containing recombinant human
FGF-basic and recombinant human EGF (both at 20 ng/
mL), and N2 supplement was used as the sphere cul-
ture medium. All components were purchased from Life
Technologies Corporation, NY 14072, USA.

3x10° GBM cells were seeded into 6-cm dishes coated
with poly(2-hydroxyethyl methacrylate) (Santa Cruz
Biotechnology, Inc.) and incubated at 37 °C with 5%
CO,. Fresh medium was added every 2 days. Once the
spheres reached a certain volume, they were resuspended
in a new medium. After 24 h of reseeding, spheres were
treated with the potential compound for 72 h and har-
vested for western blotting and immunofluorescence
staining.

The morphology of the spheres was photographed
daily, and their size was quantified using Image] software
(National Institutes of Health).

HDAC6 knockout

HDAC6 knockout U87MG cells were generated and
provided by Biotools Co., Ltd (New Taipei City, Taiwan)
using the CRISPR-Cas9 approach [28].

Filaggrin (FLG) knockdown and overexpression

FLG small interfering RNA (siRNA) was purchased from
Dharmacon Inc. (Lafayette, CO, USA). T98G was trans-
fected with non-target siRNA (Eurogentec, Liege, Bel-
gium) and FLG siRNA using Lipofectamine® RNAIMAX
reagent (Invitrogen, Thermo Fisher Scientific) for 72 h,
then treated with the potential compound at the indi-
cated concentrations.

FLG overexpression was initially performed through
the CRISPR-Cas9 method to insert the FLG promoter
sequence into plasmid #99,698 (pAAV-SCP1-dSa VPR
mini.-2X snRP-1 Bsal gRNA), a kind gift from Prof. Chih-
Hao Yang (Taipei Medical University), based on the prior
protocol [32]. FLG-carrying plasmid cloning was con-
ducted as in the previous procedure [33]. FLG-ligated
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plasmids were transfected into T98G cells using PolyJet""
reagent (SignaGen® Laboratories).

qPCR and western blotting were used to validate the
FLG knockdown and overexpression efficiency.

Cell viability assay

Two thousand cells were seeded into each well of 96-well
plates and treated with abiraterone-derived compounds
for 72 h. The mixture of cell counting kit-8 (CCKS8) rea-
gent (TargetMOI, MA, USA) and DMEM (1:10) was pre-
pared and added to each well for 60 min. The absorbance
was measured using an iMark Microplate Reader (BIO-
RAD) at 450 nm.

MTT assay

Cells were seeded onto 24-well culture plates at a density
of 5x10* cells/well. After incubating for 24 h, cells were
exposed to various doses of the indicated compound. Fol-
lowing a 72-h period, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) reagent (0.5 mg/mL,
Sigma Aldrich) in fresh DMEM was added and incu-
bated for 50 min at 37 °C. The MTT medium was then
removed, and the formazan crystals were dissolved in
300 pL of DMSO. The absorbance of the DMSO extracts
was read at 570 nm with an iMark Microplate Reader
(BIO-RAD).

Caspase-3/7 detection

The culture medium was collected after treatment. An
equal volume of caspase-3/7 reagent from the assay
kit (Promega, WI, USA) was added to each well of the
96-well plate containing the culture medium. The plate
was incubated at room temperature (RT) for 30 min in
the dark. The Caspase-Glo® 3/7 program was used to
measure the luminescence signals.

RNA sequencing analysis

Pt#3-R and siFLG Pt#3 cells were treated with the indi-
cated compounds for 72 h. After adding QIAzol lysis rea-
gent (QIAGEN), samples were subjected to Biotools for
RNA sequencing. Ingenuity Pathway Analysis (IPA; QIA-
GEN, Redwood City, CA, USA; 2020—2025 releases) was
used for pathway and upstream regulator analyses.

Colony formation assay

One thousand Pt#3 cells were seeded into each well of
6-well plates. After 24 h, cells were treated with the indi-
cated drugs at various concentrations, with treatments
repeated every 3 days during the media change with
fresh DMEM. On day 14, cell colonies were stained with
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0.05% crystal violet overnight, then rinsed with water and
imaged using a scanner (EPSON perfection V600 Photo).
The number of colonies was quantitatively analyzed using
Image].

Apoptosis analysis

After 72 h of treatment, cells were stained with an
Annexin V/ FITC Apoptosis Detection kit (Thermo
Fisher Scientific) for 20 min at RT in the dark. The
stained cells were detected by flow cytometric analysis
and Guava software (MilliporeSigma Corporate).

MitoSOX and CellROX assays
MitoSOX™ Red mitochondrial superoxide indica-
tor (Thermo Fisher Scientific) was used to label mito-
chondrial ROS. Live cell imaging was conducted using
ImageXpress® Pico Automated Cell Imaging System
(Molecular Devices, San Jose, CA, USA).

Cellular ROS detection by flow cytometry employed
a CellROX assay with Dihydrorhodamine 123 (Thermo
Fisher Scientific) labelling.

qPCR
Total cell RNA extraction and purification were car-
ried out using an RNA extraction kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s proto-
col. RNA concentration and quality measurements were
obtained using a NanoDrop 2000 Spectrophotometer
(Thermo Scientific). cDNA was synthesized using Prime-
Script" RT Reagent kit (TaKaRa Bio Inc., Japan). mRNA
transcripts were quantified by polymerase chain reaction
(qPCR) assay using SYBR Green reagent (Promega, W1,
USA) and CFX Duet Real-Time PCR System (BIO-RAD).
GAPDH served as an internal control for the normaliza-
tion of gene expression. The primer sequences are pro-
vided in Table S2.

Western blotting

Detailed procedure for sample preparation and western
blotting was performed as previously reported [26, 28,
34]. After treatment for the indicated time, cells were
harvested, lysed in RIPA lysis buffer (Millipore Corp.,
Burlington, MA, USA), and centrifuged at 12,000 rpm for
15 min at 4 °C. The supernatant was collected, and pro-
tein concentration was determined using a BCA assay.
Proteins were separated via SDS-PAGE, transferred to
PVDF membranes, and blocked with a blocking buffer
(Genestar Biotechnology Co. Ltd) for 10 min. Membranes
were incubated overnight at 4 °C with primary antibod-
ies (provided in Table S3), followed by HRP-conjugated
secondary antibodies for 1 h at RT. Protein detection
was performed using an enhanced chemiluminescence
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kit (MilliporeSigma Corporate) and visualized with the
ChemiDoc" Touch Imaging System (BIO-RAD).

Western blot images were quantified using Image].
Images were converted to grayscale, and integrated den-
sity was measured for each band using a fixed-size rec-
tangular region of interest (ROI); background signal
was measured using the same ROI placed in an adjacent
blank area and subtracted from each band. Quantified
data were plotted using GraphPad Prism, and statistical
significance was evaluated by one-way ANOVA, with
p<0.05 considered statistically significant.

Immunofluorescence staining (IF)

After treatment, GBM stem-like cells were fixed with 4%
paraformaldehyde for 20 min, then rinsed with phos-
phate-buffered saline (PBS), followed by permeabiliza-
tion with 0.3% Triton X-100 in 2% milk. After blocking
with 10% goat serum in PBS for 1 h at RT, cells were
incubated with the primary antibody, anti-Oct4 (1:100
dilution, GeneTex, GTX100622) or anti-SOX-2 (1:100
dilution, GeneTex, GTX101507), at 4 °C overnight. On
the next day, stem-like cells were washed with water
and then treated with anti-mouse IgG Alexa Fluor" 488
donkey (1:100 dilution, Invitrogen, Eugene, US) or anti-
rabbit IgG Alexa Fluor" 594 donkey (1:100 dilution, Inv-
itrogen, Eugene, US) for 1 h at RT, followed by Hoechst
33342 (1:20,000 dilution, Thermo Fisher Scientific) nuclei
staining for 10 min at RT. Finally, slides were mounted
with ProLong" Glass Antifade Mountant with NucBlue "
Stain (#P36981, Thermo Fisher Scientific), and fluores-
cent images were captured using the PICO system.

Immunohistochemical staining (IHC)

Tissue arrays of GBM patients were purchased from US
Biomax Inc. (Derwood, MD, USA). Anti-Oct4 (1:100
dilution, GeneTex, GTX100622), anti-SOX-2 (1:100
dilution, GeneTex, GTX101507), and anti-FLG (1:200
dilution, Antibodies, A307872) were utilized for ITHC
analysis. Briefly, patient specimens and mouse brain tis-
sue samples from in vivo experiments were consecu-
tively cut with a thickness of 5 pm and subjected to IHC
staining. Section deparaffinization was subsequently
performed using xylene and rehydrated in graded alco-
hols (100%, 95%, 80%, 70%, and 50%). Sample antigen
retrieval was performed in a pH 6.8 citrate buffer at 95 °C
for 30 min. Endogenous peroxidase activity was blocked
with 0.3% hydrogen peroxide in methanol for 10 min.
Sections were then rinsed with PBS and incubated with
primary antibodies at 4 °C overnight, followed by a one-
hour incubation in secondary HRP-conjugated antibod-
ies at RT. Hematoxylin counterstaining was used for cell
nuclei visualization, and DAB (Agilent Technologies, Sin-
gapore) served as a substrate. Tissue slides were finally
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photographed and quantified with the PICO system. The
H-score was analyzed by two experienced pathologists.

