Molecular Biology Reports (2024) 51:467
https://doi.org/10.1007/511033-024-09315-w

ORIGINAL ARTICLE q

Check for
updates

Osteosarcoma cells exhibit functional interactions with stromal cells,
fostering a lung microenvironment conducive to the establishment
of metastatic tumor cells

Matias J. P. Valenzuela Alvarez’ - Luciana M. Gutierrez' - Juan M. Bayo? - Maria J. Cantero? - Mariana G. Garcia? -
Marcela F. Bolontrade'

Received: 7 November 2023 / Accepted: 2 February 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract

Background Osteosarcoma (OS) stands out as the most common bone tumor, with approximately 20% of the patients
receiving a diagnosis of metastatic OS at their initial assessment. A significant challenge lies in the frequent existence of
undetected metastases during the initial diagnosis. Mesenchymal stem cells (MSCs) possess unique abilities that facilitate
tumor growth, and their interaction with OS cells is crucial for metastatic spread.

Methods and results We demonstrated that, in vitro, MSCs exhibited a heightened migration response toward the secretome
of non-metastatic OS cells. When challenged to a secretome derived from lungs preloaded with OS cells, MSCs exhibited
greater migration toward lungs colonized with metastatic OS cells. Moreover, in vivo, MSCs displayed preferential migratory
and homing behavior toward lungs colonized by metastatic OS cells. Metastatic OS cells, in turn, demonstrated an increased
migratory response to the MSCs’ secretome. This behavior was associated with heightened cathepsin D (CTSD) expression
and the release of active metalloproteinase 2 (MMP2) by metastatic OS cells.

Conclusions Our assessment focused on two complementary tumor capabilities crucial to metastatic spread, emphasizing
the significance of inherent cell features. The findings underscore the pivotal role of signaling integration within the niche,
with a complex interplay of migratory responses among established OS cells in the lungs, prometastatic OS cells in the
primary tumor, and circulating MSCs. Pulmonary metastases continue to be a significant factor contributing to OS mortal-
ity. Understanding these mechanisms and identifying differentially expressed genes is essential for pinpointing markers and
targets to manage metastatic spread and improve outcomes for patients with OS.
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CCL2 C-C motif chemokine ligand 2 CXCR4 C-X-C motif chemokine receptor 4
CCR2 C—C motif chemokine receptor 2 CXCLI12 C-X-C motif chemokine ligand 12
M Conditioned medium DAPI 4',6-Diamidino-2-phenylindole
CTSA Cathepsin A dihydrochloride
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DiR 1,1'-Dioctadecyl-3,3,3",3'-
tetramethylindotricarbocyanine iodide

DMEM Dulbecco’s modified eagle’s medium

DMEM/F12 Dulbecco’s modified eagle’s medium/nutri-
ent mixture F12

ECM Extracellular matrix

FBS Fetal bovine serum

FI Fluorescence intensity

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

GEO Gene expression omnibus

HMEC-1 Human microvascular endothelial cells

IACUC Institutional Animal Care and Use
Committee

IL-1 Interleukin 1 alpha

iv. Intravenously

MMPs Metalloproteinases

MMP2 Metalloproteinase 2

MMP9 Metalloproteinase 9

MSCs Mesenchymal stem/stromal cells

NIH National Institutes of Health

gPCR Real time polymerase chain reaction

PBS Phosphate buffer solution

PECAM Platelet—endothelial cell adhesion molecule
1

(0N} Osteosarcoma

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

Introduction

A pivotal aspect of malignant tumor progression is the
emergence of detectable metastasis, a significant clinical
challenge in cancer treatment. Migration and invasion are
two key biological processes that underpin and facilitate the
dissemination of tumor cells from the primary site. While
intricately interconnected and occasionally converging
towards the same biological objective, these processes pos-
sess distinct features. Hanahan and Weinberg have identi-
fied tissue invasion and metastasis as hallmarks features of
cancer, and Labeznik highlighted their critical role in distin-
guishing benign from malignant tumors in 2010 [1-3]. Inva-
sion involves a complex biological interplay, predominantly
orchestrated by proteins capable of modifying the extracel-
lular matrix (ECM), such as metalloproteinases (MMPs) or
cathepsins (CTSs) [4, 5]. For tumor cells to spread to dis-
tant sites, cell migration is imperative, regulated by various
chemotactic axes like CXCR4-CXCL12 or CCR2-CCL2
[6-8]. Metastasis, representing the advanced stage of cancer
spread, stands as the primary cause of mortality and morbid-
ity, contributing to 90% of cancer-related deaths [9]. Con-
sequently, tumors characterized by rapid progression and
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metastatic capabilities assume considerable significance in
this context.

