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Abstract: Glioblastoma multiforme (GBM) is a highly aggressive brain tumor with poor prognosis and limited treat-
ment options. While 5-fluorouracil (5-FU) has not been widely employed in GBM therapy, emerging research indi-
cates its potential for effectiveness when combined with advanced drug delivery systems to improve its transport to
brain tumors. This study aims to investigate the role of THOC2 expression in 5-FU resistance in GBM cell lines. We
evaluated diverse GBM cell lines and primary glioma cells for 5-FU sensitivity, cell doubling times, and gene expres-
sion. We observed a significant correlation between THOC2 expression and 5-FU resistance. To further investigate
this correlation, we selected five GBM cell lines and developed 5-FU resistant GBM cells, including T98FR cells,
through long-term 5-FU treatment. In 5-FU challenged cells, THOC2 expression was upregulated, with the highest
increase in T98FR cells. THOC2 knockdown in T98FR cells reduced 5-FU IC50 values, confirming its role in 5-FU
resistance. In a mouse xenograft model, THOC2 knockdown attenuated tumor growth and extended survival dura-
tion after 5-FU treatment. RNA sequencing identified differentially expressed genes and alternative splicing variants
in T98FR/shTHOC2 cells. THOC2 knockdown altered Bcl-x splicing, increasing pro-apoptotic Bcl-xS expression, and
impaired cell adhesion and migration by reducing L1CAM expression. These results suggest that THOC2 plays a
crucial role in 5-FU resistance in GBM and that targeting THOC2 expression could be a potential therapeutic strategy
for improving the efficacy of 5-FU-based combination therapies in GBM patients.
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Introduction

Glioblastoma multiforme (GBM) is a highly
aggressive and prevalent type of brain tumor
that affects adults, characterized by rapid
growth, diffuse infiltration, and poor prognosis
[1]. With an incidence rate of 3.2 cases per
100,000 individuals, GBM accounts for around
50% of all primary malignant brain tumors [2].
Patients with GBM often experience symptoms
such as headaches, seizures, and cognitive
impairments due to increased intracranial
pressure and the spread of the tumor into
healthy brain tissue. Despite advances in surgi-
cal techniques, radiotherapy, chemotherapy,
targeted therapies, immunotherapies, and

tumor-treating fields (TTFields), the median sur-
vival for GBM patients remains around 14-16
months [3-5].

The current treatments for GBM face challeng-
es, such as the location of the tumor, the blood-
brain barrier, and the development of resis-
tance [6-8]. 5-fluorouracil (5-FU) is a widely
used anticancer drug, primarily for gastrointes-
tinal malignancies, that works by inhibiting thy-
midylate synthase and disrupting RNA and DNA
synthesis and function [9, 10]. 5-FU has dem-
onstrated potential in treating various types of
cancer, but it is not commonly used as a stan-
dard treatment for GBM. Understanding the
factors influencing its reactivity and resistance
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could provide valuable insights for optimizing
alternative strategies and improving patient
outcomes.

Recent studies have demonstrated the poten-
tial of 5-FU as an effective therapeutic agent
when delivered to brain tumors through
advanced drug delivery systems, such as
nanoparticles [9, 10] or liposomes [11]. In
addition, gene therapy for GBM has been
attempted [12], and an ex vivo treatment is
also under development [13]. In a previous
study, we developed a brain tumor-specific
therapy using cytosine deaminase expressing
mesenchymal stem cells and 5-fluorocytosine
[13, 14]. This therapy, combined with other
therapies like radiotherapy or temozolomide,
could decrease GBM recurrence by removing
residual cancer cells after surgical resection.
However, this therapy also has limitations, as
its efficacy could be decreased if tumor cells
are resistant to 5-FU or acquire resistance dur-
ing treatment.

By investigating the genes responsible for
5-FU resistance in GBM, we could predict the
efficacy of our therapy or even find ways to neu-
tralize its resistance. This deeper understand-
ing of the factors influencing the reactivity and
resistance of 5-FU in the context of GBM could
contribute to the development of more effec-
tive alternative strategies, ultimately leading to
improved patient outcomes.

The relationship between THOC2, a component
of the TREX complex involved in mRNA export
from the nucleus to the cytoplasm [15, 16], and
5-FU resistance in GBM remains unclear. The
TREX complex plays a critical role in various cel-
lular processes, including transcription, splic-
ing, and mRNA stability, which have been link-
ed to tumorigenesis and chemoresistance in
various types of cancer [17, 18]. However, the
molecular mechanisms through which THOC2
may influence 5-FU resistance, including alter-
native splicing events and the regulation of
cell-adhesion-related genes, have yet to be
determined.

In this study, we aim to examine the association
between THOC2 expression and 5-FU reactivity
in GBM cell lines and to investigate the func-
tional consequences of THOC2 suppression on
5-FU resistance, tumor formation, and cell-
adhesion using both experimental models. Our
investigation will include an analysis of the
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expression of known resistance-related genes,
such as dihydropyrimidine dehydrogenase
(DPYD) and thymidylate synthase (TS) [19], as
well as THOC2, in relation to 5-FU reactivity.
Additionally, we will explore the potential molec-
ular mechanisms through which THOC2 may
influence 5-FU resistance, including alterna-
tive splicing events and the regulation of cell-
adhesion-related genes.

