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A B S T R A C T   

Osteosarcomas are frequently associated to a poor prognosis and a modest response to current treatments. EC- 
8042 is a well-tolerated mithramycin analog that has demonstrated an efficient ability to eliminate tumor 
cells, including cancer stem cell subpopulations (CSC), in sarcomas. In transcriptomic and protein expression 
analyses, we identified NOTCH1 signaling as one of the main pro-stemness pathways repressed by EC-8042 in 
osteosarcomas. Overexpression of NOTCH-1 resulted in a reduced anti-tumor effect of EC-8042 in CSC-enriched 
3D tumorspheres cultures. On the other hand, the depletion of the NOTCH-1 downstream target HES-1 was able 
to enhance the action of EC-8042 on CSCs. Moreover, HES1 depleted cells failed to recover after treatment 
withdrawal and showed reduced tumor growth potential in vivo. In contrast, mice xenografted with NOTCH1- 
overexpressing cells responded worse than parental cells to EC-8042. Finally, we found that active NOTCH1 
levels in sarcoma patients was associated to advanced disease and lower survival. Overall, these data highlight 
the relevant role that NOTCH1 signaling plays in mediating stemness in osteosarcoma. Moreover, we demon
strate that EC-8042 is powerful inhibitor of NOTCH signaling and that the anti-CSC activity of this mithramycin 
analog highly rely on its ability to repress this pathway.  
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1. Introduction 

Osteosarcomas constitute the most common type of primary bone 
cancer [1,2]. Treatment of these neoplasms is currently based on the 
surgical removal of the primary tumor with wide-margin resection, with 
or without combinatory (neo)-adjuvant chemotherapy or radiation 
therapy [1,3]. Although localized tumors generally respond well to 
conventional treatments, a high proportion of cases eventually relapse 
and / or develop metastases, leading to overall survival rates that remain 
below 50% [1,3]. The frequent appearance of drug resistant clones, may 
be in part explained by the emergence of subsets of tumor cells pre
senting a stem cell-like phenotype. These Cancer Stem Cells (CSCs) has 
been identified and characterized in many tumors including osteosar
comas and has been widely associated with drug resistance, tumor re
lapses and metastasis development [4–6]. 

Different signaling pathways are known to mediate stemness both in 
normal stem cells and CSCs. Among them, the NOTCH pathway plays 
relevant roles in cell fate determination, differentiation and survival in 
development and tissue homeostasis [7]. This highly evolutionally 
conserved pathway is initiated by the binding of different Jagged or 
Delta-like ligands to a family of 4 transmembrane receptors (NOTCH1–4 
in humans). This receptor-ligand interaction induces sequential cleav
ages of the Notch receptor which produce the release of the Notch 
intracellular domain (NICD) in the signal-receiving cell. Subsequently, 
NICD translocates to the nucleus, where it promotes the expression of 
target genes such as those coding for Hairy Enhancer of Split (HES) 
proteins, HES related proteins (HEY), CCND1 or C-MYC [7]. In osteo
sarcomas, altered expression and activation of NOTCH signaling has 
been reported to play a key role in tumor development [8], tumor 
growth [9], angiogenesis, metastasis [10,11], and the acquisition of 
drug resistance by CSCs subpopulations [12,13]. 

Mithramycin A (MTM), also known as Plicamycin, is a natural anti
tumoral antibiotic that binds preferentially to GC-rich sequences in 
DNA. By this mechanism, this drug blocks the binding of key oncogenic 
transcription factors, such as those of the SP family, to their promoters, 
thereby inhibiting the expression of their target genes [14,15]. MTM has 
shown a remarkable activity against various malignant neoplasms. In 
addition, several studies have evidenced the powerful ability of MTM to 
target CSCs in many types of cancers [16–22]. Nevertheless, this drug 
has been partially relegated out of clinical use because of its high 
toxicity [17]. To take advantage of these remarkable anti-tumor prop
erties of MTM while minimizing its detrimental effects, 
second-generation MTM analogs with improved safety profiles have 
been developed [23]. A leading MTM analog generated by genetic en
gineering of the MTM biosynthesis pathways is EC-8042 (demycar
osyl-3D-β-D-digitoxosyl-mithramycin SK) [24]. This compound has 
proven to be 10-fold less toxic than MTM [25] while showing a strong 
antitumor activity against Ewing Sarcoma [26], melanoma [27], 
ovarian cancer [28] and breast cancer [29]. In addition, it has been 
reported that EC-8042 is able to efficiently target CSCs in sarcomas [30, 
31], head and neck tumors [32], and prostate cancer [33]. 

Here we show that EC-8042 is an efficient multi-target repressor of 
NOTCH-1 signalling in sarcomas. Given the prominent roles that 
NOTCH signaling plays in the development and progression of osteo
sarcomas [34], here we focused to study the effect of EC-8042 in this 
type of sarcomas. We generated gain and/or loss of function models of 
osteosarcoma to demonstrate that EC-8042 ability to repress NOTCH 
signaling is a relevant anti-stemness mechanism of action of this MTM 
analog. Finally, we found that NOTCH1 expression was associated to a 
poorer outcome of sarcoma patients. 