TUNEL staining

TUNEL staining was performed on paraffin-embedded
sections using a commercial kit (Abcam) with Protein-
ase K treatment and DAB detection, followed by methyl
green counterstaining. The detailed procedure was pro-
vided in Method S2.

Animal experiments

Animal experiments were approved by the Institutional
Animal Care and Use Committee of Taipei Medical Uni-
versity (LAC-2023-0022, LAC-2023-0047, LAC2025-
0232, SHLAC2023-0081, and SHLAC2023-0096). Male
C57BL/6  (IMSR_JAX:000664), NOD.CBI17-Prkdc*/
NCrCrl mice, and Sprague—Dawley rats were purchased
from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan) and
randomly divided into groups.

In vivo model to assess the tolerability and toxicity

C57BL/6 mice were randomly divided into 6 groups and
intraperitoneally (i.p.) administered dimethyl sulfox-
ide (DMSO) (control group) or the potential compound
(treatment groups) with increasing doses three times per
week. Mice were closely monitored for any abnormalities
such as behavior, daily activity, eating, drinking, fur, fecal
and urinary excretion. Afterwards, mice were sacrificed,
and blood samples were collected for biochemical analy-
sis. The life expectancy of mice was recorded, the mice
body weight was observed during the experiment, and
the mice blood was collected for biochemical testing.

Allograft glioma model

CT-2A cells (5x10* in 4 pL of DMEM per mouse) were
orthotopically injected into the brains of C57BL/6 mice
at a depth of 3 mm. Starting on day 11, mice were i.p.
exposed to DMSO or the potential compound two times
a week.

Xenograft GBM models

Luciferase-expressed US7MG cells (3x10° in 4 uL of
DMEM per mouse) were implanted into NOD.CB17-Prk-
dc*““/NCrCrl mice brains at 3 mm deep. After 10 days,
twice-weekly i.p. injections were performed to adminis-
ter either the potential compound or SAHA to the exper-
imental mice.

Pt#3-R cells (2x10° in 4 pL of DMEM per mouse)
were injected into NOD.CBI17-Prkdc*®/NCrCrl mice
brains at 3 mm deep. Subsequently, from day 9 onward,
twice-weekly i.p. injections were performed to deliver the
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potential compound and/or TMZ or DMSO to the exper-
imental mice.

Xenograft orthotopic patient-derived GSC model

Pt#3 stem-like cells were cultured as described above.
15-day Pt#3 spheroids were harvested for the experi-
ment. 10° stem-like cells were inoculated into NOD.
CB17-Prkdc*™®/NCrCrl mouse brains. Commencing on
day 9, mice were treated i.p. with either DMSO or the
potential compound twice weekly.

The mice survival periods were recorded, the tumor
growth was monitored using the IVIS imaging system,
and the mice body weight was taken note during the
experiment. Blood was taken from the mice for biochem-
istry tests, and the mouse brain, liver, and kidney tissues
were subjected to hematoxylin and eosin (H&E) and IHC
staining after being sacrificed.

In vivo pharmacokinetic study

The dosing solution was prepared by dissolving cp8 in a
vehicle consisting of DM A, PEG400, and Tween 80 (3:6:1,
v/v/v). Male Sprague—Dawley rats (7 weeks old) were
administered a single dose of 2 mg/kg cp8 via a jugular
vein cannula.

Following administration, plasma and brain samples
were harvested at 5, 15, and 30 min, and at 1, 2, and 4 h
post-dose (n=4 per time point). To eliminate residual
blood from the cerebral vasculature, animals were tran-
scardially perfused with PBS prior to brain excision.

Plasma was isolated by centrifugation at 5,000 rpm for
10 min at 4°C and stored at -80 °C until analysis. For sam-
ple extraction, 50 pL of thawed plasma was spiked with
finasteride (internal standard) and then mixed with 200
uL of methyl tert-butyl ether (MTBE). The mixture was
vortexed for 1 min, sonicated for 5 min, and centrifuged
at 12,000 rpm for 10 min at 4°C. The resulting superna-
tant was collected for UPLC-MS/MS analysis. For brain
tissues, samples were homogenized in four volumes of
PBS (w/v) using a probe-type homogenizer. After cen-
trifugation at 8,000 rpm for 10 min, 100 pL of the super-
natant was extracted with 400 pL of MTBE following the
same procedure described for plasma.

Quantitative analysis was performed using a Waters
Xevo TQ-XS triple quadrupole mass spectrometer cou-
pled with a UPLC system. The analytes were detected in
positive electrospray ionization (ESI+) mode using mul-
tiple reaction monitoring. The specific mass transition
monitored for cp8 was m/z 524.35— 332.23. Optimized
mass spectrometric parameters included a collision
energy of 28 eV and a cone voltage of 40 V. The desolva-
tion temperature was maintained at 350 °C, with desol-
vation and collision gas flows set at 650 L/h and 25 L/h,
respectively. All bioanalytical data were processed, and
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non-compartmental pharmacokinetic parameters were
subsequently calculated using Phoenix WinNonlin soft-
ware (Version 8.x, Certara, Princeton, NJ, USA).

Statistics

Data are presented as mean + standard error of the mean
(SEM) from three independent experiments. Two-group
comparisons used an unpaired Student t-test, while one-
way ANOVA was used for comparisons of more than two
groups in GraphPad Prism 10.0.2 (GraphPad Software
Inc.). The log-rank test was applied to compare survival
analyses. P<0.05 was considered a statistically significant
difference.

Results

Chemical synthesis and the determination of the most
potent abiraterone-derived compound to inhibit GBM cell
growth

To generate the potential abiraterone derivatives, we used
an HDAC inhibitory framework in which abiraterone
was used as a surface recogintion part (SRP) unit (Fig. 1,
Scheme S1-S4). We demonstrated that compounds
incorporating sulfonyl, benzyl acrylamide, or benzyl link-
ers within their structural architecture, particularly those
exhibiting an alpha—beta configuration at the 3-position
of abiraterone, displayed pronounced inhibitory activity,
reducing cell viability to below 50%. The data from the
cell viability assay on Pt#3-R, a TMZ-resistant GBM cell
line, indicated that the most powerful Pt#3-R cell growth
inhibition at 20 uM was observed in compound 8 (cp8),
characterized by an N-benzyl acrylamide linker and a
B configuration at the 3-position, with cell viability of
12.8% (Fig. 2A). The remaining compounds, with linkers
including an N-benzyl acrylamide linker with an inverted
configuration (compound cpl), an N-sulfonyl linker with
both identical and inverted configurations (compounds
cp2, cp9, and cpl0), an N-benzoyl linker (compound
cp4), a benzamide linker (compounds cp5 and cp6), an
N-benzyl linker with a p configuration (compound cp7),
or an N-benzyl linker but with an « configuration at the
3-position (compound cp3), showed a lower ability to
inhibit GBM cell growth than cp8 (Fig. 2A). This under-
scores the significance of the [ configuration for the
potent anti-GBM efficacy of cp8.

To broaden the applicability of our findings, we have
added more glioma cell lines to the experiments. For
the drug screening, we tested our compound series on
CT-2A, U87MG, and P1S cell lines in addition to the
previously used model. The results from these models
were consistent with our original finding, confirming
the reproducibility of our observation (data are pro-
vided in Table S4).
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Furthermore, IC50 values of cp8 against multiple
human and murine wild-type and TMZ-resistant GBM
cells were examined and compared with those of abi-
raterone and TMZ. Species-matched pairs U87MG/
U87MG-R, Pt#3/Pt#3-R, CT-2A/CT-2A-R) were used
for primary comparative analyses, while additional
resistant lines such as T98G and P1S were included
to assess reproducibility and cross-species generaliz-
ability. Cp8 stood out due to its prominent GBM cell
growth inhibitory activity, with IC50 values of less
than or equal to 3 uM observed in TMZ-resistant cells,
including MGMT-positive GBM cells (T98G and P1S)
(Table 1 and Fig. S2). These results demonstrated that
cp8 has a pronounced cytotoxicity on GBM cell growth
and shows the potential to suppress GBM.

Parallelly, the HDAC-inhibitory activity of cp8 was
also validated. As shown in Fig. 2B, the percentage of
alive HDAC6-knocked out U87MG after 72-h treat-
ment with cp8 at 4 uM was significantly high, approach-
ing 75%, whereas the cell viability of U87MG was nearly
10%, indicating that HDACS6 is involved in the path-
way of cp8-mediated GBM suppression. Additionally,
a substantial rise of histone H3 and H4 acetylation
was detected when CT-2A and Pt#3 cells were treated
with cp8 for 24 h (Fig. 2C and Fig. S3). The expression
of histone H3 and histone H4 remained unchanged,
whereas there were remarkable increases in the levels
of acetylated histone H3 (Ac-histone H3) and acety-
lated histone H4 (Ac-histone H4). Also, the expression
of H3K18Ac, H3K23Ac, H3K27Ac, H4K5Ac, H4K12Ac,
and H4K20Ac, was significantly upregulated by cp8
over time (Fig. S3).

