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Background: Osteosarcoma (OS) is the most common primary bone tumors diagnosed in children and
adolescents. Recent studies have shown a prognostic role of DNA methylation in various cancers, including OS.
The aim of this study was to identify the aberrantly methylated genes that are prognostically relevant in OS.
Methods: The differentially expressed mRNAs, miRNAs and methylated genes (DEGs, DEMs and DMGs
respectively) were screened from various GEO databases, and the potential target genes of the DEMs
were predicted by the RNA22 program. The protein-protein interaction (PPI) networks were constructed
using the STRING database and visualized by Cytoscape software. The functional enrichment and survival
analyses of the screened genes was performed using the R software.

Results: Forty-seven downregulated hypermethylated genes and three upregulated hypomethylated
genes were identified that were enriched in cell activation, migration and proliferation functions, and were
involved in cancer-related pathways like JAK-STAT and PI3K-AKT. Eight downregulated hypermethylated
tumor suppressor genes (TSGs) were identified among the screened genes based on the TSGene database.
These hub genes are likely involved in OS genesis, progression and metastasis, and are potential prognostic
biomarkers and therapeutic targets.

Conclusions: TSGs including PYCARD, STATS5A, CXCL12 and CXCLI14 were aberrantly methylated in
OS, and are potential prognostic biomarkers and therapeutic targets. Our findings provide new insights into

the role of methylation in OS progression.
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Introduction from mesenchymal cells and is characterized by the

appearance of spindle cells and aberrant osteoid formation.
Osteosarcoma (OS) is the most common primary malignant OS can occur in any bone, although the distal femur,
bone tumors in children and young adults. It originates proximal tibia and the proximal humerus are the most
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common sites, accounting for respectively 43%, 23% and
10% of the cases. Within the bone, OS typically affects the
metaphysis close to the growth plate (1). OS also has a high
metastasis rate of 20%, and commonly invades the lungs
and other bones (2).

Studies in recent years have shown that epigenetic
changes play an important role in tumorigenesis and
progression. DNA methylation involves addition of methyl
groups (-CH3) to cytosines in the CpG dinucleotides, and
both hypermethylation or hypomethylation can result in
long-term silencing of imprinted genes, transposons and
the inactive X chromosome (3). Aberrant methylation
is frequently observed in tumors, and silencing of the
promoter regions of tumor suppressor genes (T'SGs) by
hypermethylation of CpG islands (4) affects the cell cycle
checkpoint, apoptosis, signal transduction, cell adhesion
and angiogenesis genes (5). MicroRNAs (miRNAs) are
short non-coding RNAs that regulate gene expression at
the post-translational level by binding to the 3'-UTR of
target mRNA, and are also aberrantly expressed in various
cancers (6). Abnormal DNA methylation patterns have been
detected in OS that interfere with the TSGs, and promote
tumor initiation and progression (7). Although the DNA
methylation patterns in OS have gained attention as vital
biomarkers and therapeutic targets, the regulatory network
between DNA methylation, miRNAs and target genes
remains elusive.

Previous studies have identified several differentially
methylated genes (DMGs) and differentially expressed
genes (DEGs) in OS through bioinformatics analysis (8).
However, the regulatory networks of OS-related miRNAs,
mRNAs and methylation patterns in OS are largely
unknown. To this end, we screened the mRINA, miRNA
and gene methylation profiles from OS and normal bone
microarray datasets, in order to identify the DEGs, DMGs,
TSGs and differentially expressed miRNAs (DEMs) related
to OS. The aim of our study was to identify and validate
the aberrantly methylated TSGs in OS. Our findings
provide new insights into the potential tumorigenic role
of abnormal DNA methylation, and identify potential
biomarkers and therapeutic targets for OS.

Methods
Identification of DEGs, DEMs and DMGs

The miRNA datasets GSE28423 and GSE65071, the
mRNA dataset GSE36001 and the methylation dataset
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GSE36002 were downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/). The GSE28423
was registered on the GPL8227 microarray platform
(Agilent-019118 Human miRNA Microarray 2.0 G4470B)
and contained data from 19 OS and 4 normal bone samples.
GSE65071 was registered on the microarray platform of
GPL19631 (Exiqgon human V3 microRNA PCR panel I+1T)
and included data of 20 OS and 15 normal bone samples.
GSE36001 and GSE36002 were from the GPL6102
microarray platform (Illumina human-6 v2.0 expression
beadchip), and included data of 19 OS cell lines and 6
normal osteoblasts and bones samples.

