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mercaptopurine cytotoxicity and
cellular biomechanics through
Racl modulation in intestinal
epithelial cells
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Beatrice Senigagliesi®, Pietro Parisse®, Loredana Casalis®,
Giuliana Decorti!, Marianna Lucafd®* and Gabriele Stocco?

Department of Medicine Surgery and Health Sciences, University of Trieste, Trieste, Italy, 2Department of
Translational and Advanced Diagnostics, Institute for Maternal and Child Health I.R.C.C.S. Burlo Garofolo,
Trieste, Italy, *Department of Life Sciences, University of Trieste, Trieste, Italy, *Joint Research Center,
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Introduction: Mercaptopurine (MP) is used to treat pediatric acute lymphoblastic
leukemia and inflammatory bowel disease (IBD). The Protein Kinase C and Casein
Kinase Substrate in Neurons 2 (PACSIN2) rs2413739 polymorphism is an
expression-quantitative  trait locus associated with reduced PACSIN2
expression in gastrointestinal tissues and thiopurine-related gastrointestinal
toxicity. PACSINZ2 interacts with Racl, a key thiopurine target protein involved
in cytoskeletal regulation.

Methods: LS180 intestinal cells with stable PACSIN2 knockdown (KD) or transient
overexpression were used to assess the role of PACSINZ2 in regulating Racl under
basal conditions and after MP exposure. Racl levels and activity were measured by
Western blot and G-LISA assay, respectively. Cytotoxicity was evaluated by MTT
assay following exposure to MP and the Racl inhibitor NSC23766. Cell stiffness
was assessed by atomic force microscopy, and cytoskeletal organization was
examined by immunofluorescence.

Results: PACSIN2 KD cells exhibited elevated Racl expression and activity, and
increased sensitivity to MP, which was further augmented by the Racl inhibitor
NSC23766. Conversely, PACSIN2 overexpression reduced Racl levels and
conferred MP resistance. PACSIN2 depletion decreased cell stiffness affecting
the cytoskeletal architecture, particularly impairing tubulin levels and actin
distribution. MP exposure reduced cell stiffness and decreased both
Racl expression and activity across all tested cell lines, with more pronounced
effects in LS180 KD cells. Altered cytoskeletal organization, especially actin
redistribution, correlated with changes in cellular biomechanical properties and
drug sensitivity.

Conclusion: These findings suggest that PACSIN2 modulates MP response by
regulating Racl levels and cytoskeletal integrity, providing a molecular basis for
the clinical association between PACSIN2 and thiopurine-related gastrointestinal
toxicity. These insights may contribute to the development of personalized
approaches to optimize thiopurine therapy in pediatric patients.
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1 Introduction

Protein kinase C and casein kinase substrate in neuron 2
(PACSIN2), also known as syndapin II, is an F-BAR protein
cytoskeletal trafficking,
endocytosis, and cell migration (Quan and Robinson, 2013), as
well as in autophagy (Zudeh et al., 2023).

PACSINs comprise three paralogs, all characterized by an
N-terminal F-BAR-domain, a C-terminal Src-homology3-domain

involved in organization, vesicle

(SH3) domain, and a variable central region containing asparagine-
proline-phenylalanine (NPF) motifs in PACSIN1 and PACSIN2
(Dumont and Lehtonen, 2022). The F-BAR domain mediates
membrane curvature, tubulation, and invagination during vesicle
budding, endocytosis, and caveolae biogenesis, and it is responsible
for the interaction between PACSIN2 and filamin A (Begonja et al.,
2015). The SH3-domain, in turn, regulates PACSIN2 autoinhibition
and mediates the interactions with proteins such as dynamin and
Racl (Quan and Robinson, 2013). Specifically, the interaction
between the SH3 domain of PACSIN2 and the C-terminal
domain of Racl directly modulates Racl activity (de Kreuk et al.,
2011). Additionally, PACSIN2 may affect Racl indirectly, through
dynamin regulation (Razidlo et al., 2013). PACSIN2 is ubiquitously
expressed in eukaryotes and localizes to plasma and endosomal
membranes, where it interacts with Racl in intracellular tubulin
structures and early endosomes (Razidlo et al, 2013). Through
modulation of Racl expression and activity, PACSIN2 influences
cell migration, morphology, biomechanical properties, endothelial
adhesion (Wint et al., 2023), and cell spreading (Razidlo et al., 2013).
Racl is a small GTPase of the Rho family that controls actin
cytoskeleton dynamics and regulates cell spreading and migration
(Nguyen et al., 2016). Cellular mechanical properties are linked to
different biological functions, including cellular morphology
(Postema et al., 2019), differentiation (He et al, 2023), motility
(Sens and Plastino, 2015), proliferation (Mahajan et al., 2019), and
2023). Cell
deformation is predominantly governed by actin filaments, whose

mechanotransduction (Sotodosos-Alonso et al.,

organization depends on actin concentration, cross-linking density,
and mechanical stress (Postema et al., 2019). PACSIN2 plays an
essential role in intestinal homeostasis, being predominantly
expressed in enterocyte microvilli, where it co-localizes with
F-actin (Dumont and Lehtonen, 2022). PACSIN2 knockout mice
show reduced microvillar density and loss of the typical hexagonal
microvillar organization (Postema et al, 2019). Disruption of
normal microvillar architecture compromises the intestinal
barrier, contributing to the onset of pathological conditions, such
as inflammatory bowel diseases (IBD) (Dumont and Lehtonen,
2022; VanDussen et al.,, 2018).

Among the techniques developed to study cellular
biomechanical properties, atomic force microscopy (AFM) is an
established high-resolution method based on measuring the sample
response to the force exerted by an indenting probe (Mierke, 2020).
Contact-model analyses of indentation measurements allow
quantification of cellular plasticity, elasticity, and adhesion
properties (Mierke, 2020), which may change in response to
Racl expression and activity (Kunschmann et al., 2019).

Thioguanine (TG), mercaptopurine (MP), and azathioprine
(AZA) are thiopurine drugs with immunosuppressive properties.

MP is used in the treatment of acute lymphoblastic leukemia (ALL),
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whereas AZA is administered to maintain remission in patients with
IBD (Franca et al.,, 2019). Their active metabolites, the thioguanine
(TGN), effects through DNA
incorporation, inhibition of the de novo purine synthesis, and

nucleotides exert cytotoxic
inhibition of Racl, the latter inducing apoptosis in intestinal
LS180 cells (Zudeh et al., 2023).

Thiopurines metabolism involves several enzymes whose
activity displays inter-individual variability on a genetic basis,
contributing to suboptimal treatment responses in approximately
40%-60% of patients (Gonzalez-Lama and Gisbert, 2016; van Hoeve
and Vermeire, 2020). The PACSIN2 rs2413739 variant has been
associated with increased gastrointestinal toxicity in patients with
ALL receiving MP (frequency: 2.1%, 9.1% and 13.2% in CC, CT and
TT carriers, respectively) and with reduced AZA efficacy in IBD
patients (clinically active disease in 18.2%, 28.4%, and 43.1% of CC,
CT, and TT patients, respectively) (Franca et al., 2020). This variant
is an expression quantitative trait locus (eQTL) associated with
reduced PACSIN2 expression in gastrointestinal tissues, including
oesophagus mucosa (NES = -0.069, P = 0.0092) (GTEx Consortium,
2013). Notably, PACSIN2 knockdown (KD) increased MP
cytotoxicity in intestinal LS180 cells but not in lymphoid cells,
suggesting a tissue-specific role of PACSIN2 in the intestinal
response to thiopurines (Zudeh et al., 2023). Based on these
findings, it has been hypothesized that PACSIN2 influences
thiopurine cytotoxicity by modulating Racl activity (Sotodosos-
Alonso et al., 2023), which may in turn affect the biomechanical
properties of intestinal epithelial cells (Martinez-Sdnchez et al.,
2023). However, the
PACSIN2  expression,
sensitivity in the intestinal epithelium remain unclear.

This study aimed to evaluate in vitro the impact of
PACSIN2 (KD and overexpression) on
Racl expression and activity, cellular stiffness and MP
cytotoxicity in LS180 cells, with the goal of clarifying the
molecular mechanisms underlying inter-individual variability in

precise  mechanisms  linking

cytoskeletal integrity, and thiopurine

modulation

thiopurine response.