2. Materials and methods 

2.1. Cell culture, lentiviral constructions and drugs 

Transformed bone marrow-derived mesenchymal stem/stromal cell 

lines with expression of the myxoid liposarcoma-associated fusion gene 
FUS-CHOP were previously generated and characterized [35,36]. Os
teosarcomas cell lines Saos-2, MG63, U2OS and 143B were obtained 
from the American Type Culture Collection (ATCC, Manassas, Virginia, 
USA). The identity of all cell lines has been authenticated by Short 
Tandem Repeats analysis within the last 3 months. All the cell lines were 
tested for Mycoplasma monthly using the Biotools Mycoplasma Gel 
Detection kit (B&M LABS, Spain) and cultured as previously described 
[37]. Sarcoma cell lines were stably modified to modulate the expression 
of NOTCH1 and HES1 by transduction with lentiviral particles obtained 
using a 3rd generation lentiviral packaging system and the following 
lentiviral vectors: 1) A lentiviral vector encoding the cDNA for the 
intracellular domain of NOTCH1 (N1ICD) (EF.v-CMV.GFP; Addgene, 
ref: 2,17623) lentiviral vectors encoding human HES1-specific shRNAs 
(SMARTvector Lentiviral shRNA, Refs: V3SH11240–225656557 (D9) 
and V3SH11240–226832480 (D10); Horizon Discovery, Cambridge, 
UK); and 3) an empty vector (pWPI; Addgene, ref:12254) used as con
trol. Cells expressing these lentiviral vectors, which were positive for the 
fluorescence marker GFP, were selected by flow cytometry using BD 
FACS Aria II Cell Sorter (BD Bioscience, Erembodegem, Belgium). 
EC-8042 and MTM were synthesized using proprietary processes by 
EntreChem S.L. (Oviedo, Spain) [24] and used as previously described 
[31]. 

2.2. Tumorsphere culture 

Tumorsphere formation protocol and the analysis of the effects of 
drugs on tumorsphere formation ability were previously described [38]. 

2.3. Cell viability assays 

The viability of cell lines after the exposition to different drug con
centrations for 48 h was determined using the cell proliferation reagent 
WST-1 (Roche, Mannheim, Germany) or by performing colony forma
tion unit assays (CFU) as described before [17]. The concentration of 
half-maximal inhibition of viability (IC50) and the maximum effect 
(Emax, percentage of growth inhibition reached with higher concentra
tion assayed) was determined by non-linear regression using GraphPad 
Prism version 8.0 (Graphpad Software Inc, La Jolla, CA). 

2.4. Analysis of cell proliferation 

Real time cell proliferation was measured using a RTCA iCE
LLingence™ analyzer (Agilent Technologies, Santa Clara, CA) as previ
ously described using 1 × 104 cells/well [39]. In some cases, 0.1 µM 
EC-8042 was added at the indicated times for 48 h. After this treatment, 
cell cultures were washed and let to grow in fresh medium for up to one 
week while being monitored by the RTCA iCELLigence™ system. Data 
collection and analysis was performed in the RTCA Data Analysis Soft
ware 1.0 and cell proliferation was presented as normalized cell index 
values. 

2.5. Western blotting 

Whole cell protein extraction and Western blot analysis were per
formed as previously described [40]. Primary antibodies used in these 
analyses were: anti-NOTCH1[EP1238Y] [(52627), 1:1000 dilution] 
from Abcam (Cambridge, UK); anti HES1 (E-5) [(sc-166410), 1:100] 
from Santa Cruz Biotechnology (Dallas, TX); anti-MAML1 (D3K7B) 
[(12166), 1:1000] from Cell Signaling (Beverly, MA); and anti-β-Actin 
[(A5441), 1:10,000] from Sigma Aldrich (San Louis, MI). 

2.6. Transcriptome analysis 

RNA sequencing analyses of triplicate samples obtained from cell 
cultures treated with EC-8042 and MTM was performed and analyzed as 
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previously described [17]. These RNA seq datasets are available in the 
GEO-NCBI repository (Reference: GSE161616; https:// www. ncbi. nlm. 
nih. gov/ geo/ query/ acc. cgi? acc= GSE16 1616). 

2.7. RT-qPCR 

RNA extraction and RT reactions were performed as previously 
described [30]. Gene expression was analyzed by real-time qPCR using 
20 ng of cDNA, SYBR Green Master Mix protocol (Applied Biosystems, 
CA, USA) and 300 nM of primers in a StepOnePlus Real-Time PCR 
System (Applied Biosystems, CA, USA) at 95 ◦C for 10 min, followed by 
40 cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. Reactions 
were run in triplicates using the following specific primers: HES1 
(Sigma) 5 ́ -GCCTATTATGGAGAAAAGACG-3 ́ (Fw) and 5 ́ - GCCTAT
TATGGAGAAAAGACG-3 ´ (Rv); MAML2 (Sigma) 5 ´ - AATTGATGG
GAAAGAAGCAG-3 ́ (Fw) and 5 ́ - CAATTTTCTCCGCGTCAG-3 ́ (Rv); 
NOTCH1 (Thermo Fisher) 5 ´- CTACCTGTCAGACGTGGCCT-3 ´(Fw) and 
5 ´ - CGCAGAGGGTTGTATTGGTT-3 ´ (Rv); RPTOR (Sigma) 5 ´ - 
CGGAGTTTCCTTTAACAGTG-3 ´ (Fw) and 5 ´ - CTGTTGAGTACTTT
CATGGC-3 ́ (Rv); TGFB1 (Sigma) 5 ́ - AACCCACAACGAAATCTATG-3 ́
(Fw) and 5 ́ - CTTTTAACTTGAGCCTCAGC-3 ́ (Rv); VEGFA (Sigma) 5 ́ - 
AATGTGAATGCAGACCAAAG-3 ´ (Fw) and 5 ´ - GACTTA
TACCGGGATTTCTTG-3 ́ (Rv). And the ribosomal coding gene RPL19 5 ́ - 
AGCGAGCTCTTTCCTTTCG-3 ´ (Fw) and 5 ´ -GAGCCTCTTCT
GAAGCCTGA-3 ́ (Rv) was used as endogenous control. The relative 
mRNA expression was calculated using the 2 − ΔΔCT method, and the 
data were expressed as the fold-change normalized to RPL19 mRNA 
levels and relative to control (vehicle-treated) cells. 

