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Abstract: Bone sarcomas have not shown a significant improvement in survival for decades, due, in
part, to the development of resistance to current systemic treatments, such as doxorubicin. To better
understand those mechanisms mediating drug-resistance we generated three osteosarcoma and one
chondrosarcoma cell lines with a stable doxorubicin-resistant phenotype, both in vitro and in vivo.
These resistant strains include a pioneer model generated from a patient-derived chondrosarcoma
line. The resistant phenotype was characterized by a weaker induction of apoptosis and DNA
damage after doxorubicin treatment and a lower migratory capability. In addition, all resistant lines
expressed higher levels of ABC pumps; meanwhile, no clear trends were found in the expression
of anti-apoptotic and stem cell-related factors. Remarkably, upon the induction of resistance, the
proliferation potential was reduced in osteosarcoma lines but enhanced in the chondrosarcoma model.
The exposure of resistant lines to other anti-tumor drugs revealed an increased response to cisplatin
and/or methotrexate in some models. Finally, the ability to retain the resistant phenotype in vivo was
confirmed in an osteosarcoma model. Altogether, this work evidenced the co-existence of common
and case-dependent phenotypic traits and mechanisms associated with the development of resistance
to doxorubicin in bone sarcomas.

Keywords: osteosarcoma; chondrosarcoma; doxorubicin; drug-resistance; cancer stem cells; patient-
derived models

1. Introduction

Bone sarcomas comprise a rare group of mesenchymal tumors that represent less than
0.2% of cancer diagnoses [1]. Among this group of tumors, osteosarcomas (accounting for
35% of bone sarcoma diagnoses) and chondrosarcomas (25% of diagnoses) are the most
common subtypes [1,2]. These sarcomas arise in the rich bone microenvironment in periods
of increased bone formation and remodeling [3,4] and are characterized by highly complex
karyotypes indicative of severe genetic and chromosomal instability [5–7]. Therapeutic
options for bone sarcomas have remained largely unaltered for decades and usually in-
volve the surgical resection of tumor mass, supported by radiotherapy or neoadjuvant
chemotherapy [8,9]. In the case of advanced disease, or if surgery is not feasible, current
treatments still rely on protocols using different cytotoxic drugs, and of these, doxorubicin
(DOX), a topoisomerase II inhibitor that causes DNA damage-associated cell death, is the
most widely used [8–10]. Despite their relatively low incidence, bone sarcomas represent a
medical challenge, due to their aggressive behavior and their high rate of drug resistance to
current treatments. Thus, more than 30% of patients with localized osteosarcoma, and more
than 80% with metastatic/relapsed cancer, still succumb to the disease owing to inherent
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and/or acquired drug resistance [9,11,12]. In addition, drug resistance is a common feature
of chondrosarcomas [13].

One of the most common phenotypic traits associated with the drug-resistant pheno-
type in osteosarcoma is the overexpression of efflux pumps of the ATP-binding cassette
(ABC) family, such as ABCG2 (also known as BCRP) and ABCB1 (also known as MDR1 or
P-glycoprotein), the expression of which is associated with a lower event-free survival rate
in osteosarcoma patients [14–16]. Other well-known mechanisms of resistance to cytotoxic
drugs include the expression of anti-apoptotic factors of the BCL-2 family [17,18], an in-
creased DNA repair and detoxification ability or the adoption of a quiescent state [11,19–21].
All of these features are attributes of the so-called cancer stem cells (CSCs), which are sub-
populations of tumor cells presenting stem cell properties that play key roles in tumor
progression and are a source of drug resistance in bone sarcomas [22–24]. The acqui-
sition of these pro-resistance phenotypes by osteosarcoma cells has been linked to the
activation of signaling pathways, such as those controlled by WNT, NOTCH, hedgehog,
HIF1, JAK/STAT3 or PI3K/mTOR, as well as to the expression of specific non-coding
RNAs [11,19,23]. Based on this research, several pre-clinical studies have reported new
treatments with potential to overcome drug resistance in bone sarcomas [9,19]. Also, the
targeting of the tumor microenvironment with osteoclast inhibitors may result in a better
response to chemotherapeutics and/or decreased metastatic spread [3,25]. Related to this,
recent works have highlighted the potential role of denosumab, alone or in combination
with tyrosine kinase inhibitors, as treatment for bone sarcomas [26–28]. In addition, the
efficacy of the treatment of osteosarcoma and chondrosarcoma with the multiple kinase
inhibitor Lenvatinib, in combination with the anti-PD-1 antibody pembrolizumab, or ifos-
famide/etoposide, is currently being evaluated (NCT04784247) [29]. Moreover, other drugs
able to target several pro-tumoral pathways at once have demonstrated potent anti-tumor
activities in sarcomas alone or in combination with current treatments [30,31]. Among them,
G-C rich DNA-binding compounds, such as mithramycin (MTM) and its analog EC-8042,
have demonstrated a potent anti-stemness activity in sarcomas [32–34]. However, despite
these advances in drug development, none of the alternative treatments tested so far in
clinical trials have demonstrated clear advantages over DOX as first-line treatments [9]. The
data highlights the need for intensified research to develop improved preclinical models to
identify new synthetic lethalities and drug combinations that are able to eliminate drug
resistant cells.

