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A B S T R A C T   

Osteosarcoma (OS) is a pediatric malignant bone tumor with unsatisfying improvements in survival rates due to 
limited understanding of OS biology and potentially druggable targets. The present study aims to better char-
acterize osteosarcoma U-2 OS, SaOS-2, and MG-63 cell lines that are commonly used as in vitro models of OS. We 
focused on evaluating the differences in cell death pathways, redox equilibrium, the activity of proliferation- 
related signaling pathways, DNA damage response, telomere maintenance, DNMT2/TRDMT1-based responses 
and RNA 5-methylcytosine status. SaOS-2 cells were characterized by higher levels of superoxide and nitric oxide 
that promoted AKT and ERK1/2 activation thus modulating cell death pathways. OS cell lines also differed in the 
levels and localization of DNA repair regulator DNMT2/TRDMT1. SaOS-2 cells possessed the lowest levels of 
total, cytoplasmic and nuclear DNMT2/TRDMT1, whereas in MG-63 cells, the highest levels of nuclear DNMT2/ 
TRDMT1 were associated with the most pronounced status of RNA 5-methylcytosine. In silico analysis revealed 
potential phosphorylation sites at DNMT2/TRDMT1 that may be related to the regulation of DNMT2/TRDMT1 
localization. We postulate that redox homeostasis, proliferation-related pathways and DNMT2/TRDMT1-based 
effects can be modulated as a part of anti-osteosarcoma strategy reflecting diverse phenotypic features of OS 
cells.   

1. Introduction 

Osteosarcoma (OS) is the most common primary bone tumor 
affecting mostly children and adolescents [1]. The annual rate of global 
OS incidence is 3.4 per million people and the 5-year survival rate is 
60–70% [2,3]. OS is highly metastatic and has a high risk of recurrence 
after treatment [4]. Development of OS has been associated with the 
mutations of tumor suppressors, such as TP53, RB1, REQL4, and INK4a 
and/or deregulation of PI3K/mTOR, RANKL/NF-κB, TGFβ, and IGF 
pathways [5]. However, agents targeting these pathways have not 
achieved successful clinical outcomes [5]. The heterogeneous profile, 
the unbalanced karyotype, and changes in immune dynamics make 
conventional treatment regimens of OS less efficient [6–8]. Therefore, it 
is important to understand the mechanisms underlying the development 
of OS to find new alternative molecular approaches for early diagnosis 
and therapy. 

For in vitro studies of OS, U-2 OS, SaOS-2, and MG-63 cell lines are 
frequently used as experimental models [9–11]. These are one of the 
most popularly available OS cancer cell lines that share many similar-
ities [12], hence providing a platform for parallel comparisons. Despite 
the well-known similarities, there are, however, differences between 
these cell lines. For example, U-2 OS, SaOS-2, and MG-63 cells possess a 
different degree of differentiation [13]. SaOS-2 cells show rather a 
mature phenotype, while U-2 OS cell line is negative for almost all 
osteoblastic markers. Interestingly, MG-63 cells have the most hetero-
geneous profile, as they possess both mature and immature osteoblastic 
features [13]. Additionally, U-2 OS cells are positive for cartilage 
marker, collagen IV type, which is only expressed in very early differ-
entiation stages but not by mature osteoblasts [13]. Therefore, U-2 OS 
cells are frequently classified as fibroblastic [14,15]. Moreover, the large 
panel of OS cell lines was genetically described [16] and proteome 
comparison of U-2 OS and SaOS-2 cells has been performed [17]. The 

* Corresponding authors. 
E-mail addresses: irzeszutek@ur.edu.pl (I. Rzeszutek), mwnuk@ur.edu.pl (M. Wnuk).   

1 These authors are first co-authors. 

Contents lists available at ScienceDirect 

Journal of Bone Oncology 

journal homepage: www.elsevier.com/locate/jbo 

https://doi.org/10.1016/j.jbo.2022.100448 
Received 27 June 2022; Received in revised form 27 July 2022; Accepted 28 July 2022   

mailto:irzeszutek@ur.edu.pl
mailto:mwnuk@ur.edu.pl
www.sciencedirect.com/science/journal/22121374
https://www.elsevier.com/locate/jbo
https://doi.org/10.1016/j.jbo.2022.100448
https://doi.org/10.1016/j.jbo.2022.100448
https://doi.org/10.1016/j.jbo.2022.100448
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbo.2022.100448&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Bone Oncology 36 (2022) 100448

2

comparative studies revealed 89 up-regulated and 86 down-regulated 
proteins in SaOS-2 cells compared to U-2 OS cells [17]. 