In the colony formation assay, SAHA, a well-known
HDAC inhibitor, was utilized as the reference drug. The
number of colonies was inversely proportional to the
concentrations of cp8, dropping to 6 colonies at 0.8 uM
from 660 colonies of the control group, whereas at the
same doses, SAHA showed a weaker potency in inhibit-
ing colony formation than cp8 (Fig. 2D, E). These find-
ings indicated that cp8 is capable of suppressing GBM
cell proliferation, and its effect outstands that of SAHA.
Besides, treatment with cp8 induced GBM cell death
through the apoptosis pathway, as evidenced by a signifi-
cant increase in active caspase 3 level (Fig. 2F) and the
population of apoptotic GBM cells (Fig. 2G, H) in a dose-
dependent manner. Particularly, cp8 showed a stronger
apoptosis-inducing effect on CT-2A cells than abirater-
one at the same dose of 3 pM. Taken together, cp8 effec-
tively inhibited GBM cell growth and proliferation and
triggered apoptosis in a dose-related manner. The find-
ings implied it may be a promising treatment option for
GBM.
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Compound 8 strengthens the FLG gene, leading

to the attenuation of GBM

To achieve a better understanding underlying cp8-medi-
ated GBM repression, RNA-seq on Pt#3-R was con-
ducted to identify the cp8-regulated genes. Data analysis
from the volcano plot indicated that cp8 significantly
altered gene expression, with forty genes upregulated
and three genes downregulated compared to the con-
trol group (Fig. 3A). Specifically, cp8 induced significant
changes in various biological pathways, affecting both
immune response and cellular metabolism (Fig. 3B). The
upregulation of immune-related pathways and down-
regulation of cholesterol biosynthesis highlight potential
therapeutic mechanisms or side effects of the compound.
As shown in Fig. 3C, the heatmap showed a noticeable
downregulation of FLG expression under the treatment
condition with cp8 compared to the control. The signifi-
cance of survival difference based on gene expression
was also verified by The Cancer Genome Atlas (TCGA)
and Chinese Glioma Genome Atlas (CGGA) database, in
which higher expression of FLG was correlated with bet-
ter survival outcomes (Fig. 3D, Fig. S4).

Among the genes that exhibited expression changes
similar to the FLG gene in the RNA-seq analysis, the con-
sistency between qPCR results and RNA-seq data and
the clinical relevance of mRNA expression and patient
survival from TCGA and CGGA datasets were further
explored (Fig. S5). As a result, FLG was prioritized based
on its consistent regulation across datasets, biological
relevance to GBM-associated pathways, and its novelty
in the context of GBM. Given the limited existing knowl-
edge regarding the functional role of FLG in GBM, we
focused subsequent analyses on the FLG gene to provide
novel mechanistic insight, while clearly acknowledging
the relevance of previously characterized cancer-associ-
ated genes.

To gain deeper insights into the role of FLG in GBM
as well as the relationship between FLG-mediated GBM
and the impact of cp8 on this gene, FLG expression in
GBM from different datasets was analyzed, in which the
proportion of mutated FLG was enhanced in GBM, rang-
ing from 8 to 14% (Fig. 3E). Findings from IHC staining
on GBM patient-derived specimens from tissue arrays

(See figure on next page.)
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demonstrated a remarkable reduction of FLG expres-
sion in patient GBM tumors compared to non-tumor
samples (Fig. 3F, G). Besides, IHC staining results from
experimental mouse GBM tumours also showed that
FLG expression was significantly lower than in normal
tissue (Fig. 3H), and immunoblotting finding obviously
showed a downregulation in FLG expression in CT-2A
and GL261, two mouse glioma cell lines, compared to
mouse primary astrocytes (Fig. 3I). Validation of gene
expression after treatment with cp8 showed consistent
findings when FLG mRNA and protein expression were
notably upregulated in cp8-treated GBM cells compared
to untreated cells, whereas this was not observed when
using SAHA, a pan-HDAC inhibitor, to treat GBM cells
(Fig. 3], Fig. S6). This indicates that FLG expression-
enhancing activity might be specific to cp8, potentially
leading to suppressed GBM cell growth and proliferation.
Furthermore, after confirming the knockdown of FLG
in GBM cells via siRNA transfection by qPCR and immu-
noblotting (Fig. 4A, B), to ensure accurate interpretation,
we continued to perform downstream analyses primarily
in T98G and Pt#3. We demonstrated that siFLG T98G
cells without treatment exhibited the highest survival
rate, along with the lowest levels of activated caspase 3
after 96 h. In contrast, in the presence of both normal
FLG and 1 uM of cp8, the T98G cell count was substan-
tially reduced, as illustrated by the lowest cell viability
and the highest level of active caspase 3 (Fig. 4C, D).
Additionally, after knocking down FLG on GBM cells,
RNA-seq was further analyzed. IPA pathway analysis
reveals significant alterations in inflammatory and innate
immune-related signaling, including IL-10 signaling,
TLR/NOD pathways, and interferon- and cytokine-asso-
ciated responses, indicating broad immune and stress
response activation (Fig. 4E) [35-38]. In addition, disease
and function shows enrichment of cancer-related catego-
ries, particularly glioblastoma and glioma, suggesting that
loss of FLG gene may influence transcriptional programs
linked to glioblastoma- and glioma-associated pathways
and cellular dysregulation (Fig. 4F). These results imply
that FLG depletion interferes with immune regulation
and pathways involved in cancer development or cellu-
lar stress. Specifically, the factors shown in the graphical

Fig. 2 Drug screening and GBM cell proliferation inhibitory effect of cp8. A Cell growth inhibitory activity of the synthetic compounds

on TMZ-resistant GBM cell, Pt#3-R at 20 uM. B Cell viability of wild-type U87MG and HDAC6-knockout U87MG when the cells were treated with cp8
at 4 uM for 72 h. C HDAC-inhibitory activity of cp8 on histone H3 and H4 acetylation, respectively. D, E The cell proliferative inhibitory ability of cp8
on Pt#3 cells at multiple doses was evaluated utilizing the colony formation assay compared to SAHA, and the number of colonies in each group,
respectively. F Active caspase 3 levels were determined when GBM cells were treated with SAHA for 72 h. G, H Cp8-treated GBM cell population,
including apoptotic cells, was detected and compared to abi-treated groups by Annexin V/PI staining, followed by flow cytometry analysis.

Mean £ S.EM of triplicate experiments. *, P <0.05; **, P <0.01; ***, P <0.001; **** P <0.0001



Tran et al. Journal of Biomedical Science (2026) 33:38 Page 9 of 22

A Treat Pt#3-R with compounds at 20 uM B Cp8 at 4.0 uM for 72 hrs D
for 72 hrs (CCKS8 60 min) [——
100 HDAC6 KO USTMG
150 o
~ 80 s
= S
< E 6
= =
K| £ 40
= 50 3
© C 2
128
0 0
Q\@“ S & &S cﬁ“‘ cﬁ“ cﬂ'\ & & Qq@
o
C Cp81uM Cp83 uM
CT-2A Pt#3

el
Histone H3 | = wmm s s wme oo | | o s s s s am
Ac-Histone H3 | s oo smm— o e e o - - E "
8 - oM
H3K18Ac ————— | —— B 02uM
5 oo =3 05uM
g 1 08uM
H3K2TAC | o s o s g e — D 2 w0
g
§ 200
B-Actin | e e o o o o | S
0
cp8 SAHA
Histone H4 -——.—‘ ‘—-—.-‘
F Treat Pt#3 with Cp8 for 72 hrs Treat Pt#3-R with Cp8 for 72 hrs
. -— -_—
Ac-Histone Hé - — 150001 25000
g g T 20000
H4K5Ac L — T ———— 7 100001 % 3
2 H 15000~
: g
8 |
H4K12Ac — — — T — — S s H 10000
: g ol
B-ACtn | s ——— | ——— — T T T T . T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Cp8 conc. (uM) Cp8 cone. (M)
G. CT-2A cell
. . . : Abiraterone for 72 hrs Abiraterone for 72 h
DMSO Abi 1 pM Abi 3 pM Abi 5 uM Abi 10 pM » P M'" roue for 72 s
P S ETEEE T = v S —_— g 5 Luc popions
To.53% 53% | "}0.25% 441% “[1.02% 377T% 921% “lo.a1% 10.65% Z s bl E bd
B o k| —_— g 10
| £ L. g
2 £l 55 £ o ) g
& g s
B C "el \* o g X 3 s 3
c g 3
3 * ‘ £ 2 o
| | RS
R T oam rosu o osen 021 o S &S
AW w0 W W o i A w0 o e w E I A A o i bt A F &N
5-1og) Green'8 Fsorescence (GR-8-1og) L
DMSO Cp8 0.5 pM Cp81puM Cp8 for 72 hrs Cp8 for T2 hrs
D —— 5 PP, G o FOLAT B 30
“lo.32% 430% “l0.37% 1022% “lo.77% 1n73% — _ W Early apoptosis
| _ - g 3 Latcapoptosis
4| 5 s - 5
< [ 3
3 3 g G E i
: 3 £
»f 1 i b = ?E g
| g E‘ 10
o : i i
PR S 80.17% 024% 298% v, i
PR B S, w0 o o © i s & 88 N s s s
R & & R & A K
& & & L@ ¥ o)
H. Pt#3 cell
for 72
DMSO Cps 0.5 lLM Cp8 1 p.M Cp8 for 72 hrs Cp8 for 72 hrs.
| 50 - 40~ '™ Early apoptosis

% Plot P02, gated on POL.RL 2, Plot P02, gated on POLRL %, Plot P02, gated on POLRL = — 3 Late apoptosis
3 e 19.1 5 a1 2801 3 fa1e 30.94° Lo - =
= 7y Zo = 3 :
o o % ! El ]
@ & 9 g 3
= = =% 2 g
S 57 ¢ H g0
s e 22 g
b HE H H
= i 2., g 1
S z S
2 H H
& 5 2% o
¢ 100 10 10 100 10° A0 100 10 10 107 10° et 10° L L§ &
Green-B Fluo...(GRN-B- Green- B Fluo..(GRN-B-Ho DA
&
QA

Fig. 2 (See legend on previous page.)



