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Abstract

Osteosarcoma (OS) is the most common primary malignant bone tumour in children
and young adults. Account for 80% of all OS cases, conventional OS are characterized
by the presence of osteoblastic, chondroblastic and fibroblastic cell types. Despite
this heterogeneity, therapeutic treatment and prognosis of OS are essentially the
same for all OS subtypes. Here, we report that DEC2, a transcriptional repressor,
is expressed at higher levels in chondroblastic OS compared with osteoblastic OS.
This difference suggests that DEC2 is disproportionately involved in the progression
of chondroblastic OS, and thus, DEC2 may represent a possible molecular target for
treating this type of OS. In the human chondroblastic-like OS cell line MNNG/HOS,
we found that overexpression of DEC2 affects the proliferation of the cells by activat-
ing the VEGFC/VEGFR2 signalling pathway. Enhanced expression of DEC2 increased
VEGFR2 expression, as well as increased the phosphorylation levels at sites Y951
and Y1175 of VEGFR2. On the one hand, activation of VEGFR2,,,,- enhanced cell
proliferation through VEGFR2,,,,5-PLCy1-PKC-SPHK-MEK-ERK signalling. On the
other hand, activation of VEGFR2, ., decreased mitochondria-dependent apoptosis
rate through VEGFR2, ,.,-VARP-PI3K-AKT signalling. Activation of these two signal-
ling pathways resulted in enhanced progression of chondroblastic OS. In conclusion,
DEC2 plays a pivotal role in cell proliferation and apoptosis-resistance in chondroblas-
tic OS via the VEGFC/VEGFR2 signalling pathway. These findings lay the groundwork

for developing focused treatments that target specific types of OS.
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1 | INTRODUCTION

Osteosarcoma (OS) is the most common primary bone malignant tu-
mour in children and young adults, causing thousands of disabilities
and deaths annually.! OS develops from osteoblasts and cells that
form the osteoid matrix.2 Contrary to popular opinion, OS is quite
diverse, comprising several subtypes according to the predominant
type of matrix within the primary tumour. Anatomically, OS pres-
ents as either intramedullary or surface lesions.® Intramedullary OS
can be categorized into conventional, telangiectatic, small cell, or
low-grade subtypes. About 80% of all intramedullary OS are con-
ventional OS, which can be further subdivided into osteoblastic,
chondroblastic and fibroblastic subtypes.*

Although various subtypes of OS exist, the clinical treatment of
all OS is typically similar.” The gold-standard treatment for most OS
patients is neoadjuvant chemotherapy followed by liberal surgical re-
section and additional adjuvant chemotherapy for high-grade lesions.®
Nonetheless, the overall survival rate of OS patients has barely im-
proved over the past decades.” One reason for this stable, low survival
rate may be because the standard treatment is suboptimal for certain
OS subtypes. Another contributing factor may be that systemic che-
motherapy comes with severe side effects, such as chemotherapy-
induced nausea and vomiting, anaemia, cardiotoxicity, nephrotoxicity
and neurotoxicity, limiting benefit for patients of any subtypes.®

To enhance survival rate for OS patients, attempts have been
made to develop specific therapies that uniquely target each OS
subtype. However, those therapies achieved limited success due to
the lack of OS-specific biomarkers.? This is reflected in the relative
paucity of published case reports describing unique treatments for

1, a case of

specific types of OS. For example, in Mamachan et a
chondroblastic OS in the anterior maxilla was treated only by com-
plete resection. In another case, small cell OS was treated by surgical
resection followed by postoperative adjuvant chemo- and radio-
therapy.! It is reasonable to suppose, therefore, that the discovery
of OS-specific biomarkers would help guide treatment of different
subtypes of OS.

While the surface OS-biomarkers approach to treatment has
produced mixed results, attempts to identify aberrant activa-
tion of transcription factors has attracted much attention, and
some progress has been made.}? By analysing single-cell RNA
sequencing (scRNA-seq) data of 11 patients with osteoblastic OS
and chondroblastic OS, we discovered that chondroblastic OS
highly expresses the transcription factor DEC2, but osteoblastic
OS does not. Differentiated embryonic chondrocytes expressed
gene 2 (DEC2), also known as BHLHE41/BHLHB3/SHARP1," is
one of the most important transcription factors in physiological
and pathological conditions and has been studied in various tu-
mours.** Hu et al,*® for example, reported that DEC2 facilitates
HIF-1a stabilization, promotes HIF-1 activation in OS, and contrib-
utes to the progression and metastasis of OS. However, the bio-
logical function(s) of DEC2 in tumours remains controversial. For
example, DEC2 has suppressive effects on breast carcinoma, lung,
pancreatic, and gastric cancers,*®™'? but some evidence suggests

that it contributes to the progression of endometrial carcinomas,
oesophageal cancer, breast cancers, and osteosarcoma.>20-22
However, research on DEC2 functioning in tumours is just begin-
ning, and detailed mechanistic information and pathway involve-
ment is still lacking. Detailed mechanistic studies would greatly
advance our understanding of what role DEC2 plays in the pro-
gression of chondroblastic OS, which could improve treatment
and prognosis of chondroblastic OS. Therefore, we hypothesize
that DEC2 plays a pivotal role in the progression of chondroblastic
OS through activating the hypoxia signalling pathway.

In this study, we demonstrated that DEC2 expression is signifi-
cantly increased in chondroblastic OS clinical samples, as well as in
a chondroblastic-like OS cell line in vitro. Moreover, we found that
DEC2 contributes to enhanced chondroblastic-like OS cell prolif-
eration and to apoptosis-resistance by regulating phosphorylation
of VEGFR2. High expression of DEC2 contributes to enhanced
chondroblastic OS cell proliferation through VEGFR2,,,,5-PLCy1-
PKC-SPHK-MEK-ERK signalling and decreases the apoptosis rate
through VEGFR2,,5,-VARP-PI3K-AKT signalling. Together, this
results in the progression of chondroblastic OS. Thus, our results
suggest that DEC2 plays a pivotal role in cell proliferation and
apoptosis-resistance in chondroblastic-like OS cells via VEGFC/
VEGFR2 signalling. These findings could pave the way to developing
new therapies against chondroblastic OS.

2 | METHODS AND MATERIALS

2.1 | Celllines and culturing

Three human osteosarcoma (OS) cell lines MNNG/HOS, U20S
and 143B were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Bone marrow stromal cells (BMSCs)
were harvested from patients with open fractures who under-
went debridement at Shanghai Jiao Tong University Affiliated Sixth
People's Hospital, and written informed consent was acquired and
signed by the patients. MNNG/HOS, 143B, and U20S cells were
cultured in DMEM (Corning, Corning, NY, USA); BMSCs were cul-
tured in a-MEM (Corning, USA). All cell lines were maintained at
37°C in a humidified cell-culture chamber with an atmosphere of
5% CO,. Culture media were supplemented with 10% fetal bovine
serum (Gibco, Waltham, MA, USA) and 1% Penicillin-Streptomycin
(V900929, Sigma).

2.2 | Stable cell line construction

For stable cell line construction, HEK293T cells were co-transfected
with lentivirus packing vectors and LV shuttle plasmids containing
full-length DEC2(NM_030762.3)and siRNA against DEC2. After
48h, the supernatant containing lentivirus was collected, puri-
fied and followed by titre determinization. Then, the lentivirus was
added to the culture medium of MNNG/HOS cells at a MOI=10.0.
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After 72h, the culture medium was changed to a new medium that
contained puromycin (1.0 ug/mL) to select the positive cells. Finally,
stable cells overexpressing (MNNG/HOS-D2) and knockdown DEC2
(MNNG/HOS-siD2) were verified by RT-gPCR and WB (Figure S2A-
D). All the information of the vector and sequences of full-length
DEC2 and siRNA against DEC2 has been provided in Table S2.