2 Materials and methods

2.1 Cell culture

intestinal LS180 cells were transfected with
lentivirus encoding shRNA (GAACGATGACTTCGAGAA
GAT) to determine the stable PACSIN2 KD (KD cells) or a
lentivirus encoding control scramble shRNA (MOCK cells) at St.
Jude Children’s Research Hospital (SJCRH) of Memphis and
were kindly provided by Prof. W. E. Evans (SJCRH, Memphis,
Tennessee, United States) (Zudeh et al., 2023). The cells were
mycoplasma-negative. Both cell lines were cultured in RPMI
1640 (EuroClone, Milan, Italy) with the addition of 10% fetal
bovine serum (FBS) (Merck, Saint Louis, MO, United States), 1%
of L-glutamine 200 mM (EuroClone, Milan, Italy), 1% of
penicillin 10,000 UI/mL and streptomycin 10,000 pg/mL
(EuroClone, Milan, Italy) at 37 °C with 5% CO,. Puromycin
(0.005 mg/mL) (Merck, Saint Louis, MO, United States) was
added to the complete culture medium in order to select

Human

engineered LS180 cell lines.
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2.2 Transient transfection

LS180 MOCK cells were cultured in RPMI 1640 without
antibiotics and seeded at 1 x 10° cells/well to be transfected with
7 pg of the OmicsLink Expression-Ready ORF ¢cDNA Vector
encoding for the PACSIN2 wild-type cDNA (Cat# CS-12075-
M39, GeneCopoeia, Rockville, MD, United States) and the
respective (Cat# EX-EGFP-M39,
GeneCopoeia, Rockville, MD, United States), used as empty
control, using Lipofectamine 2000 Transfection Reagent
(11668019;  Thermo  Fisher  Scientific, ~Waltham, MA,
United States) and Opti-MEM medium (31985070; Thermo
Fisher Scientific, Waltham, MA, United States). After
48 h cells were collected and seeded for immunoblotting and

scramble vector

cytotoxicity assays.
2.3 Cytotoxicity assay

Cells were seeded in 96 well plate (5,000 cells/well) and
treated for 24, 48, and 72 h with different concentrations of MP
(0.3 uM, 0.6 uM, 1.25 uM, 2.5 uM, 5 pM, 10 pM, 20 pM, 40 pM,
80 uM, 160 uM) or the Racl inhibitor NSC23766 (0.3 uM,
0.6 pM, 1.25 uM, 2.5 pM, 5 puM, 10 pM, 20 uM, 40 uM,
80 uM, 160 pM). Also the co-treatment with MP 1.25 uM and
NSC23766 2.5 uM was tested.

Four hours (h) before the end of the incubation, MTT
solution 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Merck, Saint Louis, MO, United States) was added
at a final concentration of 500 pg/mL. Formazan salts produced
by viable cells were solubilized in dimethyl sulfoxide (Merck,
Saint Louis, MO, United States), and the absorbance at
540-630 nm was detected using FLUOstar
spectrophotometer (BMG Labtech, Ortenberg).

a Omega

2.4 Western blot analysis

Cells were collected and suspended in 100 uL Lysis Buffer (1 mM
EDTA (Merck, Saint Louis, MO, United States), 150 mM NaCl
(Merck, Saint Louis, MO, United States), 50 mM Tris-HCI (Merck,
Saint Louis, MO, United States), sodium deoxycholate 0.5% (Merck,
Saint Louis, MO, United States), NP-40 1% (Merck, Saint Louis, MO,
United States) completed with protease inhibitor cocktail 1X
(Merck, Saint Louis, MO, United States), and protein lysates were
quantified by Bradford assay (Merck, Saint Louis, MO,
United States).

Ten pg of proteins were separated on Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
4%-12% (Bolt 4%-12% Bis-Tris Plus Gels, Thermo Fisher
Scientific, Waltham, MA, United States) and transblotted to
nitrocellulose membranes (Thermo Fisher Scientific, Waltham,
MA, United States), which were incubated with 5% milk in Tris-
buffered saline buffer (0.012% p/V Trizma (Merck, Saint Louis,
MO, United States); 0.009% p/V NaCl (Merck, Saint Louis, MO,
United States) completed with 0.001% Tween 20 (Merck, Saint
Louis, MO, United States). Blots were cut prior to antibody
hybridization. Incubation with primary antibodies was
performed overnight at 4 °C. The tested antibodies were
(1:800 dilution (Cytoskeleton,

mouse anti-human Racl
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Denver, CO, United States), rabbit anti-human dynamin (1:
1,000 dilution, Thermo Fisher Scientific, Waltham, MA,
United States), rabbit anti-human GAPDH (1:1,000 dilution,
Santa Cruz, Dallas, TX, United States), rabbit anti-human actin
(1:1,000 dilution, Abcam, Cambridge, UK), rabbit anti-human
PACSIN2 (1:1,000 dilution; OriGene, MD, United States). The
appropriate secondary antibody was incubated for 1 h at 4 °C:
Horse anti-mouse IgG (1:8,000 dilution, Cell Signaling,
Danvers, MA, United States) or Goat anti-rabbit IgG (1:
10000 dilution, Merck, Saint Louis, MO, United States).
Immunocomplexes were visualized by chemiluminescence
using the LiteABLOT Turbo Chemiluminescent Substrate
(EuroClone, Milan, Italy) and ChemiDoc™ MP Imaging
System (Bio-Rad Laboratories).

2.5 Immunofluorescence

LS180 MOCK, 1LS180 KD, LS180 EMPTY, and
LS180 PACSIN2 OVEREXPRESSION cells were seeded at
0.2 x 10° cells/well, treated for 48 h with IC20 and IC50 of
MP paraformaldehyde (PFA) for
approximately 45 min at room temperature. Permeabilization

and fixed using 4%

was performed using 0.2% Triton-X in PBS for 45 min at room
temperature. After three washes with PBS, cells were blocked
with a solution formed by 1% bovine serum albumin (BSA) and
0.01% Triton-X in PBS for 1 h at room temperature. After
blocking, the primary antibody against human a-tubulin (1:
500 in blocking solution; GeneTex, Irvine, California,
United States) was incubated overnight at 4 °C. After three
washes with PBS, goat anti-mouse Alexa Fluor 488 (Thermo
Fisher Scientific, Waltham, MA, United States) secondary
antibody was incubated for 1 h at 4 °C (1:1,000 dilution in
blocking solution). After three washes, phalloidin (1:200 in
water Milliq, Thermo Fisher Scientific, Waltham, MA,
United States) was added for 2 h at 4 °C. After three washes
with PBS, DAPI (2-(4-amidinophenyl)-1H-indole-6-carboxamidine)
(1:1,000 in H,O Milliq Merck, Saint Louis, MO, United States) was
added for 15 min at 4 °C.

The glass slides were washed three times with PBS and mounted
using ProLong™ Gold Antifade reagent (Thermo Fisher Scientific,
Waltham, MA, United States).

2.6 Equipment and setting

For immunoblotting analysis, the blots were acquired using the
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories) using the
auto-optimal  high-resolution setting, ~ which
corresponded to 20 s for the housekeeping bands and 100 s for

acquisition

Racl, PACSIN2 and dynamin bands. All membranes were analysed
using ImageJ®software.

For immunofluorescence, the specimens were visualized using
an Inverted Research Microscope Eclipse Ti (Nikon) equipped
with an epifluorescence illuminator or a 488 nm laser for Total
Internal ~ Reflection  Fluorescence  application.  Optical
magnification was 20X or 50X for DAPI and phalloidin
(generating images with 0.33 and 0.13 pm/pixel, respectively),
whereas tubulin was detected only at x20 magnification
(generating images with 0.33 um/pixel).
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2.7 Sample preparation for G-LISA assay

Both LS180 MOCK and KD cells were seeded (1 x 10° cells/
well) and treated for 24, 48 and 72 h with MP at three different
concentrations IC20, IC50 and IC80, obtained from the MTT
assay results (2.04 uM, 3.23 uM, 5.66 uM for LS180 MOCK cells
and 1.28 uM, 2.18 uM, 3.70 puM for LS180 KD cells,
respectively). Samples were lysed and quantified using
Precision  Red™ Assay  Reagent
(Cytoskeleton, CO, United States), and the
absorbance at 490 nm was quantified using a FLUOstar
Omega spectrophotometer (BMG Labtech, Ortenberg). The
same protocol was used for LS180 MOCK cells transfected
with the plasmid encoding PACSIN2 wild-type or the empty
plasmid for 48 h after transfection and after an additional 72 h,
used for the

Advanced  Protein
Denver,

which corresponded to the time point

cytotoxicity assay.
2.8 G-LISA assay

The Racl G-LISA® kit (Cytoskeleton, Denver, CO, United States)
was used to specifically detect active GTP-bound Racl and
distinguish it from Rac2 and Rac3 isoforms in incubated cell/
tissue lysates at a concentration of 1 mg/mL. The amount of
active Racl was detected using the mouse anti human-Racl
antibody (ARC03, Cytoskeleton, Denver, CO, United States),
according to the manufacturer’s instructions.

2.9 Cell morphology analysis after
drug exposure

LS180 MOCK and LS180 KD cells were seeded at 1 x 10° cells/
well and exposed to the respective I1C20, IC50, and
IC80 concentrations of MP for 24, 48, and 72 h. At each time
point, cell morphology was observed wusing the EVOS
M5000 Imaging System (Thermo Fisher Scientific, Waltham, MA,
United States) at x40 magnification.