Furthermore, these cell lines are used as a reference model in studies 
that aim to develop new drugs, find druggable targets and gain insight 
into drug metabolism [11,18–21]. Recently, anticancer epigenetic drugs 
targeting RNA methylation are becoming a hot topic in cancer research, 
including OS [22–24]. Interestingly, it has been shown that knockout 
(KO) of DNMT2/TRDMT1 gene (encoding tRNA-aspartic acid methyl-
transferase 1) compromised homologous recombination (HR) process 
and prevented drug resistance in OS cells [25,26]. Moreover, our pre-
vious studies have shown that U-2 OS cells lacking DNMT2/TRDMT1 
gene exhibit changes in DDR mechanism, telomere length, retro-
transposon activity, and IFN-β-mediated response leading to cellular and 
genetic heterogeneity that modulate cancer cell responses to chemo-
therapy [27]. These new findings indicate a pivotal role of TRDMT1 in 
OS therapy, motivating us to investigate TRDMT1-mediated RNA m5C 
modification in other OS cell lines. Moreover, the comparative studies of 
DNMT2/TRDMT1-based response and the differences in the activity of 
signaling pathways between U-2 OS, SaOS-2 and MG-63 cells have not 
yet been revealed. Identifying the differences between these cell lines 
may help to understand the diverse and even opposite outcomes in 
response to the same pharmacological treatment. Moreover, specific 
determination of the traits of U-2 OS, SaOS-2, and MG-63 cells can give 
a hint, which of the cell line is the most relevant to predicting efficient 
treatment in the clinic. 

In this study, we evaluated selected phenotypic features of three 
osteosarcoma cell lines, namely U-2 OS, SaOS-2 and MG-63 cells and 
focused on cell death pathways, redox status, the activity of 
proliferation-associated pathways, DNA damage response, DNMT2/ 
TRDMT1 methyltransferase-based effects and RNA 5-methylcytosine 
status. We documented that redox disequilibrium may promote sus-
tained AKT and ERK1/2 activation thus affecting cell death pathways in 
OS cells. Furthermore, nuclear TRDMT1 levels may be associated with 
the status of RNA 5-methylcytosine that may be considered as a novel 
molecular marker for predicting therapy response in OS patients. 

2. Materials and methods 

2.1. Cell lines and culture conditions 

Experiments were performed on osteosarcoma cell lines: U-2 OS 
(92022711, ECACC, Public Health England, Porton Down, Salisbury, 
UK), MG-63 (86051601, ECACC, Public Health England, Porton Down, 
Salisbury, UK), and SaOS-2 (89050205, ECACC, Public Health England, 
Porton Down, Salisbury, UK). Cells were grown at 37 ◦C in DMEM me-
dium supplemented with 10% (v/v) FBS and 100 U/ml penicillin, 0.1 
mg/ml streptomycin, and 0.25 μg/ml amphotericin B (Corning, 
Tewksbury, MA, USA) in the presence of 5% CO2. 

2.2. Apoptosis 

Phosphatidylserine externalization (an apoptotic biomarker) was 
evaluated using Muse® Cell Analyzer and Muse® Annexin V and Dead 
Cell Assay Kit following the manufacturer’s instructions (Luminex Cor-
poration, Austin, TX, USA). Representative dot plots are shown. 

2.3. Oxidative stress 

Changes in intracellular superoxide levels were analyzed using 
Muse® Cell Analyzer and Muse® Oxidative Stress Kit (Luminex Corpo-
ration, Austin, TX, USA) as previously described [23]. Briefly, 
superoxide-positive and superoxide-negative subpopulations were 
determined. Representative histograms (%) are presented. 

2.4. Nitric oxide levels 

Nitric oxide levels were evaluated using Muse® Cell Analyzer and 
Muse® Nitric Oxide Kit (Luminex Corporation, Austin, TX, USA) as 
described elsewhere [28]. Briefly, nitric oxide specific fluorogenic probe 
DAX-J2TM orange and a death marker, 7-aminoactinomycin D (7-AAD) 
were used to discriminate between the production of nitric oxide in live 
(7-AAD-negative) and dead (7-AAD-positive) cells. Representative dot 
plots are presented. 

2.5. ERK1/2 and Akt activity 

Extracellular signal-regulated kinase 1/2 (ERK1/2) and Akt activity 
was evaluated using Muse® Cell Analyzer and Muse® PI3K/MAPK Dual 
Pathway Activation Kit using two directly conjugated antibodies, anti- 
phosho-Akt (Ser473)-Alexa Fluor TM 555 and anti-phospho-ERK1/2 
(Thr202/Tyr204, Thr185/Tyr187) conjugated antibody-PECy5 accord-
ing to the manufacturer’s instructions (Luminex Corporation, Austin, 
TX, USA). Representative dot plots are shown. 

2.6. DNA damage response (DDR) 

The phosphorylation status of ATM and H2AX was assessed using 
Muse® Cell Analyzer and Muse® Multi-Color DNA Damage kit accord-
ing to the manufacturer’s instructions (Luminex Corporation, Austin, 
TX, USA). The activation of ATM and H2AX was studied using a 
phospho-specific ATM (Ser1981)-PE and phospho-specific histone 
H2AX-PECy5 conjugated antibodies. Four cell subpopulations were 
revealed using flow cytometry analysis, namely pATM(-) and pH2AX(-) 
cells (no DNA damage), pATM(+) and pH2AX(-) cells (ATM activation), 
pATM(-) and pH2AX(+) cells (H2AX activation) and pATM(+) and 
pH2AX(+) cells (dual activation of ATM and H2AX – cells with DSBs). 

