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Abstract. NSD3 is a histone lysine methyltransferase that 
methylates histone  H3 at lysine  36. NSD3 is located at 
chromosome 8p11.23, the locus that exhibits strong cancer 
relevance. Thus, NSD3 is likely involved in multiple human 
cancers. Nevertheless, its roles in human carcinogenesis 
remain unknown. In the present study, we demonstrated that 
silencing of NSD3 in osteosarcoma, the most common primary 
bone cancer in children and adolescents, results in a marked 
decrease in the number of viable cancer cells, accompanied 
by increases in the cell population at the G2/M phase and the 
number of apoptotic cells. In addition, 549 NSD3‑regulated 
genes were identified and a set of selected candidate genes 
were validated. Bioinformatic analysis revealed that NSD3 
negatively regulates a number of genes that are involved in the 
process of negative regulation of signal transduction as well as 
negative regulation of signaling and cell communication. Our 
results indicate the oncogenic roles of NSD3 in the develop-
ment and progression of human osteosarcoma, and implicate 
NSD3 as a potential molecular target for selective therapy for 
human osteosarcoma.

Introduction

Osteosarcoma (OS), a mesenchymal tumor histologically 
characterized by the presence of malignant mesenchymal 
cells which produce osteoid, is the most common primary 
malignancy of bone, particularly with a high incidence rate 
in children and young adults  (1). After conventional treat-
ment, consisting of the combination of pre- and post-operative 

chemotherapy with surgical removal of the tumor, the 5-year 
overall survival rate approaches 60-70% (2-4). Nonetheless, 
~30-35% patients, with successful resection and adjuvant 
chemotherapy, still develop metastases (2,5). There has been 
no substantial improvement in the long-term outcomes for 
patients presenting with localized or disseminated disease 
over the last three decades. Thus, identification and valida-
tion of novel targetable agents as adjuvant to conventional 
chemotherapeutics to provide better control of osteosarcoma 
is absolutely important and urgent.

Osteosarcoma is a heterogeneous tumor with a diversity 
of genetic changes. To date, the heterogeneity of osteosar-
coma has been reported through whole genome sequencing 
approaches (6,7), while unfortunately, there has been no signif-
icant improvement in molecularly targeted therapies that may 
benefit osteosarcoma patients. Hence, identifying potential 
targetable genetic aberrations or pathway alterations may lead 
to the development of targeted therapies for osteosarcoma.

NSD3 (also known as WHSC1L1), a Su(var)3-9, enhancer-
of-zeste and trithorax (SET) domain containing histone lysine 
methyltransferase, can dimethylate and trimethylate histone 
H3 at lysine 36 (8-11). NSD3, the third member of the NSD 
family, shares a C-terminal block of ~700 amino acids with the 
other two family members, NSD1 (also known as SOTOS) and 
NSD2 (also referred to as WHSC1 and MMSET) which also 
methylate H3K36. In addition to the catalytic SET domain 
with pre- and post-SET domains, NSD3 possesses two PWWP 
(the conserved sequence motif of Pro-Trp-Trp-Pro) domains 
and five PHD (plant homeodomain) fingers, both of which are 
often involved in chromatin-associated biological processes 
through crosstalks with histone and DNA reader or modifier 
proteins. Hence, NSD3 is involved in a variety of biological 
processes such as chromatin modification, transcriptional 
regulation, and DNA repair either through direct regula-
tion of histone methylation or through the protein-protein 
interactions by these specific domains. There are two major 
isoforms of NSD3, the long full-length isoform and the short 
isoform lacking the SET domain and only possessing the first 
N-terminal PWWP domain.

