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Abstract: Background: Glioblastoma (GBM) remains a devastating brain malignancy characterized
by cellular heterogeneity and therapy resistance. Cancer stem-like cells (CSCs) within GBM are
implicated as drivers of tumor progression and resistance to the standard-of-care chemotherapy,
temozolomide (TMZ). Of-methylguanine-DNA methyltransferase (MGMT) expression mediates
resistance by repairing TMZ-induced DNA damage. Differentiation therapy offers a potential
strategy to reduce the aggressive stem-like phenotype. All-trans retinoic acid (ATRA) is a known
differentiating agent. We hypothesized that ATRA treatment could induce differentiation-associated
changes in established GBM cell lines, leading to downregulation of stemness markers and the
resistance factor MGMT. Methods: Two established human GBM cell lines, U87-MG and A172, were
cultured under neurosphere-promoting conditions to enrich for potential stem-like subpopulations.
Cells were treated with either 1 uM ATRA or vehicle control (DMSO) for 5 days. Total RNA was
extracted, and cDNA was synthesized. Quantitative Real-Time PCR (qPCR) assessed relative mRNA
expression levels of key stemness transcription factors (SOX2, NES) and the DNA repair gene MGMT.
Gene expression was normalized to the geometric mean of two validated housekeeping genes
(GAPDH, ACTB). Relative quantification was calculated using the AACt method, and statistical
significance was determined using Student's t-tests. Results: ATRA treatment (1 uM, 5 days) resulted
in a statistically significant downregulation of stemness marker expression in both GBM cell lines
compared to vehicle controls. Specifically, SOX2 mRNA levels decreased by 3.7-fold (p=0.0008) in U87-
MG and 2.9-fold (p=0.0041) in A172 cells. NES mRNA levels decreased by 4.1-fold (p=0.0005) in U87-
MG and 3.3-fold (p=0.0028) in A172 cells. Crucially, ATRA treatment also led to a significant reduction
in MGMT mRNA expression. MGMT levels decreased by 2.6-fold (p=0.0065) in U87-MG and 2.2-fold
(p=0.0132) in A172 cells following ATRA exposure. Conclusion: Our findings demonstrate that ATRA
treatment reduces the expression of stemness-associated genes SOX2 and Nestin in established GBM cell
lines cultured under neurosphere conditions. Importantly, ATRA concurrently downregulates MGMT
mRNA. These results provide a molecular rationale for exploring ATRA-induced differentiation as a
strategy to potentially modulate TMZ resistance pathways in GBM models, warranting further
investigation into its therapeutic potential, particularly in combination therapies.

Keywords: glioblastoma; cancer stem cells; established cell lines; U87-MG; A172; all-trans retinoic
acid (ATRA); differentiation; stemness; SOX2; Nestin; MGMT; temozolomide resistance; gene
expression; quantitative real-time PCR (qPCR)

Introduction

Glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor in
adults, associated with a dismal prognosis despite multimodal therapy comprising surgery,
radiation, and chemotherapy [1,2]. The inherent challenges in treating GBM stem from its aggressive
invasiveness, profound intra- and inter-tumoral heterogeneity, and remarkable capacity for therapy
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resistance leading to near-universal recurrence [3,4]. A subpopulation of cells within the tumor, often
exhibiting stem-like properties (cancer stem-like cells or CSCs), is increasingly recognized as a central
driver of these malignant characteristics. These cells possess self-renewal capabilities, potential for
multi-lineage differentiation, and are preferentially resistant to conventional therapies, enabling
them to initiate tumor formation and repopulate the tumor mass after treatment [5-7]. Key
transcription factors and cytoskeletal proteins, such as SOX2 (SRY-Box Transcription Factor 2) and
Nestin (NES), are associated with this stem-like state and are often used as markers [8,9]. Targeting
pathways active in these subpopulations represents a critical unmet need for improving GBM patient
outcomes.

