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Abstract

Background: In cancer research, the multicellular tumour spheroids (MCTSs) model has attracted great attention as a transitional stage
between in vitro two-dimensional (2D) cultures and in vivo studies, contributing to a better understanding of tumour biology. The
objective of this study was to construct three-dimensional (3D) homotypic bone and cancer spheroids together with heterotypic spheroids
resembling breast cancer metastasis to the bone. Methods: To construct spheroid models, cells were seeded in ultra-low attachment
(ULA) plates with varying concentrations of Matrigel followed by forced aggregation via centrifugation. The models were validated
by growth kinetics, cell viability and quantitative real-time polymerase chain reaction (RT-qPCR). Results: The addition of Matrigel
allowed the formation and growth of the spheroids. Matrigel enhanced the circularity of the spheroids for homotypic cancer spheroids
but significantly reduced their viability. Matrigel had the opposite effect on homotypic bone spheroids, significantly improving viability
and negatively affecting circularity. The formation of heterotypic spheroids with 1 % Matrigel represented the optimum condition with
high viability and circularity index. The model was subsequently validated to accurately represent bone metastasis via the upregulation of
the pro-metastatic genes. Conclusions: Incorporating Matrigel as an extracellular matrix (ECM) protein mixture into spheroid models is
crucial as it enhances cellular interactions and is the key to simulating in vivo conditions. Consequently, we constructed a 3D heterotypic
tumour spheroid model using 1 % Matrigel as a robust and versatile model to study different aspects of breast cancer metastasis to the
bone and for further drug testing.
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Introduction disrupt the normal structure of the bone. Skeletal-related
events (SREs) such as bone pain, fractures and spinal com-
pression are complications associated with BC bone metas-
tasis, which seriously affect patients’ quality of life and dis-

ease prognosis [4].

Breast cancer (BC) is the most commonly diagnosed
malignancy, leading to the second highest number of
cancer-related deaths in women after lung cancer [1,2].
Metastasis is a fatal complication in which the breast can-

cer cells spread beyond the primary tumour to the nearby
lymph nodes and other organs [3]. Among the various
sites of breast cancer metastasis, bone is the most common
site where cancer cells infiltrate the microenvironment and
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The survival rates of patients with primary breast can-
cer have greatly improved over the past decades, in contrast,
survival rates have decreased in patients with metastatic
breast cancer, with 5-year survival rate as low as 38 % de-

www.ecmjournal.org


https://doi.org/10.22203/eCM.v052a04
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://orcid.org/0000-0003-3569-6557
https://orcid.org/0000-0002-3458-2227

European Cells and Materials Vol.52 2025 (pages 44-57) DOI: 10.22203/eCM.v052a04

pending on the extent of metastasis and the presence of SRE
[5]. Although metastasis to the maxillofacial bones is less
common than metastasis to long bones, it is indicative of
the late stage of the disease and the presence of metastases
at other sites [6].

Once breast cancer metastasizes to distant regions, it
becomes resistant to treatment due to genetic alterations in
the metastasizing cells together with interactions with the
metastatic site, increasing susceptibility to therapy. Ac-
cordingly, the management of metastatic breast cancer is
remarkably more complicated than that of primary BC [7].

Despite the clinical importance of metastasis, research
has focused principally on primary tumours, and much re-
mains missing concerning the metastatic process. This has
prompted researchers to develop preclinical models reflect-
ing the complexity of the molecular microenvironment with
a deeper understanding of the metastatic cascade, which
may facilitate the development of new treatment strategies
that could improve cancer survival rates [8,9].

To study breast cancer metastasis to bone, several in
vitro and in vivo models have been used [10]. However, in
vivo animal models are highly restrictive because they are
expensive, raise ethical issues, and often, animals die before
bone metastasis occurs [11,12]. For these reasons, there is
great interest in replacing animal models with in vitro or
ex vivo models, as society and authorities are increasing the
pressure to find substitutes for experimental animals, as evi-
denced by the Humane Research and Testing Act (HR 1744)
and the US Food and Drug Administration (FDA) Modern-
ization Act of 2021 [13].

Currently, research has introduced a variety of in vitro
cancer models, including abundant two-dimensional (2D)
and three-dimensional (3D) models, ranging from simple
tissue culture Petri dishes, flasks or transwells to more elab-
orate hydrogels, scaffolds or spheroids, among others that
mimic the in vivo environment [14].

Compared with conventional 2D cultures, tumour
cells maintained in 3D models show characteristics that bet-
ter represent their in vivo behavior [15]. Spheroid models
have been applied to represent the complexity and cellular
characteristics of tumours for drug testing, filling the gap
between in vivo studies and 2D models [16,17].

Multicellular tumour spheroids (MCTSs) are 3D mod-
els that consist of cell aggregates that are either homotypic,
comprising only one cell type, or more complex heterotypic
structures from the co-culture of two or more cell types
formed either by self-assembly or forced aggregation [18].

Recently, the MCTS model has been recognized as a
transitional phase between in vitro 2D cultures and in vivo
studies in cancer research that are devoted to obtaining bet-
ter insight into tumour biology. Compared with 2D mono-
layer cell cultures, MCTSs closely imitate several features
of in vivo tumours, such as growth kinetics, the oxygen gra-
dient, tumour configuration, pH, metabolic rates and resis-
tance to radiotherapy or chemotherapy [19].
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Unfortunately, the use of different construction tech-
niques might result in the formation of cell aggregates but
not true tumour spheroids. Thus, it is essential to introduce
additives to enhance the proper formation of MCTSs [20].
The additives facilitate MCTS formation, increasing their
structural stability and increasing their biological relevance
[21]. In particular, Matrigel has been introduced as a natu-
ral scaffold material for 3D cultures of many cell types pro-
viding high efficiency in the generation of tight cell-cell in-
teractions and cell-extracellular matrix (ECM) interactions
that are implicated in the regulation of signaling pathways
and the induction of cellular responses [22]. Multicellu-
lar spheroids cultivated with Matrigel demonstrate com-
plex cellular behavior that is otherwise difficult to achieve
through other culture approaches [23].

