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Abstract
Osteosarcoma is the most common primary malignant bone tumor. However, our understanding of the
molecular mechanism underlying its pathogenesis is incomplete. Studies have shown that aberrant
expression of NK homeobox (NKX) genes may be involved in the oncogenesis of various cancers. Here,
through migration screening assay, we found that a series of NKX genes inhibit the migration of
osteosarcoma cells. Among these genes, NKX2-2 is a bona fide tumor suppressor for osteosarcoma.
Overexpression of NKX2-2 decreases the migration, invasion, proliferation and colony formation of
osteosarcoma cells in vitro and suppresses tumor growth and metastasis in vivo. Moreover, based on the
results from both in vitro and in vivo studies, the transcriptional activation domain of NKX2-2 is
important for its tumor suppressor function. Mechanistically, we revealed that NKX2-2 acts as a tumor
suppressor partially by mediating the transcriptional downregulation of COL5A2, PLAU, SEMA7A and
S1PR1 genes. In summary, our studies of NKX2-2 revealed new molecular mechanisms underlying
osteosarcoma proliferation and metastasis and may provide a series of potential therapeutic targets for
osteosarcoma.
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Introduction
Osteosarcoma (OS) is the most common primary
tumor of bone and typically occurs during the
adolescent growth spurt (1). It has a global incidence
of approximately one to three cases annually per
million. OS primarily arises in children and
adolescents, with a second peak in incidence in those
over the age of 50 (2). Current therapies incorporate
surgical resection and combination chemotherapy
(doxorubicin and cisplatin with or without
methotrexate), resulting in a 5-year overall survival
rate of ~60%–70% in patients with localized disease
(3). However, survival for patients with metastatic
(most commonly lung metastasis) or relapsed
osteosarcoma has remained unchanged over the past
30 years, with an overall 5-year survival rate of
approximately 20% (4, 5). A comprehensive
understanding of the molecular mechanisms

underlying osteosarcoma pathogenesis is not yet
available.
Proper regulation of gene expression is essential
for normal cellular development. Aberrant gene
expression results in improper cell growth and
differentiation, which may induce different diseases,
including cancers. The gain- and loss-of-function of
transcription factors have been shown to be involved
in oncogenesis (6). In addition to the well-established
role in primary tumor proliferation, multiple
oncogenic transcription factors (TFs) are now known
to regulate metastasis. For example, c-Myc is an
oncogene functions in both primary tumor formation
and metastasis by regulating genes involved in cell
cycle control, stem cell maintenance, apoptosis and
epithelial-mesenchymal transition (7). p53, a
prototypical tumor suppressor, is mutated in
http://www.jcancer.org
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approximately half of all human cancers, leading to
unrestrained proliferation and resistance to apoptosis
(8). p53 knockout mice develop tumors that are not
typically metastatic, while gain-of-function mutant
isoforms of p53 have been shown to give rise to
tumors with higher metastatic capabilities (9).
Although many genes have been proposed as drivers
of osteosarcoma, only TP53, RB1, CDKN2A and MYC
have been verified with certainty (10).
The NK homeobox (NKX) family consists of a
large group of genes that act as transcription factors
with tissue-specific distributions (11). Abnormalities
in NKX genes have been associated with various
cancers (12). NKX2-1 behaves as both tumor
suppressor and oncogene depending on the lung
cancer subtype (13). NKX3-1 is a major tumor
suppressor gene in prostate cancer (14), while in
primary human TAL1–expressing leukemic cells,
NKX3-1 expression does not depend on the Notch
pathway, and its inactivation impairs cell
proliferation (15). NKX2-2 contributes to oncogenic
transformation
in
Ewing’s
sarcoma,
while
downregulation of NKX2-2 correlates with increased
tumor malignancy in glioblastoma (16, 17). However,
the function of NKX genes in osteosarcoma is still
largely unknown.
This study aims to investigate the role of NKX
genes in osteosarcoma and explore the underlying
mechanism. A series of NKX genes inhibited the
migration of 143B osteosarcoma cells. We chose
NKX2-2 for further study and examined its tumor
suppressor function, which depends on its
transcriptional activation domain, both in vitro and in
vivo. Mechanistically, we discovered a series of
NKX2-2 downstream effectors responsible for its
tumor suppressor function, including COL5A2,
PLAU, SEMA7A and S1PR1. Our studies of NKX2-2
revealed new molecular mechanisms underlying
osteosarcoma proliferation and metastasis and may
provide potentially new therapeutic targets for
osteosarcoma.