NSD3, as a nuclear protein, is located at chromo-
some 8p11.23, the locus that exhibits strong cancer relevance. 
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Indeed, NSD3 is likely involved in solid and hematological 
tumors (12-17), and functions as an oncogene in the develop-
ment and progression of cancer (18-20). In midline carcinoma, 
a novel NSD3-NUT fusion oncogene containing N-terminal 
region of NSD3 has been demonstrated  (21). Notably, the 
NSD3 portion of the fusion protein lacks the catalytic SET 
domain and contains only its first PWWP domain. In addition, 
NSD-short, possessing only the N-terminal PWWP domain, 
also couples BRD4 to the CHD8 chromatin remodeler and 
sustains acute myeloid leukemia (AML) cell proliferation (22). 
These findings indicate the importance of these specific 
nuclear domains in NSD3. NSD3 was reported as a translo-
cation partner of NUP98 in an AML patient associated with 
t(8;11)(p11.2;p15) (23,24). NSD3 is also essential for neural 
crest gene expression during specification (25). Collectively, 
all of these studies suggest the important role of NSD3 in 
human carcinogenesis. However, the molecular mechanisms 
of NSD3 in human carcinogenesis are still obscure and remain 
to be clarified.

In the present study, we demonstrated that inhibition 
of NSD3 in osteosarcoma cells caused a marked reduction 
in cancer cell viability and survival, with an increase in the 
proportion of cells at the G2/M phase and the number of 
apoptotic cells. Additionally, a set of NSD3-regulated genes 
involved in multiple biological processes were identified by 
RNA-seq analysis. Thus, these results demonstrated the onco-
genic functions of NSD3 in osteosarcoma, and furthermore, 
indicate that NSD3 could be a promising target for the treat-
ment of osteosarcoma.

Materials and methods

Cell lines and cell culture. Human osteosarcoma cell lines HOS, 
U2OS and MG-63 were purchased from the Shanghai Institute 
for Biological Sciences, Chinese Academy of Cell Resource 
Center (Shanghai, China). HOS, U2OS and MG-63 cells were 
grown in minimum essential medium (MEM; Gibco, Shanghai, 
China), supplemented with 10% fetal bovine serum (Beijing 
Yuanheng Shengma Research Institution of Biotechnology, 
Beijing, China) and 1% antibiotic/antimycotic solution (Gibco) 
at 37̊C in a humidified incubator with 5% CO2.

RNA extraction and real-time PCR. Total RNA was isolated 
from the cells using an EASYspin Plus Tissue/Cell RNA 
extraction kit (Aidlab Biotechnologies Co., Ltd., Beijing, 
China). RNA was reverse transcribed to cDNA using the 
ThermoScript First Strand cDNA Synthesis kit (Aidlab 
Biotechnologies Co., Ltd.) according to the manufacturer's 
instructions. Semi-quantitative reverse transcription-PCR was 
performed using KOD-Plus-Neo DNA polymerase (Toyobo 
Biotech Co., Ltd., Shanghai, China) to investigate the complete 
knockdown of NSD3. Each PCR regime consisted of initial 
denaturation at 94̊C for 2 min followed by 22 cycles (for 
ACTB), 32 cycles (for NSD3) at 98̊C for 10 sec, 55̊C for 
30  sec and 68̊C for 45  sec. The primer sequences were: 
5'-TTGGCTTGACTCAGGATTTA-3' and reverse 5'-ATGCTA 
TCACCTCCCCTGTG-3' for β-actin (ACTB); and 5'-CCA 
TGCAGAGAAAGCATTGA-3' and 5'-TCTTCCTCTTCC 
GCACTTGT-3' for NSD3. qRT-PCR was conducted using 
SYBR Premix Ex Taq™ (Takara, Dalian, China) at 95̊C for 

30 sec, followed by 40 cycles of 95̊C for 5 sec and 60̊C for 
34  sec in the ABI StepOnePlus Real-time PCR system. 
Relative gene expression was quantified relative to the GAPDH 
level using the comparative cycle threshold (Ct) method. Each 
sample was analyzed in duplicate.