2.3 | Total RNA extraction and real-time
quantitative PCR

Trizol reagent (Invitrogen, USA) was used to extract total RNA from
cell lines. Reverse transcription was achieved by a Revert Aid First
Strand cDNA Synthesis Kit (Invitrogen, USA). Quantitative real-time
PCR (RT-gPCR) assays were carried out on an ABI Prism 7900HT
real-time system (Applied Biosystems) by applying specific primers
and SYBR gene PCR master mix (Invitrogen, USA). The 2744t ap-
proach was used to calculate the relative mRNA expression of dif-

ferent genes. All primers are shown in Table S3.

2.4 | Western blot and reagent

RIPA solution (EpiZyme, PC102) containing proteinase inhibitor
(Invitrogen, 36,978) and phosphatase inhibit were added to cul-
ture cells to gain lysis solution. Then, the lysates were centrifuged
(13,0008/15min, 4°C) and discarded precipitate. Equal amounts
of collected total proteins were separated by SDS-PAGE and
transferred to a PVDF membrane. Giving the membranes a dip
in 5% milk at room temperature (RT) for 1 h. Then, proteins were
detected by incubated membranes in primary antibodies solu-
tion at 4°C overnight. After that, HRP-linked anti-lgG antibodies
were employed as secondary antibodies. Primary antibodies were
shown in Table S4.

2.5 | Cell proliferation assay

Real-time cellular analysis (RTCA) (ACEA Biosciences, USA) was
used to evaluate cell proliferation.23 First, the baseline value was
measured in 100 ul of culture medium preincubated at 37°Cin a cell
incubator for 1 h. Then, the cells were seeded in wells at a density
of 2.0x 10° cells per well. The attachment and proliferation of cells

were measured by the RTCA system for 6 and 168 h, respectively.

2.6 | Colony formation assay

For colony formation ability detection, cells were incubated in a six-
well plate for 2weeks at a density of 1000 cells per wells. After being
fixed with 4% paraformaldehyde (PFA), the cells were stained with
crystal violet for half an hour. Colonies that contain over 50 cells
were recorded and counted by the ImageJ software (Rasband, W.S.,

ImageJ, U. S. National Institutes of Health, Bethesda, Maryland,
USA, http://imagej.nih.gov/ij/, 1997-2015).

2.7 | Cell migration and invasion assays

Cell migration and invasion assays were performed in 24-well plates
with 8-mm pore size chamber inserts (Corning, NY, USA), following es-
tablished procedures. For migration assays, 4 x 10* cells were placed
into each well of the upper chamber with the non-coated membrane.
For invasion assays, 4 x 10* cells were placed into the upper chamber
with the Matrigel-coated membrane, which was diluted with serum-
free culture medium. In both assays, cells were suspended in 200pL
of DMEM without fetal bovine serum when they were seeded into
the upper chamber. In the lower chamber, 800uL of DMEM supple-
mented with 10% fetal bovine serum was added. Cells that moved to
the bottom surface of the chamber were fixed with 100% methanol
for 20min and stained with 0.1% crystal violet for 30min. Then im-

aged and the cell numbers counted under microscope.

2.8 | Cell apoptosis analysis

Cells were cultured in a six-well plate, cells were washed with a
cold Phosphate-Buffered Saline (PBS) solution followed by digested
with trypsin. Digested cells were processed by the Annexin V-PI kit
(Beyotime, C1062L) according to the manufacturer's instructions.

The result was measured by flow cytometry.

2.9 | RNA-seq and analysis

Total RNA was extracted from MNNG/HOS-siD2, MNNG/HOS-D2,
and control cell lines by Trizol reagent (Invitrogen, USA). The RNA-Seq
libraries were synthesized by the TruSeq™ RNA Sample Preparation
Kit (Ilumina, USA) following the standard Illumina guidelines. After
purification, the quantification and validation of the libraries were
performed by Qubit® 2.0 Fluorometer (Life Technologies, USA)
and Agilent 2100 bioanalyzer (Agilent Technologies, USA), and fi-
nally, the library was sequenced by Illumina NovaSeq 6000 (lllumina,
USA). The library construction and sequencing were performed by
Sinotech Genomics Co., Ltd (Shanghai, China). The selection criteria
of differential expressed genes (DEG) was a less than five percent-
age false discovery rate (FDR) and changed expression higher than
1.5 or lower than 0.67-fold. All cell lines were tested three times. The
raw RNA-seq data were uploaded to NCBI SRA database. The SRA
accession number: PRINA931766.

2.10 | Subcutaneous tumour model

Female nude mice ranging from 4 to 6 weeks were purchased from the
Laboratory Animal Research Center of Shanghai Sixth People's Hospital,
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and all operations were approved by the Animal Research Committee
of Shanghai Sixth People's Hospital. After anaesthesia by pentobarbital
sodium, 100pL of cell suspension containing 1x 10° cells were injected
into the nude mouse flank.2* Tumours were measured by researchers
until the longest diameter of the largest tumour reached 200 mm.

211 | Immunofluorescence (IHC) analysis

Cells were cultured in coverslips which were placed in a 24-well
plate. When confluent up to 30%, cells were fixed with 4% PFA for
20min at RT. After being washed with PBS, fixed cells were blocked
by incubating in QuickBlock™ (Beyotime, P0260) for 1h. Then, cells
were washed by PBS three times and incubated with rabbit anti-
BHLHB3 (1:200, AF0442, Affinity) and mouse anti VEGFR2 (1:200,
Sc-6251, SANTA CRUZ) overnight at 4°C. Subsequently, discarded
primary antibody and washed by PBS three times, cells were incu-
bated with Alexa Fluor 488-conjugated goat anti-rabbit antibody
and Alexa Fluor 647-conjugated goat anti-mouse antibody at RT for
1h. DAPI was used to stain nuclei. Images were taken by Confocal

Microscope (Leica Microsystems).

2.12 | Immunohistochemical analysis

The OS tissues excised from the subcutaneous tumour model were
embedded in paraffin and then cut into 4um sections and depar-
affinized. The sections were blocked with 5% bovine serum albumin
(BSA) at 37°C for 30 min. After that, specific primary antibodies were
added to the samples and incubated overnight at 4°C. Then, the cells
were washed three times with PBS and incubated with HRP-linked
anti-lgG at 37°C for 30min. Washing by PBS again and stained in
3,3'-diaminobenzidine (DAB) for 10min. Finally, the samples were
counterstained, dehydrated, covered with cover glass and photo-
graphed with DM6B (Leica, BRD). The mean density of staining, cal-
culated using Image Pro-Plus (Media Cybernetics, Inc., Rockville, MD,

USA) as previously described,?> was used to quantify the staining.

2.13 | Statistical analyses

The data were analysed by SPSS 25.0 software and presented as
the mean+SD. The differences between experimental and con-
trol groups were analysed by two-tailed Student's t test. ns means
p>0.05, *p<0.05, **p<0.01, and ***p<0.001.

3 | RESULTS

3.1 | DEC2is expressed at higher levels in
chondroblastic OS compared with osteoblastic OS

Before examining possible differences in gene expression, we first
mined sequencing data from our previous study?® of tumour cells
in 11 OS patients (8 with osteoblastic OS and 3 with chondroblas-
tic OS). Of the osteoblastic OS cases, six were primary lesions, one
was a recurrent lesion and one was a lung metastatic lesion. Of
the chondroblastic OS cases, one was a primary lesion, one was a
recurrent lesion and one was a lung metastatic lesion.?¢ All 11 pa-
tients in that study had undergone preoperative chemotherapy.?
In all three chondroblastic OS cases, necrosis rates were below
90%; in 2 of 8 osteoblastic OS cases, necrosis rates were above
90% (Table S1).