GEO2R was used to screen for the DEGs, DEMs and
DMGs from the respective datasets using [logFCI >1 or
loglIB1 >0.2 (for DMGs) and P value <0.05 as the thresholds.
The putative target genes of the overlapping DEMs of
GSE28423 and GSE65071 datasets were predicted using the
RNA22 tool (https://cm.jefferson.edu/rna22/Interactive/).
The expression matrix of the DEGs was analyzed by the
GSEA tool according to P values <0.05 and q values <0.05,
and the putative TSGs were identified from the TSGene
database (https://bioinfo.uth.edu/TSGene/download.
cgi). Finally, the Venn diagram tool (http://bioinformatics.
psb.ugent.be/webtools/Venn/) was used to determine (I)
overlapping hypomethylated mRNAs, up-regulated genes
and targets to identify the up-regulated hypomethylated
mRNAs; (II) overlapping hypermethylated mRNAs,
down-regulated mRNAs and targets for downregulated
hypermethylated mRINAs; (III) overlapping down-regulated
mRNAs, hypermethylated mRNAs, targets and TSGs to
identify the down-regulated hypermethylated TSGs.

Functional analyses of the relevant genes

Biological process (BP) enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
were performed using the ClusterProfiler package of R
software, with P<0.05 as the threshold. Gene set enrichment
analysis (GSEA) was conducted using the GSEA desktop
tool. The Search Tool for the Retrieval of Interacting
Genes (STRING, https://string-db.org/) database was used
to construct the PPI networks, which were then visualized
using CYTOSCAPE.

Validation of TSGs

The prognostic value of the 8 TSGs was determined by
survival analysis using the online database R2: Genomics
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Analysis and Visualization Platform (http://r2.amc.nl).
The clinical data and the expression data were extracted
from a dataset, the Mixed Osteosarcoma—Kuijjer—127-vst—
ilmnhwg6v2. The patients were stratified into the respective
low- and high-expression groups using the R2 scan method.
The correlation between T'SGs methylation and expression
was determined by Spearman’s rank correlation analysis,
with |Corl>0.3 and P<0.05 as the thresholds.

Cell culture and treatment

The OS cell line MG63 was purchased from the American
Type Culture Collection (AT CC, Manassas, VA, USA), and
cultured in DMEM (Gibco, USA) supplemented with 10%
FBS under 5% CO, at 37 °C. The DNA methyltransferase
inhibitor 5-azacytidine (5-Aza) was purchased from
MedChemExpress. The MG63 cells were treated with
5 pM 5-Aza or DMSO (vehicle) for 48 h.

RNA isolation and quantitative RT-PCR

Total RNA was extracted from the cells using Total RNA
Extraction Reagent (Vazyme, China), and reverse transcribed
into cDNA using the HiScript IT Q RT SuperMix (Vazyme,
China). RT-PCR was conducted using ChamQ SYBR qPCR
Master Mix (Vazyme, China) in a Lightcycler 96 (Roche,
Switzerland). The relative mRNA expression levels were
determined by the 2"*“" method. All tests were performed
three times, and GAPDH was used as the internal control.
The primer sequences are shown in 7uble S1.

Cell proliferation assay

MG63 cells were seeded into a 96 well plate at the density of
3x10°/well, and cultured with DMSO or 5-Aza for 24, 48, 72,
96 and 120 h. The medium was replaced with fresh medium
supplemented with 10 pL Cell Counting Kit-8 (CCK-8)
reagent/well (DOJINDO, Japan), and the cells were incubated
for another hour. The absorbance at 450nm was measured
using a microplate reader (Bio.Tek, USA), and the proliferation
rates were calculated after subtracting the background
absorbance. The experiment was performed thrice.

Wound-bealing assay

MGG63 cells were seeded into 6 well plates at 80% density and
treated with 5 pM 5-Aza or DMSO for 48 h. The monolayer
was scratched perpendicular to the plate with a sterile 200pl
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pipette tip. The dislodged cells were removed by washing twice
with PBS, and serum-free medium was added. The cells were
cultured for 24 h, and the wound edges were photographed
at the same position at 0, 24 h under an inverted microscope.
"The migration rate was determined based on the width of the
wound edges. The assay was performed in triplicate.

