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Aberrant DNA methylations in
chondrosarcoma

Chondrosarcoma (CS) is the second most common primary malignant bone tumor.
Unlike other bone tumors, CS is highly resistant to conventional chemotherapy and
radiotherapy, thus resulting in poor patient outcomes. There is an urgent need to
establish alternative therapies for CS. However, the etiology and pathogenesis of
CS still remain elusive. Recently, DNA methylation-associated epigenetic changes
have been found to play a pivotal role in the initiation and development of human
cancers, including CS, by regulating target gene expression in different cellular
pathways. Elucidating the mechanisms of DNA methylation alteration may provide
biomarkers for diagnosis and prognosis, as well as novel treatment options for CS.
We have conducted a critical review to summarize the evidence regarding aberrant
DNA methylation patterns as diagnostic biomarkers, predictors of progression and

potential treatment strategies in CS.
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Chondrosarcoma (CS), a heterogeneous
subtype of malignant tumor derived from
transformed cartilage cells, ranks as the sec-
ond most common primary bone cancer next
to osteosarcoma [1-4]. CS accounts for more
than 20% of primary bone neoplasms [s).
Unlike other primary bone sarcomas, which
mostly occur in young patients, CS can
affect people of any age, most often affect-
ing the hip and thigh bones. According to
clinical data, low-grade CSs rarely metasta-
size and can be managed with surgery alone.
However, high-grade CSs often metastasize
and are lethal in most cases. CS is notoriously
resistant to both chemotherapy and radia-
tion treatment [15]. In this regard, 5-year
survival of patients with CS ranges from
10 to 25%. There has been no progress in the
treatment of this disease over the last several
decades [67]. Therefore, there is an urgent
need to identify novel strategies for improv-

ing the treatment of CS. Recently, epigen-
etic alterations, especially DNA methylation,
have been found to play an important role in
detection and possible treatment, which may
affect the prognosis of CS.

Epigenetics commonly consist of three
main mechanisms: DNA methylation, his-
tone modifications and post-transcriptional
gene regulation by non-coding RNA [s].
DNA methylation is an epigenetic modi-
fication that occurs by the addition of a
methyl group (-CH,) to a CpG dinucleo-
tide (cytosine—guanosine base pair) in the
DNA sequence that regulates gene transcrip-
tion. Aberrant DNA methylations have been
observed and may function as biomarkers in
cancer diagnosis and prognosis [9]. Moreover,
two DNA methyltransferase (DNMT) inhib-
itors, 5-azacytidine (azacytidine) and 5-aza-
2'-deoxycytidine (decitabine), have been
approved by the US FDA for the treatment of
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some hematological malignancies. The success observed
in cutaneous lymphomas hints that a similar outcome
may be expected in solid tumors, including CS [10]. In
this review, we discuss aberrant DNA methylations in
CS. Insight into DNA methylation-associated epigen-
etic changes can offer opportunities for the detection
of molecular biomarkers that can be useful for diagno-
sis, prognosis and antimethylation drugs used for novel
potential treatment strategies in CS.

DNA methylation abnormalities in CS

DNA methylation comprises the covalent addition of a
methyl group to the fifth position of a certain nucleo-
tide in DNA sequences with the assistance of DNMTs
(DNMT1, DNMT3a and DNMT3b) [11.12]. It is vital
to a number of cellular processes, including, but not
limited to, embryonic development, X-chromosome
inactivation, genomic imprinting, gene suppression,
tumorigenesis and chromosome stability. Specifically,
this epigenetic modification could regulate gene expres-
sion through directly interfering with the binding of
specific transcription factors to DNA and/or altering
the chromatin structure by recruiting methylcytosine
binding proteins [13-15]. DNA methylation in CS can be
classified into two methylation levels, hypomethylation
and hypermethylation, both of which are significant in
the study of CS tumorigenesis and progression.

