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ARTICLE INFO ABSTRACT

Keywords: Dormancy is a potential way for tumors to develop drug resistance and escape treatment. However, the mech-

Osteosarcoma anisms involved in cancer dormancy remain poorly understood. This is mainly because there is no in vitro culture

861_1 dormancy model making it possible to spontaneously induce dormancy. In this context, the present work proposes the use
uiescency

of three-dimensional (3D) spheroids developed from osteosarcoma cell lines as a relevant model for studying
cancer dormancy. MNNG-HOS, Sa0OS-2, 143B, MG-63, U20S and SJSA-1 cell lines were cultured in 3D using the
Liquid Overlay Technique (LOT). Dormancy was studied by staining cancer cells with a lipophilic dye (DiD), and
long-term DiD ™" cells were considered as dormant cancer cells. The role of the extracellular matrix in inducing
dormancy was investigated by embedding cells into methylcellulose or Geltrex™. Gene expression of DiD™ cells
was assessed with a Nanostring™ approach and the role of the genes detected in dormancy was validated by a
transient down-expression model using siRNA treatment. Proliferation was measured using fluorescence mi-
croscopy and the xCELLigence technology. We observed that MNNG-HOS, 143B and MG-G3 cell lines had a
reduced proliferation rate in 3D compared to 2D. U20S cells had an increased proliferation rate when they were
cultured in Geltrex™ compared to other 3D culture methods. Using 3D cultures, a transcriptomic signature of
dormancy was obtained and showed a decreased expression of 18 genes including ETV4, HELLS, ITGA6, MCM4,
PRKDC, RAD21 and UBEZ2T. The treatment with siRNA targeting these genes showed that cancer cell proliferation
was reduced when the expression of ETV4 and MCM4 were decreased, whereas proliferation was increased when
the expression of RAD21 was decreased. 3D culture facilitates the maintenance of dormant cancer cells char-
acterized by a reduced proliferation and less differential gene expression as compared to proliferative cells.
Further studies of the genes involved has enabled us to envisage their role in regulating cell proliferation.

Transcriptomic profile
3D spheroids

1. Introduction its growth, sometimes for long periods, either because an equilibrium

between proliferation and cell death is established (tumor mass

Cancers are characterized by high inter- and intratumor heteroge-
neity. The dynamic and progressive aspect of this tumor heterogeneity,
which is amplified under selection pressure (i.e. chemotherapy, immune
system, hypoxia, etc.) allows cancer cells to adapt to their environment
and is a major cause of therapeutic failure. Of the mechanisms used by
cancer cells to survive, cancer dormancy may contribute to disease
recurrence and the development of mechanisms of resistance to treat-
ment. Cancer dormancy is a phenomenon during which the tumor stops

dormancy), or because cancer cells stop or greatly slow their prolifera-
tion rate (cancer cell dormancy). During this dormancy period, the
tumor mass is undetectable using conventional imaging approaches and
dormant cells can progressively escape chemo- and/or radiotherapies
that preferentially target highly proliferative cells.

Osteosarcoma is the most common primary bone cancer, with an
incidence of 3-4.5 cases per million population per year. Half of oste-
osarcomas occurs in children and adolescents [1]. While localized forms
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of osteosarcoma present a 5-year survival rate of over 70 %, this value
drops to 30 % for patients with metastases [2,3]. Cases of cancer
dormancy in the context of osteosarcoma have been described, and their
frequency is probably associated with osteosarcoma recurrence rates
(30 % for localized cancers, 90 % for disseminated cancers) [4]. Un-
fortunately, studying dormancy poses a major challenge, as clinically, it
is only exposed when the disease recurs. Furthermore, in vitro models for
pre-clinical research generally use cell lines selected for their ability to
proliferate indefinitely in adherent monolayers, the opposite of a cancer
dormancy phenotype. To investigate the factors responsible for cancer
dormancy, it is therefore essential to use culture models that enable its
spontaneous induction.

In this study, we highlighted the relevance of 3D cultures, and
particularly spheroids, for studying cancer dormancy mechanisms in the
context of osteosarcoma. The level of proliferation of several osteosar-
coma lines was compared according to the culture method employed
(2D or 3D), or the matrix used for spheroid generation and growth
(matrix-free, methylcellulose or Geltrex™). Thanks to the use of 3D
culture, a transcriptomic signature of dormancy was obtained. Further
study of the genes involved has enabled us to envisage their role in
regulating cell proliferation.

2. Materials & methods
2.1. Cancer cell lines and culture media

MNNG-HOS (CRL-1547, ATCC), 143B (91112502, ECACC), and MG-
63 (CRL-1427, ATCC) osteosarcoma cell lines were cultured in DMEM
4.5 g/L p-glucose and 0.11 g/L sodium pyruvate (L0106-500, Dutscher,
Bernolsheim, France) supplemented with 5 % fetal bovine serum (FBS)
(CVFSVF00-01, Eurobio Scientific, Les Ulis, France) and 2 mM t-gluta-
mine (25030-024, Gibco, Paris, France). The Sa0S-2 (89050205,
ECACC) and U20S (HTB-96, ATCC) osteosarcoma cell lines were
cultured in McCoy's 5A (P04-05500, PAN biotech, Aidenbach, Germany)
supplemented with 10 % FBS and 2 mM 1-glutamine. The SJSA-1 oste-
osarcoma cell line (Prof. S. Mittnacht) was cultured in RPMI (L0501-
500, Dutscher, Bernolsheim, France) supplemented with 10 % FBS and
2 mM t-glutamine. All cell lines were regularly tested for the absence of
mycoplasma.