Tran et al. Journal of Biomedical Science (2026) 33:38 Page 10 of 22
Table 1 IC50 values of cp8 (72-h exposure) against multiple GBM cells compared to abiraterone and TMZ
Species GBM cell Cp8 Abiraterone (uM) T™Z
(»M) (uM)
Wild type cell line Human A172 1.13+£0.07 50.05+3.92 ND
U87MG 1.99+0.16 21354248 230
Pt#3 1.88+0.11 19.52+045 250
Murine CT-2A 0.74+0.04 15.74+0.77 ND
TMZ-resistant cell line Human T98G (MGMT +) 1.88+0.88 7.60+0.2 940
U87MG-R (MGMT-) 3.00+0.12 2444372 ND
Pt#3-R (MGMT-) 2.77£0.07 20.87+0.68 550
P1S (MGMT+) 2.139£0.09 ND ND
Murine CT-2A-R (MGMT-) 1.34+0.1 7.86+0.39 600

IC50 half-maximal inhibitory concentration, cp8 compound 8, GBM glioblastoma, TMZ temozolomide, MGMT O®-methylguanine-DNA methyltransferase, ND not

determined

summary network, particularly IL1B, TNF, IL6, FGF2,
JUN, PTGER2, and CREBI], form a pro-inflammatory
and growth-factor signaling network that enhances GBM
plasticity by sustaining transcriptional reprogramming,
stem-like states, and adaptive stress responses. These sig-
nals drive phenotypic switching, invasion, and therapy
resistance, thereby promoting aggressive GBM progres-
sion (Fig. 4G). The results revealed the contribution of
the FLG gene in GBM development and highlighted cp8
as a promising treatment option for FLG-targeted GBM.
Beside silencing FLG, the FLG overexpression by
transfecting FLG-ligated plasmid into GBM cells using
CRISPR approach was also performed. FLG overexpres-
sion reduced T98G viability, and the levels of active cas-
pase 3 of these groups were also increased compared to
the control (Fig. 4H-J). Of importance, FLG showed the
ability to boost the susceptibility of GBM cells to TMZ.
T98G cells overexpressing FLG had significantly lower
viability and higher caspase 3 levels than the control
group (Fig. S7) when the cells were treated with TMZ
600 uM. These results show that FLG accelerates the vul-
nerability of MGMT-positive GBM cells to the cytotoxic

(See figure on next page.)

effect of TMZ, and enhancing FLG though cp8 offers a
promising strategy in suppressing TMZ-resistant GBM.

Compound 8 possesses suppressive competency in MGMT
expression and glioma stem cell development

MGMT expression and GSC enrichment are known to
significantly contribute to TMZ resistance and GBM
recurrence [39], presenting substantial challenges in the
development of anti-GBM therapies. In this study, there
was a notable reduction in MGMT protein and mRNA
levels of MGMT-positive GBM cells, T98G, when cells
were treated with cp8 at 3 pM (Fig. S8). Besides, com-
pared to controls, cp8 significantly reduced the size of
CT-2A spheres at multiple doses (Fig. 5A, B). Addition-
ally, the expression of SOX-2 and Oct4 proteins was sig-
nificantly reduced when adherent cells and spheres were
treated with cp8 (Fig. 5C). The inhibitory effect of cp8 on
HDACS6 was confirmed by the accumulation of acetylated
tubulin in CT-2A spheres after treatment (Fig. 5C). IF-
stained sphere images showed that the expression of Oct4
and SOX-2 was remarkably weakened after exposure
to cp8 (Fig. 5D). These findings demonstrated that cp8
manifested the ability to suppress the aggregation and

Fig. 3 RNA sequencing analysis of cp8-influenced gene expression. A Global depiction of fold-change differences on a log scale of cp8-modulated
genes represented by a volcano scatter plot. B Top biological pathways that are upregulated (orange bars) and downregulated (blue bars)

by cp8. C Heatmap illustrating the mRNA expression patterns of selected genes significantly regulated by cp8 after different treatment
conditions, including DMSO, abi, and cp8. D a FLG mRNA expression in GBM patients compared to non-tumor tissues, b in different brain tumors,
¢ the correlation between FLG expression and patient survival outcome from TCGA and CGGA databases. E The proportion of mutated FLG

in GBM from different datasets. F The representative images of FLG expression in normal tissues and patient GBM specimens from tissue arrays
GL208a (a) and GL2082 (b) were examined by IHC staining. G. H-score was calculated from IHC tissue array results. H IHC staining images of FLG
expression in experimental mouse normal and GBM tissues. | FLG protein expression in primary mouse normal astrocytes (on day 7) and glioma
cells, including CT-2A and GL261, was determined by western blotting. J GBM cells, including TMZ-resistant cells and MGMT-positive monolayer
and stem-like cells, were treated with cp8 for 72 h, then a. FLG mRNA levels were quantified by gPCR and b. FLG protein expression was analyzed
using immunoblotting. Mean +S.E.M of triplicate experiments. *, P <0.05; **, P < 0.01; ****, P <0.0001. Scale bar: 100 pm
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Fig. 4 The functional significance of FLG in GBM and the impact of cp8 on FLG gene. A, B The FLG gene of GBM cells was knocked down using
siFLG transfection, and the FLG mRNA and protein expression was validated after being knocked down. C Cell viability assay and active caspase-3
determination analysis were performed to evaluate the effects of FLG and cp8 on GBM cells after treatment with cp8, respectively. E-G RNA-seq
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method, followed by the plasmid-driven transfection. I, J. Cell viability assay and active caspase-3 measurement were conducted to examine

the significance of FLG upregulation on GBM cell proliferation, respectively

development of GSCs. Specifically, knocking down
FLG resulted in a significant increase in mRNA expres-
sion levels of Oct4 and SOX-2 compared to the negative

control (Fig. 5E), suggesting that FLG depletion may pro-
mote GBM growth associated with GSC development.
To investigate whether MGMT status modulates

the inhibitory effect of cp8 in GBM cells, MGMT was
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overexpressed in Pt#3 cells followed by cell viability and
CellROX assays. Cell viability analysis demonstrated that
MGMT overexpression attenuated the antiprolifera-
tive effect of cp8, with a significant increase in viability
observed in Pt#3-MGMT cells compared with control
cells, particularly at 72 h of treatment (Fig. S9). In con-
trast, CellROX analysis showed comparable levels of
cp8-induced ROS production in Pt#3 and Pt#3-MGMT
cells (Fig. S9). These results indicate that while MGMT
overexpression reduces the growth-inhibitory efficacy of
cp8, it does not significantly affect cp8-mediated ROS
generation.

More importantly, in a xenograft orthotopic model
using Pt#3 stem-like cells to induce tumors in NOD-
SCID mice, it can be seen that cp8 exhibits the potential
to inhibit the tumor growth and reduce the tumor size
compare to DMSO group (Fig. 5F). Collectively, these
findings indicate that cp8 exhibits significant antitumor
activity and has the potential to suppress GBM growth
targeting stemness in both in vitro cell models and in vivo
tumor settings.

Compound 8 disrupts reactive oxygen species metabolism
Previously, we showed that ROS clearance is required by
GBM to develop TMZ resistance, and ROS accumula-
tion is able to sensitize GBM to TMZ treatment. Herein,
compared to controls, cells treated with 3 pM of cp8 for
48 h showed the highest fluorescence intensity of mito-
chondria-derived ROS and superoxide in Pt#3 and T98G
cells (Fig. 6A-D). In addition, MitoSOX assay and co-
staining Pt#3 and Pt#3-R cells with active caspase-3, a
well-established marker of apoptosis, and Hoechst 33342
for nucleus staining were performed. This approach ena-
bles simultaneous visualization of mitochondrial ROS
production (MitoSOX red fluorescence) and apoptotic
cell populations (active caspase-3 green fluorescence)
within the same cells. As shown in Fig. 6E and F, both the
mitochondrial ROS and active caspase-3 signals of the
cells increased markedly in a dose-dependent manner
following 48-h treatment with cp8. Specifically, it can be
observed that Pt#3-R cells also exhibit better resistance
to cp8 than Pt#3 cells, with a few alive Pt#3-R cells being
observed after cp8 treatment at 48 h, while surviving

(See figure on next page.)
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Pt#3 cells are almost completely inhibited after exposure
to cp8 at 4 uM. These results confirm that the observed
MitoSOX signal corresponds to mitochondria-associated
ROS and is closely associated with apoptotic cell death
caused by cp8 rather than nonspecific staining or unre-
lated oxidative events. Treatment of Pt#3 cells with cp8
3 uM resulted in a pronounced increase in intracellu-
lar ROS levels as measured by the CellROX assay. Flow
cytometric analysis demonstrated a clear rightward shift
in CellROX fluorescence intensity in cp8-treated cells
compared with the control, indicating ROS accumula-
tion. Quantification confirmed a significant elevation of
intracellular ROS in cp8-treated cells relative to control
(Fig. 6G, H). These results demonstrate that cp8 induces
potent oxidative stress in patient-derived GBM cells.
Moreover, 4-HNE was also used to evaluate the effect
of cp8 on the oxidative damage process of GBM cells. As
shown in Fig. 6, there is a higher expression of 4-HNE
signals in the treatment group with cp8 than in the con-
trol, demonstrating that c¢p8 induces accumulated toxic
lipid peroxidation damage, and this compound affects
downstream oxidative stress in GBM mitochondria.
These findings determined the effect of cp8 on boost-
ing ROS production and causing ROS leakage from GBM
mitochondria in a dose- and time-dependent manner,
leading to ROS metabolism dysfunction in GBM cells.