Osteosarcoma (OS) stands out as the most prevalent bone
tumor, with a predominant pulmonary metastasis pattern.
The presence of OS metastases occurs early in the progres-
sion of the tumor. Even in cases where twenty percent of OS
patients receive an initial diagnosis of metastatic OS, it is
estimated that a substantial 80% of OS patients harbor undi-
agnosed micrometastasis at the time of diagnosis [10-14].
Despite advances since the 1970s, the 5-year survival rate
for patients with metastatic OS disease has not presented
significant improvement, remaining in the range of 15-30%.
The emergence of micrometastases poses a substantial chal-
lenge, given their elusiveness to conventional methods [15].

Given the tissue context of OS, particular attention is
drawn to mesenchymal stem/stromal cells (MSCs), which
play a significant role in various aspects. MSCs, being multi-
potent stem cells, possess characteristics that make them
conducive to supporting tumor growth [16, 17]. Addition-
ally, our prior research has demonstrated that the stromal
component within the OS microenvironment influences the
stemness state of both tumor cells and MSCs, with adjust-
ments according to the specific tumor context [18, 19].
Due to their versatile nature, MSCs have been implicated
in numerous cancer models, participating in nearly all can-
cer hallmarks and underscoring their role as integral com-
ponents of the tumor microenvironment [1, 20, 21]. The
pathological bone scenario established during the onset and
progression of OS involves intricate signaling and molec-
ular exchanges between tumor cells and the altered bone
niche. As OS progresses to pulmonary metastasis, tumor
cells within the primary site may acquire traits associated to
metastasis, such as enhanced migratory and invasive capaci-
ties. Simultaneously, the dynamic alterations in the stroma
might exert a selection pressure on pre-existing OS subpopu-
lations, favoring cells with metastatic traits to leave the nest
towards potential metastatic locations.

In this schema, our primary focus has been on the inter-
connected modulation between MSCs and OS cells, examin-
ing the resulting migratory patterns in both primary and met-
astatic settings. In vitro, we demonstrated that MSCs exhibit
a migratory pattern favoring a response to the secretome
of non-metastatic OS cells. When challenged to secretomes
from lungs pre-loaded with OS cells, MSCs exhibited a
migratory response directed towards lungs colonized with
metastatic OS cells. Previous studies from our group have
established that MSCs integrate into various tumor stromas
[22, 23]. To contextualize this migratory response towards
a complex secretome, our model illustrated that MSCs not
only migrate but also home in OS lung metastatic areas. This
proof of concept emphasizes the crucial role of MSCs as
supportive stromal components in the metastatic progression
of OS, suggesting that categorizing a cell or group of cells
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as metastatic or non-metastatic by eliciting a given biologi-
cal response within their immediate surrounding conditions,
is ultimately modulated by the whole niche. Additionally,
metastatic OS cells exhibited an elevated migratory response
towards MSCs’ secretome. This feature was accompanied
by an increased production of pro-metalloproteinase 2 (pro-
MMP2) and cathepsin D (CTSD), as well as the release
of active MMP2 by metastatic OS cells. Cancer progres-
sion involves multistep functional events, culminating in
the acquisition of a metastatic phenotype. Our assessment
focused on two complementary tumor capacities relevant
to metastatic spread, highlighting the importance of inher-
ent cell features enabling colonization of a distant organ.
Simultaneously, it underscored the significance of niche-
wide signaling integration. This suggests that the interplay
of migratory responses between OS cells already established
in the lungs, prometastatic OS cells in the primary tumor,
and circulating MSCs is pivotal for the successful growth of
secondary tumors. Hence, the metastatic secretome proved
capable of inducing a differential migratory response in
MSCs. Moreover, the MSCs’ secretome induced differen-
tial migration in OS cells with distinct metastatic abilities.
Pulmonary disease remains as decisive factor in OS mortal-
ity, and identifying mechanisms and differentially expressed
genes associated with metastasis holds promise for discover-
ing markers and targets for therapeutic interventions in OS
metastatic spread.