Cell viability and colony formation assays. Cells (104 cells/well) 
were plated in 96-well plates the day before treatment to allow 
cell attachment, and transfected with NSD3-specific siRNA 
duplex (siNSD3#1, 5'-CUCACAAAUGGGUAUCCAU-3'; 
siNSD3#2, 5'-GUACUGAAAUUCGGAGACA-3'); or EGFP 
siRNA duplex (5'-GCAGCACGACUUCUUCAAG-3') as a 
negative control, respectively, using Lipofectamin RNAiMAX 
(Invitrogen Life Technologies, Shanghai, China) according to 
the manufacturer's recommendations. Cell viability was 
measured using Cell-Counting Kit-8 (Dojindo, Shanghai, 
China) 96 h after transfection. The absorbance was measured 
at a wavelength of 450 nm, and the percentage of cell viability 
was calculated as the percentage of absorption. Each sample 
was assayed in triplicate. All experiments were performed in 
triplicate and repeated two times independently. For the colony 
formation assay, the cells were seeded into 6-well plates 
(2x103 cells/well) and treated with the specific siRNA for 
4-8  h, respectively, followed by a medium refresh. After 
10 days for HOS, U2OS and 14 days for MG-63, the cells in the 
plates were stained with crystal violet solution.

Annexin V-FITC and propidium iodide (PI) staining. Cells 
treated with the specific siRNA for 96 h were centrifuged and 
collected. The cell pellets were washed with phosphate-buff-
ered saline (PBS) and resuspended in 1X Annexin-binding 
buffer with 5 µl of FITC Annexin V and 5 µl PI (both from 
BD  Pharmingen, San Diego, CA, USA). After a 15-min 
incubation at room temperature in the dark, the samples were 
analyzed by BD FACSAria II. FITC+/PI- and FITC+/PI+ cells 
were considered as early and late apoptotic cells and analyzed. 
The percentage of apoptotic cells in total cells was designated 
as the apoptotic index. For cell cycle analysis, 96 h after the 
transfection, the cells were fixed with 70% ethanol at 4̊C, 
incubated with 500 µl of PBS containing 0.5 mg of RNase at 
37̊C for 30 min, and finally, cells stained with 50 µg/ml PI 
were analyzed by fluorescence-activated cell sorting (FACS).

RNA-seq analysis. Indexed libraries from HOS cells incu-
bated with siEGFP or siNSD3 were subjected to RNA-seq 
on the Illumina HiSeq 2000 platform. Gene expression was 
quantified using the fragments per kilobase of transcript per 
million mapped reads (FPKM) normalization method (26), 
and Cufflinks was used for FPKM quantification. Gene 
expression and differential transcription between siEGFP- and 
siNSD3-treated cells were evaluated using Cuffdiff. The lists 
of significantly differentially expressed genes were obtained 
with the threshold of p-value ≤0.05 and a fold-change ≥2. 
Gene ontology (GO) analysis was performed in the standard 
enrichment computation method.

Results

Silencing of NSD3 attenuates osteosarcoma cell viability. 
To investigate the biological significance of NSD3 in 
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osteosarcoma cells, the HOS, U2OS and MG-63 cancer cell 
lines were transfected with an NSD3-specific siRNA duplex 
(siNSD3#1, siNSD3#2) or EGFP siRNA duplex (siEGFP) as 
a negative control, respectively. Results of semi-quantitative 
RT-PCR confirmed the complete knockdown effects of NSD3 
expression in the cells transfected with siNSD3#1 or siNSD3#2 
for 96 h compared with the siEGFP control (Fig. 1A). Cell 
viability assay data revealed a marked reduction in the number 
of viable cells in the siNSD#1 or siNSD3#2-treated cancer 
cells as compared to the siEGFP control, reaching a 30-50% 
reduction in the HOS, U2OS and MG-63 osteosarcoma 
cells  (Fig.  1B). The reduction in viable cells upon NSD3 
knockdown was investigated with two different siRNA 
sequences specific for NSD3, indicating it was not due to 
off-target effects of the siRNA. Colony formation assay was 
conducted to assess the effect of NSD3 on the proliferation of 
cancer cells, and as a result, siNSD3#1- or siNSD3#2-treated 
cancer cells formed much fewer and smaller colonies than the 
siEGFP-treated cancer cells (Fig. 1C), probably due to cell 
death caused by apoptosis and cell cycle-related events. These 
findings elucidated the oncogenic functions of NSD3 in the 
development and progression of osteosarcoma.

