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Abstract
Background  Gastrointestinal stromal tumors (GISTs) are primarily treated with tyrosine kinase inhibitors (TKIs) 
such as imatinib. However, the development of drug resistance remains a critical clinical challenge, highlighting the 
urgent need for novel therapeutic agents with alternative mechanisms of action. This study aimed to identify and 
characterize new small molecules effective against imatinib-sensitive and resistant GISTs.

Methods  A library of 27 benzo[d]imidazo[2,1-b]thiazole derivatives was synthesized and screened for cytotoxicity 
against four GIST cell lines, including imatinib-sensitive (GIST-T1, GIST-882) and imatinib-resistant (GIST-48, GIST-48B) 
models. The most effective compound, MBT3T, was further evaluated for safety on healthy cells (PBMCs, fibroblasts) 
and mechanism of action using computational docking, immunofluorescence, and flow cytometry. Efficacy was 
validated both in 3D bioprinted tumor models and in vivo using zebrafish xenografts.

Results  MBT3T exhibited potent nanomolar cytotoxicity across all GIST cell lines while maintaining a favorable safety 
profile on healthy cells. Mechanistic studies revealed that MBT3T acts independently of the KIT signaling pathway, 
targeting tubulin at the colchicine-binding site. This interaction caused microtubule disassembly, leading to G2/M cell 
cycle arrest and caspase-mediated apoptosis. In in vivo zebrafish assays, MBT3T significantly reduced tumor growth in 
both imatinib-sensitive and resistant xenografts without inducing systemic toxicity.

Conclusion  We identified MBT3T as a novel, selective tubulin polymerization inhibitor. Its ability to bypass TKIs 
resistance mechanisms suggests it may represent a promising therapeutic candidate for the treatment of refractory 
GISTs.
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Background
Gastrointestinal stromal tumors (GISTs) are rare mes-
enchymal cancers affecting the gastrointestinal tract, 
characterized by gain-of-function mutations in tyrosine 
kinase (TK) receptors KIT or PDGFRA in about 85–90% 
of the cases [1, 2]. The remaining 10–15% of cases, wild 
type for KIT/PDGFRA genes are a very heterogeneous 
group of tumors, showing high variability in driving 
cancer events [3, 4]. GIST treatment represents the best 
examples of target therapy in solid malignancies, with 
patients experiencing an extraordinary improvement in 
clinical outcome in the early 2000s, after the introduction 
of TK inhibitors (TKIs). In this context, the standard-
of-care for unresectable or metastatic GISTs is the TKI 
imatinib, a small molecule leading to relevant clinical 
benefits, becoming the first breakthrough medical treat-
ment for advanced-stage GISTs [5]. Despite the great 
achievements in targeted therapy for GIST, imatinib 
resistance occurs frequently and, in most patients, within 
18–24 months [6]. Clinical and biomedical investigations 
showed the occurrence of imatinib-resistant clones and 
sparked the development of all currently FDA-approved 
TKIs. Unfortunately, all available therapeutic strate-
gies showed only modest efficacy, highlighting the need 
for novel approaches (other than TKIs), druggable tar-
get, and, therefore, new molecules that could effectively 
counteract the disease. KIT/PDGFRA oncogenic signal-
ing is mainly sustained by two paths, the PI3K/mTOR 
and RAS/MAPK cascades, through direct interaction 
with PI3K and GRB2. These paths are activated regard-
less of the specific KIT/PDGFRA genetic alterations, and, 
more important, irrespective of imatinib responsiveness 
or resistance [7–9]. Activation of the PI3K/mTOR via is 
pivotal in GIST for its tumor initiation, development, and 
survival [10]. Preliminary preclinical reports on imatinib-
sensitive and resistant GIST models showed pro-apop-
totic and anti-proliferative activity after treatment with 
PI3K inhibitors, both as single treatment as well as in 
combination with imatinib [7–14].

Small molecule drugs, such as imatinib, have several 
distinctive advantages, including oral bioavailability, 
membrane permeability, intracellular target engagement, 
and versatility in mechanisms of action. In this context, 
the chemical structures of approved and previously 
investigated drugs were analyzed to identify novel prom-
ising molecules active against GISTs. Our efforts focused 
on a tricyclic aromatic scaffold, the benzo[d]imidazo[2,1-
b]thiazole, which was selected for the construction of a 
small library of compounds (Figs. S1 and S2), given that 
the versatile benzo[d]imidazo[2,1-b]thiazole core allows 
for the insertion of various substituents. Interestingly, 
this core structure is present in several drugs including 
therapeutics with antitumor activity [15–21].

Materials and methods
Chemistry
Thin layer chromatography was performed on Baker-
flex plates (Silica gel IB2-F), the eluent was a mixture of 
petroleum ether/acetone/methanol in various propor-
tions. The 1H NMR and 13C NMR spectra were recorded 
on a Varian MR 400  MHz (ATB PFG probe) and on a 
Bruker ADVANCE NEO 600  MHz, equipped with liq-
uid nitrogen chilled Bruker Prodigy (1H/19F)-X broad-
band probe. UHPLC − MS analyses were run on a Waters 
ACQUITY ARC UHPLC/MS system consisting of a QDa 
mass spectrometer equipped with an electrospray ioniza-
tion interface and a 2489 UV/Vis detector. The detected 
wavelengths (λ) were 254  nm and 365  nm. The analy-
ses were performed on an XBridge BEH C18 column 
(10 × 2.1  mm i.d., particle size 2.5  μm) with a XBridge 
BEH C18 VanGuard Cartridge precolumn (5  mm × 
2.1  mm i.d., particle size 1.8  μm). The mobile phases 
were H2O (0.1% formic acid) (A) and MeCN (0.1% formic 
acid) (B). Electrospray ionization in positive and nega-
tive mode was applied in the mass scan range 50 − 1200 
Da. Analyses were performed using a generic method 
with a linear gradient: 0–1.5 min, 40% B; 1,5–6 min, 95% 
B; 6–8 min, 95% B; 8–10 min, 40% B; Flow rate: 0.8 mL/
min. The purities of all tested compounds, determined 
by UHPLC/MS were > 95%. Elemental analyses were 
within ± 0.4% of the theoretical values. Compounds were 
named relying on the naming algorithm developed by 
CambridgeSoft Corporation (Perkin Elmer) and used in 
Chem-BioDraw Ultra 14.0 (Perkin Elmer). All solvents 
and reagents, unless otherwise stated, were supplied by 
Aldrich Chemical Co. Ltd. and were used without further 
purification.

Synthetic procedures, yields, 1H NMR and 13C NMR 
and MS data for each compound are reported in Sup-
plementary Data together with 1H NMR, 13C NMR and 
NOE spectra, and UHPLC − MS analyses.

Cell cultures
Antitumoral activity of the 27 newly synthetized mol-
ecules was tested on four different GIST cell lines, GIST-
T1, GIST-882, GIST-48, GIST-48B. GIST-T1 (RRID: 
CVCL_4976) was purchased from COSMO-BIO; it har-
bors an exon 11 heterozygous deletion (V560-Y579). 
GIST-48 (RRID: CVCL_7041), GIST-48B (RRID: CVCL_
M441) and GIST-882 (RRID: CVCL_7044) were kindly 
donated by Dr. Fletcher (Harvard Medical School). GIST-
48 harbors a primary mutation on KIT exon 11 (V560D) 
and an additional secondary mutation in the exon 17 
(D820A); GIST-48B cells are derived from GIST-48 cells 
and share the same KIT mutational status, but have lost 
KIT expression under pharmacological pressure with an 
HSP-90 inhibitor; GIST-882 harbors a substitution in 
KIT exon 13 (K642E). GIST-T1 and GIST-882, defined 
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as imatinib-sensitive, were grown in RPMI‐1640 supple-
mented with 10% FBS while GIST-48 and 48B (defined as 
imatinib-resistant, due to secondary resistance mecha-
nisms) were grown in IMDM supplemented with 10% 
FBS. During the whole duration of the study, all lines 
were repeatedly credentialed by Sanger sequencing eval-
uations of known mutations. All cultures were shown 
to be mycoplasma-free. Peripheral blood lymphocytes 
(PBMCs) isolation was performed as previously described 
[22]. Authorization for the use of human blood samples 
(buffy coat) was obtained from AUSL of Bologna, Italy, 
S. Orsola-Malpighi Hospital -PROT GEN No. 0051937, 
and written informed consent was obtained from donors 
for the use of their blood for scientific research purposes. 
WS1 human fibroblast cell line (ATCC, Cat# CRL-1502, 
RRID: CVCL_2766) was used as a further adherent non-
tumor model. Cells were grown in DMEM supplemented 
with D-glucose (4.5 g/L), 10% FBS, L-glutamine (2 mM); 
all media were supplemented with 1% penicillin–strepto-
mycin solution and 1% Amphotericin B (Gibco). PBMCs, 
GISTs, and WS1 cell lines were incubated at 37 °C in 5% 
CO2 atmosphere.

Cell viability assay
At day 0, GIST-T1 (5,000 cells/well), GIST-882 (10,000 
cells/well), GIST-48 (10,000 cells/well), GIST-48B (10,000 
cells/well) and WS1 cells (5,000 cells/well) were plated in 
a 96-well plate and cultured 24 h with complete medium. 
All the compounds were dissolved in DMSO just before 
cell treatment at day 1; cells were treated with increasing 
concentrations of pharmacological compounds (range: 
10 nM-10 µM) and, after 72 h, cell viability was evaluated 
by MTT assay using a standard protocol. IC50 values were 
estimated using GraphPad Prism version 10.0.0 (RRID: 
SCR_002798).