Compound 8 suppresses GBM tumor growth and prolongs

the survival period while also demonstrating its safety

in vivo

To evaluate the tolerability and potential toxicity of cp8,
C57BL/6 mice were treated with escalating doses of
cp8 ranging from 10 to 80 mg/kg (n=5-6 per group).
Among all dose levels, mice maintained stable or gradu-
ally increasing body weight throughout the study, with no
evidence of dose-dependent weight loss, indicating good
general tolerability (Fig. 7A). Blood biochemical analysis
demonstrated that key chemical parameters, including
markers of hepatic function (ALT, AST, and ALP), renal
function (BUN and creatinine), and metabolic status,
remained comparable among the treatment groups and
the control group (Fig. 7B). These findings suggest that
cp8 was well tolerated at multiple doses up to 80 mg/kg

Fig. 6 The disruption effect of cp8 on GBM ROS metabolism. A and C Mitochondrial ROS metabolism of different GBM cells that were treated
with multiple doses of cp8 for 72 h was labelled with MitoSOX reagent, then detected with the red signals under the fluorescence microscope.
B and D MitoSOX fluorescence intensity of cp8-treated GBM cells and the number of dead cells were determined by ImageJ software. E, F
Simultaneous visualization of mitochondrial ROS production (MitoSOX red fluorescence) and apoptotic cell populations (active caspase-3

green fluorescence) when Pt#3 and Pt#3-R were treated with cp8 for 48 h. G Endogenous ROS production in cp8-treated GBM cells was stained
by CellROX kit, followed by flow cytometric analysis. H The bar graph of intracellular ROS accumulation quantification in GBM cells that were
treated with cp8 compared to the control. I Accumulated toxic lipid peroxidation damage of GBM spheres was determined using 4-HNE staining
after the spheres were exposed to cp8 at 3 uM. Mean + S.E.M of triplicate experiments. ****, P <0.0001
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under the conditions tested, with no clear dose-depend-
ent abnormalities of systemic toxicity.

Results from the CT-2A-induced brain tumor allo-
graft model showed that cp8 at 10 mg/kg injected i.p.
twice a week significantly inhibited GBM tumor growth
and prolonged the mouse survival time up to 59 days
compared to the DMSO group (34 days) (Fig. 7C, D and
Table S5). Notably, i.p. administration with 10 mg/kg of
cp8 markedly reduced the tumor size in experimental
mice compared to the control group (Fig. 7E). Further-
more, IHC staining was conducted on the experimental
mice brains to investigate how cp8 affected GSC devel-
opment and FLG level in vivo. Consistently, as shown
in Fig. 7F and G, it is evident that the treatment group
using cp8 at 10 mg/kg exhibited a significant decrease in
Oct4 and SOX-2 expression in brain tumor tissues com-
pared to the DMSO group. Besides, there was a notice-
able increase in FLG expression in the tumor of the mice
brains treated with cp8, as opposed to the DMSO group
(Fig. 7H). These results greatly supported our findings on
GSC enrichment-reducing and FLG-augmenting effects
of cp8.

To compare the potency of cp8 with the control sub-
stance SAHA, an orthotopic xenograft U87MG-luc-
induced brain tumor model was conducted. IVIS imaging
results demonstrated that cp8 outperformed SAHA at
the same dose of 10 mg/kg in reducing tumor size (Fig. 71,
J). Furthermore, i.p. administration of cp8 also extended
the survival period of experimental mice compared
with SAHA (49 days vs. 30 days) (Fig. 7K and Table S5).
Importantly, mice given cp8 at 10 uM displayed normal
eating, movement, and behavior (data not shown), and
maintained their body weight throughout the experiment
(Fig. 7L). In addition, H&E staining of mouse liver and
kidney sections revealed no evidence of liver and kid-
ney injury, necrosis, and inflammation in the treatment
group compared to the DMSO group, indicating its low
toxicity (Fig. 7M).

The findings from animal experiments highlighted the
potential of cp8 to increase the survival rate and decrease
the tumor size while also proving its safety in vivo.

(See figure on next page.)

Page 16 of 22

An orthotopic xenograft model using Pt#3-R cells
on NOD-SCID mice was used to investigate whether
there is a synergistic effect of cp8 and TMZ. Consist-
ent with previous findings, cp8 significantly prolonged
the mean survival day (55.5 days vs. 24 days compared
to DMSO) and reduced tumor growth as a single agent
(Fig. 8A, B). However, no statistically significant syner-
gistic benefit, including changes in mice body weight,
was observed when combined with TMZ (Fig. 8C). The
strong efficacy of cp8 alone, especially on TMZ-resist-
ant cells, may have limited the dynamic range to detect
additional benefit from the combination treatment. In
addition, the combination dosing and scheduling were
selected based on tolerability rather than optimization
for synergy, and alternative regimens may be required to
evaluate combinatorial effects more fully. Moreover, bio-
chemical analysis showed no significant changes in most
tested parameters, with only a slight increase in CPK in
the combination group, suggesting that the regimen was
generally well tolerated with minimal additional systemic
toxicity (Fig. 8D).

Not only does cp8 demonstrate the ability to inhibit
GBM by decreasing the tumor size caused by mon-
olayer glioma cells, but it also shows the ability to inhibit
tumors caused by Pt#3 sphere-induced tumors (Fig. 5F).
TUNEL staining results of experimental mice tumor
brains showed that there was an obvious increased
TUNEL-positive cells in the treatment group, indicating
enhanced apoptosis in vivo (Fig. S10). In addition, 4-HNE
staining in Pt#3 spheres in vitro demonstrated increased
lipid peroxidation following cp8 treatment, supporting
a mechanism involving oxidative stress (Fig. 6I). These
complementary in vivo and in vitro data indicate that cp8
effectively induces oxidative stress-associated apoptosis
in glioma stem cells and suppresses tumor growth in an
orthotopic model.

To analyse the pharmacokinetic profile of cp8 on
brain, an experiment study was carried out using normal
Sprague—Dawley rats. Following a single i.v. administra-
tion of cp8 at 2 mg/kg, the concentration—time profiles
in plasma and brain tissue were characterized (Fig. 8E

Fig. 7 The tolerability of cp8, and the tumor suppressive efficacy of cp8 in mouse experiments. A Mice were administered DMSO or cp8

with doses at 10-80 mg/kg, i.p., three times per week, and the body weight was noted during the experiment. B Mice were sacrificed, and blood
was taken for biochemical analysis. C Representative images of experimental mice when they were i.p. administered with cp8 at different doses,
and the tumor growth was monitored by the IVIS imaging system weekly. D After tumor cells were implanted, the mouse survival days were
recorded and analyzed using a log-rank test. E Mouse brain tissues were subjected to H&E staining after being sacrificed, followed by the tumor
size examination. F, G, H IHC staining results of Oct4, SOX-2, and FLG expression in experimental mouse GBM tumors after they were sacrificed,
respectively. | Representative images of SAHA-treated and cp8-treated mice at 10 mg/kg, and the tumor growth was detected using IVIS imaging.
J Mouse brain tumors were excised and subjected to H&E staining to examine the tumor size. K Log-rank test was applied to the recorded

and analyzed survival data of mice. L Mouse body weight was taken note during the experiment. M Representative images illustrating H&E staining
performed on liver and kidney tissues collected from mice in experimental groups. Scale bar: 100 pm
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Fig. 8 The cp8-TMZ synergy, and the concentration-time profile of cp8 in brain and plasma. A The mice survival period was analyzed using

the log-rank test. B Mouse brain tumors were excised and subjected to H&E staining to examine the tumor size of the experimental groups. C Mice
body weight was recorded throughout the experiment. D Mice were sacrificed, and the mice blood was collected for biochemical testing. E Plasma
and brain concentration-time profile of cp8 following a single i.v. administration of 2 mg/kg in rats

and Table S6). In plasma, cp8 exhibited rapid elimina-
tion with an initial concentration C, of 0.23+0.06 pg/
mL and a terminal half-life T’ ,, of 0.48 £0.18 h. Cp8 was
detected in brain tissue shortly after dosing, yielding a
brain exposure AUC ;¢ of 0.08+0.05 hx g/mL. The cal-
culated brain-to-plasma ratio was approximately 21.4%,
demonstrating moderate blood—brain barrier permeabil-
ity. Notably, brain and plasma concentrations converged
toward the 4-h time point, both reaching approximately

10 ng/mL. The pharmacokinetic analysis confirms that
cp8 successfully penetrates the blood-brain barrier.
The comparable half-lives observed in both compart-
ments (approximately 0.5 h) suggest a rapid equilibrium
between the systemic circulation and the brain paren-
chyma. The high volume of distribution (V4=30.10 L/kg
in plasma) indicates extensive tissue partitioning beyond
the blood compartment. Interestingly, while the initial
plasma-to-brain gradient was steep, the convergence
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of concentrations at later time points suggests a slower
clearance rate from the brain compartment relative to
the plasma. These findings indicate that cp8 possesses the
necessary profile for central nervous sytem-targeted can-
didates; however, its high systemic clearance (C/=12.60
L/hr/kg) and short half-life may necessitate further lead
optimization or specialized drug delivery strategies to
prolong the therapeutic window within the brain.

