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t screening of FDA-approved drugs
identifies colchicine as a potential therapeutic
agent for atypical teratoid/rhabdoid tumors (AT/
RTs)†
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Suparerk Borwornpinyo,cd Patompon Wongtrakoongate,ef Suradej Hongengcg

and Sitthivut Charoensutthivarakul *acf

Atypical teratoid/rhabdoid tumor (AT/RT) is a rare and aggressive tumor of the primary central nervous

system primarily affecting children. It typically originates in the cerebellum and brain stem and is

associated with a low survival rate. While standard chemotherapy has been used as a primary treatment

for AT/RTs, its success rate is unsatisfactory, and patients often experience severe side effects. Therefore,

there is an urgent need to develop new and effective treatment strategies. One promising approach for

identifying new therapies is drug repurposing. Although many FDA-approved drugs have been

repurposed for various cancers, there have been no reports of such applications for AT/RTs. In this study,

a library of 2130 FDA-approved drugs was screened using a high-throughput screening system against

2D traditional cultures and 3D spheroid cultures of AT/RT cell lines (BT-12 and BT-16). From this

screening, colchicine, a non-chemotherapeutic agent, was identified as a promising candidate. It

exhibited IC50 values of 0.016 and 0.056 mM against 2D BT-12 and 2D BT-16 cells, respectively, and IC50

values of 0.004 and 0.023 mM against 3D BT-12 and BT-16 spheroid cultures. Additionally, the cytotoxic

effects of colchicine on human brain endothelial cells and human astrocytes were evaluated, and CC50 >

20 mM was observed, which is over two orders of magnitude higher than its effective concentrations in

AT/RT cells, indicating considerably lower toxicity to normal brain cells and brain endothelial cells. In

conclusion, colchicine shows significant potential to be repurposed as a treatment for AT/RTs, providing

a safer and more effective therapeutic option for this rare and challenging disease.
Introduction

Atypical teratoid/rhabdoid tumor (AT/RT) is a rare central nervous
system (CNS) tumor that primarily affects children, particularly
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those under the age of 3 years. This type of tumor is classied as
an atypical teratoid tumor due to its teratoid malignant proper-
ties, which arise from the abnormal development of pluripotent
cells, such as germ cells and embryonal cells.1 Moreover, AT/RTs
exhibit a prominent feature of rhabdoid morphology, character-
ized by sheets and clusters of large epithelioid cells with vesicular
paranuclear inclusions and associated with a high tumor grade.2

These characteristics give the tumor its name, atypical teratoid/
rhabdoid tumor (AT/RT).1 The primary cause of AT/RTs is the
deletion of chromosome 22 at the Chr22q11.2 region, which
contains the SMARCB1 tumor suppressor gene.3

AT/RTs typically develop in two major areas of the brain: the
cerebellum and brain stem.4 The cerebellum, located at the base
of the brain, has a functional role in controlling movement,
balance, and posture, while the brain stem controls breathing,
heart rate, and muscle activities involved in seeing, hearing,
walking, talking, and eating.5 Therefore, symptoms of AT/RTs
oen include nausea, vomiting, morning headache, drowsi-
ness, and a loss of balance and movement such as eye or facial
muscle weakness.6
RSC Adv., 2025, 15, 12331–12341 | 12331
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Due to its rarity, the incidence of AT/RTs is oen under-
estimated. The overall incidence rate is approximately 0.07 per
1 00 000, with the highest incidence rate (0.54 per 1 00 000)
occurring in children under 1 year of age and the lowest rate
(0.01 per 1 00 000) in individuals aged 6–19 years.7 Despite its
rarity, AT/RTs have a poor prognosis, with a global 4-year
survival rate of just 43%.8 Currently, there is no well-dened
gold standard treatment for AT/RTs. Chemotherapy is the
primary treatment option, involving drugs such as vincristine,
methotrexate, etoposide, cyclophosphamide, cisplatin, and
doxorubicin.9–11 However, these drugs cause severe side effects
including hair loss, diarrhea, nausea and vomiting, weakness,
cardiac dysfunction, and abnormal neurological development.12

For this reason, there is an urgent need for new and more
effective therapies.