Materials and methods
Cell lines

Human OS cell lines were generously provided by Dr. Klein-
erman from MD Anderson Cancer Center (MDACC). The
cells were cultured in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F12 (DMEM/F12), supplemented with
2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL strep-
tomycin (Invitrogen), and 10% fetal bovine serum (FBS;
Natocor). Cultures were maintained at 37 °C with 5% CO,.
Two distinct OS cell lines were employed: SAOS2, estab-
lished from a primary tumor in the seventies, and LM7, a
subline derived from parental SAOS?2 cells, selected for its
metastatic ability through lung cyclic circulation. This abil-
ity is associated to with the evasion of apoptosis and apop-
tosis-resistance mechanisms [24]. Human microvascular
endothelial cells HMEC-1 (provided by Dr. Candal, Cent-
ers for Disease Control, Atlanta) were cultured in DMEM/
F12 supplemented with 10% FBS (Natocor), 2 mM L-glu-
tamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Human MSCs were isolated from bone marrow (BM) aspi-
rates collected from posterior iliac crest of healthy donors
for BM transplantation after obtaining informed consent

(Institutional Review Committee approval #1497). Mononu-
clear cells, collected from Ficoll-Hypaque gradient (Sigma-
Aldrich) were plated in low-glucose DMEM (DMEM low,
Invitrogen), with 20% FBS (Internegocios S.A.). MSCs
utilized in the experiments were from passages 2 to 4 [22].
Mycoplasma species verification was conducted using the
MycoAlert Mycoplasma Detection Kit (Lonza Inc.).

Cell conditioned medium

The cellular secretome compartment is represented by its
conditioned medium (CM). Cells were seeded in 100 mm
culture dishes and grown to 80% confluence, followed by
washing with phosphate-buffered solution (PBS). Subse-
quently, cells were cultured for 24 h with basal medium
(DMEM or DMEM/F12 depending on the cell type) with-
out FBS to avoid contamination with serum proteins. After
this period, the CM was collected by aspiration to minimize
cell disruption and contamination with intracellular proteins,
followed by centrifugation for 5 min at 1200 rpm. Collected
CM was aliquoted and stored at — 80 °C until its use in func-
tional assays. To obtain CM derived from mice lungs, 4 to
6-week-old athymic nude mice (nu/nu, NIH) were injected
intravenously (i.v., lateral tail vein) with 1 X 10° LM7 or
SAOS?2 cells/200 uLL PBS resulting in the development of
microscopic lung metastases (LM7 cells) or not (SAOS2
cells). The control group received 200 uL of physiologi-
cal solution i.v. (lateral tail vein). After 5 weeks mice were
sacrificed, and lungs were dissected (approval of the Insti-
tutional Animal Care and Use Committee, IACUC IMTIB
0001/19). Lungs were minced into pieces smaller than 1
mm? and transferred to a 24-well tissue culture plate (6 frag-
ments/well) with 500 pL of complete DMEM without FBS.
After 24 h, the CM was harvested, centrifuged at 1200 rpm,
aliquoted, and stored at — 80 °C until its use in functional
assays.

In vitro migration assays

For in vitro cell migration assays, cells were cultured as
specified previously (cell lines). Cell migration was assessed
using a modified Boyden chamber (Neuroprobe Inc.). Cells
were cultured until reaching 70-90% confluence, and
serum starvation was performed for 24 h. After this, cells
were seeded on the upper wells of the chamber (1.2 x 10*
cells/50 uyL DMEM). The chemotactic stimulus was added
in the lower wells (28 pL). The cells responding to chemot-
actic stimuli migrated through an 8-um-pore polycarbonate
filter located between the upper and lower wells (Neuro-
probe Inc.). Basal medium served as the negative control.
Migration was evaluated over a 4-h period at 37 °C. Post-
assay, cells on the upper side of the filter were scraped-off
using a razor blade. The cells attached to the lower side

@ Springer



467 Page 4 of 11

Molecular Biology Reports (2024) 51:467

were fixed using 4% paraformaldehyde (PFA) and stained
with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI,
Sigma-Aldrich) to allow visualization of cell nuclei. Fluores-
cent images were captured from two visual fields covering
the entire well using fluorescent-field microscopy (Olym-
pus). Cell counting was carried out through the presence of
cell nuclei, providing the mean number of cells/field + SD),
using ImagelJ software (National Institutes of Health, NIH,
Bethesda, MD).

Gelatin zymography assay

To assess gelatinolytic activity, 5 x 10* cells were seeded
in 24-well plates. When cells reached 80% confluence, they
were washed with PBS and cultured in serum-free DMEM
with 1 g/L glucose for 6 h before collecting supernatants.
The positive control consisted of CM from HT1080 cells.
MMP2 and MMP9 activity were determined through
zymography. In brief, cell culture supernatants (40 pL) were
run on a 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) system containing 0.1% gelatin
(Sigma-Aldrich). The gel was stained with Coomassie Bril-
liant Blue R-250 for30 min at room temperature. Gelatinase
activity was visualized through negative staining, and gel
images were captured using a digital camera (Canon EOS
5D). Densitometry analysis was performed using Scion
Image software from Scion Corporation, MD. Relative pro
and active-MMP2 values were obtained by normalizing the
values to positive control samples (CM of HT1080).