By investigating THOC2 in the context of GBM
and 5-FU resistance, our study aims to deepen
our understanding of the molecular mecha-
nisms underlying chemoresistance in GBM and
to inform the development of more effective
therapeutic strategies for GBM patients. This
could include gene therapy and gene cell
therapy approaches targeting similar pathways
to enhance their efficacy in treating GBM [13,
14, 20]. Our research will contribute to the
existing knowledge on GBM chemoresistance
and guide future research efforts in this area,
by providing a comprehensive analysis of the
relationship between THOC2 expression and
5-FU reactivity and the potential molecular
mechanisms involved in this association.

Materials and methods
Cell culture

Human glioblastoma cell lines A172, US7MG,
T98G, U373MG, SNU201, SNU489, SNU6G26,
and SNU738 were obtained from the Korea
Cell Line Bank (Seoul, Korea), while LN229 was
acquired from the American Type Culture
Collection (ATCC, Rockville, MD). Additionally,
primary glioblastoma cell lines GBL28, GBL37,
GBL67, and GBL68 were generated at Seoul
National University Hospital (IRB No. 1009-
025-331). All cells were cultured in a humidifi-
ed 37°C incubator with 5% CO,. The culture
media consisted of Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS,
100 U/mL penicillin, and 100 yg/mL strepto-
mycin (Invitrogen, Carlsbad, CA, USA). 5-FU
resistant GBM cells were developed by expos-
ing parental GBM cells to a 5 yM dose of 5-FU
(Sigma-Aldrich, St. Louis, MO, USA) for four cell
lines and 1 uM for the A172 cell line for 12
months.

5-FU toxicity test by MTT assay

Cells were plated in a 96-well plate at a density
of 2,000 cells/well. After culturing in standard
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Table 1. Primer list for RT-gPCR

RT-qPCR

Gene Sequence (5’ to 3’) Product length (bp) Total RNA was isolated from
TS F: TTGGAGGAGTTGCTGTGG 337 . :

cells using a Hybrid-RTM

R: CGTAGCTGGCGATGTTGA 100p RNA isolation kit

DPYD F: CAGAAGAGCTGTCCAACTAA 310 (GeneAll, Seoul, Korea), and

R: CAAATAGGAGACGTCAGAGAG cDNA was synthesized using

THOC2 F: GGAGCAACTAGAGGCTATGACTG 155 the SuperScript™ IV First-

R: GCTGAGCCATAAGCAGACAGAG Strand Synthesis System (In-

GAPDH F: GTCTCCTCTGACTTCAACAGCG 131 vitrogen). Amplification was

R: ACCACCCTGTTGCTGTAGCCAA
Bel-x [50]  F: AGTAAAGCAAGCGCTGAGGGAG

R: ACTGAAGAGTGAGCCCAGCAGA
BclxS [51] F: GCAGTAAAGCAAGCGCTGAG

R: GTTCCACAAAAGTATCCTGTTCAAAG

452 (BelxL), 250 (Bcl-xS)

performed using a Power
SYBRTM green PCR master
mix (Applied Biosystems,
267 part of Thermo Fisher Sci-

entific, Waltham, MA, USA)

growth medium for 24 hours, the old medium
was replaced with fresh growth medium
containing indicated concentrations of 5-FU
every 48 hours. On the fifth day, survival rates
of the cells were measured with 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay (Sigma-Aldrich). Briefly, cells were
incubated in 200 pL of MTT for 2 hours.
Formazan crystals were then solubilized with
100 uL of DMSO, and the absorbance at OD
540 was measured using an ID3 spectropho-
tometer (Molecular Devices, San Jose, CA,
USA). The absorbance at each concentration
was expressed relative to that of the untreated
control cells as the mean + SEM of three inde-
pendent experiments. The half-maximal inhibi-
tory concentration (IC50) values were calculat-
ed by fitting the curve using the Sigmaplot 12.5
program (Systat Software Inc., San Jose, CA,
USA).

Growth kinetics

Cells were plated on a 6-well plate at a den-
sity of 50,000 cells per well and were main-
tained in Dulbecco’s modified Eagle medium
supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin in a
37°C incubator. From the first day to the fifth
day, the cells were washed with PBS and
detached using Trypsin-EDTA. The detached
cells were then resuspended in standard
growth medium, and the cell numbers were
counted using trypan blue and Countess™ Il
automated cell counter (Life technologies,
Carlsbad, CA, USA).
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and 1/20 of the volume of
the first-strand cDNA reac-
tion mixture using the Step One PlusTM (Applied
Biosystems). The primers used in RT-qPCR are
listed in Table 1.

Lentivirus transduction

The green fluorescence protein (GFP) express-
ing THOC2 shRNA lentiviral vector TL301111
(Origene, Rockville, MD, USA) and control
scrambled vector (TR30021, Origene) were
transduced to T98FR with 8 ug/mL polybrene
(Sigma-Aldrich).