Therefore, the overall goal of this study was to (a) con-
struct 3D homotypic bone and cancer spheroids and a het-
erotypic spheroid model system resembling breast cancer
metastasis to the bone; (b) validate the model in terms of
generation time, growth kinetics, morphological character-
istics and cell viability, and (c) demonstrate the effect of
cancer and bone cell co-culture at the RNA level.

Materials and Methods

Culture of Human Osteoblasts (hOBs) and Breast
Adenocarcinoma Cell Line (MDA-MB-231)

Primary human osteoblasts (hOBs) were purchased
from PromoCell (C-12720, Heidelberg, Germany). A
human breast adenocarcinoma cell line (MDA-MB-231;
HTB-26, ATCC, Manassas, VA, USA) was kindly donated
by Professor Hanna Taipaleenméki. The cells were cultured
in complete culture media consisting of Dulbecco’s modi-
fied Eagle medium high glucose (DMEM-HG; P04-04515,
PAN Biotech, Aidenbach, Germany) supplemented with 15
% fetal bovine serum (AC-SM-0161Hi, Anprotec, Bruck-
berg, Germany) and 1 % penicillin/streptomycin (P0781,
Sigma Aldrich, Taufkirchen, Germany) and grown at 37 °C
in a5 % CO9 atmosphere.

The culture media was replaced twice per week, and
the cells were trypsinized at 80-90 % confluency using
1X Trypsin (0.25 % trypsin/0.53 mM ethylenediaminete-
traacetic acid (EDTA) solution 59418C, Sigma Aldrich,
Taufkirchen, Germany). The osteoblasts between passages
5 and 10 were used from two different donors, whereas
the MDA-MB-231 cells were passaged until sufficient cells
were acquired for the experiments for no more than 10 pas-
sages to avoid the phenotypic drift. Untransfected MDA-
MB-231 cells were used throughout the experiments unless
otherwise reported.

Misidentification of the cell line was checked at the
Register of Misidentified Cell Lines and the chosen cell
line was not on the list [24]. The extracted DNA from the
cell line was sent to Eurofins Genomics (Ebersberg, Ger-
many) for authentication via DNA and short tandem repeat-
profiles. Authentication confirmed the correct identity of
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the cell line and each used cell type tested negative for my-
coplasma contamination.

Generation of Multicellular Homotypic/Heterotypic
Spheroids

Homotypic MDA-MB-231 or hOBs spheroids were
generated by seeding the cells at a density of 1 x 10%
cells/200 pL of culture media. Heterotypic multicellular tu-
mour spheroids were generated by the co-culture of MDA-
MB-231 cells and hOBs at a ratio of 1:1 (5 x 103 cells for
each cell type). Three-dimensional cultures were generated
in the presence of either 1 % or 3.5 % (v/v) Matrigel base-
ment membrane matrix (356237, Corning, Corning, NY,
USA) in complete culture medium. The cells cultured in
the absence of Matrigel served as controls.

Briefly, Matrigel was first thawed overnight at 4 °C in
the refrigerator along with pipette tips to prevent premature
polymerization during handling. After thawing, the Ma-
trigel was added directly to the cell suspension to achieve
the desired final concentrations (1 % and 3.5 %).

Ultra-low attachment (ULA) 96-well round-bottom
plates (BIOFLOAT, 83.3925.400, Sarstedt AG., Nim-
brecht, Germany) were used to promote the aggregation of
the cells into 3D spheroids. The cells were condensed at
the rounded bottom of the 96-well plates by centrifugation
at 410 x g for 10 min at 25 °C (5430 R, Eppendorf, Ham-
burg, Germany). The plates were then incubated at 37 °C
and 5 % CO5 in humidified incubators to maximize cell-
cell adhesion. The culture media was changed the next day
by replacing half of the culture media with fresh media and
incubating for 48 hours in a humidified atmosphere of 5 %
CO; at 37 °C to allow cells to grow and form the spheroids.

Monitoring Morphology and Spheroid Growth Kinetics

Spheroid formation was studied in terms of the mor-
phological changes expressed as spheroid diameter and cir-
cularity (Cir) as a function of time. Spheroid growth was
monitored from Day 0 (i.e., 48 hours after the beginning
of the spheroid culture) to Day 14. A 50 % medium sup-
plemented with Matrigel was added on Days 3, 7 and 10.
To examine the growth of spheroids over time, spheroids
from each condition were imaged at different time points
via the 5X objective of a light microscope (Zeiss Axio
Vert.Al, Carl Zeiss AG, Oberkochen, Germany) coupled
with a Zeiss Axiocam Icm1l Monochrome Camera (Carl
Zeiss AG, Oberkochen, Germany). All the images were
analysed via the open-source software Imagel (1.54j 12
June 2024, National Institutes of Health, Bethesda, MD,
USA, https://imagej.nih.gov/ij/).

Morphological analysis of the spheroids was per-
formed on calibrated images by applying images of a known
scale for calibration. This was achieved by selecting the
“set scale” option in the analyse menu. Afterwards, the
length of the scale bar was measured in pm and the scale
was applied globally to ensure that it was used for all sub-
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sequent images. The “set measurements” option was used
to select the parameters of interest where Feret’s diameter
was used to estimate the mean diameter of the spheroids and
the circularity index was selected. Additionally, the polyg-
onal tool was used to outline the spheroids such that the
projected diameter and circularity were obtained. The pa-
rameter “Circularity” (Cir) was used as a shape descriptor
to calculate the sphericity index (SI), which could mathe-
matically indicate the degree of similarity of the spheroids
to a perfect circle [25] and was calculated according to the
following equation:

Area

(h

Circularity =41 X ———
Perimeter

A value of 1.0 indicates a perfect circle, whereas a
value approaching 0.0 indicates an increasingly elongated
shape.

