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Abstract

Introduction: Radioresistance in prostate cancer (PCa) poses a major therapeutic challenge.
Galectin-3 (Gal-3) is overexpressed in aggressive PCa and may contribute to resistance
mechanisms. This study evaluated the role of Gal-3 in radioresistance and assessed the
effect of its pharmacological inhibition using GB1107. Methods: Parental (22RV1-P) and ra-
dioresistant (22RV1-RR) PCa cell lines were treated with GB1107. Western blotting assessed
Gal-3 and Protein Phosphatase 1 alpha (PP1α) expression. Cell viability (PrestoBlue™),
migration (wound assay), and clonogenic survival post-irradiation were evaluated. Sta-
tistical significance was set at p < 0.05. Results: Gal-3 was significantly upregulated in
22RV1-RR cells (p = 0.0237). GB1107 reduced viability and impaired migration in both cell
lines. Radiosensitisation was observed in 22RV1-P cells (p < 0.0001) but was not significant
in 22RV1-RR cells (p = 0.1258). A non-significant increase in PP1α expression was detected
in RR cells. Conclusion: Gal-3 contributes to radioresistance. Further studies are needed to
clarify the role of PP1α and optimise Gal-3-targeted strategies.

Keywords: prostate cancer (PCa); Galectin-3 (Gal-3); GB1107; cancer therapy; radioresistance

1. Introduction
Prostate cancer (PCa) is the second most frequently diagnosed malignancy and the fifth

leading cause of cancer-related deaths in men, with 1.5 million new cases and 397,000 deaths
reported worldwide in 2022 [1]. Diagnosis relies on Digital Rectal Examination (DRE),
Prostate-Specific Antigen (PSA), biopsy, and advanced imaging, though PSA’s limited
specificity has driven the development of novel biomarkers [2–4].

Treatment depends on stage: active surveillance, surgery, external beam radiation
therapy (EBRT), and brachytherapy are standard for localised disease, while advanced
cases require androgen deprivation therapy (ADT), chemotherapy, new hormonal agents,
immunotherapy, or radiopharmaceuticals [4]. Despite advances, castration-resistant PCa
remains incurable, and radioresistance limits EBRT efficacy, with recurrence in up to 40%
of patients [5,6]. Radioresistance is driven by enhanced DNA repair, apoptosis evasion,
AR and PI3K/Akt signalling, checkpoint activation, Epithelial-to-Mesenchymal Transition
(EMT), epigenetic alterations, and hypoxia [7–18]. Clinical strategies such as dose escalation,
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hypofractionation, and radiotherapy (RT)-ADT combinations improve outcomes but do
not prevent progression to castration-resistant PCa stages. Thus, identifying biomarkers
and new targets to overcome radioresistance remains a priority [15,19].

Galectin-3 (Gal-3), a β-galactoside-binding lectin encoded by LGALS3, is upregu-
lated in PCa and correlates with Gleason score and tumour stage [20–24]. Its nuclear-to-
cytoplasmic shift in malignant cells promotes invasion, apoptosis resistance, and poor
outcomes. Gal-3 regulates proliferation, survival, and migration through PI3K/AKT,
MAPK/ERK, and Bcl-2 signalling, while modulating the tumour microenvironment by
suppressing T-cell activity and promoting M2 macrophage polarisation [8,17,25–31]. Phar-
macological or RNAi-mediated Gal-3 inhibition reduces viability, induces apoptosis, and
enhances sensitivity to chemo- and radiotherapy, though most studies remain preclini-
cal. Emerging evidence also links Gal-3 overexpression to a PP1α–p53 regulatory axis in
radioresistant cells (Figure 1) [32–39].

Figure 1. Schematic representation of the molecular interactions between PP1α and p53, and between
p53 and Galectin-3 (Gal-3). PP1α directly dephosphorylates p53 at key serine residues, modulating
its transcriptional activity and stability. In turn, p53 transcriptionally regulates Gal-3 expression.
Created with BioRender.com.