THOC2 western blot

Cells were lysed using a standard protocol in
RIPA buffer (Thermo-Fisher, Waltham, USA) and
separated on precast (Mini-PROTEAN TGX pre-
cast gels, Bio-Rad, Hercules, CA, USA) for west-
ern analysis of THOC2 and actin. After transfer
to a polyvinylidene difluoride membrane (Bio-
Rad), the proteins were probed with anti-
THOC2 (1:1,000, Thermo-Fisher) or anti-actin
(1:1,000, Millipore, Burlington, USA) antibodies
and visualized using HRP (horseradish pero-
xidase)-conjugated anti-rabbit or anti-mouse
IgG antibodies (1:50,000, Thermo-Fisher) and
SuperSignal West Atto Substrate (Thermo-
Fisher).

In vivo anticancer activity

Animal protocols were approved by the
Institutional Animal Care and Use Committee
of Ajou University Medical School. Eight-week-
old male NOD.Cg-Prkdcscid I12rgtm1Wijl/SzJ
(Jackson Laboratory, Bar Harbor, ME, USA)
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were anesthetized and inoculated with T98FR/
sc or T98FR/shTHOC2 cells (1.5 x 10° cells/
100 pL) in the right flank, along with a 20% vol-
ume of Matrigel (Corning, New York, USA). Once
the tumor reached a volume of 100-200 mmé2,
mice were administered with 80 mg/kg of
5-FU via peritumoral subcutaneous injection
once a week for three consecutive weeks.
Tumor volume was measured every week using
a Vernier caliper. The formula used for measur-
ing tumor volume (mm3) was (11/6) * (length *
width * height).

RNA sequencing and analysis

Total RNA was isolated using the Hybrid-RTM
100p RNA isolation kit (GeneAll) and sent to
Macrogen (Seoul, Korea) for quality control and
RNA sequencing. Library preparation was per-
formed using the lllumina TruSeq standard
mRNA LT sample prep kit, following the manu-
facturer’s instructions. Sequencing was carri-
ed out using NovaSeq6000 (lllumina, San
Diego, CA, USA). After preprocessing, the
trimmed reads were mapped to the GRCh37
reference genome using HISAT2, and transcript
assembly was performed using StringTie. The
expression profiles of known transcripts per
sample were acquired and converted to read
count, FPKM (fragment per kilobase of tran-
script per million mapped reads), and TPM
(transcripts per kilobase million) based on tran-
script/gene.

To investigate transcriptome changes between
TO98FR/sc and T98FR/shTHOC2, we identified
differentially expressed genes (DEGs) exhibit-
ing a fold change of 2 or greater and a p-
value of 0.05 or lower using edgeR [21].
Subsequently, gene set enrichment analysis
was performed on the extracted DEG list
employing gProfiler [22]. The top 10 significant-
ly decreased genes were extracted by sorting
the p values of quasi-likelihood F test for cell
adhesion genes identified from edgeR in
ascending order. The top 10 significantly down-
regulated genes were obtained by sorting the
p-values of the quasi-likelihood F test for cell
adhesion genes, as identified by edgeR, in
ascending order. For alternative splicing variant
analysis, we calculated the correlation coeffi-
cients between each sample’s 5-FU IC50
value and the average FPKM of transcripts
using the PEARSON function in Microsoft Excel
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(Microsoft, Redmond, WA, USA). The gene list
containing significantly correlated genes was
further analyzed using DAVID functional anno-
tation [23, 24]. Lastly, a hierarchical clustering
heatmap of T98FR/sc, T98FR/shTHOC2, and
TO98G was generated using the iDEP web appli-
cation version .96 [25].

Immunohistochemistry

Animals were perfused with 4% paraformalde-
hyde (PFA) one week after the final 5-FU
administration. Subcutaneous tumors were
extracted and fixed with 4% PFA at 4°C for one
week. Next, tumors were processed with paraf-
fin using a TP 1020 tissue processor (Leica,
Wetzlar, Germany). Paraffin-fixed tumors were
sectioned at a 5 ym thickness and placed on
slides. Slides were incubated at 60°C for 2
hours, deparaffinized, rehydrated, and stored
in distilled water for 20 minutes. For immuno-
histochemical staining, antigen retrieval was
performed on rehydrated slides with boiling
0.01 M sodium citrate (pH 6.0, Sigma) for 30
minutes. Once cooled, slides were permeabi-
lized with 0.1% Triton-X 100 (Sigma) in PBS for
60 minutes and blocked with 10% normal
horse serum for 1 hour. Slides were incubated
with anti-L1CAM antibody (1:200, ab24345,
Abcam, Cambridge, UK) for 2 hours at room
temperature. Slides were then washed with
PBS-T for 10 minutes and treated with biotinyl-
ated secondary antibody (1:200, BA-2000,
Vector Laboratories, Burlingame, USA) for 1
hour. After washing with PBS for 10 minutes,
slides were treated with Vectastain ABC kits
(Vector Laboratories) for 30 minutes. ABC-
treated slides were washed with PBS for 10
minutes and treated with 0.5 mg/mL 3,3™-
diaminobenzidine (DAB) (Sigma-Aldrich) sub-
strate for oxidation. The slides were then coun-
ter-stained with Gill's hematoxylin 1l (BBC bio-
chemical, McKinney, TX, USA). Slides were
mounted using Fluoromount-G™ Mounting
Medium (SouthernBiotech, Birmingham, CA,
USA) and imaged with an IX71 inverted micro-
scope (Olympus, Tokyo, Japan).