2.10 Biomechanical analysis

AFM was used to evaluate cell line stiffness (described as
Young’s modulus or elastic modulus) (Ding et al., 2017)
through force spectroscopy analysis, which was carried out
using the Smena AFM (NT-MDT Co., Moscow, Russia)
mounted on an inverted fluorescence microscope (Nikon
Eclipse Ti-U).

For the sample preparation, LS180 MOCK and KD cell lines
were seeded at 1.5 x 10° cells/glass and fixed with PFA 4% for
20 min by shaking at room temperature. To visualize the nuclei,
cells were stained with DAPI (Merck, Saint Louis, MO,
United States). For AFM force
spherical with a

silicon
tips (Tip:
CSGO1 cantilever from NT-MDT Smena, spring constant
k = 0.006-0.007 N/m) were used to obtain the global elastic
modulus for each single cell. To determine cell stiffness, in

spectroscopy,

diameter of 20 um

correspondence of cell nucleus a force of 0.7 nN, an
indentation rate of 2 um/s and an indentation of —500 nm
were applied and the elastic modulus values (E), in KPa, were
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determined by fitting the obtained force-displacement curves
with a Hertz model (Ladjal et al., 2009) by using AtomicJ®
software. Three independent biological replicates were used for
each experiment. For each biological replicate, three slides
prepared per
triplicates), and 100 cells were analyzed per slide. Thus,

were experimental condition (technical
300 cells were quantified for each condition in each
biological replicate. Data represent the mean of three
biological replicates, corresponding to a total of 900 cells

analyzed per condition.
2.11 Statistical analysis

Statistical analyses (t-test, one-way ANOVA with Tukey post-
test, and two-way ANOVA with Tukey post-test) were performed
using GraphPad Prism version 8.0 and RStudio version 4.2.2. Data
are reported as mean + standard deviation (SD). Statistical
significance was set at P < 0.05.

3 Results
3.1 Cell line characterization

A significant reduction of PACSIN2 in LS180 KD cells
confirmed PACSIN2 stable silencing (P < 0.0001, t-test
S1A), whereas 48 h after cell
transfection with a plasmid encoding PACSIN2 (LS180
PACSIN2 OVEREXPRESSION cells) or an empty control
(LS180 EMPTY cells) confirmed PACSIN2 overexpression
(P = 0.03, t-test Supplementary Figure S1B).

Supplementary Figure

3.2 The MP exposure effects on
PACSIN2 levels

PACSIN2 levels were evaluated in LS180 MOCK, KD, EMPTY,
and PACSIN2 OVEREXPRESSION cells after MP exposure at IC20,
IC50, and IC80 for 24, 48, and 72 h. Drug exposure did not
significantly alter PACSIN2 levels (Figure 1).

3.3 PACSIN2 effects on cytotoxicity of MP
and the Racl inhibitor NSC23766 in
LS180 cells

Treatment with MP exerted cytotoxicity over time. After 24 and
48 h of drug exposure the treatment did not reduce cell viability
below 50% of survival rate (Supplementary Figure S4A), whereas
after 72 h of MP exposure a greater cytotoxic effect was observed
(Figure 2A). LS180 KD cells were significantly more sensitive to MP
at the 0.3 uM, 0.6 uM, 1.25 uM and 2.5 uM concentrations compared
to LS180 MOCK cells (P < 0.001, P < 0.001, P < 0.0001 and P <
0.0001, respectively, two-way ANOVA, post-test Tukey Figure 2A),
resulting in distinct IC20, IC50, IC80 values for LS180 MOCK and
KD cells (Table SI). Interestingly, PACSIN2 OVEREXPRESSION
cells were significantly more resistant to 72 h of MP exposure at 1.25,
2.5, 5, 10, and 20 pM concentrations than LS180 MOCK cells
transfected with an empty plasmid used as a control (P < 0.05,
P <0.001, P <0.0001, P < 0.001, and P < 0.01, respectively; two-way
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FIGURE 1 (Continued)

mean + standard deviation, n = 3, t-test)

normalized against B-actin (data expressed as mean + standard deviation, n = 3, t-test). (E) Immunoblotting results of PACSIN2 protein levels in
LS180 EMPTY and LS180 PACSIN2 OVEREXPRESSION cells treated with MP at IC20, IC50, IC80 for 48 h. Data were normalized against p-actin (data
expressed as mean + standard deviation, n = 3, t-test). (F) Immunoblotting results of PACSIN2 protein levels in LS180 EMPTY and

LS180 PACSIN2 OVEREXPRESSION cells treated with MP at IC20, IC50, IC80 for 72 h. Data were normalized against p-actin (data expressed as

ANOVA, post-test Tukey Figure 2A), showing different IC20, IC50,
and IC80 levels (Table SI).

Similar to MP, treatment with the Racl inhibitor
NSC23766 increased cellular cytotoxicity in LS180 KD compared
to LS180 MOCK cells after 72 h of drug exposure (P < 0.0001,
Figures 2B,C), whereas LS180 PACSIN2 OVEREXPRESSION cells
were more resistant than LS180 EMPTY cells to this compound (P <
0.0001, Figures 2B,C).

An additive effect was shown after co-treatment with MP
and the Racl inhibitor NSC23766 in LS180 MOCK cells (P <
0.0001, Figure 2C), LS180 KD cells (P < 0.0001, Figure 2C),
LS180 EMPTY «cells (P < 0.0001, Figure 2C), and
LS180 PACSIN2 OVEREXPRESSION cells (P = 0.006,
Figure 2C). Interestingly, after co-treatment with MP and
the Racl inhibitor NSC23766, LS180 KD cells remained
more sensitive than LS180 MOCK cells (P < 0.0001,
Figure 2C), and LS180 PACSIN2 OVEREXPRESSION cells
were more resistant than LS180 EMPTY cells (P <
0.0001, Figure 2C).

3.4 PACSINZ2 effects on Racl protein
expression and activity in LS180 cells

Since PACSIN2 interacts with Racl, the levels of both
Racl protein expression and activity (expressed as Racl-GTP
levels) were evaluated in LS180 MOCK and KD cells. A
significantly higher level of Racl protein (Figure 3A) and
active Racl-GTP (Figure 3B) was found in LS180 KD cells
compared to LS180 MOCK cells (P = 0.0009 and P = 0.002,
two-way  ANOVA,  post-test  Tukey).
Moreover, PACSIN2 OVEREXPRESSION cells showed a
significant reduction in Racl levels at both 48 and 72 h post
transfection compared to LS180 EMPTY cells (P = 0.04 and P =
0.03, two-way ANOVA, post-test Tukey
Figure 3C). In addition, Racl activity was significantly
reduced in PACSIN2 OVEREXPRESSION cells at both time
points compared to LS180 EMPTY cells (P =0.03 and P = 0.002,
respectively; two-way ANOVA, post-test Tukey Figure 3D).

respectively;

respectively;

3.5 PACSIN2 effects on LS180 cells
biomechanical properties evaluated by AFM

Since PACSIN2 interacts with different proteins responsible
for actin organization, the effects of PACSIN2 KD and
overexpression on the biomechanical properties of LS180 cells
were analysed by AFM. The force curve recorded for
LS180 MOCK cells was steeper than the one recorded for
LS180 KD cells, indicating a lower stiffness in LS180 KD
compared to LS180 MOCK cells (1.1 + 0.04 KPa vs. 2.2 +
0.03 KPa, P = 0.002, t-test Figure 4A). Consistently, the
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stiffness was increased in LS180 PACSIN2 OVEREXPRESSION
cells compared to LS180 EMPTY cells, although this increase did
not reach a significant difference (P = 0.07, t-test Figure 4B).

3.6 MP and PACSIN2 effects on Racl protein
expression and activity levels

Twenty-four h of MP IC50 and
IC80 significantly reduced Racl protein expression in
LS180 KD cells, with comparable Racl levels in the two cell
lines (Figure 5A). After 48 h of MP treatment, a reduction in
Racl protein expression was observed in both cell lines. In
particular, MP at IC50 and IC80 reduced Racl in both
LS180 MOCK and KD cells, whereas MP IC20 led to lower
Racl levels in LS180 KD cells only (Figure 5B). After 72 h of
treatment, all tested concentration of MP decreased
Racl protein expression in both cell lines (Figure 5C).

exposure at

Consistently, under basal conditions,
LS180 PACSIN2 OVEREXPRESSION cells showed lower
Racl levels compared to LS180 EMPTY cells (Figure 5),
whereas MP exposure rescued this effect at 24, 48, and 72 h
of treatment (Figures 5D-F, respectively).