2.7. Western blot 

The cell protein extracts were prepared according to [29]. The 
following primary and secondary antibodies were used: anti-DNMT2/ 
TRDMT1 (A-7, sc-271513, 1:500), anti-RAD51 (MA5-14419, 1:200), 
anti-RAD52 (MA5-31888, 1:500), anti-XRCC1 (MA5-12071, 1:500) and 
horseradish peroxidase (HRP)-conjugated secondary antibody (7076, 
1:3000, Thermo Fisher Scientific, Waltham, MA, USA). The chemilu-
minescent HRP substrate was purchased from BioRad (Clarity™ Western 
ECL Blotting Substrate). Images were acquired using a G:BOX imaging 
system (Syngene, Cambridge, UK). Densitometry measurements of the 
bands were performed using ImageJ software (https://imagej.nih.gov/i 
j/, U. S. National Institutes of Health, Bethesda, MD, USA) and the mean 
value out of at least two independent experiments is shown. The data 
represent the relative density compared to β-actin (A3854, Merck KGaA, 
Darmstadt, Germany, 1:40 000). 

2.8. Telomere FISH assay 

Telomere length was evaluated using Telomere PNA FISH Kit/Cy3 
(Dako, Glostrup, Denmark) according to the manufacturer’s instructions 
with some modifications. Telomere length was analyzed using flow 
cytometry (Amnis® FlowSight®, Luminex Corporation, Austin, TX, 
USA) and appropriate software (IDEAS version 6.2.187.0, Luminex 
Corporation, Austin, TX, USA). 

2.9. Immunofluorescence 

An immunostaining protocol was used as previously described [23]. 
Fixed cells were incubated with the primary antibodies, anti-DNMT2/ 
TRDMT1 (D-9, 1:100, sc-365001, Santa Cruz Biotechnology, Dallas, 
TX, USA), anti-NSUN2 (1:250, 702036, Thermo Fisher Scientific, Wal-
tham, MA, USA), anti-TRF1 (1:250, NB100-1701, Novus Biologicals, 
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Littleton, CO, USA), anti-TRF2 (1:300, ab108997, Abcam, Cambridge, 
UK), anti-lamin A/C (1:100, MA3-1000, Thermo Fisher Scientific, Wal-
tham, MA, USA) and anti-lamin B1 (1:500, PA5-19468, Thermo Fisher 
Scientific, Waltham, MA, USA) at 4 ◦C overnight. Next, secondary an-
tibodies conjugated to Texas Red (1:1000, T2767) or FITC (1:1000, 
F2761) (Thermo Fisher Scientific, Waltham, MA, USA) were used at 
room temperature for 1 h. Nuclei were visualized using Hoechst 33342 
staining. Cell images were acquired using a laser-based confocal imaging 
and high-content analysis (HCA) system IN Cell Analyzer 6500 HS 
(Cytiva, Marlborough, MA, USA). Quantitative analysis was performed 
using IN Carta software (Cytiva, Marlborough, MA, USA). The immu-
nofluorescent signals of the proteins analyzed (protein levels) are pre-
sented as relative fluorescence units (RFU). 

For TRF1, TRF2, lamin A/C and lamin B1 studies, DNA was visual-
ized using PI staining. Fluorescent immuno-signals were captured using 
Amnis® FlowSight® imaging flow cytometer (Luminex Corporation, 
Austin, TX, USA). To evaluate the levels of TRF1, TRF2, lamin A/C and 
lamin B1, IDEAS software version 6.2.187.0 (Luminex Corporation, 
Austin, TX, USA) was used. 

2.10. RNA methylation 

RNA methylation, namely the levels of 5-methylcytosine (5-mC), was 
analyzed using dedicated ELISA-based assay MethylFlash 5-mC RNA 
Methylation ELISA Easy Kit (P-9009–96, EpiGentek, Farmingdale, NY, 
USA) according to the manufacturer’s instructions. 

