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Abstract. Epigenetic modifications of histones have crucial
roles in various types of cancers. The aberrant trimethylation
of histone H4 at lysine 20 (H4K20) has been implicated in
carcinogenesis. At present, the status of trimethylation at
H4k20 (H4K20me3) in osteosarcoma (OS), the predominant
bone cancer in humans, is unknown. In the present study, a
genome-wide decrease was observed in H4K20me3 levels
in OS tissues and cell lines. Reduced levels of lysine meth-
yltransferase 5C (SUV420H2), the histone methyltranferase
responsible for modification of H4K20me3, was also observed
in OS cells with the associated loss of H4K20me3. Furthermore,
a total of 507 SUV420H2-regulated genes were identified
through RNA-seq and a number of candidate genes were
further validated. Bioinformatic analysis revealed an asso-
ciation between SUV420H2 and multiple signaling pathway,
including the mitogen-activated protein kinase, P53, trans-
forming growth factor and the ErbB pathways. These results
demonstrated that there are aberrant levels of H4K20me3 and
SUV420H2 in OS, and highlighted H4K20me3 as a candidate
biomarker for the early detection of OS.

Introduction
Osteosarcoma (OS) is the most common primary malignancy

of bone, which also has a high rate of metastasis to the lungs (1).
Currently, the 5-year survival for patients with localized OS is
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60-65%; however, survival drops to 20-30% for patients with
recurrent disease (2). Despite various attempts, the overall
survival probabilities have not substantially improved in the
last 30 years (2). OS is a heterogeneous tumor, with a wide
diversity of genetic and epigenetic alterations that are involved
in its development and progression (1,3). As such, the identifi-
cation of these genetic and epigenetic abnormalities may have
a great impact on the future therapies for OS.

Epigenetic regulations through post-translational modifi-
cations (PTMs) of histone proteins by methylation have been
characterized as key factors in cell growth, differentiation and
DNA repair pathways (4,5). Aberrant histone methylation is
a universal feature of various types of cancer and most likely
plays a causal part in tumorigenesis (6,7). However, due to the
rarity of OS within the population, there are limited studies
investigating alterations of histone methylation in OS. To the
best of our knowledge, the present study is the first showing
aberrant histone methylation in OS.

Methylation of histone H4 lysine20 (H4K?20) is implicated
genomic integrity, such as playing a role in the DNA repair, DNA
replication, chromatin compaction and transcriptional regula-
tion processes (8,9). Trimethylation at H4K20 (H4K20me3), a
marker of constitutive heterochromatin, is correlated with the
silencing of genes during the development of various types of
cancer (10,11). In particular, a global decrease of H4K20me3
is considered a common hallmark of various types of human
cancers (11-14). It has been proposed that the loss of H4K20me3
in repetitive DNA sequences is associated with the global loss
of DNA methylation in tumorigenesis (11). Furthermore, loss
of H4K20me3 is correlated with a poor prognosis in bladder,
colon and breast cancer, presenting H4K20me3 with a potential
prognostic value for various types of cancer (15-20). Lysine
methyltransferase 5B (SUV420H1) and lysine methyltransferase
5C (SUV420H?2) are preferentially responsible for dimethyl-
ation of H4K20 (H4K20me2) and trimethylation of H4K?20
(H4K20me3)(21,22).Suv420h-double-null (Suv420h1/Suv420h2
double-knockout) mice present with perinatally death and lose
nearly all H4K20me2 and H4K20me3, as well as being accom-
panied with chromosomal aberrations and deficiencies in DNA
double-strand break repair (23). Abrogation of SUV420H2 or
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both SUV420H HMTs but not SUV420H1 leads to decreased
H4K20me3 in telomeric chromatin that provides an increased
tumorigenic potential, indicating an important role for
SUV420H HMTs in tumorgenicity (24,25). In the present study,
aberrations in histone H4K20 trimethylation in OS tissues and
cell lines were observed, presumably associated with decreased
SUV420H2 expression levels, which is likely to be related to a
poor survival in OS. Additionally, a set of SUV420H2-regulated
genes involved in numerous signaling pathways was identified
through RNA-sequencing (RNA-seq) analysis. As such, the
present findings indicated crucial functions for H4K20me3
and its specific HMTs, SUV420H2, in OS. Furthermore, it was
illustrated that H4K20me3 and SUV420H2 may be promising
candidate biomarkers for the early detection of OS.