Next, to identify transcription factors that might be aberrantly
expressed in osteoblastic and chondroblastic OS, we first screened
for transcription factors that were previously reported by other OS
studies to be overexpressed.?’” We considered expression levels
>0.5 to be positive for overexpression. We explored two datasets,
GSE152048 and GSE162454.2873 First, we conducted cluster
analysis on osteosarcoma (OS) cells using the single-cell RNA-seq
data from GSE152048, and investigated the expression patterns
of DEC2 on OS cells. Our findings delineate distinct expression
profiles of DEC2 within the tumour micro-environment. DEC2
was mainly expressed in chondroblastic OS, with relatively little
in osteoblastic OS (Figure 1A,B). Uniform Manifold Approximation
and Projection (UMAP) analysis revealed 12 different cell clus-
ters (Figure 1C). DEC2 was predominately expressed in cluster
1 (Figure 1D). KEGG pathway enrichment analysis revealed that
the top 20 GO enrichments in cell cluster 1 belonged to response
of oxygen levels and extracellular matrix organization pathways
(Figure 1E,F, Figure S1A). We also expanded our analysis to inte-
grate single-cell RNA-seq data from GSE162454. Our examination
revealed that DEC2 is primarily expressed in tissue stem cells and
certain osteosarcoma subtypes.

Gene set enrichment analysis showed two positively
(Figure 1G,H) and three negatively enriched pathways (Figure S1B)
in cluster 1; the hypoxia pathway and glycolysis pathway were the
main positively enriched pathways. These two pathways are related
to oxygen metabolism. These results characterizing cell cluster 1 are
capable of producing extracellular matrix and are suitable to hypoxic
conditions, both of which are consistent with the characteristics and

requirements of chondroblastic cells.®!

FIGURE 1 DEC2 at the single cell level is more highly expressed in chondroblastic OS compared to osteoblastic OS. (A) Cell atlas of DEC2
expression in OS clinical samples shown in UMAP plots. (B) DEC2 positive rates in chondroblastic and osteoblastic OS samples. (C) Marker
genes used to annotate cell types and cell atlas of different cell clusters. Red oval superimposed on plots shows cluster 1 in which DEC2

was predominately expressed. (D) Violin plot comparing expression levels of DEC2 in the 12 cell clusters. (E, F) KEGG pathway enrichment
analysis showing top 20 GO enrichments in cell cluster 1. (G) Gene set enrichment analysis was performed for positively or negatively
enriched pathways in cell cluster 1. (H) Hypoxia pathway and glycolysis pathway are the two positively enriched pathways.
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3.2 | DEC2 positively regulates the growth of
chondroblastic-like OS cells

To date, there are no well-accepted human OS cell lines that are recog-
nized as being of the chondroblastic subtype. Although Sato et al. estab-
lished a novel osteosarcoma cell line, referred to as CHOS, which was
derived from primary chondroblastic osteosarcoma from a 58-year-old
man, but it is not commercialized.®? So as an alternative, we employed
commonly used human OS cell lines (MNNG/HOS, U20S, 143B) for our
DEC2 expression screening analyses. Western blot analysis for DEC2
proteins revealed that DEC2 was most highly expressed in MNNG/HOS
cells (Figure 2A). Thus, we hypothesized that MNNG/HQOS cells are like
chondroblastic OS cells. Thus, throughout this report we use the term
‘chondroblastic-like OS cells’ when referring to MNNG/HOS cells.

In order to determine possible roles DEC2 playsin chondroblastic-
like OS cells, we constructed two DEC2-regulated stable cell lines
based on MNNG/HOS cells: MNNG/HOS-DEC2 (in which DEC2
is overexpressed) and MNNG/HOS-siDEC2 (in which DEC2 is
knocked down). These two lines, as well as their respective control
cell lines, were constructed using a lentivirus system; their DEC2
expression, or lack of expression, was verified at both mRNA and
protein levels. The ratios of DEC2 mRNA expression to protein ex-
pression were as follows: DEC2-overexpressing cells, 85.41 +16.67
to 1.82+0.53 (MNNG/HOS-DEC2 to DEC2 control, respectively);
DEC2-knockdown cells, 0.31+0.08 vs. 0.55+0.24 (MNNG/HOS-
siD2 to siD2 control, respectively) (Figure S2A,B).

To examine whether the altered expression of DEC2 affects
cell function, we first assessed OS cell proliferation by Real Time
Cellular Analysis (RTCA). At the indicated times, RTCA showed that
cell proliferation was significantly increased in MNNG/HOS-DEC2
cells (ratio of MNNG/HOS-DEC2 to DEC2 control, 2.53+0.62,
2.48+0.74,1.68+0.45, and 1.18 +0.17 at 48, 72, 96, and 120h, re-
spectively) (Figure 2C,E). By contrast, cell proliferation in MNNG/
HOS-siDEC2 cells was slightly decreased compared to control
cells (ratio of MNNG/HOS-siDEC2 to siDEC2 control, 0.55+0.05,
0.40+0.18,0.43+0.72, and 0.67 +0.66 at 48, 72, 96 and 120h, re-
spectively) (Figure 2B,D). We confirmed a similar pattern in colony
formation assays. Compared with that of controls, colony formation
of HOS/MNNG-DEC2 and HOS/MNNG-siDEC2 cells, respectively,
increased or decreased (ratio of HOS/MNNG-DEC2 to DEC2 control
and ratio of MNNG/HOS-siDEC2 to siD2Control were 1.53+0.13
and 0.71+£0.03, respectively) (Figure 2F-I).

We also measured cell apoptosis in MNNG/HOS-DEC2, MNNG-
siDEC2 cells, and their respective control cells by flow cytometry.
We observed enhanced apoptosis in the MNNG/HOS-siDEC2 group
(4.52% vs. 2.55%) and attenuated apoptosis in the MNNG/HOS-DEC2
group (7.34% vs. 8.67%) compared with control cells (Figure 2J-M).

Cell migration and invasion of MNNG/HOS-DEC2, MNNG/HOS-
siDEC2 and their respective control cells were assessed with transwell
assay (Figure S2C-F). Slight change was observed among the groups.

These results demonstrated that the expression of DEC2 was
positively correlated with cell proliferation, colony formation and
apoptosis-resistance in chondroblastic-like OS cells.

3.3 | Upregulation of DEC2 activates VEGF
signalling pathway in chondroblastic-like OS cells

To determine the possible mechanisms underlying DEC2's functions
in chondroblastic-like OS cells, we performed transcriptome se-
quencing (RNA-seq) analysis on MNNG/HOS-DEC2, MNNG/HOS-
siDEC2, and their respective control cells using cutoff values of >1.5
or <0.67. In DEC2-overexpressing cells, 259 genes were differen-
tially expressed compared with the control. By contrast, in DEC2-
knockdown cells, 561 genes were differentially expressed compared
with the control. These differentially expressed genes (DEGs) are
shown in Figure 3A,B.

Next, we did Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis on these DEGs. Genes related to the VEGF signalling path-
way were differentially expressed in both of the DEC2-engineered OS
cell lines (MNNG/HOS-DEC2, MNNG/HOS-siDEC2) as compared to
their respective control cells (Figure 3C,D). We also verified the KEGG
analyses via RT-gPCR by assessing the expression of genes related to
VEGF signalling pathways that were identified during transcriptome
sequencing and literature mining. RT-qPCR performed on MNNG/
HOS-DEC2, MNNG/HOS-siDEC2, and their respective control cells
revealed that expression of genes related to VEGF signalling were
indeed differentially expressed (Figure 3E,F). DEC2 upregulation in
MNNG/HOS-DEC2 cells resulted in the activation of VEGF signalling
pathways, whereas downregulation or knockdown of DEC2 in MNNG/
HOS-siDEC2 cells inhibited the activation of VEGF signalling pathways.