Cell attachment assay

A 96-well plate was coated with Matrigel by
adding DMEM with 10% Matrigel 354230
(Corning) to a 24-well plate and incubating it for
2 hours in a 37°C incubator. Cells were plated
on Matrigel-coated wells at a concentration of
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10,000 cells per well. Four hours later, the non-
attached cells were removed by washing the
plates three times with PBS. The attached
cells were fixed with methanol for 20 min and
stained with 0.1% crystal violet (Sigma-Aldrich)
solution. Stained cells in three randomly select-
ed fields were imaged using an IX71 inverted
microscope (Olympus) and analyzed using
Image) 1.53t (National Institute of Health,
Rockville, MD, USA).

Wound healing assay

TO98FR/sc and T98FR/shTHOC2 cells were
seeded into a 24-well culture plate and culti-
vated for 24 hours to achieve complete sp-
reading of cells and 100% confluency. The cells
were then serum-starved for 24 hours in
DMEM containing 0.1% FBS and 1% P/S. After
serum starvation, wounds were generated by
scratching the confluent cell sheet with a 200
uL pipette tip. The wounded cell culture was
washed with PBS and then incubated for 24
hours with DMEM containing 0.1% FBS and 1%
P/S. Pictures of the cell culture were taken
using an IX71 inverted microscope camera
(Olympus), and the recovered wounded area
was analyzed using Imagel) 1.53t (National
Institute of Health) and the wound healing size
tool plugin.

Statistical analysis

All in vitro results are based on at least three
independent experiment replicates. The stu-
dent’s t-test was used to calculate the statisti-
cal significance in the comparison of in vitro
results and in vivo tumor volume. The log-rank
test was used to determine the statistical sig-
nificance between the survival of animals in the
in vivo assay. The results are expressed as the
mean * standard deviation (SD).

Results

Variation in 5-FU reactivity, growth rate, and
gene expression in GBM cell lines

We acquired diverse glioblastoma cell lines and
primary glioma cells and examined their sensi-
tivity to 5-FU, cell doubling times, and gene
expression during cell culture and 5-FU toxicity
tests (Figure 1A, 1B). The sensitivity to 5-FU
was determined by generating dose-response
curves across a range of concentrations in trip-
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licate experiments, from which the IC50 valu-
es were calculated (detailed dose-response
curves are provided in Supplementary Figure
1). We conducted a linear regression analysis
to determine the correlation between cell dou-
bling times and 5-FU IC50 values for GBM
and primary glioma cells (Figure 1C). Using
RT-qPCR, we determined the relative mRNA
expression levels of THOC2, TS (thymidylate
synthase), and DPYD (dihydropyrimidine dehy-
drogenase) and correlated them with 5-FU
IC50 values (Figure 1D-F). We calculated the
coefficient of determination (R"2) for each
regression line using Pearson’s formula, with
THOC2 displaying the highest R"2 value of
0.6414. Statistical analysis was performed
using Pearson’s correlation coefficient, and a
p-value < 0.05 was considered statistically
significant.

THOC2 expression correlates with 5-FU resis-
tance in GBM cell lines

To further investigate the correlation between
5-FU resistance and THOC2 expression, we
selected five GBM cell lines (A172, US87MG,
T98G, U373MG, SNU738) with varying base-
line 5-FU sensitivities, molecular characteris-
tics, and genetic backgrounds. We cultured
these cell lines with a concentration of 5 uyM
5-FU for four of the GBM cell lines and 1 yM
5-FU for the highly sensitive A172 cell line for
12 months to simulate 5-FU treatment during
chemotherapy and develop 5-FU resistant
GBM (FR) cells. The 5-FU challenged GBM cells
exhibited increased 5-FU IC50 values com-
pared to the original cells. The 5-FU treated
T98G cells had the most increased 5-FU IC50
value, from 12.2 uyM to 61.2 yM (Figure 2A).
We used RT-gPCR to determine the relative
MRNA expression levels between 5-FU chal-
lenged and original cells. 5-FU challenge
increased the expression of THOC2 in all cells
except A172. In particular, T98FR (5-FU chal-
lenged T98G), where the IC50 increased the
most, also showed the highest increase of 1.6-
fold (Figure 2B). We also performed a Pearson
correlation analysis between 5-FU IC50 and
THOC2 mRNA expression before and after of
5-FU challenge (Figure 2C). The result indicat-
es a strong positive correlation in both original
cells (correlation coefficient = 0.6890, p-value
= 0.0001) and 5-FU challenged cells (correla-
tion coefficient = 0.8302, p-value < 0.0001).
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Figure 1. Correlation between 5-FU sensitivity, cell doubling time, and mRNA expression levels of 5-FU metabolism
genes. A, B. Various GBM cells were obtained, and their 5-FU IC50 values and cell doubling times were determined.
C. Linear regression was performed to correlate cell doubling time with 5-FU IC50 values, and R*2 values were cal-
culated using Pearson’s correlation coefficient formula. D-F. Relative mRNA expression levels of 5-FU metabolism
genes and THOC2 were measured by quantitative RT-gPCR. Linear regression was performed to correlate mRNA
expression levels of 5-FU metabolism genes with 5-FU IC50 values.