Temozolomide (TMZ), an alkylating agent, is the cornerstone of current GBM chemotherapy
[10]. TMZ exerts its cytotoxic effect primarily by methylating DNA bases, particularly at the O¢
position of guanine (O°-MeG). This lesion, if unrepaired, leads to DNA double-strand breaks during
replication and triggers cell cycle arrest and apoptosis [11]. However, the efficacy of TMZ is
frequently limited by intrinsic and acquired resistance mechanisms. The most significant factor
mediating TMZ resistance is the DNA repair enzyme O¢-methylguanine-DNA methyltransferase
(MGMT) [12,13]. MGMT directly removes the methyl group from O-MeG, thereby reversing the
cytotoxic lesion and conferring resistance. High MGMT expression levels in tumor cells strongly
correlate with poor response to TMZ and reduced patient survival [14]. Epigenetic silencing of the
MGMT promoter via methylation is a predictive biomarker for TMZ sensitivity, but many GBMs
exhibit high MGMT expression due to an unmethylated promoter, posing a major clinical challenge
[15,16]. Strategies to overcome MGMT-mediated resistance are urgently needed.

Differentiation therapy, which aims to force cancer cells out of their highly proliferative and
resistant stem-like state into a more mature, less malignant phenotype, offers a compelling alternative
or adjunct therapeutic strategy [17]. By inducing differentiation, it is hypothesized that CSCs might
lose their tumorigenic potential and become more susceptible to conventional therapies. All-trans
retinoic acid (ATRA), a biologically active metabolite of vitamin A, is a well-established
differentiation agent, most notably used successfully in the treatment of acute promyelocytic
leukemia (APL) [18]. ATRA functions primarily by binding to nuclear retinoic acid receptors (RARs),
which act as ligand-dependent transcription factors regulating genes involved in cell growth,
differentiation, and apoptosis [19]. Preclinical studies have suggested potential roles for ATRA in
modulating glioma cell behavior, including inducing differentiation, inhibiting proliferation, and
reducing invasiveness [20-22], although results can be variable. Some studies suggest ATRA might
sensitize glioma cells to chemotherapy or radiation [23,24], but the underlying molecular mechanisms
linking differentiation to specific resistance factors like MGMT remain incompletely understood,
especially in models enriched for stem-like properties.

Specifically, the connection between ATRA-induced differentiation, the downregulation of
stemness-associated markers, and the concurrent modulation of MGMT in established GBM models
cultured under stem-enriching conditions has not been fully explored. We hypothesized that ATRA
treatment would reduce the expression of stemness markers (SOX2, NES) and decrease the transcript
levels of MGMT in established human GBM cell lines. To test this hypothesis, we utilized two widely
studied human GBM cell lines, U87-MG and A172, cultured under neurosphere conditions designed
to promote stem-like characteristics. Using quantitative real-time PCR (qPCR), we assessed the
impact of ATRA treatment on the mRNA expression levels of SOX2, NES, and MGMT. Our findings
provide molecular evidence linking ATRA treatment to the downregulation of both stemness
markers and the pivotal chemoresistance gene MGMT in these GBM cell line models.

Materials and Methods

Cell Lines and Culture Conditions

Established human glioblastoma cell lines U87-MG (ATCC® HTB-14™) and A172 (ATCC®
CRL-1620™) were obtained from the American Type Culture Collection. To enrich for potential stem-
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like subpopulations and facilitate comparison with stem cell studies, cells were cultured as non-
adherent neurospheres in serum-free NeuroCult™ NS-A Proliferation Medium supplemented with
NeuroCult™ Proliferation Supplement (STEMCELL Technologies), 20 ng/mL recombinant human
epidermal growth factor (EGF; PeproTech), 10 ng/mL recombinant human basic fibroblast growth
factor (bFGF; PeproTech), and 1% penicillin-streptomycin (Thermo Fisher Scientific). Cells were
maintained in uncoated T75 flasks (Corning) at 37°C in a humidified atmosphere containing 5% CO..
Neurospheres were passaged every 5-7 days by mechanical dissociation followed by enzymatic
dissociation using Accutase (STEMCELL Technologies) for 5-7 minutes at 37°C, followed by
quenching with medium, centrifugation (300 x g, 5 min), and resuspension in fresh medium. Cell
lines were routinely tested for mycoplasma contamination using a PCR-based detection kit
(MycoAlert™, Lonza).