2.11. PCR amplification and Sanger sequencing of DNMT2/TRDMT1 
mRNA isoforms 

2000 ng of total RNA were reverse transcribed using Transcriptor 
First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany). The PCR 
assay encompassed amplification of eight fragments covering the 
DNMT2/TRDMT1 mRNA reference sequence of four isoforms (Table S1). 
Two pairs of PCR primers for each of four isoforms (Fig. S1) were 
designed using the Primer3 software [30,31] and synthesized by Thermo 
Fisher Scientific (Waltham, MA, USA). Amplification was performed 
using hot start Taq DNA polymerase (Qiagen, Hilden, Germany). After 
an initial step of 95 ◦C for 15 min, a touchdown PCR procedure (TDPCR) 
was applied. The initial TDPCR stage included 12 steps of annealing 
temperature decreases of 1.0 ◦C in the range from 67 ◦C down to 56 ◦C. 
The second stage of TDPCR included 30 PCR cycles with annealing at 
55 ◦C. Each cycle of amplification included 30 s of denaturation at 94 ◦C, 
1 min of annealing, and 30 s of extension at 72 ◦C. Amplification was 
ended with the final extension step at 72 ◦C for 7 min. PCR amplifica-
tions were performed on the VeritiPro Thermal Cycler (Thermo Fisher 
Scientific, Waltham, MA, USA). Amplified cDNA samples were run in 
two percent agarose gel stained with ethidium bromide for the evalua-
tion of the quality of amplified cDNAs. PCR products were sequenced 
using PCR primers and the BigDye™ Terminator v3.1 Cycle Sequencing 
Kit (Thermo Fisher Scientific, Waltham, MA, USA). The manufacturer- 
recommended cycle sequencing program was applied with the primer 
annealing of 59 ◦C and 4 min of extension at 60 ◦C. Sequencing of PCR 
products was performed on the VeritiPro Thermal Cycler (Thermo Fisher 
Scientific, Waltham, MA, USA). Sequencing products were cleaned with 
the BigDye XTerminator™ Purification Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) and electrophoresed on the ABI3500xl genetic 
analyzer (Thermo Fisher Scientific, Waltham, MA, USA). 

Obtained sequencing traces were evaluated for quality and subjected 
to variant genotyping using FinchTV 1.4.0 (Geospiza Inc. Seattle, WA, 
USA). Further investigations included trace sequence alignment against 
reference sequences using GENEDOC software [32] to check for the 
variation among investigated cDNA samples. Obtained sequence traces 
were also aligned against a reference sequence of the human genome 
using the blastx option of the NCBI website to check for their homology 
to the translated sequences encoding DNMT2/TRDMT1 protein 

isoforms. GENEDOC software was used for cDNA sequence translation of 
reported variants of DNMT2/TRDMT1 mRNA. 

2.12. In silico analysis of potential DNMT2/TRDMT1 post-translational 
modifications 

To test possible post-translational modifications of DNMT2/ 
TRDMT1 freely available computational tool Scansite 4.0 
(http://scansite.mit.edu) was used. The Scansite program uses scores 
calculated from position-specific score matrices (PSSM) to search for 
motifs. The settings of high stringency were selected. The high strin-
gency setting is the most restrictive and reports the motif identified in 
the query sequence that falls within the top 0.2% of all matching se-
quences contained in the vertebrate subset of SwissProt proteins. 
DNMT2/TRDMT1 amino acid sequence was obtained from Uniprot 
(https://www.uniprot.org/), accession number O14717. 

2.13. Statistical analysis 

The results represent the mean ± SD of at least three independent 
experiments. Box and whisker plots with median, lowest, and highest 
values were also used. Statistical analysis was performed using the 
GraphPad Prism 8 software. Comparison between U-2 OS, SaOS-2 and 
MG-63 cell lines were performed with one-way ANOVA followed by 
Dunnett’s test. Differences between SaOS-2 and MG-63 cells were 
revealed using one-way ANOVA and Tukey’s multiple comparison test. 
The differences in RNA methylation between all three cell lines were 
assessed using Student’s t-test. P < 0.05 was considered statistically 
significant. 

3. Results and discussion 

3.1. Comparison of the activity of proliferation-related signaling 
pathways in U-2 OS, SaOS-2, and MG-63 cells 

The in vitro cancer model is a major tool to understand the molecular 
basis of cancer biology for appropriate selection of potential anticancer 
agents and the investigation of their effectiveness. Thus, it is essential to 
provide comprehensive characterization of widely used cancer cell lines. 
In the present study, three osteosarcoma (OS) cell lines, namely U-2 OS, 
SaOS-2, and MG-63 cells, were compared in terms of cell death path-
ways, redox homeostasis, the activity of selected proliferation- 
associated signaling pathways, DNA damage response, telomere main-
tenance and DNMT2/TRDMT1-based responses that might be poten-
tially important for improving existing and developing new anticancer 
strategies. 

Chemotherapy-induced apoptosis is widely used anticancer 
approach, however, cancer cells can differently respond to apoptotic 
stimuli and acquire resistance to chemotherapeutic agents [33]. 
Therefore, we first compared the susceptibility to apoptotic and necrotic 
cell death of three OS cell lines in standard growth conditions (Fig. 1A). 
Slight but statistically significant differences in apoptotic and necrotic 
parameters were noticed (Fig. 1A, p < 0.01, p < 0.001). MG-63 cells 
were the least prone to apoptotic cell death compared to U-2 OS and 
SaOS-2 cells (Fig. 1A, p < 0.01). In contrast, SaOS-2 cells were the most 
susceptible to necrotic cell death compared to other OS cells (Fig. 1A, p 
< 0.001). 