This work reports the development of four DOX-resistant models of bone sarcoma
(three osteosarcomas and one chondrosarcoma), including a pioneer model generated from
a patient-derived chondrosarcoma cell line. We performed a comprehensive functional
in vitro and in vivo characterization of these models. Altogether, we proved the utility of
these drug-resistant cells as models to study the mechanisms underlying the resistance to
DOX in bone sarcomas.

2. Results
2.1. Establishment of DOX-Resistant Bone Sarcoma Cell Lines and Characterization of Their
Re-sponse to Other Anti-Tumor Drugs

A panel of four bone sarcoma cell lines (three osteosarcoma lines (143-B, Saos-2 and
MG-63) and one primary-derived chondrosarcoma line (T-CDS-17#4)) were exposed to
several rounds of stepwise increasing concentrations of DOX in order to induce/select re-
sistant phenotypes (Table 1). To monitor the process of resistance acquisition, we calculated
IC50 values for each cell line after each round of treatment (Figure 1A–D). After periods of
drug exposure between 3 and 8 months, all cell lines developed a stable resistance with
resistance index (RI) values ranging from 15 for T-CDS-17#4 cells to 131 for the 143-B cell
line (Figure 1E) (Table 1).
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Table 1. Generation of DOX-resistant bone sarcoma cell lines.

Cell Line
(Tumor Type)

Initial
IC50 (µM)

Drug-Resistance Induction Protocol Final IC50
(µM) RI

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8

T-CDS-17#4
(chondros.) 0.088

0.008 µM
(IC20)

1 month

0.016 µM
(2 × IC20)
1 month

0.032 µM
(4 × IC20)
1 month

0.064 µM
(8 × IC20)
1 month

- - - - 1.3 15.2

MG-63
(osteos.) 0.061

0.019 µM
(IC20)

1 month

0.038 µM
(2 × IC20)
1 month

0.076 µM
(4 × IC20)
1 month

0.152 µM
(8 × IC20)
1 month

0.304 µM
(16 ×
IC20)

1 month
- - - 1.4 23.7

Saos-2
(osteos.) 0.037

0.006 µM
(IC20)

1 month

0.012 µM
(2 × IC20)
1 month

0.024 µM
(4 × IC20)
1 month

- - - - - 1.7 44.9

143-B
(osteos.) 0.049

0.010 µM
(IC20)

1 month

0.020 µM
(2 × IC20)
1 month

0.040 µM
(4 × IC20)
1 month

0.080 µM
(8 × IC20)
1 month

0.160 µM
(16 ×
IC20)

1 month

0.320 µM
(32 ×
IC20)

1 month

0.640 µM
(64 ×
IC20)

1 month

1.280 µM
(128 ×
IC20)

1 month
6.4 131.4

Abbreviations: chondros, chondrosarcoma; osteos, osteosarcoma.

Figure 1. Establishment of DOX-resistant (DX-R) bone sarcoma cell lines. (A–D) Cell viability (WST-1
assay) measured after different rounds of DOX treatment to verify acquired resistance over time. IC50

values for each condition are shown. (E) Final Resistance Index (RI) achieved of each DX-R bone
sarcoma cell line established.

By comparing the cell survival curves of parental and DOX-resistant (DX-R) cells,
we analyzed whether DOX-resistance induced a higher tolerance or sensitivity to other
compounds with reported anti-tumor activity against sarcoma cells, such as cisplatin (CIS),
methotrexate (MTX), mithramycin (MTM) and EC-8042 (Figure 2). First, we found that
DOX-resistant cells displayed differential responses to CIS. T-CDS-17#4 cells showed a poor
response to this drug, regardless of their DOX-resistance status. Among the other three
osteosarcoma cell lines, we found significant differences in the response to CIS in the case
of 143-B-DX-R and MG-63-DX-R cells, which were slightly more sensitive (IC50 two times
lower) than their parental counterparts (Figure 2A,E). No clear trends were seen for MTX
either. Thus, 143-B-DX-R cells were more sensitive (IC50 three times lower), MG-63-DX-R
and T-CDS-17#4-DX-R were more resistant (IC50 three and five times higher, respectively)
and no differences were found in the response of parental and resistant strains of Saos-2
cells (Figure 2B,E). Finally, MTM and its derivative EC-8042 induced anti-proliferative
effects in all parental cells (IC50

′s ranging from 21 (143-B) to 51 nM (T-CDS-17#4) for MTM
and from 18 (143-B) to 74 nM (Saos-2) for EC-8042). With the only exception of TCDS-17#4
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for MTM, all resistant lines showed increased resistance to both drugs (IC50 for MTM
between 4 and 64 times higher and IC50 for EC-8042 between 2 and more than 1000 times
higher) (Figure 2C–E).