Invasion assay

In vitro invasion was analyzed using 24 well Invasion Chambers (8
pm pore size; Costar, Corning, USA). For the invasion assay, the
transwell chambers were pre-coated with 50 pL. Matrigel (Corning,
USA) for 3 h. MG63 cells were seeded into the upper chambers
at the density of 1x10%100 pL in serum free medium, and the
lower chambers were filled with 500 pL. DMEM supplemented
with 10% FBS. After incubating for 24 h, the cells were
washed twice with PBS and fixed with 4% paraformaldehyde
for 30 minutes at room temperature. The PET membranes
were air-dried and stained with 0.1% crystal violet for
15 minutes. The non-invaded cells were wiped off, and the
invaded cells were photographed and counted under an
inverted microscope in five random fields per membrane.
Both assays were performed in triplicate.

Statistical analyses

All statistical analyses were performed using GRAPHPAD
PRISM7 (GraphPad Prism Software Inc., San Diego,
CA, USA) or SPSS 23.0. Two groups were compared
using Student’s #-test with Welch correction in case of
significantly different variance, or multiple groups were
compared using one-way ANOVA analysis. P<0.05 was
considered statistically significant.

Results
Identification of DEGs and DEMs in microarray

Workflow of how aberrantly methylated differentially
expressed genes were identified was shown in Figure 1. A
total of 15 DEMs were identified in the OS samples from
the GSE28423 and GSE65071 microarray datasets (see
methods), and the heat maps are shown in Figure 24,B.
In addition, 835 DEGs (Table S2) were also identified
from the GSE36001 dataset, of which 574 were down-
regulated and 261 were up-regulated (Figure 2C). Finally,
4,313 DMGs were detected in the GSE36002 dataset
(Figure 2D), of which 3,441 were hypermethylated and 872
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Figure 1 Workflow of how aberrantly methylated differentially expressed genes were identified.
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Figure 2 Identification of DEGs, DEMs and DMGs in OS. (A) Heatmap of 15 DEMs in GSE28423; (B) heatmap of 15 DEMs in
GSE65071; (C) volcano plot showing DEG distribution in GSE36001; (D) heatmap of DMGs in GSE36002. The black area, green area
and the red area represent the non-DEGs, down-regulated mRNAs, and up-regulated mRNAs, respectively. DEGs, differendally expressed

genes; DEMs, differentially expressed miRNAs; DMGs, differentially methylated genes.

were hypomethylated.

Identification of aberrantly methylated DEGs targeted by
the DEMs

The RNA22 program predicted 18,809 target genes of
the 15 DEMs. The overlap between these targets, DEGs
and DMGs revealed 187 hypermethylated down-regulated
genes (Figure 34) and only 3 hypomethylated up-regulated
genes (Figure 3B). The latter included BMP4, PYCR1 and
PRAME, which are involved in BP promoting cancers and
other diseases. We surmised therefore that BMP4, PYCR1
and PRAME were significant in OS progression. The
DEMs and 187 hypermethylated down-regulated genes are
respectively shown in Tables S3,54.

Identification of bypermethylated down-regulated genes
targeted by DEMs combined with GSEA

To further identify the DEGs in OS, we conducted GSEA
based on the GSE36001 dataset. Ten KEGG gene sets

was significantly enriched in OS compared to normal
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tissues, including a total of 539 mRNAs according to P
values <0.05 and q values <0.05 (Figure 44). The most
significantly enriched KEGG gene set in OS was the
KEGG_SPLICEOSOME (Figure 4B), and its constituent
DEGs are visualized in Figure 4C. Other significant gene
sets included KEGG_CELL CYCLE and KEGG_DNA
REPLICATION (Figure SI). Overlapping of the 539
mRNAs of KEGG gene sets, DEGs, DMGs and 18,809
target genes of the 15 DEMs, revealed 47 hypermethylated
down-regulated genes (Figure 4D) that are likely involved in
OS. The list of 47 hypermethylated down-regulated genes
was shown in Tible S5.