Live/Dead Fluorescence Staining Assay for 3D Cultures

The viability of the homotypic and heterotypic
spheroids was assessed via a live/dead viability/cytotoxicity
kit (L3224, Thermo Fisher Scientific, Darmstadt, Ger-
many) according to the manufacturer’s instructions at Days
0 and 7 via Calcein acetoxymethylester (Calcein-AM)
(green fluorescence for live cells) and ethitium homodimer-
1 (red fluorescence for-dead cells).

Briefly, the media was carefully aspirated from the mi-
crowells, and the spheroids were washed with 1X phosphate
buffer saline (PBS). Next, 80 uL of the live/dead staining
solution was added to each well, followed by incubation
at 37 °C with 5 % CO5 for 60 min in the dark. After-
wards, the spheroids were rewashed with PBS to remove
the unbound dyes and kept in PBS for imaging by a fluo-
rescence microscope (Zeiss Axio Observer Z1, Carl Zeiss
AG, Oberkochen, Germany) with a dry 10X magnification
objective lens. Images were captured by CY3 and GFP fil-
ters and merged.

Quantification of Live/Dead Staining

The percentage of viability within the spheroids was
determined as the ratio of the fluorescence intensity of
the viable cells to the total fluorescence intensity of the
spheroids. The fluorescence intensity was measured via
the total corrected cellular fluorescence (TCCF) method
[26]. Following the live/dead staining of the spheroids, the
fluorescence images were imported into ImagelJ software,
where the green and red channels were separated. The in-
tegrated density (ID) of the areas of interest was calculated
on each channel separately. The TCCF of viable cells was
measured as follows:

TCCF (viable) = ID (green) — (Area x mean ID background)

2)

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v052a04
https://imagej.nih.gov/ij/

European Cells and Materials Vol.52 2025 (pages 44-57) DOI: 10.22203/eCM.v052a04

TCCEF for the dead cells was calculated following the
same equation using the integrated density in the red chan-
nel. The total TCCF represents the sum of both channels.
The percentage of viable cells was calculated as follows:

TCCEF viable

Viability % = (mmm

) x 100 (3)

Transfection of MDA-MB-231 Cells

For confocal imaging, MDA-MB-231 cells at 70-80
% confluence were nucleofected (VCA-1003, Amaxa™
Cell Line Nucleofector™ Kit V, Lonza, Basel, Switzer-
land) by the Sleeping Beauty transposon system as pre-
viously described [27] using the pSBbi-RFP transposon
plasmid and the pPCMV(CAT)T7-SB100 ecoding the trans-
posase. At 48 hours post-transfection, the cells were se-
lected with 1.5 pg/uL puromycin (P7255, Sigma Aldrich,
St. Louis, MO, USA) for one week to eliminate non-stable
nucleofected cells. For further purification, the cells were
sorted by fluorescence-activated cell sorting (FACS; BD
FACSAria™ 111, BD Biosciences, Heidelberg, Germany)
according to their red fluorescent protein (RFP) expression.
Finally, the cells were incubated for three days at 37 °C
and 5 % CO,. Untransfected cells were used as the neg-
ative control. The cell populations were sorted twice by
the FACS to obtain high percentages of stably nucleofected
cells with medium-high RFP expression.

Vital Cell Labelling of hOBs

Vital cell labelling of hOBs was carried out using the
Lipophilic Vybrant 3,3'-Dioctadecyloxacarbocyanine per-
chlorate (DIO) cell labelling solution (Molecular Probes,
Leiden, Netherlands) on the same day of spheroid culture.
DIO-labelled osteoblasts were utilized for confocal imag-
ing of the homotypic and heterotypic spheroids. Briefly,
the cells were trypsinized, counted, and suspended at a den-
sity of 1 x 10°cells/mL in serum-free culture medium, and
5 pL of 1 mM DIO dye solution was added to each 1 mL
of cell suspension and mixed well by gentle pipetting. The
cells were incubated in the dark for 20 min at 37 °C in a
humidified incubator under 5 % COs. The labelled suspen-
sion tubes were centrifuged at 1500 rpm for 5 min at 37 °C.
The supernatant was removed, and the cell pellet was gently
re-suspended in a warm culture medium (37 °C). The cells
were washed in the culture media two times. Stably nu-
cleofected and FACS-sorted RFP-MDA-MB-231 cells, to-
gether with the labelled hOBs were used for the fabrication
of either homotypic or heterotypic spheroids. The confocal
microscope was used for the analysis of the 3D spheroids
at Days 0 and 7.

Confocal Laser Scanning Microscopy of Spheroids

Following the construction of homo- or heterotypic
spheroids using fluorescently labelled cells, the optical sec-
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tioning of the spheroids was performed via confocal laser
scanning microscope (Leica TCS SP8, Leica Microsystems,
Wetzlar, Germany) to observe the spatial organization of
the cells within the spheroids together with the distribution
of the cells within the heterotypic spheroids. The images
were acquired with a dry 10X objective lens. Imaging was
performed by taking a series of 8—12 optical sections per
spheroid starting from the lower bottom of the spheroid.
The size of the Z-section was 20 pm, and the whole Z-
sections covered approximately 200 pum of the spheroids.
All individual images of the Z-sections were used to gen-
erate 2D maximum projection images of the spheroids. In
our study, white light laser (WLL) was used as the light
source and a suitable filter for the RFP-red cells was se-
lected with emission wavelengths of 580-640 nm and for
the DIO-green cells with the emission wavelengths of 500—
530 nm. The image size was 1024 x 1024 pixels (1.272 x
1.272 pm).

RNA Extraction from the Spheroids

Total RNA was extracted on Days 0, 3 and 7 from
the different forms of the spheroids by the Trizol reagent
(15596018, Life Technologies GmbH, Darmstadt, Ger-
many) according to the manufacturer’s instructions. In
brief, the spheroids were collected in a 1.5 mL Eppendorf
tube, gently washed with 1X PBS, dissolved in 200 uL of
1X Trypsin for 15 min at 4 °C and centrifuged at 500 x g
for 5 min at 4 °C for further RNA isolation. The quality of
the RNA was measured using NanoDrop One spectropho-
tometer (13-400-518, Thermo Fisher Scientific, Darmstadt,
Germany). Next, complementary DNA (cDNA) was pre-
pared from 500 ng of total RNA using the Biozym cDNA
synthesis kit (3314701, Biozym Scientific GmbH, Hessisch
Oldendorf, Germany) following the manufacturer’s instruc-
tions.