Material and Methods
Cell culture and Reagents
Human osteosarcoma cell lines (143B, U2OS and
HOS) and HEK293T cells were purchased from
American Type Culture Collection (ATCC). Cells
were cultured according to the manufacturer’s
instructions. ZOS and ZOS-M, syngeneic human
osteosarcoma cell lines derived from a primary tumor
and metastasis, respectively, from the same patient,
were described previously (18). The primary cell
cultures were grown in Dulbecco’s modified Eagle
medium (Invitrogen) with 10% fetal bovine serum
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(GIBCO), penicillin (100U/mL) and streptomycin
(100U/mL) in a humidified 5% CO2 at 37°C.

Plasmids
The full-length NKX2-1, NKX2-2, NKX2-3,
NKX2-5, NKX2-8, NKX3-1, NKX6-1, NKX6-2 and
NKX6-3 cDNAs were cloned into the lentiviral vector
pLenti-CMV-EGFP-3FLAG-PGK-zeo (Obio Technology, Shanghai, China). The FLAG tag was introduced
at the amino-terminus of NKX2-2, and its mutants,
and the cDNAs were cloned into the pSIN lentivirus
vector using standard techniques. Oligonucleotides
were inserted into the pLKO.1-puro vector to
construct the specific shRNA. Oligonucleotide
sequences are listed in table 1.
Table 1: shRNA sequence
Gene name Oligonucleotide sequence
COL5A2
shA-F
CCGGGGGAGTCAAGTAGGACTAATGCTCGAGCATTAGTCCTA
CTTGACTCCCTTTTTG
shA-R
AATTCAAAAAGGGAGTCAAGTAGGACTAATGCTCGAGCATTA
GTCCTACTTGACTCCC
shB-F
CCGGGGAGTCAAGTAGGACTAATGCCTCGAGGCATTAGTCCT
ACTTGACTCCTTTTTG
shB-R
AATTCAAAAAGGAGTCAAGTAGGACTAATGCCTCGAGGCATT
AGTCCTACTTGACTCC
PLAU
shA-F
CCGGGCTGAAGATCCGTTCCAAGGACTCGAGTCCTTGGAACG
GATCTTCAGCTTTTTG
shA-R
AATTCAAAAAGCTGAAGATCCGTTCCAAGGACTCGAGTCCTTG
GAACGGATCTTCAGC
shB-F
CCGGGCATGACTTTGACTGGAATTGCTCGAGCAATTCCAGTCA
AAGTCATGCTTTTTG
shB-R
AATTCAAAAAGCATGACTTTGACTGGAATTGCTCGAGCAATTC
CAGTCAAAGTCATGC
SEMA7A
shA-F
CCGGGCCATTGTTCCACTCTAAATACTCGAGTATTTAGAGTGG
AACAATGGCTTTTTG
shA-R
AATTCAAAAAGCCATTGTTCCACTCTAAATACTCGAGTATTTA
GAGTGGAACAATGGC
shB-F
CCGGGGTCAGTGCTGCAATCCATTACTCGAGTAATGGATTGCA
GCACTGACCTTTTTG
shB-R
AATTCAAAAAGGTCAGTGCTGCAATCCATTACTCGAGTAATGG
ATTGCAGCACTGACC
S1PR1
shA-F
CCGGGCCGCAGCAAATCGGACAATTCTCGAGAATTGTCCGATT
TGCTGCGGCTTTTTG
shA-R
AATTCAAAAAGCCGCAGCAAATCGGACAATTCTCGAGAATTG
TCCGATTTGCTGCGGC
shB-F
CCGGCCACAAGCACTATATCCTCTTCTCGAGAAGAGGATATAG
TGCTTGTGGTTTTTG
shB-R
AATTCAAAAACCACAAGCACTATATCCTCTTCTCGAGAAGAG
GATATAGTGCTTGTGG