Drug repurposing has emerged as a promising and effective
approach to identify new therapeutic agents. FDA-approved
drugs are suitable for repurposing due to their safety
proles.13,14 Several FDA-approved drugs have already been
repurposed for anticancer activity.13 For example, itraconazole,
an antifungal drug, has shown strong anticancer activities in
lung and prostate cancers15,16 by inhibiting mTOR activity and
VEGFR2 glycosylation, which reduces angiogenesis.17,18 Nel-
navir, an anti-HIV drug, has demonstrated activity against
pancreatic cancer by targeting the PI3K/AKT signaling
pathway.19 However, the repurposing of FDA-approved drugs for
AT/RTs has not been previously reported.

The in vitro screening of anticancer compounds has pro-
gressed beyond traditional 2D cell culture to include 3D
Fig. 1 High-throughput screening of 2130 FDA-approved drugs against A
BT-16 cells (B) using FDA-approved drugs at a concentration of 10 mM. Hi
viability by over 80% indicated by the orange dotted line. A total of 104
shown in (C). Amongst these, 62 compounds were classified as chemoth
non-chemotherapeutic drugs (blue dots) (C). Doxorubicin served as the
(green dot).

12332 | RSC Adv., 2025, 15, 12331–12341
spheroid culture. This approach has become increasingly
prevalent in cancer research, including breast,20 cervical,20

colon,21 lung,22 pancreatic,23,24 and prostate cancers,25–27 among
others. Compared to 2D models, 3D spheroids better mimic
several features of solid tumors, such as their structural orga-
nization, biological responses, release of signaling molecules,
gene expression patterns, and drug resistance. These distinctive
and unique properties make 3D cell aggregates highly valuable
as in vitro models for testing new anticancer therapies.28 Like
solid tumors, the internal structure of spheroids consists of
distinct cell layers.29,30 These include the proliferative zone in
the outer layer, the quiescent zone in the middle layer, and the
necrotic zone in the inner core.31 The layered structure of
spheroids is a key factor in reducing the effectiveness of anti-
cancer drugs and drug-loaded nanocarriers, as the deeper layers
are less accessible to therapeutic agents. Therefore, the inclu-
sion of 3D spheroid culture in anticancer research is a crucial
step forward in developing new treatments.

The objective of this study is to identify an FDA-approved,
non-chemotherapeutic drug that can effectively treat AT/RT
tumor cells. To achieve this, an in-house library of 2130 FDA-
approved drugs was screened using a high-throughput
screening system against traditional 2D and 3D spheroid
cultures of AT/RT cell lines. The cell lines used in this study, BT-
12 and BT-16, are SMARCB1-decient epithelial AT/RT cells
generously provided by Dr Peter Houghton from St. Jude Chil-
dren's Research Hospital.32 Although both cell lines originate
from the same type of pediatric brain tumor, they exhibit
different levels of chemosensitivity. BT-12 cells are more
T/RT cells. The primary screening was conducted in BT-12 cells (A) and
t compounds were identified based on their ability to inhibit cancer cell
hit compounds were effective against BT-12 cells and BT-16 cells as
erapeutic drugs (orange dots), while 42 compounds were identified as
positive control (red dot), and DMSO served as the negative control

© 2025 The Author(s). Published by the Royal Society of Chemistry
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responsive to chemotherapeutic drugs, such as vincristine,
cisplatin, doxorubicin, and etoposide, while BT-16 cells exhibit
a higher level of resistance to these treatments.33,34 These
differences in chemosensitivity make the two cell lines valuable
for identifying effective FDA-approved drugs and obtaining
signicant data for potential therapies.
Results
Forty-two non-chemotherapeutic drugs identied as effective
against AT/RT cells

Many FDA-approved drugs have been successfully repurposed
for various types of anticancer activities. However, there has
been no report on repurposing FDA-approved drugs specically
for AT/RTs. In this study, a library of 2130 FDA-approved drugs
was screened against AT/RT cells. The initial single-
concentration screening identied 117 and 169 out of 2130
compounds that inhibited the viability of BT-12 and BT-16 cells
by more than 80%, respectively (Fig. 1A and B). When the
Fig. 2 Dose–response effects of three FDA-approved drug candidates o
16 cells highlighting the three drug candidates in orange dots. (B) IC50

sponding to the numbered orange dots in (A). (C–F) Dose-dependent eff
with doxorubicin as a control (F). (G–J) Dose-dependent effects on BT-16
(J).