Reverse transcription-polymerase chain reaction
(RTPCR) and real time polymerase chain reaction
(qPCR)

Total RNA was extracted from OS cells using Trizol Reagent
(Molecular Research Center, USA). Subsequently, reverse
transcription of 2 ug RNA was carried out with 200 U of
Easy Script Reverse Transcriptase (Transgenbiotech) using
Oligo (dT) primers (500 ng). The resulting cDNAs under-
went quantitative PCR (qPCR) analysis on aCFX96 Touch
TM Real-Time PCR Detection System (Bio-Rad). mRNA
levels of Cathepsin A (CTSA), Cathepsin D (CTSD) and
Matrix Metalloproteinase-2 (MMP2) were quantified using
SYBR Green(Roche) with the following primers: CTSA for-
ward 5S’ACGCCAGCCAACTGTGATCCT3', reverse 5'ATA
TGCGGCATCCACGCCTGAA3'; CTSD forward 5" ACA
AGATGTGGGCCTTGCAAGA3', reverse S’ AAAACGCAG
TGCTCCCAGGATA3'; MMP2 forward 5’CCAGCCAGA
AGCGGAAACTT3', reverse 5' TGACCTTTCCAGCAG
ACACC3'. PCR amplification involved an initial cycle at
95 °C for 10 min, followed by 40 cycles with the following
parameters: 95 °C for 20 s, 60 °C for 1 min, 72 °C for 40 s
and 95 °C for 20 s. A final cycle involved an increase in
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temperature from 60 to 95 °C (at a rate of 2 °C/min), with
fluorescence measured every 15 s to construct the melting
curve. Values were normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA levels, using the fol-
lowing primers: forward 5" GGGGCTGCCCAGAACATC
AT 3', reverse 5 GCCTGCTTCACCACCTTCTTG 3'. Data
were processed using the DDCt method. Each assay included
a non-template control (NTC), and all determinations were
performed as triplicates in three separated experiments.

In vivo assays

Animal experiments were conducted with the approval of
the Institutional Animal Care and Use Committee (IACUC
IMTIB 0001/19). Four to six-week-old athymic male nude
mice were i.v. injected with 1 X 10°® LM7 cells in 200 pL
PBS via the lateral tail vein, resulting in the development
of microscopic lung metastases. MSCs were labeled with
1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine
iodide (DiR), an infrared lipophilic tracker (Invitrogen)
following the manufacturer’s instructions. DiR* MSCs
(0.5x10° cells in 200 uL PBS) were administered i.v.10
weeks after the injection of tumor cells. The biodistribution
and homing analysis of MSCs were assessed in real-time.
DiR in vivo tracking detection was performed using fluo-
rescence imaging (FI) on the IVIS Lumina Bioluminometer
(Xenogen). For FI analysis, captured images were quantified
as average photons per second per square centimeter per
steradian (p/s/cm?/sr).

Bioinformatics analysis

The GSE14359 dataset was retrieved from the Gene Expres-
sion Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/gds/). This dataset comprises mRNA data obtained
from 5 frozen conventional osteosarcoma samples, 4 osteo-
sarcoma lung metastases tumor samples, and mRNA from
fresh primary osteoblast cells. Each sample was analyzed
induplicate. To analyze and visualized specific genes from
the GSE14359 dataset, the R2 program (http://r2.amc.nl)
was utilized. The specific dataset used for analysis was
Mixed Osteosarcoma—Guenther—20—MASS5.0—ul33a
(also GSE14359 from GEO database) [25]. Gene expres-
sion was examined based on primary versus metastatic status
and expression data of the samples were shown as individual
values categorized by type of sample and the median values
of the groups were shown as boxplots graphs in Fig. 2E.
Additionally, Kaplan-Meier survival curves for metastasis-
free survival rates were generated using the R2 program.
This analysis was based on the dataset Mixed Osteosarcoma
(Mesenchymal)—Kuijjer—127—vst—ilmnhwg6v2 (also
GSE42352 from GEO database) [26].
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Statistical analysis

To establish 95% confidence intervals (CI), arithmetic mean
values and variance (standard deviation, SD) were calcu-
lated based on three independent experiments. Statistical
analysis were conducted using unpaired 2-sided Student’s
t-test for two-groups comparisons and analysis of variance
(ANOVA) followed by post-tests Kruskal-Wallis and Dunn’s
post-tests for comparisons involving more than two experi-
mental groups. The statistical analysis was performed using
GraphPad Prism Software, San Diego, CA.A p value < 0.05
was considered statistically significant in all analysis.