IC50 values for MBT3T was then confirmed with 
CellTiter-Glo (CTG) Luminescent Cell Viability Assay 
(Promega). CTG reagent was added directly to the wells 
at a 1:1 volume ratio with the culture medium, the plate 
was shaken on an orbital shaker for 2 min and incu-
bated in the dark for 10 min. Luminescent signals were 
recorded through GloMax Discover Promega luminom-
eter. MBT3T was also tested on human peripheral lym-
phocytes: 100,000 cells/well were seeded in a 24-well 
plate and treated with different concentrations of the 
compound; after 72 h cell viability was assessed through 
the Guava ViaCount staining using a flow cytometry 
approach, as previously described [22]; imatinib, suni-
tinib, regorafenib were used as a comparison, as they 
represent standard targeted therapies for GIST while 
doxorubicin was used as a positive control for toxicity in 
lymphocytes.

Western blotting assay
The cultured cells were lysed with NP40 buffer (Thermo 
Fisher) supplemented with protease inhibitor cock-
tail (Sigma-Aldrich). Protein lysates were separated by 
4% to 20% SDS-PAGE before being transferred to the 
nitrocellulose membrane (Millipore) and incubated 
with specific antibodies. Actin antibody (1:5000; Sigma-
Aldrich Cat# A1978, RRID: AB_476692) was used as a 
control. The primary antibodies used were KIT (1:1000; 
Agilent-Dako Cat#4502), phospo-KIT (CST Cat# 3391, 
RRID: AB_2131153), MAPK (CST Cat# 9102, RRID: 
AB_330744), phospo-MAPK (CST Cat# 9211, RRID: 
AB_331641), AKT (CST, Cat# 9272, RRID: AB_329827) 
phospo-AKT (CST, Cat# 9271, RRID: AB_329825). The 
hybridization signals were detected by chemilumines-
cence and captured using the ChemiDoc Imaging System 
(Bio-Rad).

Human phospho-RTK array
To evaluate potential changes in the phosphorylation 
pattern between MBT3T treated and non-treated cells, 
the Proteome Profiler Human Phospho-RTK Array Kit 
(Biotechne, ARY001B) was used to determine the relative 
levels of tyrosine phosphorylation of 49 distinct RTKs, 
according to the manufacturer’s protocol. Protein lysates 
were prepared, and incubated with the array membranes 
as per the manufacturer’s instructions. Following the 
addition of chemiluminescent detection reagents, a sig-
nal proportional to the amount of protein bound was 
detected.

Cell cycle analysis
The Muse Cell Cycle Reagent (Millipore) was used for the 
detection of cell cycle phase in which the cells are. Briefly, 
1 × 106 cells/well in a 6-well plate were treated with dif-
ferent concentrations of MBT3T (200 nM, 500 nM and 1 
µM). Imatinib 1 µM (GIST gold standard treatment) was 
included as control. After 72  h, cells were fixed in 70% 
ethanol, and incubated with Muse Reagent in the dark for 
30  min at 25  °C. The cell cycle was then analyzed on a 
Muse cell analyzer (EMD Millipore). All measurements 
were performed in triplicate.

Apoptosis analysis
MBT3T pro-apoptotic action on GIST cell lines was 
assessed using the Annexin-V cytofluorimetric assay. 
Flow cytometry analysis was performed to identify the 
percentage of apoptotic cells using Guava Nexin Reagent 
(Catalog No. 4500 − 0450, Millipore). In brief 1 × 106 cells/
well in a 6-well plate were seeded and treated with dif-
ferent concentrations of MBT3T (200 nM, 500 nM and 
1 µM), imatinib (1 µM), and staurosporine (1 µM) as 
positive control. After 48 h, cells were harvested, washed 
twice with PBS, and resuspended in 100 µL of kit buffer, 
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then incubated at room temperature for 20  min in the 
dark. Apoptotic cells were analyzed using Guava Easy-
Cyte flow cytometer (Guava Technologies). All measure-
ments were performed in triplicate.

Caspase activation assay
For the caspase activation detection, Caspase-Glo 3/7 
assay (Promega) was used. Cells were plated in a 96-well 
plate (white bottom) at a density of 5,000 cells/well for 
GIST-T1 and 10,000 cells/well for GIST-882, GIST-48 
and GIST-48B. Cells were treated with MBT3T at dif-
ferent concentrations (200 nM, 500 nM and 1 µM) and 
imatinib 1 µM; staurosporine 1 µM was used as positive 
control. After 48 h, the plate was removed from the incu-
bator and allowed to equilibrate at room temperature, 
culture medium was removed, and 80 µL of Caspase-Glo 
3/7 reagent was added to each well and incubated for 
1.30  h. The luminescence signal, directly proportional 
to the activity of the caspases, was detected by the lumi-
nometer GloMax Discover Promega. The experiment was 
replicated three times.

Immunofluorescence
Cells were seeded on 8-well chamber slides (Lab-Tek, 
Thermo Fisher Scientific) and allowed to adhere over-
night (60,000 cells/well for GIST-T1 and 100,000 cells/
well for GIST-48B). Cells were treated with MBT3T 
(1 µM), imatinib (1 µM) and colchicine (1 µM, Sigma-
Aldrich, C9754) as a positive control to assess microtu-
bule disruption; DMSO was included as negative control. 
24 h after treatment, cells were fixed with 4% paraformal-
dehyde (PFA) in DPBS for 15 min at room temperature, 
followed by permeabilization with 0.1% Triton X-100 
in DPBS for 10  min. Non-specific binding was blocked 
with 5% BSA in DPBS for 30 min. Cells were then incu-
bated overnight at 4 °C with the FITC conjugate primary 
antibody α-tubulin III (1:500, Sigma-Aldrich, Cat. No. 
F2168, AB_476967) diluted in blocking solution. The day 
after, nuclei were counterstained with Hoechst (1  µg/
mL, Thermo Fisher Scientific). Imaging was taken using 
a Nikon A1R+ high-resolution laser scanning confocal 
microscope, equipped with standard fluorescence filter 
sets and auxiliary modules for multi-channel acquisition. 
Images were acquired separately for each fluorescence 
channel and merged to visualize colocalization between 
the green (FITC) and blue (Hoechst) signals.

3D bioprinting
Formulation of optimized bioink was 3.5% w/v algi-
nate, 4.6% w/v mannitol, and 4% w/v gelatin type B from 
bovine skin, dissolved in DPBS 1X, without CaCl2 and 
MgCl2. Sodium alginate (W201502), gelatin type B from 
bovine skin (G9391), D-mannitol (M4125) were pur-
chased from Sigma-Aldrich (RRID: SCR_008988). After 

powders dissolvement, the mixture was pasteurized for 
1  h at 72  °C and stirred until complete dissolution at 
room temperature. For crosslinker preparation, calcium 
chloride (C3306, Sigma-Aldrich, RRID: SCR_008988) 
was dissolved in sterile water at a final concentration of 
100 mM.

The Cellink Inkredible 3D Bioprinter from the BICO 
Company was used. Square-shaped constructs with 
dimensions of 10 × 10 × 1.2 mm3 were printed with the 
previously described bioink directly on a 12-well plate. 
Particularly, cells from 2D cell cultures were harvested 
and 12.5 × 106 cells were mixed with 1  mL of the algi-
nate-based bioink in a 10:1 ratio (alginate-based bio-
ink: GIST cells suspension). Models for 3D bioprinting 
were designed with Fusion360 Autodesk software (v.2.0, 
Autodesk); the procedure code for the printing pro-
cess was elaborated by employing the open-source slic-
ing software Slic3r (v.1.2.9, open source). Cell printing 
took place at 24 °C using a plastic tip with a diameter of 
22 G at a pressure of 5–10 kPa. Crosslinking of the bio-
printed model with 100 mM calcium chloride solution 
was performed and after quick washing with DPBS, cul-
ture medium was added in the wells. The following day, 
constructs were treated with different concentrations of 
MBT3T, imatinib, and DMSO as a control; for each con-
dition, 3 different constructs were bioprinted.

The growth medium of 3D constructs was replaced 
every three days, with re-administration of the drug at 
each medium change, and constructs were maintained in 
culture for up to 14 days.

Cell viability assay in 3D models
Cell viability in 3D models was assessed using Alamar 
Blue assay (Thermo Fisher Scientific). 10% of Alamar 
reagent was added to the culture medium in each well 
and incubated at 37 °C for 24 h. For each well, absorbance 
was then read in a Tecan plate reader at 570 nM (600 nM 
reference wavelength), in triplicate.

Computational studies
Structure similarity search
The structural similarity search was carried out using 
the SwissSimilarity web platform. The web-server allows 
fast similarity searches against multiple chemical librar-
ies using several 2D- and 3D-similarity metrics. MBT3T 
was uploaded as the query structure, and similarity 
screening was performed against the ChEMBL (RRID: 
SCR_014042) database, employing all available similarity 
metrics. Compounds were ranked by similarity score.

Docking studies
Molecular docking studies were performed using 
AutoDock (RRID: SCR_012746) Vina [23, 24].
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The molecular structure of MBT3T was optimized 
prior to docking using the Hartree–Fock (HF) method 
with the 6-31G* basis set.

Docking calculations were carried out in triplicate, 
using an exhaustiveness value of 32 and an energy range 
of 100. Docking results were ranked according to the pre-
dicted binding energy and the most favorable pose was 
retained for subsequent simulations.

Molecular dynamic simulations
MBT3T, GTP and colchicine were parameterized fol-
lowing the standard AMBER protocol, which involves 
geometry optimization at the Hartree-Fock level with the 
6-31G* basis set and derivation of restrained electrostatic 
potential (RESP) atomic charges. Ligand parameteriza-
tion was performed using Antechamber, with atom types 
assigned according to the GAFF2 force field [25]; the 
tubulin protein instead was described using the ff14SB 
force field [26].

The top-ranked docking pose of MBT3T in the tubulin 
binding site was subjected to all-atom molecular dynam-
ics (MD) simulations using the Amber22 package [27].

Prior to production runs, the systems underwent 
energy minimization consisting of 10,000 steps, per-
formed in two phases: the first 5,000 steps using the 
steepest descent method, followed by 5,000 steps with 
the conjugate gradient algorithm. Subsequently, equili-
bration was carried out for 1 ns under constant tempera-
ture conditions, gradually increasing the system to 300 K 
with a Langevin thermostat.