2.2. 2D culture

Cell lines were maintained as adherent monolayers in T25 or T75
flasks. At 90 % confluency, cells were passaged, cells were passed
following conventional cell maintenance protocols based on trypsin-
EDTA detachment. To study cell proliferation and before siRNA trans-
fection, cells were grown in flat-bottom 96-well adherent plates (3599,
Corning Costar, Boulogne-Billancourt, France).

2.3. 3D culture

Spheroids were generated in low-adherence round-bottom 96-multi-
well plates (174926, Thermo Scientific, Saint-Herblain, France) using
the Liquid Overlay Technique (LOT) [5]. Cells were seeded at a con-
centration of 20,000 cells per 100 pL per well of 96-multiwells plates.
After 24 h, 50 pL of complete culture medium was added to each well.
The generation of spheroids was performed by using two steps. Firstly,
detached cells initially cultured in 2D were resuspended at a concen-
tration of 1 x 10° cells/mL. A solution of methylcellulose (HSC001, R&D
System, Abington, UK) or Geltrex™ LDEV-Free Reduced Growth Factor
(A14132-02, Gibco, Paris, France) was added to the cell suspension at a
final concentration of 0.1x and 0.02x respectively. 25 pL droplets were
then put on the inside of a Petri dish cover and incubated in the inverted
position for 24 h at 37 °C. PBS was added to the Petri dish to avoid
dehydration. Secondly, droplets with preformed spheroids were trans-
ferred to low adherence 96-multiwells plates, with one droplet-
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containing spheroid per well. Culture medium was added to reach a
final volume of 150 pL, similar to LOT. Culture media were changed
every 2-3 days by replacing 2/3 of the initial volume.

2.4. DiD labelling

On day 0, cell lines were labeled with the lipophilic dye Vybrant™
DiD Cell-labeling Solution (V22887, Invitrogen, Paris, France) according
to the manufacturer's recommendations. After cell counting and re-
suspension at a density of 1 x 10° cells/mL in serum-free culture me-
dium, the cells were incubated with 5 pL of DiD (dilution: 1,/200) for 10
min at 37 °C, before undergoing three successive washes with serum-
free medium. As the DiD dye is used as a proliferation marker, the
labeled cells were manipulated in the absence of direct light to preserve
maximum fluorescence. Under these conditions, fluorescence intensities
can remain stable in non-dividing cell populations considered to be
“dormant” cells, whereas they halved with each mitosis in dividing cell
populations [6].

2.5. Cell viability assay

The viability of cells cultured in 3D was analyzed by two approaches:
i) a global approach at the spheroid level by measuring the LDH release
in cell cultures at various time points, ii) at the cellular level by flow
cytometry by analyzing the 7-AAD staining in DiD" and DiD™ cell
populations. Briefly, after 3D cell culture, 5 pL of the supernatant was
taken from each well. This supernatant was diluted 1/20 in PBS, and 10
pL of this solution was added to 15 pL of LDH Storage buffer and 25 pL
Enzyme Mix from the LDH-Glo™ Cytotoxicity Assay kit (J2380, Prom-
ega, Charbonnieres-les-Bains, France). Each sample was put in the well
of an opaque white 96-well plate. The plate was left at room temperature
for 1 h in the dark. Afterward, luminescence rates were assessed using
the VICTOR Nivo (Perkin Elmer, Villebon sur Yevette, France) plate
reader. After enzymatic dissociation, DiD* and DiD~ cells were incu-
bated with 5 pL of 7-AAD (00-6993-50, Invitrogen®, Paris, France) per
1 x 10° cells for 5 min, protected from light before being analyzed by
flow cytometry.

2.6. Nucleus labelling of living cells

To count the number of total cells and/or DiD" cells with micro-
scopy, cells were labeled with the fluorescent dye Hoechst 33342
(H3570, Invitrogen) that binds to DNA (excitation: 350 nm; emission:
461 nm). A stock solution of 0.01 pg/mL (1:5000) in PBS was prepared
extemporaneously. 50 pL of this stock solution was added to the 100 pL
of medium in the wells. Cells were incubated with the dye for 30 min to
1 h at 37 °C, protected from light. Before imaging, the cells were washed
then covered with fresh culture medium.

2.7. Hematoxylin and eosin staining

The spheroids were embedded in Cryomatrix™ (6769006, Epredia,
Runcorn, UK) for microscopic observation of the inner parts of the 3D-
cultured cells. The assembly was snap-frozen in liquid nitrogen-cooled
isopentane, and the frozen cytoblock was stored at —80 °C. Microtome
sections of the cytoblocks were made in a cryostat with the chamber at
—20 °C. The 3- to 6-pm-thick sections were placed on microscope slides
before being stained and mounted. Sections were stained with hema-
toxylin and eosin (3801656/3801656CN, Leica, Nanterre, France),
which stains the nucleus and matrix respectively. The sections were
exposed for 1.5 min to hematoxylin, before being rinsed thoroughly with
tap water. The sections were then immersed in eosin for one minute.
Excess dye was rinsed off with tap water. Slides were then passed
through 100 % alcohol twice, then dipped in a xylene bath 3 times
before mounting.
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2.8. Microscopy

Live cells were imaged using Perkin Elmer's Operetta CLS High-
Content Analysis System microscope. Images were then analyzed using
Harmony software. Slides of spheroid sections were imaged with a
Nikon Eclipse Ni-U5 microscope.