Quantitative Real-Time Polymerase Chain Reaction
(RT-qgPCR) of Pro-Metastatic Genes

RT-gPCR was carried out in LightCycler 96 Real-
Time PCR System (05815916001, Roche Diagnostics AG,
Rotkreuz, Switzerland) using GoTaq® Probe qPCR system
(A6102, Promega GmBH, Walldorf, Germany) according
to the manufacturer’s instructions. The relative quantifica-
tion of target genes was calculated in relation to the hy-
poxanthine phosphoribosyltransferase 1 (HPRT-1) as the
reference gene. The relative expression ratio was calcu-
lated by the Roche Light cycler software, in which the
PCR efficiency value was set to 2. All samples were
run in three independent biological replicates. Primers
used in our experiments were Prime Time Std qPCR As-
say purchased from Integrated DNA Technologies (IDT,
Leuven, Belgium; HPRT-1 Hs.PT.58v.45621572, RANKL
Hs.PT.58.23324760, IL-6 Hs.PT.58.40226675, MMP-13
Hs.PT.58.40735012, PTHrp Hs.PT.58.41054442).
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The primer sequences were as follows: hypoxan-
thine phosphoribosyltransferase 1 (HPRI-1), forward:
5'-TTGTTGTAGGATATGCCCTTGA-3" and reverse:
5'-GCGATGTCAATAGGACTCCAG-3'; receptor activa-
tor of nuclear factor kappa-B ligand (RANKL), forward:
5'-AGGAGCTGTGCAAAAGGAAT-3'" and reverse:
5'-TGAGATGAGCAAAAGGCTGAG-3"; interleukin 6
(IL-6), forward: SSGCAGATGAGTACAAAAGTCCTGA-

3’ and reverse: 5'-TTCTGTGCCTGCAGCTTC-3’;
matrix metalloproteinase 13 (MMP-13), forward:
5'-AGCCACTTTATGCTTCCTGA-3' and reverse:
5'-TGGCATCAAGGGATAAGGAAG-3'; parathy-

roid hormone-related protein (PTHrp), forward: 5'-
GTGTTCCTGCTGAGCTACG-3" and reverse: 5'-
GTCATGGAGGAGCTGATGTTC-3'".

Statistical Analysis

Shapiro—Wilk test and Q-Q plots were used to test the
distribution and normality of the data. The results were pre-
sented as mean =+ standard deviation (SD) or mean =+ stan-
dard error of the mean (SEM). Sample size for growth ki-
netics, live/dead and confocal microscopy was calculated
by G*Power software (version 3.1.9.7, Heinrich-Heine-
University, Diisseldorf, Germany) [28] using power anal-
ysis to ensure adequate statistical power to the significant
results, where primary results of change in size of the
spheroids were used to estimate the effect size with signif-
icance level set at 0.05 and a desired power of 0.8. The
required sample size per group was 6 samples and with
calculating 10 % of failure of spheroidization, the sam-
ple size was increased to 8 spheroids per group. Statisti-
cal analysis was performed by GraphPad Prism software
version 9.3.1 (GraphPad Software, San Diego, CA, USA,
https://www.graphpad.com/) using two-way repeated mea-
sure analysis of variance (ANOVA) followed by Sidak’s
post-hoc test to determine the significant difference be-
tween groups. The significance level was indicated at * p
< 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results

The Liquid Overlay Technique on ULA Microplates with
Centrifugation was Suitable for the Generation of and
Heterotypic MDA-MB-231 Spheroids

To better understand how the tumour interacts with the
surrounding environment and to assess the tumour growth
model, we have designed an in vitro technique based on
liquid overlay on ULA microplates with centrifugation
as described above. Homotypic bone and breast cancer
spheroids and heterotypic tumour spheroids were evaluated
in terms of morphology and viability to mimic the physio-
logical conditions.

We established a three-dimensional (3D) spheroid
model that can physiologically imitate metastatic bone tu-
mour architecture. To this end, three different multicel-
lular spheroid models were constructed, each containing
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either the MDA-MB-231 cancer cell line (MDA), human
osteoblasts (hOBs), or both cell types with the addition
of Matrigel as follows: (i) Control group, in which the
spheroids were generated without Matrigel added to the cul-
ture medium; (ii) 1 % Matrigel within the spheroid cul-
ture medium and (iii) 3.5 % Matrigel added to the culture
medium.

A seeding density of 1 x 10* cells/spheroid was se-
lected as the optimum cell density for spheroid formation,
based on previous viability assay experiments (results not
shown). For the heterotypic spheroids, the ratio of cancer
cells to osteoblasts was optimized to 1:1. After the cells
were seeded into the ULA microplates and centrifuged,
spheroids were formed within 3 days, as observed via phase
contrast microscopy. The third day of cell culture was con-
sidered the initial day of spheroid formation (Day 0).

Increasing Matrigel Concentration Enhances Spheroid
Circularity

The growth of the spheroids related to each condition
was monitored by phase-contrast imaging over 14 days and
analysed quantitatively (Fig. 1). The ideal spheroid was
recognized as a uniform round-shaped translucent ball of
cell aggregates with a dark core and defined outer bound-
aries, which increased in dimension.

Among the homotypic MDA spheroids, those in the
control group failed to grow steadily in size over 14 days
(Fig. 1a). Instead, the size of spheroids decreased from
Day 0 (778 & 71 um) to Day 7 (639 & 39 um). Afterwards,
an increase in size was observed on Day 14 (777 4 58 pum)
(Fig. 1b). In the Matrigel groups (1 % and 3.5 % Matrigel),
uniform spheroids were observed from Day 0 (Fig. 1a), but
the spheroids in the group containing 3.5 % Matrigel were
smaller compared with the 1 % group (647 £ 21 um vs
723 £ 53 um) and started to gradually increase in size until
Day 14, with diameters of 1094 £+ 30 pum and 1112 +£ 30
pm, respectively (Fig. 1b).