3.4 | DEC2 activates VEGF signalling by increasing
expression and phosphorylation of VEGFR2 in
chondroblastic-like OS cells

To verify that DEC2 activates VEGF signalling pathways, we
measured the expression of VEGFR2 protein and the phospho-
rylation of two of its tyrosine sites (Y951 and Y1175). As the
main receptor in VEGF signalling, VEGFR2 participates in cell
proliferation and apoptosis.>® Western blot analysis showed that
VEGFR2 expression was elevated in MNNG/HOS-DEC2 cells
but greatly reduced in MNNG/HOS-siDEC2 cells (Figure 4A).
Double immunofluorescence staining against DEC2 and VEGFR2
of MNNG/HOS-DEC2 cells and MNNG/HOS-siDEC2 cells were
consistent with these results (Figure 4B). DEC2 overexpression
also significantly increased the phosphorylation of VEGFR2,,,,5
and VEGFR2,,., (Figure 4A).

To determine how phosphorylation of these two sites affects
proteins downstream of VEGFR2,,,,5 and VEGFR2,,;,, we assessed
the expression of these downstream proteins by Western blotting.
As shown in Figure 4C, the activation of VEGFR2,,, also resulted
in the activation of the VARP-PI3K-AKT-Caspase9-Caspase3 signal-
ling pathway in MNNG/HOS-DEC2 cells. The ratios of MNNG/HOS-
DEC2 to DEC2 control cells were as follows: VARP, 1.40+0.11; p-PI3K,
1.47 +0.04; p-AKT, 1.55+0.11; cl-Caspase9, 0.58+0.13; cl-Caspase3,
0.34+0.05 (Figure 4D). By contrast, the activation of VEGFR2,,/5
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FIGURE 2 DEC2 positively regulates growth in chondroblastic-like OS cell line. (A) Western blot of DEC2 protein expression levels in OS
cells and bone marrow mesenchymal stromal cells (BMSC) (control). Quantitation of relative protein expression. (B-E) Results of RTCA of

MNNG/HOS-DEC2, MNNG/HQOS-siDEC2, and their respective contro

| cells. (F-1) Representative images of colony formation assay results

for MNNG/HOS-DEC2, MNNG/HOS-siDEC2, and their respective control cells. (J-M) Flow cytometry analysis of cell apoptosis (Annexin V/
Pl staining) rates of MNNG/HOS-DEC2, MNNG/HQOS-siDEC2, and their respective control cells. Data expressed as means +SD (N=23) for

experimental results. *p <0.05; **p <0.01; ***p <0.001 for all panels.

resulted in activation of the PLCy1-PKC-SPHK-MEK-ERK-HIF1a-
VEGFC signalling pathway in MNNG/HOS-DEC2 cells (Figure 4E). The
ratios of MNNG/HOS-DEC2 to DEC2Control were as follows: p-PLCy1,
1.39+0.08; PKC, 1.45+0.14; SPHK,1.63+0.09; p-ERK,1.78+0.02;
HIF-10,3.16+0.11; VEGFC, 2.83+0.37 (Figure 4F). In MNNG/HOS-
siDEC2 cells, the expression pattern of these proteins were opposite of
that observed in MNNG/HOS-DEC2 cells (Figure 4C-F).

3.5 | VEGFR2 inhibition reduces DEC2-enhanced
chondroblastic-like OS cell proliferation

To bolster our results on VEGFR2 involvement in chondroblastic-like
OS growth, we treated MNNG/HOS-DEC2 and DEC2 control cells
with the VEGFR2 inhibitor (SU5416, MedChemExpress, NJ, USA) at a

concentration of 40 pm/mL or DMSO with equal volume (control) in vitro
for 48h. SU5416 reduced cell proliferation, confirming that VEGFR2 is
involved in MNNG/HOS-DEC2 cell proliferation. Time-specific ratios
of MNNG/HOS-DEC2 +5U5416 to MNNG/HOS-DEC2 + DMSO were:
48h, 0.65+0.04; 72h, 0.49 +0.06; 96h, 0.60+0.08; 120h, 0.94+0.03
(Figure 5A). The time-specific ratios of DEC2 control+SU5416 to
DEC2 control + DMSO were: 48h, 0.63+0.14; 72h, 0.45+0.06; 96h,
0.46+0.08; 120h, 0.79 +0.07 (Figure 5A).

Colony formation assays assessing VEGFR2 inhibition produced
similar results as the RTCA experiment. Colony numbers were dra-
matically reduced in MNNG/HOS-DEC2 cells and control cells when
treated with SU5416 compared to colony numbers after DMSO treat-
ment. The ratio of MNNG/HOS-DEC2+SU5416 to MNNG/HOS-
DEC2+DMSO and the ratio of DEC2 control+SU5416 to DEC2 control
+ DMSO were 0.13+0.04 and 0.11+0.03, respectively (Figure 5B).



TUERXUN ET AL.

8of 16
B | \WILEY

(A) MND2 VS MN (C)

=

Sphingolipid metabolism { .

VEGF signaling pathway| .

TGF-beta signaling pathway °
Gene_number

Small cell lung cancer . i
6
8

PI3K-Akt signaling pathway { [ ]

P_value

=Log10{p-value)

. downregulatic

@ upregualtion
p= 005

p y { i y of stem cells
0.09
0.06

l 0.03

Proteoglycans in cancer
Ribosome |

and action

Log2(Fold-change)

MNSiD2 VS MN

(B) (D)

'
'
'
[
'
'
'

204 267

3

=Log10(p-value)

@ downregulation

@ upregualtion

p=0.05

Log2(Fold-change)

(E) (F)

MNNG-siCtrl
B MNNG-siDEC2

7
1

*k * *x
Kk _— — Kk — _—
== ik - ok er XE o T ki

fci]

—_
=
1

Relative expression
=
o
L

=
=
[1

RN

PEEEOOEFSSE
SEES ST

yroid hormone sy

Th17 cell differentiation{ -

4 5
Rich Factor

Vibrio cholerae infection o
SNARE interactions in vesicular transport{
TNF signaling pathway- [ ]

P_value

0.04
Small cell lung cancer ° 0.03
0.02

I 0.01

Gene_number

Toxoplasmosis | [ ]

Sphingolipid metabolism {

TGF-beta signaling pathway .

[ X X X X3
oo aaw

Regulation of lipolysis in adipocytes{

| VEGF signaling pathway| -

Sphingolipid signaling pathway{ ®

Rich Factor

I MNNG-Ctrl
B MNNG-DEC2

w
1
%
%

Fkk

| ***

\
‘z*' OC’

***

Jkk Rk

Fok *%

@@&@

Relative expression
— ~
1 L
[z
P ;
P — |

S %w

FIGURE 3 Upregulation of DEC2 activates the VEGF signalling pathway in chondroblastic-like OS cells. (A, B) Volcano plots showing
differentially expressed genes (DEGs) in DEC2-overexpressing MNNG/HOS-DEC2 cells (panel A) and DEC2-knockdown MNNG/HOS-siDEC2
cells (panel B) relative to their respective control cells, as identified by transcriptome RNA-seq analysis. (C, D) KEGG pathway enrichment
analysis of DEGs identified in DEC2-overexpressing MNNG/HOS-DEC2 cells (panel C) and DEC2-knockdown MNNG/HOS-siDEC2 cells (panel
D) relative to their respective control cells. (E, F) Among the DEGs, genes that are highly related to the VEGF pathway were verified by RT-
gPCR to be expressed in the DEC2-altered cells and their controls, means+SD (N=3). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

Apoptosis rates were also affected by VEGFR2 inhibition,
as shown by flow cytometric analysis (Annexin V/Pl staining)
(Figure 5C). After SU5416 treatment, apoptosis was significantly
enhanced in MNNG/HOS-DEC2 cells (15.03% vs. 8.75%) and DEC2

control cells (24.63% vs. 6.25%), as compared to their DMSO-treated
counterparts (Figure 5C).