Materials and methods

Cell lines and cell culture. The human osteoblast cell line,
hFOBI.19, and human OS cell lines, HOS, U20S and MG-63,
were purchased from The Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences. Cells were grown in
DMEM (Gibco; Thermo Fisher Scientific, Inc.), supplemented
with 10% FBS (ScienCell Research Laboratories, Inc.) and
1% antibiotic/antimycotic solution (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in a humidified incubator with 5% CO,.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was isolated from the cells by using Takara
MiniBEST Universal RNA Extraction kit (Takara Bio, Inc.).
RNA was reverse transcribed to cDNA using the PrimeScript™
1st strand cDNA Synthesis kit (Takara Bio, Inc.) according to the
manufacturer's instruction. The cDNA synthesis reaction was
performed at 42°C for 45 min. Quantitative PCR was conducted
using TB Green™ Premix Ex Taq™ II (Takara Bio, Inc.) at 95°C
for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for
34 sec, in the ABI StepOnePlus Real-time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.). Relative gene expres-
sion levels were quantified relative to GAPDH levels using the
2429 method (26). Each sample was analyzed in triplicate. The
primer sequences are listed in Table SI.

Small interfering RNA (siRNA) transfection. siRNA oligo-
nucleotide duplexes were synthesized by Biolino Nucleic Acid
Technology Co., Ltd. (www.biolino.cn), targeting the human
SUV420H?2 transcripts. siRNA targeting enhanced green
fluorescent protein [EGFP (siEGFP)] and negative control
(siNC) were used as control siRNAs. The siRNA sequences
are described in Table SII. OS cancer cells were transfected
with siRNA duplexes (100 nM final concentration) using
Lipofectamine® RNAIMAX (Thermo Fisher Scientific, Inc.).
Lipofectamine® RNAIMAX and siRNA were separately
diluted in Opti-MEM® I Reduced Serum Medium (Gibco;
Thermo Fisher Scientific, Inc.). Two diluted reactions were
mixed together, incubated for 5 min at room temperature,
and the siRNA-lipid complex was added to cells. Transfected
cells were incubated continuously at 37°C for additional 96 h
followed by immediate RNA extraction or cell lysis.

Immunohistochemistry (IHC), western blotting (WB) and
antibodies. Pre-fixed human OS tissue microarray containing