© 2025 The Author(s). Published by the Royal Society of Chemistry
effective compounds for both cell lines were merged, 104 hit
compounds were identied (Fig. 1C and Table S1†). These 104
hit compounds were further classied into non-
chemotherapeutic drugs and chemotherapeutic drugs.
Amongst them, 42 compounds were identied as non-
chemotherapeutic agents. These non-chemotherapeutic
agents underwent secondary screening, including dose-
dependent testing, to determine their IC50 values.
Analysis of the dose–response relationship of three selected
FDA-approved drugs

From the primary screening, 42 non-chemotherapeutic drugs
(Fig. 1C, blue dot) were investigated for their potential to act as
anti-AT/RT agents. These compounds were assayed in a dose-
dependent manner on BT-12 and BT-16 cells. Amongst them,
three FDA-approved drugs, colchicine, digoxin, and emetine,
exhibited signicant effects on AT/RT cell viability, with IC50

values below 0.1 mM for both cell lines (Fig. 2A and B). Colchi-
cine, an anti-inammatory drug, was effective with IC50 values
n AT/RT cells. (A) IC50 comparison graph between BT-12 cells and BT-
values of three FDA-approved drugs affect AT/RT cell viability corre-
ects on BT-12 cell viability for colchicine (C), digoxin (D), emetine (E),
cell viability for colchicine (G), digoxin (H), emetine (I), and doxorubicin

RSC Adv., 2025, 15, 12331–12341 | 12333
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Fig. 3 Cytotoxicity testing (CC50) of the hit compounds against the normal cells. (A–D) Dose-dependent cytotoxicity effects of colchicine (A),
digoxin (B), emetine (C), and doxorubicin (D) on the viability of human cerebral microvascular endothelial cells (hCMEC/D3 cells). (E–H) Dose-
dependent cytotoxicity effects of colchicine (E), digoxin (F), emetine (G), and doxorubicin (H) on the viability of primary astrocytes.
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of 0.016 and 0.056 mM for BT-12 and BT-16 cells, respectively
(Fig. 2B, C, and G). Meanwhile, digoxin, a cardiovascular drug,
inhibited the proliferation of BT-12 and BT-16 cells at IC50

values of 0.080 and 0.076 mM, respectively (Fig. 2B, D, and H).
Emetine, an antiprotozoal drug, also showed potential effects
on BT-12 and BT-16 cells at IC50 values of 0.090 and 0.093 mM,
respectively (Fig. 2B, E, and I). These ndings suggested that
colchicine, digoxin, and emetine have strong potential as anti-
AT/RT agents.

Colchicine demonstrates anti-AT/RT activity without
cytotoxicity in brain endothelial and brain normal cells

The IC50 values of the hit compounds—colchicine, digoxin, and
emetine—are critical to evaluating their potential as anti-AT/RT
agents. However, assessing the CC50 of these compounds in
normal cells is equally important to determine their therapeutic
windows using the selectivity index (SI) criterion. The SI is
calculated as the ratio of a compound's toxic concentration
(CC50) to its effective bioactive concentration (IC50). Thus,
cytotoxicity testing of these hit compounds in normal cells is
essential to assess their safety prole. In this study, the
concentration of colchicine that inhibits 50% of normal cell
viability (CC50) was found to exceed 20 mM in human cerebral
Table 1 Selectivity index (SI) of hit compounds in human cerebral micro

No. FDA-approved drugs
BT-12 cells
(IC50: mM)

BT-16 cells
(IC50: mM)

1 Colchicine 0.016 0.056
2 Digoxin 0.080 0.076
3 Emetine 0.090 0.093
4 Doxorubicin 0.028 0.042

12334 | RSC Adv., 2025, 15, 12331–12341
microvascular endothelial cells (hCMEC/D3 cells) and human
normal brain cells (astrocytes). This CC50 value is over two
orders of magnitude higher than its effective concentrations
(IC50) against AT/RT cells, making it safer compared to other hit
compounds (Fig. 3). These ndings suggest that colchicine is
relatively safe for normal brain cells and brain endothelial cells,
which are likely to encounter the drug before its penetration
into the brain.