2.8. In vivo tumor growth 

Female Athymic nude mice of 6 weeks old (Envigo, Barcelona, Spain) 
were inoculated subcutaneously (s.c.) with 105 parental 143B, 143B- 
NICD, 143B-shD9 or 143B-shD10 cells. Once tumors reached approxi
mately 100 mm3, mice inoculated with the different cell lines were 
randomly assigned (n = 5 per group) to receive intra-venous (i.v.) 
treatments of saline solution (control) or EC-8042 at a dose of 18 mg/kg 
twice a week (6 doses). Mice were sacrificed by cervical dislocation at 
the end of this protocol. Mean tumor volume differences between groups 
were determined using a caliper and relative tumor volumes (RTV) and 
the percentage tumor growth inhibition (%TGI) were calculated as 
described [37]. Additionally, other cohorts of mice (n = 3 per group) 
carrying xenografts generated with 143B-parental, 143B-NICD and 
143B-shD10 cells received four doses of treatments before tumors were 
extracted and processed for protein extraction. 

2.9. Histological analysis 

Paraffin-embedded tissues from 82 patients with sarcoma who un
derwent resection of their tumors at the Hospital Universitario Central 
de Asturias (HUCA) were used to construct a tissue microarray as pre
viously described [41]. Immunostaining of NOTCH1 was performed 
using an anti-NOTCH1 antibody (#3608) from Cell Signaling (Danvers, 
MA) at 1:300 dilution. Stained samples were scored blinded to clinical 
data by a pathologist (VBL), using a semiquantitative scoring system 
based on both the percentage of stained cells (0: 0%; 1: <10%; 2: 
10–50%; and 3: >50%) and the staining intensity (0: no expression; 1: 
low intensity; and 2: high intensity). Each sample received a scoring 
value resulting from the multiplication of both scores, and the median 
value in the resulting distribution was used to discriminate low and high 
expressing samples. 

2.10. Statistical analyses 

All data are represented as mean ( ± SD or SEM as indicated) of at 
least three independent experiments unless otherwise stated. Student’s t 

or one-way ANOVA tests were performed to determine the statistical 
significance between groups. χ2 test (with Yates’ correction, when 
appropriate) was used in immunohistochemical analysis. Survival 
curves were calculated using the Kaplan-Meier product limit estimate 
and differences between survival times were analyzed by the log-rank 
method. Hazard Ratio (HR) was calculated by univariate Cox regres
sion analysis. p < 0.05 values were considered statistically significant. 

3. Results 

3.1. EC-8042 acts as a multi-target repressor of NOTCH signaling in 
sarcoma cells 

We first analyzed the anti-proliferative effect of EC-8042 in a panel of 
osteosarcoma cell lines. We found that all cell lines were sensitive to the 
effect of EC-8042, with 143B cells being the most sensitive (IC50 = 93 
nM) (Fig. 1 A). This result is in line with our previous findings demon
strating an efficient anti-tumor activity of EC-8042 also in liposarcoma 
and undifferentiated pleomorphic sarcoma models, which displayed 
viability reduction IC50 values between 100 and 300 nM [30,31]. To 
reveal molecular mechanisms involved in the anti-tumor effect of 
EC-8042, we performed RNAseq analyses in the osteosarcoma cell line 
143B and the myxoid liposarcoma model T-5H-FC#1 treated for 24 h 
with their respective IC50’s. The analysis of differentially expressed 
genes (DEG) showed that EC-8042 induced a profound modulation of 
gene expression in both 143B (1368 DEGs) and T-5H-FC#1 (4757 DEGS) 
cells (Fig. 1B-C, Table S1 and Table S2). As expected, we found a high 
degree of overlapping between genes commonly regulated by EC-8042 
in T-5H-FC#1 and 143B cells (65.69% of downregulated and 54.77% 
of overexpressed DEGS in 143B cells were also modulated in T-5H-FC#1 
cells). Among relevant factors commonly downregulated by EC-8042 in 
both cell lines we found SP1 target genes such as VEGFA, PDGFA, 
ABCC1, RPTOR or TERT. Other commonly affected targets include cy
tokines as CXCL3 or CCL2, tyrosine kinases as SRC, PTK2 or AKT1, or 
other relevant signaling factors as NOTCH1, WNT5, WNT5B, TGFB1 or 
CDH4 (Fig. 1B-C, Table S1 and Table S2). The downregulation of 
selected genes by EC-8042 in both cell lines were confirmed by RT-qPCR 
(Fig. S1). 