Cancer cells are characterized by elevated production of reactive 
oxygen species (ROS) mainly due to increased metabolic rates [34]. The 
role of ROS in cancer biology is rather complex [35,36]. A moderate 
increase in ROS levels has been shown to promote pro-tumorigenic 
signaling, enhance tumor development and progression, drive DNA 
damage and genome instability, and modulate drug resistance [34,37]. 
However, ROS are also capable of triggering programmed cell death by 
activating signaling pathways and modulation of oxidative stress is 
considered as an anticancer strategy [34,37–39]. As different 
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Fig. 1. Differences in the (A) apoptotic and necrotic markers, (B) reactive oxygen species (C) and nitric oxide levels as well as (D) AKT and ERK1/2 activity between 
U-2 OS, SaOS-2 and MG-63 cells. (A) Apoptosis was studied using Annexin V staining and flow cytometry. Representative dot plots are shown. Bars indicate SD, n = 3, 
**p < 0.01, ***p < 0.001 compared to U-2 OS cells (ANOVA and Dunnett’s a posteriori test). Black color of asterix corresponds to necrotic cells. Red color of asterix 
corresponds to late apoptotic/dead cells. (B) Superoxide levels were evaluated using dihydroethidium (DHE) staining and flow cytometry. Two subpopulations were 
considered and analyzed [%], namely superoxide-negative subpopulation (blue) and superoxide-positive subpopulation (red). Representative histograms are shown. 
Bars indicate SD, n = 3, ***p < 0.001 compared to U-2 OS cells (ANOVA and Dunnett’s a posteriori test). Red color of asterix corresponds to superoxide-positive cell 
subpopulation. (C) Nitric oxide levels were analyzed using an DAX-J2TM orange probe and flow cytometry. Representative dot plots are shown. Bars indicate SD, n =
3, **p < 0.01, ***p < 0.001 compared to U-2 OS cells (ANOVA and Dunnett’s a posteriori test). Black color of asterix corresponds to dead cell subpopulation that 
produces nitric oxide. (D) ERK1/2 and AKT activity (phosphorylation status) was analyzed using Muse® Cell Analyzer. Representative dot plots are shown. Bars 
indicate SD, n = 3, *p < 0.05, **p < 0.01 compared to U-2 OS cells (ANOVA and Dunnett’s a posteriori test). Red color of asterix corresponds to dual activation of 
ERK1/2 and AKT pathways. 
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susceptibility to cell death was documented in three OS cell lines 
(Fig. 1A), we were interested then to analyze if this observation can be 
related to diverse rates of superoxide production (Fig. 1B). Indeed, a 
slight but statistically significant difference in ROS production in SaOS-2 
cells compared to U-2 OS and MG-63 cells (Fig. 1B, p < 0.001) can reflect 

the susceptibility of SaOS-2 cells to necrotic cell death (Fig. 1A). 
Next, we have focused on the analysis of nitric oxide (NO•) levels as 

elevated pools of nitric oxide are commonly observed in cancer cells 
[40]. However, NO• may also have a role in sensitizing the cancer cells 
to chemotherapeutic treatment [41]. SaOS-2 cells were characterized by 

Fig. 2. Comparison of DNA damage response (DDR) (A, B), telomere length (C) and TRF1 and TRF2 levels (D) between U-2 OS, SaOS-2 and MG-63 cells. (A) The 
phosphorylation status of ATM and H2AX was assessed using flow cytometry. Representative dot plots are shown. Bars indicate SD, n = 5. (B) Western blot-based 
analysis of the levels of proteins involved in DNA repair. Anti-β-actin antibody served as a loading control. Data were normalized to β-actin. (C) Changes in the 
telomere length were analyzed using imaging flow cytometry. Representative histograms are shown. The red histogram indicates telomere length in MG-63 cells, the 
green histogram indicates telomere length in SaOS-2 cells, while the blue histogram indicates telomere length in U-2 OS cells. A shift to the right side of the histogram 
indicates cell subpopulation with longer telomeres. (D) Changes in the levels of TRF1 (left) and TRF2 (right). TRF1 and TRF2 signals were analyzed using immu-
nofluorescence and imaging flow cytometry. Representative histograms are shown (top). The blue histograms indicate TRF1 and TRF2 levels in U-2 OS cells, the 
green histograms indicate TRF1 and TRF2 levels in SaOS-2 cells, while the red histograms indicate TRF1 and TRF2 levels in MG-63 cells. Representative micro-
photographs are also shown (bottom). BF- bright field, SSC- side scatter. 
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the highest levels of nitric oxide compared to other OS cells (Fig. 1C, p <
0.001) that can be also correlated with the highest levels of superoxide 
(Fig. 1B) and the susceptibility to necrotic cell death (Fig. 1A). 