Among the homotypic osteoblasts, it was clear that the
spheroids in the control group did not increase in size over
time (465 + 60 pm at Day 0, 398 & 34 um at Day 14) (Fig.
1d,e). However, in the other groups (1 % and 3.5 % Ma-
trigel), the diameter of the spheroids increased significantly
over time from 498 + 25 um and 617 £ 50 um at Day 0
respectively to 926 + 95 pym and 1425 + 71 um at Day 14
respectively (Fig. le). The rate of diameter increase was
related to the concentration of Matrigel.

Among the heterotypic spheroids, the size of the
spheroids in the control group decreased over time from 496
£ 50 pum at Day 0 to 369 + 30 um at Day 14 (Fig. 1g,h).
On the contrary, the diameter of spheroids enriched with 1
and 3.5 % Matrigel increased gradually from 615 £ 95 yum
and 633 £ 30 um on Day 0 respectively to 1009 & 50 um
and 1087 £ 30 um at Day 14 respectively (Fig. 1h).

The optimized seeding density for all three types of
spheroids was 1 x 10% /microwell. However, the homo-
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Fig. 1. Morphology and growth Kkinetics of human spheroids represented as spheroid diameter (um) at an optimized seeding
density of 10,000/spheroid over 14 days using 1 % and 3.5 % Matrigel. Spheroids without Matrigel served as control. Shape
parameters represented as circularity index and quantified using ImageJ software. (a) Representative images of Homotypic MDA-
MB-231 spheroids. (b) Growth kinetics of Homotypic MDA-MB-231 spheroids. (¢) Circularity index of Homotypic MDA-MB-231
spheroids. (d) Representative images of Homotypic Primary human Osteoblasts. (e) Growth kinetics of Homotypic Primary human Os-
teoblasts spheroids. (f) Circularity index of Homotypic Primary human Osteoblasts. (g) Representative images of Heterotypic spheroids.
(h) Growth kinetics of Heterotypic spheroids. (i) Circularity index of Heterotypic spheroids. Data is shown as mean 4 SD (n = 8§ per
group). Scale bar = 500 pum for all the relevant sub-figures. MDA-MB-231, breast adenocarcinoma cell line; SD, standard deviation.
Images were taken with 5X objective lens. The figures were generated using Adobe Photoshop (Version 24.1.1, Adobe Inc. (2023).

Retrieved from https://www.adobe.com/products/photoshop.html).

typic MDA spheroids formed spheroids with larger diame-
ters than did the hOBs and the heterotypic spheroids. This
might be due to the inability of MDA to form tight cellular
junctions.

Our results revealed that the circularity index of the
spheroids was different among the three groups. In the ho-
motypic MDA spheroids, Matrigel clearly enhanced the cir-
cularity of the spheroids, whereas in the control group, the
cells were loose aggregates without actual spheroids forma-
tion. On Day 14, the groups with 1 % and 3.5 % Matrigel
had high circularity indices 0f 0.93 + 0.01 and 0.98 4 0.01
respectively in the formed spheroids compared with those
of the control group (0.53 £ 0.07) (Fig. la,c). In the ho-
motypic hOBs spheroids, on Day 0, the circularity index
was 0.77 £ 0.07 with 3.5 % Matrigel whereas it was 0.86
=+ 0.07 in both the control group and 1 % Matrigel group.
However, the Matrigel groups started showing lower circu-
larity from Day 3. This decline was pronounced in the 3.5
% Matrigel group (Cir = 0.655 £ 0.032) (Fig. 1d,f).

In the heterotypic spheroids, the circularity indices of
both groups with added Matrigel were comparable. This
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observation suggested that adding Matrigel to the co-culture
of both cell types had a weaker effect on the morphology of
the formed spheroids (Fig. 1g,i). Inter-group comparisons
at the different timepoints for MDA-MB-231 cells, os-
teoblasts and heterotypic spheroids were provided in Sup-
plementary Material.

Matrigel Affects the Viability of the cells According to
Live/Dead Imaging of the Spheroids

To analyse the effects of varying concentrations of
Matrigel on the viability of the spheroid, a live/dead assay
was performed at Days 0 and 7 of spheroid formation (Fig.
2). Viable cells stained green, while non-viable cells took
up the red stain, indicating compromised cell membrane in-
tegrity.

The viability of the MDA cells was compromised as
the spheroids were more compact with 3.5 % Matrigel.
However, the cells remained viable at the periphery of the
spheroid (Fig. 2a).

On the contrary, the viability of the hOBs spheroids
was compromised in the control group in which the ra-
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Fig. 2. Cell viability was detected by live/dead staining of the spheroids on Days 0 and 7. (a) Fluorescent microscope images of
Homotypic MDA-MB-231 spheroids stained with Calcein-AM (Green, viable cells) and Ethidium homodimer-1 (Red, dead cells). (b)
Quantification of Homotypic MDA-MB-231 spheroids viability expressed as a percentage of viable cells. (¢) Fluorescent microscope
images of Homotypic Primary human Osteoblasts stained with Calcein-AM (Green, viable cells) and Ethidium homodimer-1 (Red, dead
cells). (d) Quantification of Homotypic Primary human Osteoblasts spheroids viability expressed as a percentage of viable cells. (e)
Fluorescent microscope images of Heterotypic spheroids stained with Calcein-AM (Green, viable cells) and Ethidium homodimer-1
(Red, dead cells). (f) Quantification of Heterotypic spheroids viability expressed as a percentage of viable cells. Data is shown as mean
4+ SD (n = 8 per group). Images were taken with 10X objective lens. Scale bar = 500 um for all the relevant sub-figures. The statistical
significance was calculated at **p < 0.01 and ****p < 0.0001. Calcein-AM, Calcein acetoxymethylester. The figures were generated
using Adobe Photoshop (Version 24.1.1, Adobe Inc. (2023). Retrieved from https://www.adobe.com/products/photoshop.html).

tio of dead cells to the living cells was approximately 1:1, The Quantitative Analysis of the Spheroids Viability
whereas with the addition of Matrigel, the percentage of liv-  Revealed the Following Findings
ing cells was greater (Fig. 2¢).

