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Simple Summary: There is a dire need for novel therapeutic interventions to treat osteosarcoma. 
Pyridazinone derivatives have proven some efficacy in several cancer models, but their effect on 
osteosarcoma is yet to be evaluated. Our goal was to synthesize and evaluate, both in vitro and in 
vivo, some pyridazinone derivatives to provide a proof of concept of their potential as anti-osteo-
sarcoma molecules. We demonstrated that our newly synthesized pyridazinone scaffold-based mol-
ecules might be hit-candidates to develop new therapeutic avenues for multi-therapy purposes. 

Abstract: Osteosarcoma is a rare primary bone cancer that mostly affects children and young adults. 
Current therapeutic approaches consist of combining surgery and chemotherapy but remain unfor-
tunately insufficient to avoid relapse and metastases. Progress in terms of patient survival has re-
mained the same for 30 years. In this study, novel pyridazinone derivatives have been evaluated as 
potential anti-osteosarcoma therapeutics because of their anti-type 4 phosphodiesterase activity, 
which modulates the survival of several other cancer cells. By using five—four human and one 
murine osteosarcoma—cell lines, we demonstrated differential cytotoxic effects of four pyridazi-
none scaffold-based compounds (mitochondrial activity and DNA quantification). Proapoptotic 
(annexin V positive cells and caspase-3 activity), anti-proliferative (EdU integration) and anti-mi-
gratory effects (scratch test assay) were also observed. Owing to their cytotoxic activity in in vitro 
conditions and their ability to limit tumor growth in a murine orthotopic osteosarcoma model, our 
data suggest that these pyridazinone derivatives might be hit-candidates to develop new therapeu-
tic strategies against osteosarcoma. 
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1. Introduction 
Primary osteosarcoma is a rare bone cancer mostly occurring in children and adoles-

cents, with a second incidence peak in older patients (over 65 years) [1]. Osteosarcoma 
incidence in young patients is about 0.4/100,000 per year [2]. With the introduction of 
chemotherapy in the 1980s, the 5 year survival rate increased by 40% [3]. Treatments for 
osteosarcoma often consist of combining surgical resection and chemotherapy. Neverthe-
less, 40% of patients still suffer from relapse. Among those relapsing, 88% exhibit metas-
tases combined with local relapse [3,4]. Lungs represent the most common metastatic site 
for osteosarcoma, thus resulting in low clinical outcomes with 45% 5 year overall survival 
for patients exhibiting metastatic complications, which are considered the major cause of 
deaths in these patients [5]. Of note, there has been no significant improvement in treat-
ment options for these patients since the 1990s [6]. Because of the low efficiency of the 
current treatments in osteosarcoma patients, novel therapeutic approaches are needed. 

Cyclic adenosine monophosphate (cAMP) is a cellular second messenger that is 
tightly regulated by its synthesis by adenylyl cyclase from ATP and its hydrolysis into 
AMP by phosphodiesterases (PDE) [7]. The functions of cAMP are mainly to modulate 
cell proliferation and migration and regulate cell death [8–10]. Currently, 11 PDE families 
are known, but only PDE4, PDE7 and PDE8 are cAMP specific [11]. Pyridazinone deriva-
tives, through their ability to target PDE4, exert many potential activities [12,13] such as 
anti-inflammatory, anti-viral, anti-microbial and anti-obesity as well as anti-cancer activ-
ity [14–17]. The latter is a result of their in vitro anti-proliferative activity in many types 
of carcinoma cells (breast cancer, non-small cell lung cancers, ovarian cancer, colon cancer, 
glioblastoma, melanoma and leukemia) [18–21]. However, to our knowledge, only one 
study has reported the effect of pyridazinones on sarcomas [22]. Using an embryonal 
rhabdomyosarcoma model, this study showed that zardaverine was able to induce cell 
growth arrest and cell death, indicating that molecules possessing a pyridazinone scaffold 
may be useful in the treatment of osteosarcoma. Several reports have demonstrated that 
PDE4 inhibitors reduce bone loss and increase bone formation and mineralization [23–25], 
driving bone turnover through a neosynthesis process that may help a patient to quickly 
recover after surgery. Despite such arguments, the role of PDE4 inhibitors on proliferative 
and migratory properties of human osteosarcoma cells has not been reported. 

In our study, four human osteosarcoma cell lines (Saos-2, MG-63, K-HOS and HOS-
MNNG) and one murine osteosarcoma cell line (MOS-J) were used. They exhibit prolifer-
ative and migratory capabilities that are the hallmark of malignancy [26,27]. Four mole-
cules possessing a pyridazinone scaffold, namely compounds 3a, 3c [28], 4aa and 4ba [29], 
derived from the first two molecules, were chosen as therapeutic candidates for their abil-
ity to inhibit PDE4, to be used against primary osteosarcoma. Our in vitro biological as-
says revealed that these pyridazinone derivatives were able to limit cell proliferation, sur-
vival and/or migration properties in a cell line-dependent manner. In an in vivo murine 
orthotopic osteosarcoma model, we demonstrated that these drugs decrease tumor devel-
opment. 

2. Materials and Methods 
2.1. Media and Reagents 

Forskolin and IBMX were from Abcam (Paris, France). Trypsin-EDTA, Dulbecco’s 
Modified Eagle Medium (DMEM) low glucose + GlutamaxTM, Roswell Park Memorial In-
stitute Medium 1640 + GlutamaxTM (RPMI), Dulbecco’s Phosphate Buffer Saline (DPBS), 
Penicillin–Streptomycin (Pen Strep, 10,000 U/mL) and Phalloidin–alexaFluorTM 488 were 
purchased from Life Technologies (Saint Aubin, France). Bovine Serum Albumin (BSA), 
Dimethylsulfoxyde (DMSO), paraformaldehyde, Cell Proliferation Reagent WST-1, 
Bafilomycin A1, Tris(hydroxyméthyl)aminomethane (TRIS), ethylenediaminetetraacetate 
(EDTA), phenylmethylsulfonyl fluoride (PMSF), HEPES, acrylamide, forskolin, porcine 
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skin gelatin, hydrochloric acid (HCl), polyethylene glycol 300, Tween 80, Anilin Blue, he-
matoxylin, Fuschin and calcium chloride (CaCl2) were purchased from Sigma Aldrich 
(Saint-Quentin Fallavier, France). Fetal Bovine Serum (FBS) and glycerol were from 
Dutscher (Issy-les-Moulineaux, France). MasterPureTM DNA Purification Kit was from Ep-
icentre® Biotechnologies (Euromedex, Souffelweyersheim, France). FITC Annexin V 
Apoptosis Detection Kit I was from BD PharmingenTM (Le Pont de Claix, France). Triton-
X100, Dithiothreiteol (DTT), SDS and Coomassie Blue G250 were from Bio-Rad (Marnes-
la-coquette, France). 5-Dodecanoylaminofluorescein Di-β-D-Galactopyranoside 
(C12FDG), PierceTM BCA Protein Assay Kit, Click-It EdU Cell Proliferation Kit for Imaging, 
paraffin and DAPI were from ThermoFisher Scientific (Illkirch, France). cAMP ELISA kit, 
Ac-DEVD-AFC (Caspase-3 substrate) and 7-amino-4-trifluoromethyl coumarin (AFC) 
standard were from Enzo (Villeurbanne, France). Sodium chloride, acetic acid, NP40, eth-
anol and methanol were from VWR (Strasbourg, France). DAKO Fluorescent Mounting 
Medium® was from Agilent (Les Ulis, France). 

2.2. Compounds Preparation 
Pyridazinone derivatives bearing indole or 5-methoxy-indole moieties (named 3a 

and 3c, respectively; Figure 1) were obtained by a three-step sequence starting from le-
vulinic acid. After the preparation of the α,β-unsaturated levulinate [30], regiospecific in-
troduction of the heterocyclic system was carried out on this intermediate by a Friedel–
Crafts-type reaction, followed by condensation with hydrazine leading to the formation 
of the desired functionalized pyridazinones with good yields [31–33]. 

The final oxidation step using anhydrous copper chloride allowed us to obtain cor-
responding pyridazinone derivatives named 4aa and 4ba (Figure 1). For biological exper-
iments, compounds 3a, 3c, 4aa and 4ba were solubilized in DMSO. The stock solution 
concentration was adapted to reach a 0.5% DMSO concentration in the culture media. 

2.3. Cell Lines 
The human cell lines Saos-2 (HTB-85TM), MG-63 (CRL-1427TM), KHOS/NP (CRL-

1544™) and MNNG/HOS (CRL-1547™) were obtained from American Type Culture Col-
lection (Manassas, VA, USA). Mouse cell line (MOS-J) was a generous gift from Dr 
Françoise Rédini, INSERM U1238 PhyOs, Nantes, France. Human cell lines were grown 
in DMEM containing 10% FBS and 1% Pen Strep. MOS-J was cultivated in RPMI with 10% 
FBS and 1% Pen Strep. MG-63, MOS-J, MNNG/HOS and K-HOS cell lines were finally 
seeded at a density of 5000 cells per cm2 in 96 or 24-well culture plates. Saos-2 cell line was 
seeded at 25,000 cells per cm2. All the human cells were cultured for 3 days before starting 
the treatments. MOS-J cell line was seeded 1 h before starting the treatments. Cell lines 
were used for experiments at the same passage. In all cases, cells were treated with pyri-
dazinone-based molecules at concentrations ranging from 5–150 µM for up to 4 days be-
cause of preliminary results indicating the highest reproducibility at that time point. The 
medium and treatment were renewed every day. In control wells, only DMSO 0.5% was 
added. 