Figure 2. Cross-resistance of DX-R bone sarcoma cell lines to other chemotherapeutic drugs.
(A–D) Cell viability (WST-1 assay) measured after the treatment of parental and DX-R bone sarcoma
cell lines with increasing concentrations of cisplatin (CIS) (A), methotrexate (MTX) (B), mithramycin
(MTM) (C) and EC-8042 (D) for 72 h. IC50 values (µM) for each condition are shown. Error bars
represent the SD. Asterisks indicate statistically significant differences between IC50 concentrations
calculated from three independent experiments (ns: p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****:
p < 0.0001; two-sided Student’s t test). (E) Resistance index (RI) for the different drugs calculated as
the ratio of the IC50 values of the resistant cells and the corresponding parental cells. The dotted line
represents a resistance index of 1, which indicates equal sensitivity in DX-R and parental cells.

2.2. Differential Phenotypes of DOX-Resistant Bone Sarcoma Cells

To gain insight into the resistant phenotype, we compared the effect of DOX in the
induction of DNA damage and the triggering of apoptosis in parental and resistant lines.
As expected, we found that DOX was a potent inducer of DNA damage, as indicated
by the time-dependent accumulation of γ-H2AX foci in parental lines. Remarkably, the
level of DNA damage detected in the resistant strains of the osteosarcoma cell lines 143-B
and Saos-2 was significantly lower than those of the parental cells, while no differences



Int. J. Mol. Sci. 2022, 23, 6425 5 of 18

between parental and resistant cells were found in the chondrosarcoma line T-CDS-17#4
(Figure 3A,B).

Figure 3. Induction of DNA damage and apoptosis in DX-R bone sarcoma models. (A,B) Analysis of
the formation of γ-H2AX foci in parental and DX-R bone sarcoma cell lines after treatment with 1 µM
DOX for 0 h (control), 4 h, 8 h or 24 h. (A) Representative images of immunostaining experiments
(γ-H2AX immunodetection: green fluorescence; DAPI staining: blue fluorescence) for each condition.
Scale bars = 25 µm. (B) Quantification of the γ-H2AX foci. Means (horizontal bars) and SD of the
number of foci of at least 100 cells for each condition are shown. Asterisks indicate statistically
significant differences between groups in one-way ANOVA test (ns: p > 0.05; *: p < 0.05; **: p < 0.01;
****: p < 0.0001). (C) Western blotting analyses of cleaved PARP1 (PARP) levels in parental and
DX-R bone sarcoma cell lines treated with their respective IC50 concentrations of DOX (90 nM for
T-CDS-17#4, 61 nM for MG-63, 37 nM for Saos-2 and 50 nM for 143-B) for the indicated times. β -Actin
levels were used as loading controls. (D) Quantification of the Western blotting analyses. Protein
levels were normalized to β-actin.
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Next, we analyzed the protein levels of a cleaved form of PARP1, a substrate that is
processed by caspase 3 upon the onset of apoptosis, to estimate the induction of apoptosis
after DOX treatment. Time course experiments showed that PARP1 was efficiently pro-
cessed in all parental cell lines treated with their respective IC50 concentrations of DOX. As
expected, the levels of cleaved PARP1 were barely increased, or not detected, in all resistant
lines after 72 h of treatment with DOX (Figure 3C,D).

To further characterize the phenotype associated with DOX resistance in bone sarcoma
cells we used an iCELLigence system to compare the proliferation capability of parental
and DOX-resistant cells. In these analyses we found that all assayed osteosarcoma DOX-
resistant cell lines (143-B-DX-R and Saos-2-DX-R) proliferated slower than their parental
counterparts. However, the chondrosarcoma resistant line T-CDS-17#4-DX-R showed the
opposite trend and grew faster than its parental line (Figure 4A). In addition, iCELLigence
analyses also showed that DX-R cell lines were able to continue proliferating in the presence
of concentrations of doxorubicin that efficiently eliminated parental cells (Figure 4B). Colony
formation unit (CFU) assays showed that, in agreement with their proliferation capability,
143-B-DX-R, Saos-2-DX-R and MG-63-DX-R cells were less clonogenic than their respective
parental cells, while T-CDS 17#4-DX-R cells showed a higher clonogenic ability than their
parental cell line (Figure 4C,D). Finally, transwell migration assays showed that all assayed
DOX-resistant cells exhibited a reduced migration capability compared to their respective
parental cells (Figure 4E,F).

Altogether, these results showed that bone sarcoma DOX-resistant cells show some
common phenotypic traits, such as their ability to tolerate the DNA damaging and pro-
apoptotic effects of doxorubicin or their relatively lower migratory potential. However,
other phenotypic features, such as proliferative and clonogenic potential, seem to be case-
and/or tumor type-dependent.

Figure 4. Cont.
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Figure 4. Proliferative and migration capability of DX-R bone sarcoma cell lines. (A,B) Real-time
proliferation analysis (iCELLigence system) of the indicated parental and DX-R cells in the absence
(A) or presence of IC20 (8 nM for T-CDS-17#4, 6 nM for Saos-2 and 10 nM for 143-B), IC50 (90 nM for T-
CDS-17#4, 37 nM for Saos-2 and 50 nM for 143-B) or IC90 (4600 nM for T-CDS-17#4, 633 nM for Saos-2
and 350 nM for 143-B) concentration of DOX (B). (C,D) Colony formation unit (CFU) assay of parental
and DX-R bone sarcoma cell lines. Representative images (C) and quantification of the number of
colonies obtained in each case (D) are shown. (E,F) Transwell migration assay of parental and DX-R
bone sarcoma cell lines. Representative images (E) and quantification of the surface occupied by
migrated cells (F) are shown. Data represent the mean and SD of three independent experiments.
Asterisks indicate statistically significant differences between groups in one-way ANOVA test (ns:
p > 0.05; *: p < 0.05; **: p < 0.01; ****: p < 0.0001).

