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Background and purpose: Despite advances in immunotherapy, doxorubicin (Dox)
chemotherapy is still the irreplaceable first-line therapy for solid tumours such as
breast cancer. However, chemotherapy resistance is the major limiting factor, requir-
ing the use of high doses of Dox to achieve the anti-tumour actions, often leading to
severe side effects. Unravelling the mechanisms behind chemoresistance and identi-
fying potential biomarkers for mitigating this resistance could enhance current treat-
ment strategies and improve patient outcomes.

Experimental approach: We developed human 3D breast cancer spheroids (HBCSs)
as a model that closely mimics in vivo tumour structure and microenvironment. Given
that hypoxia and elevated levels of the angiogenic cytokine, prokineticin-2 (PK2), are
associated with chemoresistance to antiangiogenic therapy, we explored the effect
of a hypoxia-inducible factor (HIF-1a) inhibitor on viability defect in HBCSs and the
levels of PK2 in the conditioned medium following Dox treatment. We also assessed
levels of HIF-1a, active caspase-3, TUNEL and reactive oxygen species (ROS), and
CD73 enzymatic activity in HBCSs.

Key results: Results showed that HIF-1a inhibitor increased viability defect in the
Dox-resistant HBCSs. Interestingly, at higher Dox concentrations, chemoresistance
was mitigated independently of HIF-1a and promoted apoptosis and ROS accumula-
tion, which were correlated with PK2 release.

Conclusions and implications: Our findings provide the first evidence that PK2 may
serve as a predictive pharmacodynamic marker, offering a potential strategy to over-

come drug resistance in targeted cancer therapy.
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Abbreviations: Bcl-2, B-cell lymphoma 2 (an anti-apoptotic protein); CD73, Cluster of differentiation 73 (also known as ecto-5'-nucleotidase); DAPI, 4’,6-Diamidino-2-Phenylindole (a fluorescent
stain that binds strongly to DNA); DHR-123, Dihydrorhodamine 123 (a fluorescent probe used to detect reactive oxygen species); Cas3, Caspase-3; Dox, Doxorubicin; EC, Endothelial cell; FB,
Fibroblast; GFP, Green fluorescent protein; GLUT-1, Glucose transporter 1; GUSB, Beta-glucuronidase; HBCSs, Human breast cancer spheroids; HIF-1a, Hypoxia-inducible factor 1-alpha; HIF-
1B, Hypoxia-Inducible Factor 1-beta; KC7F2, N,N’~(2,5-Dichlorosulfonyl) cystamine an inhibitor of HIF-1a; OTC, Optimal cutting temperature compound; p53, Tumour protein p53 (also known
as TP53); PK2, Prokineticin-2; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick-end labelling; ULA, Ultra-low attachment.
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1 | INTRODUCTION

Over the past decade, the burden of non-communicable diseases,
including cancers, has increased because of population ageing, urbani-
sation and physical inactivity. Cancer is now the second leading cause
of death worldwide. According to the GLOBOCAN report, solid
tumours such as breast cancers are the most prevalent, accounting for
11.7% of all new cancer cases worldwide (Sung et al., 2021). Despite
recent advances in therapeutic strategies, cytotoxic agents such as
anthracyclines remain common first-line treatments for these solid
tumours (Nebigil & Désaubry, 2018). In fact, doxorubicin (Dox), the
prominent anthracycline, is currently considered as the most effective
combination adjuvant drug for treating breast cancer, particularly
triple-negative  breast cancer (Hernandez-Aya & Gonzalez-
Angulo, 2013; Shi et al., 2018). Dox induces cell death through various
intracellular interactions, including the generation of reactive oxygen
species (ROS) and DNA-double-strand breaks, inhibition of
topoisomerase Il and histone eviction (Kciuk et al., 2023). However,
Dox has been found to promote resistance by supporting tumour
growth and metastasis in 20-30% of patients (Chen et al., 2023;
Lovitt et al., 2018; Pan et al., 2021).

Increasing Dox concentrations to counteract chemoresistance
and achieve effective therapeutic outcomes can result in undesirable
side effects such as cardiotoxicity, which worsen clinical outcomes
(Dulf et al., 2023). Therefore, understanding the mechanisms underly-
ing the development of chemoresistance is crucial to improve patient
prognosis and survival through optimised therapeutic strategies.

Resistance to Dox can arise from either acquired or intrinsic
mechanisms. Some of the investigated mechanisms include defects in
tumour suppressor p53 (Aas et al., 1996), activation of the mitogen-
activated protein kinase (MAPK)/extracellular-signal-regulated kinase
(ERK) and phosphoinositide 3-kinase (PI3K)/Akt pathway (Christowitz
et al, 2019), the overexpression of efflux pumps such as P-
glycoprotein (Mechetner et al., 1998), the epithelial-mesenchymal
transition process (Ponnusamy et al., 2017) and the development of
hypoxia (Doublier et al., 2012; Fourie et al., 2022).

Hypoxia is a key factor in reducing the sensitivity of solid tumours
to chemotherapy, radiotherapy and immunotherapy because of the
hypoxia-inducible factor-1 (HIF-1) complex (Fan et al., 2023). As a
central component of hypoxic adaptation, this complex promotes the
transcription of genes involved in tumour growth and vascularisation,
stromal cell recruitment, extracellular matrix remodelling, cell motility
and metastasis (Semenza, 2016). As a result, hypoxia is considered the
driving force behind chemoresistance in solid tumours (Bouleftour
et al., 2021). Numerous preclinical studies have identified the HIF-1
complex as potential tumour-specific target for sensitising cancer cells
to chemotherapeutic agents (Doublier et al., 2012; Li et al., 2006;
Song et al., 2006; Zhou et al., 2023). Additionally, alternative angio-
genic pathways have been implicated in the development of resis-
tance to certain chemotherapeutics such as anti-VEGF treatments in
cancers (Haibe et al, 2020). The up-regulation of proangiogenic
cytokine, prokineticin 2 (PK2), has been shown to mediate myeloid

cell-dependent tumour angiogenesis (Shojaei et al., 2007) and is

What is already known?

o Triple negative breast cancer patients may develop drug
resistance after exposure to neoadjuvant chemotherapy
e They may eventually die from tumour recurrence or

metastasis.