Functional enrichment analysis and PPI network
construction

Gene ontology (GO) analysis and KEGG analysis were next
performed to determine the BP and pathways associated
with the 47 hypermethylated downregulated genes in
OS (Figure 5). As shown in Figure 5C, the most enriched
BP were positive regulation of response to external

stimulus (GO:0032103) and phagocytosis (GO:0006909).
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Figure 3 Identification of aberrantly methylated DEGs. (A) A total of 193 hypermethylated down-regulated genes were identified, of which
187 genes were targets of DEMs; (B) three hypomethylated up-regulated genes targeted by DEMs were identified. DEGs, differentially
expressed genes; DEMs, differentially expressed miRNAs.
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Figure 5 Functional analysis and PPI network of the hypermethylated down-regulated genes. (A) PPI network of 47 hypermethylated down-

regulated genes visualized by the Cytoscape software. The size of the dots and the gradation of color indicate the strength of interaction; (B)

bubble chart shows the significant pathways. The color depth indicates statistical significance, Y-axis represents the KEGG pathway, X-axis

represents the proportion of enriched genes, and the size of the points indicates the number of genes; (C) bar graph showing the significantly

enriched biological processes in the DEGs. The color depth indicates statistical significance, the Y-axis shows the GO-BP terms and X-axis

represents the proportion of enriched genes; (D) clue GO analysis results. The large points and small points represent the significant KEGG

pathways the enriched genes, respectively. PPIL, protein-protein interaction; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs,

differentially expressed genes; GO, gene ontology; BP, biological process.

Furthermore, KEGG pathway enrichment analysis showed
that most genes were enriched in platelet activation
(hsa04611), osteoclast differentiation (hsa04380), natural
killer cell mediated cytotoxicity (hsa04650), phagosome
(hsa04145), and chemokine signaling pathway (hsa04062).
The top 10 significant pathways for the screened genes are
shown in Figure 5B, indicating that the DEGs are likely
involved in some osteoclast differentiation pathways and
several cancer-related pathways, such as the JAK-STAT
and PI3K-Akt. Furthermore, the clue GO analysis showed
that MAPK13 and FCGR2A were significantly enriched in
more pathways compared to the other DEGs (Figure 5D).
The PPI network further showed 40 nodes with strong
correlations and 2 nodes with weak correlations (Figure 5A),
indicating complex interactions between the downregulated

© Annals of Translational Medicine. All rights reserved.

and hypermethylated mRNAs at the protein level.

Function analysis and PPI network construction of
aberrantly methylated TSGs involved in OS

Our previous study showed that down-regulated hypermethylated
mRNAs play an important role in tumorigenesis. Therefore, we
screened for known TSGs among the 47 OS-related DEGs,
and identified eight (Figure 6A). This indicated that aberrant
methylation of these TSGs downregulated their expression
levels in OS and promoted tumorigenesis. PPI network
construction showed that 7 down-hypermethylated TSGs
were strongly correlated at the protein level (Figure 6B).
Further GO analysis showed that the key genes were mainly
associated with cell regulation, migration and apoptosis
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(Table 1), and pathway enrichment analysis indicated
that they were significantly enriched in the NF-kappa
B signaling pathway, chemokine signaling pathway and
viral carcinogenesis (Table 2). Therefore, these aberrantly
methylated TSGs are likely involved in OS progression, and
are potential biomarkers.

Prognostic assessment of the down-regulated
bypermethylated TSGs in OS

To determine the prognostic value of the above 8 TSGs
in OS, we assessed the metastasis free survival of patients
from the dataset, Mixed OS (Mesenchymal)-Kuijjer—127-
vst-ilmnhwg6v2, after stratifying them into the respective
low- and high-expressing groups. Patients expressing low
levels of BTK, GPX3, CXCL12, CXCX14, PYCARD and
STAT'5A had worse metastasis free survival compared to the
corresponding high expression groups (Figure 7), indicating
that these genes have a significant impact on patient
prognosis.

Correlation between methylation and gene expression

Correlation analysis of the gene expression and DNA
methylation data revealed a significant inverse correlation
between DNA methylation and the respective gene expression
levels (Figure 8). The methylation sites and correlation

© Annals of Translational Medicine. All rights reserved.

coefficient of the significant TSGs are shown in Tible 3. The
most significant effect of DNA methylation was seen on the
expression levels of STATSA and PYCARD (Cor =-0.826, P
value =5.207¢-20; Cor =-0.887, P value =1.468¢-18).

Inbibition of DNA methylation can upregulate the key

genes

To further validate the impact of methylation on the
expression of the TSGs, we treated MG63 cells with
the methyltransferase inhibitor 5-Aza, and examined the
expression levels of the relevant genes. As shown in Figure 9,
PYCARD, STATS5A, CDHS5, CXCLI12 and CXCL14
mRNA levels were significantly increased after 5-Aza
treatment, thereby confirming the iz silico data. In contrast,
BTK and GPX3 expression was not significantly affected by
inhibiting DNA methylation.