2.9. siRNA transfection

MISSION® esiRNA was used for the transient sub-expression of
human genes. siRNAs targeting the following genes of interest were
used: siETV4 (EHU069441, Merck, Lyon Paris), siHELLS (EHU075091,
Merck, Lyon, Paris), silTGA6 (EHU088861, Merck, Lyon, Paris), siMCM4
(EHUO081181, Merck, Lyon, Paris), siPRKDC (EHU123791, Merck, Lyon
Paris), siRAD21 (EHU108911, Merck, Lyon, Paris) and siUBE2T
(EHUO013731, Merck, Lyon, Paris). The siRNAs siKIFF11 (EHU019931,
Merck, Lyon, Paris) and siEGFP (EHUEGFP, Merck, Lyon, Paris) were
used as positive and negative controls respectively. Cells were trans-
fected with Lipofectamine™ RNAiMAX transfection agent (13778075,
Thermo Scientific, Saint-Herblain, France) and OptiMEM® I medium
(31985062, Thermo Scientific, Saint-Herblain, France). Transfection
was performed by reverse transfection according to the supplier's rec-
ommendations, either with 10 nM siRNA for the individual treatment
conditions, or with a 2 nM siRNA mixture for the pool condition
(SiHELLS + siMCM4 + siPRKDC + siRAD21 + siUBE2T). The down-
expression of genes treated with the different siRNAs was validated by
RTqPCR.

2.10. RNA extraction and RTqPCR

Total RNA from 2D-cultured MNNG-HOS cells was extracted with the
NucleoSpin RNA Plus kit (700984, Macherey-Nagel, Hoerdt, Allemagne)
by column purification according to the manufacturer's recommenda-
tions. RNA concentration was measured using a NanoDrop One. Reverse
transcription of RNA into cDNA was performed using the OneScript RT
Mix with g/DNAOut kit (OZYA012-100, Ozyme, Saint-Cyr-1'école,
France) according to the manufacturer's recommendations. 100 ng of
RNA was reverse transcribed per sample.

Expression of the ETV4, HELLS, ITGA6, MCM4, PRKDC, RAD21 and
UB2ET genes was assessed with qPCR. The sequences of the primers
designed are described in Table 1. qQPCR reactions were carried out using
the PowerUp™ SYBR™ Green Master Mix (A25741, Applied Biosystem,
California, US). Heating cycle conditions included 40 cycles divided into
a denaturation step at 95 °C for 1 s and a hybridization step at 60 °C for
30 s. The extinction coefficient ¢ was calculated according to the
formula:

£ = 100" (2°( — AACt) CTRL — 2°( — AACt) EXP)

The change in gene expression was obtained by normalization with

Table 1
Primer sequences.
Gene Primers
ETV4 Forward: 5 CACCTTCAGCAGCAAATCGC 3

Reverse: 5' GATCTTCAGAGTCGAGGGGC 3'

HELLS Forward: 5 CATGCACAGCTTCAACACGG 3'
Reverse: 5' ATCCGACTGGGGGTTCCAAT 3'
ITGA6 Forward: 5 TGCCAGCAAGGTGTAGCAG 3'
Reverse: 5' CTCTACACGAACAATCCCTTTCCA 3’
MCM4 Forward: 5 CAACGGCATCTGCTGTATCG 3'
Reverse: 5' CTGACAGATGATCCCAGCCTTT 3
PRKDC Forward: 5 TGCCCCTCATCAGTGGTTTC 3’
Reverse: 5' ACTCTTTGGACTAACTCCCTCG 3'
RAD21 Forward: 5' ACTACTTTGGATCTGGCACCG 3'
Reverse: 5' GACAGCGTGTAAAGAGCTTCAG 3'
UBE2T Forward: 5 ATTGCCACCAAAAGGTGCTTG 3'

Reverse: 5' CAGGGTTGGGTTCTGACATGA 3'
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the RPLPO (QT00075012, QIAGEN, Manchester, UK) and GAPDH
(QT00079247, QIAGEN) housekeeping genes.

2.11. Nanostring™ analysis

RNA from MNNG-HOS DiD~ and DiD" cells was extracted using
Macherey-Nagel's NucleoSpin RNA Plus XS kit (740990, Macherey-
Nagel, Hoerdt, Allemagne) immediately after cell sorting by flow
cytometry. RNA concentration was quantified on a NanoDrop. For
Nanostring™ analysis, 50 ng of RNA in a maximum volume of 5 pL was
required per sample. To analyze gene expression differences between
DiD~ and DiD" tumor cells, the NanoString PanCancer Human IO 360™
panel was selected. Hybridization of capture and reporter probes with
target RNAs was performed according to the manufacturer's recom-
mendations. The solution containing the RNA samples and probes was
placed in a thermocycler at 65 °C for at least 16 h. Following hybridi-
zation, the samples were put in an automated nCounter Prep Station to
remove excess probes and mRNA. The purified samples were then
loaded on to a cartridge, where they could bind via the biotin of the
capture probe. The fixed samples were then loaded into a second auto-
mated system, the nCounter Digital Analyze, a multi-channel epifluor-
escence scanner. The scanner took as many images as the number of
reporter probes detected. These images were then converted into digital
values for analysis. The data obtained were analyzed using Nanostring
nSolver Analysis Software, and statistical tests were performed.

2.12. Cell proliferation

Cell proliferation was measured using the xCELLigence approach and
compared with several control conditions: (i) untreated, (ii) treated only
with transfection reagent (TR), (iii) treated with eGFP siRNA (siEGFP,
transcript is not expressed by cells), and (iv) treated with KIFF11 siRNA
(siKIFF11) known to arrest proliferation and result in cell death over the
long term. The results obtained are given as Cell Index (CI) normalized
against time. The higher the CI, the more cells covered the well surface.
The CI curve comprised several stages: i) an initial adhesion phase,
followed by a period of exponential growth resulting in a linear positive
slope; ii) a peak in CI corresponding to a slowdown and then a halt in
proliferation, when the cells completely cover the well and have no more
space to multiply and iii) a decreasing phase corresponding to cell death.