Production MD simulations were run for 100 ns under 
periodic boundary conditions (PBC), applying particle 
mesh Ewald (PME) for long-range electrostatics with a 10 
Å cutoff for non-bonded interactions.

The binding energies of MBT3T and colchicine in com-
plex with tubulin were estimated using the Molecular 
Mechanics-Generalized Born Surface Area (MM-GBSA) 
method [28].

Zebrafish model
Danio rerio husbandry
All experiments were performed on zebrafish (Danio 
rerio) (RRID: SCR_007282) embryos and larvae up to 5 
days post-fertilization (dpf) in accordance with Euro-
pean Directive 2010/63/EU and Italian legislation on ani-
mal welfare. Wild-type zebrafish (Tübingen strain) were 
maintained at 28.5 °C under a 12 h light/dark photope-
riod, following standard husbandry protocols described 
by Westerfield [29]. Feeding and rearing procedures 
were conducted according to established developmental 
guidelines [30]. For anesthesia and euthanasia, tricaine 
(MS-222) was applied to system water at final concentra-
tions of 0.16 mg mL⁻¹ and 0.3 mg mL⁻¹, respectively.

Xenotransplantation
At 2 dpf, zebrafish embryos were anesthetized with 
0.16 mg mL⁻¹ tricaine and positioned in plastic grooves 
filled with 2% methylcellulose in PBS. GIST-T1 (ima-
tinib-sensitive) and GIST-48B (imatinib-resistant) cells 
were labeled for 20 min at 37 °C using Vybrant™ DiI Cell-
Labeling Solution (5  µg/mL; Thermo Fisher Scientific), 
a lipophilic fluorescent dye that uniformly stains cell 
membranes. After labeling, cells were resuspended in 10 
µL PBS at a concentration of 1 × 10⁵ cells/µL, loaded into 
glass capillary needles, and microinjected into the yolk 
sac of each embryo (approximately 200 cells per embryo) 
using a PV830 Pneumatic PicoPump and a microma-
nipulator (WPI). Following injection, embryos were 
maintained at 33  °C and monitored daily until 3 days 
post-injection (dpi), the experimental endpoint. At 1 dpi, 
embryos showing disseminated cells within blood vessels 
were excluded to ensure consistent xenograft localization 
and comparable tumor size across samples. Remaining 
embryos were randomly assigned to treatment groups 
and exposed to DMSO (vehicle control), imatinib (30 
µM), or MBT3T (0.2 µM). Dead embryos were removed 
daily throughout the observation period.

Birefringence assay
Muscle birefringence, an indicator of myofibrillar orga-
nization, was analyzed in anesthetized zebrafish larvae 
mounted in 2% methylcellulose. Larvae were positioned 
on a glass polarizing filter and covered with a second 
filter on a Leica M165FC microscope equipped with 
a DFC7000T digital camera. The upper polarizer was 
rotated until the characteristic refraction of light through 
the striated muscle became visible, allowing optimal 
contrast. Images were captured in bright field, and pixel 
intensity within the trunk region was quantified using 
ImageJ software. To account for minor variations in lar-
val size among treatment groups, birefringence values 
were normalized to the measured area of each sample. 
Two independent clutches of larvae per treatment were 
analyzed to ensure reproducibility.

Locomotion assay
Larval locomotor activity was evaluated using a DanioVi-
sion tracking system (Noldus Information Technology). 
At 5 dpf, individual larvae were transferred to 24-well 
plates, one larva per well, containing 1 mL of system 
water. Following a 20-minacclimation period, locomotor 
behavior was recorded through three consecutive cycles 
consisting of 10 min of light and 10 min of darkness, fol-
lowing procedures adapted from Brañas et al. [31].

Imaging and data analysis
High-resolution imaging of zebrafish larvae at 5 dpf 
was performed using a Leica SP8 confocal microscope. 
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Larvae were mounted in 1% low-melting-point agarose 
for stabilization during image acquisition. Quantification 
of fluorescent signals within defined regions of interest 
(ROIs) was carried out using the open-source ImageJ/
Fiji software, following previously established procedures 
[32]. A threshold was applied to exclude background flu-
orescence, and only signal-positive pixels above the cut-
off were included in the analysis. Fluorescence intensities 
were normalized and expressed as arbitrary units (A.U.) 
to enable comparison across experimental replicates. 
Imaging parameters, including laser excitation power, 
detector gain, and acquisition settings, were kept con-
stant for all samples to ensure data consistency.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism (version 10). Data distribution was evaluated with 
the Shapiro–Wilk test for normality (α = 0.05). For nor-
mally distributed datasets, parametric tests were applied, 
including the unpaired Student’s t-test for two-group 
comparisons and one-way ANOVA for multiple groups. 
Data are presented as mean values with individual data 
points, and error bars represent the standard error of the 
mean (SEM).

Results
Synthesis of the new compounds
Synthesis and structural characterization of all the new 
compounds are described in detail in Supplementary 
Data. Synthetic schemes are described in Figs. S3 and S4, 
while the NOE connections determined by 1D-NOESY 
experiments are described in Fig. S5.

Cytotoxicity assay
Cytotoxic activity of compounds 1–27 was evaluated after 
72 h of treatment through the MTT assay on four differ-
ent GIST cell lines (GIST-T1 and GIST-882, imatinib-
sensitive, GIST-48 and GIST-48B, imatinib-resistant); 
IC50 values are reported in Fig.  1A. Among the tested 
compounds, the most promising results were obtained 
with compound 3 (hereafter indicated as MBT3T), 
which proved to be active against all four GIST cell lines, 
with IC50 values in the nanomolar range. The lack of the 
methoxy group (compound 1) or the shift to the 5 posi-
tion (compound 2) led to a drop of activity. Similarly, the 
substitution of the methoxy group with chlorine (com-
pound 4) or fluorine (compound 5) resulted in a decrease 
in activity, especially for the chlorine derivative. Based on 
these results, the methoxy group at position 7 seems to 
play a key role in determining the cytotoxic effect against 
GIST cells. However, even the aromatic ring at position 2 
appears to influence the activity with the 3-thienyl group, 
giving the best results. Indeed, while less active than 
MBT3T, also compounds 2, 4–6, showed some activity 

against GIST cells. Interestingly, the substitution of the 
3-thienyl with a 2-thienyl group or with the bioisostere 
phenyl, while maintaining the methoxy group at posi-
tion 7, (compound 10 and 11 respectively), resulted in 
a loss of activity, especially against GIST-882, GIST-48 
and GIST-48B cells, thus suggesting a very specific target 
interaction.

Based on these results, MBT3T was selected for further 
studies. Results of MBT3T cytotoxic effect were con-
firmed with the more sensitive CTG Cell Viability Assay 
(calculated IC50: 188.7 nM, 80.93 nM, 100.5 nM and 233 
nM for GIST-882, GIST-T1, GIST-48 and GIST-48B, 
respectively), Fig. S6.

Evaluation of MBT3T toxicity on PBMCs and fibroblasts
To assess the specificity and selectivity of MBT3T in 
GIST cells, we evaluated its toxicity on PBMCs, using 
TKIs as negative controls and doxorubicin, a well-known 
unspecific (i.e. not targeted drug) chemotherapy agent, as 
positive control. PBMCs showed a viability of 96.9% when 
treated with the highest concentration (i.e. 1000 nM) of 
MBT3T, similar to imatinib, sunitinib and regorafenib; on 
the contrary, as expected, doxorubicin showed a strong 
toxicity already at the lowest concentration of 100 nM 
(Fig. 1B). Activity of MBT3T was additionally evaluated 
against the WS1 human fibroblast cell line. As shown in 
Fig. 1C, doxorubicin induced mortality in 50% of cells at 
a concertation of about 240 nM. MBT3T and imatinib 
respectively, required more than 500 nM and 3000 nM to 
achieve the same effect. This was expected for imatinib, 
considering that normal cells usually do not express KIT 
at a high level, as GISTs do.

Evaluation of the KIT signaling cascade and RTK profile
To shed light on the molecular mechanisms beyond the 
MBT3T effect, we first investigated the KIT downstream 
signaling cascade. However, we could not observe any 
consistent inactivation for KIT downstream cascade (Fig. 
S7). We also evaluated the RTK profile, however, besides 
the expected phosphorylated RTKs as KIT, we did not 
observe any alteration after treatment with MBT3T (Fig. 
S8). This prompted us to infer that MBT3T had a differ-
ent target.

Computational studies
To identify the potential protein targets of MBT3T, a 
ligand-based in silico similarity analysis was carried out 
using the SwissSimilarity tool [33]. This analysis identi-
fied a high degree of structural similarity (similarity index 
> 0.96) between MBT3T and a series of known bioactive 
molecules (Fig. S9). Notably, the compound that displayed 
the highest similarity score (0.992), shares the benzo[d]
imidazo[2,1-b]thiazole core with MBT3T and functions 
as an inhibitor of tubulin polymerization [21]. To evaluate 
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this hypothesis, computational studies were performed. 
Molecular docking studies on the crystal structure of tubu-
lin (PDB ID: 3E22, Fig. 2A) revealed that MBT3T shares 
the same binding site of colchicine, a well-known inhibi-
tor of tubulin polymerization (Fig. 2B). Molecular dynamic 
(MD) simulations, followed by an estimation of the bind-
ing energies, using MM-GBSA calculations, showed that 
the binding affinity (ΔEbinding) of MBT3T to the colchicine-
binding site of tubulin is -30.9 kcal mol− 1. The ΔEbinding 
of colchicine is -34.1 kcal mol− 1 suggesting that MBT3T 
binds to tubulin, with an affinity comparable to that of col-
chicine. A per-residue energy decomposition analysis was 
performed to elucidate the individual contributions of pro-
tein residues to ligand binding (Fig. 2C). The results indi-
cate that the interaction of MBT3T with the binding site is 

predominantly stabilized by non-polar residues, including 
Leu672 and Leu679, which engage in hydrophobic con-
tacts with the aromatic benzo[d]imidazo[2,1-b]thiazoles 
core of the ligand (-1.6 and − 0.8 kcal mol− 1, respectively). 
Asn683 is responsible for anchoring the 3-thienyl group 
by CH-π type interactions (-1.5 kcal mol− 1). Addition-
ally, Cys665 and Thr770 contribute both with − 0.8 kcal 
mol− 1 through hydrogen bonding interactions, specifi-
cally involving the sulfur atoms of the thiazole ring and the 
methoxy oxygen at the R3 position of MBT3T. A structural 
superimposition of MBT3T and colchicine (Fig. 2B) shows 
that the methoxy group of MBT3T overlaps with the cor-
responding methoxy group of colchicine. These findings 
highlight the strategic importance of the OCH₃ group and 

Fig. 1  A Summary of the results obtained for treatment of GIST cell lines with 27 novel pharmacological compounds. Data are expressed as IC50 (nM, 
concentration inhibiting 50% of cell growth): not effective; IM-S: imatinib-sensitive; IM-R: imatinib-resistant. B PBMCs viability after 72 h-treatment 
with MBT3T, the three approved drugs [imatinib (IM), sunitinib (SU), regorafenib (RE)] and doxorubicin (DOXO) as positive control. C Viability after 72 h-
treatment with MBT3T, imatinib (IM), and doxorubicin (DOXO) in WS1 cell line
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the 3-thienyl substituent in conferring biological activity to 
MBT3T.