Aberrant methylation contributed to OS progression

The findings so far indicated that methylated TSGs were
involved in cancer-related pathways and contributed to
OS progression. To further elucidate the effect of aberrant
methylation on OS progression, the MG63 cells were
treated with 5-Aza and various functional assays were
performed. Blocking DNA methylation not only decreased
the survival of the OS cells in vitro (Figure 10A), but also

Ann Transl Med 2020;8(6):373 | http://dx.doi.org/10.21037/atm.2020.02.74
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Table 1 Significant biological processes in which the 8 hub genes were mainly involved

ID Description P value Gene Count
G0:2000403 Positive regulation of lymphocyte migration 3.77E-07 PYCARD/CXCL12/CXCL14 3
G0:2000401 Regulation of lymphocyte migration 1.71E-06 PYCARD/CXCL12/CXCL14 3
G0:0072676 Lymphocyte migration 9.76E-06 PYCARD/CXCL12/CXCL14 3
G0:0002687 Positive regulation of leukocyte migration 1.49E-05 PYCARD/CXCL12/CXCL14 3
G0:2000114 Regulation of establishment of cell polarity 3.42E-05 CDH5/GSN 2
G0:0032878 Regulation of establishment or maintenance of cell polarity 4.50E-05 CDH5/GSN 2
G0:0008064 Regulation of actin polymerization or depolymerization 4.74E-05 PYCARD/CXCL12/GSN 3
G0:0030832 Regulation of actin filament length 4.82E-05 PYCARD/CXCL12/GSN 3
G0:0002685 Regulation of leukocyte migration 4.90E-05 PYCARD/CXCL12/CXCL14 3
G0:2000406 Positive regulation of T cell migration 7.08E-05 PYCARD/CXCL12 2
G0:0008154 Actin polymerization or depolymerization 7.32E-05 PYCARD/CXCL12/GSN 3
G0:0098760 Response to interleukin-7 7.57E-05 STAT5A/BTK 2
G0:0098761 Cellular response to interleukin-7 7.57E-05 STAT5A/BTK 2
G0:2000404 Regulation of T cell migration 0.00013 PYCARD/CXCL12 2
G0:0110053 Regulation of actin filament organization 0.00015 PYCARD/CXCL12/GSN 3
G0:0032103 Positive regulation of response to external stimulus 0.00022 CXCL12/CXCL14/BTK 3
GO0:0072678 T cell migration 0.00028 PYCARD/CXCL12 2
G0:0032956 Regulation of actin cytoskeleton organization 0.0003 PYCARD/CXCL12/GSN 3
GO:0002532 Z’;Js;::ecm of molecular mediator involved in inflammatory 0.00032 PYCARD/BTK o
G0:1902903 Regulation of supramolecular fiber organization 0.00033 PYCARD/CXCL12/GSN 3
G0:0032535 Regulation of cellular component size 0.0004 PYCARD/CXCL12/GSN 3
G0:0032970 Regulation of actin filament-based process 0.00043 PYCARD/CXCL12/GSN 3
G0:2001233 Regulation of apoptotic signaling pathway 0.00049 PYCARD/CXCL12/GSN 3
GO0:0007015 Actin filament organization 0.00051 PYCARD/CXCL12/GSN 3
G0:0002690 Positive regulation of leukocyte chemotaxis 0.00056 CXCL12/CXCL14 2
G0:2000106 Regulation of leukocyte apoptotic process 0.0006 CXCL12/BTK 2
GO0:0050727 Regulation of inflammatory response 0.00062 PYCARD/CDH5/BTK 3
G0:0030838 Positive regulation of actin filament polymerization 0.00076 PYCARD/GSN 2
GO:0008630 ?;:Ln:gi;; apoptotic signaling pathway in response to DNA 0.00083 PYCARD/CXCL12 5
G0:0051249 Regulation of lymphocyte activation 0.00084 PYCARD/GSN/BTK 3
G0:0050900 Leukocyte migration 0.00087 PYCARD/CXCL12/CXCL14 3
G0:0002821 Positive regulation of adaptive immune response 0.00087 PYCARD/BTK 2
G0:0071887 Leukocyte apoptotic process 0.00091 CXCL12/BTK 2
G0:0002688 Regulation of leukocyte chemotaxis 0.00094 CXCL12/CXCL14 2