The SI values of the hit compounds were evaluated and are
presented in Table 1 for hCMEC/D3 cells and Table 2 for
astrocytes. The analysis revealed that colchicine exhibited SI
values exceeding 100 for both cell types, indicating a relatively
large therapeutic window. By contrast, the SI values for digoxin
and emetine were less than 100, which aligns with the SI values
observed for the chemotherapeutic drug doxorubicin. These
ndings highlight colchicine as a safe candidate for further
research in the treatment of AT/RTs.

Colchicine inhibits cell growth in three-dimensional (3D) AT/
RT spheroid models

In addition to its effects in 2D conventional cancer cell cultures,
the effects of colchicine were also evaluated in 3D cancer
spheroid models, which better mimic the behavior of cancer
vascular endothelial cells (hCMEC/D3)

hCMEC/D3 cells
(CC50: mM)

SI (CC50/IC50)

hCMEC/D3: BT-12 hCMEC/D3: BT-16

>20 >1250 >357.143
0.101 1.263 1.329
2.697 29.267 29
0.699 24.964 16.64

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selectivity index (SI) of hit compounds in primary astrocytes

No. FDA-approved drugs
BT-12 cells
(IC50: mM)

BT-16 cells
(IC50: mM)

Astrocytes
(CC50: mM)

SI (CC50/IC50)

Astrocytes: BT-12 Astrocytes: BT-16

1 Colchicine 0.016 0.056 >20 >1250 >357.143
2 Digoxin 0.080 0.076 0.102 1.275 1.342
3 Emetine 0.090 0.093 1.238 13.756 13.312
4 Doxorubicin 0.028 0.042 0.131 4.679 3.119

Fig. 4 Effect of colchicine on three-dimensional (3D) AT/RT spheroid growth models. BT-12 spheroids were treated with colchicine (A) or
doxorubicin (B) at varying concentrations. The percentage effect of colchicine (red line) and doxorubicin (dark line) on BT-12 spheroid viability is
shown in (C). Similarly, BT-16 spheroids were exposed to colchicine (D) or doxorubicin (E) at the stated concentrations. The percentage effect of
colchicine (red line) and doxorubicin (black line) on BT-16 spheroid viability is presented in (F). Hoechst (green) and ethidium homodimer
(orange) staining were used to distinguish live and dead cells, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 12331–12341 | 12335
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cells in the human body. The results of this study found that
colchicine effectively inhibited the viability of 3D AT/RT
spheroids at nanomolar concentrations. Colchicine demon-
strated EC50 values of 14 and 37 nM for BT-12 and BT-16
spheroids, respectively (Fig. 4). Additionally, the EC50 value of
colchicine in the BT-12 spheroid showed greater efficacy
compared to doxorubicin (Fig. 4C). Meanwhile, the EC50 value
of colchicine in the BT-16 spheroid displayed a similar effec-
tiveness to that of doxorubicin (Fig. 4F). These ndings suggest
that colchicine exhibits signicant efficacy in 3D AT/RT
spheroid models, supporting its potential as a therapeutic
agent for AT/RT treatment.

Discussion

The primary objective of this study was to repurpose a non-
chemotherapeutic FDA-approved drug for anti-AT/RT activity.
This study revealed that colchicine, an established anti-gout
and anti-familial Mediterranean fever (FMF) drug, exhibits
promising anti-AT/RT activity by inhibiting AT/RT cell prolifer-
ation. Colchicine, an anti-mitotic agent, demonstrated an IC50

value signicantly lower than that of doxorubicin, a commonly
used chemotherapeutic agent for AT/RT treatment. Colchicine,
derived from Colchicum autumnale, exerts its anticancer activity
by binding to microtubular ends and inhibiting the polymeri-
zation of microtubules, thus disrupting cell division. It is well-
established that colchicine prevents mitotic progression by
arresting cells in the metaphase. Colchicine's ability to attach to
tubulins is one of its common modes of action in therapeutic
activities.35 Microtubules are composed of a- and b-tubulin
heterodimers, which are important cytoskeleton components.
Colchicine binds to soluble tubulin to form the tubulin-
colchicine (TC) complex, which subsequently binds to micro-
tubular ends and disturbs tubulin lattice dynamics.36–38