Currently, two pharmacological Gal-3 inhibitors are under investigation: GB1107, a
small molecule, and belapectin, a carbohydrate-based compound [40,41]. GB1107 sup-
presses proliferation, migration, and invasion in PCa cell lines overexpressing Gal-3, while
altering DNA, protein, and lipid profiles, including reducing monounsaturated fatty acids
associated with invasiveness. It also affects glucose/lipid metabolism and inflammatory
pathways, suggesting Gal-3-dependent metabolic reprogramming. Belapectin, a Galectin-3
inhibitor, showed limited antitumour activity as a single agent in preclinical models but
demonstrated enhanced efficacy when combined with immunotherapeutic agents. Given
its prior validation in PCa, GB1107 was selected for this study [41–44].

Based on these previously reported findings, we hypothesise that Gal-3 inhibition
may overcome radioresistance by disrupting survival pathways (e.g., Bcl-2, PI3K/AKT,
MAPK), enhancing radiation-induced cell death, and reducing pro-metastatic features.
This study aims to (i) compare Gal-3 expression in radiosensitive and radioresistant PCa
cells; (ii) evaluate the effects of GB1107 on viability, clonogenic survival, and migration;
and (iii) investigate PP1α expression, given its potential interplay with Gal-3 in DNA
damage response.

Therefore, this study serves as a proof-of-concept investigation. By employing a
matched pair of parental and radioresistant cells, we aim to dissect the functional role of
Gal-3 in radioresistance and evaluate the preliminary efficacy of GB1107 as a radiosensitizer
in an aggressive prostate cancer context.
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2. Materials and Methods
2.1. Cell Lines and Culture Conditions

Two human prostate cancer (PCa) cell lines were used: 22RV1 parental (22RV1-P)—
ATCC, Manassas, VA, USA—and a radioresistant derivative (22RV1-RR). The 22RV1 line
was selected as the study model because it represents castration-resistant prostate cancer
(CRPC), mimicking the aggressive, androgen-independent phenotype often encountered in
the clinical setting where therapeutic resistance is most critical. The 22RV1-RR cell line was
generated at IPO-Porto, as described in [45]. Briefly, 22RV1 parental cells were exposed to a
cumulative radiation dose of 50 Gy [46], delivered as multifractionated irradiation (2.5 Gy
per fraction, 5 fractions per week for 4 weeks), following an RT fractionation scheme, based
on EAU guidelines for PCa treatment [4]. Cells were cultured in RPMI 1640 medium (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% foetal bovine serum
(FBS), 100 IU/mL penicillin, and 100µg/mL streptomycin and maintained at 37 ◦C in a
humidified incubator with 5% CO2.

2.2. Gal-3 Inhibition

GB1107 [43] was used to pharmacologically inhibit Gal-3 activity in prostate cancer
models. GB1107 was reconstituted in DMSO and diluted in culture medium to the final
working concentration immediately before use. Based on previous in vitro studies demon-
strating its efficacy, a concentration of 5 or 10 µM was selected for functional assays [47].

2.3. Protein Expression Analysis (Western Blot)

22RV1 parental and radioresistant cells were lysed with RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific, Waltham, MA, USA) containing protease and phosphatase
inhibitors, and protein concentration was quantified using the Pierce™ BCA Protein Assay
Kit. Equal amounts of protein (25 µg) were separated by SDS-PAGE, transferred to PVDF
membranes (Immobilon-P, Millipore, Burlington, MA, USA), and briefly stained with
Ponceau S and scanned using the ChemiDoc™ system (Bio-Rad Laboratories, Hercules,
CA, USA) to verify transfer efficiency and assess total protein loading. Membranes were
blocked with 5% non-fat dry milk in TBS-T (Tris-buffered saline with 0.1% Tween-20);
cells were incubated overnight with primary antibodies against Galectin-3 (mouse, 1:500;
Santa Cruz Biotechnology, Dallas, TX, USA, Cat# sc-32790) and PP1α (rabbit, 1:100; Cell
Signalling Technology, Danvers, MA, USA Cat# 2582) and then probed with IRDye®-
conjugated secondary antibodies. Protein detection and quantification were performed
with the Odyssey® Imaging System (LI-COR Biosciences, Lincoln, NE, USA), with band
intensities normalised to tubulin. Densitometric analysis was conducted using ImageJ
software (version 1.54g, National Institutes of Health, Bethesda, MD, USA).