2.3. Stemness-Related Phenotypes in DOX-Resistant Bone-Sarcoma Cell Line

The development of drug resistance by tumor cells has often been linked to the
acquisition of a stemness phenotype [23]. Therefore, we analyzed the ability of parental and
DOX-resistant cells to form clonal tumorspheres in anchorage independent conditions. The
ability to grow in these conditions was associated with the self-renewal and tumorigenic
potential of CSCs in many tumor types, including sarcomas [20,22,35]. These assays showed
a wide range of variability in the tumorsphere-forming potential of the parental lines, the
most and least sphere-forming lines being 143-B and Saos-2 cells, respectively. Among
DOX-resistant lines, 143-B-DX-R and T-CDS-17#4-DX-R cells formed tumorspheres more
efficiently than their parental lines, while Saos-2-DX-R and MG-63-DX-R cells formed less
tumorspheres than their respective parental strains (Figure 5A–C). In any case, as seen
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in adherent conditions, tumorsphere cultures of different DOX-resistant lines, such as
143-B-DX-R and T-CDS 17 #4-DX-R, were significantly less sensitive to DOX than parental
cells (Figure 5D–I).

Figure 5. Stemness-related phenotypes in DX-R bone-sarcoma cell lines. (A–C) Tumorsphere forma-
tion potential of parental and DX-R bone sarcoma cell lines. Representative images of each condition
(A) and quantification of the number of tumorspheres by direct counting (B) and cell viability (WST-1
assays) (C) are presented. (D–I) Effect of DOX treatment on the viability of tumorsphere cultures
of parental and DX-R 143-B (D–F) and T-CDS-17#4 cells (G–I). Tumorsphere 10-day cultures were
treated with IC20 (10 nM for 143-B and 8 nM for T-CDS-17#4), IC50 (50 nM for 143-B and 90 nM for
T-CDS-17#4) or IC90 (350 nM for 143-B and 4600 nM for T-CDS-17#4) concentrations of DOX for 96 h.
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After this period, representative images were taken (D,G) and the effect of the drug on tumorsphere
cultures was examined through the counting of the remaining tumorspheres (E,H) and the analysis
of cell viability (WST-1 assays) (F,I). Scale bars = 200 µm. Data represent the mean and SD of three
independent experiments. Asterisks indicate statistically significant differences between groups in
one-way ANOVA test (ns: p > 0.05; ***: p < 0.001; ****: p < 0.0001). (J) Western blotting analyses of the
indicated stem cell and drug-resistance related factors in parental and DX-R bone sarcoma cell lines.
β -Actin levels were used as loading controls.

To further investigate the CSC phenotype in doxorubicin-resistant cells, we checked
the protein levels of relevant factors associated with the drug resistant and/or stemness
phenotypes. These analyses showed that the resistant phenotype was associated with
the upregulation of the efflux pumps ABCB1 and ABCG2. Thus, while ABCB1 was not
detected in any parental line, it was strongly upregulated in all resistant lines. Similarly,
with the exception of MG-63-DX-R, we found increased levels of ABCG2 in most resistant
cell lines (Figure 5J). On the other hand, despite the clear relationship between the resistant
phenotype and poor apoptotic responses, we did not find a clear trend regarding expression
of key anti-apoptotic factors of the BCL-2 family. We only found slight increases in the levels
of BCL-xL in 143-B-DX-R cells and MCL-1 in T-CDS-17#4-DX-R cells. In contrast, both anti-
apoptotic factors were downregulated in Saos-2-DX-R and MG-63-DX-R cells (Figure 5J).
Finally, we found that the pluripotency factors SOX-2 and OCT-4 were upregulated in the
osteosarcoma resistant lines 143-B-DX-R and Saos-2-DX-R, compared to their parental cells.
In contrast, these pluripotency factors were heavily downregulated in the osteosarcoma
line MG-63-DX-R, and the chondrosarcoma line T-CDS-17#4-DX-R showed lower SOX-2
levels than its parental cell line (Figure 5D).

2.4. DOX-Resistant Cells Maintain Resistance In Vivo

To assay whether the resistant phenotype is maintained in an in vivo setting, we
generated tumor xenografts by inoculating parental and DOX-resistant 143-B cells subcuta-
neously in immunodeficient mice and treated them either with the drug vehicle (control) or
4 mg/Kg doxorubicin twice a week. In control conditions, parental cells were more tumori-
genic and produced larger tumors than DOX-resistant cells (Figure 6A,B). In agreement
with in vitro experiments, DOX treatment was able to efficiently reduce tumor growth in
xenografts generated by parental cells, but was much less effective in those generated by
resistant cells. At the experimental end-point, parental cells treated with DOX showed a
tumor growth inhibition percentage (%TGI) of 74.3%, while resistant cells treated with this
drug reduced their growth by only 12.7% (Figure 6A,B). In addition, we found statistically
significant differences between the volumes and weights of tumors of control and treated
series in xenografts generated by parental, but not by resistant, cells (Figure 6C,D).