Western blot analysis showed that expression levels of VEGF
signalling pathway-related proteins in MNNG/HOS-DEC2 and DEC2
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siDEC2 cells, and their respective control cells stained for VEGFR2 and DEC2. (C, D) Western blot showing expression levels of proteins
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quantitation of relative protein expression levels is presented as means+SD (N=3); *p <0.05; **p <0.01; ***p <0.001; ns, not significant.

control cells were significantly decreased after SU5416 treatment,
and the levels of apoptosis-related proteins (e.g., cleaved-caspase9)
were significantly increased, when compared to their DMSO-treated
counterparts (Figure 5D-G). These results supported the above
findings of VEGFR2 involvement in chondroblastic-like OS cell pro-
liferation and apoptosis-resistance.

3.6 | VEGFC rescues the decreased proliferation of
DEC2-knockdown chondroblastic-like OS cells

To further test our hypothesis that DEC2 plays an important role
in chondroblastic-like OS cell proliferation, we conducted a rescue
experiment by treating MNNG/HQOS-siDEC2 and siDEC2 control
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cells with 200nm/mL VEGFC or PBS with equal volume (control)
in vitro for 48h. We surmised that the activation of VEGFC sig-
nalling could reverse the reduction in chondroblastic-like OS cell
growth caused by DEC2 knockdown. RTCA assays confirmed that
cell proliferation was elevated in VEGFC-treated MNNG/HOS-
siDEC2 and siDEC2 control cells compared to PBS-treated MNNG/
HOS-siDEC2 and siDEC2 control cells. The ratios of MNNG/
HOS-siDEC2+VEGFC to MNNG/HOS-siDEC2+PBS were: 48h,

1.57+0.34; 72h, 2.01+0.61; 96 h, 2.10+0.55; 120h, 1.31+0.08.
The ratios of siDEC2 control + VEGFC to siDEC2 control + PBS
were: 48h, 1.47 +£0.21; 72h, 1.80+0.49; 96h, 1.53+0.28; 120h,
1.08 £0.11 (Figure 6A).

Results from colony formation assays and apoptosis experi-
ments were consistent with the results from the rescue experi-
ments. Colony numbers increased in MNNG/HOS-siDEC2 cells
and siDEC2 control cells when treated with VEGFC compared
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FIGURE 5 VEGFR2 inhibition reduces DEC2-enhanced chondroblastic-like OS cell proliferation. (A) Proliferation of MNNG/HOS-DEC2
cells (overexpressing DEC2) and DEC2 control cells (MNNG/HOS-Ctrl) in culture after adding 40 um/mL of SU5416 (VEGFR2 inhibitor)

or DMSO with equal volume (control) over 5days (left), and daily average (right). Cell index is a dimensionless parameter that reflects the
proportion of cells attached in a cell culture monolayer. Cell index is zero when cells are not present or do not adhere to the plate surface;
cell index increases progressively and proportionally as cells become attached to the monolayer. (B) Representative brightfield images of
MNNG/HOS-DEC2 and DEC2 (MNNG/HOS-Ctrl) control cells treated with either 7.5 uM SU5416 or DMSO. Mean number cell colonies
after 2weeks of culturing. The cell cultures were stained with crystal violet. (C) Flow cytometric analysis (Annexin V/PI staining) of cell
apoptosis rates of MNNG/HOS-DEC2 and DEC2 (MNNG/HOS-Ctrl) control cells after 40 uM SU5416 or DMSO treatment for 48h. Mean
percentage apoptosis from flow analysis (bottom). (D, F) Western blots showing the expression levels of proteins of PLCy1-PKC-SPHK-MEK-
ERK signalling pathway in MNNG/HOS-DEC2 and DEC2 (MNNG/HOS-Ctrl) control cells after SU5416 (40 uM) or DMSO treatment for 48 h.
Quantitation of relative expression of proteins (normalized to p-actin). (E, G) Western blots showing expression levels of proteins of VARP-
PIBK-AKT-Caspase 3 signalling pathway in MNNG/HOS-DEC2 and DEC2 control (MNNG/HOS-Ctrl) cells after SU5416 (40 uM) or DMSO
treatment for 48 h. Quantitation of relative expression of proteins. Mean+SD, N=3 for all experiments. *p <0.05; **p <0.01; ***p <0.001 for

all panels.

with PBS. The ratio of MNNG/HOS-siDEC2+VEGFC to MNNG/
HOS-siDEC2+PBS and the ratio of siDEC2control+VEGFC to
siDEC2control+PBS were 2.36+0.48 and 1.38+0.18, respec-
tively (Figure 6B). Next, we assessed apoptosis in MNNG/HOS-
siDEC2 and siDEC2 control cells treated with either VEGFC or
PBS. Apoptosis in the VEGFC-treated group was significantly re-
duced compared to their PBS-treated counterparts (MNNG/HOS-
siDEC2, 4.7% vs. 8.01%; siDEC2 control cells, 4.7% vs. 7.07%;
Figure 6C).

Western blot analysis showed that expression levels of proteins
in the VEGF signalling pathway in VEGFC-treated MNNG/HOS-
siDEC2 cells and siDEC2 control cells were significantly increased
compared to their PBS-treated control counterparts (Figure 6D-
G). By contrast, expression levels of apoptosis-related proteins
(cleaved-caspase9) were significantly decreased in VEGFC-treated
cells compared with the PBS-treated control cells (Figure 6D-G).

3.7 | DEC2 positively regulates the progression of
OS via VEGF signalling in an in vivo mouse model

Finally, we asked whether the DEC2-related processes of chondro-
blastic OS progression we identified in vitro would play out similarly
in an in vivo animal model. We used a subcutaneous implantation
tumour nude mouse model (Figure 7A). When the longest diameter
of the largest tumour reached 200mm, mice were euthanized, and
the tumours were excised, measured, and data recorded. The vol-
ume of tumours was calculated as the length (mm)xwidth (mm)?/2.
As shown in Figure 7B,D, the growth of the OS implants was signifi-
cantly enhanced by implanted xenograft of MNNG/HOS-DEC2 cells
(ratio of MNNG/HOS-DEC2 to DEC2 control was 3.80+1.95), while
grafts of MNNG/HOS-siDEC2 cells resulted in attenuated growth
(ratio of MNNG/HOS-siDEC2 to siDEC2 control was 0.20+0.28)
(Figure 7C,E).

We next examined VEGFC/VEGFR2 signalling in xenografts
of OS tissue from the mouse model using immunohistochemistry.
As shown in Figure 7F, upregulated DEC2 expression in the OS
tissue resulted in dense immunostaining of DEC2, VEGFR2,,,,s,
VEGFR2,45,, P-AKT, P-ERK, P-PLCyl proteins and reduced less

dense staining of cleaved-caspase3 proteins (ratio of MNNG/HOS-
D2 to DEC2 control for DEC2, VEGFR2,,,,5, VEGFR2,,5,, P-AKT,
P-ERK, P-PLCy1, and cleaved-caspase3 was 1.12+0.06, 1.25+0.12,
2.99+0.15, 1.53+0.07, 1.36+0.03, 1.27+0.03, and 0.78+0.02,
respectively) (Figure 7G). In the tissue with downregulated DEC2
expression, the staining density of these key proteins showed an op-
posite pattern (ratio of MNNG/HOS-siD2 to siD2 Control for DEC2,
Tyr1175, Tyr951, P-AKT, P-ERK, P-PLCy1, and cleaved-caspase3
was 0.85+0.02, 0.70+0.05, 0.68+0.04, 0.37+0.01, 0.71+0.02,
0.59+0.01, and 1.84+0.07, respectively) (Figure 7H). In summary,
these results we obtained in vivo were consistent with the results

obtained in vitro.