2.4. Mitochondrial Activity 
To determine optimal compound concentrations, mitochondrial activity was meas-

ured in 96-well plates using Cell Proliferation Reagent WST-1. This kit works using te-
trazolium salt, which is cleaved to a soluble formazan by dehydrogenases of metabolically 
active cells, and the kit was used following the manufacturer’s data sheets. Tests were 
performed after 4 days on cells cultured independently, with medium and treatment re-
newal every day. Absorbance at 440 nm (WST-1) was measured on a BMG Labtech Flu-
ostar Optima® reader. 
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Figure 1. Pyridazinone derivatives exhibit cytotoxic activity. Chemical structure of compounds 3a, 3c, 4aa and 4ba (A). 
Mitochondrial activity versus DMSO on human osteosarcoma cell line Saos-2 (black diamond) and MG-63 (yellow square) 
after 96 h of treatment with increasing doses of 3a (B) and 3c (C). Mitochondrial activity versus DMSO on human osteo-
sarcoma cell lines Saos-2 (black diamond) and MG-63 (yellow square) after 96 h of treatment with increasing doses of 
compounds 4aa (D) and 4ba (E). Mitochondrial activity versus DMSO on human osteosarcoma cell lines MNNG/HOS 
(red cross) and K-HOS (blue triangle) and mouse cell line MOS-J (grey circle) after 96 h of treatment with increasing doses 
of compounds 4aa (F) and 4ba (G). IC50 of osteosarcoma cell lines (H). Undetermined (Undet) means that the molecule 
was not efficient enough to determine the IC50 value. n = 7. p-values are given relative to DMSO. 

2.5. cAMP Measurement 
After 2 h of the first treatment with pyridazinone compounds and forskolin (ade-

nylyl-cyclase activator) at 1 µM, cells seeded in 24-well plates were lysed using 0.1 M of 
HCl solution with 0.1% of Triton-X100. Lysates were spun at 600 g to collect supernatant. 
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cAMP concentration in osteosarcoma cell lines was measured by a cAMP ELISA kit fol-
lowing the manufacturer’s instructions. All measurements were performed at 405 nm, 
corrected at 580 nm on a BMG Labtech Fluostar Optima®. cAMP quantity was normalized 
to total protein content, and results were expressed compared to control. 

2.6. Protein Quantification 
Total protein content was measured using the Pierce BCA Protein Assay Kit follow-

ing the manufacturer’s protocol. All measurements were performed at 562 nm on a BMG 
Labtech Fluostar Optima®. 

2.7. Cell Count and Morphological Parameters 
For the study of cell count and cellular morphology, cell lines were cultured on glass 

coverslips in 24-well plates for 4 days, rinsed in PBS and then fixed in 4% paraformalde-
hyde at 37 °C for 15 min. After fixation, cells were permeabilized using 0.1% Triton-X100 
in PBS for 15 min. Staining was performed with 1/100 Phalloidin–AlexaFluorTM 488 in PBS 
with 0.5% BSA, incubated in the dark for 30 min. After being rinsed in PBS, cells were 
counterstained with DAPI (1/10,000 in distilled water for 5 min). Coverslips were 
mounted on a glass slide using one drop of DAKO Fluorescent Mounting Medium® after 
a last rinse in PBS. After drying overnight at room temperature, image acquisitions were 
performed using a Zeiss Axiovert 200 M inverted microscope and coupled AxioVisionTM 
v2.8 software. An objective with a 20-fold magnification was used. The cell number was 
estimated by counting cells in five randomly chosen fields per condition using the ImageJ 
software plugin “cell counter”. 

2.8. DNA Quantification 
The DNA content assay was performed in 24-well plates after 4 days of treatment. 

Total DNA was isolated from culture wells according to the protocol provided in the Mas-
terPureTM DNA Purification Kit. The concentration and purity of the DNA were analyzed 
by spectrophotometry (Nanodrop®, Thermo Scientific, Waltham, MA, USA) at 260 nm 
(A260 = 1 is equivalent to DNA = 50 ng·µL−1) and using the A260/A280 ratio for protein 
contamination. Purity was considered acceptable with a ratio between 1.8–2.2. 

2.9. Cell Proliferation 
Proliferation was quantified using EdU integration in cells for 24 h with treatment, 

in 24-well plates after 3 days of treatment. Cells were labeled using Click-iT™ EdU Cell 
Proliferation Kit for Imaging following the manufacturer’s protocol. Coverslips were 
mounted on a glass slide using one drop of DAKO Fluorescent Mounting Medium®. After 
drying overnight at room temperature, observations and acquisitions were performed us-
ing a Zeiss Axiovert 200 M inverted microscope and coupled AxioVisionTM v2.8 software. 
An objective with a 20-fold magnification was used. Cell proliferation was estimated by 
counting cells with or without integrated EdU using the ImageJ software plugin “cell 
counter” in five randomly chosen fields per condition; at least five cells per field were 
analyzed. 

2.10. Apoptosis 
2.10.1. AnnexinV/Pi Staining 

Cell apoptosis was first assessed with AnnexinV (AV)-FITC/PI staining to detect 
apoptosis by flow cytometry in 24-well plates after 4 days of treatment. Cells were de-
tached using PBS/EDTA 1 mM for 5 min at 37 °C in a 5% CO2 humidified atmosphere. 
Cells were then stained according to the manufacturer’s protocol. Cells were immediately 
used for flow cytometry acquisition with a BD LSRFortessa™ system (BD Biosciences, San 
Jose, CA, USA). AV-FITC was excited with the 488 nm excitation laser, and PI was excited 
with the 561 nm excitation laser. The following emission filters were used to detect the 
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appropriate fluorescence signals: AV-FITC, 530/30 nm, and PI, 610/20 nm. At the first 
stage, cells were selected by a FSC-A/SSC-A gate excluding subcellular debris. On this 
population, single cells were selected by a SSC-H/SSC-W gate. Apoptosis cells were then 
identified by an AV/PI gate. Discrimination between these regions was made using un-
stained and mono-labeled stained controls. Ten thousand cells were collected per sample. 
Data analysis was performed with FlowJo software (Tree Star, Stanford University, Stan-
ford, CA, USA). Cells in region AV−PI− represent living cells, cells in region AV+IP−, early 
apoptotic cells, cells in region AV+IP+ late apoptotic cells, and cells in region AV−IP+ rep-
resent those with a damaged membrane only. 

2.10.2. Caspase-3 Activity 
Apoptosis was also quantified by measuring cleaved caspase-3 activity after 4 days 

of treatment in 24-well plates. The latter was determined by the cleavage of synthetic flu-
orogenic substrates containing the amino acid sequence recognized by caspase-3. The sub-
strate sequence was DEVD (Asp-Glu-Val-Asp) combined with a fluorophore (7-amino-4-
trifluoromethyl coumarin, AFC). Upon the cleavage of the substrate by caspase-3, free 
AFC fluorescence emission (505 nm) was measured after excitation at 400 nm. After treat-
ments, cells were incubated on ice for 10 min with 200 µL of lysis buffer (Tris 10 mM, NaCl 
200 mM, EDTA 5 mM, Glycerol 10%, NP40 1%, pH 7.4), then stored at −20 °C. Cell lysates 
were thawed, centrifuged at 10,000× g for 10 min at 4 °C, and supernatants were collected. 
Fifty microliters of supernatant was incubated for 30 min at 4 °C with 50 µL of reaction 
buffer (DTT 10 mM, PMSF 0.1 mM, HEPES 10 mM, pH 7.4). Fluorogenic substrate for 
caspase-3 (Ac-DEVD-AFC) was added at 50 µM and incubated for 2 h at 37 °C. All meas-
urements were performed on a BMG Labtech Fluostar Optima® using an excitation filter 
at 400 nm and emission filter at 505 nm. Fluorescence (arbitrary units) was normalized to 
total protein content, and results were expressed as percentage compared to control. 

2.11. Senescence 
Senescence was quantified by measuring β-galactosidase activity using flow cytom-

etry as previously described by Debacq-Chainiaux et al. [34]. Cells were cultivated in 24-
well plates for 4 days before to be alkalinized with bafilomycin A1. C12FDG was added 
1.5 h before detaching cells using PBS/EDTA 1 mM during 5 min at 37 °C in a 5% CO2 
humidified atmosphere. All the cells were resuspended in 200 µL of cold-PBS before pro-
cessing. Cells were immediately used for flow cytometry acquisition with a BD  
LSRFortessa™ system (BD Biosciences, San Jose, CA, USA). C12FDG was excited with the 
488 nm excitation laser. The following emission filters were used to detect the appropriate 
fluorescence signals: C12FDG, 530/30 nm. At the first stage, cells were selected by a FSC-
A/SSC-A gate excluding dead cells and subcellular debris. On this population, single cells 
were selected by an SSC-H/SSC-W gate. Ten thousand cells were collected per sample. 
Data analysis was performed with FlowJo software (Tree Star, Stanford University, Stan-
ford, CA, USA). The events within this region were depicted in a C12-fluorescein fluores-
cence histogram. On this histogram, the relative β-galactosidase activity was estimated 
using the MFI of the population. Median fluorescence intensity (MFI) was compared to 
non-treated cells. 