2.13. Statistical analysis

All experiments were carried out three times, in triplicate and data
represent three independent biological replicates. Statistical analyses
were performed using GraphPad Prism 7.0 software (GraphPad Soft-
ware, La Jolla, CA, USA) and the statistical tests used are indicated in
each figure legend. A p-value <0.05 was considered statistically
significant.

3. Results
3.1. 3D culture diminished cell proliferation of osteosarcoma cell lines

After labeling with the lipophilic membrane dye DiD, 143B, MG-63
and MNNG-HOS cells were seeded in 2D or 3D in flat-bottom and
round-bottom 96-well plates respectively. The proliferation rate was
assessed using fluorescence microscopy after analysis of the cell viability
(Fig. 1A-C and Supplementary Fig. 1). The analyses of the LDH release
and 7-AAD staining demonstrated a very limited loss of viability in 3D
cell cultures with >95 % of viable DiD" ¢ DiD ™ cells at any time point
of the cell culture (data not shown). Day 1 after seeding, most cells in
each cell line was DiD", whether grown in 2D or 3D culture. Only MG-63
cells cultured in 2D showed a lower fraction of positive cells, at around
60 % (Fig. 1D). Over time, the level of DiD fluorescence and the number
of DiD" cells remained stable in the cell lines cultured in 3D. Conversely,
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a drastic decrease in the number of DiD" cells was observed for all cell
lines cultured in 2D as early as 5 days after seeding. At day 15, only a low
number of MG-63 cells were still DiD™ in 2D (Fig. 1B), and none for 143B
and MNNG-HOS cells (Fig. 1A and C). 3D culture of osteosarcoma cell
lines was therefore associated with slowed cell proliferation compared
with 2D culture. This observation shows that 3D culture is an interesting
model for studying the mechanism of tumor dormancy.

3.2. Osteosarcoma cell lines cultured in 3D display heterogeneous
morphological profiles

Six osteosarcoma cell lines (143B, MG-63, MNNG-HOS, SaOS-2,
SJSA-1 and U20S) were grown in 3D for 15 days. Morphological pa-
rameters of the spheroids generated were compared: number of spher-
oids produced per well, cross-sectional area, minimum diameter, and
roundness. Depending on the lineage, different morphological profiles
were observed. Spheroids from 143B, MNNG-HOS and SJSA-1 were
large, with a minimum diameter of over 500 pm throughout the entire
culture period. In addition, these spheroids increased in size over time,

A Day 1

Day 15

C Day 1 Day 15
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approaching 750 pm in diameter by day 15. MG-63 spheroids were in-
termediate in size, maintaining a diameter of around 500 pm throughout
the 15-day culture period (Fig. 2B and C). Finally, these four lines
generated a single spheroid per well, with a high degree of roundness
(Fig. 2A and D). Conversely, the SaOS-2 and U20S lines failed to
generate a single spheroid per well (Fig. 2A) and formed smaller
spheroids than the other four cell lines (Fig. 2B and C). In particular, the
cross-sectional area and minimum diameter of SaOS-2 spheroids fluc-
tuated over time. Moreover, SaOS-2 and U20S spheroids had much
lower roundness values (Fig. 2D). Finally, the SaOS-2 and U20S cell
lines produced very dense spheroids, while the 143B, MG-63, MNNG-
HOS and SJSA-1 cell lines formed spheroids of intermediate density with
a dark core and lighter border (Fig. 2F and Supplementary Fig. 2). These
results reveal that several osteosarcoma cell lines can form spheroids
under the culture conditions used, but exhibit various morphological
patterns. The 3D behavior of these lines could thus reflect their specific
characteristics.

B Day 1
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Fig. 1. Comparing DiD dilution between 2D and 3D cultures. 143B (A), MG-63 (B) and MNNG-HOS (C) cells were labeled with the lipophilic membrane dye DiD
before being seeded in 2D or 3D in 96-well plates. DiD intensity (A-C) and the number of DiD™ cells (D) over time were assessed with microscopy.
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3.3. The tumor microenvironment plays a role in the cancer dormancy of
osteosarcoma cells cultured in 3D

Of the cell lines studied previously, two osteosarcoma lines were
selected to further investigate the role played by the extracellular matrix
on cell proliferation: a large spheroid-forming cell line (MNNG-HOS)
and a small spheroid-forming cell line (U20S). Cells were labeled with
DiD and cultured for 15 days either using LOT or HD embedded in 0.1 %
methylcellulose or 0.02 % Geltrex™.

When the minimum diameter of MNNG-HOS spheroids was
compared, no difference was observed between the three 3D culture
methods (Fig. 3A). Conversely, an increase in minimum diameter was
detectable from day 7 of culture for U20S spheroids cultured in Gel-
trex™ compared with those grown using LOT or in methylcellulose
(Fig. 3B). Interestingly, the average fluorescence of DiD expressed by
U20S spheroids after Dayl5 cultured in Geltrex™ showed a significant
decrease in intensity compared to those grown using LOT (Fig. 3C and
D). Thus, Geltrex™ produced larger U20S spheroids suggesting more
proliferating cells.
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Microscopic observation of spheroids grown in Geltrex™ at Day15
showed that MNNG-HOS spheroids exhibited higher DiD fluorescence in
the center of the sphere. Moreover, cytological analysis of the spheroids
after HE stains revealed that cells were more numerous at the spheroid
periphery (purple nucleus), while the core was richer in extracellular
matrix (pale pink staining) (Fig. 3E). In the case of U20S cells, the
spheroids showed an alveolar organization, with spherical zones sepa-
rated by fewer cell-dense grooves. The presence of large lacunae
composed of extracellular matrix was also demonstrated (Fig. 3F). These
results highlight the impact of the extracellular matrix on the spatial
organization and cell proliferation of osteosarcoma cell lines.

