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H I G H L I G H T S

• A systemic screen using regorafenib-treated osteosarcoma cell lines.
• CTDSPL2 was found significantly up-regulated in regorafenib-treated osteosarcoma cell lines.
• CTDSPL2 promoted osteosarcoma cell proliferation, invasion and metastasis while suppressing apoptosis in vitro.
• CTDSPL2 was significantly up-regulated in osteosarcoma tissues compared with adjacent tissues.
• CTDSPL2 is a potential therapeutic target for patients with osteosarcoma.
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A B S T R A C T

Osteosarcoma is the most common bone malignancy in children and adolescents. Patients with metastatic and 
recurrent osteosarcoma have poor prognosis. Regorafenib is a multi-kinase inhibitor recommended as a com
plement to standard chemotherapy in the treatment of advanced osteosarcoma. The mechanisms associated with 
regorafenib resistance remains unclear.

In this study we performed transcriptomics, proteomics and phosphorylated proteomics using regorafenib- 
treated osteosarcoma cell lines (MG-63, HOS-MNNG for transcriptomics, HOS-MNNG for proteomics and 
phosphorylated proteomics). After comprehensive multiomics and verification analyses of differentially 
expressed genes, essential genes for the malignancy of osteosarcoma cells were identified. The effects of essential 
genes on the proliferation, invasion, and migration of osteosarcoma were determined. The study also evaluated 
their role in the apoptosis of osteosarcoma cells. The up-regulation of essential genes was determined by 
immunohistochemistry assays.

Using comprehensive multiomics and verification analyses we found that the CTDSPL2 gene might play a role 
in the malignancy and Regorafenib resistance in osteosarcoma. In vitro and clinical specimen assays demon
strated that CTDSPL2 promotes the proliferation, invasion and metastasis of osteosarcoma cells, while inhibiting 
tumor cell apoptosis.

In conclusion CTDSPL2 was identified as an essential gene for survival of osteosarcoma cells. Knockdown of 
CTDSPL2 expression significantly inhibited the proliferation, invasion, and metastasis of osteosarcoma cells, 
suggesting that it is involved in the formation and development of osteosarcoma tumors. Our data showed that 
CTDSPL2 is a potential therapeutic target for patients with osteosarcoma.
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1. Introduction

Osteosarcoma is the most common bone malignancy found in chil
dren and adolescents worldwide [1]. Tumor resection and chemo
therapy using a combination of cisplatin, doxorubicin, and methotrexate 
are the primary treatments for osteosarcoma [2]. Eighty percent of pa
tients are presumed to have clinically undetectable micrometastases at 
diagnosis [3]. Those who do not respond well to chemotherapy have a 

poor prognosis. A 5-year survival rate of approximately 20 % is observed 
in patients with metastatic and recurrent osteosarcoma, which has 
remained virtually unchanged for the last three decades [4].

The increased knowledge of the molecular biology of oncogenesis, 
angiogenesis, and the tumor microenvironment has resulted in clinical 
trials of multi-kinase inhibitors for treatment of refractory osteosarcoma 
[5–8]. Regorafenib is a multi-kinase inhibitor that targets kinases in 
tumor cells (KIT, RET, RAF-1, BRAF, and BRAFV600E), the vasculature 

Fig. 1. IC50 and MTT assays in four well-known osteosarcoma cell lines. The half maximal inhibitory concentration (IC50) assays were performed in four well- 
known osteosarcoma cell lines. A. HOS-MNNG; B. Saos-2; C. MG-63; D. U2-OS. MTT assays were performed in two osteosarcoma cell lines. E. HOS-MNNG; F. MG-63. 
Scale bar: 150 µm.
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(VEGFR-1, VEGFR-2, VEGFR-3, and TIE2), and the tumor microenvi
ronment (PDGFR and FGFR) [9]. However, marginal effects were 
documented in the phase 2 trial of regorafenib, and regorafenib was 
recommended only as an agent complementary to standard chemo
therapy in the treatment of advanced osteosarcoma [6]. The mecha
nisms of regorafenib resistance, that play an important role in the 
limited therapeutic effect in treating osteosarcoma, remains unclear. 
Understanding these mechanisms may benefit the discovery of novel 
therapeutic targets for patients with osteosarcoma.