Discussion
Our drug discovery team has been employing a multifac-
eted approach to design and synthesize novel anti-GBM
chemical architectures by structurally enabling HDAC
inhibitory pharmacophore templates, which consist of
three key components: a surface recognition part (SRP),
a linker, and a zinc-binding group (ZBG) [40]. Previous
studies have demonstrated that abiraterone has emerged
as a structurally and functionally compelling scaffold,
indicating its potent anti-GBM activity in both in vitro
and in vivo models [27, 41, 42]. Additionally, HDAC
inhibitors are attracting significant attention as potential
GBM therapeutics due to their epigenetic gene expres-
sion regulation and disruption of oncogenic signalling
pathways crucial for tumor growth and survival [43-46].
In this study, abiraterone was strategically utilized as the
SRP unit, capitalizing on its established anti-GBM effi-
cacy, and a series of abiraterone-based HDAC inhibitors
were meticulously designed and synthesized, incorporat-
ing structurally diverse linker moieties such as sulfonyl,
benzyl acrylamide, benzyl, and benzamide linkers paired
with a hydroxamic acid functional group as the ZBG.
These linker motifs were selected based on their preva-
lence and demonstrated efficacy within the structural
frameworks of several FDA-approved HDAC inhibitors
[47, 48]. Among the derivatives developed, cp8 exhib-
ited a significant inhibitory effect against HDAC iso-
forms (Table S7). This integration resulted in stronger
GBM growth inhibition compared to abiraterone, with
an IC50 of 2.77 uM vs. 20.87 uM (Table 1), respectively.
These findings demonstrate that this consolidation
enhanced the anti-GBM potential, with c¢p8 emerging
as a promising candidate for further preclinical develop-
ment. Its superior efficacy in inhibiting GBM progression
and inducing apoptosis, along with its HDAC-inhibitory
activity, suggests its potential as a dual-function therapy
to overcome GBM resistance to conventional treatments.
In GBM development, ROS has a double-edged effect
on tumor progression and therapeutic resistance. While
excessive ROS can induce cell death and tumor regres-
sion, GBM cells can adapt by enhancing antioxidant
defences and suppressing mitochondrial ROS through
mechanisms like prohibitin-mediated regulation [49, 50].
This adaptation enables therapy resistance and tumor
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malignancy, particularly in GSCs, which enhance ROS
scavenging to evade apoptosis and sustain growth [8,
49]. ROS modulation is a key factor in TMZ resistance,
further complicating treatment [8]. To optimize GBM
therapy, a strategic approach is needed, either by boost-
ing ROS-induced cytotoxicity or blocking adaptive anti-
oxidant responses to overcome resistance. Furthermore,
the combination of blocking GSC enrichment and reduc-
ing MGMT expression further augments the potential to
suppress GBM through three important factors contrib-
uting to TMZ resistance. In addition, elevated ROS can
promote lipid peroxidation, DNA damage, and activa-
tion of apoptotic signaling pathways, consistent with the
increased 4-HNE staining and enhanced TUNEL positiv-
ity. In this study, our novel cp8 was shown to significantly
increase mitochondrial and intracellular ROS levels, ulti-
mately inducing GBM cell death and tumor repression.
Importantly, in vivo data clearly demonstrated the effi-
cacy of cp8, underscoring its potential therapeutic value.
Although many genes controlled by cp8 are linked to
cancer, particularly brain tumors, the precise impact
and underlying mechanisms of FLG in the context
of GBM remain unclear. Consequently, our research
would center on the function of this gene in the pro-
gression and development of GBM. FLG is a critical
element in the development and maintenance of the
skin barrier [11]. Several studies have shown that loss-
of-function FLG gene mutations compromise skin
barrier integrity, thereby increasing the risk of UV pen-
etration. Lower levels of FLG degradation products
and UV chromophores in the stratum corneum reduce
protection against chronic UV exposure, potentially
increasing skin cancer risk [14]. It is recognized as one
of the common risk factors for atopic dermatitis and
skin cancer [14, 51, 52]. Moreover, targeting FRA1:c-
JUN:HDAC1 complex to inhibit HDACI activity results
in elevated FLG levels, indicating a potential therapeu-
tic approach for inflammatory skin diseases like atopic
dermatitis and psoriasis [53]. Our findings revealed
lower FLG expression and higher FLG mutation rates
in GBM from TCGA and CGGA data correlated with
worse survival. The mutated FLG resulted in a loss-
of-function FLG, meaning FLG lost its main function.
This suggests that GBM may also feature inactivating
FLG mutations, resulting in a decrease in FLG expres-
sion. Therefore, we aimed to investigate the effects of
FLG by manipulating FLG expression levels to uncover
the functional significance of FLG in GBM progres-
sion. Silencing of FLG in GBM cells led to activation
of inflammatory and growth-associated genes, which
are key regulators of tumor plasticity. This transcrip-
tional shift is consistent with enhanced stem-like prop-
erties, adaptive signaling, and phenotypic flexibility,
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suggesting that FLG typically limits pathways that drive
aggressive GBM progression [35-38]. Besides, while
FLG knockdown significantly reduced FLG expres-
sion in GBM cells, leading to elevated cell viability
and decreased active caspase 3, we encountered chal-
lenges in achieving FLG overexpression. The FLG gene
encodes the FLG protein, which is initially produced as
a large precursor protein called profilaggrin. Genetic
variation affects FLG protein length; however, profilag-
grin generally comprises about 4,061 amino acids [54,
55]. Due to the large size of the FLG gene, FLG over-
expression proved challenging for conventional clon-
ing methods, necessitating innovative gene editing
techniques to optimize elevated FLG activity, such as
CRISPR-Cas9. To achieve FLG overexpression, vari-
ous FLG promoter sequences (Table S1) were designed
and inserted into plasmid coded #99,698 (https://www.
addgene.org/99698/) by the CRISPR-Cas9 approach.
The modified plasmids were cloned and introduced
into GBM cells to drive FLG overexpression. The plas-
mid effectively drove FLG overexpression in GBM cells,
leading to increased FLG levels compared to the con-
trol group. The significant reduction in GBM cell viabil-
ity and increase in caspase 3 levels clearly showed how
higher FLG expression affects GBM cell growth and
proliferation. Notably, the findings also demonstrated
that FLG significantly enhanced the vulnerability of
MGMT-positive GBM cells to the cytotoxic effect of
TMZ, a critical observation for potential therapeutic
advancements. More importantly, silencing HDACI,
HDAC2, or HDAC6 in GBM cells led to concomitant
higher FLG expression and lower SOX-2 expression,
suggesting a correlation among HDACs, FLG, and
GSC markers (Fig. S11). Cp8, functioning as an HDAC
inhibitor, simultaneously boosts FLG and diminishes
GSC enrichment, strongly demonstrating a synergistic
inhibitory effect on GBM tumorigenesis. In GBM, FLG
appears to play a pivotal yet mysterious role in tumor
development. Thus, our findings shed light on the role
of FLG in GBM pathogenesis and provide insights into
the potential therapeutic implications of modulating
FLG expression in GBM treatment strategies. Enhanc-
ing FLG expression through cp8 offers a promising
strategy in suppressing TMZ-resistant glioma, present-
ing a potential candidate for future FLG-targeted anti-
GBM intervention.

Besides the apparent impact of cp8 on GBM suppres-
sion, it is indisputable that our study still has unad-
dressed limitations. Although our research targeted
mutated and functional FLG, we lacked antibodies to
distinguish them, limiting the analysis to comparing
general FLG levels. This suggests the need for a special
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antibody to detect two kinds of proteins to further elu-
cidate the role of FLG in GBM.

Conclusion

In summary, our study demonstrated the new abira-
terone-based cp8 inhibits GBM growth via multiple
mechanisms involving GSC/MGMT suppression, ROS
induction, and FLG enhancement. The discovery of FLG,
a newly key factor in GBM development, further sheds
light on GBM pathogenesis and lays the groundwork for
future anti-GBM drug discovery and therapy.

Abbreviations

T™MZ Temozolomide

GBM Glioblastoma

GSC Glioma stem cell

HDAC  Histone deacetylase

MGMT  O%methylguanine-DNA methyltransferase
FLG Filaggrin

ROS Reactive oxygen species

ROI Region of interest

DMEM  Dulbecco’s Modification of Eagle’s Medium
SIRNA  Small interfering RNA

CCK8 Cell counting kit-8

gPCR Polymerase chain reaction

PBS Phosphate-buffered saline

RT Room temperature

IF Immunofluorescence staining
IHC Immunohistochemical staining
i.p. Intraperitoneal/ intraperitoneally
DMSO  Dimethyl sulfoxide

H&E Hematoxylin and eosin

SRP Surface recognition part

cpl Compound 1

cp2 Compound 2

cp3 Compound 3

cp4 Compound 4

cp5 Compound 5

cp6 Compound 6

cp7 Compound 7

cp8 Compound 8

cp9 Compound 9

cpl0 Compound 10

IC50 Half-maximal inhibitory concentration
TCGA The Cancer Genome Atlas
CGGA  Chinese Glioma Genome Atlas
ZBG Zinc-binding group

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512929-026-01241-2.

Additional file 1.
Additional file 2.