3.4. Long-term culture of DiD" cells demonstrates differential
transcriptomic profiles between positive and negative cells

After 35 days of culture, MNNG-HOS cells labeled with the lipophilic
dye DiD were dissociated, and the cells sorted by flow cytometry based
on the level of intensity of DiD fluorescence. Two cell populations were
obtained: strongly positive DiD" cells representing around 15 % of the
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Fig. 2. Morphological characterization of osteosarcoma cell lines grown in 3D with LOT. Morphological parameters of the spheroids produced from 143B, MG-
63, MNNG-HOS, Sa0S-2, SJSA-1 and U20S osteosarcoma cell lines. The number of spheroids per well (A), cross-sectional area (B), minimum diameter (C) and
roundness (D) were measured with light microscopy coupled to image J software. The roundness was calculated by using the following formula: 4 x Area/(x x Major
Axis®). (D) Representative microscopy images of spheroids formed by the different lines 15 days after seeding. Scale bar = 500 pm.
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HOS and U20S spheroids respectively. (C—D) Measurement of mean DiD fluorescence intensity 15 days after 3D seeding of MNNG-HOS and U20S spheroids
respectively. (E-F) Day 15 microscopy images of MNNG-HOS and U20S spheroids respectively. Left: fluorescence microscopy image; DiD in red. Right: white light
microscopy image; hematoxylin and eosin staining. Scale bar: 300 pm. Statistical test: Kruskal-Wallis; *p < 0.05.

total cells (Supplementary Fig. 3) and DiD~ cells that had no DiD
staining. Transcriptomic analysis using the Nanostring™ approach
compared the expression of over 700 genes involved in cancer between
proliferating (DiD ™) and dormant (DiD") cells. Differential expression of
18 genes significantly under-expressed in DiD" cells was obtained
(Fig. 4A). STRING analysis [7] of these 18 genes revealed that most of
them interacted with each other at the protein level, either physically or
functionally, with the exception of NF2 and ETV4 (Fig. 4B). Finally, the
signaling pathways associated with the expression of these genes were
evaluated (Fig. 4C). Half of the genes (CCNA2, CCNB1, PTTG2, MCM4,
PCNA, SKP2, PRKDC, SMC3, RAD21) are involved in the cell cycle and
apoptosis pathways. Other signaling pathways are also represented,
such as the DNA damage and repair pathway (UBE2T, PCNA, PRKDC),
chromatin modification (HELLS), cancer driver genes (HIST1H3B, NF2),
the PI3K pathway (SPP1, ITGA6) and transcriptional deregulation
mechanisms (HISTIH3G, HIST1H3B, HIST1H3H, ETV4). Taken together,
these results suggest that the differentially expressed genes between
DiD" cells and DiD~ cells fit a transcriptomic signature of dormancy.

3.5. Treatment of osteosarcoma cells with siRNA leads to altered cell
proliferation

Among the list of genes identified in DiD" cancer cells, 7 of them
(ETV4, HELLS, ITGA6, MCM4, PRKDC, RAD21 and UBE2T genes) were
selected based on a review of the literature. We then studied the
contribution of each gene in the control of dormancy of osteosarcoma
cell by using siRNA approach. In addition, due to their functional
interaction (Supplementary Fig. 4), an equimolar mixture of 5 of these
siRNAs (directed against the HELLS, MCM4, PRKDC, RAD21 and UBE2T
transcripts) named “Pool” was also assessed.

The functional efficacy of each siRNA was validated with RT-qPCR
(Fig. 5A). We considered that an effective siRNA shed should be asso-
ciated with a gene silencing coefficient of over 70 %. This extinction rate
was reached 24 h after treatment for most siRNAs used at a concentra-
tion of 10 nM, with the exception of PRKDC. In the case of the latter, one
of the experimental replicates did not appear to be correctly quenched
by the siRNA, whereas extinction was over 80 % for the other two
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differentially expressed genes assessed with STRING. (C) Signaling pathways associated with differentially expressed genes. Statistical test: t-test with Benjamini-
Yekutieli post hoc test; p < 0.05. * correspond to the gene selected for further study.

biological replicates (data not shown). For treatment with the mixture of
5 siRNAs (HELLS, MCM4, PRKDC, RAD21 and UBEZ2T) called pool, each
siRNA was used at a concentration of 2 nM to obtain a final solution
concentrated to 10 nM total siRNA. Treatment with siRNAs from the
pool condition resulted in extinction coefficients of over 70 % for all
target genes apart from HELLS. In summary, these results demonstrate
the effectiveness of siRNA on gene expression silencing.

Interestingly, treatment with siETV4, siHELLS, silTGA6, siMCM4,
siPRKDC and siUBE2T was associated with a shift in CI peaks compared
with the siEGFP control condition (Fig. 5B). Furthermore, cells treated
with siHELLS, silTGA6 and siUBE2T showed exponential growth phases
identical to the siEGFP control condition, but their CI peaks were higher.
Cells treated with siETV4, siMCM4 and siPRKDC showed slower expo-
nential growth phases than the siEGFP control condition. Furthermore,
while conditions treated with siMCM4 or siPRKDC showed CI peaks
similar to the siEGFP control condition, the treatment with siETV4 was
associated with a slightly reduced peak. Finally, conditions treated with

siRAD21 and pool had CI curves similar to the untreated condition, with
higher, left-shifted CI peaks compared to the siEGFP control condition
(Fig. 5B).