Depending on its concentration, colchicine can either promote
or inhibit microtubule polymerization. At lower concentrations,
colchicine specically inhibits microtubule polymerization,
ultimately leading to cell cycle arrest and reduced tumor cell
viability.35

In this study, BT-12 cells were found to be more sensitive to
colchicine than BT-16 cells. This observation is consistent with
ndings for another mitotic inhibitor, paclitaxel, which has
demonstrated effectiveness against both AT/RT cell lines.33

Additionally, BT-12 cells showed signicantly higher sensitivity
to cisplatin than BT-16 cells,34 suggesting that BT-16 cells may
exhibit a desensitized response to certain drugs relative to BT-12
cells. Higher proliferative activity has also been observed in BT-
12 cells, as indicated by increased Ki-67 protein expression,39

a widely used marker for cell proliferation in human tumors.40

The process of cell proliferation depends heavily on microtu-
bule polymerization, which plays a central role in maintaining
the intracellular cytoskeletal framework. The dynamic nature of
microtubule polymerization is particularly crucial for numerous
cellular functions, especially in tumor cells.41 These factors
likely contribute to the enhanced sensitivity of BT-12 cells to
anti-mitotic agents such as colchicine and paclitaxel compared
to BT-16 cells.
12336 | RSC Adv., 2025, 15, 12331–12341
Additionally, colchicine was evaluated for its cytotoxicity in
human brain endothelial cells and normal human astrocytes,
and the results showed a CC50 value higher than 20 mM, which is
more than two orders of magnitude higher than its IC50. This
indicates that colchicine is relatively safe for normal brain cells
and brain endothelial cells, critical components of the blood–
brain barrier, which are among the rst cell types exposed to
drugs prior to their penetration into the brain. By contrast,
doxorubicin displayed higher cytotoxicity with a considerably
narrower therapeutic window compared to colchicine. These
results strongly support the further investigation of colchicine
as a safer and more effective anti-AT/RT agent. Beyond tradi-
tional in vitro 2D cell cultures, the anticancer activity of
colchicine was also assessed in 3D cancer spheroid models,
which more closely mimic the in vivo tumor microenvironment.
These spheroid models are composed of heterogeneous cell
populations that exhibit varying behavior depending on their
levels of exposure to oxygen and nutrients. These include
proliferating cells, quiescent cells, and hypoxic cells, which alter
drug responsiveness, leading to changes in IC50 values that
differ from those in 2D culture.42 This study demonstrated that
colchicine effectively inhibited 3D AT/RT spheroid viability at
nanomolar concentrations, 14 nM for BT-12 spheroid and
37 nM for BT-16 spheroid. These ndings further validate
colchicine's potential as a repurposed therapeutic agent for AT/
RT treatment.

Studies on the effects of colchicine on 3D AT/RT spheroids
have revealed that, even at higher concentrations, colchicine
fails to completely eradicate cancer cells within the spheroid.
This limitation is likely due to the enhanced drug resistance of
cancer cells residing in the deeper layers of the spheroid. These
cells may adapt by upregulating efflux transporter proteins,
which protect them from the cytotoxic effects of drugs and other
harmful agents.43–45 To address this issue, a co-treatment
strategy combining colchicine with an efflux transporter
inhibitor, such as verapamil, is proposed to enhance thera-
peutic efficacy. Furthermore, cancer cells located in the inner
regions of the spheroid oen transition from a highly prolifer-
ative state to a quiescent state, reducing ATP consumption
required for processes such as cell cycle progression.46 This
adaptation further limits the effectiveness of colchicine, which
acts as an antimitotic agent by binding to tubulin heterodimers
near the exchangeable GTP-binding site, disrupting microtu-
bule polymerization. This destabilization ultimately induces
programmed cell death, or apoptosis.47

Colchicine is well known for its therapeutic applications in
treating gout48–50 and familial Mediterranean fever (FMF).51–53