In concordance with its activity as transcription factor repressor, 
KEGG pathway analysis of DEGs show a predominant inhibitory effect of 
EC-8042 in sarcoma cells (Fig. 1D-E). Thus, most of the pathways 
significantly altered in T-5H-FC#1 (33 out of 34) (Fig. 1D and Table S3) 
and 143B cells (30 out of 31) (Fig. 1E and Table S4) were predicted to be 
repressed after the treatment. Most of these altered pathways, including 
key oncogenic pathways such as those controlled by NOTCH1, VEGF, 
WNT, Focal adhesion targets, or ECM receptor interaction factors, were 
commonly modulated in both cell lines (70% of overlap). Among these 
pathways, NOTCH signaling was consistently repressed by EC-8042 at 
different steps of the route in both T-5H-FC# 1 and 143B cells. This 
included the repression of receptors such as NOTCH1 and/or 2, different 
components of the transcriptional complex such as MAML factors, 
CREBBP or RBPJ and most of the well-known downstream targets of the 
pathway, like HES1, VEGFA, CXCL1, WNT5A or JUN (Fig. 2 A). 

Western blotting analyses confirmed the ability of EC-8042 to repress 
the expression of several NOTCH signaling components in a panel of four 
osteosarcoma cell lines (Fig. 2B, Fig. S2A and Fig. S3A). We analyzed the 
expression of the two cleaved forms that originate during the process of 
activation of NOTCH1 upon ligand binding, a ≈ 120 kDa trans
membrane (TM) form resulting from a first cleavage by ADAM proteases 
in the extracellular region and the ≈ 80–90 kDa NICD that is released in 
the cytosol after a second cleavage by γ-secretases. We detected a higher 
abundance of the TM form in all lines. EC-8042 induced a down
regulation of both forms in all cell lines with the only exception of NICD 
in Saos2 and U2OS in which we did not observed a clear trend in the 
assayed conditions. We also, analyzed the expression of the transcrip
tional complex component MAML1 and the downstream target HES1. 
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Similar to NOTCH1, these proteins also follow a dose-dependent 
downregulation pattern (Fig. 2B). Similar results were also observed 
in an experiment where samples of all cell lines, treated or not with 1 µM 
EC-8042, were analyzed in the same blot (Fig. 2 C, Fig. S2B and 
Fig. S3B). In this experiment, we found that these factors were expressed 
at different levels in all cell lines and confirmed the ability of EC-8042 to 
inhibit the expression of NOTCH1 and HES1. 

3.2. Modulation of NOTCH1 or Hes1 expression influences the recovery 
of osteosarcoma cells after the treatment with EC-8042 

To study whether the ability of EC-8042 to inhibit NOTCH1 signaling 
plays any role in the anti-proliferative activity of this drug, we used a 
lentiviral vector in which NICD expression is controlled by a constitutive 
promoter that cannot be targeted by EC-8042 to generate a strain of 
143B cells overexpressing active NOTCH1 (143B-N1ICD) (Fig. 3 A, 

Fig. S2C and Fig. S4A). Parallel, we silenced HES1 expression in 143B 
cells using two different shRNAs (143B-shD9 and 143B-shD10) (Fig. 3B, 
Fig. S2D and Fig. S4B). When treated with EC-8042 for 48 h in cell 
viability assays, we did not find significant changes in the sensitivity to 
this drug between NICD-overexpressing or HES1-depleted osteosarcoma 
cells and their respective control lines (Fig. 3 C). Similarly, we found 
that EC-8042 displayed a similar anti-clonogenic effect in all models in 
colony-forming assays (Fig. 3D-E). In these experiments, we did not 
observe significant differences in the clonogenic ability of control and 
NOTCH1-expression modulated cells in untreated conditions (Fig. S5A). 

To further explore whether NOTCH1 signaling modulation produced 
any impact in the response of osteosarcoma cells to EC-8042, we 
analyzed the ability of parental, N1ICD-overexpressing and HES1- 
depleted 143B cells to recover after the treatment with EC-8042. For 
this purpose, we used the iCellingence™ system to follow the real time 
proliferation of the different cultures. First, we found that in untreated 

Fig. 1. Transcriptomic analysis of sarcoma cells treated EC-8042. (A) Cell viability (WST1 assay) measured after the treatment of a panel of osteosarcoma cell 
lines with increasing concentrations of EC-8042 for 48 h. The IC50 and maximum effect (Emax) values are shown. (B-E) RNAseq analysis of T-5H-FC#1 and 143B cells 
treated in triplicate with either DMSO (carrier control), or their respective IC50 for EC-8042 (300 nM for T-5H-FC#1 and 100 nM for 143B) for 24 h. (B-C) Volcano 
plots showing those genes significantly upregulated and downregulated (fold change (FC) ≤ − 2 (log2 FC ≤− 1) or ≥ 2 (log2 FC ≥1) and padj < 0.01; red dots) when 
comparing EC-8042-treated vs control T-5H-FC#1 cells (B) and 143B cells (C). Selected relevant genes displaying highly significant p values and/or higher fold 
change modulation are indicated. (D-E) KEGG pathway analysis showing signaling routes significantly altered (enrichment score (ES) ≤ − 0.5 or ≥ 0.5 and padj 
< 0.01; blue circles) when comparing EC-8042-treated vs control T-5H-FC#1 cells (D) and 143B cells (E). Circle diameter for each pathway reflect the number of 
genes involved in the pathway (gene count, GC) showing altered activation. Information for relevant cancer-related pathways is displayed. 
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conditions, 143B-shD9 cells proliferate slightly faster than control or 
NICD-overexpressing cells (Fig S5B). When exposed to 0.25 µM EC-8042 
for 48 h, we found parental 143B proliferated slightly faster during the 
treatment and showed a weaker response to EC-8042 than the rest of 
models (Fig. 3 F). When we analyzed how the different models recov
ered cell growth once the drug was removed, we noticed that although 
the control 143B cells recover earlier than the rest of models, most likely 
due to its poorer response, 143-NICD cells showed a more robust 

recovery and was able to reach higher level of confluence than that 
reached by control cells. More strikingly, both cell lines with silenced 
HES1 expression did not show any recover of cell growth after the 
removal of EC-8042 (Fig. 3 F). 

