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Abstract

Background: Temozolomide (TMZ) resistance represents a major therapeutic challenge in
glioblastoma treatment, where autophagy has emerged as a key adaptive survival mech-
anism. Although numerous studies have implicated autophagy in TMZ resistance, most
have assessed this process at a single point, thereby overlooking its dynamic and time-
dependent nature. Methods: In this study, we systematically investigated the temporal
regulation of autophagy-related gene expression in two human glioblastoma cell lines
with distinct MGMT methylation status and TMZ sensitivities (T98G and U87) following
TMZ treatment. Cells were exposed to TMZ and harvested at defined time points (0 h,
6 h, 24 h, and 48 h). The expression levels of genes representing distinct stages of the
autophagy pathway, including initiation, nucleation, elongation, selective autophagy, lyso-
somal function, and transcriptional regulation, were analyzed using RT-qPCR. Relative
gene expression was calculated using the 2−∆∆CT method with GAPDH as the reference
gene. Results: Our results reveal a time-dependent and phase-specific transcriptional
reprogramming of the autophagy machinery in response to TMZ-induced stress. Early time
points were characterized by modulation of autophagy initiation and nucleation genes,
whereas intermediate and late phases showed prominent regulation of genes associated
with autophagosome elongation, selective autophagy, autophagic flux, and transcriptional
control. Conclusions: Collectively, these findings demonstrate that autophagy in TMZ-
treated glioblastoma cells is not a static response but a dynamically regulated, multi-phase
program. Specifically, in TMZ-resistant T98G cells, this process matures into a sustained
adaptive program with robust late-phase lysosomal integration, while in TMZ-sensitive
U87 cells, the early autophagic response is transient and fails to support long-term lyso-
somal coordination. This temporal perspective provides new insights into the role of
autophagy in TMZ tolerance and underscores the importance of time-resolved analyses
when targeting autophagy to overcome chemoresistance in glioblastoma.
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1. Introduction
Glioblastoma multiforme is the most frequent type of brain tumor in adults and

also the most malignant type. Unfortunately, due to the limitations of current treatment
methods, the average survival time for patients continues to be in a very narrow range of
14–15 months [1]. This situation is associated with the aggressive nature of the tumor and
the resistance mechanisms developed against the treatments [2]. Contrary to the fact that
Temozolomide is being widely used as a chemotherapy agent in glioblastoma treatments,
it is still able to cause resistance in about 50% of cases, thus significantly decreasing the
success of the treatment [2]. Therefore, understanding and overcoming temozolomide
resistance are essential keys to survival rate increases in glioblastoma treatment [3,4]. One
of the major mechanisms of temozolomide resistance in glioblastoma cells is the increase in
the capacity of the tumor cells to survive through drug-induced autophagy [5]. Autophagy
is a catabolic process whereby cells digest and recycle their own components, and it has
been demonstrated to play an important role in the development of resistance against
temozolomide in glioblastoma [4]. This mechanism allows cancer cells to survive under
stress conditions; however, it has been suggested that excessive autophagy can lead to
cancer cell death [4,6]. This contradictory role reveals the complexity and the potential of
targeting autophagy in anticancer therapies [4]. Therefore, studying the time-dependent
effects of temozolomide on autophagy gene expression in glioblastoma cells is of great
importance for the development of therapeutic strategies [7]. The clarification of these
mechanisms will be a basis for overcoming temozolomide resistance and developing
more effective therapeutic approaches for glioblastoma patients [2,4]. Moreover, it has
been suggested that blocking autophagy may increase the temozolomide sensitivity of
glioblastoma stem cells [8]. In this regard, a detailed analysis of the time-dependent
effects of temozolomide on autophagy-related genes in glioblastoma cells will contribute
significantly to the molecular understanding of resistance mechanisms [2,9,10].

Glioblastoma multiforme is the most aggressive form of astrocytoma and is classified
as a WHO Class IV malignancy; it also has the highest incidence among central nervous
system tumors [11]. It has an annual incidence rate of 5.26 per 100,000 people; around
17,000 new cases are diagnosed annually, accounting for almost 80% of primary brain tu-
mors [12]. In children, glioblastoma accounts for about one-fifth of all childhood cancers.
The high aggressiveness of glioblastoma is due to its characteristic features of rapid cell
proliferation, invasive growth, and angiogenesis, while resistance to current treatment
protocols makes the prognosis even worse [13]. The heterogeneous nature of these tumors,
with different genetic and molecular subtypes, adds to their complexity, thus necessitat-
ing the development of personalized therapeutic approaches [14]. In line with this, the
molecular-level understanding of glioblastoma pathophysiology is crucial for the develop-
ment of effective therapeutic strategies. Because of the high recurrence rates of the disease
and the resistance which develops against the therapy, identifying molecular targets and
discovering new drug candidates require extensive research [15]. Furthermore, delineating
cellular processes such as autophagy in glioblastoma can reveal novel therapeutic targets
that potentially improve survival [16,17].