A comparison of doubling time (Fig. 5C) demonstrated that treat-
ment with siETV4 and siMCM4 significantly increased the time needed
to double the CI, while treatment with siRAD21 significantly decreased
it. Furthermore, the CI value at the peak of the curve was significantly
higher in the presence of siRAD21 compared to the siEGFP-treated
control condition (*p < 0.05; Fig. 5D).

Taken together, these results indicate that when the ETV4 and MCM4
genes are down-expressed, doubling time increases. Conversely, down-
expression of the RAD21 gene reduces doubling time. In addition, dif-
ferences in CI height were observed when RAD21 was down-expressed,
as well as a time shift in peak CI for most of the siRNA-treated cells,
underlying a potential effect of this specific siRNA on cell morphology or
adherence to the substrate.
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Fig. 5. Evaluating cell proliferation depending on siRNA treatments. MNNG-HOS cells were treated or not with siRNA targeting a transcriptomic signature gene
or with a combination of several siRNAs (pool). (A) Validating the down-expression of the various genes with RTqPCR. Gene (10 nM) corresponds to siRNA used
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4. Discussion

The present study demonstrates the value of using 3D culture models
to investigate the mechanism behind cancer cell dormancy. Long-term
culture of osteosarcoma cells labeled with a lipophilic membrane dye
that dilutes as cells divide revealed a rapid decrease in fluorescence in
2D cultures, while the dye expression level was maintained in 3D
spheroids. This observation indicates that cancer cell proliferation
slowed down in 3D cultures. Cancer dormancy is a phenomenon in
which cells can enter a state of cell arrest or slowed growth [8]. Dormant
cells in cancer also named quiescent cells, cancer stem cells, persister
cells or tumor initiating cells remain controversial and should be
considered as low cycling cells associated to the resistance of treatment
[9]. In view of the results obtained, 3D models appear to be particularly
suitable for inducing and studying the mechanisms of cancer cell
dormancy.

These disparities in cell proliferation between 2D and 3D cultures
can be explained by the spatial organization assumed by the cells in
these two culture conditions. Cell lines cultured in 2D proliferate rapidly
as long as adherent cells have sufficient space to grow. Under these
adherent monolayer culture conditions, cells have equal access to the
nutrients and oxygen present in the culture medium. As the culture
conditions used (media composition, etc.) were favorable for prolifera-
tion and cell viability, the cancer cells were subjected to little or no
environmental pressure that might otherwise have slowed down their
proliferation. Conversely, the 3D organization of spheroids created a
centripetal diffusion gradient for nutrients and oxygen, and a centrifugal
one for cellular waste [10]. Moreover, depending on the size of the
spheroids, a phenotypic stratification of cells could be observed, with a
necrotic core, an intermediate layer of cells in cell cycle arrest or
slowdown, and a peripheral layer of proliferative cells [11]. For all these
reasons, LOT culture of cancer cells encourages cell proliferation to slow
down and is therefore relevant for studying mechanisms such as cancer
dormancy.

Under LOT culture conditions, spheroids from the different osteo-
sarcoma cell lines showed different morphological profiles. It was thus
possible to classify them into three categories: i) large, round spheroids
(143B, MNNG-HOS and SJSA-1); ii) intermediate-sized, round spheroids
(MG-63) and iii) small, ovoid spheroids (U20S and Sa0S-2). These dif-
ferences in morphology between cell lines may reflect inter-tumoral
variability. Thus, while it is not surprising that the 143B and MNNG-
HOS cell lines behaved similarly in 3D given their common origin, the
link they share with the SJSA-1 line is less obvious. However, functional
characterization of several osteosarcoma cell lines has highlighted the
aggressive nature of these three lines. The 143B, MNNG-HOS and SJSA-1
lines showed high tumorigenic, clonogenic, invasive, migratory and
proliferative capacities [12,13]. In contrast, the MG-63 cell line shows
low or no tumorigenicity, reduced invasiveness and migratory capacity,
but high clonogenicity and proliferation. Finally, the U20S and SaOS-2
lines show similarities in terms of low or non-existent tumorigenicity,
intermediate clonogenicity, and invasive and migratory capacities.
Their level of proliferation, however, is different: high for the U20S line,
intermediate for the SaOS-2 line [12,13]. Thus, while a correlation be-
tween the aggressive nature of the lineage and its ability to form large,
round spheres seems to be emerging, it remains difficult to precisely
identify a parameter associated with their 3D morphology, especially as
the functional characteristics have mostly been described in 2D models.
Transposing several of these assays to 3D culture, notably invasion and
migration tests, could provide better understanding of the morpholog-
ical differences observed.