What does this study add?

e We identify mechanisms for reversal of doxorubicin-
induced chemotherapy resistance and establish a phar-
macodynamic biomarker, prokineticin-2.

o ROS-dependent DNA damage can help overcome doxo-

rubicin resistance in breast cancer spheroids.

What is the clinical significance?

e These findings support the clinical potential of
prokineticin-2 as a biomarker for overcoming
chemoresistance.

e This suggests more effective therapeutic strategies and

improving patient survival in breast cancer.

associated with refractoriness to anti-VEGF therapy (Shojaei
et al., 2009). Indeed, PK2 via its receptor (PKR;) promotes angiogene-
sis in cardiac endothelial cells (ECs) and the anti-oxidative pathway in
response to Dox-mediated accumulation of ROS in cardiomyocytes
(Gasser et al., 2019). Although, Dox is a very potent cytotoxic agent in
cardiomyocytes, cardiac, endothelial, progenitor cells (Gasser
et al., 2019) and the cancer EC system (Zhang et al., 2002), the poten-
tial association between PK2 production in cancer and development
of Dox-mediated resistance has not yet been studied.

However, much of our current understanding of cancer biology is
derived from in vitro studies on two-dimensional (2D) cultures. Previ-
ous research has demonstrated that Dox can induce apoptosis and
the development of resistance in 2D cultures of solid cancers, includ-
ing breast cancer MDAMB231 and MCF7 cell lines (Badinloo &
Esmaeili-Mahani, 2014; Wang et al., 2004; Yeh et al., 2004). However,
the interaction between cancer cells and their surrounding stromal
cells, such as fibroblasts, immune and ECs, have been shown to regu-
late various features of tumour growth and drug resistance (Bissell &
Radisky, 2001). The development of multicellular tumour spheroids
has partially addressed the limitation of 2D cultures, enabling better
prediction of the in vivo efficacy of various chemotherapeutic agents
(Mehta et al., 2012).

Building on this evidence, we used multicellular spheroids, com-
posed of cancer cells, fibroblasts and ECs, as a model for breast can-

cer. We treated these 3D spheroids with varying concentrations of
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Dox to assess the 3D model's ability to recapitulate the in vivo tumour
response to treatment. Our goal was to study the mechanism involved
in overcoming hypoxia-mediated chemoresistance and to identify

potential biomarkers of the counteracting response to the resistance.

2 | METHODS

21 | Materials

The human breast cancer cell line, MDAMB231 (RRID: CVCL_0062),
and its complete medium were obtained from the Integrated Struc-
tural Biology Platform of the IGBMC (Strasbourg, France). Green fluo-
rescent protein (GFP)-expressing human umbilical vein ECs
(PELOBiotec Cat# PB-CAP-0001GFP), human pulmonary fibroblasts
(FBs, PELOBiotec Cat# PB-CH-450-0811) and the respective growth
media were purchased from PELObiotech GmbH (Planegg, Germany).
T75 flask was from Corning (New York, USA), whereas 96-well ultra-
low attachment (ULA) plate was purchased from S-bio (Hudson, New
Hampshire, USA). The CellTiter Glo 3D cell viability kit was from Pro-
mega (Madison, WI, USA). White-opaque 96-well plates (Nunc), Opti-
mal Cutting temperature (OTC) compound, SuperFrost plus slides,
DAPI (Invitrogen) and Trizol reagent were obtained from Thermo-
Fisher Scientific (Waltham, USA). Doxorubicin hydrochloride (Dox),
KC7F2, Triton X-100, bovine serum albumin (BSA), Eukitt, sucrose,
CaCl,, Tris-maleate buffer, AMP, Pb (NOg),, MnCl,, Dextran T250,
(NH4),S and dihydrorhodamine-123 (DHR-123) were from Sigma-
Aldrich (Merck group, Darmstadt, Germany); TACS-2 TdT-DAB in situ
apoptosis detection kits were from R&D Biotechne (Minneapolis, MN,
USA), and fluoromount was from lbidi GmbH (Grafelfing, Germany).
Enzyme-linked immunosorbent assay (ELISA) kits for PK2 were pur-
chased from Cloud-clone Corp (Katy, TX, USA).

2.2 | Generation of cancer spheroids

Human breast cancer cell line, MDAMB231 (triple-negative breast
cancer), kindly donated by the Integrated Structural Biology Platform
of the IGBMC (Strasbourg, France), was cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium without HEPES with 10%
fetal calf serum (FCS) and 40 pg mi~! gentamycin. GFP-expressing
human umbilical vein ECs and human pulmonary fibroblasts (FBs)
were seated in the respective growth media. All cells were cultured
separately in T75 flasks at 37°C and 5% CO,. When 80% confluence
was reached, cells were detached using diluted trypsin solution, trans-
ferred to 50 ml tubes, centrifuged at 300 x g for 5 min, resuspended
in the correct medium and counted using an automated haemocyt-
ometer (Bio-Rad, Hercules, CA, USA). Maximus passage number
10 was used for ECs and FBs.

To generate breast cancer spheroids, MDAMB231 cells were cul-
tured with FBs and ECs at a ratio of 1:2:2, in 200 pl of spheroid
medium per well in a 96-well ultra-low attachment (ULA) plate.
MDAMB231/FB/EC spheroid medium was prepared by mixing
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MDAMB231 medium with both human FB and EC growth medium in
a ratio of 1:2:2 (Yakavets et al., 2020; Yu et al., 2021). Plates were
kept at 37°C and 5% CO, and spheroid morphology were observed
daily for 7 days using EVOS XL core microscope (ThermoFisher Scien-

tific, Waltham, USA) until spheroid maturation was achieved.

2.3 | Treatments

Breast cancer spheroids were exposed to various increasing concen-
trations (1-3-10-30-100-300-400 uM) of Dox hydrochloride for
72 h at 37°C in a humidified incubator with 5% CO,. The 50 uM HIF-
1o translation inhibitor (KC7F2) was added simultaneously with Dox
in the Dox + HIF-1« inhibitor group while fresh spheroid medium was
used for the control group (Vehicle). KC7F2 was selected as a cell-
permeable HIF-1a inhibitor because it selectively suppresses cellular
HIF-1a, but not HIF-1f, protein synthesis without affecting HIF-1a
mRNA transcription or HIF-1a protein stability, and it reduces HIF-
la-dependent pro-survival genes.