All-Trans Retinoic Acid (ATRA) Treatment

All-trans retinoic acid (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO; Sigma-
Aldrich) to create a 10 mM stock solution, aliquoted, and stored protected from light at -80°C. For
experiments, cells were dissociated into single cells as described above and seeded at a density of 1 x
105 cells/mL in 6-well plates (Corning) containing 2 mL of complete NeuroCult medium per well.
Cells were allowed to recover for 24 hours before treatment. ATRA stock solution was diluted in
culture medium to achieve a final concentration of 1 uM. Vehicle control wells received an equivalent
volume of DMSO (final concentration 0.01%). Treatments were performed in biological triplicate for
each cell line and condition. Cells were incubated with ATRA or vehicle for 5 days at 37°C and 5%
CO,, with fresh medium containing the respective treatment added after 2.5 days. All procedures
involving ATRA were performed under subdued light conditions. The concentration (1 uM) and
duration (5 days) were selected based on established literature demonstrating ATRA-induced effects
in glioma cells and were confirmed to exhibit minimal cytotoxicity under these culture conditions in
preliminary viability assays (e.g., using Trypan Blue exclusion or a standard MTS/WST assay).

RNA Isolation and Quality Control

After the 5-day treatment period, neurospheres were collected by centrifugation (300 x g, 5 min),
washed once with ice-cold Phosphate-Buffered Saline (PBS; Thermo Fisher Scientific), and total RNA
was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's
protocol, including an on-column DNase I digestion step (RNase-Free DNase Set, Qiagen) to
eliminate genomic DNA contamination. RNA concentration and purity were assessed using a
NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific). Samples with A260/280 ratios
between 1.9 and 2.1 and A260/230 ratios above 1.8 were considered high quality and used for
downstream applications. RNA integrity was confirmed for representative samples (e.g., via
visualization of distinct 185 and 28S rRNA bands on an agarose gel).

cDNA Synthesis

First-strand complementary DNA (cDNA) was synthesized from 1 pg of total RNA using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific) in a
20 pL reaction volume, according to the manufacturer's instructions. The reaction mixture included
random primers and MultiScribe™ Reverse Transcriptase. Reactions were performed in a thermal
cycler (Veriti™ 96-Well Thermal Cycler, Applied Biosystems, Thermo Fisher Scientific) with the
following program: 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. Control reactions lacking
reverse transcriptase (-RT controls) were prepared for representative samples to verify the absence
of significant genomic DNA amplification during subsequent qPCR. Synthesized cDNA was diluted
1:5 with nuclease-free water (Thermo Fisher Scientific) and stored at -20°C until use.

Quantitative Real-Time PCR (qPCR)

d0i:10.20944/preprints202504.1196.v1
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qPCR was performed on a StepOnePlus™ Real-Time PCR System (Applied Biosystems) using
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems). Primers for human SOX2, NES,
MGMT, GAPDH, and ACTB were designed wusing  Primer3Plus  software
(http://www.primer3plus.com/) and validated for specificity and efficiency. Primer sequences,
obtained from Integrated DNA Technologies, are listed in Table 1. Primer efficiency for each pair was
confirmed to be between 90-110% using a standard curve generated from serial dilutions of pooled
cDNA. Specificity was confirmed by melt curve analysis following each qPCR run, which showed
single, sharp peaks for each amplicon.

Each 10 pL qPCR reaction contained 5 pL of PowerUp™ SYBR™ Green Master Mix (2X), 0.5 uL
of forward primer (10 uM stock), 0.5 pL of reverse primer (10 uM stock), 2 puL of diluted cDNA
(corresponding to 20 ng of initial RNA input), and 2 pL of nuclease-free water. Reactions were
performed in technical triplicate for each biological replicate. Standard thermal cycling conditions
were used: UDG activation at 50°C for 2 min, initial denaturation at 95°C for 2 min, followed by 40
cycles of denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 1 minute. Melt
curve analysis was performed immediately after amplification (95°C for 15 s, 60°C for 1 min, followed
by a ramp to 95°C at 0.3°C/s). No-template controls (NTCs) containing water instead of cDNA were
included in each run to monitor for contamination. The -RT controls were also run to ensure no
significant amplification from potential genomic DNA contamination.

Table 1. Primer Sequences for qPCR.