Knockdown of NSD3 induces apoptosis of cancer cells. Given 
the drastic reduction in viable cells following NSD3 silencing, 
we evaluated the effects of NSD3 on cell apoptosis using 
Annexin V-FITC and PI staining followed by FACS analysis. 
In the scatter plot of double variable events, cells in quadrant 
Q4 (FITC-/PI-) were considered viable, cells in quadrant 
Q2 (FITC+/PI+) were in the late apoptotic stage, and cells in 
quadrant Q3 (FITC+/PI-) represented early apoptotic cells. As 
a result, a striking increase was observed in both the early 
and late stage of apoptosis in the NSD3-depleted HOS, U2OS 
and MG-63 osteosarcoma cells compared with the control 
cells  (Fig. 2A). The number of apoptotic cancer cells was 
increased 3.3-fold in the NSD3-depleted HOS cells, 5.8-fold 
in the U2OS cells, and 4.7-fold in the MG-63 osteosarcoma 
cells (Fig. 2B), showing that silencing of NSD3 induced apop-
tosis in all three measured osteosarcoma cell lines. These data 
suggest that NSD3 may contribute to cancer cell apoptosis.

Depletion of NSD3 increases the proportion of cells in the 
G2/M phase. Since deletion of NSD3 decreased cell viability 
and induced cell apoptosis, we hypothesized that NSD3 is 
also involved in the cell cycle. To assess the roles of NSD3 

Figure 1. Effect of NSD3 on the growth of osteosarcoma cells. (A) Semi-quantitative RT-PCR was used to examine the knockdown effect of NSD3 expression 
on osteosarcoma cells (HOS, U2OS and MG-63 cells) transfected with an siRNA specific to NSD3 (siNSD3#1 and siNSD3#2) or control siRNA (siEGFP). 
(B) NSD3-depleted osteosarcoma cancer cells showed a drastic reduction in cell viability. Results of the MTT assay were assessed at 96 h after transfection. 
The experiments were carried out in triplicate, and each average is plotted with error bars indicating the standard deviation (SD) (*p<0.05, Student's t-test). 
(C) Colony formation assays with osteosarcoma cells after NSD3 knockdown. Cells were stained with 0.1% crystal violet 10 days (for HOS and U2OS) or 
14 days (for MG-63) after treatment with the specific siRNA.
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in the progression of the cell cycle, viable cells treated with 
siRNA specific to NSD3 or control were collected, fixed with 
ethanol and stained with PI for flow cytometric analysis. A 
2-fold increase in the population of G2/M phase was found in 
the NSD3-depleted HOS cells (Fig. 3A). Concordant increases 
were obtained in the other two osteosarcoma cancer cell 
lines U2OS and MG-63. Furthermore, apart from the marked 
increases in the G2/M population, slight increases in the 
S phase population were also observed in the NSD3-depleted 
U2OS and MG-63 cells (Fig. 3A). Data from three indepen-
dent experiments were analyzed and the average population of 
each phase was calculated (Fig. 3B). Consistent alterations in 
G2/M populations upon NSD3 silencing were observed. These 
findings imply that knockdown of NSD3 leads to G2/M cell 
cycle arrest and NSD3 is likely to be involved in the regulation 
of the G2/M checkpoint.

Identification of downstream genes of NSD3 by RNA-seq 
analysis. To identify how NSD3 contributes to the development 
and progression of osteosarcoma, we searched NSD3-regulated 
genes in HOS cells on a genome-wide scale. RNA sequencing 
gene expression analysis was performed in HOS cells treated 
with NSD3-specific siRNA (siNSD3#2) or EGFP-specific 
siRNA (siEGFP) as a control. A variety of genes were identified, 
including 244 upregulated genes and 305 downregulated genes 