Inducing slowed proliferation and acquiring a cancer dormant
phenotype could also be regulated by adding a culture matrix during
spheroid generation. Two osteosarcoma cell lines were selected to study
the role of both the tumor microenvironment and the extracellular
matrix: the MMNG/HOS cell line that forms large spheroids (diameter >
500 pm), and the U20S cell line that forms smaller spheroids (diameter
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< 500 pm) when cultured with LOT. In the case of MNNG-HOS cells,
adding a culture matrix did not induce morphological variations in the
spheroids generated. Conversely, culture of U20S cells in Geltrex™, a
basement membrane matrix extracted from Engelbreth-Holm-Swarm
murine tumors, was associated with an increase in the size of the
spheroids generated and a decrease in the mean fluorescence intensity of
membrane DiD, suggesting an increase in cell proliferation. The value of
adding an additive of animal or plant origin to 3D cultures to promote
spheroid formation and growth has been demonstrated, in particular for
prostate and breast adenocarcinoma cell lines [14-16]. In our study,
culture with methylcellulose, a cellulose-derived matrix, did not result
in morphological differences compared with LOT culture. Contrary to
the conclusions drawn by other authors [16], these results identify the
molecular composition of the matrix rather than the viscosity of the
additives as the cause of the increased rate of cell proliferation in the
case of the U20S line. Geltrex™ is essentially composed of laminin,
collagen IV, entactin and heparan sulfate proteoglycans, which may act
as pro-proliferative signals. Moreover, although the product used was
selected for its reduced growth factor content, it is likely that some of
these molecules are still present in the matrix and play a role in cell
proliferation. The extracellular matrix is the sum of these compounds
and plays a key role in the progression of osteosarcoma, whether in
terms of proliferation, adhesion, invasion or metastasis [17].

More than a month after their seeding in 3D, a cell population still
strongly labeled with the lipophilic membrane dye could be detected
with flow cytometry, meaning that a number of cells had not prolifer-
ated, or had proliferated only slightly, over the entire culture period.
Our data are complementary to the works published by Rainusso et al.
[18] who used the dye PKH26 to isolate PKH26" cells after several
passages in vitro and found that several genes implicated in the cellular
acetylation process were downregulated. Interestingly, these authors
demonstrated that these cells exhibited some properties of tumor-
initiating cells. In our study, after a long-term culture in 3D (35 days
without any replating), a comparison of the transcriptomic profile of the
DiD" population with that of the DiD~ population using the Nano-
string™ approach revealed the significant differential expression of 18
genes. Of these genes, 9 are involved in cell cycle pathways. In partic-
ular, the under-expression of key players in cell cycle progression such as
CCNA1 and CCNB2, as well as several histones involved in DNA
compaction, supports the idea that this is a signature of cancer
dormancy. In addition to genes with a clear link to cancer dormancy,
other genes in this signature also appear to play a more or less direct role
in cell proliferation.

Two new regulators of cancer cell dormancy were identified ETV4
and MCM4. ETV4 is a transcriptional activator, known notably in the
context of Ewing sarcomas and prostatic adenocarcinomas to fuse with
other genes [19]. In synovial sarcoma, ETV4 is involved at the cell cycle
level, reducing proliferation when under-expressed in tumor cells [20].
Similar results have been described for gastrointestinal or bladder can-
cers [21,22], where ETV4 under-expression may be associated with a
decrease in cell cycle associated genes and the Wnt/f-catenin signaling
pathway, notably by leading to destabilization of f-catenin. B-catenin
physiologically translocates into the nucleus and induces transcription
of the CCND1 and cMYC genes involved in cell cycle control [22].
Conversely, destabilization of f-catenin by ETV4 down-expression re-
sults in its degradation by the proteasome [23], which explains the
reduced proliferation observed in vivo. In bladder cancer, ETV4 plays a
role in cell proliferation by binding directly to the promoter region of the
P3H4 gene. Down-expression of P3H4 leads to a reduction in CCND1
protein levels in vitro and inhibition of tumor growth in vivo [21].

ITGA®6, a gene encoding an integrin involved in cell adhesion and
signaling, also appears to play a role in cell proliferation. A study carried
out on osteosarcoma cell lines revealed overexpression of ITGA6 in
tumor tissue compared with healthy tissue. ITGA6 down-expression in-
hibits osteosarcoma cell proliferation via miR-127-3p [24].

RAD21 encodes a subunit of the cohesin complex that ensures the
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cohesion of sister chromatids from DNA replication in S-phase to their
segregation during mitosis. RAD21 interactome comprises over a hun-
dred molecules, and this protein is involved in numerous other biolog-
ical pathways such as transcription regulation, apoptosis, and the
response to DNA damage [25]. The down-expression of RAD21 in the
MDA-MB-231 breast cancer line induced the appearance of several
senescence markers such as f-galactosidase or p21. The acquisition of
this senescent phenotype could be the result of the down-expression of c-
Myc which would promote activation of the signaling pathway involving
RB1, a cell cycle repressor [26].

UBE2T is a protein that not only plays a crucial role in protein
degradation processes through the proteasome system but is also
involved in the response to DNA damage. Overexpressed in several
cancers, such as osteosarcoma, gastric adenocarcinoma, hepatocellular
carcinoma and glioblastoma (Heitor [27-30]), UBE2T down-expression
in osteosarcoma cells inhibits cell proliferation via inhibition of the
PI3K/AKT signaling pathway [31].

The HELLS gene encodes the LSH helicase, involved in DNA strand
separation during replication, repair, recombination and transcription.
LSH, and by extension HELLS, also plays a role in DNA methylation and
chromatin folding. While HELLS has been described as being overex-
pressed in several sarcomas, including osteosarcoma and soft tissue
sarcomas [32,33], as well as in many other cancers [34], its direct role in
cell proliferation has yet to be demonstrated in the context of cancer.
However, mice genetically modified to have a HELLS ™/~ genotype show
an accelerated aging phenotype associated with early and increased
replicative senescence [35].

MCM4 is another gene whose direct role in cancer proliferation has
not been demonstrated. MCM4 is a protein involved in genome repli-
cation. Its expression is increased in several sarcomas [36,37]. In a
human fibroblast cell line with proliferation limited to a certain number
of cell divisions, MCM4 expression levels drop drastically as senescence
approaches [38]. Similar results have been obtained in yeast models
[391.