2.4 | Viability assay

The spheroid viability was determined using the CellTiter Glo 3D cell
viability assay according to the manufacturer's instructions. In brief,
spheroids were transferred into white-opaque 96-well plates (Nunc)
with 100 ul of conditioned culture medium. An equal volume of
CellTiter-Glo 3D reagent was added to each well. The plates were pro-
tected from light and shaken for 7 min to induce spheroid lysis. After,
the samples were incubated at room temperature for 25 min to stabilise
the bioluminescent signal and the amount of ATP was measured using a
luminometer (1450 MicroBeta TriLux, PerkinElmer, USA).

2.5 | Real-time quantitative polymerase chain
reaction (PCR)

Total RNA was extracted from 20 spheroids per group, using Trizol
reagent, and 400 ng of RNA was reverse transcribed to cDNA using
reverse transcriptase (Vazyme, Red Maple Hi-tech Industry Park, Nan-
jing, PRC, China). Real-time quantitative PCR (RT-PCR) was performed
using the SYBR Green | real-time detection kit on a XX Detection Sys-
tem (Bio-Rad, Hercules, CA, USA). The relative gene expression was

normalised to GUS X. The primers were listed in Table 1.

2.6 | Immunofluorescence

After treatments, spheroids were collected and embedded in Optimal
Cutting temperature (OTC) compound and stored at —80°C. Spheroid
sections (10 um) were cut on a cryostat (Leica CM3050S, Germany),
mounted on SuperFrost plus slides and dried at room temperature

before immunolabelling.
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TABLE 1  Primers.
Gene Forward Reverse
Vimentin 5-CCACGAAGAGGAAATCCAGGAG-3' 5-TACCATTCTTCTGCCTCCTGC-3’
GLUT1 5-GGCCAAGAGTGTGCTAAAGAA-3' 5-ACAGCGTTGATGCCAGACAG-3'
Bcl2 5-GGAGGATTGTGGCCTTCTTT-3' 5-GCCCAATACGACCAAATCCGTTGA-3'
Cas3 5-TTAATAAAGGTATCCATGGAGAACACT-3' 5-TTAGTGATAAAAAAGAGTTCTTTTGTGAG-3'
TABLE 2 Primary and secondary antibodies used for immunofluorescence labelling.
Antibody Clonality Host Dilution Source Cat# RRID
HIF-1a Polyclonal Rabbit 1ugml~! Atlas HPAO00907 AB_2666139
Active caspase 3 Polyclonal Rabbit 1:1000 Sigma-Aldrich  C8487 AB_476884
Anti-rabbit 1gG (H + L) Highly cross-adsorbed secondary Polyclonal Donkey 5pgml™! Invitrogen A-31573 AB_2536183
antibody, Alexa Fluor™ 647 secondary

The pre-warmed spheroid sections were fixed in 4% parafor-
maldehyde (PFA) for 15 min at 4°C and washed three times with
1X PBS (10 min each). After incubation in blocking solution (con-
taining 0.1% Triton X-100 and 1% bovine serum albumin [BSA] in
1X PBS) for 1 h at room temperature, the slides were treated over-
night at 4°C with the primary antibodies (Table 2) diluted in block-
ing solution. All the primary antibodies solutions were maintained
at —20°C and re-used maximum 2 times. The spheroid cryosections
were rinsed three times (10 min each) in 1X PBS, followed by incu-
bation in the dark with secondary antibody in 1X PBS (Table 2) for
1h at room temperature. Secondary antibody solutions were
freshly prepared for each experiment, and control experiments in
the absence of the primary antibodies were performed to check
the secondary antibody signal and Dox autofluorescence. After
washing three times in 1X PBS (10 min each), nuclei were immuno-
labelled with DAPI (1:50000, in 1X PBS) and slides were mounted
with Fluoromount. Images were acquired through the 10X and 63X
oil immersion objective on the Zeiss Axio Imager M2 microscope at
the PIC-STRA UMS38 platform (CRBS, INSERM, Strasbourg,
France) and analysed offline using FlJI software (National Institutes
of Health, USA).

2.7 | Enzymatic activity assay

The activity of 5'-ectonucleosidase (NT5E, also known as CD73) was
assessed using the slightly modified method of Wachstein and Meisel
(1957) described by Braun et al. (2000). Briefly, pre-warmed spheroid
cryosections were fixed in 4% PFA for 15 min at 4°C, washed three
times and incubated for 30 min at room temperature in Tris-
maleate-sucrose (TMS) buffer (containing 0.25 M sucrose, 2 mM
CaCl, in 50 mM Tris-maleate buffer, pH 7.4). The enzymatic reaction
was performed by incubating the slides with 200 uM AMP in TMS
buffer supplemented with 2 mM Pb (NO3),, 5mM MnCl, and 3%
Dextran T250 for 2 h at room temperature. In control experiments

(not shown), the substrate was omitted from the incubation solution.

Nucleotide hydrolysis resulted in the precipitation of orthophosphate
lead, which was visualised in situ by incubating the sections in an
aqueous solution of 1% (NH4),S. Subsequently, all sections were
counterstained with 1% methyl green, dehydrated in an increasing
proportion of ethanol and xylene and mounted with Eukitt. Images
were acquired at 10X magnification using the Zeiss Axio Imager M2
microscope at the PIC-STRA UMS38 platform (CRBS, INSERM, Stras-
bourg, France).

2.8 | TUNEL apoptosis assay
To analyse the apoptosis induced by Dox treatment, spheroid cryo-
sections were stained using TACS-2 TdT-DAB In Situ Apoptosis

Detection, following the manufacturer's instructions.