Results

Chemotactic crosstalk between parenchymal
and stromal cell in OS

To evaluate the impact of SAOS2 and LM7 cells on
functions relevant to the cell stromal compartment, the
response of MSCs to the CM of OS cell lines was assessed
through in vitro migration assays. The results demon-
strated that MSCs responded to chemotactic signals pre-
sent in both SAOS2 and LM7 CM (Fig. 1A). However,
SAOS?2 cells’ secretome induced a 1.5-fold significantly
higher chemotactic effect on MSCs compared to the migra-
tion exerted by LM7 cells’ secretome. This heightened
chemoresponse towards the non-metastatic cell line was
observed in other stromal cells as well. Human micro-
vascular endothelial cells (HMEC-1) exhibited a similar
trend, with a 1.3-fold increased chemotactic response
towards SAOS?2 secretome (Fig. 1B). Conversely, when OS
cells were challenged with the chemotactic stimuli from
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MSCs, LM7 cells demonstrated a 2-fold increase in their
migratory response towards MSC’s secretome compared
to SAOS2 cells (Fig. 1C).

In vivo context complexity signaling determines
migration of stromal populations

To assess the potential impact of the microenvironment,
we investigated the chemotactic effect of CM from lungs
of animals previously injected with SAOS2 (CML+S)
or LM7 (CML+L) cells using in vitro migration assays
(Fig. 2A). Interestingly, in contrast to the results obtained
from CM under cell-only in vitro conditions, MSCs exhib-
ited a significantly higher chemotactic response towards
CM from lungs with LM7 cells compared to CM from
lungs with SAOS2 cells (1.69-fold vs 1.06, CML+L and
CMLAS respectively) (Fig. 2B, C). Given that this differ-
ence might be attributed to the added complexity of the
in vivo lung microenvironment created by the presence
of metastatic cells, we analyzed the GSE14359 dataset, a
transcriptomic database of human OS primary and meta-
static tissue and normal osteoblasts. Focusing on changes
associated with an inflammatory context, we selected four
candidates: CXCR4 (C—X-C chemokine receptor type
4), SI00A14, IL-1a (interleukin 1 alpha), and PECAM1
(platelet-endothelial cell adhesion molecule 1). These
genes are implicated in migration, pulmonary inflamma-
tion, overall inflammation, and adhesion, respectively.
S100A14 and PECAMI1 exhibited significantly higher
expression in metastatic samples, while CXCR4 and IL-1a
displayed a similar trend but with no statistical signifi-
cance (Fig. 2D, E).
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Fig.1 Chemotactic interplay between parenchymal and stromal
cells in OS. A The migratory response of MSCs towards the CM of
SAOS2 and LM7 cells revealed a significant preference of MSCs
for SAOS2 CM, indicating increased migration towards the non-
metastatic cell line. B The migratory response of HMEC-1 cells
towards the CM of SAOS2 and LM7 cells showed no significant dif-
ferences, suggesting a comparable chemoresponse to both cell lines.

LM7 CM

SA0S2 LM7 -

MSCs CM

C The migratory behavior of SAOS2 and LM7 cells towards MSCs’
secretome demonstrated that LM7 cells migrated significantly more
towards MSCs’ CM compared to SAOS2. DMEM was employed as
negative control (—) in all migration assays. One-way ANOVA, ns no
significant; *p <0.05, **p<0.01, ***p<0.001, ****p <0.0001. The
data presented are representative of three independent experiments
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Fig.2 Migratory response of MSCs to CM from lungs of animals
previously injected with SAOS2 or LM7 cells. A Schematic illustra-
tion of the experimental design of the pulmonary OS metastasis and
control groups in nude mice in order to obtain lungs CM. B Migra-
tion of MSCs towards CM from lungs previously injected with OS
cells. CML+S CM from lungs of animals previously injected with
SAOS2; CML+L: CM from lungs of animals previously injected with
LMT7; C-: negative control. C Representative images of DAPI stained
MSCs migrating in response towards different conditions in B; I Neg-