Additionally, colchicine has been used to manage other condi-
tions such as Behcet's disease (BD),54–56 pericarditis,57–59 coronary
artery disease,60,61 and various inammatory and brotic disor-
ders.62,63 When colchicine is prescribed daily and long-term for
FMF, the most common side effects (affecting up to 20% of
patients) include abdominal pain, diarrhea, nausea, and vomit-
ing. These symptoms are typically mild, temporary, and resolve
when the dose is reduced. When used acutely for gout ares at
doses up to 1.8 mg within 2 hours, diarrhea (23%) is the most
frequently reported side effect.48 However, colchicine is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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considered safe at a dosage of 1.5 mg, although it was not effec-
tive in halting disease progression or reducing mortality in
patients with severe COVID-19.64 For children under 5 years of age
with FMF or other autoinammatory diseases, a daily colchicine
dose of 0.5 mg is considered safe.65,66 According to the 2007
guidelines, the recommended initial dosage varies by age: 0.5 mg
per day for children aged under 5 years, 1.0 mg per day for those
aged 5–10 years, and 1.5mg per day for those aged over 10 years.66

Based on this dosing approach, colchicine may be a potential
alternative treatment option for pediatric patients with AT/RT.

Numerous studies have highlighted the anticancer proper-
ties of colchicine across a variety of cancers. One such study
investigated the effects of colchicine on human breast adeno-
carcinoma MCF-7 cells, showing that it inhibited MMP-2 mRNA
expression and caused cell cycle arrest at the G2/M stage of
mitosis, which led to reduced cell proliferation.67 Colchicine's
efficacy against hypopharyngeal carcinoma has also been re-
ported. Colchicine inhibited the formation and proliferation of
human hypopharyngeal carcinoma cells in a dose-dependent
manner. This was achieved through the suppression of key
pathways involved in cancer progression.
Fig. 5 Proposed antimitotic mechanism of colchicine. Colchicine disrup
exchangeable GTP-binding site, forming a tubulin-colchicine (TC) compl
assembly and arresting mitotic cells at the G2/M phase. As a result, AT/RT
AT/RT spheroids, ultimately triggering programmed cell death, often kno
growth phase), where the cell grows and carries out normal metabolic fu
(second growth phase), preparing the cell for mitosis; and M (mitotic pha
cells. The M phase is further divided into prophase, metaphase, anaphas

© 2025 The Author(s). Published by the Royal Society of Chemistry
Colchicine downregulated MMP9, mPA, and FAK/SRC
signaling pathways, effectively reducing cell invasion, migra-
tion, and adhesion. Furthermore, colchicine induced apoptosis
by activating caspase-3,68 preventing metastasis and promoting
cancer cell death. In addition to breast and hypopharyngeal
carcinoma, colchicine has shown a signicant anticancer effect
on gastric carcinoma cells in a dose-dependent manner.
Colchicine promoted apoptosis in gastric carcinoma cells
through the activation of caspase-3. This was mediated via the
suppression of the PI3K/Akt/mTOR signaling pathway.69

Colchicine has also been studied against colorectal cancer cells,
where it exhibits dose-dependent cytotoxic effects. Its admin-
istration led to an increase in ROS generation, activation of
caspase-3, upregulation of pro-apoptotic protein BAX, and
downregulation of the anti-apoptotic protein Bcl-2. These
ndings indicate that colchicine induces apoptosis, possibly via
the intrinsic apoptotic signaling route, in colorectal cancer
cells.70 These studies collectively highlight colchicine's ability to
target multiple mechanisms involved in cancer progression,
including inhibition of proliferation, migration, and invasion,
as well as the induction of apoptosis.
ts microtubule stability by binding to two tubulin heterodimers near the
ex. This interaction destabilizes tubulin, preventing proper microtubule
cell proliferation is inhibited, particularly in the proliferative zone of 3D
wn as apoptosis.47 The cell cycle consists of four main phases: G1 (first
nctions; S (synthesis phase), during which DNA replication occurs; G2