DNA hypomethylation in CS

DNA hypomethylation refers to a decreased/low
methylation level and was the first discovered epigen-
etic alteration [16]. It can occur at normally methyl-
ated DNA sequences as repetitive DNA sequences and
gene regulatory regions, and can be classified into two
subtypes: global hypomethylation (loss of total DNA
methylation content) and individual gene hypometh-
ylation (e.g., hypomethylation of an oncogene) [17].
Since repetitive DNA sequences, such as satellite 2 and
LINE-1, make up approximately 50% of the genome,
their hypomethylation always acts as a marker for
evaluating global hypomethylation that is a frequent
event in human malignancies, including Swarm rat CS
(SRC), which has been shown to resemble the human
disease [17-20]. In 2 2009 study, global hypomethylation
was induced by using decitabine in SRC, a rat model
of human CS [1820-23]. This study used rat-specific
pyrosequencing assays to compare the methylation
status of satellite 1 and LINE-1 between SRC cells
with decitabine treatment and without treatment [18].
Results showed that both repetitive DNA sequences
were hypomethylated in decitabine-treated SRC cells.
To further assess individual gene methylation status,
growth factor MDK and pluripotent transcription fac-
tor Sox2 were shown to be overexpressed, and there

was a notable decrease in methylation levels in the
promoter region of both genes following decitabine
These

invasiveness of the SRC cells with decitabine iz vitro

treatment. studies demonstrated increased
and tumor growth with decitabine 7z vivo (18]. It may
be plausible that hypomethylation of the individual
genes, MDK and Sox2, functions in CS development.
However, drug-induced global hypomethylation has
complex impacts on the whole genome, affecting the
progression of CS. There is a lack of available data on
the hypomethylation of individual genes in CS in part
possibly because hypomethylation of individual genes
is rather an infrequent event in cancers [1724]. Thus,
further investigations are required.

A correlation between changes in the microenviron-
ment and DNA methylation alteration was evaluated
in 2010 [20]. SRC tumors were transplanted in different
locations of Sprague-Dawley rats, including subcuta-
neous tissue and the tibia. Rat-specific pyrosequenc-
ing detected the methylation status of satellite 1 in
SRC tumor tissues from various locations versus that
in rat normal articular cartilage, which were obtained
from the femoral heads of healthy 37-40-day-old
male Sprague-Dawley rats. Results showed that the
SRC tumor tissues exhibited a lower methylation level
than normal cartilage. Specifically, statistically sig-
nificant differences of methylation levels were revealed
among SRC tumors tissues in different transplantation
sites [20]. These findings indicated that DNA methyla-
tion may be regulated by microenvironment changes,
providing insight into the influence of environmental
factors on DNA methylation alterations in CS.

DNA hypermethylation & abnormalities in CS
Another form of abnormal DNA methylation, hyper-
methylation of CpG islands in promoters of tumor-
related genes, refers to increased/high methylation
level. The silencing of tumor-related genes induced
by hypermethylation has been observed to have a
significant influence on tumorigenesis in CS.

DNA hypermethylation contributes to the develop-
ment of CS via various cell pathways, including cell
cycle, apoptosis, cell adherence and cell-to-cell interac-
tion [25-28]. For example, P16, a well-known tumor
suppressor gene, was found to be hypermethylated in
the promoter region in CS [26]. P16 is located on
chromosome 9p21 and encodes an inhibitor of cyclin-
dependent kinase which is involved in the control of
Gl1 progression and arrests the growth of deregulated
tumor cells [29]. Five high-grade CS tissues (dediffer-
entiated, central grade II and grade III tumors) were
found to be partially methylated by methylation-
specific PCR (MSP) across 22 CSs [26]. The methyla-