PRKDC is also overexpressed in the context of osteosarcoma [40]. It
is the catalytic subunit of the DNA-dependent protein kinase involved in
DNA repair by joining non-homologous ends, and phosphorylates the
TP53 protein among others. Down-expression of PRKDC should there-
fore be pro-oncogenic, but several studies have highlighted its role in
telomere length maintenance. The down-expression of PKRDC led to
accelerated telomere degradation associated with reduced cell prolif-
eration without increased apoptosis in vivo [41]. In addition, PRKDC "/~
mice have a shorter lifespan and present age-related pathologies earlier
[42]. PRKDC might therefore play a role in replicative senescence.

Overall, and after comparison with data in the literature, we can
conclude that the genes differentially expressed in MNNG-HOS DiD™"
cells are consistent with a dormancy signature.

To verify the role of the ETV4, HELLS, ITGA6, MCM4, PRKDC, RAD21
and UBE2T genes in dormancy induction, down-expression of their
respective transcripts was induced by RNA interference. Although the
transcriptomic signature was obtained from 3D cultures, treatment of
spheroids with siRNA raised the problem of diffusion of the molecules
within the sphere. In contrast to adherent monolayer cultures, where all
cells receive a homogeneous amount of siRNA, 3D culture may induce a
diffusion gradient, with cells in the center receiving a much lower
concentration of siRNA molecules than those on the periphery. As a
result, under-expression is heterogeneous, which could bias the results
obtained. Finally, xCELLigence is a simple and direct method for
studying cell proliferation, but it is only suitable for adherent monolayer
cultures. For all these reasons, the choice was made to validate the effect
of down-expression of the various genes of interest in 2D rather than 3D
culture.

SiETV4, siMCM4 and siPRKDC modulated osteosarcoma CI curves.
While ETV4 had already been described as being involved in regulating
cell proliferation [20-22], this is the first time to our knowledge that
such a role has been highlighted for MCM4 and PRKDC in the context of
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cancer and osteosarcoma. Calculating the CI doubling time measured in
the exponential phase of growth (between 36 h and 60 h) confirmed the
functional contribution of ETV4 and MCM4 in controlling cell dormancy
in vitro.

No difference in the growth phase of the CI curves was observed for
cells treated with siHELLS, siITGA6 or siUBE2T. A previous study has
already shown that loss of HELLS expression had no effect on osteosar-
coma cell proliferation [33]. In this context, down-expression of HELLS
may have cell dormancy as a consequence rather than a cause, which
would explain its detection in the transcriptomic signature. In contrast
to what has been described in the literature, ITGA6 and UBE2T down-
expression does not appear to have an impact on cell proliferation
[24,31]. This observation highlights the limitations of the model
selected for studying cell proliferation. The transcriptomic signature was
obtained from spheroids whose DiD™ cells had been in culture for over a
month. In the xCELLigence tests, the down-expression of the genes of
interest was only studied over a 4-day period. Dormancy induction may
be a lengthy process, and the delayed effect of gene under-expression
may be lost in our study model.

Finally, the profile of the curves observed in the presence of siRAD21
and the “pool” condition is the opposite of what was expected initially.
These data indicate an acceleration of cell proliferation. A significant
decrease in CI doubling time was observed only for cells treated with
RAD21 siRNA. Since the “pool” condition corresponds to an equimolar
mixture of siHELLS, siMCM4, siPRKDC, siRAD21 and siUBE2T, each of
whose concentrations is 5 times lower than that of cells treated with a
single siRNA, it is likely that this leftward shift in the curve is mainly due
to the effect of RAD21 down-expression. Moreover, this shift was asso-
ciated with a significant increase in CI peak height.

The present work has some limitations. The first limitation of the
study is the use of a gene profile from a single osteosarcoma cell line.
MNNG-HOS cell line has been chosen as a reference of a large number of
publications in the field and for its recognized in vivo tumorigeneic
properties (growth of primary tumor in bone site with development of
lung metastatic foci). We assessed the functionality of the identified
genes in 2D culture conditions for three reasons: i) we used transient
transfection limiting the duration of the experiments until 72 h and we
would like to avoid repeated transfections, ii) the diffusion of siRNA and
transfection reagent is reduced in 3D spheroids, and the main risk was to
have a siRNA gradient from the periphery to the heart of the spheroids
where the DiD™ cells were preferentially located, iii) cell proliferation is
spontaneously reduced in 3D and we would assess the inhibitory effects
of siRNA on cell proliferation explaining why 2D cultures have been
preferred. Nevertheless the use of transient transfection reduced the risk
to lead to the selection of specific clones compared to stable trans-
duction. Rainusso et al. used the dye PKH26 to select dye positive os-
teosarcoma cells in 3D cultures. The gene profile identified by these
authors does not completely match with the present data. They found
that several genes implicated in bone development/inflammation/cell
migration were upregulated and genes involved in cellular acetylation
process were downregulated. They did not identified the contribution of
ETV4 or MCM4 which were downregulated in the present work. Com-
plementary works are needed to to assess other osteosarcoma cells lines,
cells isolated from patient derived xenografts, and fresh patient samples
under the same reported experimental conditions.

In summary, our study demonstrates the relevance of using 3D cul-
ture to study mechanisms of tumor progression such as cell dormancy in
the context of osteosarcoma. In addition, our results identified MCM4
and PRKDC as new regulators of cell dormancy in osteosarcoma. Cancer
dormancy is a complex aspect of cancer biology that plays an important
role in tumor progression and treatment resistance [43]. The present
study contributes to paving the way for better understanding of cell
dormancy in osteosarcoma that may lead to the development of new
therapeutic options [44].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamcr.2024.119660.
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