Virus Production
HEK293T cells were seeded in 6-well cell culture
plate and incubated overnight (16-20 h) at 37°C in a
5% CO2 atmosphere. After seeding, HEK293T were
co-transfected with lentiviral expression constructs (3
μg), viral packing plasmid (psPAX2, 2 μg), and viral
envelope plasmid (pMD2.G, 1 μg) using
Lipofectamine 2000 (Invitrogen) according to
manufacturer’s recommendations. Viral supernatant
was collected and filtered through a 0.45 μm filter at
http://www.jcancer.org
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48 h post-transfection and then stored at 4°C for
short-term use or -80°C for long-term storage.

Viral Transduction
2.5×105 target cells were seeded in 6-well cell
culture plate. Two milliliters of the corresponding
culture medium and 200 μL viral supernatant
supplemented with 8 μg/mL polybrene were added
to each well and incubated for 24 h, followed by
replacement with growth medium. Cells were
selected using zeocin (5 μg/mL) or puromycin (0.5
μg/mL) prior to use in experiments.

Boyden chamber assays
The migration and invasion of osteosarcoma
cells were examined using 24-well Boyden chambers
with 8 μm inserts coated without (migration) or with
Matrigel (invasion) as previously described (19). A
total of 105 cells per well were plated on the inserts
and cultured at 37°C in the upper chambers in
serum-free medium. At the indicated time points,
cells inside the chamber were removed with cotton
swabs. Cells that remained on the lower surface of the
filter were fixed, stained with crystal violet (0.005%,
Sigma) and the number of cells per field of view was
counted using phase-contrast microscope. The
average cell counts from three inserts per condition
were used to plot results.

Western blotting
Cells were lysed in RIPA buffer supplemented
with protease inhibitor and phosphatase inhibitor
cocktails (Thermo Scientific). Equal amounts of
protein were resolved on 4-12% Bis-Tris/PAGE,
transferred
onto
polyvinylidene
difluoride
membranes and blocked with buffer [5% (wt/vol)
milk, TBST (TBS, pH 7.4, 0.05% Tween-20)] for 1 h at
room temperature. Primary antibodies were diluted
in Primary Antibody Dilution Buffer (Beyotime) as

follows: Anti-Flag (1:2000; CST, 8146S) and β-tubulin
(1:2000;
Proteintech,
10094-1-AP).
Secondary
antibodies were anti-mouse or anti-rabbit IgG
(1:10000, Promega). Blots were developed using
Tanon™ High-sig ECL Western Blotting Substrate
and imaged with a MiniChemi (SAGECREATION)
imaging system.

RNA Extraction and Real-Time qPCR
Total RNA was extracted from samples
(RNAprep pure Cell/Bacteria Kit; TIANGEN) and
quantified using a Nanodrop 2000 spectrophotometer
prior to storage at -80°C. One microgram of RNA was
reverse transcribed using a HiScript II 1st Strand
cDNA Synthesis Kit (Vazyme), according to the
manufacturer’s recommendations. Transcripts were
quantified by real-time qPCR using a LightCycler 480
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instrument (Roche Diagnostics) and ChamQ SYBR
qPCR Master Mix (Vazyme) according to the
manufacturer’s instructions. qPCR primers are listed
in table 2.
Table 2: Primers used in this study
Primer name
GAPDH F
GAPDH R
COL5A2 F
COL5A2-R
PLAU-F
PLAU-R
SEMA7A-F
SEMA7A-R
S1PR1-F
S1PR1-R

Primer sequence
ATCAATGGAAATCCCATCACCA
GACTCCACGACGTACTCAGCG
TAGGAACTGATGGTACTCCTGG
GGCCTATCGGACCCTGAATAC
GGGAATGGTCACTTTTACCGAG
GGGCATGGTACGTTTGCTG
CACCAAGACCAGGCTTACGAT
ACACGGGACACATTGAGAGGA
GCCTCTTCCTGCTAATCAGCG
GCAGTACAGAATGACGATGGAG

In Vitro Proliferation assay
Cell proliferation was determined using the MTT
assay. Briefly, cells were plated at a density of 2,000
(U2OS) or 1,200 (143B) cells per well in a 96-well plate.
After 1, 2, 3, 4 or 5 days of incubation, MTT was added
to each well under sterile conditions (at a final
concentration of 5 mg/mL), and the plates were
incubated for 4 h at 37°C. Untransformed MTT was
removed by aspiration, and formazan crystals were
dissolved in dimethyl sulfoxide (100 μL/ well). The
plate was shaken for 10 min until the crystals
dissolved. The absorbance [optical density (OD)] was
measured at 490 nm with an Infinite F50 microplate
reader (TECAN).