Incorporation of systemically delivered MSCs
into secondary tumor growth sites

Given the significance of the microenvironment, we investi-
gated the combined impact of the environment and the tumor
cell’s ability in recruiting MSCs to a metastatic lung site. An
in vivo assay was conducted as a proof of concept of the role
of the microenvironment as a chemotactic response modula-
tor (Fig. 3A). Within this context, the in vivo migration of
MSCs was assessed in lungs with and without metastatic
cells. LM7 cells were introduced i.v. into immunosuppressed
mice. Pre-labeled MSCs (DiR*, 0.5—1 x 10° cells) were i.v.
administered 10 weeks after the injection of tumor cells.
The biodistribution of MSCs was examined through whole
body DiR signal detection (Fig. 3B). The levels of labeled
MSCs one-week post-inoculation were notably elevated in
the lungs of tumor-bearing mice compared to mice without
tumor burden (Fig. 3C, D). This suggests a heightened hom-
ing ability of MSCs in the metastatic tumor microenviron-
ment, implying that the presence of LM7 cells within the
lungs creates a favorable lung niche, promoting the recruit-
ment of MSCs to the site. Furthermore, the infrared-tagged
(DiR*) MSCs exhibited a heterogeneous distribution within
the LM7 lungs, suggesting a chemo-attractive and homing
behavior towards localized areas in the lungs bearing tumor
cells (Fig. 3C).
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ative control (—); II CML+S; III CML+L. D Dot plots of CXCR4,
S100A14, IL-1a, and PECAM1 from patients with metastatic OS and
non-metastatic patients (GSE14359 dataset). E Box plots of CXCR4,
S100A14, IL-1a, and PECAMI1 from patients with metastatic OS
and non-metastatic patients show significantly higher expression
in S100A14 and PECAMI in metastatic samples, while CXCR4
and IL-la displayed a similar trend (GSE14359 dataset). One-way
ANOVA, ns no significant; *p <0.05, **p<0.01. Data presented are
representative of three independent experiments

Expression and activity of matrix
metalloproteinases and cathepsins in OS cells

Tissue remodeling, a crucial aspect in tumor development,
encompasses the recruitment of cells both from the local
tissue environment and distant tissues. This process plays a
pivotal role in establishing a conducive niche for the growth
of primary tumors and metastases. A distinctive feature of
metastatic cells is their capability to modify and alter the
ECM. Aiming to evaluate the capacity of OS cells to modify
the ECM, we assessed their ability to secrete active MMPs.
Specifically, we analyzed MMP2 and MMP9 activities
through zymography of the secretome derived from SAOS2
and LM7 cells. Our findings demonstrated a notable distinc-
tion in MMP?2 release between non-metastatic and meta-
static OS cells. Non-metastatic cells, represented by SAOS2,
showed a lack of MMP2 release. In contrast, metastatic LM7
cells exhibited the ability to release both pro and active
MMP2 (Fig. 4A-C). Our analysis revealed the absence of
MMP9 activity in OS cells. We focused on MMP2 expres-
sion in OS cells and found that LM7 cells expressed MMP2
while the parental SAOS2 cells exhibited no significant lev-
els of expression at the mRNA level (Fig. 4D). Interestingly,
generation of Kaplan—Meier metastasis-free survival curve
using the R2: Genomics Analysis and Visualization Platform
(Acad Med Center, Amsterdam) indicated that high MMP2
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Fig.3 In vivo biodistribution of MSCs systemically administered 10
weeks after intravenous administration of LM7 tumor cells, analyzed
by FI. A Schematic illustration of the experimental design depicting
the in vivo experimental OS metastasis and MSCs homing ability in
the pulmonary environment. B Whole-body biodistribution images
of DiR pre-labeled MSCs, showcasing the FI signal associated with

expression was correlated with a diminished metastasis-free
survival rate. This suggests a potential role for MMP2 in the
establishment of a metastatic niche, emphasizing its signifi-
cance in OS metastatic spread (Supp. Fig 1). Further, we
analyzed the expression of CTSs using qPCR. The results
indicated a significant upregulation of CTSD in LM7 cells,
with a 3,5-fold increase, while CTSA did not exhibit differ-
ences at the mRNA expression levels. These findings suggest
that LM7 cells possess a higher expression of molecules
functionally associated with ECM remodeling and invasion,
further underlining their metastatic characteristics (Fig. 4D).

Discussion

Despite therapeutic advancements, the 5-year survival rate
for OS remains at 60-70%, and patients with pulmonary
metastases at diagnosis time face a survival rate of 15-30%
over the last 30 years [27, 28]. These points at the necessity
of understanding the mechanisms of tumor progression in
the bone niche as the primary tumor site and the subsequent
metastasis that arises from this primary site. Bioinformatics
approaches are shaping the personalized era of preclinical