in the NSD3-depleted HOS cells with the threshold of p≤0.05 
and a fold-change ≥2 as compared with the control (Fig. 4A), 
indicating that NSD3 is correlated with both gene activation 
and repression. GO term enrichment analysis of the biological 
process category revealed that genes with increased expres-
sion after NSD3 depletion were involved in various biological 
processes, such as negative regulation of signal transduction, 
negative regulation of signaling, negative regulation of cell 
communication, phosphorus metabolic process, negative regu-
lation of response to stimulus (Fig. 4B), whereas genes with 
decreased expression after NSD3 depletion were involved in 
negative regulation of interleukin-6 production and intracel-
lular sequestering of iron ion (Fig. 4C). These findings, together 
with the effect of NSD3 on cancer cell proliferation and cell 
apoptosis, provide evidence that NSD3 is an oncogenic driver 
in osteosarcoma. To validate the findings of RNA-seq, the top 
20 upregulated and downregulated genes were selected to be 
analyzed by quantitative real-time PCR. Moreover, to exclude 
the set of off-target genes, the results were confirmed with two 
different NSD3-specific siRNAs, siNSD3#1 and siNSD3#2, 
respectively (Fig. 5A). As a result, 14 upregulated and 12 down-
regulated genes by depletion of NSD3 were identified. Herein, 
the top 10 upregulated (Fig. 5A) and downregulated (Fig. 5B) 
genes are listed, including tumor-related genes, such as TRPM8, 
LAPTM5, ITGA2, BMF, CAPG and CMTM3.

Figure 2. Assessment of apoptosis in osteosarcoma cells. (A) The apoptotic rates were detected using flow cytomertry with Annexin V-FITC/PI dual staining. 
NSD3-depleted (siNSD3#2) or control (siEGFP) cells were double stained with dual Annexin V-FITC and propidium iodide (PI). Flow cytometry profile 
representing Annexin V-FITC on the x-axis and PI on the y-axis. Quadrant Q1 (upper left, FITC-/PI+) displays necrotic cells, quadrant Q2 (upper right, FITC+/
PI+) displays late apoptotic cells, quadrant Q3 (lower right, FITC+/PI-) shows early apoptotic cells and quadrant Q4 (lower left, FITC-/PI-) shows live cells. 
(B) The percentage of total apoptotic cells (Q2 + Q3) was calculated and is shown in the histogram. The experiment was repeated two times and data represent 
the average percentage of apoptotic cells (*p<0.05, Student's t-test).
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Figure 3. Depletion of NSD3 leads to an increase in the G2/M phase population. (A) Propidium iodide (PI) staining of DNA detected by FACS of osteosarcoma 
cells treated with siRNA specific for NSD3 (siNSD3#2) or control EGFP (siEGFP) for 96 h. The percentage of cells in each group was calculated using 
ModFit LT software. (B) The average percentages of the cell population in each phase (G1, S and G2/M) of the cell cycle from three independent experiments 
were calculated. Mean ± SD of three independent experiments. p-values were calculated using Student's t-test; *p<0.05

Figure 4. Downstream genes of NSD3 were identified through RNA-seq. (A) Heat map of upregulated and downregulated genes following depletion of NSD3. 
RNA sequence analyses were conducted with HOS cells treated with NSD3-specific siRNA or EGFP control siRNA for 96 h. A heat map of genes regulated 
by NSD3 in HOS cells is shown. (B) Analysis of Gene ontology (GO) term enrichment of the biological process category of genes with increased expression 
after NSD3 depletion. Top 10 GO terms ranked according to the p-value are plotted. (C) Gene ontology analysis of the biological process category of genes 
with decreased expression after NSD3 depletion. Top five GO terms ranked according to the p-value are plotted.
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Discussion

Epigenetic modifications, including DNA methylation, cova-
lent histone modifications and nucleosome positioning, play 
critical roles in normal mammalian development and regu-
lation of gene expression, and are believed to be ubiquitous 
drivers of human carcinogenesis. Histone methyltransferases, 
the key group in the regulation of histone methylation, are 
commonly disrupted in cancer and contribute to human carci-
nogenesis. Hence, histone methyltransferases have emerged as 
crucial targets for the treatment of cancer in both industrial 
and academic research groups. Most notably, selective inhibi-
tors of histone lysine methyltransferase EZH2, DOT1L and 
histone demethylase LSD1 have entered into human clinical 
trials for the treatment of non-Hodgkin lymphoma, acute 
leukemia, acute myeloid leukemia and relapsed/refractory 
small cell lung carcinoma, respectively (27-32). Nevertheless, 
selective inhibitors for many histone methyltranferases still 
remain unavailable.