43 OS samples and 13 normal bone samples (from adjacent
normal bone tissue) was purchased from Alenabio. EliVision™
plus kit and DAB kit (MXB Biotechnologies; http:/maxim.
com.cn/) were used for staining according to the manufac-
turer's instruction. The sections were deparaffinized with
xylene and rehydrated through 100, 95, 85 and 70% ethanol
for 5 min. Endogenous peroxidase activity was blocked by
incubating sections in 3% H,0, solution in methanol at room
temperature for 10 min. After blocking with 10% goat serum
(Wuhan Boster Biological Technology, Ltd.) at room tempera-
ture for 20 min, the sections were sequentially incubated with
rabbit anti-H4K20me3 antibody (1:100) at 37°C for 2 h, signal
enhancer (from the EliVision™ Plus kit, MXB Biotechnologies)
at room temperature for 30 min and anti-rabbit IgG Fab-HRP
(ready to use, EliVision™ Plus kit) at 37°C for 30 min. Each
incubation step was followed by three washes in PBS for 5 min.
DAB solution (DAB kit, MXB Biotechnologies) was applied to
reveal the color. After the color development was stopped by
washing with distilled water, the slides were immersed into
hematoxylin at room temperature for 10 min and washed with
distilled water. The slides were dehydrated through 4 changes
of ethanol (70, 85, 95 and 100%) for 5 min each, cleared with
xylene, and mounted using Neutral balsam mounting solution
(Sinopharm Chemical Reagent Co., Ltd.). Finally, the tissue
slides were observed under a light microscope at 200x and
400x magnification (Olympus BX41). Two expert pathologists
performed semiquantitative analysis of H4K20me3 staining
levels using a 3-grade scale defined as: Mild grade, +1; moderate
grade, +2; and strong grade, +3. For WB, the cells were lysed
using RIPA lysis buffer [S0 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet-P40,
0.1 mM PMSF] containing Protease Inhibitor Cocktail (Roche
Diagnostics), and protein concentrations were determined using
a BCA Protein assay kit (CoWin Biosciences). In total, 20 ug
proteins were loaded in each well then subjected to 10% (for
detection of SUV420H2 and B-actin) or 15% (for detection of
H4K20me3 and H4) SDS-PAGE. The proteins were transferred
onto polyvinylidene fluoride (PVDF) membranes followed by
blocking with 5% milk in 0.1% TBST buffer for 1 h at room
temperature. Later, the blots were incubated with primary
antibodies at 4°C overnight, and subsequently incubated with
secondary antibodies for 1 h at room temperature. Finally, the
protein signals were detected by Tanon high-sig ECL western
blotting substrate (Tanon Science & Technology Co., Ltd.).
The relative density of the protein band of interest is quali-
fied using Tanon Image Software version 1.0 (Tanon Science
& Technology Co., Ltd.). The following antibodies were used:
Anti-H4K20me3 (cat. no. ab9053; dilution, 1:100 for IHC
and 1:1,000 for WB; Abcam), anti-H4 (cat. no. 16047-1-AP;
dilution, 1:500; ProteinTech Group, Inc.), anti-SUV420H2
antibody (cat. no. ab91224; dilution: 1:100; Abcam), anti-f-actin
(cat. no. sc-47778; dilution, 1:1,000; Santa Cruz Biotechnology,
Inc.), goat anti-rabbit IgG secondary antibody, HRP conjugate
(cat. no. KGAA35; dilution: 1:1,000; KeyGEN BioTECH)
and goat anti-mouse IgG secondary antibody, HRP conjugate
(cat. no. KGA A37; dilution, 1:1,000; KeyGEN BiocTECH).

RNA-seq analysis. Indexed libraries from HOS cells incubated
with siEGFP or siSUV420H2 were subjected to RNA-seq
using the [llumina Hiseq2000 platform (Illumina, Inc.). Gene
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Figure 1. Modifications to H4K20me3 in OS. (A) Representative samples of H4K20me3 immunostaining in tissue samples (400x magnification) from patients
with OS, ranging from low (+1) to high (+3). H4K20me3 positive spots exhibited brown staining with a nuclear localization. (B) Levels of H4K20me3 were
significantly lower in the OS samples than in normal bone tissue. (C) H4K20me3 levels were reduced in HOS, U20S and MG-63 osteosarcoma cell lines
compared to hFOBI1.19 cells. Histone H4 and B-actin served as loading controls. Data are presented as the mean + standard deviation of two independent
experiments; "P<0.05 OS cell lines vs. hFOBI1.19. “*"P<0.0001. H4, histone H4; H4k20me3, trimethylation at histone H4 lysine 20; OS, osteosarcoma.

expression was quantified using the fragments per kilobase of
transcript per million mapped reads (FPKM) normalization
method (27) and Cufflinks version 2.2.1 (http://cole-trapnell-lab.
github.io/cufflinks/install/) was used for FPKM quantification.
Gene expression levels and differential transcription between
siEGFP and siSUV420H2 treated cells (using the same method-
ology as aforementioned) were evaluated using Cuffdiff (part of
the Cufflinks software aforementioned). The lists of significantly
differentially expressed genes were obtained using a threshold
of P-value <0.05 and a fold-change =2. Gene Ontology (GO)
analysis was performed using the standard enrichment compu-
tation method (28). KEGG pathway analysis was performed by
KOBAS and P<0.05 was set as the cut-off criterion.