To assess whether MBT3T could effectively inhibit 
tubulin polymerization, MD simulations were performed 
to evaluate the stability of the α/β-tubulin dimer inter-
face in physiological condition or in complex with colchi-
cine or MBT3T. In physiological conditions, the binding 
between the α and β tubulin, in the dimeric structure 

is -234.2  kcal mol− 1, a value consistent with the typi-
cal tendency of tubulin to polymerize (Fig. 2D). In con-
trast, the presence of colchicine significantly weakens 
the α/β interface interaction, with a ΔEbinding of -60.7 kcal 
mol− 1, in line with its known mechanism of destabiliz-
ing microtubule polymerization. Strikingly, the tubulin 
dimer in the presence of MBT3T showed an even more 

Fig. 2  Target prediction and validation. A Crystal structure of tubulin (PDB ID: 3E22): α units in blue, β units in red, stathmin-like domain in green, GTP in 
yellow, GDP in cyan and Mg2+ in magenta. B Close-up of binding pocket at the α/β interface and superimposition of MBT3T with colchicine (in green); 
energetic terms of computed binding energy. C Fingerprint of protein residue contributions to MBT3T binding on top; detailed 3D representation of 
most interacting residues with MBT3T on the bottom. D Binding affinity for α/β complex formation in the apo system, in the presence of MBT3T and 
colchicine. E Effect of compounds on the microtubule network, assesed by immunofluorescence. GIST-48B and T1 cells, as example, were treated with 
MBT3T, colchicine and imatinib at 1 µM for 24 h. Physiological microtubule organization can be observed in green in untreated cells (NT); this was found 
to be disrupted in cells treated with MBT3T. COLC: colchicine; IM: imatinib
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pronounced destabilization, with an α/β binding energy 
of only − 10.2 kcal mol− 1.

Effect of MBT3T on tubulin organization
Based on the computational findings, experimental vali-
dation was undertaken to confirm the predicted inhibi-
tory effect of MBT3T on tubulin polymerization.

As shown in Fig.  2E, MBT3T induced tubulin dis-
assembly after 24  h of treatment at 1 µM, in both ima-
tinib-sensitive (GIST-T1) as well as imatinib-resistant 
(GIST-48B) cell lines, similarly to the effect of colchicine. 
As expected, this effect is not observed in cells treated 
with imatinib.

MBT3T induced G2/M arrest in GIST cells
To further demonstrate the effect of MBT3T on tubu-
lin, we investigated the effect of MBT3T on cell cycle 
progression in GIST cell lines by flow cytometric assay. 
Indeed, it is well known that tubulin inhibitors cause 
G2/M phase arrest by disrupting the formation and func-
tion of mitotic spindles [34]. The cell cycle distribution 
was assessed after 24 h of treatment with increasing con-
centrations of MBT3T and the gold standard imatinib. As 
shown in Fig. 3A, imatinib treatment, in agreement with 
available literature, promoted an increase in the percent-
age of cells in G0/G1 phase. On the contrary, treatment 
with MBT3T led to accumulation of cells in G2/M phase. 
This was observed in all four treated GIST cell lines with, 
in particular, three of them (GIST-T1, GIST-882 and 
GIST-48B) characterized by more than 60% of cells in 
G2/M phase, when treated at the highest concentration. 
In addition, results showed that cell cycle arrest at G2/M 
phase was dose-dependent in GIST-T1 and GIST-882. 
Indeed, in the process of increasing the concentration 
from 200 nM to 1 µM, the proportion of G2/M phase 
in GIST-T1 and GIST-882 cells increased from 45.3% to 
63.3%, and 25.4 to 62.7%, respectively.

MBT3T induced apoptosis via caspase activation in GIST 
cells
Apoptosis is a common outcome of cell cycle arrest; there-
fore, we further evaluated apoptosis induction in GIST 
cells treated for 48  h with increasing concentrations of 
MBT3T by flow cytometric assay. As shown in Fig.  3B, 
MBT3T significantly induced apoptosis in all GIST cell 
lines, compared to DMSO. In particular, the apoptotic 
proportion of GIST-T1 and GIST-48 cells in the MBT3T-
treated groups increased from 11.40% to 16.85% and 6.45% 
to 11.10%, respectively, indicating a dose-dependent effect 
in both cell lines. A significant effect of MBT3T on apopto-
sis was also observed in both GIST-882 and GIST-48B cell 
lines, with apoptotic cell percentages of 12.15% and 14.8%, 
respectively, even at the lowest concentration. Notably, 
MBT3T induced an even greater effect in GIST-48B cells 

compared to staurosporine, used as positive control. To 
confirm induction of apoptosis by MBT3T, caspase 3/7 
activation after 48 h was assessed, using imatinib as com-
parison and staurosporine as positive control for apopto-
sis induction. As shown in Fig.  3C, MBT3T significantly 
induced caspase 3/7 activation in all cell lines at concentra-
tions as low as 200 nM, confirming the findings from flow 
cytometric analysis.

Efficacy of MBT3T on 3D bioprinted GIST models
Preclinical studies are a critical step in bridging the gap 
between scientific discovery and clinical application, but 
their predictive power is often insufficient. The FDA Mod-
ernization Act 2.0 aimed to reduce reliance on animal 
models by encouraging the adoption of alternative pre-
clinical testing methods. In this context, 3D bioprinting is 
an emerging technique for advanced drug screening, that 
could pave the way for a reduction in animal tests [35].

For this reason and to better recapitulate the efficacy of 
MBT3T, we evaluated it on 3D bioprinted GIST models.

As an example, Fig.  4A shows the bioprinted model 
obtained for GIST-T1. Under a low-power light micro-
scope, the 3D bioprinted GIST models remained stable 
from days 1 to 14. This made us able to test MBT3T on 
GIST cells for a longer time (i.e. up to 14 days) compared 
with the 2D models that can be cultured for a shorter 
time.

We evaluated the viability of GIST-T1, GIST-882, 
GIST-48 and GIST-48B 3D cell models after 3, 7 and 14 
days of incubation with MBT3T and imatinib at 200 nM 
and 2 µM to assess the model responses to antitumor 
medications (Fig. 4B-E). As expected by previous works 
on other cancer types, cells in 3D models tend to be more 
resistant to pharmacological treatments [36].

Typically, in 3D models, including spheroids or organ-
oids, increased IC50 values and drug resistance are com-
monly seen; this phenomenon has been ascribed to 
multiple mechanisms, including a reduced penetration of 
drugs, higher pro-survival signaling, and/or overexpres-
sion of genes involving drug resistance. This highlights 
that evaluation of pharmacological response in conven-
tional monolayer cultures may not reflect pathophysi-
ological events occurring in cancer patients suggesting 
that screening in the 3D format may reveal information 
not accessible in standard 2D experiments [37].

In agreement with that, we did not observe a 50% 
reduction in viability when using a concentration of 200 
nM for both MBT3T and imatinib, while we detected a 
significant decline of viability by applying 2 µM. Besides 
this, comparison of MBTB3T and imatinib showed the 
same trend observed in 2D, that is a higher efficacy of 
MBT3T over imatinib.
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Safety and tumor specificity response in zebrafish
To evaluate the in vivo activity and tolerability of MBT3T, 
zebrafish (Danio rerio) embryos were employed as a ver-
tebrate model system. We first assessed biocompatibility 
by exposing embryos to a concentration range from 0.2 
µM to 10 µM of MBT3T. As shown in Fig. 5A, survival 
curves revealed that the compound was well tolerated at 
low doses, with no significant differences compared with 
DMSO controls up to 0.5 µM. A gradual decline in via-
bility appeared at 1 µM, and complete lethality occurred 
above 2.5 µM.

To further characterize these effects, morphologi-
cal evaluation revealed that larvae exposed to 0.2 or 0.5 
µM developed normally, maintaining the typical straight 
body. In contrast, concentrations above 1 µM produced 
progressive malformations such as pericardial and yolk-
sac edema, curvature of the trunk, and overall growth 
delay, confirming a dose-dependent developmental sen-
sitivity (Fig.  5B). Next, larval locomotor behavior under 
alternating light and dark cycles using the DanioVi-
sion tracking system was analyzed. Individual larvae 
were placed in separate wells of a 24-well plate contain-
ing 1 mL of system water, and their movement was 

Fig. 3  Evaluation of MBT3T effect on cell cycle and apoptosis. A Percentage of cells in each cell cycle phase after 72 h-treatment with increasing con-
centrations of MBT3T and imatinib (IM). B Percentage of apoptotic cells after 48 h-treatment with increasing concentrations MBT3T, imatinib (IM) and 
staurosporine (ST; as positive control). Columns, mean (n = 3) C. Relative caspase 3/7 activation, normalized on DMSO, after 48 h-treatment with differ-
ent concentrations of MBT3T, imatinib (IM) and staurosporine (ST; as positive control). Columns, mean (n = 3). *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: 
p < 0.0001
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continuously recorded to quantify locomotor activity. 
Zebrafish typically exhibit increased swimming activ-
ity during darkness, which serves as a robust indicator 
of neuromuscular coordination. Larvae exposed to 0.2 
µM and 0.5 µM MBT3T behaved indistinguishably from 
controls, and even at 1 µM no statistically significant 
differences were observed in the total distance moved 
(Fig. 5C-D). These results indicate that the tested concen-
trations were non-toxic and did not impair neuromuscu-
lar function.