2.9 | ROS detection

ROS production was assessed by a spectrofluorometric measurement
of rhodamine-123 (RDH-123) at 534 nm, after excitation at 505 nm
(Bueb et al., 1995). Briefly, after 72 h of treatments, spheroids were
starved, exposed to 5uM dihydrorhodamine-123 (DHR-123) and
incubated at 37°C for 30 min in the dark. To measure the DHR-123
relative fluorescence units, spheroids were rapidly transferred in a
96-well flat bottom black plate with fresh medium, and fluorescence

was read by a Bio-rad reader (Hercules, CA, USA).

210 | ELISA

At the end of the Dox treatment, the spheroid-conditioned medium
was collected in microtubes on ice, centrifuged at 500 x g for 5 min
at 4°C to remove cell debris, transferred to new microtubes and
stored at —80°C until the ELISA assay was performed. A commercial

ELISA kit for PK2 based on a competitive inhibition enzyme
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immunoassay technique was used to quantify the release of PK2 in
the spheroid-conditioned medium and was performed according to

the manufacturer's instructions.

2.11 | Statistical methods and experimental rigour

Experimental design and analysis adhere to the British Journal of Phar-
macology (BJP) guidelines on preclinical pharmacology research (Curtis
et al., 2025). Group sizes (n = 5 biological replicates per condition for
statistical analysis) were calculated a priori using G*Power 3.1.9.6,
with a = 0.05, power = 0.80, effect sizes based on Saitoh and Nagase
(2018), and estimated outcome variability. Experimental units were
randomly assigned to groups using block randomisation, and investi-
gators were blinded to group assignments, phenotypes and treat-
ments. Data are presented as individual values with mean + SEM. All
data were acquired from at least 3-5 independent experiments with
technical replicates (>3-20 spheroids per experiment). Normality was
assessed by the Shapiro-Wilk test. Statistical analysis was carried out
only where the number of independent experiments was 5 or more.
For experiments where n<5, statistical analysis was not carried out
and results should be regarded as preliminary. Where data were
approximately normally distributed, one- or two-way analysis of vari-
ance (ANOVA) followed by Bonferroni's post hoc tests was applied
for multiple comparisons; when required, non-parametric alternatives
were used. Post-hoc tests were run only if F achieved P<0.05 and

(a) (b)
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there was no significant variance inhomogeneity. Statistical signifi-
cance was defined as P < 0.05. ELISA and viability data were normal-

ised to the control baseline to reduce technical variability.

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, and are
permanently archived in the Concise Guide to PHARMACOLOGY
2023/2024 (Alexander, Christopoulos, Davenport, Kelly, Mathie,
Peters, Veale, Armstrong, Faccenda, Harding, Davies, et al., 2023;
Alexander, Fabbro, Kelly, Mathie, Peters, Veale, Armstrong, Faccenda,
Harding, Davies, Amarosi, et al., 2023; Alexander, Fabbro, Kelly,
Mathie, Peters, Veale, Armstrong, Faccenda, Harding, Davies, Annett,
et al, 2023; Alexander, Kelly, Mathie, Peters, Veale, Armstrong,
Buneman, Faccenda, Harding, Spedding, Cidlowski, et al., 2023).

3 | RESULTS

3.1 | Evaluation of Dox efficacity in the 3D breast
cancer spheroids

The experimental scheme is illustrated in Figure 1a. MDAMB231 cells,

ECs and FBs were co-cultured to mimic in vivo tumour organisation

Day 1 2 3 4 5 6 7
2D ~
culture MDAMB231 FB EC . . . . . ‘ '
20%| 40% 40%|» 10,000 cells T = &= == e o T
10,000 cells per 200pL
3D cell y co-culture media (c)
co-culture
150 * .
Soheroid formati * Vehicle
\— pheroid rormation
7 days and maturation S o ¢ Doxorubicin
............................................................. = 100 °
2 EXPERIMENTAL GROUPS: ! t 100

: « Vehicle ' 2
H « Doxorubicin =

Drug : \ « Doxorubicin + k)

tremems HIF-1a inhibitor g 50 m
el ~ b Tl : T m
Conditioned Spheroids CTRL 1 10 30 100 300 400
media ' : Doxorubicin concentration (uM)
FIGURE 1 Effect of Doxorubicin (Dox) on viability of breast cancer spheroids. (a) Experimental outline. (b) Daily images showing spheroid

growth. Scale bar = 200 uM. (c) Results of the CellTiter-Glo 3D cell viability assay, which measures ATP content as an indicator of viable cells, in
MDAMB231/FB/EC spheroids after 72h of Dox exposure. Data were analysed using one-way ANOVA followed by Bonferroni's multiple
comparison post hoc test. Results are expressed as percentage + SEM of four spheroids per group from n = 5 independent experimental settings.
Statistical significance was set at *P < 0.05 versus vehicle group (control, CTRL) and P < 0.05 versus 3 uM Dox-treated spheroids. (P < 0.0001, all
Dox-treated groups vs vehicle group; P < 0.0001, 1-10 uM-30 uM-300 uM and 400 uM Dox-treated spheroids vs 3 uM Dox-treated samples;
P = 0.0031, 100 uM Dox-treated spheroids vs 3 uM Dox-treated samples). EC, Endothelial cell; FB, Fibroblast.
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and replicate the tumour microenvironment. Spheroid growth was
monitored daily, as shown in Figure 1b. To determine the response of
our heterocellular breast cancer spheroids (HBCSs) to Dox treatment,
we assessed their viability after 72 h of exposure to increasing con-
centrations of Dox (1-3-10-30-100-300-400 pM). A statistically
significant reduction in spheroid viability was observed at all tested
Dox concentrations (Figure 1c). A concentration of 1 uM Dox caused
a modest reduction (approximately 10%) in spheroid viability, while
3 uM Dox led to a 60% decrease in spheroid survival compared to
untreated controls. Interestingly, Dox concentrations between 10 and
100 pM resulted in less pronounced viability defects than 3 uM Dox,
suggesting the emergence of development of partial chemoresistance.

(a)

This reduced sensitivity was significantly overcome at higher Dox
concentrations (300 and 400 uM). Thus, our 3D model provides a
more accurate representation of breast cancer physiology and enables

the investigation of Dox cytotoxicity.