2.12. MMPs Activity 
Gelatin zymography was used to detect zymogen and active forms of MMP-9 (92–82 

kDa) and MMP-2 (72–62 kDa) in cell supernatants. After 10% separation gel of acrylamide 
containing 0.1% of porcine gelatin in TRIS buffer (pH 8.8, 1.5 M) polymerization, 4% 
acrylamide compressive gel in TRIS buffer (pH 6.8, 0.5 M) was added. Proteins in media 
were quantified using spectrophotometry (Nanodrop®, Thermo Scientific, Waltham, MA, 
USA) at 280 nm. Twenty-five micrograms of total protein were deposited per lane. The 
migration was carried out in a denaturing condition (via the presence of 0.1% SDS in the 
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gel) for 30 min at 90 V in the compressive gel and then at 180 V in the separation gel. After 
migration, gels were washed in 12.5% Triton X-100, 2 times for 30 min, then incubated for 
18 h at 37 °C in an incubation buffer with a pH of 7.6: Tris 0.6%, NaCl 11.7% and CaCl2 
0.74%. Gels were then stained for 30 min with Coomassie blue G-250, 10% acetic acid and 
25% methanol in water and washed with acetic acid at 10% and methanol at 20% in water 
(2 × 30 min). The digitalization of the gels was performed with a Vilber Lourmat imaging 
system CN-UV/WL system controlled by the BioCapt® software. The gelatin degradation 
bands after subtracting background were semi-quantified using the ImageJ Gel Analyzer 
module. 

2.13. Cell Migration 
Cell lines were seeded in 24-well plates, and scratch assays were performed as pre-

viously described [35]. At confluence, a scratch with a sterile 10 µL pipet tip was made in 
each well. Cells were washed once with PBS and incubated with the different compounds. 
Image mosaics were taken from the middle of the well immediately after adding the com-
pound and every 20 min during 24 h with an inverted digital phase-contrast microscope 
(Axiovert 200 M Zeiss). The mean distance of the edges of the scratch was calculated from 
four measures per condition with ImageJ software. The migration speed of cells was cal-
culated as (Distance between edges at time 0 h- distance between edges at time 24 h)/24]/2 
or, when total closure of the wound occurred before the 24 h time point, (Distance between 
edges at time 0 h/time for total closure)/2. Wound closure percentage was calculated as 
100—(Scratch area at 24 h/Scratch area at 0 h × 100). 

2.14. In Vivo Experiments 
Animal experiments were performed on mice housed in the Experimental Therapeu-

tic Unit (Medical School, Nantes, France; agreement number D-44045) in accordance with 
protocols approved by the Regional Ethics Committee on Animal Experimentation (CEEA 
PdL 6) and the Ministry of Agriculture, under the direction of investigators certified for 
animal experiments. Four-week-old male C57BL/6J mice from Janvier Labs (Le Genest-
Saint-Isle, France) were used. For each experiment, one week of adaptation to the envi-
ronment was required before starting the manipulation, with the mice being randomized 
into different cages. 

First, drug safety was evaluated. Because of the viscosity and toxicity of pure DMSO, 
molecule 4ba was injected twice a week in intraperitoneal at 10 mg/kg and 50 mg/kg in 
10% DMSO, 40% PEG300, 5% TWEEN-80 and 45% of NaCl for 4 weeks. Tolerance was 
evaluated by measuring the weight of mice twice a week and evaluating mice behavior 
daily. 

The effect of compound 4ba was then evaluated in a syngeneic orthotopic model of 
osteosarcoma. The MOS-J cells were injected in a para-tibial site as described previously 
by Crenn et al. [36]. Seven mice were treated twice a week by the intraperitoneal injection 
of vehicle alone, 10 mg/kg or 50 mg/kg of compound 4ba. The efficacy of this drug was 
evaluated with tumor volume measurement twice a week for 2 weeks. 

2.15. Histology 
For histology analysis, collected kidneys, liver and lungs were fixed in formaldehyde 

4%, washed and dehydrated by gradually replacing water in the sample with alcohol, and 
then alcohol was replaced by xylene. Sample were then embedded in paraffin. Multiple 
serial sections of the samples were made at 3.5 µm intervals, and they were rehydrated 
and stained with aniline blue, hematoxylin and fuchsin. Sections were mounted with a 
coverslip, and observations and acquisitions were performed using a Zeiss Axiovert 200 
M inverted microscope and coupled AxioVisionTM v2.8 software for kidney and liver and 
using a vs. 120 OLYMPUS and coupled VS120 software and Olyvia viewer for lungs. 
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2.16. µCT Analysis 
MicroCT analysis was conducted following the quantitative analysis of bone by mi-

cro-computed tomography recommendations from Campbell and Sophocleous [37]. First, 
we examined the tibia and fibula bones of mice using micro computed tomography (µCT, 
Skyscan, Bruker Optics, Ettlingen, Germany) scans with the following settings: tube volt-
age, 60 kV; tube current, 0.166 mA; and voxel size, 17.9 × 17.9 × 17.9 µm3. Samples were 
isolated, fixed in ethanol (70% in Dulbecco’s Phosphate Buffer Saline, Gibco), washed then 
stored in ethanol solution at 4 °C and scanned directly in that solution. Three-dimensional 
(3D) images were rebuilt and analyzed using the NRecon GPU version and CTAn (Bruker) 
software programs, respectively. Bone mineral density values were obtained using a 
standard regression curve generated by converting the attenuation coefficient from scans 
of hydroxyapatite standards with known mineral densities (0.25 and 0.75 g.cm−3). After 
3D reconstruction, bone volumes were segmented using a global threshold of 0.163 g/cm3, 
which was set using the mean density leading to the segment bone retrieved in scans after 
manual segmentation. The whole bones (tibiae and fibulae) were first studied to avoid 
bias due to the use of regions of interest. STL files were calculated using an adaptive ren-
dering model creation algorithm. Mean Bone Mineral Density (BMD) was assessed on 
whole bone. Then, a 1.8-mm-wide region of interest centered on the first cephalic third of 
the tibia was analyzed to complete the detailed bone study. For the cortical section, we 
analyzed the cortical tissue surface (TS), and in trabeculae, we analyzed the bone volume 
density (BV/TV) and trabeculae number (Tb.N). 

2.17. Graphical Representation of Data and Statistical Analysis 
Unless otherwise stated, data are presented as whisker plots: black bars represent 

first and ninth deciles, the bottom and top of the box are the first and third quartiles, and 
the red band inside the box stands for the median. The significance of the results was 
assessed with an exact non-parametric and stratified (when appropriate) Wilcoxon Mann 
Whitney test (StatXact 7.0, Cytel Inc., Cambridge, MA, USA). We used non-parametric 
statistics owing to a lack of normal distribution of the assessed variables. Stratification 
allowed the impact of individual variability to be considered. Differences were considered 
significant at p < 0.05. 

3. Results 
3.1. Pyridazinone Scaffold-Based Compounds Decrease Human Osteosarcoma Cell Line 
Metabolic Activity 

To fight against osteosarcoma, one of the first expected effects is to kill cancer cells or 
at least to stop or reduce their proliferation. Therefore, our first approach was to determine 
for each tested compound the efficient concentrations able to reduce the mitochondrial 
activity of human Saos-2 and MG-63 osteosarcoma cells. Zardaverine, which is a PDE-4 
inhibitor considered as a scaffold reference, was also tested (Figure S1). Using the com-
pound 3a (Figure 1A), a slight, although significant, concentration-dependent decrease of 
Saos-2 mitochondrial activity was observed compared to DMSO condition, and at the 
highest concentration (150 µM) for MG-63 (Figure 1B). Compound 3c (Figure 1A) also 
induced a slight significant concentration-dependent decrease of this activity in Saos-2 
and in MG-63 cultures, with a biphasic effect in the latter (Figure 1C). Compounds 4aa 
and 4ba (Figure 1A) effects pointed out a significant decrease in cell mitochondrial activity 
compared to the DMSO condition on both cell lines (Figure 1D,E). 

Since compounds 4aa and 4ba were 10 times more effective than derivatives 3a or 3c, 
both were assessed on two other human cell lines able to induce tumorigenesis in vivo 
(MNNG/HOS and K-HOS) and on one murine cell line (MOS-J). Both compounds reduced 
mitochondrial activity in all cell lines, with the highest potency in MNNG/HOS (MNNG) 
cells, followed by the MOS-J and the K-HOS cells (Figure 1F,G). 
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Based on these results, the half maximal inhibitory concentrations (IC50) were deter-
mined. On human cell lines, 4aa and 4ba sufficiently impacted cell mitochondrial activity 
to determine IC50 values (Figure 1H). The lowest IC50 values were observed on Saos-2 and 
MNNG with both compounds. Since Saos-2 and MNNG are the most sensitive cell lines, 
they were chosen for subsequent experiments, using 10 µM and 50 µM as effective con-
centrations (Figure 1D–G), close to the determined IC50. All these results indicated that 
pyridazinone compounds were able to decrease human osteosarcoma cell lines’ mitochon-
drial activity. 

3.2. Pyridazinone Scaffold-Based Compounds Increase Intracellular cAMP 
As compounds 4aa and 4ba have been intended to be PDE4 inhibitors, intracellular 

cAMP was quantified in Saos-2 and MNNG cell lines after 2 h of treatment. Once treated 
with pyridazinone compounds, the intracellular cAMP concentration was compared to 
control. IBMX treatment, which is a non-selective PDE inhibitor, was used as a positive 
control. Zardaverine was also tested (Figure S2A) and found to induce cAMP increase in 
Saos-2 and MNNG. Compound 4aa increased intracellular cAMP in both cell lines at 50 
µM treatment, whereas changes induced by compound 4ba were not significant (Figure 
2A,B). The panel of cAMP-selective PDE expression was assessed in both cell lines and 
shown in Figure S2B. 