To assess whether MBT3T could effectively inhibit 
tubulin polymerization in an in vivo model, muscle bire-
fringence, a sensitive indicator of microtubule and sarco-
meric alignment, was analyzed and observed that control 
larvae displayed a continuous bright pattern along the 
somites, whereas exposure to 1 µM MBT3T resulted in 

a uniform reduction in birefringence intensity, indicating 
microtubule depolymerization consistent with the com-
pound’s proposed mechanism of action (Fig. 5E-F). Finally, 
to assess the tumor-specific activity of MBT3T in vivo, 
zebrafish embryos were xenografted with fluorescently 
labeled human GIST-T1 (imatinib-sensitive) and GIST-
48B (imatinib-resistant) cells and treated with either 0.2 
µM MBT3T or 30 µM imatinib. After three days of treat-
ment, no significant change in tumor size was observed 
in GIST-48B xenografts treated with imatinib, consistent 
with their resistant phenotype, whereas a clear reduction 
in tumor fluorescence was detected in GIST-T1 larvae 
treated with imatinib and in both xenograft models treated 
with MBT3T. These results indicate that MBT3T effec-
tively reduces tumor growth in vivo, including in imatinib-
resistant GIST cells (Fig. 5G-L).

Fig. 4  3D bioprinted GIST models. A Examples of a bioprinted model obtained for GIST-T1. Under a low-power light microscope with a 20X magnifica-
tion, the 3D bioprinted GIST models remained stable for up to 14 days. On the right, the panel shows a detail of GIST-T1 cells within the bioink after 14 
days. B-E Viability of 3D bioprinted GIST models treated with MBT3T and imatinib (IM) for 3, 7 and 14 days. MBT3T proved to be effective in both imatinib-
sensitive, B GIST-T1 and C GIST-882 as well as in imatinib-resistant, D GIST-48 and E GIST-48B cell lines. Data are presented as mean ± SEM (n = 3). *: p < 0.05; 
**: p < 0.01; ***: p < 0.001; ****: p < 0.0001
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Overall, these results demonstrate that MBT3T is well 
tolerated at sub-micromolar concentrations and retains 
strong, tumor-selective activity in vivo through disrup-
tion of microtubule organization.

Discussion
The development of resistance to TKIs, particularly ima-
tinib, remains one of the major unmet clinical challenges 
in the management of GISTs. Although successive lines 
of TKIs have improved patient outcomes, their efficacy 
is often limited by the emergence of secondary resistance 
mechanisms and by the persistent dependence on KIT/

Fig. 5  Studies on the zebrafish model. A Survival of zebrafish larvae exposed to increasing concentrations of MBT3T (0.2–25 µM) or vehicle control 
(DMSO) from 2 to 5 dpf. MBT3T induced a dose-dependent decrease in survival, with complete lethality observed from 2.5 µM within three days of 
treatment. B Morphological alterations in zebrafish larvae at 5 dpf exposed to increasing concentrations of MBT3T. Embryos were treated with vehicle 
(DMSO) or the indicated concentrations (0.2–5 µM) of the MBT3T from 2 dpf to 5 dpf. Control larvae (DMSO) displayed normal body morphology, whereas 
exposure to > 1 µM resulted in progressive defects including pericardial and yolk sac edema, body curvature (red arrows). Two representative larvae per 
condition are shown. Scale bar: 1 mm. C Locomotor activity profiles of larvae treated with vehicle (DMSO) or increasing concentrations of MBT3T (0.2, 
0.5, and 1 µM) at 5 dpf. White areas represent light exposure periods, while grey areas indicate dark phases. No significant differences in movement were 
observed across the tested MBT3T concentrations. D Quantification of the total distance swum over 60 min. DMSO (n = 14), 0.2 µM (n = 14), 0.5 µM (n = 14), 
1 µM (n = 16) larvae. Values represent mean ± SEM from three independent biological replicates. Statistical significance was determined by one-way 
ANOVA followed by Tukey’s post-hoc test; ns, not significant. E Representative birefringence images showing the structural integrity of skeletal muscles 
in zebrafish larvae (5 dpf ) following treatment with increasing drug concentrations (DMSO, 0.2 µM, 0.5 µM, and 1 µM). The birefringence intensity reflects 
the degree of muscle fiber organization and polarization. Scale bar = 0.5 mm. F Quantification of normalized birefringence intensity (arbitrary units, A.U.). 
Statistical analysis revealed a significant decrease in birefringence at 1 µM compared to control (DMSO (n = 7), 0.2 µM (n = 7), 0.5 µM (n = 6), 1 µM (n = 9)). 
Bars represent mean ± SEM. G-L Zebrafish xenografts were established by injecting human (G, H) GIST-48B (imatinib-resistant) or (I, L) GIST-T1 (imatinib-
sensitive) cells labelled with Vybrant™ DiI into the yolk sac of 2 dpf zebrafish embryos (0 days post-injection, dpi). At 4 dpf (2 dpi), larvae were treated 
with vehicle (DMSO), imatinib (30 µM), or MBT3T (0.5 µM) for 3 days. (G, I) Representative fluorescence and merged bright-field images show the tumor 
mass in GIST-48B and GIST-T1 xenografts following the different treatments. Scale bar: 50 μm. H, L Quantification of tumor size expressed as integrated 
fluorescence density (arbitrary units, A.U.). GIST-48B: DMSO (n = 8), imatinib (n = 7), MBT3T (n = 9) and GIST-T1: DMSO (n = 7), imatinib (n = 4), MBT3T (n = 7) 
larvae. Data are shown as mean ± SEM; statistical significance was determined by one-way ANOVA followed by Tukey’s post-hoc test; *: p < 0.05; **: p < 0.01; 
****: p < 0.0001; ns: not significant
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PDGFRA signaling inhibition [38]. In this context, the 
identification of therapeutic agents with mechanisms of 
action distinct from TK inhibition may represent a highly 
relevant strategy.

In the present study, we investigated a novel series of 
benzo[d]imidazo[2,1-b]thiazole derivatives and identi-
fied MBT3T as a potent antitumor compound with activ-
ity against both imatinib-sensitive and imatinib-resistant 
GIST models. In particular, MBT3T exhibited nanomo-
lar cytotoxicity across four biologically distinct GIST cell 
lines, preserving its antitumor activity in more complex 
experimental systems, such as 3D bioprinted GIST models 
and zebrafish xenografts, underscoring the robustness of 
its biological effect.

Mechanistically, our data demonstrate that MBT3T 
exerts its antitumor activity independently of the canoni-
cal KIT signaling pathway. Neither KIT phosphoryla-
tion nor downstream PI3K/AKT and MAPK signaling 
appeared affected by treatment, prompting the investiga-
tion of alternative molecular targets. Ligand-based similar-
ity analysis, molecular docking, and molecular dynamics 
simulations converged on tubulin as the most plausible 
target, with MBT3T binding to the colchicine site at the 
α/β-tubulin interface. Experimental validation confirmed 
that MBT3T induces microtubule disassembly, leading to 
G2/M cell cycle arrest and caspase-dependent apoptosis in 
both imatinib-sensitive and -resistant GIST cells lines.

MBT3T shares the mechanism of action with colchicine, 
a clinically approved microtubule inhibitor; however, while 
colchicine is a well-characterized tubulin polymerization 
inhibitor, its clinical application in oncology is severely 
limited by its narrow therapeutic window and dose-limit-
ing systemic toxicity, particularly affecting gastrointestinal, 
neuromuscular, and hematological systems [39]. In con-
trast, MBT3T demonstrated a markedly favourable selec-
tivity profile, showing minimal toxicity toward PBMCs and 
human fibroblasts at concentrations substantially higher 
than those required to inhibit GIST cell growth. Further-
more, MBT3T was well tolerated in vivo at sub-micromo-
lar concentrations in zebrafish, without significant effects 
on survival, locomotor activity, or muscle integrity at 
therapeutically active doses. Moreover, unlike colchicine, 
which exerts broad cytotoxic effects across proliferating 
cell types (see also Fig. S10), MBT3T showed preferen-
tial activity against GIST cells, including models that are 
intrinsically resistant to TKIs. This selectivity may reflect 
subtle differences in binding mode, intracellular accumula-
tion, or microtubule dynamics in GIST cells, and suggests 
that MBT3T could offer a wider therapeutic margin than 
classical microtubule inhibitors. Interestingly, target fish-
ing analysis performed using the SwissTargetPrediction 
platform identified two additional potential molecular tar-
gets for MBT3T in GIST: PDGFRA, which is reported to 
be overexpressed by approximately 38,000-fold in GISTs, 

and EGFR, which shows approximately threefold overex-
pression. Compared with other chemotherapeutic agents, 
interactions of MBT3T with these receptors may induce 
selective uptake of MBT3T in GIST cells [40]. Finally, the 
benzo[d]imidazo[2,1-b]thiazole scaffold provides oppor-
tunities for further medical chemistry optimization, 
potentially enabling the development of derivatives with 
enhanced selectivity.

MBT3T treatment induced caspase 3/7 activation in all 
GIST cell lines, confirming that apoptosis represents a key 
component of its antitumor activity. Although the extent 
of caspase activation differed among the tested models, 
these variations were generally consistent with the het-
erogeneous biological background of GISTs and did not 
contradict the overall cytotoxic profile observed in viabil-
ity assays. Differences in genetic context, baseline apop-
totic susceptibility, and intracellular stress responses may 
contribute to the quantitative variability in caspase activa-
tion among cell lines [41–44]. Nevertheless, the ability of 
MBT3T to consistently trigger apoptotic signaling across 
both imatinib-sensitive and -resistant models further sup-
ports its mechanism of action as a non–KIT-centered 
therapeutic strategy capable of overcoming diverse resis-
tance phenotypes.