Statistical analysis. Statistical analyses were performed using
SPSS version 20.0 (IBM Corp.). Comparisons between two
groups were analyzed using an independent two-sample t-test
(two-tailed), while comparisons among multiple groups were
analyzed using one-way ANOVAs followed by Tukey's post hoc
test. P<0.05 was considered to indicate a statistically significant
difference. Experiments were performed in duplicate or triplicates
and results are presented as mean + SD except for the RT-qPCR
experiments. The mean + SEM was used for RT-qPCR experi-
ments. The status of overall survival regarding the SUV420H2
expression was set using the median SUV420H2 expression as the

cut-off and was estimated with the Kaplan-Meier method using
GraphPad Prism v.6 software (GraphPad Software, Inc.). The
log-rank test was used to assess statistical significance.

Results

Aberrant pattern of H4K20me3 in OS. The expression status
of H4K20me3 was examined in tissue samples from patients
with OS using a tissue microarray containing 43 OS samples
and 13 normal bone samples (from adjacent normal bone tissue)
by IHC analysis. Fig. 1A presents representative results of the
THC data, where scores were applied of +1 to +3. IHC analysis
revealed moderate or strong (=+2) staining of H4K20me3 in
all of normal samples (13 in 13) compared with 25.58% (11 in
43) in the OS cases. Approximately 55.81% (24 in 43) of OS
cases expressed H4K20me3 at mild levels (+1) and 18.6% (8 in
43) of OS cases between mild to moderate levels (Fig. 1B),
indicating decreased levels of H4K20me3 in OS tissues.
Subsequently, the levels of H4K20me3 in OS cell lines were
investigated. The levels of H4K20me3 were reduced in all of
three tested OS cell lines (HOS, U20S and MG-63) compared
with the normal osteoblast cell line, hFOB1.19, whereas there
was no significant change in the expression of total histone H4
(Fig. 1C). Together, these results illustrated that there was a
loss of H4K20me3 in both the OS tissues and cancer cell lines.
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Figure 2. Reduced expression levels of SUV420H2 are found in OS cell lines. (A) Reverse transcription-quantitative PCR of SUV420H1 (left) and SUV420H2
(right) in OS cell lines, compared with the normal control hFOBI1.19 cell line. mRNA expression levels were normalized to GAPDH. Data are presented as the
mean + SEM of three independent experiments; “P<0.05 OS cell lines vs. hFOB1.19. (B) Expression of SUV420H2 protein in OS cell lines was analyzed by WB
analysis using anti-SUV420H2 antibodies and (3-actin served as a loading control. OS, osteosarcoma; SUV420H1, lysine methyltransferase 5B; SUV420H2,

lysine methyltransferase 5C.
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Figure 3. Kaplan-Meier overall survival for patients with osteosarcoma in the (A) GSE21257 and (B) GSE42352 database based on SUV420H2 expression
levels (low vs high expression level groups). SUV420H2, lysine methyltransferase 5C.

SUV420H2 expression is associated with decreased
H4K20me3 levels in OS. To identify the histone methyltrans-
ferase responsible for the loss of H4K20me3, the mRNA
expression levels of both SUV420H1 and SUV420H2 were
examined. Interestingly, only mRNA expression levels of
SUV420H2 were significantly reduced in all three OS cell
lines (HOS, U20S and MG-63) compared to hFOB1.19 cells,
but not mRNA expression levels of SUV420H1 (Fig. 2A).
Similarly, a drastic reduction in protein expression levels of
SUV420H2 were observed in HOS, U20S and MG-63 cells
in contrast to hFOBI1.19 cells, indicating that the decreased
SUV420H2 is associated with the global loss of H4K20me3
in OS (Fig. 2B). The present study failed to detect the protein
expression of SUV420HI1 in cell lines due to the antibody
issue. Next, using the expression profile dataset GSE21257,
which included 53 OS samples, and the GSE42352 dataset,
which included 88 OS samples, the prognostic significance
of SUV420H2 expression was investigated. As shown in
Fig. 3A and B, no prognostic value for SUV420H2 expression
was observed (P=0.47 in GSE21257; P=0.11 in GSE42352).
Nevertheless, there was a tendency towards a poorer prognosis
in low SUV420H2 expression group even though the associa-
tion was not significant.