Table 1 (continued)

© Annals of Translational Medicine. All rights reserved.
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ID Description P value Gene Count
G0:0015696 Ammonium transport 0.00094 CXCL12/BTK 2
G0:0090066 Regulation of anatomical structure size 0.00098 PYCARD/CXCL12/GSN 3
G0:0001938 Positive regulation of endothelial cell proliferation 0.00099 STAT5A/CXCL12 2

GO, Gene Ontology; PYCARD, PYD and CARD domain containing; STAT5A, signal transducer and activator of transcription 5A; CDH5,
Cadherin 5; CXCL12, C-X-C Motif Chemokine Ligand 12; CXCL14, C-X-C Motif Chemokine Ligand 14; GSN, Gelsolin; BTK, Bruton

tyrosine kinase; GPX3, glutathione peroxidase 3.

Table 2 Significant KEGG pathways in which the 8 hub genes were mainly involved.

ID Description P value Gene Count
hsa04064 NF-kappa B signaling pathway 0.004273 CXCL12/BTK 2
hsa04670 Leukocyte transendothelial migration 0.005333 CDH5/ CXCL12 2
hsa04217 Necroptosis 0.010906 STAT5A/PYCARD 2
hsa04062 Chemokine signaling pathway 0.0148017 CXCL12/CXCL14 2
hsa05203 Viral carcinogenesis 0.0164769 STAT5A/GSN 2
hsa04810 Regulation of actin cytoskeleton 0.0185588 CXCL12/GSN 2
hsa04060 Cytokine-cytokine receptor interaction 0.033662 CXCL12/CXCL14 2
hsa05340 Primary immunodeficiency 0.0370792 BTK 1
hsa04672 Intestinal immune network for IgA production 0.0488436 CXCL12 1

KEGG, Kyoto Encyclopedia of Genes and Genomes; PYCARD, PYD And CARD Domain Containing; STAT5A, Signal Transducer And
Activator Of Transcription 5A; CDH5, Cadherin 5; CXCL12, C-X-C Motif Chemokine Ligand 12; CXCL14, C-X-C Motif Chemokine Ligand
14; GSN, Gelsolin; BTK, Bruton Tyrosine Kinase; GPX3, Glutathione Peroxidase 3.

markedly diminished their migration (Figure 10B) and
invasion capacities (Figure 10C) compared to the DMSO
controls. Taken together, aberrant DNA methylation
is conducive to OS progression, and inhibiting DNA
methyltransferases can decrease proliferation, migration
and invasion of OS cells.

Discussion

OS is a primary bone malignancy with a high rate
of recurrence. Despite advancements in surgery and
chemotherapy, the overall survival rates have been dismal
over the past 20 years (9). Aberrant DNA methylation is an
epigenetic modification that is frequently observed in most
cancers, and is a major risk factor that drives tumorigenesis
via gene silencing (7). Since epigenetic modifications affect
gene functions without altering the DNA sequence, they
result in more diverse gene expression profiles (10). Novel

© Annals of Translational Medicine. All rights reserved.

molecular biology techniques and bioinformatics integration
analysis in recent years have enabled identification of
aberrant methylation patterns in various cancers, and
provided insights into the underlying mechanisms.

We identified 187 hypermethylated genes and 3
hypomethylated genes in OS based on mRNA, miRNA and
methylation datasets, along with 15 DEMs that are relevant
in OS and other cancers except has-miR-331-5p (11). The
hsa-miR-142-5p (12), hsa-miR-338-3p (13) and hsa-miR-
542-5p were in particular strongly associated with OS, and
can help identify the key genes involved in OS progression.

BMP4, PYCRI1 and PRAME were the 3 hypomethylated
upregulated genes in OS. BMP4 is a secreted ligand of the
TGF-B superfamily that recruits and activates SMAD family
transcription factors, and is involved in cardiac development
and adipogenesis (14). BMP4 promoter hypomethylation
is associated with worse prognosis in gastric cancer (15),
indicating that the aberrant methylation of BMP4 in OS is