In this study, we performed a systemic screening of regorafenib- 
treated osteosarcoma cell lines; MG-63, HOS-MNNG for tran
scriptomics and HOS-MNNG for proteomics and phosphorylated prote
omics. After comprehensive multiomics and verification analyses of 
differentially expressed genes (DEGs), we found that CTDSPL2 was 
significantly up-regulated in regorafenib-treated osteosarcoma cell 
lines, and we speculate whether CTDSPL2 plays a role in regorafenib 
resistance in osteosarcoma. Knock-down of CTDSPL2 showed the gene is 
a factor in promoting osteosarcoma cell proliferation, invasion, and 
metastasis while suppressing apoptosis in osteosarcoma cells in vitro. In 
osteosarcoma tumor tissue samples CTDSPL2 was significantly up- 
regulated in compared with normal adjacent tissues. Our results show 
that CTDSPL2 is a potential therapeutic target for patients with osteo
sarcoma tumors.

2. Materials and methods

2.1. Cell culture

The cell lines HOS-MNNG, Saos-2, MG-63 and U2-OS were obtained 

from ATCC (American Type Culture Collection). HOS-MNNG, Saos-2, 
MG-63 and U2-OS cells were cultured in DMEM (Gibco) containing 10 % 
fetal bovine serum (FBS, BI, Kibbutz Beit Haemek, Israel), 100 U/mL 
penicillin and 0.1 mg/mL streptomycin (BBI Life Sciences, Shanghai, 
China) at 37 ◦C in a humidified incubator with 5 % CO2.

2.2. CCK‑8 assay

Cells were seeded into 96-well plates (2 × 104 cells/well) and 
cultured for 24 h, 48 h, and 72 h.

Four hours before absorbance measurement, 10 μL CCK-8 solution 
was added. The absorbance was measured at 450 nm with a microplate 
reader after incubation at 37 ◦C for 2 h.

2.3. MTT assay

Cells were plated at a density of 3 × 104 cells in a 96-well plate for 24 
h, and after the 80 % confluence was reached, cells were treated with 
0.1 % DMSO, which was used as a vehicle for 24 h. Cells were stained 
with MTT (0.5 mg/mL), and then the percent of viability were quantified 
by absorbance value (OD) at 570 nm. The MTT agents were purchased 
from Sigma Chemical Co.

2.4. Generation of regorafenib-treated cell lines

Regorafenib-treated sublines were derived from the HOS-MNNG and 
MG-63 parental cell lines by exposure to regorafenib (Bayer AG 
73–4506) following initial dose–response studies of regorafenib (0 µM to 
64 µM) over 48 h from which IC50 values were obtained. Based on these 

Fig. 2. Differentially expressed genes (DEGs) in transcriptomic analyses and GO/KEGG pathways. A. HOS-MNNG, regorafenib treated vs. control; B. MG-63, 
regorafenib treated vs. control.
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results, we utilized the optimal dose (25 µM) and time (48 h) of regor
afenib treatment for the following transcriptomic and proteomic studies. 
We performed the MTT assay for in both HOS-MNNG and MG-63 cell 
lines incubated in regorafenib at the above-mentioned concentration 
and time.

2.5. Transcriptomics and analyses

Four paired samples from the regorafenib-treated HOS-MNNG cell 
line and control group and four samples from the regorafenib-treated 
MG-63 cell line and control group underwent transcriptomic analyses. 
After RNA quantification and qualification, a total amount of 1 µg RNA 
per sample was used as input material for the RNA sample preparations. 
Sequencing libraries were generated using the NEBNext® UltraTM RNA 
Library Prep Kit for Illumina® (NEB, USA) following the manufacturer’s 
recommendations, and index codes were added to attribute sequences to 
each sample. Briefly, mRNA was purified from total RNA using poly-T 
oligo-attached magnetic beads. Fragmentation was carried out using 
divalent cations under elevated temperature in NEBNext First Strand 
Synthesis Reaction Buffer (5X). First-strand cDNA was synthesized using 
random hexamer primers and M− MuLV Reverse Transcriptase (RNase 
H). Second strand cDNA synthesis was performed using DNA Polymer
ase I and RNase H. The remaining overhangs were converted into blunt 
ends via exonuclease/polymerase activities. After adenylation of the 3′ 
ends of DNA fragments, NEBNext adaptors with hairpin loop structures 
were ligated to prepare for hybridization. To preferentially select cDNA 
fragments 250 ~ 300 bp in length, the library fragments were purified 
with the AMPure XP system (Beckman Coulter, Beverly, USA). Then, 3 µl 
USER Enzyme (NEB, USA) was used with size-selected, adaptor-ligated 
cDNA at 37 ◦C for 15 min followed by 5 min at 95 ◦C before PCR. Then, 
PCR was performed with Phusion High-Fidelity DNA polymerase, 