This finding substantiates our statement about
the correlation between 5-FU resistance and
THOC2 expression.

To confirm THOC2’s effect on 5-FU resistance
in T98FR, we transiently transduced T98FR
cells with shTHOC2 expressing lentiviruses.
Although there were no significant differences
in growth rate after THOC2 knockdown, the
5-FU toxicity test results showed that THOC2
knockdown decreased the 5-FU sensitivity of
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TO8FR, reducing the 5-FU IC50 from 61.2 uM
to 39.3 uM (Figure 2D, 2E). We confirmed inhib-
ited THOC2 mRNA and protein levels using
RT-gPCR and western blot (Figure 2F, 2G).

THOC2 knockdown reduces tumor growth and
increases survival in mice with 5-FU resistant
GBM

Upon establishing the correlation between
5-FU resistance and THOC2 expression, we
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Figure 2. Characteristics of 5-FU resistant acquired T98FR cells. A, B. GBM cells were exposed to 5-FU for 12
months to develop resistance. Notably, TO8FR cells showed a significant increase in 5-FU resistance and upregulat-
ed THOC2 expression. C. Linear regression analysis showing the correlation between 5-FU IC50 values and THOC2
mRNA expression levels in GBM cells both before and after 5-FU challenge. Open circles and black regression line
represent original GBM cells, while filled circles and red regression line represent 5-FU challenged GBM cells. R*2
values and P-values are also shown on the graph in matching colors. D. T98G, T98FR/sc, and T98FR/shTHOC2
were cultured in the presence of the indicated concentrations of 5-FU for 72 hr. Surviving cells were quantified by
MTT assays and presented as relative survival with respect to the value in the absence of 5-FU (student’s t-test; **P
< 0.01, ***P < 0.001). E. T98G, T98FG/sc, and T98FR/shTHOC2 growth rate comparison. Error bars indicate the
SD. F, G. Relative mRNA expression level and protein level of THOC2 were quantified by RT-gPCR and western blot.

aimed to elucidate the functional role of THOC2 T98FR/sc and T98FR/shTHOC2 cells were
knockdown on 5-FU resistance using the TO8FR inoculated into the right flank of the mice, and
cell line. To address this, we employed a TO8FR following tumor formation, either saline or 80
subcutaneous xenograft model in 8-week-old mg/kg 5-FU was administered peritumorally
NSG (NOD.Cg-Prkdcscid 112rgtm1Wjl/SzJ) mice. once a week for three weeks. Our findings
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Figure 3. Effect of THOC2 knockdown in T98FR subcutaneous xenograft model. A. T98FR/sc and T98FR/shTHOC2
(1.5 x 1076 cells, 20% matrigel) were inoculated into the right flank of NSG mice. After tumor formation, 80 mg/kg
5-FU was administered peritumorally, and tumor volume was measured once a week, for 3 weeks (student’s t-test;
***pP < 0.001). B. Overall survival of at least seven animals/group represented in Kaplan-Meier graph (Log-rank
test; *P < 0.05). C. Tumor images of T98FR/sc and T98FR/shTHOC2 at 21 days after initial 5-FU treatment.

revealed that THOC2 knockdown markedly
attenuated tumor growth in the 5-FU treated
group, with the average tumor volume decreas-
ing from 1,319 mm? to 597 mm? at 21 days
post initial 5-FU administration (P < 0.001;
Figure 3A, 3C). Additionally, the Kaplan-Meier
survival analysis demonstrated that THOC2
knockdown extended the average survival
duration of NSG mice from 32 days to 45 days
after the commencement of 5-FU treatment (P
< 0.05; Figure 3B).

Identification of differentially expressed genes
and splicing variants in T98FR and T98FR/
shTHOC2 cells

To elucidate the molecular basis underlying the
observed phenotypic changes in T98FR/
shTHOC2 cells, we conducted RNA sequencing
to identify differentially expressed genes and
alternative splicing variants. Initially, we com-
pared the expression levels of alternative
splicing variants for each gene. A total of 2,433
transcripts displaying a correlation between
5-FU IC50 and normalized FPKM values (P <
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0.05) were selected and subjected to func-
tional annotation analysis. This analysis uncov-
ered ten novel ontology terms associated with
5-FU sensitivities of T98G, T98FR/sc, and
T98FR/shTHOC2 (Figure 4A, 4B). We then
extracted a list of transcripts involved in apop-
totic processes, exhibiting the highest correla-
tion between 5-FU IC50 and FPKM values (P <
0.01; Figure 4C).