%

p/sec/em”2/st

@8 Lung with metastasis
3 Lung without metastasis

presence of MSCs in lungs and brain. C Representative images of
lungs and heart displaying MSCs distribution in control or treated
animals; I Lungs and heart of a control animal; IT Lungs and heart of
a micrometases-bearing animal. D DiR signal detection and quanti-
fication (p/s/cm?/sr) revealed a preferential homing into lungs previ-
ously colonized with metastatic cells (*p <0.05). t test, average + SD

and clinical research, but in the case of OS, datasets are
often represented by limited cohorts, as compared to other
more prevalent cancer types. Despite the limitation of work-
ing with smaller datasets, particularly in pediatric tumors
like OS, we underscore the potential impact of this approach
on future clinical advancements. In this manuscript, we
employed a combination of bioinformatics datasets and cel-
lular assays, to illustrate a scenario wherein stromal cells
and OS cells interact, leading to the promotion of metastatic
traits. In this context, the tumor niche, a complex microenvi-
ronment, is established through the intricate interplay among
tumor cells, cancer stem cells, stromal cells and the ECM
[29]. Notably, MSCs contribute significantly to the stromal
compartment, shaping the structural and functional aspects
of the microenvironment [17, 21, 30].

Metastasis is a complex biological process encompassing
various critical abilities such as invasion, chemotaxis and
migration. To understand if the metastatic ability of LM7
cells is functionally linked to other cells within the tumor
niche, we investigated the migratory and invasive capaci-
ties of both tumor and stromal cells. Metastatic potential
often involves the remodeling of the ECM, a key step in
the metastatic cascade. Migratory responses play a crucial
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Fig.4 Characterization of the invasion-related phenotype of OS cells.
A Metalloproteinase activity in CM from SAOS2 and LM7 cells
evaluated by zymography assay. CM from HT1080 cells was used
as a positive control (C+). MMP2 was detected, and MMP9 was not
detected in the CM from the parental or the metastatic cell line. B
Pro-MMP2 was significantly higher in the metastatic cell line LM7
than in SAOS2 cells. C Active-MMP2 was only present in LM7

role in tumor progression. Tumor cells heavily rely on an
enhanced migratory response for successful metastasis,
which involves intra- and extravasation, tissue invasion,
and sustaining growth in different anatomic locations [31,
32]. Using a cell-only in vitro approach, we demonstrated
that MSCs exhibited a heightened chemoresponse towards
the non-metastatic cell line. Interestingly, when challenged
with CM from lungs of animals previously injected with
OS cells, MSCs exhibited a significantly higher chemotactic
response towards lungs with metastatic cells (Fig. 2B, C).
On the other hand, LM7 cells exhibited a higher migratory
response towards MSCs. This observation is likely linked to
the ability of LM7 cells to metastasize, implying that met-
astatic OS cells home into lungs previously colonized by
MSC:s. In this scenario, the development of lung metastases
could be associated with a permissive niche provided by
MSC:s previously incorporated into the lungs, lung-residing
MSCs, or by exosomes released by tumor-educated MSCs
[1, 16, 19]. These results point to the added complexity of
the in vivo lung microenvironment, signifying an intricate
context for cell migration in vivo. Since the secretome was
able to induce a migratory dynamic that could influence the
development of metastasis, the question arises if targeting

@ Springer

CM. D gPCR analysis of cathepsin A (CTSA), cathepsin D (CTSD)
and MMP2 revealed that LM7 cells had significantly higher CTSD
mRNA levels than SAOS2 cells, while CTSA was similar in both
cell lines. Regarding MMP2 expression, SAOS2 had higher expres-
sion of MMP2 at mRNA level. T-test, ns no significant, *p<0.05,
**p<0.01, ***p<0.001. Data are representative of three independ-
ent experiments.

specific components of the secretome could be a promis-
ing strategy for therapeutic intervention. Using an expres-
sion database of human OS primary and metastatic tissue
and normal osteoblasts, we identified molecular candidates
involved in signaling cell migration. Specific molecules
involved in the interplay between OS cells and the micro-
environment, for instance regulatory molecules pertaining
to chemotactic axis such as CXCR4, could be a potential
therapeutic strategy.