To examine whether the level of resistance was affected by in vivo growth, we derived
cell lines from tumors of all conditions and treated them in vitro with increasing concen-
trations of doxorubicin. In these cell viability assays, we found that both parental and
resistant lines maintained IC50 values similar to those obtained before xenograft growth,
thus, confirming the stability of the resistance phenotype (Figure 6E).

Taken together, these data demonstrate feasibility of using these in vitro-generated
DOX-resistant lines as models of resistance in in vivo and ex vivo settings.
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Figure 6. 143-B-DX-R cells maintain resistance in vivo. Mice carrying tumor xenografts generated
by parental 143-B or 143-B-DX-R cells were randomly assigned to two different groups (n = 6 per
group) and treated i.v. either with saline buffer (control) or DOX at a dose of 4 mg/Kg twice a week
(7 doses). (A) Curves representing the mean relative tumor volume of the different groups during
the treatments. Drug efficacy is expressed as the percentage of TGI at the end of the experiment.
Mean ± SEM is presented. (B) Image of the tumors extracted from the mice at the end of the
experiment. (C,D) Distribution of tumor volumes (C) and weights (D) at the end of the experiment.
(E) Comparison of the cytotoxic effect of DOX (IC50 values) in parental 143-B and 143-B-DX-R cell
lines before (pre-inoculation) and after (post-inoculation) in vivo tumor growth in immunodeficient
mice. Error bars represent the SD and asterisks indicate statistically significant differences between
groups in one-way ANOVA test (ns: p > 0.05; *: p ≤ 0.05).

3. Discussion

Bone sarcomas are highly aggressive tumors that typically affect children and young
adults. Chemotherapeutic drugs, such as DOX, remain the most relevant treatment to
control the disease, even though drug resistance can be a strong limitation [9,36]. Therefore,
research efforts should be intensified to develop improved preclinical models useful for
deciphering new molecular mechanisms involved in the development of the resistant
phenotype. To contribute to this objective, we have developed and functionally charac-
terized a panel of four bone sarcoma cell lines resistant to DOX. These models expand
the still scarce panel of DOX-resistant osteosarcoma and chondrosarcoma cell lines avail-
able [14,23,37–41]. To the best of our knowledge, this is the first study describing the
generation of DOX-resistant models developed from a chondrosarcoma patient-derived
cell line. Unlike a previous study that had a low success rate (17%) in establishing DOX-
resistant osteosarcoma cell lines [39], our protocol was able to achieve resistance in all four
cell lines assayed.

Our phenotypic characterization of the new resistant cell lines revealed the existence
of both common and cell line-specific features. Among common phenotypic traits shared
by both osteosarcoma and chondrosarcoma models, we found that resistant models showed
an increased ability to tolerate the DNA damaging and pro-apoptotic effects of doxorubicin.
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In addition, all resistant models displayed a lower migratory potential. Other phenotypic
traits seem to be tumor type-dependent. Thus, we found that all osteosarcoma resistant
lines were less proliferative, both in vitro and in vivo, and less clonogenic than their cor-
responding parental lines. However, the opposite trend was observed in the resistant
chondrosarcoma T-CDS-17#4-DX-R cell line. The lower proliferative index of resistant
osteosarcoma models could be associated with the acquisition of a quiescent/dormant
state, which may allow tumor cells to better tolerate chemotherapeutic drugs [21,42]. A
similar decrease in the proliferative, clonogenic and migratory potentials has also been
reported for other osteosarcoma DOX-resistant models [39,43,44]. Therefore, it is plausible
that the adoption of a lower proliferative/migratory phenotype could be a prevalent mech-
anism used by osteosarcoma cells to acquire resistance to DOX treatment. In addition, CSC
subpopulations have been reported as being a key factor in chemoresistance [23]. Here we
found that there are both DOX-resistant models, that showed an increased ability to form
tumorspheres and a higher expression of pluripotency factors, and other models in which
we found the opposite effect. These data suggest that DOX-resistance in bone sarcomas is
not always associated with the adoption of CSC-related phenotypes and, in certain cases,
CSC-independent mechanisms may be driving the development of resistance.

The most widely described mechanism of resistance to DOX and other chemother-
apeutic drugs is the overexpression of ABCB1 and other members of the ABC family
of transporters, which leads to increased efflux and decreased intracellular accumula-
tion [11,15,16,43]. According to these reports, we found that ABCB1 was strongly upregu-
lated in all DOX-resistant models. Other work has correlated the expression of other ABC
transporters, such as ABCG1, with the self-renewal potential of osteosarcoma DOX-resistant
cells [41]. In a similar way, we found that ABCG2 was upregulated in the DOX-resistant
osteosarcoma lines that showed an increased expression of SOX-2 and OCT-4 (143-B-DX-R
and Saos-2-DX-R), but downregulated in the DOX-resistant line which displays a repressed
expression of the pluripotency factors (MG-63-DX-R). In summary, these results suggest
that, while the overexpression of ABCB1 is a common mechanism of drug resistance, the
expression of ABCG2 could be exclusively associated with CSC-mediated resistance.