2.4. Cell Viability Assay

Cell viability was measured using PrestoBlue™ (Thermo Fisher Scientific) following
the manufacturer’s protocol. Briefly, 22RV1 parental (22RV1-P) and radioresistant (22RV1-
RR) cells were seeded at 5000 cells/well in 96-well plates and incubated for 24 h at 37 ◦C,
5% CO2. After incubation, cells were treated with GB1107 (1, 5 and 10 µM) dissolved in
DMSO or DMSO control for 48 h. PrestoBlue™ (10% v/v) was added and incubated for 1 h,
and fluorescence was measured at wavelengths (excitation/emission) of 560 nm/590 nm.
Background-corrected values were expressed relative to controls, considering the controls
as 100% viability. Data represent at least three independent experiments with five technical
replicates. Statistical analysis was performed using one-way ANOVA (p < 0.05).
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2.5. Cell Wound Healing Assay

22RV1 parental (22RV1-P) and radioresistant (22RV1-RR) cells were seeded in 24-well
plates (1 × 105 cells/well) and grown to confluence. A scratch was made using a sterile
pipette tip, and cells were washed with PBS and incubated in serum-free medium with or
without 10 µM GB1107 for 48 h. Images were captured at 0, 24, and 48 h using an EVOS™
M5000 system, and wound areas were quantified with ImageJ. Percentage wound closure
was calculated relative to 0 h. Experiments were performed in triplicate.

2.6. Clonogenic Assay

Cells were treated with 5 µM GB1107 2 h prior to irradiation to allow for drug uptake.
Cells were exposed to single doses of ionising radiation ranging from 0 to 8 Gy using a
6 MV photon beam generated by a TrueBeam linear accelerator. Irradiation was performed
at room temperature with a dose rate of 600 MU/min and a field size of 25 × 25 cm2.

Twenty-four hours post-irradiation, cells were harvested and re-seeded into 6-well
plates at optimised densities. Cultures were maintained for 7 days to allow for colony
formation. Subsequently, colonies were fixed and stained, and those containing at least
50 cells were counted. The Surviving Fraction (SF) was calculated correcting for the Plating
Efficiency (PE) of non-irradiated controls. Survival curves were fitted using the linear-
quadratic (LQ) model [14].

2.7. Statistical Analysis

All experiments were conducted in triplicate, and results are expressed as mean ± stan-
dard deviation (SD). Data normality was tested with the Shapiro–Wilk test. Comparisons
between two groups were performed using an unpaired Student’s t-test (parametric) or
the Mann–Whitney U test (non-parametric). For more than two groups, one-way ANOVA
with Tukey’s post hoc test (parametric) or the Kruskal–Wallis test with Dunn’s post hoc test
(non-parametric) was applied. Survival curves from clonogenic assays were analysed by
linear regression, with group differences evaluated by ANCOVA. Statistical significance
was set at p < 0.05. Outliers were assessed using Grubbs’ test [48].

All statistical analyses were performed using GraphPad Prism version 10.0.0 for
macOS (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Gal-3 Is Overexpressed in Radioresistant 22RV1 Cells Compared to 22RV1 Parental Cells

To investigate the expression of Gal-3 in radiotherapy-resistant prostate cancer (PCa)
cells (22RV1-RR), a Western blot analysis was performed. The analysis revealed an in-
creased expression of Gal-3 in the radioresistant PCa cell line (22RV1-RR) compared to
the parental 22RV1-P (Figure 2), suggesting an association between Gal-3 upregulation
and radioresistance.

3.2. GB1107 Reduces Cell Viability in Both Parental and Radioresistant 22RV1 Cells

Given the increased Gal-3 expression in radiotherapy-resistant cells, the functional role
of Gal-3 in 22RV1 parental (22RV1-P) and radioresistant (22RV1-RR) cells was evaluated
using the selective inhibitor GB1107. Both cell lines showed reduced viability upon Gal-3
inhibition after 24 h, with significant sensitivity observed at 5 µM and 10 µM (Figure 3).
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Figure 2. (A) Western blot showing the variation in Gal-3 expression between parental cells and cells
exposed to radiotherapy, including a tubulin blot for subsequent normalisation; (B) variation in Gal-3
expression in parental 22RV1 cells and radioresistant 22RV1 cells. Values were normalised to tubulin.
An unpaired t-test was also performed. p-value = 0.0237; n = 3, * < 0.05.