 
Figure 2. Pyridazinone scaffold-based molecule 4aa increases intracellular cAMP. Intracellular 
cAMP versus DMSO on human osteosarcoma cell lines Saos-2 (A) and MNNG/HOS (B) after 2 h of 
treatment with compounds 4aa, 4ba or IBMX. n = 7. p-values are given relative to DMSO on box-
plots; the brackets indicate the conditions compared. 

3.3. Pyridazinone Scaffold-Based Compounds Decrease Osteosarcoma Cell Line Proliferation 
As a decrease of metabolic activity of human osteosarcoma cell lines after a 96 h-

treatment period was observed, the change in cellular morphology was assessed using 
fluorescence microscopy (Figure 3A). In control condition (DMSO), Saos-2 cells were well 
attached and fully spread, exhibiting a tensile cytoskeleton and a characteristic polygonal 
shape. Compounds 4aa and 4ba did not display any morphological effects at the single-
cell level but induced a concentration-dependent reduction in cell density. The cytotoxi-
city was also evaluated by cell count on microscope fields. As a result, a significant de-
crease was observed after incubation with compounds 4aa and 4ba at 50 µM (Figure 3B). 
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To confirm the cell count results, end point DNA measurements were also performed after 
96 h of treatment. In Figure 3C, the results confirmed that Saos-2 cell line was sensitive to 
pyridazinone scaffold-based molecules, with a decrease in cell culture DNA content after 
treatment with compounds 4aa and 4ba compared to the DMSO condition. Following 
EdU incorporation, compounds 4aa and 4ba clearly showed a significant inhibition of 
Saos-2 cell proliferation after the 96 h treatment period at 50 µM only (Figure 3D,E). 

In parallel, the same experiments were performed on MNNG cells. In control condi-
tions, a very dense monolayer was observed. After treatment with compounds 4aa and 
4ba at 50 µM, the monolayer was less dense and cells were more elongated. At this con-
centration, actin staining demonstrated a relocalization from a pericellular towards peri-
nuclear location and a clear decrease of cell density (Figure 4A). This was validated by the 
cell count per field, showing that MNNG responded to both compounds at 50 µM (Figure 
4B). 

End-point DNA measurement was assessed and showed that treatment with both 
compounds induced a concentration-dependent decrease compared to DMSO (Figure 
4C). Cell proliferation, evaluated by EdU, showed a slight reduction only with compound 
4ba at 50 µM (Figure 4D,E). Our data revealed that compounds 4aa and 4ba were able to 
decrease cell proliferation. 

3.4. Pyridazinone Scaffold-Based Compounds Increase Osteosarcoma Cell Apoptosis 
Antitumor compounds work by limiting tumor growth and decreasing tumor size 

by inducing cancer cell death; therefore, we tested their ability to induce apoptosis after a 
96 h treatment period. 

Compounds 4aa and 4ba induced a concentration-dependent response with a signif-
icant increase of AV+/PI- Saos-2 cells with compounds 4aa (Figure 5A–C). These results 
were confirmed by cleaved caspase-3 quantification, which showed an increase at 50 µM 
(Figure 5D). As cell senescence induced by chemotherapy may lead to cancer therapy re-
sistance [38], β-galactosidase (senescent cell biomarker [39]) was quantified using 
C12FDG. Compounds 4aa and 4ba significantly decreased the CD12FDG signal compared 
to DMSO at both concentrations used (Figure 5E,F). 

Comparing human osteosarcoma cell lines Saos-2 and MNNG in the DMSO condi-
tion, there were about 16% of AV+/PI- cells in the first cell line and only 4% in the second 
line (Figures 5A–C and 6A–C). The percentage of AV+/PI- MNNG cells was increased by 
both compounds in a concentration-dependent manner (Figure 6A–C), inducing an in-
crease of caspase-3 activity (Figure 6D), but with no significant effect on senescence (Fig-
ure 6E,F). These results showed that pyridazinone compounds 4aa and 4ba were able to 
increase cell death in addition to decreasing cell proliferation without inducing cell senes-
cence. 
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Figure 3. Pyridazinone scaffold-based molecules decrease Saos-2 proliferation. Representative confocal images of cell mor-
phology using confocal LSM 710 NLO Zeiss. Cytoskeleton was stained with Phalloidin/AlexafluorTM488 (green) and nuclei 
with DAPI (blue) (A). Scale bar = 50 µm. Saos-2 number variation versus DMSO with cell count per field (B) and DNA 
quantification (C). Representative confocal images of cell proliferation with EdU stained (green) and nuclei stained with 
DAPI (blue) (D). Scale bar = 50 µm. Number of EdU positive cells quantification versus DMSO (E). n = 7, min 8 cells per 
field, randomly chosen, 5 fields per condition. p-values are given relative to DMSO on box-plots. 
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Figure 4. Pyridazinone scaffold-based molecules decrease MNNG/HOS proliferation. Representative confocal images of 
cell morphology using confocal LSM 710 NLO Zeiss. Cytoskeleton was stained with Phalloidin/AlexafluorTM488 (green) 
and nuclei with DAPI (blue) (A). Scale bar = 50 µm. MNNG/HOS number variation versus DMSO with cell count per field 
(B) and DNA quantification (C). Representative confocal images of cell proliferation with EdU stained (green) and nuclei 
stained with DAPI (blue) (D). Scale bar = 50 µm. Quantification of EdU positive cells versus DMSO (E). n = 7, min 8 cells 
per field, randomly chosen, 5 fields per condition. p-values are given relative to DMSO on box-plots; the brackets indicate 
the conditions compared. 
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Figure 5. Pyridazinone scaffold-based molecules increase Saos-2 apoptosis and reduce senescence. Representative cyto-
gram of AV and PI stain (A). Quantification of early (AV+/PI- cells (B)) and late apoptosis (AV+/PI+ cells (C)). Quantifica-
tion of cleaved caspase-3 versus DMSO (D). Representative histograms of intracellular β-galactosidase activity (E) and its 
quantification versus DMSO (F). n = 7. p-values are given relative to DMSO on box-plots; the brackets indicate the condi-
tions compared. 
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Figure 6. Pyridazinone scaffold-based molecules increase MNNG/HOS apoptosis and reduce senescence. Representative 
cytogram of AV and PI stain (A). Quantification of early (AV+/PI- cells (B)) and late apoptosis (AV+/PI+ cells (C)). Quan-
tification of cleaved caspase-3 versus DMSO (D). Representative histograms of intracellular β-galactosidase activity (E) 
and its quantification versus DMSO (F). n = 7. p-values are given relative to DMSO on box-plots; the brackets indicate the 
conditions compared. 
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3.5. Pyridazinone Scaffold-Based Compounds Reduce MNNG Migratory Capabilities In Vitro 
The ability to promote the metastatic process is a common feature of many cancer 

cell lines including MNNG, but not Saos-2. This occurs mainly through extracellular ma-
trix degradation by cells, coupled with migratory properties that ensure the dissemination 
of the metastatic cells. To assess the capability of compounds 4aa and 4ba to block meta-
static potential, gelatinolytic activity was evaluated by quantifying MMP-9 and MMP-2 
release using a zymography technique after the 96 h treatment period (Figure 7A,B). Saos-
2 total MMP-9 secretion was not impacted by compounds 4aa and 4ba (Figure 7C). Re-
garding MMP-2 secretion, we observed a decrease with compound 4ba at 50 µM (Figure 
7D). The same profile was observed in MNNG cells, with a decrease of total MMP-9 with 
4aa (Figure 7E). Pyridazinone compounds did not impact MMP-2 release by MNNG (Fig-
ure 7F). 

Then, a human osteosarcoma cell motility test was performed using scratch assays 
for a 24 h period. Saos-2 cells were low migrating cells as they traveled only 15 µm after 
24 h. Obviously, such a weak migratory ability was not affected by the treatments (Figure 
S3). In contrast, MNNG cells exhibited a basal cell motility of 8 µm.h−1, which was signif-
icantly reduced in the presence of compound 4aa (Figure 7G,H). Compound 4ba also in-
duced a trend to decrease migration with treatment at 50 µM. Wound closure percentage 
was also evaluated. In Saos-2, the maximal percentage of wound closure was 19% in con-
trol conditions, and the highest decrease was obtained after treatment with compound 
4ba at 50 µM (Figure S3). Regarding MNNG, a trend of decreasing with compound 4aa 
was observed (Figure 7I). Treatment with compound 4ba also decreased the wound clo-
sure at 50 µM. These results showed that pyridazinone compounds were able to decrease 
cell motility and migration in vitro. 
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Figure 7. Pyridazinone scaffold-based molecules decrease osteosarcoma cell migration capability in vitro. Representative 
photography of gelatin zymogram of Saos-2 (A) and MNNG/HOS (B) culture supernatants. Saos-2 MMP-9 (C) and MMP-
2 (D) activity quantification versus DMSOS. MNNG/HOS MMP-9 (E) and MMP-2 (F) activity quantification versus DMSO. 
Representative fields of MNNG/HOS migration at T0 and T24h (G); wound area evidenced in yellow. Scale bar = 100 µm. 
Quantification of cell migration speed (H) and wound closure percentage (I). n = 7. p-values are given relative to DMSO 
on box-plots. 
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3.6. Pyridazinone Scaffold-Based Compounds Reduce Orthotopic Tumor Growth 
Since our in vitro data indicated that compound 4ba is more effective compared to 

compound 4aa on the murine osteosarcoma cell line MOS-J (Figure 1H), only the effects 
of compound 4ba were subsequently investigated in a murine orthotopic osteosarcoma 
model using MOS-J cells, as previously described [36]. First, drug safety was evaluated by 
the intraperitoneal injection of compound 4ba, twice a week for 4 weeks. No differences 
in mouse weight were noted after the treatment with compound 4ba compared to vehicle 
alone, neither at 10 mg/kg nor at 50 mg/kg conditions (Figure 8A). Furthermore, no sig-
nificant change after nephritic or hepatic histological examinations was noted (Figure 
8B,C). 