As a member of the NSD histone lysine methyltransferase 
family, NSD3 dimethylates and trimethylates histone  H3 
at lysine 36, a conserved epigenetic marker regulating gene 
transcription, DNA replication and repair, DNA methylation, 
and alternative splicing that are dysregulated in cancer. NSD3, 
also known as Wolf-Hirschhorn syndrome candidate 1-like 1 
(WHSC1L1), is located within chromosome 8p11-12, a recurrent 
target region of genetic alterations such as DNA amplification, 
chromosomal breaks and loss. Abnormal expression of NSD3 
in a number of cancer types has been demonstrated (18-20). 

Nonetheless, the biological roles of NSD3 in human carcino-
genesis are not clear and remain to be clarified.

In the present study, we elucidated the biological importance 
of histone methyltransferase NSD3 in human osteosarcoma. 
Our studies revealed that depletion of NSD3 in osteosarcoma 
cell lines inhibited cell proliferation and survival, and induced 
cell apoptosis. Furthermore, marked and consistent increases 
in the population of G2/M phase after RNAi knockdown of 
NSD3 were observed in all three analyzed osteosarcoma cell 
lines, probably due to G2/M cell cycle arrest, indicating the 
involvement of NSD3 in the cell cycle process. However, the 
detailed mechanisms of the role of NSD3 in cell proliferation, 
cell cycle, and apoptosis remain poorly understood.

A key to understand the role of NSD3 in cancer may 
be through its regulated genes. Hence, a series of NSD3-
associated genes were identified by RNA-seq, including 
244  upregulated and 305  downregulated genes after 
NSD3 deletion, implying that NSD3 functions as either a 
transcriptional activator or a repressor. Analysis of Gene 
ontology (GO) term enrichment revealed that NSD3 negatively 
regulated a variety of genes involved in the process of negative 
regulation of signal transduction as well as negative regulation 
of signaling, negative regulation of cell communication, and 
negative regulation of response to stimulus, implying the 
oncogenic functions of NSD3 in human osteosarcoma. GO 
categories including regulation of cell cycle (GO:0051726), 
cell cycle arrest (GO:0007050), regulation of cell cycle 
checkpoint (GO:1901976), cell cycle G2/M phase transition 
(GO:0044839) and G2/M transition of mitotic cell cycle 

Figure 5. Validation of RNA-seq results via quantitative real-time PCR. Top 20 upregulated and downregulated genes after NSD3 silencing ranked according 
to the fold-change were selected for further confirmation. Expression of selected NSD3-associated genes [upregulated (A) or downregulated (B)] upon NSD3 
knockdown was measured in control (siEGFP) and NSD3-depleted (siNSD3#1 and siNSD3#2) HOS cells by quantitative real-time PCR analysis. The relative 
mRNA quantity (normalized to GAPDH) in siNSD3#1 and siNSD3#2 samples was compared to that in the control siEGFP sample. Primers designed for each 
of the genes were used to perform qPCR analysis. Error bars represent SEM.
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(GO:0000086) were enriched in the differentially expressed 
genes with depletion of NSD3, implying the crucial functions 
of NSD3 in the G2/M transition of the cell cycle process. 
Additionally, a set of selected candidate genes likely to be 
involved in the development and progression of osteosarcoma 
was validated by quantitative real-time PCR. Taking these 
findings into account, NSD3 may function as an oncogenic 
driver in osteosarcoma. Thus, NSD3 may be a novel target 
for the treatment of NSD3-associated cancers, and it appears 
feasible to develop inhibitors of NSD3 for cancer therapy.
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