The heterotypic spheroids formed with 3.5 % Matrigel
followed the same pattern as the MDA spheroids. Never-
theless, there was no significant difference in the percent-
age of viable cells between the control group and the 1.5 %
Matrigel on Day 7 (Fig. 2e).

Among the homotypic MDA spheroids, the viability
of the spheroids in the control group remained above 80
% until Day 7. This percentage decreased with the addi-
tion of Matrigel to the spheroid culture, in which the vi-
ability of spheroids was 68 % at 1 % Matrigel and 60 %
at 3.5 % Matrigel on Day 7. Viable cells remained at the
periphery, while a dead core was observed at the centre of
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Fig. 3. Confocal Laser scanning Micrographs showing the spatial organization of the cells within spheroids. Red cells repre-
sent RFP-expressing MDA-MB-231cells, and green cells represent DIO-labelled hOBs captured with red and green channels. Cellular
distribution within the heterotypic spheroids is shown at Days 0 and 7 using images with both red and green channels. Maximum pro-
jection images were generated from 8—11 Z-sections for each spheroid using the LAS-X software. Z section = 20 ym. Scale bar =
200 pm for all the relevant sub-figures. Yellow arrows showed the outwards migration of cancer cells away from the center of the
spheroid resulting in cellular reorganization within the heterotypic spheroids. hOBs, human osteoblasts; RFP, red fluorescent protein;
DIO, 3,3'-Dioctadecyloxacarbocyanine perchlorate. The figures were generated using Adobe Photoshop (Version 24.1.1, Adobe Inc.

(2023). Retrieved from https://www.adobe.com/products/photoshop.html).

the spheroids. These results might be due to the increased
density of spheroids with increasing Matrigel concentration
(Fig. 2b).

Among the homotypic hOBs spheroids, the viability
of the spheroids in the control group was markedly re-
duced to 58 % starting as early as Day 0 of spheroid for-
mation. Compared with the control, adding Matrigel to
hOBs spheroids significantly improved the viability (p <
0.0001). On Day 7, significant differences in the viability
of the spheroids were also observed between the low (1 %)
and high Matrigel concentration (3.5 %) (p = 0.01) (Fig.
2d).

For the heterotypic spheroids, the viability of the
spheroids followed the same trend as homotypic MDA
spheroids, in which increasing the Matrigel concentration
negatively affected the viability of the formed spheroids.
On Day 7, a significant reduction in viability was observed
in the 3.5 % Matrigel group compared with the control
group (p < 0.0001) (Fig. 2f).

www.ecmjournal.org

Spatial Organisation of the Cells within the Homotypic
and Heterotypic Spheroids via Confocal Laser Scanning
Microscope

Optical sectioning of the formed spheroids using the
confocal microscope performed on Days 0 and 7 of spheroid
formation with red RFP-expressing MDA cells and green
DIO-labelled hOBs spheroids allowing the study of the ef-
fect of Matrigel on the compactness and the spatial orga-
nization of the cells within the homotypic and heterotypic
spheroids (Fig. 3).

Compared with the control MDA spheroids, the MDA
spheroids with Matrigel exhibited tighter aggregation and a
more uniform structure. In contrast, the effect of the Ma-
trigel on hOBs spheroids was quite the opposite as hOBs
spheroids with Matrigel were less compact than the con-
trol spheroids. Compared with the control hOBs spheroids,
hOBs on the periphery of the spheroids appeared more elon-
gated, and the spaces between the cells were more expan-
sive.

The co-culture of MDA and hOBs in the heterotypic
spheroids resulted in uniformly structured spheroids. Ini-
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tially, the cells were organised in a mixed pattern on Day
0. By Day 7, cellular re-organization was observed such
that MDA cells had migrated to the periphery and that the
osteoblast had migrated to the centre. This phenomenon
was particularly pronounced in the Matrigel groups. More-
over, there was a noticeable increase in the spheroid size
compared to that of the control group, which was further
confirmed via the growth kinetics analysis.
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Characterization of the Pro-Metastatic Properties of
Heterotypic Spheroids via RNA Extraction and RT-gPCR

To characterize the pro-metastatic properties of the
heterotypic spheroids, the spheroid model with 1 % Ma-
trigel was chosen as the optimum model, which represented
our bone metastasis model for use in our further drug test-
ing experiments due to the improved viability and circu-
larity of the spheroids. The relative expression of pro-
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metastatic genes (IL-6, RANKL, MMP-13 and PTHrp) in
the heterotypic spheroids was compared to that in the ho-
motypic MDA spheroids (Fig. 4).

Compared with that in the homotypic MDA spheroids,
the expression of the pro-inflammatory gene (/L-6) was
upregulated from Day 0 of heterotypic spheroid forma-
tion until Day 7 (p = 0.02). Moreover, the pro-metastatic
genes (RANKL and PTHrp) were significantly upregulated
in the heterotypic spheroids. Significant overexpression of
PTHrp was detected on Day 0 (»p < 0.0001) and the level
of PTHrp decreased relatively over time. In addition, the
expression of MMP-13 gene, which encodes an essential
proteolytic enzyme and is a substantial indicator of metas-
tasis and bone degradation, was markedly upregulated until
Day 7 (p = 0.0005).

Discussion

The fight against cancer has been an ongoing battle
for decades. The failure rate of therapy for late-stage can-
cer is strikingly high, especially for metastatic breast can-
cer. Although treatment outcomes for primary breast can-
cer have improved, improvements in metastatic breast can-
cer are not satisfactory. The successful management of
metastatic breast cancer depends primarily on the thorough
and reliable preclinical models that can simulate the tumour
architecture [29,30].