Acknowledgements

We thank for the support by the National Science and Technology Council

of Taiwan (Grant no. 112-2320-B-038-045-, 112-2113-M-038-001-, 113-2320-
B-038-005-, and 113-2320-B-038-063-MY3) and Sunny Brain Tumor and Brain
Disease Research and Development Fund (106-5310-001-400). We appreciate
the financial support by the Higher Education Sprout Project by the Ministry
of Education (MOE) in Taiwan.


https://www.addgene.org/99698/
https://www.addgene.org/99698/
https://doi.org/10.1186/s12929-026-01241-2
https://doi.org/10.1186/s12929-026-01241-2

Tran et al. Journal of Biomedical Science (2026) 33:38

Author contributions

HYT: conceptualization, data curation, formal analysis, investigation, method-
ology, writing-original draft. RS: conceptualization, data curation, investigation,
methodology, writing-original draft. H-YL: conceptualization, data curation,
methodology. T-YY: data curation. C-JS: methodology. T-H: conceptualization,
funding acquisition, supervision, writing-review & editing. J-PL.: conceptualiza-
tion, funding acquisition, supervision, writing-review & editing.

Funding

National Science and Technology Council of Taiwan (Grant no. 112-2320-B-
038-045-, 112-2113-M-038-001-, 113-2320-B-038-005-, and 113-2320-B-038-
063-MY3). Sunny Brain Tumor and Brain Disease Research and Development
Fund (106-5310-001-400). Tthe Higher Education Sprout Project by the
Ministry of Education (MOE) in Taiwan.

Availability of data and materials

The datasets generated and/or analysed during the current study are available
from the corresponding author on reasonable request. Due to data use agree-
ments, the data are not publicly available. Where appropriate, de-identified
data can be shared upon approval by the relevant ethics committee and
completion of a data-sharing agreement.

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human subjects.

Consent for publication

The authors affirm that the submission represents original work that has not
been published previously and is not currently being considered or submitted
to another journal, until a decision has been made. Also, we confirm that each
author has seen and approved the contents of the submitted manuscript. This
manuscript has the permission from the institutional IRB.

Competing interests
The authors declare no competing interests.

Author details

'School of Pharmacy, College of Pharmacy, Taipei Medical University,

Taipei 110, Taiwan. 2Department of Pharmacology and Clinical Pharmacy,
Faculty of Pharmacy, Can Tho University of Medicine and Pharmacy, Can Tho
City 900000, Vietnam. Taipei Neuroscience Institute, New Taipei City 235,
Taiwan. “Taiwan Brain Disease Foundation, Taipei 100, Taiwan. °TMU Research
Center of Neuroscience, Taipei Medical University, Taipei 235, Taiwan. STMU
Research Center for Drug Discovery, Taipei Medical University, Taipei 110,
Taiwan. “TMU Research Center of Cancer Translational Medicine, Taipei 110,
Taiwan. 8Ph.D. Program in Medical Neuroscience, College of Medical Science
and Technology, Taipei Medical University and National Health Research Insti-
tutes, Taipei 235, Taiwan. °International Master Program in Medical Neurosci-
ence, College of Medical Science and Technology, Taipei Medical University,
Taipei 235, Taiwan. '°Ph.D. Program in Drug Discovery and Development
Industry, College of Pharmacy, Taipei Medical University, Taipei 110, Taiwan.

Received: 14 June 2025 Accepted: 31 March 2026
Published online: 06 April 2026

References

1. Goellner EM, Grimme B, Brown AR, Lin YC, Wang XH, Sugrue KF, et al.
Overcoming temozolomide resistance in glioblastoma via dual
inhibition of NAD+ biosynthesis and base excision repair. Cancer Res.
2011,71(6):2308-17.

2. Brown NF, Ottaviani D, Tazare J, Gregson J, Kitchen N, Brandner S, et al.
Survival outcomes and prognostic factors in glioblastoma. Cancers
(Basel). 2022. https://doi.org/10.3390/cancers14133161.

3. Singh N, Miner A, Hennis L, Mittal S. Mechanisms of temozolomide
resistance in glioblastoma - a comprehensive review. Cancer Drug Resist.
2021;4(1):17-43.

20.

21.

22.

23.

24.

25.

Page 21 of 22

Jezierzariski M, Nafalska N, Stopyra M, Furgot T, Miciak M, Kabut J, et al.
Temozolomide (TMZ) in the treatment of glioblastoma multiforme-a lit-
erature review and clinical outcomes. Curr Oncol. 2024;31(7):3994-4002.
Jiapaer S, Furuta T, Tanaka S, Kitabayashi T, Nakada M. Potential strategies
overcoming the temozolomide resistance for glioblastoma. Neurol Med
Chir (Tokyo). 2018;58(10):405-21.

Tomar MS, Kumar A, Srivastava C, Shrivastava A. Elucidating the
mechanisms of temozolomide resistance in gliomas and the strate-

gies to overcome the resistance. Biochimica et Biophysica Acta (BBA).
2021,1876(2):188616.

Duan C, He B, Wang Y, Liu W, Bao W, Yu L, et al. Stanniocalcin-1 promotes
temozolomide resistance of glioblastoma through regulation of MGMT.
Sci Rep. 2024;14(1):20199.

Chien C-H, Hsueh W-T, Chuang J-Y, Chang K-Y. Dissecting the mechanism
of temozolomide resistance and its association with the regulatory roles
of intracellular reactive oxygen species in glioblastoma. J Biomed Sci.
2021,28(1):18.

Nie E, Jin X, Miao F, YuT, ZhiT, Shi Z, et al. TGF-B1 modulates temozolo-
mide resistance in glioblastoma via altered microRNA processing and
elevated MGMT. Neuro Oncol. 2021;23(3):435-46.

. Yi GZ,Huang G, Guo M, Zhang X, Wang H, Deng S, et al. Acquired temo-

zolomide resistance in MGMT-deficient glioblastoma cells is associated
with regulation of DNA repair by DHC2. Brain. 2019;142(8):2352-66.

. McAleer MA, Irvine AD. The multifunctional role of filaggrin in allergic skin

disease. J Allergy Clin Immunol. 2013;131(2):280-91.

. Novak N, Baurecht H, Schéfer T, Rodriguez E, Wagenpfeil S, Klopp N, et al.

Loss-of-function mutations in the filaggrin gene and allergic contact
sensitization to nickel. J Invest Dermatol. 2008;128(6):1430-5.

. Irvine AD, McLean WHI, Leung DYM. Filaggrin mutations associated with

skin and allergic diseases. N Engl J Med. 2011;365(14):1315-27.

. Adelanwa A, Yousaf A, Fang W, Kolodney MS. Common filaggrin gene

loss-of-function variants are associated with skin cancer risk. J Am Acad
Dermatol. 2022;87(2):458-60.

. Chen L, Huang X, Xiong L, Chen W, An L, Wang H, et al. Analysis of prog-

nostic oncogene filaggrin (FLG) wild-type subtype and its implications for
immune checkpoint blockade therapy in bladder urothelial carcinoma.
Transl Androl Urol. 2022;11(10):1419-32.

Chen H, Zhao L, Liu J, Zhou H, Wang X, Fang X, et al. Bioinformatic ana-
lyzes of the association between upregulated expression of JUN gene via
APOBEC-induced FLG gene mutation and prognosis of cervical cancer.
Front Med Lausanne. 2022;9:815450.

Skaaby T, Husemoen LL, Jergensen T, Johansen JD, Menné T, Szecsi PB,

et al. Associations of filaggrin gene loss-of-function variants and human
papillomavirus-related cancer and pre-cancer in Danish adults. PLoS ONE.
2014;9(6):99437.

Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CL, Rich JN. Cancer
stem cells in glioblastoma. Genes Dev. 2015;29(12):1203-17.

Auffinger B, Spencer D, Pytel P, Ahmed AU, Lesniak MS. The role of glioma
stem cells in chemotherapy resistance and glioblastoma multiforme
recurrence. Expert Rev Neurother. 2015;15(7):741-52.

Kang H, Lee H, Kim D, Kim B, Kang J, Kim HY, et al. Targeting glioblastoma
stem cells to overcome chemoresistance: an overview of current thera-
peutic strategies. Biomedicines. 2022. https://doi.org/10.3390/biomedicin
es10061308.

White J, White MPJ, Wickremesekera A, Peng L, Gray C. The tumour
microenvironment, treatment resistance and recurrence in glioblastoma.
JTransl Med. 2024,22(1):540.

Cheng L, Wu Q, Huang Z, Guryanova OA, Huang Q, Shou W, et al. LTCAM
regulates DNA damage checkpoint response of glioblastoma stem cells
through NBS1. EMBO J. 2011;30(5):800-13.

Auffinger B, Tobias AL, Han Y, Lee G, Guo D, Dey M, et al. Conversion of
differentiated cancer cells into cancer stem-like cells in a glioblastoma
model after primary chemotherapy. Cell Death Differ. 2014;21(7):1119-31.
Bleau AM, Hambardzumyan D, Ozawa T, Fomchenko El, Huse JT, Brennan
CW, et al. PTEN/PI3K/Akt pathway regulates the side population pheno-
type and ABCG2 activity in glioma tumor stem-like cells. Cell Stem Cell.
2009;4(3):226-35.