Temozolomide is accepted as a standard oral alkylating agent in the treatment of
glioblastoma multiforme, and it hinders the growth of tumor cells by alkylation of DNA [18].
However, resistance to temozolomide occurs in about 50% of patients, which is an impor-
tant factor limiting the effectiveness of the drug [16]. This resistance has been linked to
mechanisms such as high expression of the O6-methylguanine-DNA methyltransferase
gene, as this enzyme removes the alkylating effect of temozolomide on DNA and thus pro-
vides protection against chemotherapy [4]. Therefore, strategies such as MGMT inhibitors
are being developed to overcome temozolomide resistance, and new treatment approaches
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targeting these resistance mechanisms are being explored. However, it is possible that the
inadequacy of temozolomide monotherapy due to its side effects such as myelotoxicosis,
nausea, and fatigue may pave the way for tumor recurrence [3]. These limitations reveal
the need for alternative or combination therapies to increase the efficacy of temozolomide
and to overcome resistance mechanisms in glioblastoma treatment [3]. In this regard, a
thorough investigation of the molecular pathways that constitute the basis of temozolomide
resistance, especially autophagy and other cellular defense mechanisms, can provide novel
therapeutic targets to overcome treatment failure [5,19].

Autophagy is a vital catabolic process through which cells recycle components by
degrading their damaged or dysfunctional organelles and proteins via lysosomes. This
mechanism is critically important to maintain cellular homeostasis, respond to stress, and
combat a variety of pathological conditions [20]. In the context of cancer, autophagy can
function as a tumor suppressor during the early stages of tumorigenesis, but at later stages,
it helps tumors survive chemotherapy and radiotherapy by developing resistance [21,22].
This dual role has led to the consideration of autophagy in cancer therapy as both a potential
target and a resistance mechanism [5]. Therefore, the timing and extent of autophagy
activation may be crucial factors determining the success of cancer treatment. It has been
shown, in particular, that autophagy acts as a cytoprotective mechanism in the development
of temozolomide resistance and thus cancer cells acquire greater survival ability under TMZ
treatment [21,23]. In this context, increased autophagic flux was detected in temozolomide-
resistant glioblastoma cells, and it was associated with a decrease in the levels of autophagy
markers LC3A/B-II and p62 [24]. Here, it is suggested that cytoprotective autophagy
contributes to the resistance of glioblastoma cells to chemotherapy by inhibiting TMZ-
induced apoptosis [25,26]. Hence, the complicated and paradoxical role of autophagy in
cancer is reinforced by findings that it can both promote and suppress tumor growth [27].
Given that TMZ sensitivity is not consistent between and within individual malignant
glioma cell lines due to divergent genetic backgrounds, such as varying MGMT methylation
status, relying on a single cell line limits the generalizability of the findings. Therefore,
to overcome this limitation and better understand the dynamic role of autophagy, we
comparatively evaluated these time-dependent effects in both T98G (MGMT-unmethylated,
TMZ-resistant) and U87 (MGMT-methylated, TMZ-sensitive) cell lines.

2. Materials and Methods
2.1. Cell Line and Culture Conditions

Human glioblastoma cell lines T98G (ATCC: CRL-1690) and U87-MG (ATCC: HTB-14)
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Both cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM; high glucose;
Gibco, Billings, MT, USA) supplemented with 10% fetal bovine serum (FBS; Capricorn
Scientific, Ebsdorfergrund, Germany) and 1% penicillin/streptomycin (Gibco, Billings, MT,
USA). Cells in the logarithmic growth phase were maintained at 37 ◦C in a humidified
incubator with 5% CO2 and were passaged two to three times per week. All experimental
procedures were conducted under identical culture conditions for both cell lines.

2.2. Preparation for Temozolomide Doses

A stock solution of temozolomide (TMZ; TEMODAL®, Merck Sharp & Dohme, Rahway,
NJ, USA) was prepared by dissolving the compound in 100% dimethyl sulfoxide (DMSO;
Thermo Fisher Scientific, Waltham, MA, USA). Due to the light sensitivity of TMZ, stock
solutions were prepared in amber tubes, aliquoted, and stored at −20 ◦C. A fresh aliquot
was used for each experimental day. The stock solution was serially diluted in fresh culture
medium to obtain final concentrations of 50 µM, 100 µM, and 200 µM. The final DMSO
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concentration was kept constant across all treatment groups and matched with the vehicle
control (DMSO only). Both T98G and U87 cells were treated under identical dosing conditions.