Fig. 2. Inhibition of NOTCH1 signaling by EC-8042 in sarcomas. (A) NOTCH1 signaling pathway scheme showing upregulation or downregulation levels of 
relevant components of the pathway in T-5H-FC#1 and 143B cells treated with EC-8042 in comparison with control cells. Green and red colors indicate significant 
downregulation and upregulation, respectively. Targets with non-significant p-values are labeled with an X. (B) Western blotting analyses of relevant components of 
the NOTCH1 pathway in a panel of osteosarcoma cell lines treatment with increasing concentrations of EC-8042 for 24 h. (C) Similar analysis of the expression of 
NOTCH1-related factors in samples of the different osteosarcoma cell lines treated or not with 1 µm EC-8042 for 24 h and loaded in the same blot. The expression of 
β-actin was used as loading control. 
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3.3. NOTCH-1 signaling inhibition plays a key role in the anti-CSC 
activity of EC-8042 

The differential ability to recover after the treatment with EC-8042 
could be related with the distinct ability of the drug to target CSCs in 
sarcoma cells with enhanced or impaired NOTCH1 signaling. To deter
mine the role of NOTCH1 signaling in the response of sarcoma CSCs to 
EC-8042, we grew cultures of CSC-enriched 3D tumorspheres [31,42] 
from parental 143B, 143B-NICD, 143B-shD9 y 143B-shD10 cells and 
treated them with increasing concentrations of EC-8042. We found that 
tumorspheres formed by parental 143B cells were highly sensitive to the 
anti-stemness activity of EC-8042 (IC50 = 34 nM). Importantly, we also 
found that 143B-NICD-formed tumorspheres (IC50 = 248 nM) were 
approximately 7.5 times less sensitive than parental cells (Fig. 4A-B). In 
addition, although in untreated conditions HES1-silenced cells formed 
significantly less tumorspheres than parental 143B or 143B-NICD cells 

(Fig. 4 C), 143B-shD9 and 143B-shD10 tumorspheres seemed to respond 
similar than parental cells to the treatment with EC-8042 (Fig. 4A-B). 

To further explore how the modulation of NOTCH1 signaling affects 
the anti-stemness potential of EC-8042, we treated adherent cultures 
from all 143B models with increasing concentrations of EC-8042 for 
48 h and then grew them under CSC culture conditions to assay the 
formation of tumorspheres. Again, we found that EC-8042 was able to 
efficiently eliminate CSCs with tumor-forming potential in parental 
143B cells, thus resulting in reduced tumorsphere formation (Fig. 4D-E). 
We also observed that 143B-NICD cells were more much resistant than 
parental cells to the anti-CSCs effect of EC-8042. Finally, in this case we 
found that the MTM analog was more effective in eliminating CSCs when 
HES1 was silenced (Fig. 4D-E). 

In sum, this gain and loss of function experiments strongly suggest 
that the inhibition of NOTCH1 pathway plays a key role in the abroga
tion of stemness activity by EC-8042. Thus, overexpression of NICD 

Fig. 3. Effect of the modulation of NOTCH1 signaling in the antiproliferative effect of EC-8042 in osteosarcoma cell lines. (A) Protein expression levels of 
NOTCH1 (TM and NICD forms) in control (Cont) and NICD-overexpressing (NICD) 143B cells. (B) Protein expression levels of control and HES1-silenced (shD9 and 
shD10) 143B cells. β-actin was used as loading control for western blotting analysis. (C) Cell viability assay of NOTCH1-signaling modified 143B cells treated with 
increasing concentrations of EC-8042 for 48 h. IC50 and Emax values are shown. (D-E) Colony formation unit (CFU) assays for control and NOTCH1-signaling modified 
143B cells treated with increasing concentrations of EC-8042 for 24 h before letting them to form CFUs for 10 days. Summary graphic (D) and representative images 
of CFU assays for each condition (E) are shown. (F) Real time proliferation (cell index) of parental and NOTCH1-signaling modified 143B cells treated with 0.25 µM 
EC-8042 for 48 h and left to recover in fresh medium for one week. SoT and EoT indicated the start and the end of treatment respectively. Error bars represent the 
standard deviation of at three replicates. The panel shows the results of one of two independent experiments performed that showed similar results. 
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hamper its anti-tumor action on CSCs, while the silencing of HES1 may 
cooperate with EC-8042 and render sarcoma CSCs more sensitive to this 
drug. 