4 | DISCUSSION

Despite the heterogeneity of chondroblastic and osteoblastic OS,
current therapeutic treatments are similar for both subtypes. Many
attempts have been made to develop specific therapies against dif-
ferent types of OS, but little progress has been made for lack of
differentiable biomarkers.” Targeted therapies have received consid-
erable attention in clinical trials for their efficacy in the treatment of
various kinds of tumours.®* However, few studies have been done on
the molecular mechanisms of different subtypes of OS. Therefore,
there is an urgent need to understand the molecular mechanisms
underlying the progression of the different types of OS and to iden-
tify specific targets for therapeutic treatment.®® Here, we provide
multiple lines of evidence that DEC2 distinguishes chondroblastic
OS from osteoblastic OS and that DEC2 promotes tumour growth
through activation of the VEGFC/VEGFR2 signalling pathway.
DEC2, a transcriptional repressor, has been reported to play
a vital role in tumour cell growth under hypoxic conditions.3¢%”
Previous studies also indicate that DEC2 and VEGF expression are
related in tumour cell growth. For example, Sato et al®® showed that
DEC2 negatively regulates VEGF expression by interacting with
HIF-1a in NIH3T3 and Sarcoma 180 cells under hypoxic conditions.
Others reported that DEC2 upregulates VEGF gene expression
in human Miiller cells under hypoxic conditions.®? However, few
studies have examined the role of site-specific phosphorylation of
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FIGURE 6 VEGFC rescued the decreased proliferation of DEC2-knockdown chondroblastic-like OS cells. (A) Results of RTCA of MNNG/
HOS-siDEC2 and siDEC2Control cells after 200nM/mL VEGFC or PBS treatment with equal volume (control) for 48 h. (B) Representative
brightfield images of MNNG/HOS-siDEC2 and siDEC2control cells after treatment with either 50nM/mL VEGFC or PBS in the colony
formation assay. The cell cultures were stained with crystal violet. (C) Flow cytometry analysis of cell apoptosis rates of MNNG/HOS-siDEC2
and siD2Control cells after 200nm/mL VEGFC or PBS treatment for 48 h. (D, F) Western blot showing expression levels of proteins of
PLCy1-PKC-SPHK-MEK-ERK signalling pathway in MNNG/HOS-siDEC2 and siD2Control cells after 200nm/mL VEGFC or PBS treatment for
48h. Quantitation of relative expression of proteins. (E, G) Western blot showing expression levels of proteins of VARP-PI3K-AKT-Caspase3
signal pathway in MNNG/HOS-siDEC2 and siD2Control cells after 200 nm/mL VEGFC or PBS treatment for 48 h. Quantitation of relative
expression of proteins. Mean+SD, N=3 for all experiments. *p <0.05; **p<0.01; ***p <0.001 for all panels.
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FIGURE 7 The CDX mouse model confirms DEC2 affects chondroblastic-like OS cells via VEGF signalling. (A) Diagram illustrating
the procedures for the subcutaneous tumour model and IHC analysis. (B, D) Brightfield photomicrographs of excised tumours of
MNNG/HOS-DEC2 (N=5), or DEC2 control cells (N=5) and quantitation of tumour volume (mean+SD, N=5). (C, E) Brightfield
photomicrographs of excised tumours of MNNG/HOS-siDEC2 (N=5), or siD2control cells (N=5) and quantitation of tumour volume
(mean+SD, N=5). (F) High magnification brightfield images of IHC staining (DAB chromogen) of DEC2, Tyr1175, Tyr951, PAKT, P-ERK,
P-PLCy1 and cleaved-caspase 3 in xenografts of OS tissue from the subcutaneous tumour nude mouse model (scale bars, 200 um).
Counterstain is crystal violet. (G, H) Quantitation of relative positive rates of IHC proteins in tumours (mean+SD, N=3). *P < 0.05;

**P < 0.01; ***P < 0.001; ns, not significant.
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FIGURE 8 Diagram illustrating the mechanism underlying DEC2 enhancement of cell proliferation and apoptosisresistance via VEGFC/
VEGFR2 signalling in chondroblastic osteosarcoma. High expression of DEC2 enhances cell proliferation in chondroblastic-like OS cells
through the VEGFR2Y1175-PLCy1-PKC-SPHK-MEK-ERK signalling pathway. At the same time, DEC2 decreases apoptosis rate via the
VEGFR2Y951-VARP-PI3K-AKT signalling pathway and this leads to the inhibition of Caspase? and Caspase3 activity in chondroblastic-like
OS cells. These two signalling trajectories result in enhanced progression of chondroblastic OS. These differentially expressed genes (DEGs)

are shown in Figure 3A,B.

VEGFR2 by DEC2, which may trigger different downstream cas-
cades leading to different cell functions.*°

In the present study, we demonstrated that upregulation of DEC2
was positively correlated with the expression and phosphorylation of
VEGFR2 in chondroblastic OS cells. Previous studies confirmed that
the Y951 and Y1175 sites of VEGFR2 were the relevant phosphoryla-
tion sites.**2 Our results suggest that upregulation of DEC2 specif-
ically activates the VEGFR2,,,,s site and its down-stream cascades,
resulting in enhanced cell proliferation of chondroblastic-like OS cells.

We further examined the activation of the VEGFR2,,,,.-PLCy1
pathway, which previously was reported to mediate cell prolifera-
tion in vascular endothelial cells.** Our findings here confirmed that
PLCy1 plays an essential role in cell proliferation through interac-
tion with VEGFR2,,,, in chondroblastic-like OS cells. Furthermore,
VEGFR2,,,,5-induced PLCy1 signalling also activates ERK and HIF-1,
as the downstream cascades of PKC signalling. The activation of HIF-1
has been previously reported in 0S.}° Studies have revealed that
VEGF is a well-known downstream target gene of HIF-1.** We found
that upregulation of DEC2 upregulates VEGF-C expression in chond-
roblastic OS cells. Taken together, we propose that VEGFC/VEGFR2/
HIF-1/VEGFC plays a positive feedback role in chondroblastic-like OS
cells, which contributes to increased cell proliferation (Figure 8).

Besides the known functions mentioned above, DEC2 also
has anti-apoptotic effects in oesophageal squamous cell carci-
noma. breast cancer and prostate cancer.??2% This is consistent
with results from our present study. We found that upregulation
of DEC2 results in a reduced apoptosis rate in chondroblastic-like
OS cells. Moreover, we found that, besides the phosphorylation of
Y1175, DEC2 also can phosphorylate the Y951 site of VEGFR2 in
chondroblastic-like OS cells. Wu et al. identified an adapter molecule,
designated VEGF receptor-associated protein (VRAP), as a binding
partner to Y951.%¢ Consistent with that observation, we found that
VARP can be activated by VEGFR2, .5, in chondroblastic-like OS cells.
Furthermore, we also found that PI3K-Akt was in the down-stream
cascade of VEGFR2,,.,-VARP signalling. Specifically, we showed
that PI3K-Akt protein expression was reduced in chondroblastic OS
cells after inhibiting VEGFR2,,;, with SU5416, which increased cell
apoptosis rates. Upregulated DEC2 in our study resulted in decreased
cleavage of caspase-9, caspase-3 in chondroblastic OS cells, which are
signature characteristics of apoptosis. In conclusion, DEC2 inhibited
chondroblastic-like OS cell apoptosis through VEGFR2,,.,/VARP/
Pi3k/AKT/Caspase9/caspase3 pathway (Figure 8).