tion levels of eight candidate tumor suppressor genes,
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P21V, 16NN p144%, DAPK, FHIT, hMLHI, p73
and E-cadhberin (CDHI), in dedifferentiated CS tis-
sue were measured by MSP analysis [27]. The samples
analyzed consisted of two different areas: a low-grade
chondroid site and a highly malignant osteosarcoma-
tous site. The results showed pI6™"* and E-cadberin
(cell-adhesion-related gene) was methylated in both
dedifferentiated CS sites. However, methylation of
FHIT (an apoptosis and cell cycle control-related gene)
was only detected in the highly malignant osteosarco-
matous site [27]. Furthermore, gene silencing induced
by DNA hypermethylation is involved in cell-to-cell
interaction in CS. Heparan sulfate (HS) proteoglycan
is a core protein linked by long linear glycosaminogly-
can HS located on the surface of almost every animal
cell, and interacts with numerous biological molecules,
such as growth factors and cytokines [2830]. Thereby,
HS proteoglycans regulate a number of biological
processes, including cell proliferation, migration and
adhesion. Abnormal promoter DNA hypermethylation
of one HS biosynthetic enzyme, 3-OS7, was examined
in human CS cell line HEMC compared with that in
normal human blood [28]. Semiquantitative real-time
PCR analysis of 3-OST mRNA showed significantly
elevated expression in the decitabine-treated HEMC
cell line as compared with untreated cells, suggesting
a downregulation of transcriptional activity by meth-
ylation modification. Further assessment showed the
effect of the restoration of 3-OST expression on CS
cell activities. Decitabine treatment of HEMC cells or
transfection of 3-OST ¢cDNA increased cell adhesion
and reduced cell proliferation and migration versus
untreated cells or untransfected cells [28]. These find-
ings indicate that hypermethylation of 3-OST contrib-
utes to invasive phenotypes in CS in vitro. Addition-
ally, hypermethylation influences the gene expression
of upstream regulators. In CS patient specimens, the
hypermethylation of RUNX3, an encoding transcrip-
tion factor regulating cell cycle arrest and apoptosis,
acting as a tumor suppressor was examined by MSP [2s].
Western blot and real-time PCR for mRNA exhibited
a reduction of RUNX3 protein levels as well as a low
transcription level in CS tissues relative to normal
tissues [25]. Furthermore, a correlation was observed
between RUNX3 promoter hypermethylation and
downregulated expression, implicating hypermethyl-
ation of RUNX3 as a mechanism of inactivating gene
expression. Colony formation assays were performed to
examine the antitumor activities of RUNX3 in CS cell
line SW1353 and results showed lower proliferation of
cDNA-transfected CS cells relative to untransfected
cells. A high rate of apoptosis was also confirmed in
cDNA-transfected cells versus untransfected cells. Col-
lectively, hypermethylation of RUNX3 correlated with
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increasing proliferation and reducing apoptosis in CS
cells in vitro [25]. Hypermethylation of tumor-related
genes in human CS is shown in Figure 1.

DNA methylation alterations induced by
genetic changes in CS

Disordered DNA methylation patterns led by /DH gene
mutation prove that DNA methylation can be regu-
lated by genetic modification. /DH mutations (/DH1
and /DH2 mutations) are prevalent in more than 50%
of patients with CS 31. Mutant /DH in CS produces
elevated 2-hydroxyglutarate compared with normal
tissues (32]. 2-hydroxyglutarate is an inhibitor of TET
proteins that participate in DNA demethylation. Thus,
increasing 2-hydroxyglutarate produced by mutant /DH
results in genome-wide hypermethylation [3132]. Collec-
tively, /DH mutations can maintain appropriate DNA
methylation of genes associated with regulation of cells
differentiation and ultimately contribute to tumorigen-
esis (3132]. In murine 10T1/2 mesenchymal progenitor
cells, the expression of mutant /DH2led to genome-wide
DNA hypermethylation and impairment in the differ-
entiation of mesenchymal cells, which could be reversed
by treatment with azacytidine [31-33]. Therefore, further
investigation into the genetic impact on DNA methyla-
tion in CS and the interaction between genetics and epi-
genetics is necessary for the understanding of initiation
and progression of this malignancy.

3-O-sulfotransferases
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Figure 1. Hypermethylation of tumor-related genes
in human chondrosarcoma. Five tumor-related
genes are shown to be hypermethylation in human
chondrosarcoma: 3-OST, RUNX3, p16"“* CDH1 and
FHIT.
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DNA methylation profiles in CS

Sox family genes code proteins that are involved in cell
processes, such as cell development, homeostasis and
regeneration [34]. Dysregulations of these genes have
been found in sarcoma, including CS. Besides Sox2
mentioned in Table 1, another member of the Sox fam-
ily, Sox9, which acts as a transcriptional factor and plays
a significant role in chondrogenesis, has been found to
be upregulated in three CS types (conventional, mes-
enchymal and clear cell), but downregulated in dedif-
ferentiated CS [34-38]. Consequently, Sox family DNA
methylation may exist in CS.

CS may be characterized by epithelial features of can-
cer. CS cells were observed to have acquired the expres-
sion of four epithelial markers: E-cadherin, Desmocol-
lin 3, Maspin and 14-3-30 in vitro [39]. Furthermore,
hypomethylation of two of the four markers, Maspin
and 14-3-30, were examined. There is a progression
transitioning from mesenchymal to epithelial during
CS development. DNA methylation modification is
involved in this progression. Importantly, substantial
DNA methylation profiles of cancers could be utilized
for exploring unclaimed DNA methylation in CS.