 
Figure 8. Pyridazinone scaffold-based molecules do not show toxicity in vivo in an orthotopic osteosarcoma model. Mice 
weight evolution in a time-dependent manner after intraperitoneal injection of vehicle (square), compound 4ba at 10 
mg/kg (triangle) and at 50 mg/kg (circle) (A). Representative field of histological analysis of liver (B) and kidney (C). Scale 
bar = 50 µm, n = 7. 

In an orthotopic osteosarcoma model using MOS-J, compound 4ba was administered 
at 50 mg/kg 2 weeks after tumor induction. We observed a significantly reduced tumor 
growth of 23% after 7 days of treatment and a 27% reduction compared to control after 2 
weeks of treatment twice a week (Figure 9A). MicroCT analysis of tibia and fibula of mice 
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showed ectopic bone formation around the tumor, which was decreased following a treat-
ment with compound 4ba at 50 mg/kg (Figure 9B). Mice treated with vehicle alone or 
compound 4ba at 10 mg/kg demonstrated a decrease of bone mineral density compared 
to contralateral leg without tumor (control) (Figure 9C). Compound 4ba, at 10 mg/kg, also 
exhibited a decrease of bone mineral density compared to vehicle alone. In contrast, com-
pound 4ba at 50 mg/kg induced an increase of bone mineral density compared to vehicle, 
restoring bone mineral density similar to the control level. Compound 4ba at 50 mg/kg 
also increased bone mineral density compared to the 10 mg/kg dose (Figure 9C). Bone 
mineral density distribution analysis confirmed these global BMD results. Compound 4ba 
at 10 mg/kg followed the same profile as the vehicle, whereas at 50 mg/kg, this molecule 
overlaid the profile of bone without tumor (Figure 9D). 

Most relevantly, bone histomorphological parameters (cortical tissue surface (TS), 
trabecular bone volume (BV/TV) and trabecular number (Tb.N)) were extracted from 3D 
reconstructs. A significant increase of cortical tissue surface with both vehicle and com-
pound 4ba at 10 mg/kg was observed compared to control (Figure 9E). Values of BV/TV 
and Tb.N in vehicle-treated mice decreased when compaed to control conditions, and 
compound 4ba did not affect these trabecular bone variables at any concentrations com-
pared to vehicle condition (Figure 9F,G). 

Compound 4ba was efficient in limiting cell dissemination in vitro; therefore, the ca-
pability of this drug to limit lung metastases was evaluated in the same orthotopic osteo-
sarcoma model (Figure 10A). Compound 4ba did not decrease the lung metastasis num-
ber and area compared to vehicle at 50 mg/kg. In contrast, a paradoxical increase of me-
tastasis number was observed at 10 mg/kg. These in vivo results showed that compound 
4ba at 50 mg/kg was able to decrease orthotopic tumor growth and to maintain bone min-
eral density but did not impact metastatic cell dissemination in this osteosarcoma model. 
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Figure 9. Pyridazinone scaffold-based molecules decrease tumor growth in an orthotopic osteosarcoma model. Tumor 
growth evolution after first day of treatment with vehicle alone (white square), with compound 4ba at 10 mg/kg (white 
triangle) and at 50 mg/kg (black circle) (A). Representative MicroCT imaging of tumor-bearing mice for contralateral paw 
(control, grey diamond), paw from mice treated with vehicle (white square), compound 4ba at 10 mg/kg (white triangle) 
and at 50 mg/kg (black circle) (B), quantification of total bone mineral density (C) and distribution of bone density (D). 
MicroCT quantification of local cortical surface (TS), trabecular bone volume (BV/TV) and trabecular number (Tb.N) (E-
G). n = 21 for control and n = 7 for each other conditions. p-values are given relative to DMSO on box-plots; the brackets 
indicate the conditions compared. 
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Figure 10. Pyridazinone scaffold-based molecule effect on lung metastases in an orthotopic osteo-
sarcoma model. Representative field of lung metastases (A). Quantification of lung metastases num-
ber after treatment with vehicle (white square), compound 4ba at 10 mg/kg (white triangle) and at 
50 mg/kg (black circle) (B) and metastases surface (C). n = 8. The brackets indicate the conditions 
compared. 
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4. Discussion 
The development of new therapeutic alternatives for osteosarcoma treatment has be-

come pivotal to fight against relapse and improve patient survival, especially for high-
risk patients with metastases or relapsed disease. In the present study, we provide evi-
dence that pyridazinone derivatives are able to reduce osteosarcoma cell proliferation and 
migration in vitro, in a cell-dependent manner, and to decrease tumor growth in vivo. 
Preliminary data showed that 4aa and 4ba pyridazinone scaffold-based molecules are ef-
ficient PDE-4 inhibitors [29]. Pyridazinone compounds have already been shown to have 
tumor suppressor effects in many carcinomas and in one sarcoma, but to date, there are 
no data available for osteosarcoma [18–22]. 

Several studies have reported that anti-PDE4 molecules, leading to elevated cAMP 
levels, induce cell proliferation arrest and apoptosis on colon cancer cells [40]. The anti-
proliferative effect of PDE4 inhibitors such as rolipram has been described on mandible 
osteosarcoma [41]. Regarding the literature indicating that Saos-2 cells express PDE4 
[42,43] and our own data showing that MNNG cells express this enzyme, our study sup-
ports the hypothesis that anti-PDE4 molecules might be used as putative anti-cancer 
agents in osteosarcoma. 

Different effects of compounds 3a, 3c, 4aa and 4ba were highlighted. The second gen-
eration, namely 4aa and 4ba, pharmacomodulated from 3a and 3c, respectively, was more 
effective than the first, allowing IC50 determination. Importantly, the IC50 varied depend-
ing on the cell line, highlighting the potential selectivity of our molecules for which the 
mechanisms remained to be determined. 

Nevertheless, for all cell lines studied, IC50 values were lower for compounds 4aa and 
4ba than for compounds 3a and 3c, or the anti-PDE4 reference compound zardaverine. 
This effect might be related to the structural modification between the two families. The 
additional double bond in the pyridazinone core, differentiating the two generations, 
could positively influence the planarity of compounds 4aa and 4ba (vs 3a and 3c), pro-
moting interactions into the oblong hydrophobic pocket [28,29]. The different cellular re-
sponse could not be fully explained by the fact that different PDE4 subunits could be ex-
pressed differently in Saos-2 and MNNG cells. Indeed, compounds 4aa and 4ba induced 
a similar increase of intracellular cAMP in both cell types, despite a differential response 
having been highlighted by Sun et al., who studied the anti-cancer effect of zardaverine 
in different hepatocarcinoma cell lines [44]. Another hypothesis relies on the fact that 
PDE4 inhibitors possessing a pyridazinone scaffold could exhibit anti-cancer effects inde-
pendently of PDE4 activity, as demonstrated by Sun et al. Among hypotheses to investi-
gate further, the pyridazinone-based compound inhibition of c-Met kinase, activation of 
ATM-Chk2 pathway and ROS accumulation and proteasome function impairment have 
already been suggested [45–47]. These could explain part of our results, since zardaverine 
induced a high increase of intracellular cAMP and a slight decrease in cell proliferation, 
contrary to the effects of compounds 4aa and 4ba. 

Furthermore, to limit tumor cell growth, an anticancer drug needs to be able to de-
crease cell proliferation and/or induce cell death. The decrease of metabolic activity in a 
dose-dependent manner can be reflected by a decrease of cell proliferation or only a de-
crease of mitochondrial activity. In our study, cell morphology assessments showed a de-
crease of cell density after treatment with pyridazinone scaffold-based molecules. These 
results were confirmed by the decrease of cell number and DNA quantity in most of our 
conditions, suggesting reduced cell proliferation and/or cell death induction, shedding 
light on the activity of our new pyridazinone derivatives. In addition, the trend of a DNA 
increase in MNNG cells treated with 4aa at 10 µM suggests that some other mechanisms, 
such as G2/M cell cycle arrest, may occur, as proposed by Gong et al. [46]. These data were 
further confirmed by an increase of apoptosis associated with an increase of extracellular 
phosphatidyl serine evidenced by annexin V binding and cleaved caspase-3 activity. 
Demaria et al. have reported that chemotherapy using doxorubicin may induce senes-
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cence, and many research works have shown that senescence induced chemotherapy re-
sistance [48,49]. In our model, the β-galactosidase quantification showed equivalent se-
nescent cells with compounds 4aa and 4ba and the control. Therefore, we can speculate 
that the cytotoxic effects of compounds 4aa and 4ba would not be impaired by the rise of 
senescence in treated cells. 