3.2 | Doxorubicin-induced hypoxia promotes
resistance in 3D spheroid breast cancer model

The development of chemoresistance can be either constitutive or
acquired, involving various mechanisms (Mattioli et al., 2023). It is
widely accepted that hypoxia drastically reduces chemosensitivity in a
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FIGURE 2 Counteracting the Doxorubicin (Dox)-mediated chemoresistance by a HIF-1« inhibitor in breast cancer spheroids. (a) Results of
CellTiter-Glo 3D cell viability assay in MDAMB231/FB/EC spheroids after 72 h of Dox exposure in the presence and absence of a HIF-1a
inhibitor. Data were analysed by one-way ANOVA or 2-way ANOVA followed by Bonferroni's Multiple Comparison Test. Results are expressed
as percentage + SEM of four spheroids per group and three spheroids per group from five independent experimental settings for Dox and Dox
+ HIF-1a inhibitor treatment, respectively. Statistical significance was set at *P < 0.05 for Dox + HIF-1a inhibitor groups versus vehicle (control,
CTRL) and P < 0.05 for Dox + HIF-1a inhibitor groups versus Dox-treated spheroids, comparing same Dox concentrations. (P < 0.0001, all Dox
+ HIF-1« inhibitor groups vs vehicle; P < 0.0001, 1 uM Dox + HIF-1« inhibitor vs 1 uM Dox-treated spheroids; P < 0.0001 for 10 uM Dox

+ HIF-1a inhibitor vs 10 uM Dox-treated spheroids; P < 0.0001, 30 uM Dox + HIF-1a inhibitor vs 30 uM Dox-treated spheroids; P < 0.0001,
100 puM Dox + HIF-1a inhibitor vs 100 uM Dox-treated spheroids; P = 0.0057, 300 uM Dox + HIF-1« inhibitor vs 300 uM Dox-treated
spheroids). (b) Relative mRNA expression levels of HIF-1a-regulated genes such as Vimentin, GLUT1, Bcl2 and Caspase-3 (Cas3) were assessed
by RT-PCR in pooled HBCSs. Spheroids were treated with increasing concentrations of Dox (3, 10, 30 and 100 uM), and gene expression was
normalised to vehicle-treated controls. Each dot in the scatter plots represents the average of technical duplicates + SEM from four independent
experiments with technical replicates (20 spheroids per condition). Vimentin expression increased in a dose-dependent manner at higher Dox
concentrations (from 10 to 100 uM); GLUT1 mRNA levels were consistently elevated across all Dox-treated groups; Bcl2 expression showed a
progressive increase with rising Dox doses (from 3 up to 100 uM) while Cas3 levels were enhanced at low (3 and 10 uM) and high (100 uM) Dox
concentrations, with no apparent change after 30 uM Dox treatment. EC, Endothelial cell; FB, Fibroblast
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variety of tumour cells (Song et al., 2006; Wartenberg et al., 2003).
Additionally, chemotherapeutic drugs such as Dox can induce the
expression of HIF-1a in normoxic 2D tumour cells, thereby limiting
their own effectiveness (Cao et al., 2013). To investigate whether the
resistance observed in our 3D model might be mediated by Dox-
induced hypoxia, we examined the effect of blocking HIF-1a transla-
tion with the inhibitor KC7F2 on the viability of Dox-treated
spheroids.

In the presence of KC7F2, 10, 30 and 100 uM Dox significantly
further decreased viability by 29.7%, 33.5% and 39.3%, respectively.
Additionally, inhibition of HIF-1a resulted in a 35.4% reduction in via-
bility in spheroids treated with 300 uM Dox, without significantly
affecting the survival of those treated with 3 or 400 uM Dox
(Figure 2a).

Furthermore, HIF-1a-targeted prosurvival genes, including the
invasion marker vimentin (VIM) (Zhao et al, 2024), the metabolic
marker glucose transporter-1 (GLUT1) (Liu et al., 2022) and the anti-
apoptotic marker Bcl2 (McAleese et al., 2021), were up-regulated in
HBCSs treated with Dox at concentrations ranging from 10 to
100 puM, confirming HIF-1a elevation during hypoxia (Figure 2b).
Interestingly, Caspase-3 expression was markedly elevated under
these hypoxic conditions, indicating an impaired balance between
apoptotic and anti-apoptotic gene regulation.

These findings suggest that exposure of cancer spheroids to Dox
at concentrations between 10 uM to 100 uM promotes a hypoxia-
mediated HIF-1a-dependent mechanism of chemoresistance. This
resistance was alleviated by inhibiting HIF-1a, which sensitised the

cancer spheroids to Dox's cytotoxic effects.
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3.3 | Doxin high concentrations promotes
sustained HIF-1« levels in breast cancer spheroids

To determine whether spheroids remained in a hypoxic state after
treatment with high concentrations of Dox (100, 300 and 400 uM),
we evaluated HIF-1a protein levels by immunostaining spheroid cryo-
sections with a HIF-1a antibody (pink), while DAPI (blue) was used to
label the nuclei (Figure 3a). Surprisingly, a dose-dependent increase in
HIF-1a protein expression was observed in MDAMB231/FB/EC
spheroids treated with high concentrations of Dox compared to
untreated controls (vehicle group) (Figure 3b).

To further evaluate whether downstream pathway of HIF-1a was
affected, we measured CD73 activity, as an alternative to evaluating
HIF-1a-regulated gene expression via RT-PCR, which was influenced
by Dox toxicity within this dose range. After translocating to the
nucleus, HIF-1a enhances the transcription and activity of various tar-
get genes, including CD73 (Lee et al., 2019), a purinergic ectoenzyme,
degrading ATP into adenosine (Synnestvedt et al., 2002). Our findings
revealed that CD73 activity in cryosections of breast cancer spheroids
increased in a concentration-dependent manner after 72 h of expo-
sure to high Dox concentrations. This was indicated by intensified
dark staining in MDAMB231/FB/EC spheroids compared to
untreated controls (Figure 3c).