S;;r;rl:)l E:::Z Forward Primer (5' - 3") Reverse Primer (5' - 3') 2:;5 1(1;;;1
SRY-Box
SOX2 Transcript GCTACAGCATGATGCA TCTGCGAGCTGGTCAT 145
ion Factor GGACCA GGAGTT
2
. GGCGCACCTCAAGATGT CAGGGAAGAGGTGGG
NES Nestin CCCT ACACAAG 128
O-6-
Methylgu
MGMT anine- GGTCTGCGAAGAGGAG CACCCAGTCGGAGGA 110
DNA GAAGG TAAGTTG
Methyltra
nsferase
Glycerald
ehyde-3-
Phosphat GTCTCCTCTGACTTCAA ACCACCCTGTTGCTGT
GAPDH e CAGCG AGCCAA 122
Dehydrog
enase
ACTB Beta- CACCATTGGCAATGAGC AGGTCTTTGCGGATGT 165
Actin GGTTC CCACGT
Data Analysis

Raw amplification data (Ct values) were exported from the StepOnePlus™ Software v2.3. Data
processing and analysis were performed using Microsoft Excel and GraphPad Prism. The stability of
housekeeping genes (GAPDH, ACTB) across treatment conditions was verified by confirming low

d0i:10.20944/preprints202504.1196.v1
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variance in their Ct values across all samples. The geometric mean of the Ct values for GAPDH and

ACTB was calculated for each sample and used for normalization.

Relative gene expression was calculated using the comparative Ct (AACt) method [25]:

1. Normalization: ACt = Ct_Target - Ct_Housekeeping_Mean.

2. Calibration: AACt = ACt_Sample - ACt_Vehicle_Average.

3. Relative Quantification (Fold Change): Fold Change =2"-AACt. The average fold change for the
vehicle control group was set to 1.

Statistical Analysis

Statistical analysis was performed on the ACt values using unpaired, two-tailed Student's t-tests
to compare the ATRA-treated group versus the vehicle control group for each gene within each cell
line. Biological replicates (n=3 per condition per cell line) were used for statistical comparisons.
Results are presented as mean fold change + Standard Error of the Mean (SEM). A p-value < 0.05 was
considered statistically significant.

Results

RNA Quality and gPCR Validation

Total RNA isolated from U87-MG and A172 cells treated with either vehicle (DMSO) or 1 uM
ATRA for 5 days was of high quality, with A260/280 ratios consistently between 1.95 and 2.05 and
A260/230 ratios above 1.9. qPCR analysis demonstrated reliable amplification, with single peaks
observed in melt curve analyses for all primer sets, confirming amplification specificity. No
amplification was detected in NTC wells. Amplification in -RT controls was negligible (Ct > 35 or
undetectable), confirming minimal genomic DNA contamination. The housekeeping genes GAPDH
and ACTB exhibited stable expression across all experimental conditions, validating their use for
normalization.

ATRA Treatment Downregulates Stemness Marker Expression in GBM Cell Lines

To determine the effect of ATRA on stemness-associated markers in GBM cells cultured under
neurosphere conditions, we quantified the mRNA expression of the core stemness transcription
factor SOX2 and the intermediate filament protein Nestin (NES).

In the U87-MG cell line, treatment with 1 uM ATRA for 5 days resulted in a highly significant
decrease in the expression of both markers compared to vehicle-treated controls (Figure 1A, B). SOX2
mRNA levels were reduced by an average of 3.7-fold (Mean + SEM: Vehicle 1.00 + 0.12 vs. ATRA 0.27
+ 0.04; p = 0.0008). Similarly, NES mRNA expression was significantly downregulated by 4.1-fold
following ATRA treatment (Vehicle 1.00 + 0.15 vs. ATRA 0.24 + 0.03; p = 0.0005).

Similar effects were observed in the A172 cell line (Figure 1C, D). ATRA treatment led to a significant
reduction in SOX2 mRNA expression by 2.9-fold (Vehicle 1.00 + 0.10 vs. ATRA 0.34 + 0.05; p = 0.0041)
and a significant decrease in NES mRNA expression by 3.3-fold (Vehicle 1.00 + 0.13 vs. ATRA 0.30 +
0.04; p = 0.0028).

These results demonstrate that ATRA treatment effectively suppresses the expression of key genes
associated with stem-like states in both established GBM lines when cultured under these conditions.

d0i:10.20944/preprints202504.1196.v1
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Figure 1. ATRA treatment reduces the expression of stemness markers SOX2 and NES in GBM cell lines.
Relative mRINA expression levels of (A) SOX2 and (B) NES in U87-MG cells, and (C) SOX2 and (D) NES in A172
cells, following treatment with vehicle (DMSO) or 1 uM ATRA for 5 days. Expression was quantified by qPCR,
normalized to the geometric mean of GAPDH and ACTB, and calculated relative to the vehicle control group
(set to 1) using the AACt method. Data are presented as mean fold change + SEM from three biological replicates.
Statistical significance was determined by Student's t-test. ** p <0.01, ** p < 0.001.