Although our study has illuminated some of the relationships
of DEC2 and the VEGF signalling pathway in chondroblastic OS
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progression, there are still missing pieces in the puzzle about the
underpinnings of chondroblastic OS progression. Firstly, it is still a
mystery how VEGFR2 and phosphorylation sites are positively regu-
lated in chondroblastic-like OS cells under the DEC2 high expressing
condition. To address this question, high-throughput protein-pro-
tein interaction screening may need to be performed to discover
DEC2 joint proteins that exert their effects in VEGFR2 phosphory-
lation. Secondly, we only detected the activation of two phosphor-
ylation sites of VEGFR2, which are reported to be highly related to
cell growth. Other sites not yet examined require detailed studies
in future.

In conclusion, our results demonstrated that high expression
of DEC2 distinguishes chondroblastic OS from osteoblastic OS.
Moreover, we discovered that high expression of DEC2 in chond-
roblastic OS cells leads to tumour progression via activation of the
VEGFC/VEGFR2 signalling pathway. Thus, targeting the elevated
expression of DEC2 could be a therapeutic strategy to treat chond-
roblastic OS. Decreasing its expression or suppressing the VEGFC/
VEGFR2 pathway in chondroblastic OS may be a promising vein to
mine for treating patients with this subtype of OS.

AUTHOR CONTRIBUTIONS

Maimaitiaili Tuerxun: Conceptualization (equal); data curation
(equal); writing - original draft (lead). Xu Zheng: Data curation
(equal); formal analysis (equal); investigation (equal); software
(equal). Jun Xu: Investigation (equal); methodology (equal); re-
sources (equal). Quanjun Yang: Formal analysis (equal); method-
ology (equal); validation (equal). Ting Yuan: Data curation (equal);
formal analysis (equal); supervision (equal); validation (equal).
Changging Zhang: Conceptualization (equal); funding acquisi-
tion (equal); methodology (equal); supervision (equal); writing
- review and editing (equal). Shumin Zhou: Conceptualization
(equal); funding acquisition (equal); methodology (equal); project
administration (equal); supervision (equal); writing - review and
editing (equal).

ACKNOWLEDGEMENTS

The authors would like to thank the Institute of Microsurgery on
Extremities, Shanghai Sixth People's Hospital Affiliated to Shanghai
Jiao Tong University School of Medicine, and the Laboratory Animal
Research Center of the Shanghai Sixth People's Hospital for provid-
ing the experimental platform.

FUNDING INFORMATION

This work was supported by grants of the National Natural Science
Foundation of China (No. 81820108020), Clinical Research Plan of
SHDC (No. SHDC2020CR1025B), Basic Scientific Research Projects
of Shanghai Sixth People's Hospital (No. YNMS202202).

CONFLICT OF INTEREST STATEMENT

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed
as a potential conflict of interest.

WILEY 150f 16

DATA AVAILABILITY STATEMENT
The datasets are available from the corresponding author upon rea-

sonable request.

ORCID

Maimaitiaili Tuerxun "= https://orcid.org/0000-0003-0309-5730

REFERENCES

1. Mirabello L, Troisi RJ, Savage SA. Osteosarcoma incidence and sur-
vival rates from 1973 to 2004. Cancer. 2009;115(7):1531-1543.

2. Raymond AK, Jaffe N. Osteosarcoma multidisciplinary approach
to the management from the pathologist's perspective. In: Jaffe N,
Bruland OS, Bielack S, eds. Pediatric and Adolescent Osteosarcoma.
Springer US; 2010:63-84.

3. Klein MJ, Siegal GP. Osteosarcoma: anatomic and histologic vari-
ants. Am J Clin Pathol. 2006;125(4):555-581.

4. ChoiJH, Ro JY. The 2020 WHO classification of tumors of bone: an
updated review. Adv Anat Pathol. 2021;28(3):119-138.

5. Hu Z, Wen S, Huo Z, et al. Current status and prospects of tar-
geted therapy for osteosarcoma. Cells. 2022;11:3507. doi:10.3390/
cells11213507

6. Hong AM, Millington S, Ahern V, et al. Limb preservation surgery
with extracorporeal irradiation in the management of malignant
bone tumor: the oncological outcomes of 101 patients. Ann Oncol.
2013;24(10):2676-2680.

7. Belayneh R, Fourman MS, Bhogal S, Weiss KR. Update on osteosar-
coma. Curr Oncol Rep. 2021;23(6):71.

8. Janeway KA, Grier HE. Sequelae of osteosarcoma medical ther-
apy: a review of rare acute toxicities and late effects. Lancet Oncol.
2010;11(7):670-678.

9. Yoshida A. Osteosarcoma: old and new challenges. Surg Pathol Clin.
2021;14(4):567-583.

10. Mamachan P, Dang V, Bharadwaj NS, DeSilva N, Kant P.
Chondroblastic osteosarcoma—a case report and review of litera-
ture. Clin Case Reports. 2020;8(11):2097-2102.

11. Abid W, Triki M, Hlima GB, Chaari Z, Hentati A, Frikha I. Small
cell osteosarcoma of the rib: an exceptional localization. Clin Case
Reports. 2022;10(9):e6377.

12. Park M, Kang KW, Kim JW. The role and application of transcrip-
tional repressorsin cancer treatment. Arch Pharm Res. 2023;46:1-17.

13. Fujimoto K, Shen M, Noshiro M, et al. Molecular cloning and char-
acterization of DEC2, a new member of basic helix-loop-helix pro-
teins. Biochem Biophys Res Commun. 2001;280(1):164-171.

14. Sato F, Bhawal UK, Yoshimura T, Muragaki Y. DEC1 and DEC2
crosstalk between circadian rhythm and tumor progression. J
Cancer. 2016;7(2):153-159.

15. Hu T, He N, Yang Y, Yin C, Sang N, Yang Q. DEC2 expression is
positively correlated with HIF-1 activation and the invasiveness of
human osteosarcomas. J Exp Clin Cancer Res. 2015;34(1):22.

16. Fang W, Li Q, Wang M, Zheng M, Xu H. DEC2 serves as po-
tential tumor suppressor in breast carcinoma. Dis Markers.
2020;2020:6053154.

17. NagataT,MinamiK,YamamotoM,etal. BHLHE41/DEC2expression
induces autophagic cell death in lung cancer cells and is associ-
ated with favorable prognosis for patients with lung adenocarci-
noma. Int J Mol Sci. 2021;22:11509. d0i:10.3390/ijms222111509

18. Sato F, Kawamura H, Wu Y, et al. The basic helix-loop-helix tran-
scription factor DEC2 inhibits TGF-beta-induced tumor pro-
gression in human pancreatic cancer BxPC-3 cells. Int J Mol Med.
2012;30(3):495-501.

19. Li P, Jia YF, Ma XL, et al. DEC2 suppresses tumor proliferation and
metastasis by regulating ERK/NF-kB pathway in gastric cancer. Am
J Cancer Res. 2016;6(8):1741-1757.


https://orcid.org/0000-0003-0309-5730
https://orcid.org/0000-0003-0309-5730
https://doi.org//10.3390/cells11213507
https://doi.org//10.3390/cells11213507
https://doi.org//10.3390/ijms222111509

16 of 16
%91 | WILEY

20.
21.
22.

23.

24.

25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

36.

TUERXUN ET AL.

Yunokawa M, Tanimoto K, Nakamura H, et al. Differential regula-
tion of DEC2 among hypoxia-inducible genes in endometrial carci-
nomas. Oncol Rep. 2007;17(4):871-878.

Sato H, Wu Y, Kato Y, et al. DEC2 expression antagonizes cisplatin-
induced apoptosis in human esophageal squamous cell carcinoma.
Mol Med Rep. 2017;16(1):43-48.

Liu Y, Sato F, Kawamoto T, et al. Anti-apoptotic effect of the basic
helix-loop-helix (bHLH) transcription factor DEC2 in human breast
cancer cells. Genes Cells. 2010;15(4):315-325.