It is becoming increasingly clear that conventional
cancer cell lines grown in monolayers cannot accurately
simulate in vivo tumour conditions. Accordingly, com-
plex 3D in vitro models have been introduced to overcome
the overestimation of the effectiveness of chemotherapeutic
drugs in 2D models, leading to a new standard that simu-
lates not only tumour cells but also the extracellular matrix
[31,32].

It has been well established that the 3D microenviron-
ment alters a range of cellular and functional activities, in-
cluding proliferation, migration, differentiation, viability,
hypoxic zones and drug sensitivity, which can be extrapo-
lated to clinical practice [33].

Multicellular tumour spheroids (MCTSs), an example
of the 3D in vitro culture, have become a vital tool for pre-
clinical cancer models, as cell aggregation enhances cell-
cell and cell-ECM interactions and mimics tumour archi-
tecture. They have also been shown to enable a more ac-
curate assessment of the drug efficacy, as spheroids exhibit
greater resistance to cancer therapies than conventional 2D
cultures by recapitulating many features of the actual can-
cer microenvironment [34,35]. Therefore, we have chosen
this model to be relevant to the clinical outcomes. How-
ever, the uniformity in size and shape, the reproducibility
of the spheroid culture, and drug penetration into the com-
pact spheroids are challenges that need to be addressed to
increase the predictive power of these valuable models [20].

In cancer biology, tumour spheroids are well-
established 3D models, but they pose a significant burden
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to researchers as the methods to generate such spheroids are
difficult to standardize [36]. In our study, we have imple-
mented the construction, optimization, and validation of a
complex 3D tumour spheroid model to investigate its po-
tential feasibility for future drug screening, which is com-
monly carried out as an end-point to examine the sensitivity
of drugs in cancer cell lines. Our model represents differ-
ent aspects of metastatic breast cancer by utilising the breast
cancer cell line MDA-MB-231 to create homotypic breast
cancer spheroids, primary human osteoblasts to generate
homotypic bone tissue spheroids, or the 1:1 co-culture of
MDA-MB-231 and primary osteoblasts representing breast
cancer metastasis to bone (heterotypic tumour spheroids).

To develop each type of spheroid, cells were seeded
on ultra-low attachment plates with the addition of a Ma-
trigel matrix to provide structural support for the cells af-
ter forced aggregation by centrifugation. We have altered
the concentration of the Matrigel while fixing all other fac-
tors of culture to study its effect on model characteristics,
such as generation time, morphological features, cell via-
bility and gene expression.

In particular, we used MDA-MB-231 cells, a highly
destructive triple-negative breast cancer cell line that does
not express progesterone or estrogen receptors or human
epidermal growth factor receptor 2 (HER2) protein, mak-
ing these cells insensitive to treatments and resulting in a
poorer prognosis than other types of breast cancer [37]. Al-
though the MDA-MB-231 cell line has several advantages,
such as relative ease of culture and purity of cancer cells, it
is a non-spheroid forming cell line giving only loose aggre-
gates in 3D models due to its natural lack of E-cadherin ex-
pression, which limits the ability of cells to spontaneously
arrange into compact spheroids [38—40]. Various studies
have reported that the addition of supportive scaffold mate-
rial is needed to augment the compactness of these cancer
cells [40,41].

The ECM is a complex 3D network of proteins and
polysaccharides that support tissue structure and integrity.
The ECM not only passively provides a scaffold for the cells
but also regulates cellular functions and plays an essential
role in healthy tissue homeostasis and disease progression
[42]. Various biomaterials, such as hyaluronic acid, col-
lagen, alginate, chitosan, and Matrigel, have been used as
additives for 3D spheroid models to simulate the ECM [43].
Matrigel is a basement membrane extract prepared from
engelbreth-holmswarm (EHS) mouse sarcoma and primar-
ily contains laminins, collagen IV, enactin/nidogen, proteo-
glycans and numerous growth factors [40].

In our experiments, two different techniques have
been adopted for tumour spheroid formation with slight
modifications [41,44] as MDA cells were able to aggregate
upon centrifugation but were incapable of forming compact
spheroids on ultra-low attachment plates. However, in the
presence of Matrigel (1 % or 3.5 %) the cells enhancing
the compactness of the cells, and the cellular functions im-
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proved within the 3D spheroids. Moreover, the addition of
Matrigel improved the consistency and reproducibility of
spheroid formation of MDA cells accompanied by increas-
ing spheroid size over two weeks. It is also worth mention-
ing that adding 1 % Matrigel was optimal for enhancing the
uniformity of MDA spheroids without greatly reducing cell
viability.

Human osteoblast spheroids are important for the as-
sessment of metastatic breast cancer in bone, particularly
in drug screening studies, as such cell constructs represent
normal bone function and remodeling [32]. In our study,
primary human osteoblast spheroids were used to simulate
the in vivo characteristics of the osteoblasts and reflect their
typical signaling pathways. The presence of osteoblasts
promotes structural changes, migratory behavior and drug
resistance of breast cancer cells in a physiologically rele-
vant 3D matrix [45]. The findings suggest that a 3D het-
erotypic cancer spheroid is a promising model for study-
ing breast cancer bone metastasis because it facilitates the
investigation of direct interactions between breast cancer
cells and bone cells [46]. Unlike MDA cells, primary hu-
man osteoblasts can aggregate rapidly into spheroids. Al-
though the aggregation of osteoblasts into densely com-
pacted spheroids is associated with reduced viability, we
demonstrated that the addition of Matrigel significantly im-
proved spheroid viability.

It has been previously reported that aggregation of
the osteoblast precursor cells in a scaffold-free, non-
osteoinductive culture system induced cell cycle arrest, re-
sulting in inhibition of proliferation and triggering sponta-
neous differentiation to osteocytes [47]. It has also been
reported that the development of spheroids from human-
induced pluripotent stem cells with relatively large sizes
(>450 pm) is challenging due to the high degree of com-
paction and impeded oxygen and nutrient diffusion into the
spheroid interior [48].