2.3. MTS Cell Viability Assay

Cell viability was assessed using the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (Sigma Chemical Co., St. Louis,
MO, USA) assay. T98G and U87 cells were seeded at a density of 5 × 103 cells per well in
96-well plates and allowed to attach for 24 h prior to treatment. Cells were then exposed
to TMZ (50, 100, and 200 µM) for 6 h, 24 h, and 48 h. At the end of each treatment period,
MTS reagent was added according to the manufacturer’s instructions and absorbance was
measured at 450 nm using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific,
Waltham, MA, USA). All experiments were performed in triplicate. Cell viability was calculated
as a percentage relative to the corresponding vehicle-treated control for each cell line.

2.4. RNA Isolation

Total RNA was isolated from the cells at the designated time points, using RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The amount
and purity of RNA were evaluated by spectrophotometric measurement (NanoDrop 2000,
Thermo Fisher Scientific, Waltham, MA, USA), and only the samples that met the quality
criteria were used for the analyses.

2.5. Complementary DNA (cDNA) Synthesis

cDNA synthesis from Total RNA was performed according to the protocol of the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Same amount of total RNA (1 µg) was used for each sample. Reverse transcription reactions
were run by using VeritiTM 96-Well Thermal Cycler (Applied Biosystems, Foster City, CA,
USA). The samples were incubated at 25 ◦C for 5 min, 42 ◦C for 60 min, and followed by
incubation at 70 ◦C for 5 min to stop the reaction.

2.6. RT-qPCR Analysis of Autophagy Gene Expression

The expression levels of the genes that represent the different phases of the autophagy
process were analyzed by the RT-qPCR method using a CFX96 Real-Time PCR System
(Bio-Rad Laboratories, Hercules, CA, USA). All samples were run as technical triplicates
and amplification specificity was confirmed by melting curve analysis. The autophagy-
related genes analyzed in this study included ULK1, BECN1 (Beclin-1), ATG5, ATG7, WIPI1,
LC3B, SQSTM1 (p62), NBR1, FOXO3, and TFEB, representing key regulatory steps of the
autophagy pathway, including initiation, elongation, selective autophagy, and transcrip-
tional regulation. Primer sequences used for RT-qPCR analysis of these genes are listed in
Table 1. All primer sequences are presented in the 5′–3′ direction, and primer specificity
was verified by melting curve analysis. GAPDH was used as the reference (housekeeping)
gene for normalization of gene expression.
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Table 1. Primer sequences for RT-qPCR analysis.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′) Reference

ULK1 AGCAGTTGCTTCTGTTGCTC TCTGCTGATGGTGATGTTGG [28]

TFEB CAGTGGAGCAGAGAGACTTTG CTCTTCTGGTAGCTGCTGGT [29]

WIPI1 GCTGCTGTTGCTACTGTTGA AGGTAGCTGCTGTTGATGGT [30]

NBR1 TGGACAGCTTCAGTCTTCGT CTGTAGGTGGAGGCTTTGGT [31]

ATG5 CAGTTTGGCACACACTTGTG GTCTGTGATGGGTTGTTGCT [32]

ATG7 ACACCAAGAGGAGCTGTTGA TGTGCTGTTGCTGTAGGTGT [33]

LC3B GAGAAGCAGCTTCCTGTTCT CTCCTGGGAGGCATAGACAT [34]

FOXO3 GCGTGCCCTACTTCAAGGATA TGGGAGTTCCTTCATTCTGGT [35]

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC [36]

2.7. Gene Expression Data Analysis

The CT values obtained from RT-qPCR analyses were first normalized to each sample
by subtracting CT values of the reference gene GAPDH from the target genes (∆CT). Then,
∆CT values at each time point were compared to the mean ∆CT value of the control
group (0 h, vehicle-treated) to calculate ∆∆CT values. Relative gene expression levels were
determined using the 2−∆∆CT method. The average CT values were taken over technical
replicates. The results were expressed as fold changes relative to the control group. Time-
dependent changes were assessed by comparing the relevant time points with the control
group. The results were reported as mean ± standard error of the mean (SEM).

2.8. Statistical Analysis

All experiments were performed in at least three independent biological replicates.
Data are presented as mean ± standard error of the mean (SEM). Statistical analyses were
conducted using one-way analysis of variance (ANOVA) followed by suitable post hoc
tests. A p value < 0.05 was considered statistically significant (with using GraphPad Prism
version 9.0, GraphPad Software, Boston, MA, USA).