Consistent with the protein expression results, Racl activity was
reduced after MP exposure at all tested concentrations in both
LS180 MOCK and KD cell lines after 24, 48, and 72 h of
treatment (Figure 6).

Interestingly, after 24 h, there was a difference between
LS180 MOCK and KD cell lines
(Figure 6A); the difference in Racl activation was maintained
at 24 h in LS180 PACSIN2 OVEREXPRESSION and
LS180 EMPTY cells. After both 24 and 48 h, Racl active form
was lower in LS180 KD cells than in LS180 MOCK cells at
IC20 and IC50 (Figures 6A,B) and similar results were found
after 72 h of MP exposure at IC80 (Figure 6C). Interestingly, a
significant increase in Racl activity was detected at 48 h after
IC80 exposure in LS180 PACSIN2 OVEREXPRESSION
cells (Figure 6E).

under all conditions

3.7 Effects of PACSIN2 and MP exposure on
cytoskeleton proteins

LS180 KD cells showed lower dynamin levels than LS180 MOCK
cells (Figure 7), whereas no differences were detected in the dynamin
levels between LS180 EMPTY and PACSIN2 OVEREXPRESSION
cells (Figure 7).
MP treatment.

Fluorescence microscopy for tubulin detected using

These differences were not affected by

x20 magnification demonstrated a lower tubulin amount in
LS180 KD cells, which was not affected by MP exposure
(Supplementary Figure S2). Consistently, LS180 PACSIN2
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FIGURE 2
The effect of PACSIN2 on mercaptopurine (MP) and the Racl inhibitor NSC23766 cytotoxicity. (A) Cytotoxicity MTT dose-response curve of

LS180 MOCK, LS180 PACSIN2 KD cells, LS180 MOCK EMPTY, and LS180 MOCK PACSIN2 OVEREXPRESSION cells treated with MP (0.3 uM 160 uyM) for
72 h. A significant difference of MP sensitivity between LS180 MOCK and LS180 PACSIN2 KD cells was detected at 0.3 uM (P = 0.001), 0.6 uM (P = 0.001),
1.25 yM (P = 0.0001), 2.5 uM (P = 0.0001). A significant difference of MP sensitivity between LS180 MOCK EMPTY and LS180 MOCK PACSIN2 cells

was found at 1.25 pM (P < 0.05), 2.5 uM (P = 0.001), 5 pM (P = 0.0001), 10 uM (P = 0.001) and 20 pM (P = 0.01). Data are expressed as mean + standard
deviation from three independent experiments (Two-way ANOVA, post-test Tukey). (B) Cytotoxicity MTT dose-response curves of LS180 MOCK,
LS180 PACSIN2 KD cells, LS180 MOCK EMPTY, and LS180 MOCK PACSIN2 OVEREXPRESSION cells treated with the Racl inhibitor NSC23766 (0.3 uM
160 pM) for 72 h. A significant difference from the Racl inhibitor NSC23766 was found between LS180 MOCK and KD cells (P < 0.0001)) and between
LS180 EMPTY cells and LS180 PACSIN2 OVEREXPRESSION cells (P < 0.0001). Data are expressed as mean + standard deviation from three independent
experiments (Two-way ANOVA, post-test Tukey). (C) Cytotoxicity MTT dose-response curve LS180 MOCK, LS180 PACSIN2 KD cells, LS180 MOCK EMPTY
and LS180 MOCK PACSIN2 OVEREXPRESSION cells co-treated with MP (from 0.3 uM to 160 uM) and the Racl inhibitor NSC23766 2.5 uM for 72 h. There
was a significant difference between LS180 MOCK and LS180 KD cell lines (P < 0.0001)) and between LS180 MOCK EMPTY and LS180 MOCK
PACSIN2 OVEREXPRESSION cell lines (P < 0.0001). Data are expressed as mean + standard deviation from three independent experiments (Two-way
ANOVA, post-test Tukey).

the amount in LS180 PACSIN2 OVEREXPRESSION cells
(Supplementary Figure S2).

Interestingly, fluorescence microscopy of actin detected
using x50 magnification demonstrated a different localization

OVEREXPRESSION cells showed higher tubulin levels that were
not altered by MP treatment (Supplementary Figure S2).
Moreover, MP exposure at the IC50 for 48 h decreased actin
levels in LS180 KD cells (Supplementary Figure S2) and increased
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The effect of PACSIN2 on Racl expression and activity levels. (A) Immunoblotting results of Racl protein levels in LS180 MOCK and LS180 PACSIN2

KD cells normalized against p-actin (data expressed as mean + standard deviation, n = 3, t-test). (B) Racl protein activity evaluated as Rac1-GTP amountin
LS180 MOCK and LS180 PACSIN2 KD cell lines (data expressed as mean + standard deviation, n = 3, t-test). (C) immunoblotting results of Racl protein
levels in LS180 MOCK cells transfected with an empty plasmid (LS180 EMPTY) used as control and LS180 cells presenting the PACSIN2
overexpression (LS180 PACSIN2 OVEREXPRESSION) cells at 48 after transfection (48 h) and after additional 72 h (72h post) normalized against p-actin
(data expressed as mean + standard deviation, n = 3, t-test). (D) Racl protein activity evaluated as Rac1-GTP amount in LS180 EMPTY and LS180 PACSIN2
OVEREXPRESSION cells at 48 after transfection (48 h) and after additional 72 h (72h post, data expressed as mean + standard deviation, n = 3, t-test).

of this protein in both LS180 KD and LS180 PACSIN2
OVEREXPRESSION  cells S2). In
particular, the percentage of the cellular area occupied by actin was

(Supplementary Figure

significantly reduced in LS180 KD cells (Supplementary Figure S2),
whereas no significant difference was found in LS180 PACSIN2
OVEREXPRESSION cells (Supplementary Figure S3).

3.8 Effects of MP on biomechanical
properties

After 24 h, MP treatment did not affect cellular stiffness in tested
cell lines (Figure 8A).

After 48 h and 72 h of treatment, a dose-dependent decrease in
stiffness was observed in the LS180 MOCK cell line, whereas for
LS180 KD cells a significant reduction in cellular stiffness was
observed after MP exposure at IC80 (Figures 8B,C). In addition,
after 48 h of drug exposure, the stiffness of LS180 MOCK cells was
significantly higher compared to LS180 KD cells after treatment with
MP at IC20 (Figure 8B).

LS180 PACSIN2 OVEREXPRESSION  cells and
LS180 EMPTY cells did not show significant differences
in cellular stiffness under basal condition (Figures 8D-F,
respectively), whereas MP exposure significantly reduced
cell stiffness at 48 and 72 h (Figures 8E,F, respectively)
in LS180 PACSIN2 OVEREXPRESSION
LS180 EMPTY cells.

and

Frontiers in Pharmacology

4 Discussion

PACSIN2 is a membrane protein involved in cytoskeletal
regulation, vesicular trafficking, and autophagy (Zudeh et al,
2023). Previous studies have identified PACSIN2 (Zudeh et al,,
2021) and its rs2413739 polymorphism as potential biomarkers
of hematological (Smid et al.,, 2016) and gastrointestinal toxicity
in pediatric ALL patients (Franca et al., 2020), as well as of AZA
response in pediatric IBD patients (Franca et al, 2019).
PACSIN2 KD was shown to increase MP cytotoxicity selectively
in intestinal LS180 cells but not in immortalized lymphocytes
(Zudeh et al.,, 2023), suggesting a tissue-specific intestinal role. In
the current study, it is reported that PACSIN2 overexpression
reverses this phenotype, confirming PACSIN2 as key mediator of
thiopurine action in the intestine. Since thiopurines require
metabolic conversion to active TGN metabolites (Pelin et al.,
2017), MP did not reduce cell viability below 50% after 24 or
48 h; accordingly IC20, IC50, and IC80 values derived from 72h
assays were used as reference concentrations for cytotoxic stress.
Enhanced MP cytotoxicity in LS180 KD cells was associated with
increased cleaved PARPI levels, suggesting apoptosis induction
through the PARPI-mediated pathway (Zudeh et al, 2023).
the by  which
PACSIN2 modulates thiopurine cytotoxicity are not yet fully

However, molecular mechanisms

understood but likely involve Racl, a Rho-GTPase negatively
regulated by PACSIN2 (de Kreuk et al, 2011). Therefore, the
08 frontiersin.org
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The effect of PACSIN2 on LS180 cells biomechanical properties by atomic force microscopy (AFM). (A) Force-distance curves of LS180 MOCK and
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the of PACSIN2 on
Racl modulation during MP exposure and its consequences on

current study investigates impact
the biomechanical properties of intestinal cells. The inverse
correlation between PACSIN2 and Racl governs cytoskeletal
regulation and cellular stiffness (de Kreuk et al, 2011), with
PACSIN2 negatively modulating Racl activity and thereby
affecting cell stiffness, adhesion, and migration (Seinen et al,
2016; Kunschmann et al, 2019). Consistent with findings in
fibroblasts, T lymphocytes, and cervical and breast cancer
epithelial cells (de Kreuk et al., 2011), in the current study, we
identified an inverse correlation between PACSIN2 levels and
Racl LS180