universal PCR primers and Index (X) Primer. Finally, PCR products were 
purified (AMPure XP system), and library quality was assessed on the 
Agilent Bioanalyzer 2100 system. Generation System using TruSeq PE 
Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer’s in
structions. After cluster generation, the library preparations were 
sequenced on an Illumina NovaSeq platform, and 150 bp paired-end 
reads were generated.

2.6. Proteomic and phosphorylated proteomic analyses

Four paired samples from the regorafenib-treated HOS-MNNG cell 
line and control group were subjected to transcriptomic analyses. After 
sample preparation, SDS–PAGE separation and filter-aided sample 
preparation, 100 μg peptide mixture of each sample was labeled using 
TMT reagent according to the manufacturer’s instructions (Thermo 
Fisher Scientific). TMT-labeled peptides were fractionated by RP chro
matography using the Agilent 1260 infinity II HPLC. The peptide 
mixture was diluted with buffer A (10 mM HCOONH4, 5 % ACN, pH 
10.0) and loaded onto an XBridge Peptide BEH C18 Column, 130 Å, 5 
µm, 4.6 mm X 100 mm column. The peptides were eluted at a flow rate 
of 1 ml/min with a gradient of 0 %–7 % buffer B (10 mM HCOONH4, 85 
% ACN, pH 10.0) for 5 min, 7–40 % buffer B for 5–40 min, 40 %–100 % 
buffer B for 45–50 min, and 100 % buffer B for 50–65 min. The elution 
was monitored at 214 nm based on the UV light trace, and fractions were 
collected every 1 min for 5–50 min. The collected fractions were com
bined into 10 fractions and dried via vacuum centrifugation at 45 ◦C.

LC–MS/MS analysis was performed on an Orbitrap Exploris 480 mass 
spectrometer (Thermo Fisher Scientific) that was coupled to Easy nLC 
(Thermo Fisher Scientific) for 60/90 min (determined by project pro
posal). The mass spectrometer was operated in positive ion mode. MS 
data were acquired using a data-dependent top10 method dynamically 

Fig. 3. Differentially expressed genes (DEGs) in proteomic and phosphorylated proteomic analyses and GO/KEGG pathways in regorafenib treated HOS- 
MNNG cell line and control. A. proteomic analyses; B. phosphorylated proteomic analyses.
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choosing the most abundant precursor ions from the survey scan 
(350–1800 m/z) for HCD fragmentation. Survey scans were acquired at a 
resolution of 120,000 at m/z 200 with an AGC target of 3e6 and a maxIT 
of 50 ms. MS2 scans were acquired at a resolution of 45,000 for HCD 
spectra at m/z 200 with an AGC target of 2e5 and a maxIT of 45 ms, and 
the isolation width was 2 m/z. Only ions with a charge state between 2–6 
and a minimum intensity of 2e3 were selected for fragmentation. Dy
namic exclusion for selected ions was 30 s. The normalized collision 
energy was 30 eV.

2.7. Data analyses

Differential expression analysis of two groups (two biological repli
cates per condition) was performed using the DESeq2 R package 
(1.16.1). DESeq2 provides statistical routines for determining differen
tial expression in digital gene expression data using a model based on 
the negative binomial distribution. The resulting P values were adjusted 
using Benjamini and Hochberg’s approach for controlling the false dis
covery rate. Genes with an adjusted p value < 0.05 found by DESeq2 
were considered differentially expressed. MS/MS raw files were pro
cessed using the MASCOT engine (Matrix Science, London, UK; version 
2.6) embedded into Proteome Discoverer 2.2 and searched against the 
UniProt_HomoSapiens_20394_20210127 database. The search 

parameters included trypsin as the enzyme used to generate peptides 
with a maximum of two missed cleavages permitted. A precursor mass 
tolerance of 10 ppm was specified and 0.05 Da tolerance for MS2 frag
ments. Except for TMT labels, carbamidomethyl (C) was set as a fixed 
modification. Variable modifications were oxidation (M), acetyl (protein 
N-term), phospho(ST), and phospho(Y). A peptide and protein false 
discovery rate of 1 % was enforced using a reverse database search 
strategy. Proteins with fold change >1.2 and adjusted p value (Student’s 
t test) < 0.05 were considered differentially expressed proteins. Phos
phopeptides with a fold change > 1.2 and an adjusted p value (Student’s 
t test) < 0.05 were considered differentially expressed phosphopeptides.