Further, two protein families, MMPs and CTSs, play sig-
nificant roles in the metastatic cascade. Gelatin zymography
was utilized to assess the metastatic potential of LM7 cells
by examining the activity of two key enzymes, MMP2 and
MMP9. MMP2 and MMP9 have been previously reported
to be directly associated with high grade OS and metastatic
potential [33]. The demonstrated MMP2-gelatinase activ-
ity in the CM from LM7 cells indicates the ability of these
cells to produce and secrete active MMP?2. In this context,
the metastasis-free survival curve of MMP?2 indicates that
higher expression is associated with a lower probability of
metastasis free survival (Supp. Fig. 1). We examined the
expression of CTSA and CTSD, two proteins involved in
ECM remodeling. Although we observed no differences in
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CTSA expression between the cell lines, CTSD was signifi-
cantly upregulated in LM7 cells. CTSD has been implicated
in tumor invasion and metastasis in various tumor models
and has also been proposed as a possible biomarker of OS
[34-37]. CTSD, which is increased in metastatic cells, has
also been reported to play a role in protecting against apop-
tosis [14]. Our results suggest MMP2 and CTSD as poten-
tial therapeutic targets with roles in ECM remodeling and
metastasis. The activity associated to MMP2 in metastatic
OS cells, can be subject of therapeutic strategies aimed at
preventing ECM remodeling. The complexity and the poten-
tial redundancy in signaling pathways have to be considered,
hence, combination therapies targeting multiple components
of the secretome might be more effective [38]. Further stud-
ies involving the use of preclinical in vivo models of OS
would ensure the validation of these approaches.

In this context, OS cells with advantageous abilities to
leave the primary tumor would respond to a permissive
“soil” induced by MSCs in the lungs [39-42]. As such,
enhanced migration and the ability to degrade ECM were
both traits upregulated in metastatic OS cells (Fig. 5).
MMP2 has been demonstrated to promote stemness [20, 21].
We had previously shown that metastatic OS cells exhibit
an increased capacity to modify the intracellular localiza-
tion of chemotherapy drugs and a decreased osteoblastic
differentiation, traits associated with stemness states [18].
In this scenario, the increased MMP2 in LM7 cells may not
only facilitate invasion but also play a role in providing a
supportive and favorable environment for the survival of
metastatic cells.

While these findings are specific to OS, there are broader
implications for understanding common features in tumor
microenvironment interactions and metastasis across dif-
ferent cancer types. We emphasize the complexity of the
tumor microenvironment, including the interactions among

Fig.5 Proposed model on

the interaction of MSCs and
endothelial cells with OS cells
within the primary site or
secondary tumor growth. OS
cells residing at the primary
tumor site recruit stromal cells,
including MSCs and endothelial
cells. OS cells with the ability
to leave the primary tumor site
and colonize new niches exhibit
enhanced migration towards

Primary tumor site

& 1

"NON

different tumor cell types and stromal cells [29]. These
dynamics that are essential in OS, can be regarded as
“pan-cancer” characteristics, aligning with the conceptual
approach with which cancer hallmarks address tumors [1,
2]. Understanding these processes may provide insights into
common mechanisms of metastasis across various cancer
types. The differential migratory responses observed in this
work may have implications for understanding the interac-
tions between tumor and stromal cells in diverse tumors. The
heterogeneity in the primary tumor, regarding metastatic
potential, is a common characteristic of many cancers [21,
42]. From our results, a picture emerges depicting a hetero-
geneous OS primary tumor that avidly recruits stromal cells.
Some tumor cell subpopulations would leave the primary
tumor and colonize the lungs in response to a suitable niche
and stimuli, i.e, lung MSCs, probably further attracting more
MSC:s to the lungs (Fig. 5). The identification of molecules
associated with migration and invasion may have implica-
tions for biomarker discovery in other cancers with similar
heterogeneity. The identified signaling events mediated by
different molecules such as CXCR4, S100A 14, IL-1a, and
PECAMI, align with the bidirectional migration interplay
observed between MSCs and OS cells [17]. Understanding
the exposed dynamic interplay between different cell popu-
lations in OS, even though specific to this tumor type, may
contribute to broader insights into cancer progression and
metastasis. Furthermore, the imbalance in bone homeostasis
associated with OS onset significantly affects and is affected
by MSCs as master regulators of bone physiology [43—46].
A pathologic bone remodeling scenario emerges, with the
selection of advantageous properties, resulting in both MSCs
and OS cells being able to foster the conditions for a second-
ary tumor site in a coordinated manner. The identification of
novel molecules in OS would permit the validation of mol-
ecules with usefulness as a biomarker in a disease in which

Metastatic site

MSCs, which have previously [ 7 )
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the existence of undetectable lung micrometastases present
at diagnosis time remains a critical clinical challenge.

Conclusions

We present a functional and molecular comparison between
a parental non-metastatic OS cell line and a derived meta-
static cell line selected for lung colonization behavior, pro-
posing a model of OS cells—MSCs interaction at primary
and secondary tumor growth sites. Our results demonstrate
that subtle molecular modifications in metastatic tumor cells
enable lung metastatic colonization. Furthermore, metastatic
and non-metastatic OS secretomes differentially modulate
the stroma, and OS cells establish a distinct functional inter-
action with mesenchymal stem cells. Metastatic OS cells
create a niche that would ensure tumor establishment in the
lungs.
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