Additionally, we compared gene expression
changes between T98FR/sc and T98FR/sh-
THOC2 by hierarchical clustering (Figure 4D)
and DEG analysis (Figure 4E). We identified
ten biological process ontology terms with the
highest statistical reliability and found cell
adhesion to be the top among them (P < 0.001;
Figure 4E). In addition to these findings, we
identified genes with the most statistically sig-
nificant decrease in T98FR/shTHOC2 com-
pared to T98FR/sc among cell adhesion genes
(P < 0.001; Figure 4F). These results provide a
comprehensive view of the genes and splicing
variants impacted by THOC2 expression, offer-
ing insights into the molecular mechanisms
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Figure 4. Analysis of differentially expressed genes and splicing variants in T98FR and T98FR/shTHOC2 cells. A.
Hierarchical clustering heat map depicting splicing variants according to correlation with 5-FU IC50. B. Top 10 gene
ontology terms exhibiting the highest correlation between expression levels and 5-FU IC50 values. C. Transcript vari-
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Figure 5. Knockdown of THOC2 in T98FR leads to a shift in alternative splicing variants of apoptosis-related gene,
Bcl-x. Expression of the Bcl-x splicing variant was examined on day 2 following 5-FU treatment in three cell lines:
T98G, T98FR/sc, and T98FR/shTHOC2. (A and B) show the RT-qPCR results of the Bcl-x splicing variant expressed
in the three cell types under culture conditions, while (C and D) display the RT-qPCR results of the Bcl-x splicing
variant expressed in T98FR/sc, and T98FR/shTHOC2 treated with 5-FU at the indicated concentrations (Student’s

t-test; ***P < 0.001).

underlying the phenotypic changes observed in
T98FR/shTHOC2 cells.

THOC2 knockdown alters Bcl-x splicing and
increases pro-apoptotic Bcl-xS expression in
GBM cell lines

Among the alternative splicing variant changes
observed in the RNA sequencing results,
we selected Bcl-x, a gene closely related to
apoptosis, as a candidate gene correlated with
THOC2 expression. We assessed the relative
MRNA expression levels of Bcl-x and its pro-
apoptotic splicing variant, Bcl-xS, using RT-
gPCR and determined the Bcl-xS/Bcl-x ratio
(Figure 5A, 5B). We exposed T98FR/sc and
TO98FR/shTHOC2 cells to O, 20, 40, and 60 uM
5-FU for 48 hours and measured the relative
MRNA expression levels of Bcl-x and Bcl-xS
using RT-gPCR. T98FR/shTHOC2 displayed
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increased Bcl-xS expression compared to
T98FR/sc (P < 0.001) under presence of 5-FU.
Moreover, the Bcl-xS/Bcl-x ratio was higher in
TO98FR/shTHOC2 than in T98FR/sc across all
tested conditions (P < 0.001; Figure 5C, 5D).

THOC2 knockdown impairs cell adhesion and
reduces L1CAM expression in GBM cell lines

Consistent with the RNA sequencing findings,
TI98FR/shTHOC2 cells exhibited impaired cell
adhesion and delayed tumor formation, taking
80 days to form an initial tumor volume of
100 mm?3 compared to just 32 days for T98FR/
sc cells (P < 0.001; Figure 6A). We examined
L1CAM protein expression levels during early
tumor formation (on day 42 for T98FR/sc) and
when tumor volumes were similar (on day 90
for T98FR/shTHOC2, which corresponded to
the tumor size of T98FR/sc on day 42) using
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immunohistochemistry. The IHC images dem-
onstrated decreased L1CAM expression in
TO98FR/shTHOC2 tumors at both these stages
(Figure 6B). Additionally, we evaluated L1CAM
expression levels in two cell lines, T98FR/sc
and T98FR/shTHOC2, using RT-qPCR. Knock-
down of THOC2 resulted in a decrease in
L1CAM expression (P < 0.001; Figure 6C).

To validate the actual impact of THOC2 knock-
down on cell adhesion, we performed cell
attachment and wound healing assays. These
experiments revealed a 30% reduction in cell
attachment ability (P < 0.01; Figure 6D, 6E)
and a 20% decrease in migration ability (P <
0.01; Figure 6F, 6G) in T98FR/shTHOC2 cells
compared to control cells.

Discussion

In this study, we aimed to investigate the role
of THOC2 in glioblastoma multiforme (GBM)
cells’ resistance to 5-fluorouracil (5-FU) and its
potential as a therapeutic target. Our findings
provide evidence for the involvement of THOC2
in 5-FU resistance and its impact on tumor
growth, consistent with previous reports high-
lighting the heterogeneity in GBM and its
impact on treatment response [26-28].

The observed correlation between cell doubling
times and 5-FU IC50 values supports our
hypothesis that THOC2 might be involved in
5-FU resistance. This finding aligns with previ-
ous studies implicating THO Complex Members
in chemoresistance in other cancer types, such
as hepatocellular carcinoma [29, 30]. Our
results indicate that knocking down THOC2 in
TO8FR cells led to a decrease in 5-FU sensitivi-
ty, further reinforcing the role of THOC2 in 5-FU
resistance.

In our experimental animal models, we demon-
strated that THOC2 knockdown significantly
suppressed tumor growth in the 5-FU treated
group and extended the survival duration of the
mice (Figure 3A, 3B). These findings support
the original hypothesis and suggest that target-
ing THOC2 could be a potential therapeutic
strategy for overcoming 5-FU resistance in
GBM, consistent with prior studies on the ther-
apeutic potential of THOC2 inhibition [17, 18].
To further validate these results and to rule out
potential off-target effects of the shRNA con-
struct, we utilized a second shRNA targeting
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THOC2. This additional shRNA construct yield-
ed consistent results, confirming the changes
in 5-FU IC50, Bcl-x, and L1CAM expression
that were observed with the original shRNA
(Supplementary Figure 2). This consistency
across different shRNA constructs provides
robust support for our findings and reduces the
likelihood of off-target effects skewing our
interpretations. The results from the additional
shRNA experiments have been included in the
supplementary data to further substantiate our
conclusions.