2.8. Gene enrichment analysis

The Database for Annotation, Visualization and Integrated Discovery 
(DAVID) database can provide the biological consequences for gene 
expression (https://david. abcc. Ncifc rf. gov/). In this study the KEGG 
pathway and GOBP enrichment analyses of identified DEGs were per
formed using the DAVID database.

2.9. shRNA transfection

The sequence of shRNAs targeting CTDSPL2 was cloned and inserted 

Fig. 4. Determination of the candidate gene involved in the malignancy of osteosarcoma. 20 genes were either knocked down (for the up-regulated genes) or 
over-expressed (for the down-regulated genes) in the HOS-MNNG cell line based on their expression in the omics, then cell proliferation rates were measured. A. 
overexpression of the down-regulated genes; B. down-regulation of the up-regulated genes; C. cell proliferation was inhibited in CTDSPL2 knockdown group, 
compared with control group. Scale bar: 100 µm.
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into the pLVX vector. The sequence of CTDSPL2 shRNA1 was 5′- 
CCTGGAACGAATGTCTCAGAT-3′; the sequence of CTDSPL2 shRNA2 
was 5′- CGGAGTAGAATTGAACGTGAT-3′. Transfection was performed 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s guidelines.

2.10. Colony-forming assays

The shRNA-transfected cells and controls were cultured in DMEM 
supplemented with 10 % fetal bovine serum. For colony formation as
says, equal numbers of cells from each individual clone were plated onto 

12-well plates. Colonies were visualized after 10 d. The cells were 
washed with PBS, fixed in 4 % paraformaldehyde for 5 min, and again 
washed with PBS. Fixed cells were stained with 0.05 % crystal violet in 
distilled water for 1 h, washed with distilled water and then drained. 
Images of stained colonies were scanned using an Epson scanner 
(GT9700F; Tokyo, Japan) and then counted with Image-Pro Plus 5.1 
software (Media Cybernetics). The experiments were repeated in 
triplicate.

Fig. 5. CTDSPL2 promoted osteosarcoma cell proliferation. A. CCK-8 assay using HOS-MNNG cell line; B. CCK-8 assay using U2-OS cell line; C. MTT assay using 
HOS-MNNG cell line; D. MTT assay using U2-OS cell line; E. colony formation assay using HOS-MNNG cell line, KD1, KD2 and control from left to right; F. colony 
formation assay using U2-OS cell line. KD1: shRNA1 group; KD2: shRNA2 group; NC: control group.
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2.11. Transwell assay

For the cell invasion assay, we used transwell cell culture chambers 
(BD Biosciences, Franklin Lakes, NJ, USA) with 8 mm pore size (Illipore, 
Billerica, MA, USA), coated with 50 µL of BD Matrigel matrix on poly
ethylene terephthalate (PET) membranes. Cells were trypsinized, 
resuspended in serum-free medium, and plated in the upper chamber of 
the transwell. The lower chamber was filled with 90 % McCoy’s 5a 
medium plus 10 % FBS. Cells invasion proceeded at 37 ◦C for 48 h. After 
removing the nonmigrating cells the cells invading the PET membrane 
were fixed (4 % formaldehyde/PBS) and stained with 0.5 % crystal vi
olet. After staining, the bottom of the membrane were photographed and 
invading cell counted under a bright field microscope at × 100. Five 
random fields were counted per membrane.

2.12. Annexin V/PI staining

Briefly, shRNA-transfected cells and control cells were split and 
added to 6-well plates. After 36 h, the cells were treated with pimozide 
for 24 h. Thereafter, the cells were trypsinized and suspended in ice-cold 
phosphate-buffered saline (PBS). For Annexin V/PI staining, flow 
cytometry was performed using dead.