3. Results
Based on dose-range assessments, TMZ was evaluated at final concentrations of

50 µM, 100 µM, and 200 µM to determine an appropriate exposure level for time-course
analyses. Cell viability in the control group (medium only) was 100%. These experiments
indicated that 100 µM TMZ elicited robust cellular responses without inducing excessive
acute cytotoxicity (Table 2).

Accordingly, 100 µM TMZ was selected as the final experimental concentration for all
subsequent time-dependent gene expression analyses. To investigate the time-dependent
regulation of autophagy-related gene expression, cells treated with 100 µM TMZ were
harvested at predefined time points: 0 h, 6 h, 24 h, and 48 h following drug exposure.

T98G cells were exposed to 50, 100, and 200 µM TMZ. Cell viability was measured at
6 h, 24 h, and 48 h time points and vehicle (DMSO) was normalized. The data are presented
in Figure 1 as the mean of three independent experiments. TMZ has caused a reduction in
cell viability in a time- and dose-dependent manner.
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Table 2. Cell viability of T98G and U87 glioblastoma following time- and dose-dependent temozolo-
mide treatment.

Time (h) Condition TMZ (µM) T98G Mean Viability (%) U87 Mean Viability (%)

6 Vehicle (DMSO) 0 98.13 98.13
6 TMZ 50 90.45 89.50
6 TMZ 100 77.01 72.41
6 TMZ 200 45.03 28.54
24 Vehicle (DMSO) 0 97.92 97.92
24 TMZ 50 81.77 79.95
24 TMZ 100 63.11 55.73
24 TMZ 200 32.96 12.85
48 Vehicle (DMSO) 0 99.62 99.62
48 TMZ 50 77.74 75.51
48 TMZ 100 58.82 50.58
48 TMZ 200 27.69 0.00 *

*: Below the limit of detection.

Figure 1. Dose–response analysis of temozolomide (TMZ) in T98G glioblastoma cells.

Cell viability was assessed at 6, 24, and 48 h at TMZ concentrations of 0, 50, 100, and
200 µM; values are expressed as mean viability (%).

Dose-, response-, and time-dependent cell viability assays were performed to deter-
mine the most appropriate TMZ concentration for subsequent gene expression analyses in
both T98G and U87 glioblastoma cells (Figures 1 and 2). In both cell lines, 100 µM TMZ
induced a gradual reduction in cell viability over time. However, this concentration was
selected as a sublethal dose for RT-qPCR analyses, as it did not cause extensive cell death,
particularly at early time points, thereby allowing reliable assessment of time-dependent
transcriptional changes. The cytotoxic effect of temozolomide (TMZ) in T98G glioblastoma
cells and the corresponding IC50 values were determined from dose–response curves
(Figure 3). Cell viability was measured at time points of 6 h, 24 h, and 48 h. The horizontal
dashed line indicates 50% cell viability, and the vertical dashed lines represent the IC50
values calculated at each time point. The IC50 values were determined to be approximately
185 µM for 6 h, 144 µM for 24 h, and 128 µM for 48 h, respectively.
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Figure 2. Dose–response analysis of temozolomide (TMZ) administration in U87 glioblastoma cells.

Figure 3. Time-dependent determination of IC50 values for temozolomide (TMZ) in T98G cells.

The IC50 values calculated based on dose–response analyses showed that TMZ exhib-
ited a time-dependent cytotoxic effect in T98G cells. The IC50 values were determined to
be approximately 185 µM for 6 h, 144 µM for 24 h, and 128 µM for 48 h, respectively.

Cell viability was assessed following exposure to increasing concentrations of TMZ
(0–200 µM) at 6 h, 24 h, and 48 h. Dose–response curves were generated using a four-
parameter logistic regression model. The horizontal dashed line indicates 50% cell viability,
and the vertical dashed lines represent the corresponding IC50 values at each time point
(6 h: 146.37 µM; 24 h: 107.28 µM; 48 h: 94.61 µM).

The cytotoxic effect of temozolomide (TMZ) in U87 glioblastoma cells and the corre-
sponding IC50 values were determined from dose–response curves (Figure 4). Cell viability
was evaluated at 6 h, 24 h, and 48 h. The horizontal dashed line represents 50% cell viability,
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while the vertical dashed lines indicate the calculated IC50 values at each time point. The
IC50 values were calculated as 146.37 µM at 6 h, 107.28 µM at 24 h, and 94.61 µM at 48 h,
demonstrating a progressive, time-dependent increase in TMZ sensitivity in U87 cells.

Figure 4. Time-dependent determination of IC50 values of temozolomide (TMZ) in U87 glioblastoma cells.