Gene silencing induced by DNA methylation
occurs not only in protein-coding genes, but also in
non-coding RNA-coding genes, such as miRNAs [40].
MiRNAs are one of the small non-coding RNAs and
are approximately 22 nucleotides long, functioning as
post-transcriptional regulators of target genes expres-

sion. MiRNAs participate in cellular processes, such
as proliferation, apoptosis, differentiation, oncogenesis
and drug resistance, by means of the function of its
target genes in a large number of malignancies, includ-
ing CS [41,42]. For example, miRNA-145 is involved in
chondrogenic differentiation through downregulat-
ing the expression of Sox9. The observed overexpres-
sion of Sox9 in CS implies the declining expression
of miRNA-145 [43]. MiRNA-494, which inhibits cell
proliferation and invasion of CS, was reported to be
downregulated in CS tissues and human CS cell line
SW1353 [42]. However, the combination of DNA
methylation and miRNA in CS has not been studied.
Accordingly, further investigation on DNA methylation
of CS-related miRNA may yield promising results.

A summary of DNA methylation profiles is presented
in Table 1.

Potential biomarkers for DNA methylation

in CS

DNA methylation analysis could be used to identify
biomarkers for diagnosis of CS. RUNX3 expressions
induced by different DNA methylation levels have
shown a significant association with CS pathological
types through statistical analysis [25]. Thus, evaluat-
ing the methylation level of RUNX3 may serve as a
biomarker to distinguish the particular histological
features associated with clinical diagnosis for CS [2s].
At present, the main diagnostic methods of CS are

Table 1. DNA methylation profiles in chondrosarcoma.

Gene
MDK

Sox2

Satellite 1

LINE-1

Maspin

14-3-3c

p16'K4a (CDKN2A)

FHIT

E-cadherin (CDHT1)
3-0ST
RUNX3

methylation status in CS.

Sample
Rat CS cells

Rat CS cells

Rat CS cells, rat
CS tissues

Rat CS cells
Human CS cell lines
Human CS cell lines

Human CS tissues

Human CS tissues

Human CS tissues
Human CS cell lines

Human CS tissues

CS: Chondrosarcoma; HS: Heparan sulfate.

Function Methylation status Ref.

Growth factor Induced [18]
hypomethylation®

Pluripotent transcription Induced [18]

factor hypomethylation®

Repetitive DNA elements Global hypomethylation  [18,20]

Repetitive DNA elements Global hypomethylation [18]

Epithelial-specific marker Hypomethylation (39]

Epithelial-specific marker Hypomethylation (39]

Inhibitor of cyclin-dependent Hypermethylation [26,27]

kinase

Induce apoptosis and in Hypermethylation [27]

cell-cycle control

Cell adhesion Hypermethylation [27]

HS biosynthetic enzymes Hypermethylation (28]

Induce cell cycle arrest and Hypermethylation [25]

apoptosis

fInduced hypomethylation denotes certain gene is detected as hypomethylated after using DNA methyltransferase inhibitor but unknown
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imaging and pathological biopsy assessment. The
previous studies cited in this review suggest that a
feasible application of detection of disordered DNA
methylation could be used as tumor markers in aid-
ing the diagnosis of CS. In order to build a library of
aberrant DNA methylation profiles associated with
clinical parameters in CS patients, more hypermethyl-
ation and hypomethylation biomarkers relating to CS
development and progression need to be explored.

DNA methylation of particular tumor-related genes
could be considered as putative biomarkers of progno-
sis in patients with CS. In the case of RUNX3 as pre-
viously mentioned, methylation of RUNX3 was also
associated with patient survival in clinic [2s]. Positive
expression of RUNX3 revealed a more favorable out-
come as compared with negative expression of RUNX3
in 63 patients with CS, and it was demonstrated
that hypermethylation was responsible for decreased
RUNX3 expression [25]. Accordingly, monitoring of
the dynamic changes in prognosis-related DNA meth-
ylation after tumor resections could help evaluate the
effect of therapy, as well as anticipate the prognosis of
CS patients.