3.4. Modulation of NOTCH1 signalling in osteosarcoma cells influences 
the response to EC-8042 in vivo 

Next, we aimed to study whether the modulation of NOTCH signal
ling also affected tumor growth and the response to EC-8042 in vivo. 
First, we monitored tumor growth in immunodeficient mice inoculated 
with parental 143B, 143-NICD, 143B-shD9 or 143B-shD10 cells 
(Fig. 5A). We found that both cell lines with silenced expression of HES1 
grew tumors at a slower rate comparing to parental or NICD- 
overexpressing cells (Fig. 5A-B). Then, we treated immunodeficient 
mice carrying xenografts generated by parental 143B, 143B-NICD or 
143B-shD10 cells with saline or 18 mg/Kg EC-8042 twice a week. First, 
the analysis of active NOTCH1 levels in tumors extracted from cohorts of 

control and treated mice, confirmed that this drug was able to inhibit the 
expression of NOTCH1 in vivo in parental 143B cells and 143-shD10 
cells, but not in 143 cells with forced overexpression of NOTCH1 
(Fig. 5C-D and Fig. S6). Then, the analysis of tumor growth evidenced 
that those tumors generated by 143B-NICD cells showed a poorer 
response to EC-8042 than those initiated by parental cells. After six 
doses of treatment with EC-8042, we observed a significant growth 
reduction in parental tumors (%TGI= 73.8) compared to NICD- 
overexpressing tumors (%TGI= 56.9%) (Fig. 5E-F). The anti-tumor ef
fect of EC-8042 in tumors generated by HES1-silenced cells (%TGI=
70.0%) was similar to that observed in parental cells. However, the 
cumulative effect of HES1 depletion and EC-8042 treatment resulted in a 
lower overall tumor growth rate in 143B-shD10 cells (Fig. 5E-F). 

Altogether these data show that the overexpression of NICD reduced 
anti-tumor activity of EC-8042, most likely by hampering its ability to 
target CSCs. On the other hand, silencing of HES1 could cooperate with 
EC-8042 and render sarcoma CSCs more sensitive to this drug. 

Fig. 4. Effect of EC-842 on osteosarcoma CSCs subpopulations. (A-C) CSC-enriched tumourspheres of parental and NOTCH1-signaling modified 143B cells were 
treated with increased concentrations of EC-8042 for 72 h. Representative images of the spheres cultures (A), the quantification of the cell viability (WST-1 assay) of 
spheres (represented as % of control) at the end of the treatment (B) and the counting of number of spheres formed in untreated conditions (C) are shown. (D-E) 
parental and NOTCH1-signaling modified 143B cells treated with the indicated concentrations of EC-8042 for 48 h were grown in tumorsphere culture conditions for 
10 days. Representative images (D) and quantification of cell viability (represented as % of control) of the spheres (E) at the end of the experiment are shown. Scale 
bars = 250 µm. Error bars represents standard deviation measured from at least three independent replicates and asterisk indicate a statistically significant difference 
with the control group (*:p < 0.05, **:p < 0.01; ***:p < 0.001 one-way ANOVA). 
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3.5. NOTCH expression is related with poor prognosis in clinic 

Finally, we aimed to investigate whether the levels of active 

NOTCH1 in sarcoma patients is clinically relevant. Thus, the nuclear 
expression of this receptor was analyzed by immunohistochemistry in a 
collection of tissue microarrays, including 82 samples from 10 types of 

Fig. 5. Modulation of NOTCH1 signaling in osteosarcoma cells influences tumor growth and the response to EC-8042 in vivo. A) Curves representing the 
mean volume of xenograft tumors generated by 143B-parental, 143B-NICD, 143B-shD9 and 143B-shD10 cells (n = 5 per group). B) Mean tumor volumes at the end of 
the experiment (day 42 after the inoculation). (C-D) Cohorts of mice (n = 3 per group) carrying xenografts generated with 143B-parental, 143B-NICD and 143B- 
shD10 cells were randomly assigned to receive four doses of saline (control) or 18 mg/Kg EC-8042. Tumors were extracted and processed for protein extraction 
24 h after the last dose and the levels of NOTCH1 (N1ICD) were determined by Western blotting (C). The expression of β-actin was used as loading control. Western 
blotting bands were quantified using Image Studio software and the data were plotted as the means and standard deviations of the ratios of the N1ICD / β-actin band 
intensities (D). E-F) Xenografts generated with 143B-parental, 143B-NICD and 143B-shD10 cells were randomly assigned to control groups (treated with saline) or 
groups treated with EC-8042 at 18 mg/Kg twice a week (6 doses) (n = 5 per group). (E) Curves representing the mean relative tumor volume of xenografts during the 
treatments. (F) Relative tumor volumes at the experimental end point (day 17 after the start of the treatment). Drug efficacy expressed as the percentage of TGI is 
indicated. Error bars represent the SEM and asterisks indicate statistically significant differences between groups in RM-one way ANOVA (A and E, symbols in 
brackets indicate the series that are being compared) or in two-sided Student t-tests (B and F) (*:p < 0.05). 

Fig. 6. Immunohistochemical analysis of NOTCH-1 nuclear expression in sarcoma patients and associations with clinical data. (A) Representative examples 
of the indicated types of sarcomas showing negative, low and high nuclear NOTCH1 staining. Scale bars: 500 (top panels) or 50 µm (bottom panels). (B) Kaplan-Meier 
cumulative survival curves categorized by NOTCH-1 protein expression in the cohort of sarcoma patients. p-value were estimated using the log-rank test. 
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sarcomas. Patient specimens were categorized as samples with null, low 
or high NOTCH1 nuclear expression according to percentage of stained 
cells and the staining intensity (Fig. 6 A). Low and high NOTCH1 nuclear 
expression was detected in 19 (23.2%) and 8 (9.8%) sarcoma samples 
respectively (Table 1). Importantly, NOTCH1 expression correlated with 
higher tumor grade (p = 0.001), poor differentiation (p = 0.003) and 
vascular invasion (p = 0.037) (Table 1). 