The Cell apoptosis kit with Annexin V FITC and PI solution from 
Thermo Fisher Scientific (Waltham, MA) according to the manufac
turer’s instructions. The results were analyzed with FlowJo software.

2.13. RNA isolation and RT‑qPCR

Total RNA was extracted from HOS-MNNG and U2-OS cells using 
TRIzol (Invitrogen, CA, USA) and was reverse transcribed with an mRNA 
reverse transcription kit (Takara, Japan). Specific primers for RT–qPCR 
were used to detect the mRNA expression of CTDSPL2. All primers were 

Fig. 6. CTDSPL2 inhibited the apoptosis of osteosarcoma cells. Annexin V/PI staining and flow cytometry was performed to measure the percentages of live cells, 
viable apoptotic cells, late apoptotic cells and dead cells. UL: upper left quadrant, represents dead cells; UR: upper right quadrant, represents late apoptotic cells; LL: 
lower left quadrant, represents live cells; LR: lower right quadrant, represents viable apoptotic cells. KD1: shRNA1 group; KD2: shRNA2 group; NC: control group.
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synthesized by Sangon Biotech (Shanghai, China). CTDSPL2-forward 
primer 5′- GGTGACGGTGCTTGACTA − 3′ and CTDSPL2-reverse primer 
5′- GATTTCAACCGGAACAATA − 3′. The ACTB primers were: ACTB 
− forward primer 5′- GCGTGACATTAAGGAGAAGC − 3′ and ACTB 
− reverse primer 5′- CCACGTCACACTTCATGATGG − 3′. Relative quan
tification was performed by the 2-ΔΔCt method.

2.14. Western blot

Cells were lysed with the RIPA lysis buffer from Roche Ltd (Basel, 
Switzerland) containing protease inhibitors. The protein concentration 
in the lysates was measured by a Micro BCA Protein Assay Kit (Pierce 
Biotechnology, IL, US). Samples were separated by 10 % SDS–PAGE then 
transferred to Amersham Protran nitrocellulose membranes (GE 
Healthcare Life Sciences, Fairfield, USA). The nitrocellulose membranes 
were incubated with primary antibodies for the target proteins CTDSPL2 
and GAPDH (Proteintech, Wuhan, China) at dilutions of 1:1000 and 
1:5000 for 2 h, respectively. The proteins were detected and quantified 
using the Odyssey® CLx Infrared Imaging System (LI-COR Biosciences, 
NE, USA).

2.15. Immunohistochemistry

We conducted immunohistochemical staining analysis to measure 
the protein expression of CTDSPL2 in osteosarcoma tissues and adjacent 
normal tissues according to standard immune-peroxidase staining pro
cedure. Paraffin-embedded tissues were sliced into 4 μm sections, 
deparaffinized, then blocked with avidin/biotin for 20 min. The slides 
were incubated with primary antibodies overnight at 4 ◦C. Next, the 
slides were treated with secondary antibody (Invitrogen) and HRP 
conjugate for 1 h and then developed with DAB (Invitrogen). Finally, the 
slides were counterstained with hematoxylin. The IHC staining results of 
CTDSPL2 were independently evaluated by two pathologists.

2.16. Statistical analysis

All values are expressed as the mean ± SEM (standard error of 
measurement). Data were analyzed using an unpaired two-tailed t test. 
The statistical significance was indicated as p value < 0.05.

Fig. 6. (continued).
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3. Results

3.1. HOS-MNNG and MG-63 cell lines were selected to perform the 
transcriptomic and proteomic analyses

We analyzed regorafenib-treated cell lines for transcriptomic and 

proteomic changes. The half maximal inhibitory concentration (IC50) of 
regorafenib was determined using the MTT viability assay for four well- 
known osteosarcoma cell lines; MG-63, HOS-MNNG, Saos-2, and U2-OS 
(Fig. 1A-D). Based on these results we used the optimal dose (25 µM) and 
time (48 h) of regorafenib treatment for the following transcriptomic 
and proteomic studies. We performed the MTT assay to evaluate the 

Fig. 7. CTDSPL2 promoted the invasion and metastasis of osteosarcoma cells. A. invasion chamber assay using HOS-MNNG cell line; B. invasion chamber assay 
using U2-OS cell line; C. Transwell assay using HOS-MNNG cell line; D. Transwell assay using U2-OS cell line. KD1: shRNA1 group; KD2: shRNA2 group; NC: 
control group.
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effect of regorafenib on both HOS-MNNG and MG-63 cell lines. Cell 
viability was significantly decreased after regorafenib treatment 
compared to untreated control cells (Fig. 1E-F).