Despite the promising results, this study has some limi-
tations. First, while zebrafish xenografts provide a valuable 
in vivo platform for rapid efficacy and toxicity assessment, 
validation in mammalian models will be necessary to fully 
characterize the pharmacokinetic and pharmacodynamic 
properties of MBT3T, together with long-term toxicity, 
bioavailability, and potential off-target effects.

Conclusion
Based on our results, MBT3T represents a novel, potent, 
and selective tubulin polymerization inhibitor with robust 
activity against both imatinib-sensitive and -resistant 
GISTs. Its distinct mechanism of action offers a promis-
ing therapeutic avenue for patients who have developed 
resistance to existing TKI therapies. Future studies will 
focus on comprehensive pharmacokinetic and pharmaco-
dynamic characterization, as well as on exploring potential 
combination therapies to maximize its clinical benefit. The 
identification of MBT3T provides a compelling new drug 
candidate and underscores the value of exploring diverse 
molecular targets to overcome drug resistance in GIST 
therapy.

Abbreviations
3D	� Three-dimensional
A.U.	� Arbitrary Units
BSA	� Bovine Serum Albumin
COLC	� Colchicine
CTG	� CellTiter-Glo (Luminescent Cell Viability Assay)
DMSO	� Dimethyl sulfoxide
dpf	� Days post-fertilization
dpi	� Days post-injection



Page 14 of 15Ravegnini et al. Journal of Experimental & Clinical Cancer Research          (2026) 45:108 

DOXO	� Doxorubicin
FBS	� Fetal Bovine Serum
FDA	� Food and Drug Administration
FITC	� Fluorescein isothiocyanate
GDP	� Guanosine diphosphate
GISTs	� Gastrointestinal stromal tumors
GTP	� Guanosine triphosphate
HF	� Hartree–Fock (method)
IC₅₀	� Half maximal inhibitory concentration
IM	� Imatinib
IM-R	� Imatinib-resistant
IM-S	� Imatinib-sensitive
MBT3T	� Benzo[d]imidazo[2,1-b]thiazole derivative (compound 3)
MD	� Molecular dynamics
MeCN	� Acetonitrile
MM-GBSA	� Molecular Mechanics-Generalized Born Surface Area
MTT	� 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NMR	� Nuclear Magnetic Resonance (¹H-NMR: Proton; ¹³C-NMR: 

Carbon-13)
NOE	� Nuclear Overhauser Effect
NT	� Non-treated (control)
PBC	� Periodic boundary conditions
PBMCs	� Peripheral blood mononuclear cells
PDB	� Protein Data Bank
PDGFRA	� Platelet-derived growth factor receptor alpha
PFA	� Paraformaldehyde
PME	� Particle mesh Ewald
RE	� Regorafenib
RTK	� Receptor Tyrosine Kinase
SAR	� Structure-activity relationship
SEM	� Standard error of the mean
ST	� Staurosporine
SU	� Sunitinib
TK	� Tyrosine kinase
TKIs	� Tyrosine kinase inhibitors
UHPLC-MS	� Ultra-High Performance Liquid Chromatography-Mass 

Spectrometry

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​4​6​-​0​2​6​-​0​3​6​9​8​-​3.

Supplementary Material 1.

Acknowledgements
G.R. received funding from the Italian Ministry of University and Research 
(MUR), PRIN 20228YKCF2_001. S.A. acknowledges funding from Cassa di 
Risparmio di Bologna. M.C. received funding from AIRC under MFAG 2019 – ID. 
22894 project. D.E. received a PhD fellowship funded by the European Union 
- Next Generation EU, Mission 4, Component 2, Investment 3.3 (Ministerial 
Decree 117/2023) CUP J33C22001880002. E.C. acknowledges funding from 
the European Union – NextGenerationEU - through the Italian Ministry of 
University and Research (PNRR—M4C2-I1.3) Project PE_00000019 “HEAL 
ITALIA”, CUP J33C22002920006. T.D.M was supported by Fondazione Umberto 
Veronesi.

Authors’ contributions
Conceptualization: GR; Resources: GR, RM, AL; Data curation: GR, FG, DE, EC, EB, 
AS, AD, TDM, RM; Formal analysis: GR, FG, TDM, DE; Supervision: GR; Validation: 
GR, FG, TDM, AD; Investigation: GR, TDM, MR, NF, MC; Methodology: GR, FG, DE, 
EC, EB, AS, AhS, AD; Writing-original draft: GR, DE, MR, MC, TDM, AL, NC, RM, SA; 
Funding acquisition: GR, PH, SA; Writing-review and editing : GR, DE, FG, TDM, 
AhS, AD, MR, NF, MC, PH, AL, RM, SA.

Funding
The work reported in this publication was funded by the Italian Ministry of 
Health, RC-2025-2797524.

Data availability
Research data are available at (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​9​2​​/​u​​n​i​b​o​/​a​m​s​a​c​t​a​/​8​0​2​6).

Declarations

Ethics approval and consent to participate
PBMCs: Authorization to the use of human blood samples (Buffy coat), for 
research purposes, was obtained from AUSL of Bologna, Italy, S. Orsola-
Malpighi Hospital -PROT GEN No. 0051937, and written informed consent 
was obtained from donors for the use of their blood for scientific research 
purposes. Zebrafish: All experiments were performed on zebrafish (Danio 
rerio) (RRID: SCR_007282) embryos and larvae up to 5 days post-fertilization 
(dpf ) in accordance with European Directive 2010/63/EU and Italian legislation 
on animal welfare.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Received: 27 December 2025 / Accepted: 16 March 2026

References
1.	 Mei L, Smith SC, Faber AC, Trent J, Grossman SR, Stratakis CA et al. Gastrointes-

tinal Stromal Tumors: The GIST of Precision Medicine. Trends Cancer. Trends 
Cancer. 2018;4:74–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​J​​.​T​R​​E​C​A​​N​.​2​0​​1​7​​.​1​1​.​0​0​6. Cited 24 
Jul 2024.

2.	 Ravegnini G, Sammarini G, Angelini S, Hrelia P. Pharmacogenetics of tyrosine 
kinase inhibitors in gastrointestinal stromal tumor and chronic myeloid 
leukemia. Expert Opin Drug Metab Toxicol. Expert Opin Drug Metab Toxicol; 
2016;12:733–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​7​4​2​​5​2​5​​5​.​2​0​​1​6​​.​1​1​8​4​6​4​9.  Cited 17 
Jul 2024.

3.	 Nannini M, Urbini M, Astolfi A, Biasco G, Pantaleo MA. The progressive frag-
mentation of the KIT/PDGFRA wild-type (WT) gastrointestinal stromal tumors 
(GIST). J Transl Med BioMed Cent. 2017;15:113. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​6​
7​-​0​1​7​-​1​2​1​2​-​x.

4.	 Huss S, Elges S, Trautmann M, Sperveslage J, Hartmann W, Wardelmann 
E. Classification of KIT/PDGFRA wild-type gastrointestinal stromal tumors: 
implications for therapy. Expert Rev Anticancer Ther. 2015;15:623–8. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​5​8​6​​/​1​​4​7​3​​7​1​4​​0​.​2​0​​1​5​​.​1​0​3​2​9​4​1.

5.	 Klug LR, Khosroyani HM, Kent JD, Heinrich MC. New treatment strategies for 
advanced-stage gastrointestinal stromal tumours. Nat Rev Clin Oncol. Nat 
Publishing Group. 2022;19:328–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​S​​4​1​5​7​1​-​0​2​2​-​0​0​6​0​
6​-​4. Cited 17 Jul 2024.

6.	 Zhou S, Abdihamid O, Tan F, Zhou H, Liu H, Li Z, et al. KIT mutations and 
expression: current knowledge and new insights for overcoming IM resis-
tance in GIST. Cell Commun Signal. 2024. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​S​​1​2​9​6​4​-​0​2​
3​-​0​1​4​1​1​-​X. Cited 22 Jul 2024.

7.	 Zhu MJ, Ou WB, Fletcher CDM, Cohen PS, Demetri GD, Fletcher JA. KIT oncop-
rotein interactions in gastrointestinal stromal tumors: therapeutic relevance. 
Oncogene [Internet] Oncogene. 2007;26:6386–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​S​​J​.​
O​N​C​.​1​2​1​0​4​6​4. [cited 2024 Jul 18];.

8.	 Duensing A, Medeiros F, McConarty B, Joseph NE, Panigrahy D, Singer S, et al. 
Mechanisms of oncogenic KIT signal transduction in primary gastrointestinal 
stromal tumors (GISTs). Oncogene Oncogene. 2004;23:3999–4006. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​S​​J​.​O​N​C​.​1​2​0​7​5​2​5. Cited 18 Jul 2024.

9.	 Bauer S, Duensing A, Demetri GD, Fletcher JA. KIT oncogenic signaling mech-
anisms in imatinib-resistant gastrointestinal stromal tumor: PI3-kinase/AKT is 
a crucial survival pathway. Oncogene [Internet] Oncogene. 2007;26:7560–8. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​S​​J​.​O​N​C​.​1​2​1​0​5​5​8. Cited 18 Jul 2024.

10.	 Bosbach B, Rossi F, Yozgat Y, Loo J, Zhang JQ, Berrozpe G, et al. Direct engage-
ment of the PI3K pathway by mutant KIT dominates oncogenic signaling in 
gastrointestinal stromal tumor. Proc Natl Acad Sci U S A [Internet]. Proc Natl 
Acad Sci U S A. 2017;114:E8448–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​P​​N​A​S​.​1​7​1​1​4​4​9​1​1​
4. Cited 18 Jul 2024.