We identified differentially expressed genes
and splicing variants in T98FR and T98FR/
shTHOC2 cells. We found that THOC2 knock-
down increased the expression of Bcl-xS, an
apoptosis-related gene, in GBM cells. This
result suggests a potential link between THOC2
and the regulation of apoptotic pathways, which
could have implications for chemoresistance,
although further research is needed to estab-
lish a direct connection with 5-FU resistance.
Additionally, our study revealed that THOC2
expression is positively correlated with 5-FU
resistance in GBM cell lines (Figure 1F).
Notably, DPYD and TS, known as resistant fac-
tors to 5-FU [31-33], are not involved in 5-FU
sensitivity of GBM. This new finding suggests
that higher THOC2 levels contribute to reduced
sensitivity to 5-FU treatment and that targeting
THOC2 could be a viable therapeutic strategy
to overcome 5-FU resistance in GBM patients.

Our study provides comprehensive evidence for
the role of THOC2 in regulating 5-FU resistance
and tumor formation in GBM through a combi-
nation of in vitro and in vivo experiments. We
demonstrated that THOC2 suppression not
only reduces tumor growth in vivo but also
decreases the expression of cell-adhesion
related genes, including L1CAM (Figure 4E),
which subsequently impacts cell attachment
and wound healing functions in vitro (Figure
6E, 6G). The reduction in LLCAM expression, a
molecule known to promote tumor cell invasion
and motility [34], suggests that THOC2 may
modulate GBM tumor invasiveness by regulat-
ing cell-adhesion related genes. Previous stud-
ies have reported that aberrant LLCAM expres-
sion is associated with poor prognosis in vari-
ous cancer types [35], further supporting the
potential significance of our findings. We also
observed a decrease in LICAM expression in
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Figure 6. Reduced cell adhesion and retarded tumor formation in T98FR/shTHOC2. (A) In vivo tumor growth compar-
ison following cell transplantation without any treatment. (B) LLCAM expression analysis via immunohistochemical
staining at different time points post T98FR/sc or T98FR/shTHOC2 cell injection. Parenthetical numbers represent
days after cell transplantation when animals were sacrificed. Upper panel: low-magnification image; lower panel:
enlarged view of area denoted by dotted box. (C) LLCAM expression analysis via RT-qPCR in T98FR/sc and T98FR/
shTHOC2 cells, with a statistically significant decrease in LLCAM expression in T98FR/shTHOC2 cells denoted by
**%P < 0.001. (D) Attachment of T98FR/sc and T98FR/shTHOC2 cells to Matrigel-coated wells for 6 hours, followed
by washing, fixing, and crystal violet staining. (E) Quantitative comparison of attached cell counts between T98FR/
sc and T98FR/shTHOC2. (F) Scratch wound assay performed 24 hours post serum starvation of T98FR/sc and
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TI98FR/shTHOC2 cells, with incubation continuing for an additional 24 hours. (G) Quantitative comparison of wound
closure percentages between T98FR/sc and T98FR/shTHOC2. Scale bars: B (upper panel) = 1,000 uym; B (lower
panel), D = 100 um; F = 200 pm. Statistical comparisons in (E and G) were analyzed using Student’s t-test with **P

< 0.01 indicating significant differences.

TO8FR/shTHOC2 cells with reduced tumor for-
mation, which is noteworthy since various cell
adhesion molecules, including L1CAM, are
required for orthotopic tumor engraftment [36].
Moreover, LICAM might not be the only cell
adhesion molecule influencing cell engraft-
ment. Although not a cancer case, Integrin
subunit beta 2 (ITGB2), which showed a 3-fold
decrease in T98FR/shTHOC2, has been report-
ed to improve survival and engraftment of adi-
pose stem cells into infarcted myocardium [37].
We hypothesize that THOC2 knockdown leads
to a decrease in cell adhesion molecules,
thereby inhibiting tumor cell engraftment in the
orthotopic model. In addition to the effects of
L1CAM and other cell adhesion molecules on
tumor engraftment, we believe that these mol-
ecules also play a role in cancer cell survival.
For instance, CD24, one of the top 10 signifi-
cantly decreased cell adhesion molecules in
TO98FR/shTHOC2, has been reported to regu-
late cancer cell proliferation and immune eva-
sion [38, 39]. Meanwhile, CXCL12, another top
10 adhesion molecule, is known to promote
chemoresistance in cancer [40].