3.2. Differentially expressed genes were identified in the regorafenib- 
treated cell lines

We next determined the DEGs in osteosarcoma cells after treatment 
with regorafenib. We chose two cell lines, i.e., HOS-MNNG and MG-63, 
and treated them with 25 mM regorafenib for 48 h and conducted 
transcriptomic analyses. Regorafenib-treated HOS-MNNG cells also un
derwent proteomic and phosphorylated proteomic analyses. Tran
scriptomic analyses identified 4217 DEGs in the HOS-MNNG cell line, 
2147 up-regulated genes and 2070 down-regulated genes. In the MG-63 
cell line 7985 DEGs were identified, including 4083 upregulated genes 
and 3902 downregulated genes (Fig. 2). Proteomic analyses of regor
afenib treated HOS-MNNG cell identified 2471 differentially expressed 
proteins, including 1191 up-regulated proteins and 1280 down- 
regulated proteins (Fig. 3). In the phosphorylated proteomic analyses 
7988 differentially expressed peptides were identified, 3895 up- 
regulated peptides and 4093 down-regulated peptides (Fig. 3). Gene 
Ontology (GO) annotation and KEGG pathway annotation were per
formed and after these comprehensive analyses 20 genes were found to 
be differentially expressed in all omics analyses (Figs. 2-3).

3.3. CTDSPL2 was determined to be the candidate gene involved in the 
malignancy of osteosarcoma

Based on their expression in the omics analysis these 20 genes were 
either knocked down (for the up-regulated genes) or over-expressed (for 

the down-regulated genes) in the HOS-MNNG cell line to determine their 
function. The influence on the cell proliferation rate were documented 
as the fold change in cell count (control/interference) on day-5 after 
shRNA infection. A fold change ≥ 1.5 was not observed with the knock 
down of three over-expressed genes (Fig. 4A). A fold change of ≥ 1.5 was 
observed in knockdown two genes, ENY2 and CTDSPL2 (Fig. 4B). After 
additional single target validation, CTDSPL2 was determined to be a 
candidate gene involved in the malignancy of osteosarcoma (Fig. 4C).

3.4. CTDSPL2 promoted osteosarcoma cell proliferation

To determine whether CTDSPL2 promoted the proliferation of os
teosarcoma cells, we first generated CTDSPL2 knockdown cell lines KD1 
and KD2 in HOS-MNNG cells and KD1 and KD2 in U2-OS cells. A colony 
formation assay was performed and the colonies were counted after 
eight days of cell culture. Both CCK-8 and MTT viability assays were 
performed five days after plating. There were significantly fewer col
onies in the KD1 and KD2 constructs than in the control groups in both 
HOS-MNNG and U2-OS lines (p < 0.05). Proliferation was significantly 
lower in KD1 and KD2 cells of both in HOS-MNNG and U2-OS cell lines 
compared with the controls (p < 0.05, Fig. 5). These results suggest that 
CTDSPL2 positively affects the proliferation of osteosarcoma cells.

3.5. CTDSPL2 inhibited the apoptosis of osteosarcoma cells

Apoptosis is a cell death pathway that can be triggered by chemo
therapy. We assessed the role that CTDSPL2 might play in the regor
afenib associated resistance to apoptosis of osteosarcoma cells. The 
CTDSPL2 knockdown cell lines were assayed for the percentages of live 
cells, viable apoptotic cells, late apoptotic cells, and dead cells using 

Fig. 8. CTDSPL2 was up-regulated in osteosarcoma tissues. Representative IHC images of CTDSPL2 protein expression in Normal tissues (A) and osteosarcoma 
tissues (B) (×200 magnification). (C). IHC score for CTDSPL2 in osteosarcoma patients. ***p < 0.001 Scale bar: 50 µm.
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flow cytometry. For the HOS-MNNG cell lines (Fig. 6A), the percentage 
of dead cells in KD1 was significantly higher than that in the control 
group (p < 0.05) and there was no significant difference in the per
centage of dead cells between the KD2 and control groups (p > 0.05). 
The percentages of viable and late apoptotic cells were significantly 
lower in both the KD1 and KD2 groups than in the control group (p <
0.05). For the U2-OS cell lines (Fig. 6B), no increase in the percentage of 
dead cells in the KD1 and KD2 knock downs was observed (p > 0.05). 
However, the percentages of viable and late apoptotic cells were simi
larly lower in both KD1 and KD2 cells than in the control group (p <
0.05). These data suggest that CTDSPL2 inhibited the apoptosis of 

osteosarcoma cells, which might be one of the mechanisms of regor
afenib resistance in osteosarcoma tumors.