Colony formation assay
Briefly, osteosarcoma cells were plated in
triplicate in 6-well plates at a density of 500 (U2OS) or
300 (143B) cells per well and cultured for 12 (U2OS) or
6 (143B) days. Then cell clones were washed three
times with PBS, fixed with methanol for 10 minutes,
and dyed with crystal violet for 10 minutes at room
temperature. Afterwards, the dye was removed by
washing and colonies containing more than 50 cells
were counted.

Mouse xenograft model
Animal experiments were approved by the
Animal Research Committee of Sun Yat-sen
University Cancer Center and were performed in
accordance with established guidelines. To model
osteosarcoma in vivo, we used human osteosarcoma
143B cells expressing luciferase (143B-luc) (20). Cells
were grown to confluency and resuspended in sterile
phosphate buffer saline (PBS). 8x105 cells were
orthotopically injected into the medullary cavity of
the right tibiae of 4 week old immunocompromised
nude BALB/C mice purchased from Charles River
Laboratories (Beijing, China). The injection was
http://www.jcancer.org
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performed using a BD Ultra-Fine™ Ⅱ 8mm x 30G
needle in the tibial tuberosity. The resulting tumors
were measured with a caliper every 3 days. The
143B-luc tumor volume was calculated using the
formula V = 4/3 π [1/4 (D1+D2)] 2. The lungs of mice
bearing the osteosarcoma tumor xenografts that
stably expressed luciferase were analyzed using an
IVIS Lumina Imaging System (Xenogen) weekly.
When the majority of mice in the control group
formed lung metastases, the animals were sacrificed
via cervical dislocation, and the tumor weights were
measured after careful resection. In addition, the
lungs
were
harvested,
fixed
with
4%
paraformaldehyde, and embedded in paraffin. To
quantify the number of pulmonary metastatic lesions,
sequential 3-mm thick sections of whole lungs were
obtained. Sections were stained with H&E and
examined under a light microscopy to identify the
metastases, as previously described (21).

Total RNA isolation and sequencing
Total RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. DNA was removed by
digestion with RNase-free DNase (Sigma, St. Louis,
MO). RNA quality was evaluated by gel
electrophoresis and a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). The cDNA
sequencing libraries were prepared using NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (NEB,
USA) according to the manufacturer’s recommenddations and index codes were added to attribute
sequences to each sample. Single-end raw sequence
reads (100bp/50bp) were generated using an Illumina
HiSeq2000/2500 platform according to a standard
protocol. All reads were directly aligned to human
transcript reference sequences from the genome
website. The DEGs (differentially expression greater
than 1 fold with p values less than 0.005) were
identified using the DESeq R package (1.12.0). The
statistical analysis was performed using R language
(www.R-project.org).

Data Resources
The following osteosarcoma GEO datasets were
used for gene expression analyses: GSE39055 and
GSE49003. Data preprocessing and differential
expression analyses were described previously (22,
23).

Statistical analysis
Statistical analyses were performed with
GraphPad Prism software (GraphPad Software, Inc.).
Data are presented as means ± SD. Significance was
determined using an unpaired/paired t test. A
detailed description of the statistical analysis
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performed for each experiment is also presented in
the figure legends. In mouse experiments, n
represents number of mice utilized in each treatment
group.