The THO/TREX complex is a crucial protein
aggregate involved in post-transcriptional RNA
processing and translocation [41]. It plays a
significant role in the nucleo-cytoplasmic tran-
sition that occurs during mRNA translocation
out of the nuclear space [42]. Although the
THO complex has been implicated in alterna-
tive RNA splicing in plants [43, 44], its role in
mammalian cells or THOC2 has not been
reported. In this study, we investigated the
splicing variants of apoptosis-related genes in
cells with THOC2 knockdown through RNA
sequencing and observed a change in Bcl-x. Bel
proteins can exhibit either pro- or anti-apoptot-
ic properties depending on the Bcl-2 homology
(BH) domains present. Bcl-x is a member of the
Bcl-2 family of proteins containing multiple BH3
domains and is regulated by pro-apoptotic Bcl-
xS and anti-apoptotic Bcl-xL through alternative
splicing [45]. Our results indicated that THOC2
suppression led to an increase in the expres-
sion of pro-apoptotic protein Bcl-xS in GBM cell
lines following 5-FU treatment. This suggests
that elevated THOC2 may suppress Bcl-x alter-
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native splicing to Bcl-xS. We confirmed Bcl-x
alternative splicing using qPCR with primers
specifically designed to detect it. The increase
in Bcl-xS expression upon THOC2 knockdown
could be one of the mechanisms by which
THOC2 influences GBM tumor growth and
response to 5-FU treatment. This observation
is consistent with previous research showing
that the balance between pro- and anti-apop-
totic factors plays a critical role in determining
cell fate and therapy response [46]. However,
additional studies are needed to determine
whether THOC2 directly regulates alternative
splicing of Bcl-x. Besides Bcl-x or other apopto-
sis-related genes, it is also noteworthy that the
expression of DNA repair transcripts correlates
with THOC2 expression, as glioma cells are
known to develop resistance to DNA damage
through the activation of DNA damage respons-
es [47].

Our results reveal that THOC2 knockdown
reduced cell adhesion and L1CAM expression
in GBM cells suggest a potential role for THOC2
in the aggressiveness of GBM tumors. This
finding is in line with other studies that have
established a connection between L1CAM
expression and tumor progression and metas-
tasis [48, 49]. The functional consequences of
altered Bcl-xS and L1CAM expression upon
THOC2 knockdown should be explored through
in vitro and in vivo functional assays to validate
their roles in GBM tumor growth and 5-FU resis-
tance. Additionally, the potential interactions
between THOC2 and other signaling pathways
or molecular regulators should be examined to
gain a comprehensive understanding of its role
in GBM tumor biology and chemoresistance.

In conclusion, our study provides evidence for
the role of THOC2 in 5-FU resistance and tu-
mor formation in GBM. We demonstrated that
THOC2 suppression led to increased 5-FU sen-
sitivity, reduced tumor growth, and altered
expression of apoptosis-related genes and cell
adhesion molecules in GBM cells. Our findings
suggest that targeting THOC2 could be a poten-
tial therapeutic strategy to overcome 5-FU
resistance in GBM patients. Future studies
should investigate the precise mechanisms by
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which THOC2 modulates alternative splicing of
Bcl-x and the expression of cell adhesion mol-
ecules like L1CAM. Moreover, the potential
crosstalk between THOC2 and other signaling
pathways or molecular regulators should be
explored to develop a comprehensive under-
standing of its role in GBM tumor biology and
chemoresistance. Our study lays the founda-
tion for further research on THOC2 as a poten-
tial target for overcoming chemoresistance
and improving treatment outcomes for GBM
patients.

It is worth noting that, although our study has
provided valuable insights into the role of
THOC2 in GBM, there are several limitations
that should be addressed in future research.
First, the use of more diverse GBM cell lines
and patient-derived samples would provide
a more comprehensive understanding of
THOC2's role in 5-FU resistance across a
broader range of GBM cases. Second, our
study focused mainly on the role of THOC2 in
5-FU resistance, but it is essential to investi-
gate whether THOC2 also plays a role in resis-
tance to other chemotherapeutic agents com-
monly used in GBM treatment. Finally, it would
be beneficial to explore the therapeutic poten-
tial of THOC2 inhibition in combination with
other targeted therapies, to determine whether
a synergistic effect might be achieved in over-
coming GBM chemoresistance.
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Supplementary Figure 1. Dose-response curves for GBM cell lines. The sensitivity of ten glioblastoma (GBM) cell
lines to 5-fluorouracil (5-FU) was determined by generating dose-response curves. Each panel represents the dose-
response curve of a specific GBM cell line, labeled accordingly. Each curve is derived from the mean + SEM of three
independent experiments. The calculated half-maximal inhibitory concentration (IC50) values for each cell line are
indicated directly on the respective graphs.
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Supplementary Figure 2. Validation of THOC2 knockdown
effects using a second shRNA. (A) Relative mRNA expres-
L1CAM sion levels of THOC2 were quantified by RT-gPCR across
3.5 1 three cell lines: T98FR/sc, T98FR/shTHOC2-1, and T98FR/
shTHOC2-2. Statistical significance is indicated. (B) Dose-
3.0 4 T response curves depicting the reactivity to 5-FU, with each
curve representing the mean + SEM from three indepen-
25 - dent experiments. (C) Bar graphs illustrating Bcl-x and Bcl-
xS gene expression across the cell lines as determined by
20 RT-qPCR, with statistical significance indicated. (D) Bar
’ graph demonstrating the Bcl-xS/Bcl-x ratio calculated from
15 - - the expression data in (C). (E) Bar graph of LLICAM gene
. ok —T expression, with an additional bar indicating results for
/ TO8FR/shTHOC2-2. Statistical significance is indicated.
1.0 4 / The consistent results obtained from the two shRNA con-
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TO8FR/ T98FR/ TO8FR/ cance is calculated by Student’s t test, with *P < 0.05, **P
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