ROS may modulate proliferation-related signaling pathways such as 
PI3K/AKT and extracellular signal-regulated kinase (ERK) pathways 
[42–44]. Dysregulation of PI3K/AKT pathway has been associated with 
pathological processes of OS, including proliferation and invasion, cell 
cycle progression, apoptosis, angiogenesis, metastasis, and chemo-
resistance [45]. Similar as PI3K/AKT, ERK1/2 pathway was related to 
proliferation [46], apoptosis [47] and metastasis [48]. Therefore, we 
analyzed then the levels of phosphorylated forms of AKT and ERK1/2 in 
three OS cell lines (Fig. 1D). SaOS-2 cells were characterized by slightly 
higher levels of both phosho-AKT and phospo-ERK1/2 compared to 
other OS cells (Fig. 1D, p < 0.01). Our data are in agreement with the 
study showing that the PI3K-AKT-mTOR pathway could also be a pro- 
death signal, especially in the context of necrotic cell death [49,50]. 
Moreover, it has been shown that ERK activation potentiated cisplatin- 
induced cell death in SaOS-2 cells [51]. 

Overall, this may suggest that ROS and NO• production in SaOS-2 
cells may promote sustained AKT and ERK1/2 activation thus 
affecting cell death pathways. Interestingly, SaOS-2 cells have previ-
ously been suggested to be more resistant to chemotherapy than other 
OS cell lines [52]. Therefore, the use of oxidative stress-induced drugs 
and NO• donors could be a possible strategy to sensitize SaOS-2 cells to 
chemotherapy-associated cell death. 

3.2. Differences in the DNA damage response (DDR) in OS cell lines 

Genomic instability, a consequence of defective DNA repair path-
ways or misregulated cell-cycle checkpoints, is one of enabling charac-
teristics of cancer cells [53,54]. The components of DDR can be 
considered as druggable targets in anticancer strategies [55]. Therefore, 
we checked the differences in the DDR between OS cell lines. Our 
analysis indicated very slight differences in ATM activation and dual 
ATM and γH2AX activation in SaOS-2 compared to other OS cells 
(Fig. 2A). 

We evaluated then the differences in the expression of selected fac-
tors involved in DNA repair mechanism, namely the levels of RAD51, 
RAD52, and XRCC1 proteins. Interestingly, RAD51 gene knockdown 
(KD) has been shown to sensitize OS cells to chemo- and radiotherapy 
[56], while RAD52 is involved in mitotic repair synthesis at telomeres 
[57]. Chen et al. have reported that U-2 OS-TRE cells lacking TRDMT1 
gene impairs the localization of RAD51 and RAD52 to the sites of ROS- 
induced DNA damage [25]. Moreover, our previous studies have shown 
that treatment with etoposide caused changes in the RAD51 and RAD52 
expression levels in U-2 OS cells with DNMT2/TRDMT1 gene KO 
sensitizing them to the drug treatment [27]. Based on our analysis, the 
protein levels of RAD51 and XRCC1 were comparable in three OS cell 
lines (Fig. 2B). Interestingly, RAD52 is expressed in the U-2 OS cell line, 
whereas no expression of RAD52 was noticed in MG-63 and SaOS-2 cell 
lines (Fig. 2B). Our analysis is in contrast with the previous studies 
showing the presence of RAD52 in SaOS-2 and MG-63 cells at the low 
levels [58]. 

Telomeres prevent chromosome ends from inducing DNA damage 
and end-to-end fusion that results in rearrangements [59]. Although the 
length of the telomere is commonly maintained by telomerase, cancer 
cells also employ a recombination-based mechanism known as alterna-
tive lengthening of the telomeres (ALT) [59]. Of the OS cell lines stud-
ied, U-2 OS and SaOS-2 have been characterized as ALT-positive 
[60,61], while MG-63 as telomerase-positive and ALT-negative [62,63]. 
Since many DNA repair proteins, including RAD52, have been impli-
cated in the ALT mechanism [57,58], the lack of RAD52 expression in 
SaOS-2 cells seems to be surprising (Fig. 2B). As the OS cell lines use 
distinct mechanisms to maintain the telomeres, we evaluated the dif-
ferences in their telomere length. Based on flow cytometry, we could 
indicate that the involvement of different mechanisms leads to 

differences in telomere length in OS cell lines (Fig. 2C). Our data are in 
agreement with the Southern blot-based studies showing following 
telomere length ranking U-2 OS cells (13.7 kbp) > SaOS-2 cells (7.6 
kbp) > MG-63 cells (5.8 kbp) [64]. 

A growing body of evidence suggest that HR process cooperates with 
components of the shelterin complex [65]. The activity of RAD52 and 
other HR factors, together with shelterin components TRF2 and TIN2 are 
required for telomeric D-loop formation [65]. TRF1 and TRF2 are two 
out of six shelterin complex components and participate in both 
telomerase-dependent telomere maintenance and ALT mechanism 
[66,67]. Additionally, binding by TRF1 and TRF2 is essential to protect 
telomeres against DDR and DNA repair factors [68]. Therefore, we 
compared then the expression of TRF1 and TRF2 between OS cells. 
Based on our analysis, we observed a slightly higher expression of TRF1 
and TRF2 in U-2 OS cells compared to SaOS-2 and MG-63 cells (Fig. 2D). 