Accordingly, PACSIN2 overexpression, by reducing Racl levels

expression and activity in intestinal cells.
and activity, conferred increased MP resistance, consistent with
Racl being a key thiopurine target capable of inducing apoptosis in
intestinal epithelial cells (Shin et al., 2016). These findings align with
the previous evidence that elevated Racl levels increase thiopurine
sensitivity, whereas Racl inhibition enhances cytotoxicity and
apoptosis in epithelial cells (Jin et al., 2006). In this study, MP
treatment induced a concentration- and time-dependent decrease in
Racl expression and activity in both KD and MOCK cells, with more
pronounced effects in KD cells, suggesting that these cells are
particularly dependent on Racl signalling for survival. The
additive cytotoxic effect observed between MP and the
Racl inhibitor NSC23766 further supports this interpretation.
Interestingly, PACSIN2 OVEREXPRESSION

Racl expression and activity levels, which were further decreased

reduced Dbasal

upon MP exposure. Collectively, these findings suggest that patients
carrying PACSIN2 risk genotypes (CT or TT), who putatively
express lower PACSIN2 and higher Racl levels, might benefit
from alternative immunosuppressants that do not target the
Racl pathway.
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Taken together, this evidence indicates that PACSIN2 silencing
increased Racl levels, thereby increasing thiopurine cytotoxicity in
intestinal LS180 cells and supporting the intestine-specific role of
PACSIN2 in thiopurine response (Zudeh et al., 2023).

At the molecular level, the SH3 domain of PACSIN2 interacts
with the C-terminal domain of Racl, regulating both its expression
and GTPase activity (de Kreuk et al., 2011). The higher Racl levels in
LS180 KD cells likely underlie their increased thiopurine sensitivity:
the thiopurine metabolite 6-thioguanine triphosphate (6-TGTP)
forms a disulphide adduct with the redox-sensitive GXXXXGK(S/
T)C motif of Racl, blocking GTPase activity and inducing apoptosis,
as shown in CD3/CD28-stimulated T-cells (Shin et al., 2016; Tiede
etal,, 2003). Although RhoA and Cdc42 share this motif, Racl is the
predominant active Rho GTPase in stimulated T-cells and in the
intestinal epithelium (Shin et al., 2016; Ray et al., 2003) supporting
its role as the primary thiopurine target (Jin et al., 2006). However,
the relative contribution of RhoA and Cdc42 to thiopurine
cytotoxicity in intestinal models warrants further investigation, as
does the direct measurement of Racl activity using purified GTPases
in the presence or absence of MP.

AFM measurements revealed that LS180 MOCK cells were
stiffer than KD cells, probably because PACSIN2 depletion
destabilizes microtubules and reduces actin filament stability and
polymerization, consistent with findings in murine intestinal
epithelial cells, where PACSIN2 KD impaired cytoskeletal
2019).
PACSIN2 overexpression conversely tended to increase cell

network formation (Postema et al.,
stiffness. To capture biomechanical changes preceding MP-
induced cytotoxicity, stiffness was assessed at 24 and 48 h, earlier
than the 72h time point at which cytotoxic effects became apparent.
Several drugs reduce cell stiffness by disrupting actin filaments and

cytoskeletal organization, decreasing the average elastic modulus

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1860702

Norbedo et al.

10.3389/fphar.2026.1860702

A LS180 MOCK

Esgs

B=x
==

38
=2

xz-

7

B LS180 MOCK

Ezze

——
=

C LS180 MOCK

17

D LS180 EMPTY

Eges

LS180 EMPTY

FIGURE 5

respectively.

GAPDH (37 KDa)

Racl (23 KDa)

LS180 KD

- & 8
ESEE
GAPDH(37KDa) | =™
3
Racl (23 KDa) B *
17

- 3

Racl (23 KDa) 7
LS180 PACSIN2
OVEREXPRESSION

Eggs

4 49

» £
3 28

=R waewo

LS180 PACSIN2
OVEREXPRESSION

EEE

49
Actin (42 KDa) =»
28

LS180 PACSIN2
OVEREXPRESSION

Actin (42 KDa) | §

Racl (23 KDa)

P=00001
P = 00009

1000

P=001

100

Rac1 protein expression (logi)

MOCK

el a—
Foooo
P-0002

= F-ows
31000 Rooos mm  MOCK
s = KD
@ 100
4
o
2
3
£
-E 10
]
8
o
b
g’ S s

g ©

& & ¢ ¢

P 00001
P < 0.0001
P 00001

P 00001
P - 0.0001

= P<o0o0t
& |
210003 ¢ oaun - MOCK
£ m KD
% 100
2
a
g
3
c
§ 1
2
g
2
& 1
o« g S S S
S
& & & ¢
>
2
= B EMPTY
B B3 PACSIN2
» OVEREXPRESSION
g
g
3
£
3
o
e
o
-
S
©
o
1000
B EMPTY
B3 PACSIN2

3
S

Rac1 protein expression (log1o)

g () S N
&9 & &

P <0001
P =00001

P < 0.0001

gEomr,

P = 00002 =
P = 00003
—_— =

1000

100 P-0000

Rac1 protein expression (logio)

OVEREXPRESSION

EMPTY

PACSIN2
(OVEREXPRESSION

Analysis of Racl protein levels under basal condition and after mercaptopurine (MP) treatment. Western Blot analysis of Racl protein levels in LS180
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(Bonsergent et al., 2021; Kubiak et al., 2020; Poppe et al., 2006;
Mohammadi et al., 2021). Accordingly, in this study, MP induced a
dose- and time-dependent reduction in cell stiffness in both
LS180 MOCK and KD cell lines at 48 and 72 h, with more
pronounced effects in LS180 KD cells. No significant changes
were observed after 24 h of MP treatment, probably because this
interval is not sufficient for cytoskeletal reorganization to manifest
structurally, despite rapid Racl inhibition at this time point (Leyden
et al., 2021). This temporal pattern is consistent with the indirect
mechanism of MP: unlike cytoskeleton-targeting agents, such as
vincristine or doxorubicin, which reduce stiffness within 12 h
(Alhalhooly et al., 2021), MP acts by modulating Rho GTPase
signalling, including Racl, Rho, and Cdc42, resulting in delayed
biomechanical effects (Li et al., 2016; Shurin et al., 2008).

To understand the mechanism by which PACSIN2 and MP
influence cell stiffness, key cytoskeletal proteins, particularly
dynamin, tubulin, and actin, were investigated. We found
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reduced dynamin levels in LS180 KD cells under basal
conditions, as previously demonstrated by Postema et al. on
murine cells with PACSIN2 knock-out (Postema et al., 2019).
However, dynamin  levels  were  unaffected by
PACSIN2 OVEREXPRESSION or MP treatment, suggesting
that dynamin is not the primary effector of PACSIN2- or
MP-mediated stiffness changes. the study,
PACSIN2 KD was also associated with reduced tubulin levels,
consistent with evidence that PACSIN2 silencing impairs
tubulin polymerization in NIH 3T3 fibroblasts (Grimm-
Gilinter et al., 2008), whereas MP alone had no significant
effect on tubulin abundance. In contrast, actin levels were
sensitive to both PACSIN2 modulation and MP treatment,
identifying actin as the primary determinant of the observed
changes in cellular stiffness. Racl is a key regulator of actin
its