In order to evaluate the time-dependent effects of TMZ treatment on the expression
of autophagy-related genes, RT-qPCR analyses were performed on T98G glioblastoma
cells at different time points. The results obtained showed that the response of autophagy
genes to TMZ was time-dependent. Most of the genes analyzed displayed different ex-
pression patterns at the early, middle and late phases after TMZ treatment (Figure 5). The
time-normalized gene expression profiles reveal that the autophagic response is not a
unidirectional increase or decrease but a dynamically reprogrammed process.

Figure 5. Time-dependent autophagy gene regulation under temozolomide.

Heatmap representation of time-dependent changes in autophagy-related gene expres-
sion in T98G glioblastoma cells following temozolomide treatment. Relative expression
values were calculated using the 2−∆∆CT method normalized to GAPDH and are displayed
as log2(2−∆∆CT) relative to the 0 h vehicle control. Color intensity reflects the magnitude
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and direction of regulation over time. No z-score standardization was applied. Genes
involved in autophagy initiation, elongation, selective autophagy, lysosomal function, and
transcriptional regulation are shown. Color intensity represents the magnitude of gene reg-
ulation over time, highlighting dynamic and phase-specific transcriptional reprogramming
of the autophagy machinery.

After the application of TMZ, marked changes were observed at the early time point
(6 h) in the expression levels of the genes involved in the initiation and nucleation phases
of autophagy (Figure 6). More specifically, a significant increase in ULK1 gene expression,
which plays a crucial role in the initiation of autophagy, at 6 h strongly suggests that the
mechanisms of autophagy initiation were activated at the early stage as a rapid stress
response to TMZ.

Figure 6. Phase-specific temporal modulation of autophagy-related genes in response to temozolomide.

On the other hand, it was noted that during the nucleation process of autophagy, the
expression level of the BECN1 gene, which is one of the main regulators of this process, did
not show a significant increase at the early phase, and up to 24 h it exhibited a limited or
repressed expression profile. This finding reflects that during the early phase of autophagy
in response to TMZ, the ULK1-mediated initiation signal predominates, while the nucleation
step might be temporally delayed or a more tightly regulated step of the process.

At a later time point (48 h), it was observed that both ULK1 and BECN1 gene expression
levels were close to basal values or slightly increased, indicating that the steps of autophagy
initiation and nucleation after the early phase have been rebalanced and integrated into the
cellular adaptation process.

RT-qPCR analysis shows time-dependent changes in the expression of autophagy-
related genes in T98G cells treated with temozolomide. Relative gene expression levels
were calculated using 2−∆∆CT method normalized to GAPDH and are presented as fold
change relative to the 0 h vehicle control. Data represent mean ± SEM of at least three
independent experiments.

Following TMZ treatment, it was observed that the expression profiles of the genes
involved in the later stages of autophagy became particularly apparent at a late time point
(48 h). The increased expression levels of ATG5 and ATG7 genes at 48 h, which are involved
in the autophagosome elongation, show that the late phases of autophagy are actively
turned on in T98G cells exposed to TMZ. This increase might indicate that the autophagic
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response initiated at the early phase is maturing over time and gradually moving to the
elongation and autophagosome formation steps.

In parallel, the regulation of SQSTM1 (p62) gene expression, which plays a role in
selective autophagy and recognition of autophagic cargo, at the late phase also indicates
that autophagic flux is not only initiated but also maintained by selective mechanisms
targeting cellular protein and organelle homeostasis. Although SQSTM1 expression showed
a repressed profile in the early and middle phases, the ongoing change at the late phase
indicates that the cellular recycling processes through autophagy are dynamically regulated.

Moreover, changes in the TFEB and LAMP1 genes that play a role in the transcriptional
and lysosomal regulation of autophagy around the 48th hour also suggest that lysosomal
functions and autophagy–lysosome axis play a significant role in the cellular adaptation to
TMZ for a long period of time. In particular, an increase in TFEB expression can be considered
a finding confirming that autophagy and lysosome biogenesis are coordinately activated.

Overall, these data indicate that the autophagy early phase was initiated as a response
to TMZ application; however, the extension and selective autophagy steps became dom-
inant in late phase and the cells used these processes for survival and adaptation under
long-term stress.

Exposure to TMZ for an extended period significantly alters the expression levels
of genes involved in lysosomal functions. Especially at the late time point (48 h), the
expression profiles of the genes that play a role in lysosome biogenesis and autophagy–
lysosome axis regulation have been identified as being susceptible to TMZ treatment.