se), where nuclear division results in two genetically identical daughter
e, and telophase. (Created by BioRender.com/Mahidol University.)
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While colchicine has been extensively studied in various
cancer types, its potential as an anti-AT/RT agent remains
unexplored. The evidence of its anticancer effectiveness
strongly supports its capacity to act as a potential candidate for
AT/RT treatment. By targeting key signaling pathways, inhibit-
ing metastasis, and promoting apoptosis, colchicine could offer
a novel therapeutic approach for AT/RTs. Furthermore, this
study suggests a potential mechanism for colchicine's effect on
AT/RTs. Colchicine binds to tubulin, forming a tubulin-
colchicine (TC) complex, which interferes with cell cycle
progression by arresting mitotic cells at the G2/M phase. This
disruption ultimately inhibits AT/RT cell proliferation, partic-
ularly within the proliferative zone of 3D AT/RT spheroids
(Fig. 5). Additionally, colchicine's FDA-approved status makes it
a particularly attractive candidate for drug repurposing. Unlike
conventional chemotherapeutic agents, colchicine demon-
strates a lower risk of adverse effects as evidenced by its selec-
tive toxicity and favourable therapeutic window in normal brain
and endothelial cells.

Collectively, colchicine has the potential to be successfully
repurposed as an AT/RT treatment, and combining colchicine
with other drugs to overcome resistance may offer a potential
strategy for improving treatment outcomes. Further investiga-
tion into the combination treatment of colchicine and other
efflux transporter inhibitors and the mechanistic study of
colchicine are also underway to conrm its therapeutic value.
These ndings will contribute to our understanding of colchi-
cine as a possible new treatment for AT/RTs, offering a safer and
potentially more effective alternative to traditional
chemotherapy.
Methods
Cell culture

The human atypical teratoid/rhabdoid tumor cell lines (BT-12
and BT-16 cells) were generously provided by Peter Houghton
from the St. Jude Children's Research Hospital (Memphis, TN,
USA) through Professor Suradej Hongeng. BT-12 and BT-16 cells
were cultured in RPMI 1640 medium, which was supplemented
with 10% FBS and 1% P/S (Penicillin/Streptomycin). The human
blood–brain barrier cell line (hCMEC/D3 cells) was purchased
from Merck (Schuchardt, Darmstadt, Germany). hCMEC/D3
cells were cultured in EndoGRO™-MV complete medium,
which was supplemented with 1 ng mL−1 FGF-2. The primary
human astrocytes (HA) were purchased from ScienCell™
Research Laboratories (Carlsbad, CA, USA). Astrocytes were
cultured in astrocyte medium (AM), which was supplemented
with astrocyte growth supplement (AGS) and 2% FBS.
FDA-approved drug library preparation

A library of 2130 FDA-approved drugs was purchased from
Selleck Chemicals (Houston, TX, USA). All FDA-approved drugs
were dissolved in DMSO at 10 mM concentration. For the
compound screening, 2130 FDA-approved drugs were diluted in
an assay medium at the nal concentration of 10 mM.
12338 | RSC Adv., 2025, 15, 12331–12341
High-throughput screening of 2130 FDA-approved drugs for
anti-AT/RT cells in 2D traditional culture

Atypical teratoid/rhabdoid tumor cell lines were seeded into 96-
well clear plates (Corning Acton, MA, USA) at a density of 2 ×

103 cells per well. The cells were cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% P/S (Penicillin/
Streptomycin) and incubated at 37 °C with 5% CO2 for 24
hours. Following this incubation period, the screening of
compounds was carried out using a high-throughput liquid
handling system (JANUS) (PerkinElmer, Waltham, MA, USA).
For primary screening, the compounds were added into the cell
plates at a nal concentration of 10 mM and incubated for 72
hours under the same conditions. Aer 72 hours of compound
treatment, the culture media containing the compounds was
removed, and serum-free media containing MTT was added to
each well. The cells were incubated with the MTT solution for 3
hours at 37 °C with 5% CO2. Aer the 3 hours incubation
period, the serum-free medium containing MTT was removed,
and DMSO was added to each well and the absorbance of
resulting-colored solution was measured at 570 nm by Multi-
Mode Microplate Reader (ENVISION) (PerkinElmer, Waltham,
MA, USA). The cell viability was quantied as a percentage of the
untreated control. The compounds were selected for further
investigation if they reduced cancer cell viability to 20% or less.
Secondary screening (dose-dependent manner) for IC50 of
anti-AT/RT cells