Our data suggest that high concentrations of Dox counteract resis-
tance at increased hypoxia and the HIF-1a-dependent chemoresistance
pathway in cancer spheroids. We hypothesised that high concentrations
of Dox may activate multiple cytotoxic pathways to overcome che-

moresistance, albeit at the cost of elevated HIF-1« levels.
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FIGURE 3 Hypoxia-mediated pathway in Doxorubicin (Dox) chemoresistance in breast cancer spheroids. (a) Representative images of HIF-1a
staining (pink) in cryosectioned MDAMB231/FB/EC spheroids. Enlarged areas are shown in the inserts within the merged images. Scale bars:
200 and 50 pm. (b) Relative quantification of HIF-1a protein expression. Following Dox treatment, a notable increase of HIF-1a protein
expression was detected (29.36%, 87.42% and 86.83% in 100, 300 and 400 uM Dox-treated HBCSs vs untreated controls, respectively).

(c) Representative images showing the histochemical localisation of CD73 enzymatic activity in breast cancer spheroid cryosections,
counterstained with 1% methyl green (n = 3 independent experimental settings, three spheroids per group for each experiment). The red/brown
signal indicates active ADP hydrolysis, used as the reaction substrate, and is not attributed to specific cellular elements. Enlarged areas are shown
in the inserts within the merged images. Scale bars: 200 and 50 um. CTRL, control; EC, Endothelial cell; FB, Fibroblast
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FIGURE 4 The high concentration of Doxorubicin (Dox) induces both mitochondrial and nuclear apoptosis. (a) Representative images and
(b) relative quantification of active Caspase-3 (Cas3) staining in HBCSs. Enlarged areas are shown in the inserts within the merged images. Scale
bars: 200 and 50 um. Results are expressed as the percentage of active Cas3-positive cells (green) relative to the total number of DAPI-positive
cells (blue) per area (um?) + SEM. Each dot of the scatter dot plot represents the mean of four preselected areas per section of three spheroids
per group from three independent experimental settings. An increase of 82.47%, 119.7% and 114.65% in Cas3 protein expression was detected
in 100, 300 and 400 uM Dox-treated Human breast cancer spheroids (HBCSs) versus untreated controls (CTRL), respectively. (c) Representative
images of HBCS cryosection stained by TUNEL assay and counterstained by 1% methyl green (n = 3 independent experimental settings, three
spheroids per group for each experiment). Red/brown signal indicates apoptotic cells. Inserts within the merge pictures are enlarged areas. Scale

bars: 200 and 50 um.

3.4 | Overcoming Dox-resistance in breast cancer
spheroids through induction of mitochondrial and
nuclear apoptosis

To investigate whether high concentration of Dox-mediated viability
defect is because of mitochondrial apoptosis, we stained spheroid
cryosections with the antibody against cleaved caspase-3 (Cas3,
green), an activated protease of the apoptotic cascade (Figure 4a).
After 72 h exposure to 100-300-400 uM Dox, a markable non-
concentration-dependent increase in the number of Cas3-positive
cells was detected in MDAMB231/FB/EC spheroids (Figure 4b).
Given the absence of concentration-dependent changes in Cas3
levels with increasing Dox concentration, to verify nuclear apoptosis
signalling, we checked cellular DNA fragmentation by TUNEL assay.
Dox treatment triggered apoptosis, as indicated by an increasing num-
ber of TUNEL-positive cells in all Dox-treated spheroid conditions
compared to vehicle group (Figure 4c). These data clearly show that a
high concentration of Dox promotes mitochondrial dysfunction as
DNA break to the

chemoresistance.

well as counteract hypoxia-mediated

3.5 | Correlation between ROS accumulation, PK2
release and Dox efficacy after overcoming resistance

Previous studies have demonstrated that Dox can cause the accumu-
lation of ROS, which may contribute to the stabilisation of HIF-1a.
This stabilisation is associated with genetic instability, metabolic

reprogramming, malignant progression, metastasis and drug resistance

(Movafagh et al., 2015). However, the inconsistent results observed
with the use of antioxidants such as vitamins C and E, as well as p-car-
otene, to reduce oxidative damage, suggest that ROS may have a dual
role in both promoting cancer cell proliferation and inducing apoptosis
(Assi, 2017). In our breast cancer 3D model, we investigated the rela-
tionship between ROS levels and Dox-induced viability defects. We
observed a clear dose-dependent increase in ROS levels in spheroids
treated with 100-400 uM Dox, compared to untreated controls
(Figure 5a). This ROS increase was not affected by HIF-1a inhibition
(Figure 5b). Our results showed an inverse correlation between ROS
levels and viability, suggesting that ROS may be crucial to Dox's effec-
tiveness in overcoming chemotherapy resistance.

Cancer cells secrete a variety of factors collectively known as the
secretome, including cytokines, chemokines, hormones and others,
that may or may not contribute to cancer development and disease
progression (Zahari et al, 2023). Secretome release can also be
enhanced by chemotherapy. Among all secretome components, we
focussed our attention on a chemokine-like protein, PK2, because of
the presence of a HIF binding site at the pk2 promoter (Désaubry
et al., 2020). In addition, the up-regulation of proangiogenic cytokine
PK2 expression has been described in many types of cancers
(Vincenzi et al., 2023), and a growing body of evidence underscores
the importance of PK2 as a biomarker in various diseases, including
cancer (Yoshida et al., 2018).

Thus, we investigated whether a 72-h exposure to Dox affects
the release of PK2 from HBCSs. Conditioned media were collected
from both treated and untreated spheroids, and PK2 levels were mea-
sured using an ELISA assay. A notable increase in PK2 release was

detected only in the conditioned medium of HBCSs treated with
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ROS-accumulation in breast cancer spheroids and PK2 release are associated with overcoming Doxorubicin (Dox)