Results
Multiple NKX genes, including NKX2-2,
suppress the migration of osteosarcoma cells
Although many studies have been performed, a
comprehensive understanding of the molecular
mechanisms underlying osteosarcoma pathogenesis is
not available. Survival rates are poor and have
remained stagnant due to the high propensity to form
lung metastasis (24). Transcription factors have been
shown to play important roles in tumorigenesis and
metastasis (25). Abnormalities in NK homeobox genes
have been associated with various cancers. However,
the association of NKX genes with osteosarcoma is
largely unknown. To determine which NKX genes are
expressed in osteosarcoma, the GSE39055 dataset was
analyzed. Fig. 1A shows 9 NKX genes that are
expressed in osteosarcoma. To explore their functions,
we overexpressed NKX genes in 143B cells, a highly
metastatic osteosarcoma cell line. As shown in Fig. 1B
and C, overexpression of NKX2-1, 2-2, 2-3, 2-5 and 6-2
dramatically suppressed the migration of 143B cells,
while modest effects were observed for NKX2-8 and
6-1. Additionally, bioinformatics analyses of the
GSE49003 dataset showed higher expression of
NKX2-2 in non-metastatic osteosarcoma than in
metastatic osteosarcoma (Fig. 1D), indicating its
potential role in metastasis. To validate the
relationship between NKX2-2 expression and
osteosarcoma metastasis, we chose two pairs of
well-established metastasis cell lines, 143B and HOS,
ZOS-M and ZOS, and detected NKX2-2 expression.
143B and HOS cells originated from the same host,
and the 143B cells, but not HOS cells, show high
metastatic ability in vivo. ZOS and ZOS-M cells were
established from the primary tumor and the skip
metastasis of a patient with osteosarcoma,
respectively. As shown in Fig. 1E, significantly lower
NKX2-2 expression was observed in ZOS-M and 143B
cells than in ZOS and HOS cells, consistent with its
inhibitory role in the migration assay. Therefore, we
chose NKX2-2 for further investigation.

The transcriptional activation domain of
NKX2-2 is responsible for its inhibitory effects
on the migration and invasion of osteosarcoma
cells
NKX2-2 contains three important domains: the
transcriptional repression domain (TN), the specific
domain (SD) and the transcriptional activation
domain (TAD) (26). To determine which domain was
http://www.jcancer.org
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Figure 1. The results of the migration assay reveal multiple NXK genes, including NKX2-2, that inhibit migration. (A) Expression levels of NKX genes in osteosarcoma biopsy
specimens (GSE39055: n=37). Values are presented as medians ± relative deviations. (B, C) The migration of 143B cells transduced with the indicated NKX genes was
determined as described in the “Methods”. Representative images (100×) of the indicated stably transfected cell lines are shown (B). n = 5 fields per replicate; 3 replicates per
condition, data are representative of three independent experiments (C). (D) Expression level of NKX2-2 in metastatic and non-metastatic osteosarcoma cell lines (GSE49003).
(E) Real-time qPCR of NKX2-2 expression in osteosarcoma cells. The graph of the qPCR data shows average relative expression normalized to GAPDH. Data are representative
of two independent experiments. Data are presented as the means ± SDs. Two-tailed unpaired t test: *P < 0.05, **P < 0.01 and ***P < 0.001.

responsible for the inhibitory effects on migration, we
constructed FLAG-tagged NKX2-2 and a series of
truncations and confirmed their expression levels
(Fig. 2A and B). As shown in Fig. 2C and D, the
truncations of the transcriptional repression domain
and the specific domain did not affect the ability of
NKX2-2 to inhibit the migration of 143B cells, while
depletion of the transcriptional activation domain
abolished its inhibitory effect on migration. In
addition, NKX2-2 overexpression attenuated the
ability of 143B cells to invade through Matrigel in a
transwell invasion assay and depletion of the
transcriptional activation domain (NKX2-2 ΔTAD)
abolished its inhibitory function (Fig. 2E and F). The
same results were obtained from U2OS cells in both
migration and invasion assays (Fig. 2G and H).