Atypical teratoid/rhabdoid tumor cell lines were seeded into 96-
well clear plates at a density of 2 × 103 cells per well. The cells
were cultured in RPMI 1640 medium supplemented with 10%
FBS and 1% P/S and incubated at 37 °C with 5% CO2 for 24
hours. Aer 24 hours of incubation, the test compounds were
added to the wells in a dose-dependent manner with the nal
concentrations of 20, 2, 0.2, 0.02, 0.002, and 0.0002 mM. The
plates were then incubated for 72 hours at 37 °C, 5% CO2. Aer
the 72-hour treatment, the culture media containing the
compounds was removed, and serum-free media containing
MTT was added to each well. The cells were incubated for 3
hours at 37 °C with 5% CO2. Following this incubation, the
serum-free media containing MTT was removed, and DMSO
was added to the wells and the absorbance of resulting-colored
solution was measured at 570 nm by Multi-Mode Microplate
Reader (ENVISION). The calculation of IC50 was performed
using GraphPad Prism 9 (GraphPad Soware, Inc., San Diego,
CA, USA).
High-content imaging analysis of hit compounds for anti-AT/
RT cells in 3D spheroid culture

Atypical teratoid/rhabdoid tumor cell lines were seeded into 96-
well ultra-low attachment clear plates (Corning (Acton, MA,
USA)) at a density of 5 × 103 cells per well. The cells were
cultured in RPMI 1640 medium supplemented with 10% FBS
and 1% P/S. The plates were incubated at 37 °C with 5% CO2 for
72 hours to allow the formation of 3D spheroids. Aer this
incubation period, compounds were added to the plates in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a dose-dependent manner and further incubated for an addi-
tional 72 hours at 37 °C with 5% CO2. Following this treatment
period, the 3D spheroids were stained with Hoechst (live cell
staining) and ethidium homodimer (dead cell staining) at a 1 :
1000 dilution ratios of each dye reagent to the culture medium.
The 3D spheroids were incubated with the dye reagents for 2
hours. The stained spheroids were then analyzed using a high-
content imaging system (Operetta) (PerkinElmer (Waltham,
MA, USA)). The calculation of IC50 was performed using
GraphPad Prism 9.
Cytotoxicity test in BBB and astrocytes

The hCMEC/D3 cells representing the BBB were seeded into 96-
well clear plates at a density of 2 × 104 cells per well. The cells
were cultured in EndoGRO™-MV complete medium supple-
mented with 1 ng mL−1 FGF-2 and incubated at 37 °C with 5%
CO2 for 24 hours. Alternatively, human astrocytes were seeded
into 96-well clear plates at a density of 5 × 103 cells per well and
cultured in astrocyte medium (AM) supplemented with astro-
cyte growth supplement (AGS) and 2% FBS under the same
condition. Aer 24 hours of incubation, selected compounds
were added to the wells of both BBB and astrocytes plates in
a dose-dependent manner with nal concentrations of 20, 5,
1.25, 0.313, 0.078, 0.020, and 0.005 mM. The plates were then
incubated for 72 hours at 37 °C with 5% CO2. Following this
period, the culture media containing the compound was
removed, and serum-free media containing MTT was added to
each well. The cells were incubated with the MTT solution for 3
hours under the same conditions.

Aer the 3-hour incubation, the solution was removed, and
DMSO was added to each well and the absorbance of the
resulting-colored solution was measured at 570 nm by Multi-
Mode Microplate Reader (ENVISION). The calculation of CC50

was performed using GraphPad Prism 9.
Statistical analysis

All data were analyzed using GraphPad Prism 9 (GraphPad
Soware, Inc., San Diego, CA, USA). The Z-factor is a measure of
statistical effect size and an attempt to quantify the suitability of
a particular assay and assess the quality of an assay for high
throughput screening.
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D. Gómez-Mart́ın and J. Torres-Ruiz, J. Gen. Intern. Med.,
2022, 37, 4–14.

65 T. Welzel, A. L. Wildermuth, N. Deschner, S. M. Benseler and
J. B. Kuemmerle-Deschner, Pediatr. Rheumatol., 2021, 19,
142.

66 A. M. Knieper, J. Klotsche, D. Föll, H. Wittkowski, E. Lainka
and T. Kallinich, Pediatr. Rheumatol., 2015, 13, O44.
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