The upregulation of anti-apoptotic factors of the BCL-2 family has also been associated
with DOX resistance in bone sarcomas [17,18]. We did not find a clear trend regarding
the expression of BCL-xL and MCL-1 in the resistant models, wherein MCL-1 in T-CDS-
17#4-DX-R cells were the most prevalent upregulated anti-apoptotic factor. Given that
T-CDS-17#4 is the model that showed lower levels of resistance and lower expression of
ABC pumps, it could be speculated that the development of anti-apoptotic mechanisms
is associated with the first steps in the development of a resistant phenotype, while ABC
transporters could play a more relevant role in the later phases of this process.

All osteosarcoma DOX-resistant lines were also highly resistant to treatment with
MTM and its related analog EC-8042, thus suggesting the existence of common mechanisms
of resistance between these compounds and DOX. However, osteosarcoma DOX-resistant
models did not show an increased resistance to CIS or MTX, and even the most DOX-
resistant model (143-B-DX-R) became slightly more sensitive to both CIS and MTX. In
agreement with this finding, no cross-resistance to CIS or MTX was observed in other
previously reported DOX-resistant osteosarcoma cell lines [39]. Although resistance to CIS
and MTX has been frequently associated with the efflux activity of ABC pumps [19], these
results suggest that this is not always the case and that in osteosarcomas there could be
differential mechanisms of resistance to DOX and CIS or MTX. Thus, it is plausible that a
chronic exposure of osteosarcoma cells to DOX does not always affect other mechanisms
of resistance to MTX, such as modulation of the expression of MTX target dihydrofolate
reductase (DHFR), or to CIS, such as the deregulation of BER-/NER-mediated DNA repair
or the inactivation trough detoxification enzymes, like GSTP1-1 [19,45,46]. Relevant to
the clinic, the increased sensitivity to methotrexate and cisplatin observed in doxorubicin-
resistant cells could be exploited for the election of alternative treatments for osteosarcoma
patients upon the development of doxorubicin resistance [36].
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Importantly, the treatment of xenograft models confirmed that the resistance pheno-
type of the 143-B-DX-R model is also maintained in the in vivo setting, thus allowing the use
of this cell line as a drug testing model suitable for in vivo assessment of the effectiveness
of therapies aimed to circumvent doxorubicin resistance.

Altogether, the characterization of four DOX-resistant bone sarcoma models evidenced
that there may be different phenotypes and mechanisms associated with the development
of resistance to DOX. Anyway, this is an initial phenotypic characterization of these bone
sarcoma resistant models. It is foreseen that further molecular characterization of these
models, integrating proteomic, transcriptomic, epigenetic and/or metabolomics analyses
together with other approaches, such as CRISPR screening assays, will contribute to the
unravelling of the molecular mechanisms behind common and specific phenotypic traits in
resistant cells. These analyses will also result in the identification of synthetic lethalities
and drug combinations able to revert doxorubicin resistance in bone sarcoma and/or the
identification of biomarkers useful to select those patients which will benefit most from DOX
treatment. As future goals, it would also be of interest to compare early versus late stages
of resistance in these step-wise generated models. These studies will help to understand
the time course of events involved in the process of acquisition of drug resistance by bone
sarcoma cells. Besides, this study only included one chrondrosarcoma resistant line. To
better discern the resistance mechanisms associated with this type of bone sarcoma, it is
necessary to develop and characterize more drug-resistant chondrosarcoma models. Finally,
the development of drug resistance in patient-derived models, as reported in this work,
may allow the implementation of personalized strategies capable of anticipating efficient
second-line treatments in cases of relapse.

4. Materials and Methods
4.1. Cell Culture

Human osteosarcoma cell lines 143-B (CRL-8303), Saos-2 (HTB-85), and MG-63 (CRL-
1427) were obtained from ATCC (Manassas, VA, USA). Patient-derived chondrosarcoma
model T-CDS-17#4 was stablished as previously described [47]. All cell lines were cultured
in Dulbecco’s modified Eagle medium (DMEM, Corning, AZ, USA) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA), 1% (v/v) Penicillin-Streptomycin
(10,000 U/mL; Gibco, Carlsbad, CA, USA) and 1% (v/v) GlutaMAX (Gibco, Carlsbad,
CA, USA) at 37 ◦C in a humidified atmosphere (5% CO2 and 95% air). All cultures were
tested monthly to discard mycoplasma contamination using the Biotools Mycoplasma Gel
Detection kit (B&M LABS, Madrid, Spain).

All experimental protocols have been performed in accordance with institutional
review board guidelines and with the Declaration of Helsinki and were approved by the
Institutional Ethics Committee of the Principado de Asturias (reference 255/19).

4.2. Drugs

DOX, MTX and CIS were purchased from Selleckchem (Houston, TX, USA). MTM
and its analog EC-8042 were synthesized by EntreChem SL (Oviedo, Spain) [48,49]. Stocks
were prepared as 10 mM solutions in sterile DMSO (DOX, MTX, MTM and EC-8042) or
DMF (CIS), stored at −80 ◦C and diluted in culture medium to the final concentration just
before use.