Yang YP, Chien'Y, Chiou GY, Cherng JY, Wang ML, Lo WL, et al. Inhibition

of cancer stem cell-like properties and reduced chemoradioresistance

of glioblastoma using microRNA145 with cationic polyurethane-short
branch PEI. Biomaterials. 2012;33(5):1462-76.


https://doi.org/10.3390/cancers14133161
https://doi.org/10.3390/biomedicines10061308
https://doi.org/10.3390/biomedicines10061308

Tran et al. Journal of Biomedical Science

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

(2026) 33:38

Chuang JY, Lo WL, Ko CY, Chou SY, Chen RM, Chang KY, et al. Upregulation
of CYP17A1 by Sp1-mediated DNA demethylation confers temozolomide
resistance through DHEA-mediated protection in glioma. Oncogenesis.
2017;6(5):e339.

Lin HY, Ko CY, Kao TJ, Yang WB, Tsai YT, Chuang JY, et al. CYP17A1
maintains the survival of glioblastomas by regulating SAR1-mediated
endoplasmic reticulum health and redox homeostasis. Cancers (Basel).
2019. https://doi.org/10.3390/cancers11091378.

Sharma R, Chiang YH, Chen HC, Lin HY, Yang WB, Nepali K, et al. Dual inhi-
bition of CYP17A1 and HDAC6 by abiraterone-installed hydroxamic acid
overcomes temozolomide resistance in glioblastoma through inducing
DNA damage and oxidative stress. Cancer Lett. 2024;586:216666.

Chen TC, Chuang JY, Ko CY, Kao TJ, Yang PY, Yu CH, et al. AR ubiquitination
induced by the curcumin analog suppresses growth of temozolomide-
resistant glioblastoma through disrupting GPX4-mediated redox homeo-
stasis. Redox Biol. 2020;30:101413.

Yang WB, Hsu CC, Hsu Tl, Liou JP, Chang KY, Chen PY, et al. Increased acti-
vation of HDAC1/2/6 and Sp1 underlies therapeutic resistance and tumor
growth in glioblastoma. Neuro-oncol. 2020,22(10):1439-51.

Chang KY, Hsu Tl, Hsu CC, Tsai SY, Liu JJ, Chou SW, et al. Specificity protein
1-modulated superoxide dismutase 2 enhances temozolomide resist-
ance in glioblastoma, which is independent of O(6)-methylguanine-DNA
methyltransferase. Redox Biol. 2017;13:655-64.

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engi-
neering using the CRISPR-Cas9 system. Nat Protoc. 2013;8(11):2281-308.
Lin HY, Liou CJ, Cheng YH, Hsu HC, Yiu JC, Chiou PP, et al. Development
and application of a monoclonal antibody against grouper iridovirus
(GIV) major capsid protein. J Virol Methods. 2014;205:31-7.

Chen IC, Lin HY, Liu ZY, Cheng WJ, Yeh TY, Yang WB, et al. Repurposing
linezolid in conjunction with histone deacetylase inhibitor access in the
realm of glioblastoma therapies. ] Med Chem. 2025;68(3):2779-803.
Liang H, Yang Q, Zhong B, Li D, Wu F, Zhang J, et al. IL-13(+) tumor-asso-
ciated macrophages accelerate Glioblastoma progression by amplifying
the PGE2-EP4 signaling. J Neuroinflammation. 2025;22(1):233.

West AJ, Tsui V, Stylli SS, Nguyen HPT, Morokoff AP, Kaye AH, et al.

The role of interleukin-6-STAT3 signalling in glioblastoma. Oncol Lett.
2018;16(4):4095-104.

Jimenez-Pascual A, Mitchell K, Siebzehnrubl FA, Lathia JD. FGF2: a

novel druggable target for glioblastoma? Expert Opin Ther Targets.
2020,24(4):311-8.

Blau L, Knirsh R, Ben-Dror |, Oren S, Kuphal S, Hau P, et al. Aberrant
expression of c-Jun in glioblastoma by internal ribosome entry site
(IRES)-mediated translational activation. Proc Natl Acad Sci U S A.
2012;109(42):E2875-2884.

Teraiya M, Perreault H, Chen VC. An overview of Glioblastoma multiforme
and temozolomide resistance: can LC-MS-based proteomics reveal the
fundamental mechanism of temozolomide resistance? Front Oncol.
2023;13:1166207.

Nepali K, Hsu T-I, Hsieh C-M, Lo W-L, Lai M-J, Hsu K-C, et al. Pragmatic
recruitment of memantine as the capping group for the design of HDAC
inhibitors: a preliminary attempt to unravel the enigma of Glioblastoma.
Eur J Med Chem. 2021,217:113338.

Yang WB, Chuang JY, Ko CY, Chang WC, Hsu Tl. Dehydroepiandroster-
one induces Temozolomide resistance through modulating phos-
phorylation and acetylation of Sp1 in Glioblastoma. Mol Neurobiol.
2019;56(4):2301-13.

Barrie SE, Potter GA, Goddard PM, Haynes BP, Dowsett M, Jarman M.
Pharmacology of novel steroidal inhibitors of cytochrome P450(17)
alpha (17 alpha-hydroxylase/C17-20 lyase). J Steroid Biochem Mol Biol.
1994,50(5-6):267-73.

Auzmendi-Iriarte J, Saenz-Antofianzas A, Mikelez-Alonso |, Carrasco-
Garcia E, Tellaetxe-Abete M, Lawrie CH, et al. Characterization of a new
small-molecule inhibitor of HDACG6 in glioblastoma. Cell Death Dis.
2020;11(6):417.

Hsu CC, Chang WC, Hsu Tl, Liu JJ, Yeh SH, Wang JY, et al. Suberoylani-

lide hydroxamic acid represses glioma stem-like cells. J Biomed Sci.
2016;23(1):81.

Yang W-B, Wu A-C, Hsu T-I, Liou J-P, Lo W-L, Chang K-Y, et al. Histone dea-
cetylase 6 acts upstream of DNA damage response activation to support
the survival of glioblastoma cells. Cell Death Dis. 2021;12(10):884.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 22 of 22

West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer
treatment. J Clin Invest. 2014;124(1):30-9.

Lee DH, Ryu HW, Won HR, Kwon SH. Advances in epigenetic glioblastoma
therapy. Oncotarget. 2017;8(11):18577-89.

Parveen R, Harihar D, Chatterji BP. Recent histone deacetylase inhibitors in
cancer therapy. Cancer. 2023;129(21):3372-80.

Singer E, Judkins J, Salomonis N, Matlaf L, Soteropoulos P, McAllister S,

et al. Reactive oxygen species-mediated therapeutic response and resist-
ance in glioblastoma. Cell Death Dis. 2015;6(1):e1601.

Huang H, Zhang S, LiY, Liu Z, Mi L, Cai Y, et al. Suppression of mitochon-
drial ROS by prohibitin drives glioblastoma progression and therapeutic
resistance. Nat Commun. 2021;12(1):3720.

Skaaby T, Husemoen LL, Thyssen JP, Meldgaard M, Thuesen BH, Pisinger
C, et al. Filaggrin loss-of-function mutations and incident cancer: a
population-based study. Br J Dermatol. 2014;171(6):1407-14.

Khatib CM, Klein-Petersen AW, Rannstad ATM, Egeberg A, Christensen
MO, Silverberg Ji, et al. Increased loss-of-function filaggrin gene muta-
tion prevalence in atopic dermatitis patients across northern latitudes
indicates genetic fitness: a systematic review and meta-analysis. Exp
Dermatol. 2024;33(7):e15130.

Ahn SS, Yeo H, Jung E, Lim Y, Lee YH, Shin SY. FRAT:c-JUN:HDAC1 complex
down-regulates filaggrin expression upon TNFa and IFNy stimulation in
keratinocytes. Proc Natl Acad Sci U S A. 2022;119(37):e2123451119.

Paul AA, Szulc NA, Kobiela A, Brown SJ, Pokrzywa W, Gutowska-Owsiak D.
In silico analysis of the profilaggrin sequence indicates alterations in the
stability, degradation route, and intracellular protein fate in filaggrin null
mutation carriers. Front Mol Biosci. 2023;10:1105678.

Hoober JK, Eggink LL. The Discovery and Function of Filaggrin. Int J Mol
Sci. 2022. https://doi.org/10.3390/ijms23031455.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3390/cancers11091378
https://doi.org/10.3390/ijms23031455

	Dual suppression of stemness and redox adaptation in glioblastoma through filaggrin upregulation by an abiraterone-based HDAC inhibitor
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Cell line and cell culture
	Stem-like cell culture
	HDAC6 knockout
	Filaggrin (FLG) knockdown and overexpression
	Cell viability assay
	MTT assay
	Caspase-37 detection
	RNA sequencing analysis
	Colony formation assay
	Apoptosis analysis
	MitoSOX and CellROX assays
	qPCR
	Western blotting
	Immunofluorescence staining (IF)
	Immunohistochemical staining (IHC)
	TUNEL staining
	Animal experiments
	In vivo model to assess the tolerability and toxicity 
	Allograft glioma model
	Xenograft GBM models
	Xenograft orthotopic patient-derived GSC model
	In vivo pharmacokinetic study

	Statistics

	Results
	Chemical synthesis and the determination of the most potent abiraterone-derived compound to inhibit GBM cell growth
	Compound 8 strengthens the FLG gene, leading to the attenuation of GBM
	Compound 8 possesses suppressive competency in MGMT expression and glioma stem cell development
	Compound 8 disrupts reactive oxygen species metabolism
	Compound 8 suppresses GBM tumor growth and prolongs the survival period while also demonstrating its safety in vivo

	Discussion
	Conclusion
	Acknowledgements
	References