Osteosarcoma is characterized by its capability to generate metastases in large num-
bers of patients [3,4]. Consequently, blocking cancer cell dissemination is a major concern 
for efficient therapy. Cell dissemination processes require matrix degradation, using met-
alloproteases such as MMP-9 and MMP-2. These two collagenases play a key role in base-
ment membrane disruption and cancer cell dissemination. Oku et al. showed that MMP-
9 expression and release is responsible for gastric carcinoma cell invasion [50]. In our 
work, compounds 4aa and 4ba slightly decreased metalloprotease secretion. Using Saos-
2 cells, no effect of the tested anti-PDE4 compounds was observed. This could mainly be 
attributed to an intrinsic lack of migratory skills for the Saos-2 cells. In the present work, 
this has been evidenced by their lowest migratory speed (10 times less than in MNNG 
cells). Moreover, this observation could be a part of the explanation for the poor metastatic 
potential of Saos-2 previously observed [26]. However, our pyridazinone derivatives have 
exhibited a capability to reduce the migration of MNNG cells. Watanabe and colleagues 
showed that rolipram, a PDE4 inhibitor, can decrease mouse melanoma cell migration 
[51]. Migration depends on focal adhesion properties and cytoskeleton rearrangement, 
and PDE4 is necessary for actin remodeling [52]. This mechanism sheds a new light on the 
perinuclear relocalization of actin observed with compounds 4aa and 4ba at 50 µM, which 
could explain the efficiency of this drug in this in vitro migration model. 

Regarding our IC50 results on osteosarcoma cell lines, compound 4ba is more effec-
tive than compound 4aa. Crenn et al. showed that the tumor environment influences the 
tissue response to chemotherapy [36]. Based on their work, we have chosen a syngeneic 
orthotopic model of osteosarcoma induced by the paratibial injection of MOS-J cells. This 
model has been shown to be particularly effective to study anti-cancer drug effects in vivo 
(i.e., reference molecules such as doxorubicin failed to induce significant reduction in tu-
mor size) [36]. To model the clinical situation, the first injection of drug took place 19 days 
after tumor initiation by MOS-J injection. The tumor size before the first treatment ranged 
from 90 mm3 to 544 mm3. Despite homogeneous repartition between the groups, such a 
high variability may account for the lack of effect of compound 4ba on metastases pro-
gression. Although tending to reduce the number of metastases per lung, compound 4ba 
did not statistically impact metastases development. However, even in such drastic con-
ditions, our results evidenced a decrease of tumor growth after treatment with compound 
4ba at the highest dose tested. However, a poor vascularity has been observed in this os-
teosarcoma model [36]. Considering the intraperitoneal administration of the treatment, 
one can speculate that in this condition, our pyridazinones scaffold-based molecules ex-
hibited poor bioavailability in tumor environment. To increase the efficiency of therapeu-
tics delivery to the tumor, bone targeting represents a promising approach, as recently 
described by David et al. [53]. Ectopic bone formation is a hallmark of osteosarcoma de-
velopment in mice [54]. This aspect of the disease may be controlled by anti-resorptive 
drugs such as bisphosphonates. Nevertheless, a recent clinical trial demonstrated that 
zoledronate also showed detrimental effects such as hypocalcemia, hypophosphatemia or 
an increase of lung metastases, underlying the need for alternative molecules [55]. In the 
present study, we observed that compound 4ba used at 50 mg/kg is able to limit tumor-
induced ectopic bone formation, suggesting an impact on bone remodeling. In addition 
to reducing tumor growth and ectopic bone formation, compound 4ba also blunted the 
tumor-induced decrease of bone mineral density. These data corroborate an older study 
evidencing the capability of PDE4 inhibitor to increase bone mineral density in a dose-
dependent manner [56] and a recent review from Porwal et al. highlighting the effect of 
such molecules on bone formation and resorption [57]. In humans, actual methotrexate-
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based osteosarcoma chemotherapy shows a decrease of femoral bone density after treat-
ment [58]. Such an adverse effect might be counteracted using therapeutics such as com-
pound 4ba in a multi-therapy treatment. 

5. Conclusions 
The results presented herein reinforce the interest in using pyridazinone derivatives 

as active molecules against cancer in bone tissue. Importantly, no study on anti-PDE4 
treatment resistance and compound 4ba limited cell senescence has been reported so far, 
suggesting that this molecule could be promising in some chemo-resistant cancer cells. 
The exact mode of action of pyridazinone compounds 4aa and 4ba remains to be deter-
mined. Now, it could be interesting to evaluate the efficiency of compounds 4aa and 4ba 
not only on osteosarcoma cells but also on lung and prostate-derived cancer cells, which 
are well known for their bone tissue tropism [59]. Our results show modest effects of com-
pound 4ba on osteosarcoma onset but reveal interesting features regarding bone tissue 
maintenance. Single-molecule chemotherapy is currently rare, and we believe that com-
pound 4ba might be particularly interesting for multi-therapy purposes. 
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mouse cell line MOS-J with increasing doses of zardaverine, Figure S2: cAMP concentration versus 
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Author Contributions: Conceptualization, F.R., J.S., S.C.G., S.G. and F.V.; Formal analysis, A.M., 
J.B., C.B., C.G., F.L., S.R., F.R., M.L.-C., J.S. and F.V.; Funding acquisition, S.C.G. and F.V.; Investiga-
tion, A.M., J.B., C.B., C.G., F.L., I.A.-S., S.A., S.R., M.L.-C., S.G. and F.V.; Methodology, A.M., J.B., 
C.G., I.A.-S., S.A., S.R. and F.V.; Project administration, J.S., S.C.G., S.G. and F.V.; Resources, F.R.; 
Supervision, S.C.G., S.G. and F.V.; Visualization, A.M., J.B., C.B., F.L., I.A-S., S.A., F.R., M.L-C., S.G. 
and F.V.; Writing—original draft, A.M., F.L., I.A.-S., S.C.G., S.G. and F.V.; Writing—review and ed-
iting, A.M., J.B., C.B., C.G., I.A.-S., S.A., S.R., F.R., M.L.-C., J.S., S.C.G. and F.V. All authors have read 
and agreed to the published version of the manuscript. 

Funding: The Ph.D. fellowship (TarAgrOs program) of A.M. is co-funded by Reims-Metropole and 
the European Union (Europe invests in Champagne-Ardenne with the European Regional Devel-
opment Fund). A.M. was a recipient of the SFBTM (Société Francaise de Biologie des Tissus 
Minéralisés) travel award. 

Institutional Review Board Statement: Animal experiments were performed in accordance with 
protocols approved by the Regional Ethics Committee on Animal Experimentation (CEEA PdL 6). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Acknowledgments: The authors thank the PICT-URCA platform (University of Reims Champagne-
Ardenne) for imaging core facilities and especially C. Terryn. The authors also warmly thank J. 
Jacquot (Université de Reims Champagne-Ardenne, EA 4691 Biomatériaux & inflammation en site 
osseux, Reims, France) and D. Al Alam (Division of Neonatology, Department of Pediatrics, 
Lundquist Institute for Biomedical Innovation, Harbor-UCLA Medical Center, Torrance, CA, USA) 
for having carefully proof-read this manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Mirabello, L.; Troisi, R.J.; Savage, S.A. International osteosarcoma incidence patterns in children and adolescents, middle ages 

and elderly persons. Int. J. Cancer 2009, 125, 229–234. https://doi.org/10.1002/ijc.24320. 
2. Jawad, M.U.; Cheung, M.C.; Clarke, J.; Koniaris, L.G.; Scully, S.P. Osteosarcoma: Improvement in survival limited to high-grade 

patients only. J. Cancer Res. Clin. Oncol. 2011, 137, 597–607. https://doi.org/10.1007/s00432-010-0923-7. 



Cancers 2021, 13, 5992 24 of 26 
 

 

3. Anninga, J.K.; Gelderblom, H.; Fiocco, M.; Kroep, J.R.; Taminiau, A.H.; Hogendoorn, P.C.; Egeler, R.M. Chemotherapeutic ad-
juvant treatment for osteosarcoma: Where do we stand? Eur. J. Cancer. 2011, 47, 2431–2445. 
https://doi.org/10.1016/j.ejca.2011.05.030. 

4. Bacci, G.; Longhi, A.; Fagioli, F.; Briccoli, A.; Versari, M.; Picci, P. Adjuvant and neoadjuvant chemotherapy for osteosarcoma 
of the extremities: 27 year experience at Rizzoli Institute, Italy. Eur. J. Cancer 2005, 41, 2836–2845. 
https://doi.org/10.1016/j.ejca.2005.08.026. 

5. Smeland, S.; Bielack, S.S.; Whelan, J.; Bernstein, M.; Hogendoorn, P.; Krailo, M.D.; Gorlick, R.; Janeway, K.A.; Ingleby, F.C.; 
Anninga, J.; et al. Survival and prognosis with osteosarcoma: Outcomes in more than 2000 patients in the EURAMOS-1 (Euro-
pean and American Osteosarcoma Study) cohort. Eur. J. Cancer 2019, 109, 36–50. https://doi.org/10.1016/j.ejca.2018.11.027. 

6. Perkins, S.M.; Shinohara, E.T.; DeWees, T.; Frangoul, H. Outcome for children with metastatic solid tumors over the last four 
decades. PLoS ONE 2014, 9, e100396. https://doi.org/10.1371/journal.pone.0100396. 