3.3. The nuclear levels of DNMT2/TRDMT1 methyltransferase are 
associated with the RNA 5-methylcytosine modification status 

RNA methylation in cancer progression has become increasingly 
prominent. RNA methylation occurs most often at the C5 position of 
cytosine (RNA:m5C) [69]. RNA:m5C is regulated by m5C-methyl-
transferases, namely tRNA-specific methyltransferase (DNMT2/ 
TRDMT1) family members and NOL1/NOP2/SUN domain (NSUN) 
family members. NSUN methyltransferases include several members, 
namely NSUN1-NSUN7 [70,71]. Out of all NSUN members, NSUN2 
possesses the most prominent role in cancer progression [72]. Similarly 
to NSUN2, DNMT2/TRDMT1 is a multifunctional enzyme that partici-
pates in the regulation of cancer cell proliferation, migration, and DDR 
[23,25,27,73]. Furthermore, the dysregulation of the modification is 
closely related to human tumor malignancies [74]. Although, RNA:m5C 
plays a crucial role in the diagnosis and prognosis of numerous cancers 
[75–78], our understanding of the regulation and function of RNA 5- 
methylcytosine (RNA:m5C) modification in OS remains limited. There-
fore, we first evaluated the protein levels of DNMT2/TRDMT1 in three 
OS cell lines (Fig. 3A). Western blot analysis indicated the highest levels 
of DNMT2/TRDMT1 protein in U-2 OS cells and the lowest levels in 
SaOS-2 cells, respectively (Fig. 3A). 

Since DNMT2/TRDMT1 can be located both in cytoplasmic and 
nuclear compartments [79–81], we have then investigated the differ-
ences in the cytoplasmic and nuclear pools of DNMT2/TRDMT1 be-
tween U-2 OS, SaOS-2 and MG-63 cells. Based on our analysis, MG-63 
cells were characterized by the highest levels of nuclear DNMT2/ 
TRDMT1 compared to other OS cells (Fig. 3B, p < 0.001). U-2 OS cells 
with the highest total levels of DNMT2/TRDMT1 (Fig. 3A) were also 
characterized by the highest levels of cytoplasmic fraction of DNMT2/ 
TRDMT1 compared to other OS cells (Fig. 3B). SaOS-2 cells, with the 
lowest levels of total DNMT2/TRDMT1 (Fig. 3A), possessed also the 
lowest levels of cytoplasmic and nuclear DNMT2/TRDMT1 (Fig. 3B, p <
0.001). Additionally, we evaluated the nuclear and cytoplasmic frac-
tions of NSUN2 (Fig. 3B). SaOS-2 cells were characterized by the lowest 
levels of cytoplasmic and nuclear NSUN2 compared to other OS cells 
(Fig. 3B). 

Next, we have evaluated the differences in the levels of 5-methylcy-
tosine in RNA of OS cell lines (Fig. 3C). The highest methylation status 
was observed in MG-63 cells, whereas the lowest levels of 5-methylcyto-
sine were noticed in SaOS-2 cells (Fig. 3C, p < 0.001). 

Interestingly, it has been previously shown that DNMT2/TRDMT1 
may confer resistance to anticancer therapy [25,26]. Therefore, the 
levels of DNMT2/TRDMT1 can be considered as a novel predictive 
marker of anticancer drug response, especially in the context of geno-
toxic drugs. 
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3.4. Changes in the DNMT2/TRDMT1 localization may be mediated by 
post-translational modifications 

As the localization of DNMT2/TRDMT1 significantly differs between 
the cell lines studied, we have next tried to determine the reason for this 
diversity. It has been previously shown that DNMT2/TRDMT1, which is 
typically present in nucleus, relocalized to the cytoplasm under stress 
conditions [82]. Therefore, we check whether this is due to the impaired 
nuclear architecture that may affect nucleus function. The association 
between higher lamin B1 expression levels and nuclear dysmorphisms in 
OS cell lines has been already suggested [83]. Moreover, it has been 
shown that lamin A interacts with the m6A methyltransferases, METTL3 
and METTL14 in nuclear speckles [84]. Therefore, we evaluated the 
differences in the levels of lamin A/C and lamin B1. However, our 

analysis indicated that SaOS-2 and MG-63 cells (with the lowest and 
highest levels of nuclear DNMT2/TRDMT1, respectively) possess similar 
levels of lamin A/C and lamin B1, which is also higher than in U-2 OS 
cells (Fig. 4A). 