4.3. Generation of DOX-Resistant Cell Lines

Sarcoma DOX-resistant (DX-R) cell lines were generated by continuous exposure to
stepwise increasing concentrations of DOX. Briefly, the parental cell lines were continuously
treated with their respective IC20 of DOX (calculated after 72 h-treatments). The drug was
renewed every 3–4 days in fresh culture medium. After one month, the drug concentration
was doubled and cells were cultured for another month. The whole process of step-by-step
concentration increases and incubation times was repeated several times until we obtained
a resistance level for each cell line that could not be increased with further increases in
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drug concentration. The conditions used to generate resistant models for each cell line
are summarized in Table 1. In most steps, the concentration of half-maximal inhibition of
viability (IC50) and the resistance index (RI), calculated as the ratio between the IC50

′s of
resistant and parental lines, were determined.

4.4. Cell Viability Assays

Cell viability of cell lines after the treatment with increasing concentrations of dif-
ferent drugs was assayed using the cell proliferation reagent WST-1 (Roche, Mannheim,
Germany) after 72 h-treatments as previously described [34,50]. IC50 for each treatment
was determined by non-linear regression using GraphPad Prism 9.0.1 software (Graphpad
Software Inc., San Diego, CA, USA).

4.5. Real-Time Proliferation Analysis

The differences in the proliferation potential between the DOX-resistant cell lines and
their respective parental cells were evaluated using the iCELLigence real-time cell analyzer
(ACEA Biosciences, San Diego, CA, USA) [51]. Cells (between 2 × 103 and 1.5 × 104 cells
depending on the assayed cell line) were seeded in specially designed 8-well plates (E-plate
L8, ACEA Biosciences) that contained interdigitated gold microelectrodes sensors able to
detect changes in cell impedance. In experiments designed to analyze the effect of DOX on
cell proliferation, this drug was added 6 h after cell seeding. Cell impedance was monitored
every two hours for 160 h and data was analyzed using the RTCA analysis software version
1.0 (ACEA Biosciences). The proliferation status of cells was expressed in terms of cell
index (CI) normalized or not to the values measured 6 h after seeding.

4.6. Colony Formation Unit (CFU) Assay

The clonogenic capability of parental and DX-R cell lines was analyzed in colony
formation unit (CFU) assays as described previously [32]. Briefly, cells were seeded at
low density (1 × 103 cells) in 100 mm culture dishes and left to form colonies for 10 days.
Following this period, cells were fixed in cold methanol and stained with 0.5% crystal violet.
Colonies containing approximately 50 or more cells were counted using the ImageJ 2.1.0
software (NIH, Bethesda, MD, USA).

4.7. Transwell Migration Assay

Cells were resuspended in a serum-free culture media and seeded in transwell inserts
with a 8 µm pore size membrane (upper chamber; Costar, NY, USA) placed in 24-well
plates (lower chamber). Plating cell densities were 2.5 × 104 cells in 100 µL per well for
143-B and 5 × 104 cells/well for the rest of cell lines. Then, 600 µL of medium was added
to the lower chamber. After 24 h, cells were fixed in 70% ethanol for 10 min and stained
with 0.5% crystal violet for 5–10 min. Then, cells on the upper side of inserts were removed
with cotton-tipped swabs and the inserts were washed with distilled water [52]. Cells at
the bottom of the insert membranes were examined under a stereo microscope and the area
of membrane stained with crystal violet (proportional to the number of migrated cells) was
quantified using the ImageJ 2.1.0 software (National Institutes of Health, Bethesda, MD,
USA).

4.8. Tumorsphere Culture

Cells were resuspended in a serum-free sphere-forming medium containing Ham’s-F12
(Corning, NY, USA) supplemented with 1% (v/v) Penicillin-Streptomycin (10,000 U/mL;
Gibco, Carlsbad, CA, USA), 1% (v/v) GlutaMAX (Gibco, Carlsbad, CA, USA), 2% (v/v)
B-27 Supplement minus vitamin A (50X; Gibco, Carlsbad, CA, USA), 20 ng/mL human
EGF (PeproTech, London, UK) and 10 ng/mL human bFGF (PeproTech, London, UK) were
seeded at low density (1.5× 103 cells per well) in 6-well plates treated with a sterile solution
of poly 2-hydroxyethyl methacrylate (10 g/L in 95% ethanol; Sigma-Aldrich, St Louis, MO,
USA) to prevent cell attachment. Fresh aliquots of EGF and bFGF were added twice a
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week. Well-rounded spheres formed after 10 days of culture were counted and cell viability
was determined using the cell proliferation reagent WST-1 (Roche, Mannheim, Germany).
To analyze the effects of DOX on tumorsphere cultures, 10 day-spheres were incubated
in a sphere medium containing different concentrations of the drug for 4 days prior to
quantifying the number of spheres and relative viability (WST1 assay) in each case [20,34].