Moreover, those cases with null and low NOTCH1 protein levels 
showed a longer survival time when compared to those showing a high 
levels of this factor (61 months (CI 52–70) for null cases; 58 months (CI 
48–69) for low expression cases; and 13 months (CI 0–34) for high 
expression cases) (Fig. 6B). The Hazard Ratio for cases with high levels 
compared to null cases was 11.095 (CI 2.7–45–6; p < 0.001). 

In summary, we found that nuclear expression of NOTCH1 correlates 
with more aggressive tumor phenotypes and a poorer prognosis in sar
coma patients. 

4. Discussion 

The recent discovery of a close relationship between the usually 
aggressive evolution of osteosarcomas and the presence of tumor cell 
subpopulations with CSC phenotypes stresses the need for therapies able 
to neutralize these CSCs [5,43,44]. In this regard, the MTM analog 
EC-8042 has emerged as a potent antitumor agent with anti-CSCs ac
tivity [29–33,45]. In sarcomas, we have previously shown that EC-8042 
demonstrated greater potential to inhibit the tumor growth of soft tissue 
sarcomas models than doxorubicin. Notably, this antitumor activity was 
linked to its ability to inhibit the expression and activity of genes asso
ciated to the CSC phenotype and with its strong potential to eliminate 
CSCs in vitro and in vivo [30,31]. In this work, we expand the panel of 
tumor types in which EC8042 shows anti-CSC activity to include 
osteosarcomas. 

EC-8042 induced a robust pattern of transcriptional repression both 
in osteosarcoma and liposarcoma cells. Previous studies have reported 
the ability of EC-8042 to inhibit specific pro-tumor targets in different 
tumor types. Thus, EC-8042 was able to repress the expression of SRC 
and PTK2 in head and neck cancer cells [32], VEGFA, TERT and SRC in 

ovarian cancer [46], WNT5, THBS1, CXCL8, MMP1 and SCG2 in mela
noma [27], as well as inhibit SP1-mediated signaling in different tumor 
types [28,31,46,47]. Our transcriptome analyses also showed that 
EC-8042 induced an efficient repression of these factors in both lip
osarcoma and osteosarcoma cells. Among the pathways most robustly 
repressed by EC-8042, NOTCH1 signaling is known to play oncogenic 
and pro-stemness roles in many types of tumors [7,13,48]. In osteosar
comas, an aberrant activation of NOTCH signaling could play a role as 
tumor driver event [8]. In addition, it has been reported that primary 
osteosarcomas showed increased levels of NOTCH receptors, ligands and 
downstream target genes, which seems to play a role in the acquisition 
of drug-resistant phenotypes and in the progression and dissemination of 
the disease [5,9–11]. Importantly, the survival rate of those patients 
with high serum levels of NOTCH1 and HES1 was significantly lower 
than that of the group presenting low levels [49]. In line with these 
results, our own analysis of NOTCH1 levels in sarcomas samples 
confirmed that the nuclear protein levels of this receptor correlated with 
more aggressive phenotypes and poorer disease outcome. 

The ability of EC-8042 to inhibit NOTCH1 signaling is also relevant 
in view of the limitations of the drugs used so far to inhibit this pathway 
in cancer. Main strategies to inhibit this signaling involve the use of 
γ-secretase inhibitors or antibodies against NOTCH receptors [7,50]. 
Although these approaches have been considered for clinical use against 
different neoplasms, serious side effects observed during clinical trials 
evidence the narrow therapeutic window for these drugs [50,51]. 
Therefore, EC-8042 could represent a safer alternative to currently 
available NOTCH signaling inhibitors. Opposite to other inhibitory 
strategies, EC-8042 is able to inhibit NOTCH1 signaling at different 
levels including the NOTCH1 receptor, most of the components of the 
transcriptional complex of NOTCH and many of the transcriptional 
targets of the pathways. 

Notch signaling have also been involved in mediating stemness 
phenotypes in osteosarcoma [5,13,52]. Therefore, we explored the hy
pothesis that the anti-CSC activity of EC-8042 could be mediated by its 
ability to inhibit NOTCH signaling. Through gain and/or loss of function 
experiments of NOTCH1 and HES1 in osteosarcoma models we 
demonstrated that the anti-CSC activity of EC-8042 and the in vivo 

Table 1 
Distribution of sarcoma cases (N = 82) according to their nuclear levels of NOTCH1 across categories of the indicated patient characteristics and tumor clinico
pathologic parameters. P values are shown.   

null NOTCH1 (%) low NOTCH1 (%) high NOTCH1 (%) Total (%) p (Chi-square) 