Ann Transl Med 2020;8(6):373 | http://dx.doi.org/10.21037/atm.2020.02.74
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Figure 7 Prognostic relevance of hypermethylated TSGs in OS. Kaplan-Meier survival analysis of 8 hub genes were conducted by
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likely oncogenic. PYCR1 catalyzes NAD(P)H-dependent
conversion of pyrroline-5-carboxylate to proline during
cell proliferation and metabolism, and is up-regulated
in a wide range of cancers. Overexpression of PYCR1
contributes to poor prognosis in prostate cancer (16), and
based on our results, may have a pro-tumorigenic role
in OS. PRAME is overexpressed in melanoma, myeloid
leukemia, neuroblastoma (17), and head and neck cancer,
and its hypomethylated form promotes the progression
of chronic myeloid leukemia (18). In OS as well, PRAME
overexpression is associated with poor prognosis, and
increases tumor cell proliferation by attenuating cell cycle
arrest (19). Taken together, these genes likely promote OS
progression, although the underlying mechanisms need to
be elucidated. Furthermore, they are potential prognostic
biomarkers and therapeutic targets in OS.

Forty-seven hypermethylated down-regulated genes in
OS were enriched in functions like response to external
stimulus, cell migration and cell proliferation, chemotaxis
and inflammatory response, all of which contribute to tumor

© Annals of Translational Medicine. All rights reserved.

metastasis (20). Aberrant migration and proliferation is an
important cellular program in tumors, and are mediated
by dysregulated signaling pathways (21). KEGG analysis
revealed that the OS-related hypermethylated genes were
significantly associated with the PI3K-Akt and JAT-STAT
pathways. The former is the most frequently mutated
network in human cancers, and is also dysregulated in tumors
due to methylation (22). It promotes cancer cell survival by
inhibiting pro-apoptotic and activating anti-apoptotic genes,
Furthermore, the downstream mTOR kinase also promotes
cell growth and protein synthesis, and downregulates this
pathway through a feedback loop. Constitutive activation
of the PI3K-Akt pathway is often accompanied by loss
or mutations in the tumor suppressor PTEN (23). It also
plays a critical role in OS genesis by inhibiting apoptosis
and activating pro-survival pathways (24). The JAK/STAT
pathway is also dysregulated in many solid tumors and
increases tumor cell proliferation and angiogenesis, resulting
in worse prognosis (25). Tyrosine phosphorylation and
nuclear localization of the STATS have been observed in the

Ann Transl Med 2020;8(6):373 | http://dx.doi.org/10.21037/atm.2020.02.74
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Figure 8 The correlation between methylation values and expression values of 8 hub genes. Higher correlation coefficient indicates stronger

association between gene expression and methylation. Cor, correlation coefficient.

Table 3 The methylation sites and correlation coefficient of The TSGs.

Gene symbol Methylation site Correlation P value

PYCARD cg09587549 -0.997 1.468e-18
STAT5A cg03001305 -0.826 5.207e-20
CDH5 €g22319147 -0.571 6.547e-21
CXCL12 cg18618334 -0.431 1.733e-15
CXCL14 cg18995088 -0.376 1.058e-19
GSN cg17071957 -0.498 1.510e-23
GPX3 cg17820459 -0.573 8.270e-18
BTK cg03791917 -0.323 1.074e-23

TSGs, tumor suppressor genes; PYCARD, PYD And CARD Domain Containing; STAT5A, Signal Transducer And Activator Of Transcription
5A; CDH5, Cadherin 5; CXCL12, C-X-C Motif Chemokine Ligand 12; CXCL14, C-X-C Motif Chemokine Ligand 14; GSN, Gelsolin; BTK,

Bruton Tyrosine Kinase; GPX3, Glutathione Peroxidase 3.

tumor tissues across a range of cancers, indicating that JAK/
SAT activation correlates with worse prognosis. We next
established a clue GO network of the hypermethylated genes
and these pathways, and observed significant enrichment of
MAPK13 and FCGR2A. The latter is an IgG receptor, and
methylation of its promoter decreases binding affinity to the
human IgG2, which is associated with higher susceptibility

© Annals of Translational Medicine. All rights reserved.

to Kawasaki Disease (26). The p38 MAP kinase MAPK13
is aberrantly expressed in several tumors, and its promoter
methylation contributes to melanoma progression (27).
However, the role of MAPK13 and FCGR2A in OS remains
to be elucidated.