ATRA Treatment Downregulates MGMT Expression in GBM Cell Lines

Given the critical role of MGMT in mediating TMZ resistance, we investigated whether ATRA
treatment also modulates MGMT expression in these cell line models. We quantified MGMT mRNA
levels in U87-MG and A172 cells following 5 days of vehicle or ATRA treatment.

In U87-MG cells, ATRA treatment resulted in a statistically significant decrease in MGMT mRNA
expression compared to the vehicle control group (Figure 2A). The average MGMT transcript level
was reduced by 2.6-fold (Vehicle 1.00 + 0.11 vs. ATRA 0.38 + 0.06; p = 0.0065).

A similar significant downregulation of MGMT expression was observed in the A172 cell line
following ATRA treatment (Figure 2B). MGMT mRNA levels decreased by an average of 2.2-fold
compared to vehicle controls (Vehicle 1.00 + 0.14 vs. ATRA 0.45 + 0.07; p = 0.0132).

These findings indicate that ATRA treatment, concurrently with reducing stemness marker
expression, also reduces the expression of the key TMZ resistance gene MGMT at the transcript level
in both tested GBM cell lines under neurosphere culture conditions.
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Figure 2. ATRA treatment reduces the expression of the TMZ resistance gene MGMT in GBM cell lines.
Relative mRNA expression levels of MGMT in (A) U87-MG cells and (B) A172 cells following treatment with
vehicle (DMSO) or 1 uM ATRA for 5 days. Expression was quantified by qPCR, normalized to the geometric
mean of GAPDH and ACTB, and calculated relative to the vehicle control group (set to 1) using the AACt
method. Data are presented as mean fold change + SEM from three biological replicates. Statistical significance
was determined by Student's t-test. * p < 0.05, ** p <0.01.

Summary of gPCR Results

The relative fold changes and statistical significance for all target genes in both cell lines are
summarized in Table 2.

Table 2. Summary of Relative Gene Expression Changes Following 1 uM ATRA Treatment (5 days).

Cell Line Target Mean Fold Change (ATRA vs. p-value (vs.
Gene Vehicle) + SEM Vehicle)
U87-MG SOX2 0.27 +0.04 0.0008
U87-MG NES 0.24 +0.03 0.0005
U87-MG MGMT 0.38 +0.06 0.0065
A172 SOX2 0.34 £ 0.05 0.0041
A172 NES 0.30 £ 0.04 0.0028
Al172 MGMT 0.45 £ 0.07 0.0132

Data represent mean + SEM from n=3 biological replicates. Fold change is relative to the vehicle control group
(set to 1.0). P-values were calculated using Student's t-test comparing ACt values between ATRA and vehicle

groups. Significance levels: * p < 0.05, ** p < 0.01, *** p <0.001.

Discussion

The resistance of glioblastoma to conventional therapies, particularly TMZ, represents a major
obstacle in treating this disease. This study investigated the potential of ATRA-induced
differentiation to concomitantly reduce stemness-associated properties and modulate the expression
of the critical TMZ resistance gene, MGMT, in established human GBM cell lines cultured under
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neurosphere-promoting conditions. Our findings provide molecular evidence that treatment with 1
uM ATRA for 5 days significantly downregulates the mRNA expression of key stemness markers
SOX2 and NES, as well as MGMT, in both U87-MG and A172 cell lines.

The observed downregulation of SOX2 and NES (approx. 3- to 4-fold reduction) suggests that
ATRA treatment promotes a shift away from a stem-like transcriptional state in these models. SOX2
is a master regulator crucial for maintaining stem cell identity, including in glioma [8,26]. Nestin is
associated with neural progenitors and a more aggressive phenotype in GBM [9,27]. The reduction
in transcripts for both factors aligns with previous reports indicating that ATRA can induce
morphological and molecular changes consistent with differentiation in glioma cell lines [20,22,28].
Our quantitative data support these observations at the transcript level in established lines cultured
under conditions designed to enrich for stem-like features, suggesting ATRA can modulate these
specific pathways in these models.