Additionally, the measurement of DNA markers
has several unique merits. As compared with protein,
another frequently used indicator of tumor progres-
sion and diagnosis in clinic, DNA is stable and easy to
isolate from different kinds of material, whereas pro-
teins are more difficult to harvest in amounts neces-
sary for analysis [24]. Moreover, the detection of DNA
methylation requires less sophisticated methods over,
for example, mutation of traditional genetic alteration
which has been recognized as valuable in clinical diag-
nosis [44]. DNA methylation locating at CpG dinucle-
otides was previously well defined, unlike mutations,
which affect sites distributed sparsely throughout the
genome sequence, and hence requires more compli-
cated analyses [24]. Nevertheless, the application of
DNA methylation methods in the clinic faces chal-
lenges as well. Studies on DNA methylation biomark-
ers in CS are either scarce or employ too few number of
samples for broad interpretation. Further application
in clinical practice will require rapid, cost-effective
techniques, objective criteria for selection of the can-
didate gene markers as well as the establishment of
false-positive and false-negative rates [9].

Prospective therapy for using DNMT
inhibitors in CS

DNMT inhibitors, which consist of decitabine, aza-
cytidine and hydralazine, mainly interfere with DNA
methylation through disrupting DNMTS’ activity and
blocking subsequent DNA methylation [10.45]. Re-
expressing silenced tumor suppressor genes, such as

Aberrant DNA methylations in chondrosarcoma Special Report

p16™F RASSFIA and DAPK, consequently impedes
tumors progression. In the CS cell line HEMC,
decitabine-mediated ~demethylation restored the
expression of tumor suppressor 3-OST and resulted in
reduced proliferative and invasive properties, as well
as increased adhesion of CS cells [28]. Accordingly,
the strategy of using DNMT inhibitors can attenuate
CS progression induced by appropriate hypermethyl-
ation of tumor suppressor gene iz vitro. However, the
nonspecific effects of DNA demethylation agents do
not always yield the expected outcomes in antitumor
studies. In SRC, global hypomethylation, induced by
decitabine, contributed to CS progression both 77 vitro
and iz vive. The invasiveness of rat CS cells dramati-
cally decreased compared with control after withdraw-
ing decitabine 77 vitro [18]. Moreover, a specific DNA
methylation pattern often is restored after the removal
of the demethylation agents and the toxic effects of
demethylation agents exist, such as neutropenia caused
by high doses of azacytidine [10.46]. Thus, exploring
specific demethylation therapy and management of
demethylation drugs in clinical practice are challenges
that remain to be solved.

Conclusion

Evidence regarding DNA methylation, especially
hypomethylation, is quite limited so far. It is neces-
sary, as well, to accumulate more data on methyla-
tion modification in regard to clinical parameters for
those patients with CS. However, recent developments
in investigations have provided valuable insights into
the role of these modifications in several tumor-related
genes and disruption of normal biological process
leading to CS tumorigenesis and progression. These
new insights hold potential applications in diagnosis,
prognosis and treatment of CS.

Future perspective

CSs are specific resistant to chemotherapy and the
prognosis of patients with unresectable or metastatic
disease remains poor. As many different genetic and
epigenetic alterations in CS have been identified, it
is important to identify druggable targets that may
improve the prognosis and the treatment of CS patients.
There is still much to explore regarding the aberrant
methylation of CS-related genes; how they contribute
to oncogenic process; and what factors affect them
in CS. Future characterization of DNA methylation
pathways involved in the pathogenesis of CS may offer
the improved treatment of patients with CS.
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Executive summary

DNA methylation abnormalities in chondrosarcoma

(CS) invasiveness in vitro and tumor growth in vivo.

DNA methylation profiles in CS
e Sox family DNA methylation may exist in CS.

Prospective biomarkers for DNA methylation in CS

challenges as well.
Potential therapy for using DNMT inhibitors in CS

¢ DNA global hypomethylation induced by DNA methyltransferase (DNMT) inhibitor increases chondrosarcoma
e DNA methylation may be regulated by microenvironment change.

e DNA hypermethylation contributes to CS progression via dysregulating various tumor-related genes.
e |DH mutations are involved in modulating inappropriate DNA methylation in CS.

e DNA methylation profiles of cancers could be utilized for exploring unclaimed DNA methylation in CS.
¢ DNA methylation of CS-related miRNA may yield promising results.
e DNA methylation of RUNX3 could be used as biomarkers for diagnosis and prognosis in patients with CS.

e Measuring of DNA methylation has several unique merits, but the application of it in the clinic faces

e DNMTs may work in curing CS, but there is a challenge because of their nonspecific effects and toxic effects.
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