Figure 3. 22RV1-P and 22RV1-RR viability in the presence of Gal-3 inhibitor (GB1107). (A) 22RV1-P
was incubated with different GB1107 concentrations for 24 h. (B) 22RV1-RR was incubated with
different GB1107 concentrations for 24 h. An ANOVA test was performed (untreated was considered
100% viability), ns (non-significant), * < 0.05, **** < 0.0001; n = 3.

3.3. Gal-3 Inhibition Impairs Migration in Both 22RV1 Cell Lines

Following the viability assay, DMSO showed no effect on cell viability, while 10 µM
GB1107 induced the strongest reduction. This concentration was therefore selected for
a wound healing assay to assess the impact of Gal-3 inhibition on cell migration under
four experimental conditions. In this assay, control 22RV1-P cells achieved near-complete
wound closure within 24 h, whereas control 22RV1-RR cells displayed delayed migration,
with significant closure only at 48 h (Figure 4A,B).
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Figure 4. Wound healing assay assessing the effect of GB1107 on prostate cancer cells. (A) Repre-
sentative phase-contrast images of wound closure at 0, 24, and 48 h post-scratch in 22RV1 parental
cells (22RV1-P), 22RV1-P treated with 10 µM GB1107, 22RV1 radioresistant cells (22RV1-RR), and
22RV1-RR treated with 10 µM GB1107. Images were acquired using the EVOS M5000 imaging system.
(B) Quantification of wound closure at 24 and 48 h, expressed as the percentage of closure relative
to 0 h. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using two-way
ANOVA followed by multiple comparisons; * < 0.05, ** < 0.01. 22RV1-P and 22RV1-RR viability in the
presence of Gal-3 inhibitor (GB1107). (C) 22RV1-P was incubated with 10 µM GB1107 concentrations
for 48 h. (D) 22RV1-RR was incubated with 10 µM GB1107 concentrations for 48 h. A t-test was made
(untreated was considered 100% viability). *** < 0.001; n = 3.

These findings indicate that Gal-3 inhibition not only reduces wound regeneration
capacity but also enlarges the wound area, suggesting induction of cell death. The effect
was gradual in parental cells compared to controls, while radioresistant cells showed a
more pronounced impairment in migration and wound closure.

To confirm these results, a PrestoBlue viability assay was performed at the end of the
wound healing experiment. After 48 h of exposure to 10 µM GB1107, both 22RV1-P and
22RV1-RR cells displayed sensitivity (Figure 4C,D).

3.4. Survival Curves Differ upon Gal-3 Inhibition in Parental but Not in Radioresistant
22RV1 Cells

In the clonogenic assay—which measures the ability of individual cells to survive and
form colonies after treatment—parental cells exposed to the Gal-3 inhibitor displayed survival
curves that differed significantly from those of the control group, confirming that Gal-3 inhibi-
tion influences their response to radiation (Figure 5). In contrast, treatment of radioresistant
(RR) cells with 5 µM GB1107 did not significantly affect colony formation compared with
controls, suggesting reduced sensitivity to Gal-3 inhibition at this concentration.

Figure 5. (A) The survival fraction of parental 22RV1 (P) cells, untreated and treated with GB1107
(5 µM), is represented using the linear-quadratic (LQ) model (S = e−(αD+βD2)). p-value < 0.0001. (B) The
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survival fraction of 22RV1-RR cells, untreated and treated with GB1107 (5 µM), is represented by a
single curve using the linear-quadratic (LQ) model (S = e−(αD+βD2)), as no significant difference was
observed between the two conditions (p-value = 0.1258); n = 3.

3.5. PP1α Expression Appears Elevated in Radioresistant Cells

As previously mentioned, PP1α may play a role in the signalling pathways associated
with the acquisition of radioresistance. Moreover, its potential link to Gal-3, possibly me-
diated through p53-dependent mechanisms, makes it a relevant target to explore in this
context. Accordingly, the expression of PP1α was evaluated to determine whether alter-
ations in its levels could be associated with the differential radiation responses observed
between parental and radioresistant cells. A tendency for higher PP1α expression was ob-
served in radioresistant (RR) cells compared with the parental cell line (Figure 6), although
the difference was not statistically significant. This upward trend suggests that PP1α may
be upregulated as part of the cellular response associated with resistance to radiation,
highlighting its potential involvement in the mechanisms underlying this phenotype.