Changes in the expression level of the LAMP1 gene, which is responsible for the
protection of the lysosomal structure and functional integrity, at the middle and late phase,
indicate that lysosomes are actively reconstituted during the later stages of the autophagic
process. This situation shows that autophagy is not only limited to the formation of the
autophagosome but also that lysosomal capacity and functions are reshaped as a part of
the adaptive response to TMZ.

Moreover, the fact that the expression of TFEB gene, which plays a key role in lysosome
biogenesis and transcriptional regulation of genes related to autophagy, shows a marked
increase, especially at the late phase, indicates that long-term exposure to TMZ activates the
autophagy–lysosome system. TFEB mediated this regulation; the cells were thought to be
targeting the breakdown of autophagic cargo and the maintenance of cellular homeostasis
through an increase in lysosomal activity.

Overall, these findings reveal that prolonged TMZ exposure causes lysosomal func-
tions in T98G cells to be directly or indirectly affected, through which the later stages of the
autophagy flux are reprogrammed, and lysosomes have become an important component
of the cellular adaptive response to TMZ.

Following prolonged treatment with TMZ, significant changes have been observed in
expression levels of genes involved in the regulation of lysosomal functions. In particular, at a
late time point (48 h), it was found that the expression profiles of genes involved in lysosomal
biogenesis and regulation of the autophagy–lysosome axis are sensitive to TMZ exposure.

Changes in the expression levels of the LAMP1 gene, which are responsible for preserving
the structure and functional integrity of lysosomes, in the middle and late phases suggest
that lysosomes are actively rearranged through the later stages of autophagic processes. This
indicates that autophagy is not only about the formation of autophagosomes, but also that
lysosomal capacity and functions are reshaped as an adaptive response to TMZ.

Moreover, the increase in the expression of the TFEB gene, which plays a key role
in transcriptional regulation of genes related to lysosome biogenesis and autophagy, was
observed especially at the late stage. This points to the fact that continuous exposure to
TMZ results in a holistic activation of the autophagy–lysosome system. This TFEB-mediated
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regulation implies that cells, through increased lysosomal activity, are aiming at efficient
degradation of autophagic cargo and thus maintenance of cellular homeostasis.

These findings overall indicate that prolonged TMZ exposure in T98G cells led to
remodeling of the late stages of autophagy by affecting lysosomal functions either directly
or indirectly. As a result, the lysosomes become an integral component of the adaptive
response to TMZ at the cellular level.

Relative mRNA expression levels of ULK1, BECN1, ATG5, ATG7, SQSTM1 (p62), LC3B,
LAMP1, and TFEB were determined by RT-qPCR at 0 h, 6 h, 24 h, and 48 h after treatment
with 100 µM TMZ (Figure 7). Gene expression levels were normalized to GAPDH and
calculated using the 2−∆∆Ct method. Data are presented as fold change relative to the 0 h
vehicle control and expressed as mean ± SEM of at least three independent experiments.

Figure 7. Time-dependent expression profile of autophagy-related genes in U87 glioblastoma cells
following temozolomide (TMZ) treatment.

During the nucleation phase of autophagy in U87 cells, the expression profile of BECN1,
one of the key regulators of autophagic nucleation, did not show a marked induction in the
early phase following TMZ exposure. At 6 h, BECN1 expression remained slightly below
basal levels, and this modest or repressed pattern persisted up to 24 h. This suggests that
although an early initiation signal may be triggered, the nucleation step is either tightly
regulated or not strongly sustained in U87 cells during the early stress response.

At the later time point (48 h), BECN1 expression returned approximately to basal
levels, while ULK1 expression remained suppressed compared to control. This pattern
indicates that, unlike a fully coordinated adaptive program, the initiation and nucleation
phases in U87 cells are not robustly maintained over prolonged TMZ exposure.

RT-qPCR analysis revealed clear time-dependent alterations in autophagy-related
gene expression in U87 glioblastoma cells treated with TMZ. Relative expression levels
were calculated using the 2−∆∆Ct method normalized to GAPDH and are presented as fold
change relative to the 0 h vehicle control. Data represent mean ± SEM of at least three
independent experiments.

Following TMZ treatment, a pronounced early induction was observed at 6 h in
several genes associated with autophagosome elongation and processing. In particular,
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ATG7 and LC3B showed strong upregulation in the early phase, indicating rapid activation
of autophagic machinery. However, at 24 h, the expression levels of most genes—including
ULK1, ATG7, SQSTM1, and LAMP1—declined toward or below basal levels. This transient
pattern suggests that the early autophagic response in U87 cells is not sustained over time.