7. Beavo, J.A.; Brunton, L.L. Cyclic nucleotide research—Still expanding after half a century. Nat. Rev. Mol. Cell Biol. 2002, 3, 710–
718. https://doi.org/10.1038/nrm911. 

8. Graves, L.M.; Lawrence, J.C., Jr. Insulin, growth factors, and cAMP: Antagonism in the signal transduction pathways. Trends 
Endocrinol. Metab. 1996, 7, 43–50. https://doi.org/10.1016/1043-2760(95)00204-9. 

9. Chen, L.; Zhang, J.J.; Huang, X.Y. cAMP inhibits cell migration by interfering with Rac-induced lamellipodium formation. J. 
Biol. Chem. 2008, 20, 13799–13805. https://doi.org/10.1074/jbc.M800555200. 

10. Insel, P.A.; Zhang, L.; Murray, F.; Yokouchi, H.; Zambon, A.C. Cyclic AMP is both a pro-apoptotic and anti-apoptotic second 
messenger. Acta Physiol. 2012, 204, 277–287. https://doi.org/10.1111/j.1748-1716.2011.02273.x. 

11. Martinez, A.; Gil, C. cAMP-specific phosphodiesterase inhibitors: Promising drugs for inflammatory and neurological diseases. 
Expert Opin. Ther. Pat. 2014, 24, 1311–1321. https://doi.org/10.1517/13543776.2014.968127. 

12. Asif, M. A mini review on biological activities of pyridazinone derivatives as antiulcer, antisecretory, antihistamine and partic-
ularly against histamine H3R. Mini Rev. Med. Chem. 2015, 14, 1093–1103. https://doi.org/10.2174/1389557514666141127143133. 

13. Akhtar, W.; Shaquiquzzaman, M.; Akhter, M.; Verma, G.; Khan, M.F.; Alam, M.M. The therapeutic journey of pyridazinone. 
Eur. J. Med. Chem. 2016, 123, 256–281. https://doi.org/10.1016/j.ejmech.2016.07.061. 

14. Wermuth, C.G. Are pyridazines privileged structures? Med. Chem. Comm. 2011, 2, 935–941. 
https://doi.org/10.1039/C1MD00074H. 

15. Chung, K.F. Phosphodiesterase inhibitors in airways disease. Eur. J. Pharmacol. 2006, 533, 110–117. 
https://doi.org/10.1016/j.ejphar.2005.12.059. 

16. Houslay, M.D.; Schafer, P.; Zhang, K.Y. Keynote review: Phosphodiesterase-4 as a therapeutic target. Drug Discov. Today 2005, 
10, 1503–1519. https://doi.org/10.1016/S1359-6446(05)03622-6. 

17. Gavaldà, A.; Roberts, R.S. Phosphodiesterase-4 inhibitors: A review of current developments (2010–2012). Expert Opin. Ther. 
Pat. 2013, 23, 997–1016. https://doi.org/10.1517/13543776.2013.794789. 

18. Malinka, W.; Redzicka, A.; Lozach, O. New derivatives of pyrrolo(3,4-d)pyridazinone and their anticancer effects. Il Farmaco 
2004, 59, 457-462, doi: 10.1016/j.farmac.2004.03.002 

19. Savai, R.; Pullamsetti, S.S.; Banat, G.A.; Weissmann, N.; Ghofrani, H.A.; Grimminger, F.; Schermuly, R.T. Targeting cancer with 
phosphodiesterase inhibitors. Expert Opin. Investig. Drugs 2010, 19, 117–131. https://doi.org/10.1517/13543780903485642. 

20. Rathish, I.G.; Javed, K.; Ahmad, S.; Bano, S.; Alam, M.S.; Akhter, M.; Pillai, K.K.; Ovais, S.; Samim, M. Synthesis and evaluation 
of anticancer activity of some novel 6-aryl-2-(p-sulfamylphenyl)-pyridazin-3(2H)-ones. Eur. J. Med. Chem. 2012, 49, 304–309. 
https://doi.org/10.1016/j.ejmech.2012.01.026. 

21. Wu, X.; Dai, M.; Cui, R.; Wang, Y.; Li, C.; Peng, X.; Zhao, J.; Wang, B.; Dai, Y.; Feng, D.; et al. Design, synthesis and biological 
evaluation of pyrazolo [3,4-d]pyridazinone derivatives as covalent FGFR inhibitors. Acta Pharm. Sin. B 2021, 11, 781–794. 
https://doi.org/10.1016/j.apsb.2020.09.002. 

22. Cartledge, D.M.; Robbins, K.M.; Drake, K.M.; Sternberg, R.; Stabley, D.L.; Gripp, K.W.; Kolb, E.A.; Sol-Church, K.; Napper, A.D. 
Cytotoxicity of Zardaverine in Embryonal Rhabdomyosarcoma from a Costello Syndrome Patient. Front. Oncol. 2017, 7, 42. 
https://doi.org/10.3389/fonc.2017.00042. 

23. Kinoshita, T.; Kobayashi, S.; Ebara, S.; Yoshimura, Y.; Horiuchi, H.; Tsutsumimoto, T.; Wakabayashi, S.; Takaoka, K. Phos-
phodiesterase inhibitors, pentoxifylline and rolipram, increase bone mass mainly by promoting bone formation in normal mice. 
Bone 2000, 27, 811–817. https://doi.org/10.1016/s8756-3282(00)00395-1. 

24. Waki, Y.; Horita, T.; Miyamoto, K.; Ohya, K.; Kasugai, S. Effects of XT-44, a phosphodiesterase 4 inhibitor, in osteoblastgenesis 
and osteoclastgenesis in culture and its therapeutic effects in rat osteopenia models. Jpn. J. Pharmacol. 1999, 79, 477–483. 
https://doi.org/10.1254/jjp.79.477. 

25. Yao, W.; Tian, X.Y.; Chen, J.; Setterberg, R.B.; Lundy, M.W.; Chmielzwski, P.; Froman, C.A.; Jee, W.S. Rolipram, a phos-
phodiesterase 4 inhibitor, prevented cancellous and cortical bone loss by inhibiting endosteal bone resorption and maintaining 
the elevated periosteal bone formation in adult ovariectomized rats. J. Musculoskelet. Neuronal Interact. 2007, 7, 119–130, 
PMID:17627081. 

26. Muff, R.; Nigg, N.; Gruber, P.; Walters, D.; Born, W.; Fuchs, B. Altered morphology, nuclear stability and adhesion of highly 
metastatic derivatives of osteoblast-like Saos-2 osteosarcoma cells. Anticancer Res. 2007, 27, 3973–3979. 

27. Li, C.; Li, G.; Liu, M.; Zhou, T.; Zhou, H. Paracrine effect of inflammatory cytokine-activated bone marrow mesenchymal stem 
cells and its role in osteoblast function. J. Biosci. Bioeng. 2016, 121, 213–219. https://doi.org/10.1016/j.jbiosc.2015.05.017. 



Cancers 2021, 13, 5992 25 of 26 
 

 

28. Barberot, C.; Moniot, A.; Allart-Simon, I.; Malleret, L.; Yegorova, T.; Laronze-Cochard, M.; Bentaher, A.; Médebielle, M.; Bouil-
lon, J.-P.; Hénon, E.; et al. Synthesis and Biological Evaluation of Pyridazinone derivatives as Potential Anti-inflammatory 
Agents. Eur. J. Med. Chem. 2018, 146, 139–146. https://doi.org/10.1016/j.ejmech.2018.01.035. 

29. Allart-Simon, I.; Moniot, A.; Bisi, N.; Ponce-Vargas, M.; Audonnet, S.; Laronze-Cochard, M.; Sapi, J.; Hénon, E.; Velard, F.; 
Gérard, S. Pyridazinone derivatives as potential anti-inflammatory agents: Synthesis and biological evaluation as PDE4 inhibi-
tors. RSC Med. Chem. 2021, 12, 584–592. https://doi.org/10.1039/d0md00423e. 

30. Gérard, S.; Raoul, M.; Sapi, J. A New Approach to the Synthesis of N-Alkylated 2-Substituted Azetidin-3-ones. Eur. J. Org. Chem. 
2006, 10, 2440–2445. https://doi.org/10.1002/ejoc.200500987. 

31. Bartoli, G.; Bosco, M.; Carlone, A.; Pesciaioli, F.; Sambri, L.; Melchiorre, P. Organocatalytic asymmetric Friedel-Crafts alkylation 
of indoles with simple alpha,beta-unsaturated ketones. Org. Lett. 2007, 9, 1403–1405. https://doi.org/10.1021/ol070309o. 

32. Hong, L.; Sun, W.; Liu, C.; Wang, L.; Wong, K.; Wang, R. Enantioselective Friedel–Crafts Alkylation of 4,7-Dihydroindoles with 
Enones Catalyzed by Primary–Secondary Diamines. Chem. Eur. J. 2009, 15, 11105–11108. 
https://doi.org/10.1002/chem.200901635. 

33. Adachi, S.; Tanaka, F.; Watanabe, K.; Harada, T. Oxazaborolidinone-Catalyzed Enantioselective Friedel−Crafts Alkylation of 
Furans and Indoles with α,β-Unsaturated Ketones. Org. Lett. 2009, 11, 5206–5209. https://doi.org/10.1021/ol9021436. 

34. Debacq-Chainiaux, F.; Erusalimsky, J.D.; Campisi, J.; Toussaint, O. Protocols to detect senescence-associated beta-galactosidase 
(SA-betagal) activity, a biomarker of senescent cells in culture and in vivo. Nat. Protoc. 2009, 12, 1798–1806. 
https://doi.org/10.1038/nprot.2009.191. 