In current

polymerization  and  cytoskeletal  organization;

downregulation promotes actin stress fiber formation and
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Analysis of Dynamin 3 protein levels under basal condition and after mercaptopurine (MP) treatment. Western Blot analysis of Dynamin 3 protein
levels in LS180 MOCK and LS180 PACSINZ2 KD cell lines untreated and after 24 h (A), 48 h (B) or 72 h (C) of MP treatment at the 1C20, IC50 and IC80.
Western Blot analysis of Dynamin 3 protein levels in LS180 EMPTY and LS180 PACSIN2 OVEREXPRESSION cell lines untreated and after 24 h (D), 48 h (E) or
72 h (F) of MP treatment at the IC20, IC50 and IC80. Dynamin 3 levels were normalized using actin and expressed in logarithmic scale (data expressed
as mean + standard deviation, n = 3, Two-way ANOVA, posttest Tukey). The B-actin membranes of Panel (D—F) are the same presented in Figure 5 Panel
(D—F), respectively.
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redistribution (Lawson and Ridley, 2018; Ridley, 2015), a pattern
consistent with the elevated basal Racl levels observed in
PACSIN2 KD cells. In these cells, the absence of PACSIN2-
mediated negative regulation leads to Racl hyperactivation and
accumulation of Racl-GTP at the plasma membrane, sustaining
downstream actin remodelling (Castro-Castro et al., 2016). In
parallel, PACSIN2 also directly regulates actin filaments stability
through its F-BAR domain (Kostan et al., 2014); consequently, its
absence results in reduced actin filament stability, a softer cytoskeleton,
and decreased cellular rigidity (Kostan et al., 2014), as observed in
LS180 KD cells. The finding that KD cells display increased
Racl activity yet reduced stiffness suggests that PACSIN2-mediated
actin stabilization exerts a greater influence on cell mechanics than
Racl signalling alone. This interpretation is further supported by the
observation that MP-induced Rac1 inhibition, conventionally expected
to increase stiffness, did not restore stiffness in KD cells, underscoring
the dominant role of PACSIN2 in governing cellular mechanics in this
intestinal model. This study also places MP-induced biomechanical
alterations in a broader pharmacological context, suggesting that
changes in cell stiffness may represent an integrative indicator of
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Biomechanical analysis of cell stiffness under basal condition and after mercaptopurine (MP) treatment. Atomic force microscopy (AFM)
biomechanical analysis of cell stiffness in L5180 MOCK and LS180 PACSIN2 KD cell lines untreated and after 24 h (A), 48 h (B) or 72 h (C) of treatment at
IC20, IC50 and IC80 of MP. AFM analyses of cell stiffness in LS180 EMPTY and LS180 PACSIN2 OVEREXPRESSION cell lines untreated and after 24 h (D), 48
h (E) or 72 h (F) of treatment at IC20, IC50 and IC80 of MP. Data expressed as mean + standard deviation, n = 3, Two-way ANOVA, post-test Tukey.

cumulative cytoskeletal stress induced by drugs that act indirectly
on the cytoskeleton.

Several should be acknowledged. Although
LS180 cells are a tumor-derived model, they are widely
recognized as a valuable model for studying intestinal drug

limitations

metabolism and assessing drug-induced cytotoxicity (van de
Kerkhof et al., 2007); future validation analyses should be
performed in intestinal organoids, which better recapitulate the
intestinal epithelium physiology.

AFM measurements were performed on 4%-PFA-fixed cells.
However, PFA may elevate absolute stiffness values, indicated as
Young modulus, by cross-linking cell surface proteins and
immobilizing F-actin filaments in a PFA concentration depended
way (Kim et al, 2017). Nevertheless, since all conditions were
processed identically, relative comparisons remain reliable. The
inclusion of specific cytoskeletal inhibitors, such as Cytochalasin
D, in future experiments would help to discriminate the intracellular
origin of stiffness changes, complementing the AFM presented data
(Senigagliesi et al., 2022; Apollonio et al., 2023; Musto et al., 2021).
The cytoskeleton organization was evaluated by analysing the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1860702

Norbedo et al.

cytoskeletal filament (such as actin) distribution, which was obtained
by calculating the fiber percentage in the cellular area. This approach
allowed us to define how cytoskeletal fiber organization changes
across conditions (Gunasekara et al, 2024; Witko et al., 2020).
However, further analyses with more sophisticated methods
should be performed, taking care that LS180 cells show a large
nuclear compartment and limited cytosolic area, constraining the
resolution of cytoskeletal distribution analyses. Finally, investigating
the subcellular localization of Racl and PACSIN2-interacting
proteins, such as filamin A would clarify the spatial coordination
of these proteins during MP response and their contribution to
biomechanical changes.

5 Conclusion

This study shows that PACSIN2 modulates MP response in
intestinal cells by regulating Racl expression and activity, and by
affecting cytoskeletal organization through actin stabilization.
PACSIN2 KD increased Racl levels and activity, enhancing
thiopurine-mediated apoptosis and MP cytotoxicity, while actin
emerged as the primary cytoskeletal determinant of the observed
changes in cell stiffness. These findings provide a molecular
framework linking PACSIN2 expression, Racl signalling and
cytoskeletal mechanics to thiopurine sensitivity in the intestinal
epithelium, supporting PACSIN2 as a potential biomarker of
thiopurine-induced gastrointestinal toxicity and a target for
personalized therapeutic strategies.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans
in accordance with the local legislation and institutional
requirements because only commercially available established
cell lines were used.

Author contributions

AN: Data curation, Formal Analysis, Investigation,
Writing — original draft, Writing - review and editing. GZ: Data
curation, Visualization, Writing — original draft, Writing - review and
editing, Formal Analysis. DF: Investigation, Writing — original draft.
BS: Investigation, Writing — original draft. PP: Data curation, Formal
Analysis, Writing — original draft, Writing — review and editing. LC:
Writing original draft. GD:
Conceptualization, Funding acquisition, Project administration,

Resources,

Conceptualization,
Resources, Writing - original draft. ML: Conceptualization, Data

curation, Formal Analysis, Funding acquisition, Methodology,
Project administration, Supervision, Writing - original draft,

Frontiers in Pharmacology

14

10.3389/fphar.2026.1860702

Writing - review and editing. GS: Conceptualization, Formal
Analysis, Funding acquisition, Project administration, Supervision,
Writing - original draft, Writing — review and editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by the
Italian Ministry of Health (Ministero della salute) through the
contribution given to the Institute for Maternal and Child Health
IRCCS Burlo Garofolo, Trieste, Italy (RC 23/23 and RC 15/23).
PRIN 2022 project, “Development of innovative pharmacogenomic
biomarkers for the personalization of thiopurine therapy in patients
with early-onset inflammatory bowel disease”, code 20223JPPN5.

Acknowledgements
Engineered LS180 cell lines were kindly provided by St. Jude
Children’s Research Hospital (SJCRH) in Memphis

(United States).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2026.1860702/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2026.1860702/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2026.1860702/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1860702

Norbedo et al.

References

Alhalhooly, L., Mamnoon, B., Kim, J., Mallik, S., and Choi, Y. (2021). Dynamic cellular
biomechanics in responses to chemotherapeutic drug in hypoxia probed by atomic force
spectroscopy. Oncotarget 12, 1165-1177. doi: 10.18632/oncotarget.27974

Apollonio, M., Bellazzo, A., Franco, N., Lombardji, S., Senigagliesi, B., Casalis, L., et al.
(2023). The tumor suppressor DAB2IP is regulated by cell contact and contributes to
YAP/TAZ inhibition in confluent cells. Cancers (Basel) 15, 3379. doi: 10.3390/
cancers15133379

Begonja, A. ], Pluthero, F. G., Suphamungmee, W., Giannini, S., Christensen, H., Leung,
R, et al. (2015). FInA binding to PACSIN2 F-BAR domain regulates membrane
tubulation in megakaryocytes and platelets. Blood 126, 80-88. doi: 10.1182/blood-
2014-07-58760

Bonsergent, E., Grisard, E., Buchrieser, J., Schwartz, O., Théry, C., and Lavieu, G.
(2021). Quantitative characterization of extracellular vesicle uptake and content
delivery within Mammalian cells. Nat. Commun. 12, 1864. doi: 10.1038/s41467-021-
22126-y

Castro-Castro, A., Muriel, O., del Pozo, M. A, and Bustelo, X. R. (2016).
Characterization of novel molecular mechanisms favoring Racl membrane
translocation. PLoS One 11, 0166715. doi: 10.1371/journal.pone.0166715

de Kreuk, B.-J., Nethe, M., Fernandez-Borja, M., Anthony, E. C., Hensbergen, P. J.,
Deelder, A. M., et al. (2011). The F-BAR domain protein PACSIN2 associates with
Racl regulates cell spreading and migration. J. Cell Sci. 124, 2375-2388. doi: 10.1242/jcs.
08630

Ding, Y., Xu, G. K., and Wang, G. F. (2017). On the determination of elastic moduli of
cells by AFM based indentation. Sci. Rep. 7, 45575. doi: 10.1038/srep45575

Dumont, V., and Lehtonen, S. (2022). PACSIN proteins in vivo: roles in development
and physiology. Acta Physiol. (Oxf) 234, e13783. doi: 10.1111/apha.13783

Franca, R., Zudeh, G., Pagarin, S., Rabusin, M., Lucafo, M., Stocco, G., et al. (2019).
Pharmacogenetics of thiopurines. Cancer Drug Resist 2, 256-270. doi: 10.20517/cdr.
2019.004

Franca, R., Stocco, G., Favretto, D., Giurici, N., del Rizzo, 1., Locatelli, F., et al. (2020).
PACSIN2 rs2413739 influence on thiopurine pharmacokinetics: validation studies
in pediatric patients. Pharmacogenomics J. 20, 415-425. doi: 10.1038/s41397-019-
0130-0

Gonzilez-Lama, Y., and Gisbert, J. P. (2016). Monitoring thiopurine metabolites in
inflammatory bowel disease. Frontline Gastroenterol. 7 (4), 301-307. doi: 10.1136/
flgastro-2015-100681