At 48 h, partial reactivation of elongation-related genes such as ATG5, ATG7, and
LC3B was observed. However, genes associated with lysosomal function and autophagy–
lysosome axis regulation exhibited a different pattern. LAMP1 expression remained
markedly suppressed, and TFEB expression decreased below basal levels, indicating limited
lysosomal adaptation during prolonged exposure.

In parallel, SQSTM1 (p62) displayed a dynamic pattern characterized by early induction
followed by suppression and only modest recovery at 48 h. This fluctuation may reflect
dysregulated or incomplete autophagic flux rather than sustained cytoprotective autophagy.

Moreover, the marked reduction in LAMP1 expression at middle and late phases
suggests that lysosomal structural and functional integrity may be compromised in U87
cells under prolonged TMZ stress. In contrast to a coordinated lysosomal biogenesis
response, the limited induction of TFEB indicates that transcriptional activation of the
autophagy–lysosome system is not robustly sustained.

Overall, these findings indicate that although an early autophagic response is initiated
in U87 cells upon TMZ exposure, the subsequent elongation and lysosomal regulatory
phases do not appear to be efficiently maintained. Rather than reflecting a structured
adaptive mechanism, the temporal expression pattern suggests a transient and possibly
dysregulated autophagic response.

Prolonged TMZ exposure therefore does not seem to promote a fully integrated
autophagy–lysosome adaptive program in U87 cells. Instead, the lack of sustained lyso-
somal activation and the suppression of key regulatory genes at later time points may
contribute to the higher TMZ sensitivity observed in this cell line.

4. Discussion
Time-dependent and phase-specific regulation of autophagy observed in glioblastoma

cells after TMZ treatment reveals the complex interplay between cellular stress response
and chemoresistance mechanisms [37]. The detection of time-dependent significant changes
in the expression of genes representing the initiation, elongation and lysosomal function
steps of autophagy indicates that the autophagic machinery is dynamically reprogrammed
in response to TMZ [38]. These results also suggest that autophagy is not a monotonously
increasing or decreasing process but rather a multi-stage adaptation response progressing
through phase-specific transcriptional regulations [39,40].

There are contradictory results reported in the literature regarding the role of au-
tophagy in glioblastoma’s response to TMZ; some studies have suggested that autophagy
supports cell survival, while others are in favor of autophagy inhibition to increase treat-
ment efficacy [5,41]. However, the data obtained in this study indicate that the multifaceted
and phase-specific nature of autophagy can explain these contradictions. Different stages
of autophagy can have different effects on cell survival and drug sensitivity [10,42].

Induction of autophagy genes, especially at the very early phase, may facilitate a
cytoprotective mechanism by which cells recycle their components to the stress caused
by TMZ and thus adapt. Later, lysosomal function-related processes being highlighted
may contribute to long-term resistance [24]. This indicates that autophagy plays different
biological roles during the early and late phases.

The accumulation of autophagosomes in the process of autophagosome–lysosome
fusion (i.e., the autophagic flux) being disrupted and the decreased expression of lysosomal
proteins lead to the notion that the changes at the terminal stages of autophagy flux play a
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key role in the resistance to TMZ [43]. Therefore, not only the increase in autophagosome
formation but the overall regulation of autophagic flux seems to be very critical in terms
of chemoresistance. In fact, the accumulation of autophagosomes can lead to autophagic
cell death under certain conditions; thus, the delicate balance between the protective and
harmful effects of autophagy has been demonstrated [15].

The effects of TMZ treatment on LC3-II levels which were enhanced in the presence
of bafilomycin A1 thus do not support the notion of suppressed autophagy but rather
suggest a compensatory response developed against a heightened autophagic flux [20].
The dynamic equilibrium between autophagosome formation and lysosomal degradation
explains why autophagy as a therapeutic target in glioblastoma leads to complex and
contradictory results [4,5].

This complexity is further supported by the fact that different cellular responses are
observed when autophagy modulators are used. For example, although drugs such as
tamoxifen and rapamycin can induce autophagy, depending on the dose and cellular context,
a transient increase in autophagy, cytoprotection or cell death can occur [25]. Likewise,
autophagy inhibitors such as chloroquine and bafilomycin A1, by targeting different steps of
autophagic flux, can modify the effectiveness of TMZ in a variable manner [44].

While primary glioblastoma exhibits pronounced intratumoral heterogeneity in vivo,
our findings in homogeneous in vitro models (T98G and U87) suggest that the autophagic
response itself is highly context-dependent and varies significantly with the intrinsic genetic
background of the cells. This study reveals that autophagy in glioblastoma cells exposed
to TMZ is not a static process but rather a time-dependent and multi-phase adaptation
program. Autophagy in glioblastoma is dominantly a cytoprotective mechanism and this
feature constitutes a major component of resistance against conventional therapies [9,13].
Therefore, phase-specific and timing-based targeting of autophagy may be a key strategy
for the overcoming of TMZ resistance.