35. Laheij, A.M.; de Soet, J.J.; Veerman, E.C.; Bolscher, J.G.; van Loveren, C. The influence of oral bacteria on epithelial cell migration 
in vitro. Mediat. Inflamm. 2013, 2013, 154532. https://doi.org/10.1155/2013/154532. 

36. Crenn, V.; Biteau, K.; Amiaud, J.; Dumars, C.; Guiho, R.; Vidal, L.; Le Nail, L.-R.; Heymann, D.; Moreau, A.; Gouin, F.; et al. 
Bone microenvironment has an influence on the histological response of osteosarcoma to chemotherapy: Retrospective analysis 
and preclinical modeling. Am. J. Cancer Res. 2017, 11, 2333–2349. 

37. Campbell, G.M.; Sophocleous, A. Quantitative analysis of bone and soft tissue by micro-computed tomography: Applications 
to ex vivo and in vivo studies. Bonekey Rep. 2014, 20, 564. https://doi.org/10.1038/bonekey.2014.59. 

38. Schosserer, M.; Grillari, J.; Breitenbach, M. The Dual Role of Cellular Senescence in Developing Tumors and Their Response to 
Cancer Therapy. Front. Oncol. 2017, 7, 278. https://doi.org/10.3389/fonc.2017.00278. 

39. Dimri, G.P.; Lee, X.; Basile, G.; Acosta, M.; Scott, G.; Roskelley, C.; Medrano, E.E.; Linskens, M.; Rubelj, I.; Pereira-Smith, O. A 
biomarker that identifies senescent human cells in culture and in aging skin in vivo. Proc. Natl. Acad. Sci. USA 1995, 92, 9363–
9367. https://doi.org/10.1073/pnas.92.20.9363. 

40. McEwan, D.G.; Brunton, V.G.; Baillie, G.S.; Leslie, N.R.; Houslay, M.D.; Frame, M.C. Chemoresistant KM12C colon cancer cells 
are addicted to low cyclic AMP levels in a phosphodiesterase 4-regulated compartment via effects on phosphoinositide 3-kinase. 
Cancer Res. 2007, 67, 5248–5257. https://doi.org/10.1158/0008-5472.CAN-07-0097. 

41. Narita, M.; Murata, T.; Shimizu, K.; Sugiyama, T.; Nakagawa, T.; Manganiello, V.C.; Tagawa, T. Phosphodiesterase 4 in osteo-
blastic osteosarcoma cells as a potential target for growth inhibition. Anticancer Drugs 2003, 14, 377–381. 
https://doi.org/10.1097/00001813-200306000-00009. 

42. Ahlström, M.; Pekkinen, M.; Huttunen, M.; Lamberg-Allardt, C. Cyclic nucleotide phosphodiesterases (PDEs) in human osteo-
blastic cells; the effect of PDE inhibition on cAMP accumulation. Cell. Mol. Biol. Lett. 2005, 10, 305–319. 

43. Ahlström, M.; Pekkinen, M.; Huttunen, M.; Lamberg-Allardt, C. Dexamethasone down-regulates cAMP-phosphodiesterase in 
human osteosarcoma cells. Biochem. Pharmacol. 2005, 69, 267–275. https://doi.org/10.1016/j.bcp.2004.09.012. 

44. Sun, L.; Quan, H.; Xie, C.; Wang, L.; Hu, Y.; Lou, L. Phosphodiesterase 3/4 inhibitor zardaverine exhibits potent and selective 
antitumor activity against hepatocellular carcinoma both in vitro and in vivo independently of phosphodiesterase inhibition. 
PLoS ONE 2014, 9, e90627. https://doi.org/10.1371/journal.pone.0090627. 

45. Wang, L.X.; Liu, X.; Xu, S.; Tang, Q.; Duan, Y.; Xiao, Z.; Zhi, J.; Jiang, L.; Zheng, P.; Zhu, W. Discovery of novel pyrrolo-pyri-
dine/pyrimidine derivatives bearing pyridazinone moiety as c-Met kinase inhibitors. Eur. J. Med. Chem. 2017, 141, 538–551. 
https://doi.org/10.1016/j.ejmech.2017.10.027. 

46. Gong, J.; Zheng, Y.; Wang, Y.; Sheng, W.; Li, Y.; Liu, X.; Si, S.; Shao, R.; Zhen, Y. A new compound of thiophenylated pyridazi-
none IMB5043 showing potent antitumor efficacy through ATM-Chk2 pathway. PLoS ONE 2018, 13, e0191984. 
https://doi.org/10.1371/journal.pone.0191984. 

47. Gutierrez, D.A.; DeJesus, R.E.; Contreras, L.; Rodriguez-Palomares, I.A.; Villanueva, P.J.; Balderrama, K.S.; Monterroza, L.; Lar-
ragoity, M.; Varela-Ramirez, A.; Aguilera, R.J. A new pyridazinone exhibits potent cytotoxicity on human cancer cells via apop-
tosis and poly-ubiquitinated protein accumulation. Cell Biol. Toxicol. 2019, 35, 503–519. https://doi.org/10.1007/s10565-019-09466-
8. 

48. Demaria, M.; O’Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular 
Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2017, 7, 165–176. 

49. Guillon, J.; Petit, C.; Toutain, B.; Guette, C.; Lelièvre, E.; Coqueret, O. Chemotherapy-induced senescence, an adaptive mecha-
nism driving resistance and tumor heterogeneity. Cell Cycle 2019, 18, 2385–2397. https://doi.org/10.1080/15384101.2019.1652047. 

50. Oku, T.; Shimada, K.; Kenmotsu, H.; Ando, Y.; Kurisaka, C.; Sano, R.; Tsuiji, M.; Hasegawa, S.; Fukui, T.; Tsuji, T. Stimulation 
of Peritoneal Mesothelial Cells to Secrete Matrix Metalloproteinase-9 (MMP-9) by TNF-α: A Role in the Invasion of Gastric 
Carcinoma Cells. Int. J. Mol. Sci. 2018, 19, 3961. https://doi.org/10.3390/ijms19123961. 



Cancers 2021, 13, 5992 26 of 26 
 

 

51. Watanabe, Y.; Murata, T.; Shimizu, K.; Morita, H.; Inui, M.; Tagawa, T. Phosphodiesterase 4 regulates the migration of B16-F10 
melanoma cells. Exp. Ther. Med. 2012, 4, 205–210. https://doi.org/10.3892/etm.2012.587. 

52. Fleming, Y.M.; Frame, M.C.; Houslay, M.D. PDE4-regulated cAMP degradation controls the assembly of integrin-dependent 
actin adhesion structures and REF52 cell migration. J. Cell Sci. 2004, 117, 2377–2388. https://doi.org/10.1242/jcs.01096. 

53. David, E.; Cagnol, S.; Goujon, J.-Y.; Egorov, M.; Taurelle, J.; Benestea, C.; Morandeau, L.; Moal, C.; Sicard, M.; Pairel, S.; et al. 
12b80—Hydroxybisphosphonate Linked Doxorubicin: Bone Targeted Strategy for Treatment of Osteosarcoma. Bioconjug. Chem. 
2019, 30, 1665–1676. https://doi.org/10.1021/acs.bioconjchem.9b00210. 

54. Gobin, B.; Huin, M.B.; Lamoureux, F.; Ory, B.; Charrier, C.; Lanel, R.; Battaglia, S.; Redini, F.; Lezot, F.; Blanchard, F.; et al. 
BYL719, a new α-specific PI3K inhibitor: Single administration and in combination with conventional chemotherapy for the 
treatment of osteosarcoma. Int. J. Cancer 2015, 136, 784–796. https://doi.org/10.1002/ijc.29040. 

55. Li, S.; Chen, P.; Pei, Y.; Zheng, K.; Wang, W.; Qiu, E.; Zhang, X. Addition of Zoledronate to Chemotherapy in Patients with 
Osteosarcoma Treated with Limb-Sparing Surgery: A Phase III Clinical Trial. Med. Sci. Monit. 2019, 25, 1429–1438. 
https://doi.org/10.12659/MSM.913236. 

56. Miyamoto, K.; Waki, Y.; Horita, T.; Kasugai, S.; Ohya, K. Reduction of bone loss by denbufylline, an inhibitor of phosphodiester-
ase 4. Biochem. Pharmacol. 1997, 54, 613–617. https://doi.org/10.1016/s0006-2952(97)00211-6. 

57. Porwal, K.; Pal, S.; Bhagwati, S.; Siddiqi, M.I.; Chattopadhyay, N. Therapeutic potential of phosphodiesterase inhibitors in the 
treatment of osteoporosis: Scopes for therapeutic repurposing and discovery of new oral osteoanabolic drugs. Eur. J. Pharmacol. 
2021, 899, 174015. https://doi.org/10.1016/j.ejphar.2021.174015. 

58. Ahn, J.H.; Cho, W.H.; Lee, J.A.; Kim, D.H.; Seo, J.H.; Lim, J.S. Bone mineral density change during adjuvant chemotherapy in 
pediatric osteosarcoma. Ann. Pediatr. Endocrinol. Metab. 2015, 20, 150–154. https://doi.org/10.6065/apem.2015.20.3.150. 

59. Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: A fatal attraction. Nat. Rev. Cancer 2011, 11, 411–425. 
https://doi.org/10.1038/nrc3055. 