11.	 Van Looy T, Wozniak A, Floris G, Sciot R, Li H, Wellens J, et al. Phosphoinositide 
3-kinase inhibitors combined with imatinib in patient-derived xenograft 

https://doi.org/10.1186/s13046-026-03698-3
https://doi.org/10.1186/s13046-026-03698-3
https://doi.org/10.6092/unibo/amsacta/8026
https://doi.org/10.1016/J.TRECAN.2017.11.006
https://doi.org/10.1080/17425255.2016.1184649
https://doi.org/10.1186/s12967-017-1212-x
https://doi.org/10.1186/s12967-017-1212-x
https://doi.org/10.1586/14737140.2015.1032941
https://doi.org/10.1586/14737140.2015.1032941
https://doi.org/10.1038/S41571-022-00606-4
https://doi.org/10.1038/S41571-022-00606-4
https://doi.org/10.1186/S12964-023-01411-X
https://doi.org/10.1186/S12964-023-01411-X
https://doi.org/10.1038/SJ.ONC.1210464
https://doi.org/10.1038/SJ.ONC.1210464
https://doi.org/10.1038/SJ.ONC.1207525
https://doi.org/10.1038/SJ.ONC.1207525
https://doi.org/10.1038/SJ.ONC.1210558
https://doi.org/10.1038/SJ.ONC.1210558
https://doi.org/10.1073/PNAS.1711449114
https://doi.org/10.1073/PNAS.1711449114


Page 15 of 15Ravegnini et al. Journal of Experimental & Clinical Cancer Research          (2026) 45:108 

models of gastrointestinal stromal tumors: rationale and efficacy. Clin Cancer 
Res [Internet] Clin Cancer Res. 2014;20:6071–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​1​​0​7​
8​​-​0​4​​3​2​.​C​​C​R​​-​1​4​-​1​8​2​3. Cited 18 Jul 2024.

12.	 Floris G, Wozniak A, Sciot R, Li H, Friedman L, Van Looy T, et al. A potent 
combination of the novel PI3K Inhibitor, GDC-0941, with imatinib in gastro-
intestinal stromal tumor xenografts: long-lasting responses after treatment 
withdrawal. Clin Cancer Res [Internet] Clin Cancer Res. 2013;19:620–30. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​1​​0​7​8​​-​0​4​​3​2​.​C​​C​R​​-​1​2​-​2​8​5​3. Cited 18 Jul 2024.

13.	 Dolly SO, Wagner AJ, Bendell JC, Kindler HL, Krug LM, Seiwert TY, et al. Phase I 
Study of Apitolisib (GDC-0980), Dual Phosphatidylinositol-3-Kinase and Mam-
malian Target of Rapamycin Kinase Inhibitor, in Patients with Advanced Solid 
Tumors. Clin Cancer Res [Internet] Clin Cancer Res. 2016;22:2874–84. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​1​​0​7​8​​-​0​4​​3​2​.​C​​C​R​​-​1​5​-​2​2​2​5. Cited 18 Jul 2024.

14.	 Serrano C, George S, Valverde C, Olivares D, García-Valverde A, Suárez C et 
al. Novel Insights into the Treatment of Imatinib-Resistant Gastrointestinal 
Stromal Tumors. Target Oncol. 2017;12:277–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​S​​1​1​5​2​
3​-​0​1​7​-​0​4​9​0​-​9. Cited 18 Jul 2024.

15.	 Shaik SP, Reddy TS, Sunkari S, Rao AVS, Babu KS, Bhargava SK, et al. Synthesis 
of Benzo[d]imidazo[2,1-b]thiazole-Propenone Conjugates as Cytotoxic 
and Apoptotic Inducing Agents. Anticancer Agents Med Chem Anticancer 
Agents Med Chem. 2019;19:347–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​7​4​​/​1​​8​7​1​​5​2​0​​6​1​9​6​​6​6​​
1​8​1​1​2​7​1​1​2​6​2​1. Cited 18 Jul 2024.

16.	 Shaik SP, Vishnuvardhan MVPS, Sultana F, Subba Rao AV, Bagul C, Bhattacha-
rjee D et al. Design and synthesis of 1,2,3-triazolo linked benzo[d]imidazo[2,1-
b]thiazole conjugates as tubulin polymerization inhibitors. Bioorg Med 
Chem. Elsevier Ltd; 2017;25:3285–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​m​c​.​2​0​1​7​.​0​4​.​0​
1​3. Cited 7 Feb 2026.

17.	 Baig MF, Nayak VL, Budaganaboyina P, Mullagiri K, Sunkari S, Gour J et al. 
Synthesis and biological evaluation of imidazo[2,1-b]thiazole-benzimidazole 
conjugates as microtubule-targeting agents. Bioorg Chem. Academic Press 
Inc.; 2018;77:515–26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​o​r​​g​.​2​0​​1​8​​.​0​2​.​0​0​5. Cited 7 
Feb 2026.

18.	 Christodoulou MS, Colombo F, Passarella D, Ieronimo G, Zuco V, De Cesare 
M, et al. Synthesis and biological evaluation of imidazolo[2,1-b]benzothia-
zole derivatives, as potential p53 inhibitors. Bioorg Med Chem Pergamon. 
2011;19:1649–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​J​​.​B​M​C​.​2​0​1​1​.​0​1​.​0​3​9.

19.	 Andreani A, Burnelli S, Granaiola M, Leoni A, Locatelli A, Morigi R, et al. New 
antitumor imidazo[2,1-b]thiazole guanylhydrazones and analogues. J Med 
Chem Am Chem Soc. 2008;51:809–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​J​​M​7​0​​1​2​4​​6​G​/​S​​
U​P​​P​L​_​​F​I​L​​E​/​J​M​​7​0​​1​2​4​6​G​-​F​I​L​E​0​0​2​.​P​D​F. Cited 18 Jul 2024.

20.	 Andreani A, Granaiola M, Leoni A, Locatelli A, Morigi R, Rambaldi M, et al. 
Imidazo[2,1-b]thiazole guanylhydrazones as RSK2 inhibitors. Eur J Med Chem 
Eur J Med Chem. 2011;46:4311–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​J​​.​E​J​​M​E​C​​H​.​2​0​​1​1​​.​0​7​
.​0​0​1. Cited 18 Jul 2024.

21.	 Kumbhare RM, Vijay Kumar K, Janaki Ramaiah M, Dadmal T, Pushpavalli 
SNCVL, Mukhopadhyay D, et al. Synthesis and biological evaluation of novel 
Mannich bases of 2-arylimidazo[2,1-b]benzothiazoles as potential anti-cancer 
agents. Eur J Med Chem Eur J Med Chem. 2011;46:4258–66. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​1​6​​/​j​​.​e​j​​m​e​c​​h​.​2​0​​1​1​​.​0​6​.​0​3​1. Cited 3 Oct 2025.

22.	 Di Vito A, Mandrone M, Chiocchio I, Gorini F, Ravegnini G, Coschina E et al. 
Arbutus unedo L. Fractions Exhibit Chemotherapeutic Properties for the 
Treatment of Gastrointestinal Stromal Tumors. Plants (Basel). Plants (Basel); 
2024;13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​P​​L​A​N​T​S​1​3​0​9​1​2​0​1. Cited 18 Jul 2024.

23.	 Eberhardt J, Santos-Martins D, Tillack AF, Forli S, AutoDock. Vina 1.2.0: New 
Docking Methods, Expanded Force Field, and Python Bindings. J Chem Inf 
Model J Chem Inf Model. 2021;61:3891–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​A​​C​S​.​J​C​I​M​.​1​
C​0​0​2​0​3. Cited 3 Oct 2025.

24.	 Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of dock-
ing with a new scoring function, efficient optimization, and multithreading. 
J Comput Chem. 2010;31:455–61. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​J​​C​C​.​2​1​3​3​4. Cited 3 
Oct 2025.

25.	 Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and test-
ing of a general amber force field. J Comput Chem. 2004;25:1157–74. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​J​​C​C​.​2​0​0​3​5. Cited 3 Oct 2025.

26.	 Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C. 
ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Param-
eters from ff99SB. J Chem Theory Comput Am Chem Soc. 2015;11:3696–713. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​A​​C​S​.​J​C​T​C​.​5​B​0​0​2​5​5. Cited 3 Oct 2025.

27.	 Case DA, Aktulga HM, Belfon K, Cerutti DS, Cisneros GA, Cruzeiro VWD et al. 
AmberTools. J Chem Inf Model. Am Chem Soc. 2023;63:6183. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​2​1​​/​A​​C​S​.​J​C​I​M​.​3​C​0​1​1​5​3. Cited 3 Oct 2025.

28.	 Miller BR, McGee TD, Swails JM, Homeyer N, Gohlke H, Roitberg AE. MMPBSA.
py: An Efficient Program for End-State Free Energy Calculations. J Chem 
Theory Comput. 2012;8:3314–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​C​​T​3​0​0​4​1​8​H. Cited 
3 Oct 2025.

29.	 Westerfield M. The Zebrafish Book: A Guide for the Laboratory Use of Zebraf-
ish (Danio Rerio) - Monte Westerfield - Google Libri. 4th ed. University of 
Oregon Press 2000, editor. 2000. ​h​t​t​p​​s​:​/​​/​b​o​o​​k​s​​.​g​o​​o​g​l​​e​.​i​t​​/​b​​o​o​k​​s​/​a​​b​o​u​t​​/​T​​h​e​
_​​Z​e​b​​r​a​f​i​​s​h​​_​B​o​​o​k​.​​h​t​m​l​​?​i​​d​=​I​​y​8​P​​n​g​E​A​​C​A​​A​J​&​r​e​d​i​r​_​e​s​c​=​y. Cited 5 Dec 2025. 
Accessed 5 Dec 2025.

30.	 Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embry-
onic development of the zebrafish. Dev Dyn. 1995;203:253–310. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​0​2​​/​A​​J​A​.​1​0​0​2​0​3​0​3​0​2. Cited 5 Dec 2025.