NKX2-2 overexpression impairs the
proliferation of U2OS cells in vitro

proliferation and colony formation. According to the
results of the MTT assay, NKX2-2 overexpression
dramatically decreased the proliferation rate of U2OS
cells, while NKX2-2 ΔTAD partially rescued its
inhibitory effect on proliferation (Fig. 3A).
Surprisingly, NKX2-2 overexpression did not affect
the proliferation rate of 143B cells, indicating that
NKX2-2 may not be a key regulator of 143B cell
proliferation (Fig. 3B). Then we examined the effects
of NKX2-2 on colony formation. As shown in Fig. 3C,
NKX2-2 overexpression nearly completely abolished
the formation of U2OS colonies, and the NKX2-2
ΔTAD mutant showed a moderate restoration.
Although NKX2-2 overexpression did not affect the
number of 143B colonies, the colony size was
relatively smaller in the NKX2-2-overexpressing
group than in the vector and NKX2-2 ΔTAD groups
(Fig. 3D).

In addition to its function in metastasis, we were
curious about the roles of NKX2-2 in osteosarcoma
http://www.jcancer.org
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Figure 2. The TAD domain of NKX2-2 is essential for its inhibitory effects on migration and invasion. (A) Schematic showing the FLAG-tagged NKX2-2 constructs. The
positions of the transcriptional repressor domain (TN), the NK2-specific domain (SD) and the transcriptional activation domain (TAD) are shown. (B) Western blot analysis of
143B cells infected with the indicated cDNA constructs (C, D) The migration of 143B cells transduced with indicated cDNA constructs was determined as described in the
“Methods”. Representative images (100×) of the indicated stably transfected cell lines are shown (C). n = 5 fields per replicate; 3 replicates per condition, data are representative
of three independent experiments (D). (E, F) The invasion of 143B cells transduced with the vector, NKX2-2 or NKX2-2 ΔTAD was determined as described in (C, D). (G,
H) The migration and invasion of U2OS cells transduced with the vector, NKX2-2 or NKX2-2 ΔTAD were determined as described in (C, D). Data are presented as the means
± SDs. Two-tailed unpaired t test: **P< 0.01 and ***P < 0.001, ns: not significant.

NKX2-2 overexpression inhibits the growth
and metastasis of osteosarcoma in vivo
To study the effect of NKX2-2 on osteosarcoma
development in vivo, osteosarcoma cells were
xenografted into nude mice. Luciferase-expressing

143B (143B-luc) cells transduced with the vector
control, NKX2-2 or NKX2-2 ΔTAD were
orthotopically injected into right tibiae of the mice.
Pulmonary metastasis was monitored longitudinally
using bioluminescent imaging (BLI). The tumor
http://www.jcancer.org
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volume was measured every three days beginning
two weeks after injection. As shown in Fig. 4A,
NKX2-2 overexpression in 143B-luc cells decreased
the primary tumor growth compared with the vector
control, while NKX2-2 ΔTAD lost its ability to inhibit
tumor growth. Three weeks after the injection, lung
metastasis
was
monitored
weekly
using
bioluminescence imaging. Five weeks after the
injection, the majority of the mice in the vector group
developed lung metastases, whereas only one mouse
in the NKX2-2-overexpressing group. The NKX2-2
ΔTAD group formed more lung metastasis than the
NKX2-2 group, although still less than the vector
group (Fig. 4B). Then we sacrificed all mice, all tumors
were collected and weighed. Upon gross visualization
of the primary 143B tumors, we observed a significant
difference in tumor size between the vector, NKX2-2
and NKX2-2 ΔTAD groups (Fig. 4C and D). Lungs
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from all mice were simultaneously subjected to H&E
staining. As shown in Fig. 4E and F, the NKX2-2
group exhibited much fewer metastatic nodules than
the vector group, while NKX2-2 ΔTAD group showed
a restoration of the nodule number.

NKX2-2 exerts its tumor suppressor function
partially through its downstream effectors
COL5A2, PLAU, SEMA7A and S1PR1
We applied RNASeq to identify the potential
functional downstream effectors of NKX2-2 and
reveal the mechanism by which NKX2-2 regulates
osteosarcoma proliferation and metastasis. The Venn
diagram presented in Fig. 5A contains 29 genes
shared by the vector versus NKX2-2 and NKX2-2
ΔTAD versus NKX2-2 comparisons. Gene expression
profiles of the 29 candidate genes in the vector,
NKX2-2 and NKX2-2 ΔTAD are displayed in Fig. 5B.