Grimm-Giinter, E.-M. S., Milbrandt, M., Merkl, B., Paulsson, M., and Plomann, M.
(2008). PACSIN proteins bind tubulin and promote microtubule assembly. Exp. Cell
Res. 314, 1991-2003. doi: 10.1016/j.yexcr.2008.03.015

GTEx Consortium (2013). The genotype-tissue expression (GTEx) project. Nat. Genet.
45, 580-585. doi: 10.1038/ng.2653

Gunasekara, H., Perera, T., Chao, C.-]., Bruno, J., Saed, B., Anderson, J., et al.
(2024). Quantitative superresolution imaging of F-Actin in the cell body and
cytoskeletal protrusions using phalloidin-based single-molecule labeling and
localization microscopy. bioRxiv 2024, 2024.03.04.583337. doi: 10.1101/2024.
03.04.583337

He, F., Yang, C,, Liu, H., and Wang, J. (2023). Changes in the mechanical properties of
human mesenchymal stem cells during differentiation. R. Soc. Open Sci. 10, 220607. doi:
10.1098/r505.220607

Jin, S., Ray, R. M., and Johnson, L. R. (2006). Racl mediates intestinal epithelial cell
apoptosis via JNK. Am. J. Physiol. Gastrointest. Liver Physiol. 291, G1137-G1147. doi: 10.
1152/ajpgi.00031.2006

Kim, S.-O., Kim, J., Okajima, T., and Cho, N.-J. (2017). Mechanical properties of
paraformaldehyde-treated individual cells investigated by atomic force microscopy and
scanning ion conductance microscopy. Nano Converg. 4, 5. doi: 10.1186/s40580-017-
0099-9

Kostan, J., Salzer, U., Orlova, A., T6ro, L, Hodnik, V., Senju, Y., et al. (2014). Direct
interaction of actin filaments with F-BAR protein pacsin2. EMBO Rep. 15, 1154-1162.
doi: 10.15252/embr.201439267

Kubiak, A., Zielinski, T., Pabijan, J., and Lekka, M. (2020). Nanomechanics in
monitoring the effectiveness of drugs targeting the cancer cell cytoskeleton. Int.
J. Mol. Sci. 21, 8786. doi: 10.3390/ijms21228786

Kunschmann, T., Puder, S., Fischer, T., Steffen, A., Rottner, K., and Mierke, C. T.
(2019). The small GTPase Racl increases cell surface stiffness and enhances 3D
migration into extracellular matrices. Sci. Rep. 9, 7675. doi: 10.1038/s41598-019-
43975-0

Ladjal, H., Hanus, J.-L., Pillarisetti, A., Keefer, C., Ferreira, A., and Desai, J.
(2009). “Atomic force microscopy-based single-cell indentation: experimentation
and finite element simulation,” in IEEE/RS] International Conference on
Intelligent Robots and Systems (St. Louis, MO, United States), 1326-1332. doi:
10.1109/TR0OS.2009.5354351

Frontiers in Pharmacology

10.3389/fphar.2026.1860702

Lawson, C. D., and Ridley, A. J. (2018). Rho GTPase signaling complexes in
cell migration and invasion. J. Cell Biol. 217, 447-457. doi: 10.1083/jcb.
201612069

Leyden, F., Uthishtran, S., Moorthi, U. K., York, H. M., Patil, A, Gandhi, H., et al. (2021).
Racl activation can generate untemplated, lamellar membrane ruffles. BMC Biol. 19, 72.
doi: 10.1186/s12915-021-00997-3

Li, M., Liu, L., Xiao, X,, Xi, N, and Wang, Y. (2016). Effects of Methotrexate on the
Viscoelastic Properties of Single Cells Probed by Atomic Force Microscopy. J. Biol. Phys. 42,
551-569. doi: 10.1007/s10867-016-9423-6

Mahajan, G., Lee, M.-Y., and Kothapalli, C. (2019). Biophysical and
biomechanical properties of neural progenitor cells as indicators of
developmental neurotoxicity. Arch. Toxicol. 93, 2979-2992. doi: 10.1007/
500204-019-02549-9

Martinez-Sanchez, L. D. C,, Ngo, P. A,, Pradhan, R., Becker, L.-S., Boehringer, D.,
Soteriou, D., et al. (2023). Epithelial RAC1-dependent cytoskeletnn dynamics controls
cell mechanics, cell shedding and barrier integrity in intestinal inflammation. Gut 72,
275-294. doi: 10.1136/gutjnl-2021-325520

Mierke, C. T. (2020). Editorial: biomechanical properties of cells and tissues and their
impact on cellular adhesion and motility. Front. Cell Dev. Biol. 8, 475. doi: 10.3389/fcell.
2020.00475

Mohammadi, E., Tabatabaei, M., Habibi-Anbouhi, M., and Tafazzoli-Shadpour, M.
(2021). Chemical inhibitor anticancer drugs regulate mechanical properties and
cytoskeletal structure of non-invasive and invasive breast cancer cell lines: study of
effects of letrozole, exemestane, and everolimus. Biochem. Biophys. Res. Commun. 565,
14-20. doi: 10.1016/j.bbrc.2021.05.083

Musto, M., Parisse, P., Pachetti, M., Memo, C., Di Mauro, G., Ballesteros, B., et al.
(2021). Shedding plasma membrane vesicles induced by graphene oxide nanoflakes
in brain cultured astrocytes. Carbon 176, 458-469. doi: 10.1016/j.carbon.2021.
01.142

Nguyen, L. K., Kholodenko, B. N., and von Kriegsheim, A. (2016). Racl and RhoA:
networks, loops and bistability. Small GTPases 9, 316-321. doi: 10.1080/21541248.2016.
1224399

Pelin, M., Genova, E., Fusco, L., Marisat, M., Hofmann, U., Favretto, D., et al. (2017).
Pharmacokinetics and pharmacodynamics of thiopurines in an in vitro model of human
hepatocytes: insights from an innovative mass spectrometry assay. Chem. Biol. Interact.
275, 189-195. doi: 10.1016/j.cbi.2017.08.009

Poppe, D., Tiede, 1., Fritz, G., Becker, C., Bartsch, B., Wirtz, S., et al. (2006).
Azathioprine  suppresses ezrin-radixin-moesin-dependent T  Cell-APC
conjugation through inhibition of vav guanosine exchange activity on rac
proteins. J. Immunology Baltim. Md 176, 640-651. doi: 10.4049/jimmunol.176.
1.640

Postema, M. M., Grega-Larson, N. E., Meenderink, L. M., and Tyska, M. J.
(2019). PACSIN2-dependent apical endocytosis regulates the morphology of
epithelial microvilli. Mol. Biol. Cell 30, 2515-2526. doi: 10.1091/mbc.E19-06-
0352

Quan, A., and Robinson, P.J. (2013). Syndapin--a membrane remodelling and endocytic
F-BAR protein. FEBS J. 280, 5198-5212. doi: 10.1111/febs.12343

Ray, R. M., McCormack, S. A., Covington, C., Viar, M. J., Zheng, Y., and Johnson, L.
R. (2003). The requirement for polyamines for intestinal epithelial cell migration is
mediated through Racl. J. Biol. Chem. 278, 13039-13046. doi: 10.1074/jbc.
M208741200

Razidlo, G. L., Wang, Y., Chen, ., Krueger, E. W., Billadeau, D. D., and McNiven, M. A.
(2013). Dynamin 2 potentiates invasive migration of pancreatic tumor cells through
stabilization of the Racl GEF Vavl. Dev. Cell 24, 573-585. doi: 10.1016/j.devcel.2013.
02.010

Ridley, A. J. (2015). Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 36,
103-112. doi: 10.1016/j.ceb.2015.08.005

Seinen, M. L., van Nieuw Amerongen, G. P., de Boer, N. K. H., Mulder, C.].]., van Bezu,
J., and van Bodegraven, A. A. (2016). Rac1 as a potential pharmacodynamic biomarker
for thiopurine therapy in inflammatory bowel disease. Ther. Drug Monit. 38, 621-627.
doi: 10.1097/FTD.0000000000000326

Senigagliesi, B., Samperi, G., Cefarin, N., Gneo, L., Petrosino, S., Apollonio, M., et al.
(2022). Triple negative breast cancer-derived small extracellular vesicles as
modulator of biomechanics in target cells. Nanomedicine 44, 102582. doi: 10.
1016/j.nano.2022.102582

Sens, P., and Plastino, J. (2015). Membrane tension and cytoskeleton organization in
cell motility. J. Phys. Condens. Matter 27, 273103. doi: 10.1088/0953-8984/27/27/
273103