chemoresistance.(a, b) Quantification of ROS levels, expressed as Relative Fluorescence Units (RFU) + SEM, in Dox-treated spheroids with or
without HIF-1a inhibition. (n = 3 independent experimental settings, three spheroids per group for each experiment). A dose-dependent up-
regulation of ROS levels was obtained at highest Dox concentrations (95.83%, 180.96% and 240.52% ROS increase in 100, 300 and 400 uM
Dox-treated spheroids vs control [CTRL], respectively). The inhibition of HIF-1a did not affect Dox-mediated accumulation of ROS (111.91%,
117.91% and 196.81% ROS increase in 100, 300 and 400 uM Dox-treated + HIF-1a inhibitor groups vs CTRL, respectively). (b) P < 0.0001, 100-
300-400 uM Dox + HIF-1a inhibitor groups versus vehicle group. (c) PK2 levels detected by ELISA in conditioned media from treated and
untreated MDAMB231/FB/EC spheroids after 72 h of exposure to Dox (1-400 uM) or vehicle (CTRL). PK2 levels are expressed as individual
values (fold-change) + SEM of four spheroids per group from three independent experimental settings. A notable increase of PK2 levels was
detected in the conditioned medium of HBCSs after 300 (218.5%) and 400 uM (275.38%) Dox treatment in comparisons with untreated controls.
(d) PK2 levels in response to various Dox concentrations over 72 h in the presence of HIF-1a inhibition. The data presented are individual values
(fold change) + SEM. As expected, the HIF-1a inhibition did not display any effect on Dox-mediated PK2 release (193.74% and 365.18% increase
of PK2 release in the conditioned medium of 300 and 400 uM Dox-treated + HIF-1a inhibitor groups vs CTRL, respectively). EC, Endothelial cell;

FB, Fibroblast.

100 puM Dox. Indeed, a high PK2 release was observed after 300 and
400 uM Dox treatment of the spheroids compared to control
(Figure 5c). Exposure to a HIF-1a inhibitor did not alter PK2 release
by Dox (Figure 5d). Additionally, PK2 levels were inversely correlated
with viability and ROS levels. These findings highlight the potential of
PK2, as a hypoxia-independent biomarker of ROS-mediated Dox effi-
cacy, in overcoming chemoresistance, and indicate its promise as a

pharmacodynamic marker for Dox effectiveness.

4 | DISCUSSION

Breast and lung cancers are the most commonly diagnosed solid can-
cers and are among the leading causes of death worldwide after car-
diovascular diseases (Sung et al., 2021). The recurrence of cancer
after treatment with current therapies highlights the urgent need to
explore the pathways involved in chemoresistance to identify poten-

tial alternative therapeutic strategies (Ncube et al., 2023). Dox is a

widely used chemotherapy for early and advanced breast cancer.
However, its effectiveness is limited by tumour resistance, the
mechanisms of which remain poorly understood. In vitro studies using
two-dimensional (2D) breast cancer cell models often lack clinical rele-
vance. Over the past decades, the development of three-dimensional
(3D) cultures has enabled researchers to address some of the limita-
tions associated with traditional 2D cultures. Specifically, multicellular
tumour spheroids have been widely recognised as effective tools for
mimicking the in vivo response of cancer cells to treatment because
of their physiological similarities to human solid tumours (Han
et al,, 2021; Nunes et al., 2019). In this context, we created a 3D
tumour tissue model (HBCSs) that replicates the in vivo architecture
of breast cancer and the anthracycline resistance commonly observed
in vivo (Mattioli et al., 2023).

Several signalling pathways can influence the behaviour of breast
cancer cells and contribute to the development of resistance to
anthracyclines in a complex microenvironment. Several studies high-

light the impact of tumour-microenvironment interactions on cellular
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signalling, which may influence the tumour cell response to therapy in
the clinical setting. In this study, the ICsq value of Dox for MDA-MB-
231 co-cultured with ECs and FBs under 3D conditions was
150 £ 35 pM. In contrast, in a previous study using 3D spheroids con-
sisting exclusively of MDA-MB-231 cells, an ICso value of
636 + 160 uM was obtained for Dox, values significantly higher than
the ICso values observed in 2D cultures (Lovitt et al., 2018). During
our study, the involvement of the tumour microenvironment in the
morphological organisation of 3D cancer models was determined by
semi-thin analyses (Figure S1). Bi-culture spheroid models (cancer
cells + FB) show a less organised structure compared to triple culture
models (cancer cells + FB + EC), indicating that multicellular
culture alters the structure and efficacy of Dox treatment.

Indeed, it is unlikely that the limited diffusion of Dox in 3D cells
plays an important role in Dox resistance in HBCSs, as Dox can be
detected at a concentration of 3 uM in the nuclei of 3D cell cultures
(Figure S2). Instead, the slower growth rate of breast cancer cells in
spheroid cultures could reduce the inhibitory effect of Dox. The cyto-
toxicity of anticancer drugs is generally less effective on slower divid-
ing cells than on rapidly proliferating cells. Previous studies have also
reported lower proliferation rates in MDA-MB-231 cells grown in 3D
environments compared to 2D monolayers (Lovitt et al., 2018). These
results suggest that breast cancer cells grown in 3D conditions exhibit
greater Dox resistance than cells in 2D cultures, which is consistent
with clinical observations.

Numerous studies have identified hypoxia as a key factor driv-
ing both intrinsic and acquired chemoresistance (Chen et al., 2020;
Teicher, 1994; Vito et al., 2020). We hypothesised that the HBCSs
might develop resistance as a result of Dox-induced hypoxia. Sup-
porting this, inhibiting HIF-1a translocation increased the sensitivity
of spheroids to Dox, as evidenced by further reduced viability, par-
ticularly in spheroids treated with 10, 30 and 100 uM Dox following
HIF-1a inhibition. These findings suggest that Dox-induced hypoxia
at the 10, 30 and 100 uM range diminishes its cytotoxic effective-
ness via activating HIFla-dependent prosurvival pathway, by up-
regulating genes involved in metabolism, invasion and anti-
apoptosis, leading to chemoresistance. In this context, CD73 has
been described as one of the key players in the HIF-driven immuno-
suppression, angiogenesis and drug resistance (Bach et al., 2023).
Based on the evidence that some chemotherapeutic agents can
induce a HIF-1la-dependent change in CD73 levels (Samanta
et al, 2018), we demonstrated the increase in CD73 enzymatic
activity in our breast cancer spheroids after 72 h of Dox exposure.
However, HIF-1a-driven resistance at the high concentration of Dox
was unaltered by HIF-1a inhibition, suggesting that additional apo-
ptotic pathways are activated, which counteract resistance even in
the presence of hypoxia. Indeed, sustained hypoxia causes caspase
activation and autophagy-mediated apoptosis (Zaarour et al., 2021).
We found that Dox induces a non-dose dependent mitochondrial
Cas3 activation in the sustained hypoxic condition. Additionally, an
increase in DNA double-strand breaks measured with the TUNEL in
response to the Dox exposure indicated that the cytotoxicity of
high concentrations (100-300 - 400 uM) of Dox was because of

nuclear apoptosis. We had a similar observation in other 3D solid
cancer models, such as MCF7/FB/EC spheroids and A549/FB/EC
spheroids (see Figure S3-S5).