4.9. Western Blotting

Cell extracts were lysed with Pierce RIPA buffer (Thermo Scientific, Rockford, IL,
USA) supplemented with protease and phosphotase inhibitors. Lysates were centrifuged at
12,000 rpm at 4 ◦C and supernatants were collected. Protein concentration was quantified
using the Bradford dye-binding method (Bio-Rad protein assay kit; Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). A total of 30 µg of protein sample was loaded on 6–10%
sodium dodecyl sulfate (SDS)-polyacrylamide gels. After electrophoresis, gels were electro-
transferred using the Trans-Blot turbo transfer system and the Trans-Blot turbo RTA mini
0.2 µm nitrocellulose transfer kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
membranes were blocked with SuperBlockTM blocking buffer (Thermo Scientific, Rockford,
IL, USA) and incubated overnight at 4 ◦C with primary antibodies diluted in 3% bovine
serum albumin (BSA; VWR, Radnor, PA, USA). Primary antibodies used in these analy-
ses were as follows: anti-ABCB1 [[13342], 1:1000 dilution] from Cell Signaling (Danvers,
MA, USA); anti-ABCG2 ([ab108312], 1:1000 dilution) and anti-Cleaved-PARP1 ([ab32064],
1:1000 dilution) from Abcam (Cambridge, UK); anti-OCT4 ([11236-1-AP], 1:1000 dilution),
anti-SOX2 ([66411-1-Ig], 1:1000 dilution), anti-MCL1 ([16225-1-AP], 1:1000 dilution) and
anti-Bcl-xL ([26967-1-AP], 1:1000 dilution) from Proteintech (Wuhan, China); and anti-β-
Actin ([A5441], 1:5000 dilution) from Sigma-Aldrich. IRDye infrared fluorescent secondary
antibodies IRDye 800CW and IRDye-680RD from LI-COR Biosciences (1:10,000, Lincoln,
NE, USA) were used for signal detection using an Odyssey Fc imaging system and the
Image Studio software (LI-COR Biosciences, Lincoln, NE, USA). β -actin levels were used
as loading control.

4.10. Immunofluorescence Staining

Cells were seeded at high density in 6-well plates containing glass coverslips. After
24 h, cells were treated with 1 µM DOX for 0 h (Control), 4 h, 8 h or 24 h. Then, cells were
washed twice with phosphate-buffered saline (PBS; Corning, NY, USA) and fixed in 4%
paraformaldehyde (PFA; Sigma-Aldrich, Saint-Louis, MO, USA) in PBS for 20 min at room
temperature. Cells were then washed twice with PBS plus 0.1% Tween 20 (Sigma-Aldrich),
permeabilized in PBS plus 0.1% Triton X-100 (Sigma-Aldrich) for 20 min and washed again
with PBS. Slides were blocked in 10% BSA (VWR, Radnor, PA) for 30 min and incubated
overnight at 4 ◦C with the primary antibody anti-γ-H2AX ([05–636], 1:500 dilution) from
Merck KGaA (Darmstadt, Germany). Then, the slides were washed 3 times with PBS plus
0.1% Tween 20 and incubated with the secondary antibody Alexa Fluor 488 goat anti-mouse
IgG ([A-11001], 1:1000 dilution) from Invitrogen (Waltham, MA, USA) for 1 h. Later, cells
were washed another 4 times with PBS and, finally, coverslips were mounted in ProLong®

Gold Antifade Mounting medium with DAPI (Life Technologies, Carlsbad, CA, USA) and
analyzed by fluorescence microscopy. The number of γ-H2AX foci per nuclei was counted
in at least 100 cells of each condition using the ImageJ 2.1.0 software and the Cell Profiler
4.2.1 (Broad Institute, Cambridge, MA, USA) [53].

4.11. In Vivo Tumor Growth

All animal research protocols were carried out in accordance with the institutional
guidelines of the University of Oviedo and were approved by the Animal Research Ethical
Committee of the University of Oviedo prior to the study (PROAE 34/2019). Female
6 weeks old athymic nude mice (Envigo, Barcelona, Spain) were inoculated subcutaneously
(s.c.) with 1 × 105 143-B parental or DOX-resistant cells resuspended 1:1 in 50% (v/v)
Matrigel® basement membrane matrix high concentration (Corning, NY, USA). Once tu-
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mors reached approximately 100 mm3, the mice were randomly assigned (n = 6 per group)
to receive the following intravenous treatments twice a week (7 doses): vehicle (saline; B.
Braun, Melsungen, Germany) or 4 mg/Kg DOX. Tumor volume was determined using a
caliper as previously described [30]. Relative tumor volume (RTV) was defined as the dif-
ference between the tumor volume at day of measurement and (Vt) and the tumor volume
at the beginning of the treatment (V0). Drug efficacy was expressed as the percentage tumor
growth inhibition (%TGI), calculated as follows: TGI (%) = 100 − (T/C × 100), where T is
the mean RTV of the treated tumor and C is the mean RTV in the control group at day of
measurement. Three weeks after starting the treatment, mice were sacrificed by cervical
dislocation and tumors were extracted. Cell lines were stablished from representative
tumors from mice of different experimental groups as described before [47]. WST-1 assays
were performed to check the resistance status of these ex-vivo cell lines.

4.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0.1 software. Unless
otherwise indicated, all data are presented as the mean (±standard deviation or SEM
as indicated) of at least three independent experiments. Two-sided Student’s t test was
performed to determine the statistical significance between groups. Multiple comparisons
of the data were performed using one-way ANOVA and Tukey’s test, p ≤ 0.05 values were
considered statistically significant.
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