The hypermethylated downregulated genes included 8
TSGs—CDHS, BTK, GPX3, PYCARD, CXCLI12, CXCL14,
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STATSA and GSN. PYCARD is a signaling factor consisting
of a PYD and CARD domain, and mediates the apoptotic
pathway by activating caspases (28). Studies show that
hypermethylation-mediated silencing of PYCARD enables
tumor cell survival by blocking apoptosis (29). We showed
a strong correlation between PYCARD hypermethylation
and down-regulation in OS, and verified that its low
expression levels indicated worse prognosis based on
clinical data. Furthermore, 5-Aza treatment markedly
upregulated PYCARD, which strongly suggests that the
aberrant methylation of PYCARD drives OS genesis.
CXCL12 is a chemokine of the intercrine family, and
binds with CXCR4 to initiate divergent pathways related
to chemotaxis and cell survival (30). High expression levels
of CXCLI12 is associated with poor prognosis in ovarian
cancer (31), and increased migration and invasiveness of
adamantinomatous craniopharyngiomas (32). In contrast,
down-regulation of CXCL12 have also been detected in OS
via promoter hypermethylation by DNA methyltransferase 1
(DNMTT) (33). According to our findings, low expression
and hypermethylation of CXCL12 indicates worse prognosis
in OS, which make it a potential therapeutic target. CXCL14
is another chemokine involved in immunoregulatory and
inflammatory processes (34), as well as tumor migration and
invasion. It inhibited colorectal cancer cell migration by
suppressing NF-kB signaling, whereas hypermethylation-
mediated silencing promoted migration (35). BTK is a
component of the Toll-like receptors (TLR) pathway, and
promotes inflammatory responses (36). In addition, it is a
modulator of p53 that can be induced in response to DNA
damage and p53 activation, and phosphorylates the latter to
enhance apoptosis (37). We found that low expression levels
of BTK due to hypermethylation was associated with poor
prognosis in OS.

CDHS5 belongs to the cadherin superfamily, and is
involved in the vasculogenic mimicry of glioblastoma stem-
like cells under hypoxic conditions (38). Low expression levels
of CDHS5 mediated by promoter methylation was strongly
associated with poor overall survival in neuroblastomas (39).
In agreement with this, CDHS5 was expressed at low levels
in OS tissues compared to normal samples, and predicted
poor prognosis. STATSA is a transcription factor that is
frequently dysregulated in cancer. Methylation-dependent
promoter region silencing of STATS5A inhibited NPM1-
ALK expression in ALK + TCL cell lines (40). One study
reported low levels of STATSA in OS and correlated it with
increased tumor progression and worse overall survival (41).

Consistent with this, the hypermethylation status of STATSA

© Annals of Translational Medicine. All rights reserved.
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was strongly associated with its low expression levels as well
as poor prognosis in our study. Interestingly, BTK, CXCL12,
CDHS5 and STAT5A showed strong functional connectivity
at the protein level, although the molecular mechanisms
remain to be elucidated.

GPX3 is a glutathione peroxidase that protects cells
against ROS and DNA damage, and is an established
tumor suppressor in various cancers (42). Gene silencing
of GPX3 by promoter hypermethylation has been reported
in hepatocellular carcinoma (43), and similar trends were
observed in the OS samples as well. GSN is an actin-
binding protein that regulates actin filament formation
and disassembly, as well as apoptosis via DNase I binding
and release (44). GSN downregulation via promoter
methylation predicts poor survival in gastric cancer (45),
whereas overexpression of GSN promoted growth and
invasion of OS cells (46). This contradicts our findings that
hypermethylation and down regulation of GSN likely drive
OS progression.

To summarize, we identified several TSGs that were
hypermethylated and downregulated in the OS tissues,
indicating a strong relationship between DNA methylation
and tumorigenesis. Although our findings have to be
validated in experimental studies and the underlying
mechanisms also need to be elucidated, we can conclude
that the aforementioned genes are significantly involved in
OS progression, and are potential prognostic markers and/
or therapeutic targets. There are however several limitations
in this study. Since the CpG sites information was not
available, the significance of specific methylation sites of
these hub genes could not be determined. Furthermore,
we did not correlate the expression data with the clinical

parameters in the same datasets. Further studies are needed
to validate the role of these TSGs in OS.

Conclusions

We identified 47 hypermethylated down-regulated mRNAs
targeted by significant miRNAs in OS, of which 8 are
established tumor suppressors. The aberrantly methylated
TSGs may be the potential prognostic biomarkers and
therapeutic targets for OS. Our findings provide new
insights into the role of methylation in OS progression.
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