Figure 3. NKX2-2 inhibits the proliferation of U2OS cells in vitro. (A and B) The proliferation of the vector control, NKX2-2 or NKX2-2 ΔTAD transduced U2OS (A) and
143B (B) was measured using MTT assays. The OD490 value was measured on the indicated day. (C and D) Osteosarcoma cells transduced with vector control, NKX2-2 or
NKX2-2 ΔTAD were seeded in 6-well plates, allowed to form colonies for 12 (U2OS cells, C) or 6 (143B cells, D) days, stained with crystal violet, and then counted. (Error bars,
SD; two-tailed unpaired t test: *P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant).

http://www.jcancer.org
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Figure 4. NKX2-2 negatively regulates the growth and metastasis of osteosarcoma in vivo. (A-F) Growth of primary tumors of 143B-luc cells transduced with the vector
control, NKX2-2 or NKX2-2 ΔTAD that had been injected into the proximal tibia of nude mice (n = 6 animals/group). The mice were monitored for 35 days. The tumor volumes
were monitored on day 14 and then every 3 days, as indicated. The data are presented as the mean tumor volumes ± SD from 6 mice (A). (B) The development of metastatic
tumors in the lungs was monitored by measuring bioluminescence. Images of lung colonization in all mice 35 days after the injection are shown. (C and D) Xenografts were
excised and weighed on day 35. Data represent as means ± SDs. ***P < 0.001 (E) Representative images of H&E staining of lungs from the indicated tumor-bearing nude mice
are shown. (F) Results of the statistical analysis of the number of metastatic nodules in the lungs of nude mice are shown (error bars, SD; *P < 0.05).

Among these genes, several have been reported to be
involved in tumor metastasis and proliferation.
Collagen alpha-2 (V) chain (COL5A2), a key
determinant in the assembly of tissue-specific
matrices, has been reported to be associated with the
malignancy status of colorectal cancer (27).
Urokinase-type plasminogen activator (PLAU)
converts plasminogen to plasmin and regulates cell
adhesion and migration though cleavage of ECM and
MMPs (28). Semaphorin-7A (SEMA7A) increases the
migration of MC3T3 cells (29), and increased levels of
SIPR1 in CD4 (+) T cells have been reported to
promote STAT3 activation and JAK/STAT3dependent Treg tumor migration (30). Therefore, we
choose these four potential genes downstream of
NKX2-2 to validate their functions in osteosarcoma
metastasis and proliferation. First, we validated their

expression levels in 143B and U2OS cells transduced
with vector, NKX2-2 or NKX2-2 ΔTAD. Their relative
expression levels were consistent with the RNASeq
results, except that S1PR1 was not expressed in U2OS
cells (Fig. 5C). Then we knocked down each of these
genes with two separate shA and shB constructs and
confirmed their knockdown efficiency by real-time
PCR (Fig. 5D). Finally, the functional assay showed
that knockdown of these genes dramatically inhibited
the migration of both 143B and U2OS cells (Fig. 5E). A
proliferation assay performed using the U2OS cell line
showed a minor inhibitory effect of knockdown of
these downstream genes (Fig. 5F). Based on these
data, NKX2-2 may exert its tumor suppressor function
by down-regulating the expression of its downstream
effector genes COL5A2, PLAU, SEMA7A and S1PR1.

http://www.jcancer.org
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Figure 5. Identification of the downstream effectors of NKX2-2 that mediates its tumor suppressive function. (A) The differentially expressed genes between the vector and
NKX2-2 groups (left circle) and between the NKX2-2 ΔTAD and NKX2-2 groups (right circle) are displayed in a Venn diagram. The shared parts of two circles represented the
target genes. (B) Gene expression profiles of target genes. Values are presented as log2 (fold changes). (C) Real-time qPCR analysis of COL5A2, PLAU, SEMA7A and S1PR1
expression in osteosarcoma cells transduced with the vector control, NKX2-2 or NKX2-2 ΔTAD. The graph of the qPCR data shows the average relative expression normalized
to GAPDH from three replicates per condition. Data are representative of two independent experiments. (D) COL5A2, PLAU, SEMA7A and S1PR1 levels in osteosarcoma cells
stably expressing shRNAs (shA and shB) were assessed by real-time qPCR as described in (C). (E) The migration of osteosarcoma cells transduced with the indicated shA, shB
or shNC construct was determined as described in the “Methods”. n = 5 fields per replicate; 3 replicates per condition; data are representative of three independent
experiments. (F) The proliferation of shA-, shB- or shNC-transduced U2OS was measured using MTT assays. The OD490 value was measured on the indicated day (error bars,
SD; *P < 0.05; **P < 0.01; ***P < 0.001).