Cases  55 (67.1) 19 (23.2) 8 (9.8) 82  
Tumor type       
Osteosarcoma  4 (7.3) 3 (15.8) 0 (0) 7 (8.5) 0.014 
Ewing Sarcoma  4 (7.3) 1 (5.3) 2 (25.0) 7 (8.5)  
Myxoid Liposarcoma  8 (14.5) 2 (10.5) 0 (0) 10 (12.2)  
Liposarcoma (other subtypes)  8 (14.5) 0 (0) 0 (0) 8 (9.8)  
Chondrosarcoma  9 (16.4) 1 (5.3) 1 (12.5) 11 (13.4)  
Sinovial Sarcoma  3 (5.5) 5 (26.3) 1 (12.5) 9 (11.0)  
Pleomorphic Sarcoma  3 (5.5) 3 (15.8) 4 (50.0) 10 (12.2)  
GIST  3 (5.5) 2 (10.5) 0 (0) 5 (6.1)  
Encondroma  6 (10.9) 0 (0) 0 (0) 6 (7.3)  
Dermatofibrosarcoma  7 (12.7) 2 (10.5) 0 9 (11.0)  
Total  55 19 8 82  
Tumor grade       
1  12 (37.5) 1 (8.3) 0 (0) 13 (25.5) 0.001 
2  11 (34.4) 8 (66.7) 0 (0) 19 (37.2)  
3  9 (28.1) 3 (25.0) 7 (100) 19 (37.2)  
Total  32 12 7 51  
Differentiation    
Well differentiated  10 (40.0) 0 (0) 0 (0) 10 (23.8) 0.003 
Moderately different.  0 (0) 3 (27.3) 0 (0) 3 (7.1)  
Poorly differentiated  15 (60.0) 8 (72.7) 6 (100) 29 (69.0)  
Total  25 11 6 42  
Vascular invasion 
No  30 (93.75) 10 (83.3) 4 (57.1) 44 (86.3) 0.037 
Yes  2 (6.25) 2 (16.7) 3 (42.9) 7 (13.7)  
Total  32 12 7 51   
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response to this drug highly rely on its ability to repress this pathway. In 
line with this results, previous studies using γ-secretase inhibitors to 
treat osteosarcoma cells also showed that inhibition of NOTCH signaling 
resulted in reduced CSC activity and the reversion of resistant pheno
types [12,13,53]. 

Altogether, these results suggest that EC-8042 could represent a 
suitable therapeutic option to eliminate CSCs in osteosarcomas and 
other tumor types where NOTCH signaling may play a pro-tumorigenic 
role. 
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P. Rodrigo, M.V. González, N. Baldini, J. Garcia-Castro, R. Rodriguez, 
Osteosarcoma: cells-of-origin, cancer stem cells, and targeted therapies, Stem Cells 
Int. 2016 (2016) 3631764. 

[5] S.T. Menéndez, B. Gallego, D. Murillo, A. Rodríguez, R. Rodríguez, Cancer stem 
cells as a source of drug resistance in bone sarcomas, J. Clin. Med. 10 (12) (2021). 

[6] R. Rodríguez, J. Hatina, S. Gambera, S.T. Menéndez, J. García-Castro, Chapter 28 - 
Cancer stem cells and clonal evolution in bone sarcomas, in: D. Heymann (Ed.), 
Bone Sarcomas and Bone Metastases - From Bench to Bedside, Third edition.,, 
Academic Press, 2022, pp. 371–391. 

[7] X. Yuan, H. Wu, H. Xu, H. Xiong, Q. Chu, S. Yu, G.S. Wu, K. Wu, Notch signaling: an 
emerging therapeutic target for cancer treatment, Cancer Lett. 369 (1) (2015) 
20–27. 

[8] J. Tao, M.M. Jiang, L. Jiang, J.S. Salvo, H.C. Zeng, B. Dawson, T.K. Bertin, P. 
H. Rao, R. Chen, L.A. Donehower, F. Gannon, B.H. Lee, Notch activation as a driver 
of osteogenic sarcoma, Cancer Cell 26 (3) (2014) 390–401. 

[9] Y. Gao, L. Bai, G. Shang, Notch-1 promotes the malignant progression of 
osteosarcoma through the activation of cell division cycle 20, Aging (Albany NY) 
13 (2) (2020) 2668–2680. 

[10] M.M. McManus, K.R. Weiss, D.P. Hughes, Understanding the role of Notch in 
osteosarcoma, Adv. Exp. Med. Biol. 804 (2014) 67–92. 

[11] L. Yu, K. Xia, T. Gao, J. Chen, Z. Zhang, X. Sun, B.M. Simões, R. Eyre, Z. Fan, 
W. Guo, R.B. Clarke, The Notch Pathway Promotes Osteosarcoma Progression 
through Activation of Ephrin Reverse Signaling, Mol. Cancer Res 17 (12) (2019) 
2383–2394. 

[12] J. Yang, W. Guo, L. Wang, L. Yu, H. Mei, S. Fang, A. Chen, Y. Liu, K. Xia, G. Liu, 
Notch signaling is important for epithelial-mesenchymal transition induced by low 
concentrations of doxorubicin in osteosarcoma cell lines, Oncol. Lett. 13 (4) (2017) 
2260–2268. 

[13] L. Yu, Z. Fan, S. Fang, J. Yang, T. Gao, B.M. Simões, R. Eyre, W. Guo, R.B. Clarke, 
Cisplatin selects for stem-like cells in osteosarcoma by activating Notch signaling, 
Oncotarget 7 (22) (2016) 33055–33068. 

[14] C. Vizcaíno, S. Mansilla, J. Portugal, Sp1 transcription factor: a long-standing 
target in cancer chemotherapy, Pharm. Ther. 152 (2015) 111–124. 

[15] D.M. Miller, D.A. Polansky, S.D. Thomas, R. Ray, V.W. Campbell, J. Sanchez, C. 
A. Koller, Mithramycin selectively inhibits transcription of G-C containing DNA, 
Am. J. Med Sci. 294 (5) (1987) 388–394. 

[16] P. Dong, Y. Xiong, S.J.B. Hanley, J. Yue, H. Watari, Musashi-2, a novel oncoprotein 
promoting cervical cancer cell growth and invasion, is negatively regulated by p53- 
induced miR-143 and miR-107 activation, J. Exp. Clin. Cancer Res. 36 (1) (2017) 
150. 
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