Shin, J.-Y., Wey, M., Umutesi, H. G., Sun, X,, Simecka, J., and Heo, J. (2016). Thiopurine
prodrugs mediate immunosuppressive effects by interfering with Racl protein function.
J. Biol. Chem. 291, 13699-13714. doi: 10.1074/jbc.M115.694422

frontiersin.org


https://doi.org/10.18632/oncotarget.27974
https://doi.org/10.3390/cancers15133379
https://doi.org/10.3390/cancers15133379
https://doi.org/10.1182/blood-2014-07-58760
https://doi.org/10.1182/blood-2014-07-58760
https://doi.org/10.1038/s41467-021-22126-y
https://doi.org/10.1038/s41467-021-22126-y
https://doi.org/10.1371/journal.pone.0166715
https://doi.org/10.1242/jcs.08630
https://doi.org/10.1242/jcs.08630
https://doi.org/10.1038/srep45575
https://doi.org/10.1111/apha.13783
https://doi.org/10.20517/cdr.2019.004
https://doi.org/10.20517/cdr.2019.004
https://doi.org/10.1038/s41397-019-0130-0
https://doi.org/10.1038/s41397-019-0130-0
https://doi.org/10.1136/flgastro-2015-100681
https://doi.org/10.1136/flgastro-2015-100681
https://doi.org/10.1016/j.yexcr.2008.03.015
https://doi.org/10.1038/ng.2653
https://doi.org/10.1101/2024.03.04.583337
https://doi.org/10.1101/2024.03.04.583337
https://doi.org/10.1098/rsos.220607
https://doi.org/10.1152/ajpgi.00031.2006
https://doi.org/10.1152/ajpgi.00031.2006
https://doi.org/10.1186/s40580-017-0099-9
https://doi.org/10.1186/s40580-017-0099-9
https://doi.org/10.15252/embr.201439267
https://doi.org/10.3390/ijms21228786
https://doi.org/10.1038/s41598-019-43975-0
https://doi.org/10.1038/s41598-019-43975-0
https://doi.org/10.1109/IROS.2009.5354351
https://doi.org/10.1083/jcb.201612069
https://doi.org/10.1083/jcb.201612069
https://doi.org/10.1186/s12915-021-00997-3
https://doi.org/10.1007/s10867-016-9423-6
https://doi.org/10.1007/s00204-019-02549-9
https://doi.org/10.1007/s00204-019-02549-9
https://doi.org/10.1136/gutjnl-2021-325520
https://doi.org/10.3389/fcell.2020.00475
https://doi.org/10.3389/fcell.2020.00475
https://doi.org/10.1016/j.bbrc.2021.05.083
https://doi.org/10.1016/j.carbon.2021.01.142
https://doi.org/10.1016/j.carbon.2021.01.142
https://doi.org/10.1080/21541248.2016.1224399
https://doi.org/10.1080/21541248.2016.1224399
https://doi.org/10.1016/j.cbi.2017.08.009
https://doi.org/10.4049/jimmunol.176.1.640
https://doi.org/10.4049/jimmunol.176.1.640
https://doi.org/10.1091/mbc.E19-06-0352
https://doi.org/10.1091/mbc.E19-06-0352
https://doi.org/10.1111/febs.12343
https://doi.org/10.1074/jbc.M208741200
https://doi.org/10.1074/jbc.M208741200
https://doi.org/10.1016/j.devcel.2013.02.010
https://doi.org/10.1016/j.devcel.2013.02.010
https://doi.org/10.1016/j.ceb.2015.08.005
https://doi.org/10.1097/FTD.0000000000000326
https://doi.org/10.1016/j.nano.2022.102582
https://doi.org/10.1016/j.nano.2022.102582
https://doi.org/10.1088/0953-8984/27/27/273103
https://doi.org/10.1088/0953-8984/27/27/273103
https://doi.org/10.1074/jbc.M115.694422
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1860702

Norbedo et al.

Shurin, G. V., Tourkova, I. L., and Shurin, M. R. (2008). Low-dose chemotherapeutic
agents regulate small rho GTPase activity in dendritic cells. J. Immunother. 31, 491-499.
doi: 10.1097/CJ1.0b013e318176fae4

Smid, A., Karas-Kuzelicki, N., Jazbec, J., and Mlinaric-Rascan, 1. (2016).
PACSIN2 polymorphism is associated with thiopurine-induced hematological
toxicity in children with acute lymphoblastic leukaemia undergoing maintenance
therapy. Sci. Rep. 6, 30244. doi: 10.1038/srep30244

Sotodosos-Alonso, L., Pulgarin-Alfaro, M., and del Pozo, M. A. (2023). Caveolae
mechanotransduction at the interface between cytoskeleton and extracellular matrix.
Cells 12, 942. doi: 10.3390/cells12060942

Tiede, I., Fritz, G., Strand, S., Poppe, D., Dvorsky, R., Strand, D., et al. (2003).
CD28-dependent Racl activation is the molecular target of azathioprine in
primary human CD4+ T lymphocytes. J. Clin. Invest 111, 1133-1145. doi: 10.
1172/JCI200316432

van de Kerkhof, E. G., de Graaf, I. A. M., and Groothuis, G. M. M. (2007). In vitro
methods to study intestinal drug metabolism. Curr. Drug Metab. 8, 658-675. doi: 10.
2174/138920007782109742

Frontiers in Pharmacology

16

10.3389/fphar.2026.1860702

van Hoeve, K, and Vermeire, S. (2020). Thiopurines in pediatric inflammatory bowel disease:
current and future place. Paediatr. Drugs 22, 449-461. doi: 10.1007/s40272-020-00411-5

VanDussen, K. L., Stojmirovi¢, A., Li, K, Liu, T.-C,, Kimes, P. K., Muegge, B. D., et al.
(2018). Abnormal small intestinal epithelial microvilli in patients with crohn’s disease.
Gastroenterology 155, 815-828. doi: 10.1053/j.gastro.2018.05.028

Wint, H,, Li, J., Abe, T., Yamada, H., Higaki, T., Nasu, Y., et al. (2023). Pacsin 2-
dependent N-cadherin internalization regulates the migration behaviour of malignant
cancer cells. J. Cell Sci. 136, jcs260827. doi: 10.1242/jcs.260827

Witko, T., Solarz, D., Feliksiak, K., Harazna, K., Rajfur, Z.,and Guzik, M. (2020). Insights
into In Vitro wound closure on two biopolyesters-polylactide and
polyhydroxyoctanoate. Mater. (Basel) 13, 2793. doi: 10.3390/mal13122793

Zudeh, G., Franca, R., Stocco, G., and Decorti, G. (2021). Biomarkers for gastrointestinal
adverse events related to thiopurine therapy. World J. Gastroenterology 27, 6348-6356.
doi: 10.3748/wjg.v27.i38.6348

Zudeh, G, Franca, R, Lucafd, M., Bonten, E. ], Bramuzzo, M., Sgarra, R, et al. (2023).
PACSIN2 as a modulator of autophagy and mercaptopurine cytotoxicity: mechanisms in
lymphoid and intestinal cells. Life Sci. Alliance 6, €202201610. doi: 10.26508/1sa.202201610

frontiersin.org


https://doi.org/10.1097/CJI.0b013e318176fae4
https://doi.org/10.1038/srep30244
https://doi.org/10.3390/cells12060942
https://doi.org/10.1172/JCI200316432
https://doi.org/10.1172/JCI200316432
https://doi.org/10.2174/138920007782109742
https://doi.org/10.2174/138920007782109742
https://doi.org/10.1007/s40272-020-00411-5
https://doi.org/10.1053/j.gastro.2018.05.028
https://doi.org/10.1242/jcs.260827
https://doi.org/10.3390/ma13122793
https://doi.org/10.3748/wjg.v27.i38.6348
https://doi.org/10.26508/lsa.202201610
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1860702

	PACSIN2 regulates mercaptopurine cytotoxicity and cellular biomechanics through Rac1 modulation in intestinal epithelial cells
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Transient transfection
	2.3 Cytotoxicity assay
	2.4 Western blot analysis
	2.5 Immunofluorescence
	2.6 Equipment and setting
	2.7 Sample preparation for G-LISA assay
	2.8 G-LISA assay
	2.9 Cell morphology analysis after drug exposure
	2.10 Biomechanical analysis
	2.11 Statistical analysis

	3 Results
	3.1 Cell line characterization
	3.2 The MP exposure effects on PACSIN2 levels
	3.3 PACSIN2 effects on cytotoxicity of MP and the Rac1 inhibitor NSC23766 in LS180 cells
	3.4 PACSIN2 effects on Rac1 protein expression and activity in LS180 cells
	3.5 PACSIN2 effects on LS180 cells biomechanical properties evaluated by AFM
	3.6 MP and PACSIN2 effects on Rac1 protein expression and activity levels
	3.7 Effects of PACSIN2 and MP exposure on cytoskeleton proteins
	3.8 Effects of MP on biomechanical properties

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