Previous studies have found that one of the main mechanisms
of clinical treatment for many tumours is to stimulate an intracellu-
lar oxidative stress state to produce excessive intracellular ROS
levels, causing death signals such as DNA damage and activation of
apoptosis (Ma et al., 2014). Sustained ROS levels in drug-resistant
HBCSs may drive the activation of the DNA damage response, likely
increasing DNA double-strand breaks, as measured by the TUNEL
assay, following high concentration of Dox exposure. These effects
contribute to Dox's ability to overcome chemoresistance and
enhance its therapeutic effectiveness, while acknowledging the ROS
as an interplay between therapeutic mechanisms and potential cyto-
toxicity. However, as noted by Malla et al. (2021), physiological
ROS levels can support breast cancer survival by promoting
epithelial-mesenchymal transition, stem cell differentiation and met-
abolic reprogramming, whereas elevated ROS levels can be harmful,
leading to apoptosis. Additionally, the role of ROS varies with can-
cer stage. Indeed, ROS can drive pro-oncogenic and pro-angiogenic
signalling in early cancer stages, while contributing to tumour sup-
pression in later stages (Assi, 2017). However, tumour cells can
develop a set of complex and precise regulatory mechanisms (such
as enhancing antioxidant capacity) during treatment and hence
develop resistance.

A clear increase in PK2 release was detected in the spheroid-
conditioned medium after 72 h of exposure to high concentrations of
Dox. Surprisingly, this increase in PK2 levels was not affected by HIF-
1la inhibition, suggesting that HIF-1 is not a regulator of the PK2 pro-
moter in our model. The rise in PK2 levels was correlated with the
percentage of surviving cells and ROS accumulation at higher Dox
concentrations, highlighting PK2’s potential as a predictive biomarker
for Dox efficacy after overcoming resistance in HBCSs. Interestingly,
PK2 did not act as a resistance-inducing factor, as its levels remained
unchanged during resistance. Additionally, our findings suggest that
PK2 could serve as a reliable pharmacodynamic biomarker for drug
response in other 3D breast cancer and lung cancer models (see
Figure S6). We are currently investigating whether the release of PK2
is a counter-mechanism against ROS accumulation and how the
PK2 promoter is activated by Dox.

Importantly, PK2 has been particularly noted for its role in tumour
growth and metastasis (Lattanzi et al., 2022). PK2 was shown to pro-
mote migration in breast cancer models of mice implanted with cell
lines with different metastatic properties that developed Dox resis-
tance (Morales et al., 2016). In breast cancer, high PK2 expression has
been associated with advanced disease stages and poor patient out-
comes, suggesting that PK2 levels could be used to monitor disease
progression and response to treatment (Sasaki et al., 2018). Moreover,
research has indicated that elevated blood levels of PK2 can serve as
a predictive biomarker for cancer progression and patient prognosis
(Yoshida et al., 2018).

Thus, our study showed the involvement of PK2 in key drug-

efficacy processes across resistance braking conditions, making it a
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promising target for diagnostic and therapeutic strategies aimed at

improving patient outcomes.

5 | STUDY LIMITATION

A limitation of our study was the use of concentrations of Dox in the
3D system that were notably high and may not fully mimic the mecha-
nisms observed in patients receiving clinical doses. However, several
studies have demonstrated that the recommended cumulative lifetime
dose of Dox for triple-negative breast cancer patients is 550 mg m~2
of body surface area. Similarly, research has shown that intracellular
Dox concentrations can be approximately 230 times higher than the
exposure levels following treatment with free Dox (Kullenberg
et al., 2021). Whether serum Dox concentrations accurately reflect
the accumulation of Dox in cancer, and whether 3D breast cancer
models fully reflect chemoresistance of human breast cancer remain
controversial. Despite these limitations, our findings highlight the
potential of PK2 as a biomarker for Dox efficacy, warranting further
exploration in clinical studies.

To better understand the involvement of the tumour microenvi-
ronment in chemoresistance, future studies should analyse multicul-
ture spheroid models incorporating cancer cells, FBs, ECs, and
macrophages. Additionally, this study did not evaluate other mecha-
nisms contributing to Dox resistance. Changes in the expression of
other genes and the release of alternative cytokines should also be
investigated. These efforts will deepen our understanding of the fac-
tors influencing Dox efficacy and resistance, paving the way for more

effective therapeutic strategies.

6 | CONCLUSION

Doxorubicin (Dox) is one of the most widely used chemotherapy
agents for the treatment of breast cancer. However, the development
of Dox resistance limits the long-term treatment benefits in patients
with breast cancer. The identification of a biomarker for hypoxia-
mediated chemoresistance or effective drug response after overcom-
ing the resistance could be useful to predict treatment effect and
enable the development of new adjuvant anticancer drugs. The multi-
cellular spheroid model appears to be an effective tool for studying
the mechanisms of cell interactions, drug response and chemoresis-
tance. We thus developed a 3D breast cancer model that mimics the
architecture of a solid tumour by aggregating cancer cells, FBs and
ECs. This model successfully replicates the development of hypoxia-
induced resistance to Dox, a phenomenon known to contribute to
cancer recurrence in vivo. Although further studies are needed to vali-
date our findings in clinic, we propose, for the first time, PK2 as a bio-
marker for overcoming resistance. Assessing PK2 release could be a
simple method to predict anthracycline efficacy at high concentra-
tions. Conversely, patients with low PK2 levels might benefit more
from alternative treatment strategies after developing resistance to

Dox, rather than enduring the potentially ineffective and toxic side
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effects of continued chemotherapy. Our findings demonstrate com-
pelling evidence that PK2 holds a significant promise as a biomarker
for overcoming chemoresistance in breast cancer, paving the way for
more effective therapies and substantially enhancing patient survival

outcomes.
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