Discussion
In this study, a series of NKX genes suppressed
the migration of osteosarcoma cells. Among these
NKX genes, NKX2-2 was a bona fide suppressor of
proliferation and metastasis both in vitro and in vivo.
We also identified NKX2-2 downstream effectors that
mediate its tumor suppressor function.
Aberrant expression of NKX genes may have an
important role in tumorigenesis (12). However, few
studies have examined the roles of NKX genes in
osteosarcoma. NKX2-2 is required for cell fate

decisions in the pancreatic islet and cell patterning in
the ventral neural tube (31, 32). Subsequent studies
have revealed its role in tumorigenesis. NKX2-2 is
necessary for the oncogenic phenotype of Ewing’s
sarcoma, while its downregulation is correlated with
increased tumor malignancy in glioblastoma (17).
However, the role of NKX2-2 in osteosarcoma is
largely unknown. Here, we showed for the first time
that NKX2-2 functions as a tumor suppressor in
osteosarcoma using both in vitro and in vivo
experiments. In this study, although we focused on
http://www.jcancer.org
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NKX2-2 and revealed its tumor suppressive function
and mechanisms, other NKX genes including
NKX2-1, 2-3, 2-5 and 6-2, which dramatically
suppressed the migration of 143B cells, may also be
involved in regulating osteosarcoma pathogenesis.
Further studies examining the function and
mechanism of other NKX genes in osteosarcoma are
necessary and urgently needed.
NKX2-2 contains three highly conserved regions:
the transcriptional activation domain (TAD), the
transcriptional repression domain (TN) and the
NK2-specific domain (SD) (26). Previous studies in the
ventral neural tube and pancreas have shown that the
TN domain of NKX2-2 is important for interaction
with the transducin-like enhancer of split (Tle)
proteins to regulate gene expression (33). The SD
domain of NKX2-2 was reported to be important for
enteroendocrine cell specification (34). However, little
is known about the function of the TAD domain of
NKX2-2. In our study, we analyzed three common
functional domains of NKX2-2 and found that the
TAD domain is of great importance for its tumor
suppressive function. Also, we believed the existence
of other unknown functional domains of NKX2-2 for
its tumor suppressive function and this is worth
further study.
The mechanisms regulating gene expression
depend on the interplay between numerous
transcription factors acting in concert to produce celland tissue-specific expression patterns (6). Much
attention has been focused on transcription factors
because of their crucial roles in tumorigenesis and
metastasis. However, the potential use of
transcription factors as direct therapeutic targets is a
substantial challenge, because most of the
transcription factors have been proven to be difficult
to target directly (8). Although recent studies have
revealed a number of potential avenues for targeting
transcription factors, the classic and most frequently
employed strategy is still to target the critical
downstream effectors that mediate their functions. To
identify the downstream effectors of NKX2-2 that
mediate its tumor suppressor function, we identified a
series of important effectors, including COL5A2,
PLAU, SEMA7A and S1PR1 genes, using RNASeq
and validated their functions. Knockdown of each of
these four genes dramatically inhibited osteosarcoma
metastasis and proliferation. Notably, the S1PR1
inhibitor ozanimod inhibited both migration and
proliferation of osteosarcoma in vitro (data not
shown); this work is still ongoing, but the results
indicate that NKX2-2-S1PR1-ozanimod axis may be a
promising therapeutic strategy for osteosarcoma.
In summary, our studies of NKX2-2 revealed
new molecular mechanisms underlying osteosarcoma
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proliferation and metastasis and a series of
downstream effectors were identified, which may
represent new therapeutic strategies for treating
osteosarcoma.
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