31.	 Brañas Casas R, Zuppardo A, Risato G, Dinarello A, Celeghin R, Fontana C, et al. 
Zebrafish polg2 knock-out recapitulates human POLG-disorders; implications 
for drug treatment. Cell Death Dis. 2024. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​S​​4​1​4​1​9​-​0​2​
4​-​0​6​6​2​2​-​9. Cited 5 Dec 2025.

32.	 Facchinello N, Schiavone M, Vettori A, Argenton F, Tiso N. Monitoring Wnt Sig-
naling in Zebrafish Using Fluorescent Biosensors. Methods Mol Biol [Internet]. 
Methods Mol Biol; 2016 [cited 2025 Dec 5];1481:81–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​
7​​/​9​​7​8​-​​1​-​4​​9​3​9​-​​6​3​​9​3​-​5​_​9.

33.	 Daina A, Michielin O, Zoete V. SwissTargetPrediction: updated data and new 
features for efficient prediction of protein targets of small molecules. Nucleic 
Acids Res [Internet]. Nucleic Acids Res; 2019 [cited 2025 Oct 3];47:W357–
3664. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​N​​A​R​/​G​K​Z​3​8​2.

34.	 Blajeski AL, Phan VA, Kottke TJ, Kaufmann SH. G1 and G2 cell-cycle arrest 
following microtubule depolymerization in human breast cancer cells. J Clin 
Invest Am Soc Clin Invest. 2002;110:91–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​2​​/​J​​C​I​1​3​2​7​5.

35.	 Zushin PJH, Mukherjee S, Wu JC. FDA Modernization Act 2.0: transition-
ing beyond animal models with human cells, organoids, and AI/ML-based 
approaches. J Clin Invest. Am Soc Cli Investig. 2023;133:e175824. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​1​7​2​​/​J​​C​I​1​7​5​8​2​4.Cited 13 Mar 2025.

36.	 Godugu C, Patel AR, Desai U, Andey T, Sams A, Singh M. AlgiMatrix™ Based 3D 
Cell Culture System as an In-Vitro Tumor Model for Anticancer Studies. PLoS 
One Public Libr Sci. 2013;8:e53708. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​J​​O​U​R​​N​A​L​​.​P​O​N​​E​.​​0​
0​5​3​7​0​8. Cited 9 Sep 2024.

37.	 Oshikata A, Matsushita T, Ueoka R. Enhancement of drug efflux activity via 
MDR1 protein by spheroid culture of human hepatic cancer cells. J Biosci 
Bioeng. 2011;111:590–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​J​​.​J​B​​I​O​S​​C​.​2​0​​1​1​​.​0​1​.​0​0​6. Cited 
9 Sep 2024.

38.	 Di Vito A, Ravegnini G, Gorini F, Aasen T, Serrano C, Benuzzi E, et al. The 
multifaceted landscape behind imatinib resistance in gastrointestinal 
stromal tumors (GISTs): A lesson from ripretinib. Pharmacol Ther. Elsevier Inc.; 
2023;248. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​h​​a​r​m​​t​h​e​r​​a​.​​2​0​2​3​.​1​0​8​4​7​5. Cited 7 Feb 
2026.

39.	 Bell CJ, Potts KG, Hitt MM, Pink D, Tuszynski JA, Lewis JD. Novel colchicine 
derivative CR42-24 demonstrates potent anti-tumor activity in urothelial 
carcinoma. Cancer Lett. Elsevier. 2022;526:168–79. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​
a​​n​l​e​​t​.​2​0​​2​1​​.​1​1​.​0​2​8. Cited 21 Feb 2026.

40.	 Liu Y, Li Z, Xu Z, Jin X, Gong Y, Xia X et al. Proteomic Characterization Identifies 
Clinically Relevant Subgroups of Gastrointestinal Stromal Tumors. Gastroen-
terology. W.B. Saunders. 2024;166:450–e46533. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​4​​/​m​​c​p​.​R​
A​1​1​9​.​0​0​1​3​6​1. Cited 20 Feb 2026.

41.	 Ghavami S, Hashemi M, Ande SR, Yeganeh B, Xiao W, Eshraghi M, et al. Apop-
tosis and cancer: mutations within caspase genes. J Med Genet. 2009;46:497–
510. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​6​​/​j​​m​g​.​​2​0​0​​9​.​0​6​​6​9​​4​4.Cited 7 Feb 2026.

42.	 Márquez-Jurado S, Díaz-Colunga J, Das Neves RP, Martinez-Lorente A, 
Almazán F, Guantes R et al. Mitochondrial levels determine variability in cell 
death by modulating apoptotic gene expression. Nature Communications 
2018;9:1. Nature Publishing Group; 2018;9:389-. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​
6​7​-​0​1​7​-​0​2​7​8​7​-​4. Cited 7 Feb 2026.

43.	 Spencer SL, Gaudet S, Albeck JG, Burke JM, Sorger PK. Non-genetic origins 
of cell-to-cell variability in TRAIL-induced apoptosis. Nature 2009;459:7245. 
Nature Publishing Group; 2009. pp. 428–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​a​t​u​r​e​0​8​
0​1​2. Cited 7 Feb 2026.

44.	 Xia X, Owen MS, Lee REC, Gaudet S. Cell-to-cell variability in cell death: can 
systems biology help us make sense of it all? Cell Death Dis. 2014;5. ​h​t​t​p​s​:​​​/​​/​d​
o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​3​8​​/​c​d​​d​i​s​.​2​​0​1​4​.​1​9​9. Cited 7 Feb 2026.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1158/1078-0432.CCR-14-1823
https://doi.org/10.1158/1078-0432.CCR-14-1823
https://doi.org/10.1158/1078-0432.CCR-12-2853
https://doi.org/10.1158/1078-0432.CCR-12-2853
https://doi.org/10.1158/1078-0432.CCR-15-2225
https://doi.org/10.1158/1078-0432.CCR-15-2225
https://doi.org/10.1007/S11523-017-0490-9
https://doi.org/10.1007/S11523-017-0490-9
https://doi.org/10.2174/1871520619666181127112621
https://doi.org/10.2174/1871520619666181127112621
https://doi.org/10.1016/j.bmc.2017.04.013
https://doi.org/10.1016/j.bmc.2017.04.013
https://doi.org/10.1016/j.bioorg.2018.02.005
https://doi.org/10.1016/J.BMC.2011.01.039
https://doi.org/10.1021/JM701246G/SUPPL_FILE/JM701246G-FILE002.PDF
https://doi.org/10.1021/JM701246G/SUPPL_FILE/JM701246G-FILE002.PDF
https://doi.org/10.1016/J.EJMECH.2011.07.001
https://doi.org/10.1016/J.EJMECH.2011.07.001
https://doi.org/10.1016/j.ejmech.2011.06.031
https://doi.org/10.1016/j.ejmech.2011.06.031
https://doi.org/10.3390/PLANTS13091201
https://doi.org/10.1021/ACS.JCIM.1C00203
https://doi.org/10.1021/ACS.JCIM.1C00203
https://doi.org/10.1002/JCC.21334
https://doi.org/10.1002/JCC.20035
https://doi.org/10.1002/JCC.20035
https://doi.org/10.1021/ACS.JCTC.5B00255
https://doi.org/10.1021/ACS.JCTC.5B00255
https://doi.org/10.1021/ACS.JCIM.3C01153
https://doi.org/10.1021/ACS.JCIM.3C01153
https://doi.org/10.1021/CT300418H
https://books.google.it/books/about/The_Zebrafish_Book.html?id=Iy8PngEACAAJ%26redir_esc=y
https://books.google.it/books/about/The_Zebrafish_Book.html?id=Iy8PngEACAAJ%26redir_esc=y
https://doi.org/10.1002/AJA.1002030302
https://doi.org/10.1002/AJA.1002030302
https://doi.org/10.1038/S41419-024-06622-9
https://doi.org/10.1038/S41419-024-06622-9
https://doi.org/10.1007/978-1-4939-6393-5_9
https://doi.org/10.1007/978-1-4939-6393-5_9
https://doi.org/10.1093/NAR/GKZ382
https://doi.org/10.1172/JCI13275
https://doi.org/10.1172/JCI175824
https://doi.org/10.1172/JCI175824
https://doi.org/10.1371/JOURNAL.PONE.0053708
https://doi.org/10.1371/JOURNAL.PONE.0053708
https://doi.org/10.1016/J.JBIOSC.2011.01.006
https://doi.org/10.1016/j.pharmthera.2023.108475
https://doi.org/10.1016/j.canlet.2021.11.028
https://doi.org/10.1016/j.canlet.2021.11.028
https://doi.org/10.1074/mcp.RA119.001361
https://doi.org/10.1074/mcp.RA119.001361
https://doi.org/10.1136/jmg.2009.066944
https://doi.org/10.1038/s41467-017-02787-4
https://doi.org/10.1038/s41467-017-02787-4
https://doi.org/10.1038/nature08012
https://doi.org/10.1038/nature08012
https://doi.org/10.1038/cddis.2014.199
https://doi.org/10.1038/cddis.2014.199

	﻿Identification of MBT3T as a new effective therapeutic option in imatinib-resistant gastrointestinal stromal tumors (GISTs)
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Chemistry
	﻿Cell cultures
	﻿Cell viability assay
	﻿Western blotting assay
	﻿Human phospho-RTK array
	﻿Cell cycle analysis
	﻿Apoptosis analysis
	﻿Caspase activation assay
	﻿Immunofluorescence
	﻿3D bioprinting
	﻿Cell viability assay in 3D models
	﻿Computational studies
	﻿﻿Structure similarity search﻿
	﻿﻿Docking studies﻿
	﻿Molecular dynamic simulations


	﻿Zebrafish model
	﻿﻿Danio rerio husbandry﻿
	﻿﻿Xenotransplantation﻿
	﻿﻿Birefringence assay﻿
	﻿﻿Locomotion assay﻿
	﻿﻿Imaging and data analysis﻿

	﻿Statistical analysis
	﻿Results
	﻿Synthesis of the new compounds
	﻿Cytotoxicity assay
	﻿Evaluation of MBT3T toxicity on PBMCs and fibroblasts
	﻿Evaluation of the KIT signaling cascade and RTK profile