Lebourgeois S, Fraisse A, Hennechart-Collette C, Guillier L, Perelle
S, Martin-Latil S. Development of a real-time cell analysis (RTCA)
method as a fast and accurate method for detecting infectious
particles of the adapted strain of hepatitis A virus. Front Cell Infect
Microbiol. 2018;8:335.

Shimosato Y, Kameya T, Nagai K, et al. Transplantation of human
tumors in nude mice. J Natl Cancer Inst. 1976;56(6):1251-1260.
Wang C-J, Zhou ZG, Holmqvist A, et al. Survivin expression quan-
tified by image pro-plus compared with visual assessment. Appl
Immunohistochem Mol Morphol. 2009;17(6):530-535.

Zhou'Y, Yang D, Yang Q, et al. Single-cell RNA landscape of intratu-
moral heterogeneity and immunosuppressive microenvironment in
advanced osteosarcoma. Nat Commun. 2020;11(1):6322.

Peng C, Yang Q, Wei B, et al. Investigation of crucial genes and mi-
croRNAs in conventional osteosarcoma using gene expression pro-
filing analysis. Mol Med Rep. 2017;16(5):7617-7624.

Liu Y, Feng W, Dai Y, et al. Single-cell Transcriptomics reveals the
complexity of the tumor microenvironment of treatment-naive os-
teosarcoma. Front Oncol. 2021;11:709210.

He M, Jiang X, Miao J, et al. A new insight of immunosuppressive
microenvironment in osteosarcoma lung metastasis. Exp Biol Med
(Maywood). 2023;248(12):1056-1073.

Thomas DD, Lacinski RA, Lindsey BA. Single-cell RNA-seq reveals
intratumoral heterogeneity in osteosarcoma patients: a review. J
Bone Oncol. 2023;39:100475.

Kerr DA, Lopez HU, Deshpande V, et al. Molecular distinction
of chondrosarcoma from chondroblastic osteosarcoma through
IDH1/2 mutations. Am J Surg Pathol. 2013;37(6):787-795.

Liu Y, Feng X, Zhang Y, et al. Establishment and characteri-
zation of a novel osteosarcoma cell line: CHOS. J Orthop Res.
2016;34(12):2116-2125.

Devery AM, Wadekar R, Bokobza SM, Weber AM, Jiang Y, Ryan
AJ. Vascular endothelial growth factor directly stimulates tu-
mour cell proliferation in non-small cell lung cancer. Int J Oncol.
2015;47(3):849-856.

Mason NJ, Gnanandarajah JS, Engiles JB, et al. Immunotherapy
with a HER2-targeting listeria induces HER2-specific immunity and
demonstrates potential therapeutic effects in a phase | trial in ca-
nine osteosarcoma. Clin Cancer Res. 2016;22(17):4380-4390.

Chen C, Xie L, Ren T, Huang Y, Xu J, Guo W. Immunotherapy for os-
teosarcoma: fundamental mechanism, rationale, and recent break-
throughs. Cancer Lett. 2021;500:1-10.

Miyazaki K, Kawamoto T, Tanimoto K, Nishiyama M, Honda H,
Kato Y. ldentification of functional hypoxia response elements in
the promoter region of the DEC1 and DEC2 genes. J Biol Chem.
2002;277(49):47014-47021.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Yang X, Wu JS, Li M, et al. Inhibition of DEC2 is necessary for ex-
iting cell dormancy in salivary adenoid cystic carcinoma. J Exp Clin
Cancer Res. 2021;40(1):169.

Sato F, Bhawal UK, Kawamoto T, et al. Basic-helix-loop-helix
(bHLH) transcription factor DEC2 negatively regulates vas-
cular endothelial growth factor expression. Genes Cells.
2008;13(2):131-144.

Kusunose N, Akamine T, Kobayashi VY, et al. Contribution of the
clock gene DEC2 to VEGF mRNA upregulation by modulation of
HIF1a protein levels in hypoxic MIO-M1 cells, a human cell line of
retinal glial (Mller) cells. Jpn J Ophthalmol. 2018;62(6):677-685.
Zeng HY, Sanyal S, Mukhopadhyay D. Tyrosine residues 951 and
1059 of vascular endothelial growth factor receptor-2 (KDR) are es-
sential for vascular permeability factor/vascular endothelial growth
factor-induced endothelium migration and proliferation, respec-
tively. J Biol Chem. 2001;276(35):32714-32719.

Holmqvist K, Cross MJ, Rolny C, et al. The adaptor protein Shb
binds to tyrosine 1175 in vascular endothelial growth factor (VEGF)
Receptor-2 and regulates VEGF-dependent cellular migration. J Biol
Chem. 2004,279(21):22267-22275.

Matsumoto T, Bohman S, Dixelius J, et al. VEGF receptor-2 Y951
signaling and a role for the adapter molecule TSAd in tumor angio-
genesis. EMBO J. 2005;24(13):2342-2353.

Sase H, Watabe T, Kawasaki K, Miyazono K, Miyazawa K. VEGFR2-
PLCy1 axis is essential for endothelial specification of VEGFR2+
vascular progenitor cells. J Cell Sci. 2009;122(18):3303-3311.
Amelio |, Melino G. The “Sharp” blade against HIF-mediated metas-
tasis. Cell Cycle. 2012;11(24):4530-4535.

Liu Q, Wu Y, Yoshizawa T, et al. Basic helix-loop-helix transcription
factor DEC2 functions as an anti-apoptotic factor during paclitaxel-
induced apoptosis in human prostate cancer cells. Int J Mol Med.
2016;38(6):1727-1733.

Wu L-W, Mayo LD, Dunbar JD, et al. VRAP is an adaptor protein
that binds KDR, a receptor for vascular endothelial cell growth fac-
tor. J Biol Chem. 2000;275(9):6059-6062.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Tuerxun M, Zheng X, Xu J, et al. High
expression of DEC2 distinguishes chondroblastic
osteosarcoma and promotes tumour growth by activating
the VEGFC/VEGFR?2 signalling pathway. J Cell Mol Med.
2024;28:€18462. do0i:10.1111/jcmm.18462



https://doi.org/10.1111/jcmm.18462

	High expression of DEC2 distinguishes chondroblastic osteosarcoma and promotes tumour growth by activating the VEGFC/VEGFR2 signalling pathway
	Abstract
	1|INTRODUCTION
	2|METHODS AND MATERIALS
	2.1|Cell lines and culturing
	2.2|Stable cell line construction
	2.3|Total RNA extraction and real-­time quantitative PCR
	2.4|Western blot and reagent
	2.5|Cell proliferation assay
	2.6|Colony formation assay
	2.7|Cell migration and invasion assays
	2.8|Cell apoptosis analysis
	2.9|RNA-­seq and analysis
	2.10|Subcutaneous tumour model
	2.11|Immunofluorescence (IHC) analysis
	2.12|Immunohistochemical analysis
	2.13|Statistical analyses

	3|RESULTS
	3.1|DEC2 is expressed at higher levels in chondroblastic OS compared with osteoblastic OS
	3.2|DEC2 positively regulates the growth of chondroblastic-­like OS cells
	3.3|Upregulation of DEC2 activates VEGF signalling pathway in chondroblastic-­like OS cells
	3.4|DEC2 activates VEGF signalling by increasing expression and phosphorylation of VEGFR2 in chondroblastic-­like OS cells
	3.5|VEGFR2 inhibition reduces DEC2-­enhanced chondroblastic-­like OS cell proliferation
	3.6|VEGFC rescues the decreased proliferation of DEC2-­knockdown chondroblastic-­like OS cells
	3.7|DEC2 positively regulates the progression of OS via VEGF signalling in an in vivo mouse model

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