Since alternative splicing results in multiple transcript variants 
encoding different DNMT2/TRDMT1 isoforms (based on https://www. 
uniprot.org/uniprot/O14717), we tested whether the different 
DNMT2/TRDMT1 isoforms may show distinct localization patterns. Our 
analysis, based on sequence alignment including variant A (accession 
number NM_004412) of DNMT2/TRDMT1 mRNA and cDNA samples 
amplified using primers specific to four isoforms (D, E, F and G), showed 
no differences (Fig. S2). Furthermore, we performed a protein sequence 
alignment showing the homology of the tested samples at amino acid 
levels without differences as well (Fig. S3). 

Fig. 3. Comparative study of DNMT2/ 
TRDMT1 levels (A), DNMT2/TRDMT1 and 
NSUN2 localization (B) and 5mC methyl-
ation status in RNA (C) in U-2 OS, SaOS-2 
and MG-63 cells. (A) Western blot-based 
analysis of protein levels of DNMT2/ 
TRDMT1. Anti-β-actin antibody served as a 
loading control. Data were normalized to 
β-actin. (B) Immunofluorescence-based 
analysis of DNMT2/TRDMT1 (top) and 
NSUN2 (bottom) cytoplasmic (left) and nu-
clear (right) fractions. Box and whisker plots 
are shown, n = 3, ***p < 0.001 compared to 
U-2 OS cells (ANOVA and Dunnett’s a pos-
teriori test), ###p < 0.001 SaOS-2 cells 
compared to MG-63 cells (ANOVA and 
Tukey’s a posteriori test). Representative 
immunofluorescent staining of DNMT2/ 
TRDMT1 (green channel) and NSUN2 (red 
channel) are shown above the boxes. Nuclei 
were stained with Hoechst 33342. Scale bar – 
10 µm. (C) ELISA-based analysis of RNA:m5C 
methylation levels [%]. Box and whisker 
plots are shown, n = 3, *p < 0.05, ***p <
0.001 compared to U-2 OS cells and ###p <
0.001 SaOS-2 cells compared to MG-63 cells 
(Student’s t-test).   
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Therefore, we decided to predict whether the cytoplasmic and nu-
clear localization of DNMT2/TRDMT1 might be caused by post- 
translational modifications of DNMT2/TRDMT1. To test this, we used 
different bioinformatics tools, however, our interest focused on results 
obtained using the http://scansite.mit.edu. Scancite identifies short 
protein sequence motifs that are likely to be phosphorylated or mediate 
specific interactions with protein or phospholipid ligands [85]. Inter-
estingly, high-resolution computational analysis revealed TRDMT1 as 
a potential phosphorylation target for ERK1 (MAPK3) at P361, PLCg 
(PLCG1) at Y266, and DNA-PK (PRKDC) at S327 (Fig. 4B and C). All 
predicted phosphorylation target sites are present in all isoforms stud-
ied. Furthermore, scanning analysis predicted DNMT2/TRDMT1 coloc-
alization with PLCg in the cytoplasm, while with ERK1 and DNA-PK in 

the nucleus (Fig. 4C). However, this analysis needs further validation 
using inhibitors and/or silencing of potential candidates. 

In conclusion, we have shown for the first time that U-2 OS, SaOS-2, 
and MG-63 OS cell lines differ in the activity of proliferation-related 
signaling pathways, redox equilibrium, cell death pathways and DNA 
damage response. Moreover, we observed that MG-63 cells, which 
possess the highest levels of nuclear DNMT2/TRDMT1, exhibit the most 
abundant methylated RNA at the m5C position. Additionally, we hy-
pothesize based on in silico analysis that the distinct cellular localization 
of DNMT2/TRDMT1 may be a result of post-translational modifications. 
Altogether, detailed characterization of three OS cell lines provided in 
the present study may be helpful for a better understanding of OS 
biology and identifying new targets for OS treatment. 

Fig. 4. Characterization of the lamin A/C and lamin B1 levels in U-2 OS, SaOS-2 and MG-63 cells (A) and prediction of the post-translational modifications of 
DNMT2/TRDMT1 (B, C). (A) Changes in the levels of lamin A/C (left) and lamin B1 (right). Lamin A/C and lamin B1 signals were analyzed using immunofluo-
rescence and imaging flow cytometry. Representative histograms are shown (top). The blue histograms indicate lamin A/C and lamin B1 levels in U-2 OS, green 
histograms indicate lamin A/C and lamin B1 levels in SaOS-2 cells, while red histograms indicate lamin A/C and lamin B1 levels in MG-63 cells. Representative 
microphotographs are also shown (bottom). BF- bright field, SSC- side scatter. (B) Protein plot generated by the Scansite program showing the full length of DNMT2/ 
TRDMT1 protein and the predicted phosphorylation sites. (C) Table generated by Scansite program showing predicted site and sequence of DNMT2/TRDMT1 protein 
likely to be phosphorylated, possible factors causing post-translational modification and colocalization of the DNMT2/TRDMT1 with possible modifiers. 
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