Identification of downstream genes of SUV420H?2. To identify
the involvement of SUV420H2 in OS, RNA-seq analysis was
performed to find SUV420H2-regulated genes in HOS cells

which were expressed at higher levels with H4K20me3. The
knockdown efficiency of SUV420H2 was validated both at
the mRNA and protein levels, as shown in Fig. 4A and B. The
expression levels of SUV420H2 were substantially reduced in
the siSUV420H?2 treated cells. Subsequently, RNA sequencing
of the gene expression analysis was performed in HOS cells
treated with siSUV420H2#1 or siEGFP as a control. A variety
of genes were identified, including 205 upregulated genes and
302 downregulated genes in SUV420H2-depleted HOS cells,
with a threshold of P<0.05 and a fold-change =2 as compared
with the control (Fig. 4C). GO term enrichment analysis of
the biological process category revealed that upregulated
genes after SUV420H2 depletion were involved in various
biological processes, including regulation of cell proliferation
(GO:0042127, 35 upregulated DEGs were included), regula-
tion of growth (GO:0040008, 20 upregulated DEGs were
included) and the response to chemicals (GO:0042221, 40
upregulated DEGs were included), whereas downregulated
genes after SUV420H2 depletion were associated with
the negative regulation of transcription (GO:0045892, 42
downregulated DEGs were included), regulation of meta-
bolic processes (G0:0019222, 127 downregulated DEGs
were included) and the negative regulation of gene expres-
sion (G0O:0010629, 41 downregulated DEGs were included)
(Fig. 5A), indicating that SUV420H2 expression is involved
with a complicated of functions in vivo. Additionally, the top
ten KEGG pathways were analyzed and presented in Fig. 5B.
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Figure 4. Downstream genes of SUV420H2 were identified using RNA-sequencing. (A) Reverse transcription-quantitative PCR was used to examine the knock-
down effect of SUV420H2 expression in HOS cells transfected with siRNA specific to SUV420H2 (si SUV420H2#1 and si SUV420H2#2) compared to control
siRNA (siEGFP and siNC). Data are presented as the mean + SEM of three independent experiments. (B) The knockdown efficiency of SUV420H2 in protein
level was confirmed using western blotting. Levels of H4K20me3 were also investigated. Total histone H4 and f-actin were loaded as controls. (C) Heatmap
of up and downregulated genes following depletion of SUV420H2. RNA sequence analyses were conducted on HOS cells treated with SUV420H2-specific
siRNA (si SUV420H2#1) or EGFP control siRNA for 96 h. "P<0.05 vs. siEGFP. EGFP, enhanced green fluorescent protein; H4K20me3, trimethylation at
histone H4 lysine20; si, small interfering RNA; SUV420H2, lysine methyltransferase 5C.

These results demonstrated that changes in SUV420H2
expression may influence a variety of key signaling pathways
in carcinogenesis including the mitogen-activated protein
kinase (MAPK), p53 and ErbB signaling pathways, indicating
substantial contributions of SUV420H2 to carcinogenesis. To
validate the findings of the RNA-seq, the top 20 upregulated
and downregulated candidate genes were selected for further
analysis using RT-qPCR. Two SUV420H2 specific siRNAs
(siSUV420H2#1 and siSUV420H2#2), targeting different
sections of SUV420H2, were used to exclude any off-target
candidate genes. As a result, 7 upregulated and 13 down-
regulated genes, as listed in Fig. 6A and B, were identified
from the depletion of SUV420H2. Fos proto-oncogene (FOS),
which is implicated as a regulator of cell proliferation and
differentiation (29) and was upregulated with the reduction
in SUV420H2 expression. Growth differentiation factor
15, which is involved in transforming growth factor (TGF)
signaling (30), was downregulated with the silencing of
SUV420H2.