We propose a conceptual model summarizing phase-specific regulation of autophagy
in glioblastoma cells under temozolomide treatment based on our time-dependent gene
expression data (Figure 8). This model holistically illustrates early-phase autophagy induc-
tion, mid-phase autophagosome accumulation, and late-phase lysosomal dysfunction.

Figure 8. Schematic representation of the time-dependent and phase-specific regulation of autophagy-
related genes in T98G glioblastoma cells following temozolomide treatment.

Early-phase responses (6 h) are characterized by modulation of autophagy initiation-
related genes, predominantly ULK1. During the middle phase (24 h), genes involved in au-
tophagosome elongation, including ATG5 and ATG7, become prominent, indicating sustained
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autophagic activity. Prolonged exposure (48 h) is associated with regulation of lysosomal and
transcriptional regulators such as LAMP1, SQSTM1 (p62), and TFEB, suggesting late-stage
adaptation of the autophagy–lysosome axis. This model is based on transcriptional profiling
and does not directly assess autophagic flux or functional outcomes.

In the present research, temozolomide (TMZ) application has been shown to time-
dependently and phase-specifically reprogram the expression of autophagy-related genes
in T98G glioblastoma cells. The findings obtained indicate that, in response to TMZ,
autophagy is not a unidirectional or static process; on the contrary, it represents a dynamic
adaptation response during which different gene groups dominate at the early, middle and
late stages of the process.

In this study, the time-dependent effects of temozolomide (TMZ) on autophagy-
related gene expression were comparatively investigated in two glioblastoma cell lines with
different sensitivity profiles (T98G and U87). The findings indicate that while TMZ triggers
an autophagic response in both cell lines, the coordination, continuity, and lysosomal
integration of this response differ significantly. Dose–response analyses revealed that the
U87 cell line exhibits higher sensitivity to TMZ compared to T98G cells. Notably, the
marked decrease in IC50 values in U87 cells, especially upon prolonged exposure, supports
a time-dependent increase in cytotoxic sensitivity. In contrast, T98G cells maintained partial
viability even at high doses and prolonged exposures, suggesting the involvement of robust
adaptive cellular mechanisms.

At the transcriptional level, TMZ administration led to the activation of autophagy-
initiating genes in the early phase in both cell lines. However, at subsequent time points,
the gene expression profiles diverged considerably. In T98G cells, autophagy-related gene
expression demonstrated a temporally organized progression. Following early initiation
signals, an increase in the elongation-associated genes ATG5 and ATG7 occurred, followed
by upregulated TFEB and LAMP1 expression in the late phase. This suggests a holistic
activation of the autophagy–lysosome axis, integrating lysosomal capacity into the cellular
adaptation process. Thus, the autophagic response in T98G cells appears to function as a
cytoprotective and adaptive mechanism.

Conversely, U87 cells exhibited a more transient and dysregulated gene expression
pattern. Although early marked increases were observed in ATG7 and LC3B, this response
was suppressed by 24 h, and a fully coordinated lysosomal adaptation did not develop in the
late phase. The significant decline in LAMP1 expression during the middle and late phases,
along with limited TFEB activation, indicates that lysosome biogenesis and autophagy–
lysosome integration were not sustainable. This implies that despite early autophagy
initiation in U87 cells, the process was not effectively maintained, and lysosomal functions
were insufficiently supported. Efficient autophagic flux requires the coordinated action of
both autophagosome formation and lysosomal degradation. In U87 cells, the suppression
of lysosomal regulatory genes may have limited the adaptive potential of autophagy,
culminating in enhanced cytotoxicity. Overall, while TMZ induces an autophagic response
in glioblastoma cells, the functional outcome is highly cell-line-dependent. In relatively
resistant T98G cells, autophagy matures over time into an adaptive program, whereas
in more sensitive U87 cells, early activation cannot be sustained, resulting in inadequate
lysosomal compensation.

We acknowledge certain limitations in the present study. Most notably, autophagy
was assessed primarily at the transcriptional level. Given that mRNA expression does
not always strictly correlate with protein levels to confer biological activity, the lack of
direct protein-level evaluations (such as LC3B-II accumulation or p62 degradation assays)
and functional autophagic flux measurements is a limitation. Future studies incorporating
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protein-level validations and functional assays are warranted to fully confirm the biological
and translational impact of these transcriptional dynamic changes.
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SQSTM1/p62 Sequestosome 1
TMZ Temozolomide
ULK1 Unc-51 like autophagy activating kinase 1
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