In our homotypic hOB spheroids, the addition of Ma-
trigel provided a substrate for the attachment of osteoblasts
and increased their viability over a long period of spheroid
culture, mimicking in vivo conditions, and affected the phe-
notypic characteristics of the osteoblasts, especially at the
periphery of the spheroids, where the cells were more elon-
gated and spaced apart. Over time, we observed further ex-
pansion of the osteoblasts at the periphery of the spheroids,
which was significantly more pronounced with a higher
concentration of Matrigel. This may be due to increased
proliferation and integrin-mediated migration of osteoblasts
at the periphery.

The co-culture of breast cancer cells and osteoblasts
to form 3D spheroids that represent an in vitro bone metas-
tasis model was the final aim of this study. We assessed
morphological characteristics and cellular functions, such
as viability within the heterotypic spheroids. The MDA-
MB-231: hOB ratio was optimized to 1:1 based on previous
experiments on cell viability. Although the cellular suspen-

Cpm
CELLR maczziaLy

sions were prepared by mixing both cell populations, struc-
tural reorganisations of the cells were observed later in cul-
ture, suggesting a mutual interaction between osteoblasts
and cancer cells. This interaction is thought to enhance tu-
mour growth [49], and our work emphasizes the important
mediating role of the ECM in cancer cell-osteoblast inter-
actions. We also observed that the size of the heterotypic
spheroids increased significantly with the addition of Ma-
trigel and that a lower concentration of Matrigel (1 %) pro-
moted better viability of the spheroids with smaller necrotic
core areas.

This model can be a surrogate for osteolytic bone
metastasis by reflecting the elevated gene expression levels
of IL-6, PTHrp, RANKL and the matrix degradation marker
MMP-13. Interleukin-6 has been previously reported to be
elevated in the serum of patients with breast cancer bone
metastasis and had been associated with poor prognosis and
increased cancer aggressiveness [50]. Elevated expression
of IL-6 has been related to interaction between osteoblasts
and breast cancer cells [51]. Parathyroid hormone-related
protein is a marker for the osteolytic type of bone metasta-
sis and is upregulated when metastatic breast cancer cells
become activated in the bone. The production of PTHrp, in
turn stimulates the production of RANKL, the main media-
tor for osteoclast maturation and activation [52]. Our results
showed that the heterotypic model mimics these mecha-
nisms increasing /L-6, PTHrp and RANKL gene expression
compared to that in homotypic MDA-MB-231 spheroids.
MMP-13, which is produced in human breast cancer bone
metastasis and is associated with poor patient prognosis
[53], was also upregulated at the RNA level in our het-
erotypic spheroid model.

The advantages of our spheroid model lie in its abil-
ity to simulate the bone microenvironment through the in-
teraction between breast cancer cells and osteoblasts. In
addition, the incorporation of Matrigel as an ECM mate-
rial further stimulates these interactions, which markedly
increases the biological relevance of our model compared
to 3D spheroid systems lacking heterotypic cellular popu-
lations or added ECM materials. With the application of
this model, more precise predictions of drug responses are
expected. Additionally, the improved feasibility and uni-
formity of the size and shape of the spheroids produced un-
der our protocol facilitate their use in high-throughput drug
screening applications, which in turn further strengthens the
model’s applicability. Furthermore, the versatility of the
proposed workflow allows for the incorporation of diverse
cellular populations and various ECM materials. This ap-
proach effectively reflects both the efficacy of cancer ther-
apies and potential resistance mechanisms.

Although the proposed model has demonstrated
promising results, there are some inherent limitations that
should be considered when evaluating the findings. Al-
though spheroids present a more physiological platform for
drug testing, the MDA-MB-231 cell line did not have the
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ability to form spontaneous tumour spheroids. Thus, an ad-
ditional matrix must be used to form tumour spheroid which
was Matrigel in our case. The interaction between the
cells and Matrigel resulted in the formation of highly dense
spheroids, which reduced the viability of the spheroids and
affected the penetration of certain reagents used in the test-
ing assays. This issue was solved by using a lower con-
centration of Matrigel (1 %), although higher concentra-
tions produced well-formed circular spheroids with a circu-
larity index close to 1. Despite its effectiveness, Matrigel
is derived from animal tumour which results in batch-to-
batch variability in protein composition. This variability
might impact the reproducibility of the model, especially
in high-throughput applications where multiple lots may
be used. As an alternative to Matrigel, synthetic polymers
such as MethoCel, has been explored for their ability to en-
hance spheroid formation [54], yet natural ECM materials
enhance the physiological relevance of the model.

A potential area for future research would be vali-
dating the impact of Matrigel on both homotypic and het-
erotypic spheroid models in drug testing experiments and
optimizing the workflows. By applying those workflows
in a high throughput setup, the reliability and scalability of
the model for drug development and other functional appli-
cations can be greatly enhanced. Another area for future
research would be the in vivo validation of the model by
comparing the drug response in vivo to that of the spheroid
model. This comparison is a crucial step in the assessment
of the translational relevance and predictive accuracy of the
model.

Conclusions

Bone is a preferable niche for metastatic cancer cells
where they disrupt bone homeostasis. 2D monolayer cul-
tures have recently been replaced by 3D tumour models,
which allow a better understanding of bone metastasis and
provide more accurate results under conditions closer to
clinical reality.

In this study, we have constructed 3D heterotypic tu-
mour spheroids using 1 % Matrigel as a robust and versa-
tile model to study different aspects of breast cancer metas-
tasizing to bone for further drug testing. By adjusting the
concentration of Matrigel within the spheroid culture, we
optimised the culture conditions to achieve minimal impact
on viability while ensuring uniformity in the size and mor-
phology of the generated spheroids. Future directions: in
our future studies, we plan to test the reliability of the model
by performing drug response assays to determine the effect
of the drugs on this model. Our tumour spheroid model
not only provides a reliable platform for future in vitro cell-
based drug screening to investigate the cytotoxicity of can-
cer cells, tolerability of bone cells and the effect of hetero-
geneous bone-cancer environment on treatment resistance
but is also physiologically appropriate for in vivo condi-
tions.
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