Discussion

The nucleosome is comprised of histone proteins containing a
147-bp DNA segment and is a fundamental unit of chromatin
structures (31). All four core histone proteins, including H3,
H4,H2A and H2B undergo diverse PTMs such as acetylation,
phosphorylation, methylation, ubiquitination, SUMOylation
and ADP-ribosylation (32). Through dynamic regulations
of chromatin structure, these histone modifications impact
on genomic integrity and a set of physiological functions,
including transcriptional regulation and DNA replication, as
well as DNA damage and repair (4,5). Among these histone
modifications, aberrant histone methylation events are likely
to play a causal role in tumorigenesis (6). H4K20me3, a hall-
mark of silenced heterochromatic regions, is closely related
with various types of cancer (10). Aberrant H4K20me3 has
been reported in breast and lung cancers (11,13,14). However,
there is no reported study regarding the status of H4K20me3
in OS. As such, the present study firstly examined the levels
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of H4K20me3 in OS tissue samples and cancer cell lines. The
results found decreased levels of H4K20me3 in OS tissue
samples and cell lines compared with normal samples. These
findings indicated that the loss of H4K20me3 is likely to be
involved in the development and progression of OS.

SUV420H proteins, including SUV420H1 and SUV420H2,
mediate the vast majority of H4K20me3 modifications (33).
In SUV420H1-null primary mouse embryonic fibroblasts,
H4K20me2, but not H4K20me3, is reduced. In contrast,
SUV420H2-null cells exhibit selective loss of H4K20me3, but
maintain H4K20me2, indicating that SUV420H2 has a prefer-
ence to induce H4K20me3 (23). In order to further elucidate
which histone methyltransferase are responsible for the loss
of H4K20me3 in OS, the expression levels of SUV420H1 and
SUV420H2 were investigated in OS cell lines. Notably, there
was a pronounced decrease in SUV420H2 expression levels in
OS cells, whereas no significant changes were detected in the
expression levels of SUV4A20H]1. These findings suggested that
aberrant SUV420H2 expression was largely associated with the
loss of H4K20me3 in OS cells. However, the protein expression
levels of SUV420H1 were unable to be examined in the present
study due to specificity issues with the available antibodies.
Similarly, reduced expression levels of SUV420H2 are also
observed in breast cancer, lung cancer, liver cancer and colon
cancer (12,13,34). In addition, the expression of SUV420H2 was
found to have no prognostic value for patients with OS; however,
this may be due to the limited small sample size in the present
study. Despite a lack of significance being observed in the present
study, there was some tendency for SUV420H2 expression to be
associated with a poorer prognosis, implying that SUV420H2
and H4K20me3 may have value as prognostic factors in OS. To
clarify this, the expression levels of SUV420H2 and H4K20me3
in OS tissue samples should be examined with a larger sample
size. Unfortunately, due to issues with antibody-specificity for
targeting SUV420H2, the present study was unable to examine
the expression levels of SUV420H2 in OS tissue samples.

Transient depletion of SUV420H2 results in a decreased
expression of several osteoblastic markers, such as integrin
binding sialoprotein and alkaline phosphatase, biomineralization
associated, as well as osteoblastic transcription factors, such as
Sp7 transcription factor (35). To the best of our knowledge, there is
limited information regarding the functions of SUV420H2 as well
as H4K20me3 in OS. To explore the involvement of SUV420H2
in the development and progression of OS, SUV420H2 regulated
genes were identified through RNA-seq analysis. GO term
enrichment analysis using SUV420H2 regulated genes revealed
that as well as regulation of cell proliferation, transcription and
gene expression, SUV420H2 was also likely to be involved in
the response to abiotic stimulus (GO:0009628), cellular response
to chemical stimulus (GO:0070887), regulation of response to
stimulus (GO:0048583), and metabolic processes (GO:0019222,
regulation of metabolic process; GO:0031323, regulation of
cellular metabolic process; GO:0080090, regulation of primary
metabolic process). Furthermore, SUV420H2 expression was
found to be associated with MAPK, P53, TGF and ErbB signaling
pathway through regulations of the lysosomal protein transmem-
brane 5, FOS and phosphoinositide-3-kinase interacting protein
1 genes. Further studies should focus on confirming that there
has been accumulation of H4K20me3 within these targeted
genes in SUV420H2-overexpressing OS cells.

In conclusion, the present study revealed that aberrations
in SUV420H2 expression and the resultant loss of H4K20me3
in OS may be important factors for further understanding
the biological significance of SUV420H2 and H4K20me3 in
OS. However, further studies are required to elucidate the
underlying mechanisms of action behind the involvement of
SUV420H2 and H4K20me3 in OS through the regulation of
the aforementioned genes.
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