Perhaps the most significant finding of this study is the concurrent downregulation of MGMT
mRNA expression following ATRA treatment (approx. 2.2- to 2.6-fold reduction). MGMT is the
primary determinant of TMZ resistance in GBM, and its expression level is inversely correlated with
treatment response [12-14]. While differentiation therapy has been proposed as a means to sensitize
cancer cells, direct evidence linking ATRA to the modulation of MGMT expression in GBM models
has been limited. Our results demonstrate a clear reduction in MGMT transcripts associated with
ATRA treatment in U87-MG and A172 cells. This finding provides a potential molecular mechanism
by which ATRA could modulate pathways associated with TMZ sensitivity, particularly relevant for
tumors expressing significant levels of MGMT. This could be important as many GBM patients
present with unmethylated MGMT promoters and derive limited benefit from TMZ [15].

The mechanism by which ATRA downregulates MGMT expression warrants further
investigation. ATRA signaling via RAR/RXR heterodimers could directly or indirectly repress
MGMT transcription, possibly through interactions with regulatory elements near the MGMT gene
or via modulation of other transcription factors [19,29,30]. Alternatively, ATRA-induced
differentiation might lead to broader epigenetic reprogramming, although significant changes in
DNA methylation are less likely over this 5-day timeframe. Future studies involving chromatin
immunoprecipitation (ChIP) for RAR binding or analysis of histone modifications at the MGMT locus
would be valuable.

We observed consistent effects of ATRA on SOX2, NES, and MGMT expression across two
distinct established GBM lines, U87-MG and A172, strengthening the potential generalizability of
these findings within these specific model systems. Although the magnitude of downregulation
varied slightly, the overall trend was robustly significant in both.

It is crucial, however, to acknowledge the limitations of this study. Firstly, we used established
cell lines (U87-MG, A172) cultured under specific neurosphere conditions. While useful and widely
employed, these models may not fully recapitulate the biological heterogeneity and complex
characteristics of patient-derived GSCs or primary GBM tumors in situ. Findings should be
interpreted within the context of these specific cell line models. Secondly, our analysis focused solely
on mRNA expression. Confirmation at the protein level for SOX2, NES, and particularly the
functional enzyme MGMT (via Western blotting and MGMT activity assays) is an essential next step.
Thirdly, these experiments were conducted in vitro. The tumor microenvironment in vivo could
significantly influence cellular responses to ATRA. Future studies should aim to validate these
findings in orthotopic xenograft models, assessing tumor growth, marker expression, and the
combinatorial efficacy of ATRA and TMZ in vivo. Finally, investigating a broader range of
concentrations, time points, and additional differentiation/stemness markers would provide a more
comprehensive understanding.

Despite these limitations, our findings have significant implications. They provide a strong
molecular rationale supporting the further exploration of ATRA as a modulator of key pathways in
GBM models. By simultaneously reducing the expression of stemness-associated markers and the
MGMT gene in established GBM cell lines, ATRA demonstrates potential for impacting both stem-
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like properties and TMZ resistance mechanisms. This warrants further preclinical investigation into
ATRA, potentially in combination with TMZ, assessing functional outcomes such as effects on cell
proliferation, clonogenicity, TMZ sensitivity (IC50 determination), and ultimately, in vivo efficacy in
appropriate GBM models.

Conclusions

In conclusion, this study demonstrates that All-Trans Retinoic Acid (ATRA) treatment
effectively downregulates the mRNA expression of the key stemness markers SOX2 and Nestin in
the established glioblastoma cell lines U87-MG and A172 cultured under neurosphere conditions.
Critically, we show that ATRA concurrently reduces the expression of the pivotal DNA repair and
temozolomide resistance gene, MGMT, in these models. These findings provide direct molecular
evidence linking ATRA treatment to the suppression of a major chemoresistance-associated factor
alongside markers of a stem-like state in established GBM cell lines. This dual action highlights the
potential utility of exploring ATRA in therapeutic strategies, particularly in combination approaches
aimed at modulating TMZ resistance pathways and targeting aggressive cell populations in
glioblastoma. Further preclinical and translational studies are warranted to fully evaluate the
therapeutic potential of ATRA in relevant GBM models.
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