Figure 6. (A) Western blot showing the variation in PP1α expression between parental cells and
radioresistant cells, including a tubulin blot for subsequent normalisation. (B) Variation in PP1α
expression in parental 22RV1 cells and radioresistant 22RV1. Values were normalised to tubulin. An
unpaired t-test was also performed. p-value = 0.227; n = 3; ns (non-significant).

4. Discussion
Understanding the molecular mechanisms underlying radioresistance is crucial for

improving the efficacy of radiotherapy in prostate cancer, as the development of resistant
tumour cell populations remains a major barrier to successful treatment. Given its multi-
faceted roles in cancer biology, Galectin-3 (Gal-3) has emerged as a potential mediator of
cellular adaptation to radiation.

Our findings support this hypothesis, showing that Gal-3 expression is upregulated in
the radioresistant 22RV1-RR cells compared with the parental line. This observation is con-
sistent with previous reports describing Gal-3’s pleiotropic functions in other tumour types,
including its involvement in DNA damage response, apoptosis evasion, and modulation of
the tumour microenvironment [14,48]. Pharmacological inhibition with GB1107 reduced
cell viability and migration in both lines, confirming Gal-3 functional activity (Figure S1).

Our results indicated that GB1107 effectively radiosensitized parental cells but failed
to significantly sensitise the radioresistant (22RV1-RR) subline (Figure 5). Rather than a
methodological failure, we interpret this as a biologically meaningful result. It suggests
that the adaptations driving radioresistance in 22RV1-RR cells—potentially involving deep
metabolic reprogramming or alternative pathway activation—confer a degree of cross-
resistance to Gal-3 inhibition. This implies that in established radioresistant tumours,
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Gal-3 inhibition alone may be insufficient, and combinatorial strategies targeting multiple
survival nodes may be required.

Regarding the molecular mechanism, we observed a trend towards increased PP1α
expression in RR cells (Figure 6). Based on the literature, we propose a hypothetical
model where a PP1α–p53–Gal-3 axis supports resistance, as illustrated in Figure 7 [32,49].
However, we emphasise that our current data is observational and hypothesis-generating.
We did not assess p53 phosphorylation status or conduct knockdown experiments in this
study; thus, this mechanism remains to be experimentally validated.

Figure 7. Hypothetical interaction between PP1α, p53, and Galectin-3 (Gal-3). This schematic illus-
trates the proposed molecular interplay between PP1α, the tumour suppressor p53, and Galectin-3
(Gal-3) in the context of prostate cancer radioresistance. Created with BioRender.com.

To place our findings in a clinical context, Gal-3 should be viewed alongside other
emerging biomarkers of aggressiveness. Recent research highlights the utility of histopatho-
logical ratios and specific molecular signatures (e.g., PD-L1, H19) in predicting progno-
sis [50–53]. Integrating Gal-3 assessment via immunohistochemistry could further refine
risk stratification, identifying patients with a high-risk profile who might require intensified
initial therapy.

Clinically, the management of radioresistant prostate cancer remains challenging, with
limited salvage options often restricted to systemic therapies with significant side effects.
The ability to predict resistance before treatment would be invaluable. In this context,
immunohistochemistry (IHC) for Gal-3 could serve as a practical tool for pathologists.
Gal-3 is readily detectable by IHC in biopsy specimens; however, its specific utility in
predicting radioresistance requires standardisation of scoring systems and validation in
prospective cohorts.

As a proof-of-concept study, findings should be validated across multiple cell lines and
in vivo models. In this study, we focused on the 22RV1 model due to its relevance as a proxy
for castration-resistant disease (CRPC). While the use of a single isogenic pair (parental vs.
radioresistant) limits the generalizability of the results, it allows for a controlled evaluation
of acquired resistance mechanisms within a specific genetic background. Future studies
should extend this work to other models (e.g., PC-3, DU145) and patient-derived xenografts
to confirm the universality of Gal-3 as a target.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/therapeutics3010007/s1. Figure S1: Schematic illustration of the
proposed effects of Gal-3 inhibition in 22RV1-RR cells.
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