3.6. CTDSPL2 promoted the invasion and metastasis of osteosarcoma 
cells

We performed invasion chamber assays for both of the CTDSPL2 
knockdown cell lines. We observed significantly lower cell invasion 
rates in KD1 and KD2 knock downs of both HOS-MNNG and U2-OS cell 
lines compared with the control group (p < 0.05, Fig. 7). To explore 
whether CTDSPL2 promoted the invasion and metastasis of 

Fig. 9. Potential mechanisms about the role of CTDSPL2 on proliferation, invasion and metastasis of osteosarcoma cells. (A) Within the TARGET-OS, we 
divided 88 patients into a high expression group and a low expression group based on the median value of CTDSPL2 expression; (B) DEGs between the two groups 
were identified; (C) (D) Functional analysis was performed.
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osteosarcoma cells we conducted Transwell chamber assays. We 
observed significantly lower cell migration rates in KD1 and KD2 knock 
downs of both HOS-MNNG and U2-OS cell lines compared with the 
control group (p < 0.05, Fig. 7). These data suggest that CTDSPL2 
promoted the invasion and metastasis of osteosarcoma cells.

3.7. CTDSPL2 was up-regulated in osteosarcoma tissues

We selected osteosarcoma tissues and adjacent tissues from five 
different patients to determine whether CTDSPL2 was up-regulated in 
the tumor tissue. Immunohistochemistry assays illustrated that the 
number of CTDSPL2-positive cells was significantly higher in osteosar
coma tissues than in adjacent tissues, suggesting that CTDSPL2 was 
highly expressed in osteosarcoma (p < 0.05, Fig. 8).

3.8. Potential mechanisms about the role of CTDSPL2 on proliferation, 
invasion and metastasis of osteosarcoma cells

Within the TARGET-OS, we divided 88 patients into a high expres
sion group and a low expression group based on the median value of 
CTDSPL2 expression, DEGs between the two groups were identified and 
functional analysis was performed. The results showed that the highly 
expressed genes in the high expression group were significantly enriched 
in biological processes related to muscle formation, while the low 
expressed genes were related to bone tissue remodeling. KEGG analyses 
showed ErbB and mTOR pathways were involved in the CTDSPL2 
induced malignancy of osteosarcoma (Fig. 9).

4. Discussion

Carboxyl-terminal domain phosphatase-like protein 2 (CTDSPL2), 
also known as SCP4 or HSPC129, is a metal-dependent serine/threonine 
phosphatase [10]. CTDSPL2 is usually located in the heterochromatin of 
the nucleus [11,12]. The translocation of CTDSPL2 from the nucleus to 
the cytosol occurs in certain circumstances [12]. Previous studies 
demonstrated that CTDSPL2 interacts with a variety of proteins involved 
in hepatic gluconeogenesis, differentiation of osteoblasts, and 
mesenchymal-epithelial transition [11,13,14]. The role of CTDSPL2 in 
most malignant tumors is largely unknown, even though CTDSPL2 has 
been shown to be a key player in tumor cell proliferation, invasion, and 
metastasis in pancreatic cancer [15]. The role of CTDSPL2 in osteosar
coma has not been explored. In this study, we identified CTDSPL2 as an 
essential gene involved in promoting osteosarcoma cell proliferation, 
invasion, and metastasis, and clinical specimens from patients with os
teosarcoma implied similar results.

Regorafenib is a multikinase inhibitor targeting oncogenesis, tumor 
angiogenesis, and the tumor microenvironment. It has been recom
mended for the treatment of a variety of malignant tumors, including 
glioblastoma, metastatic colorectal cancer, advanced gastrointestinal 
stromal tumors, and hepatocellular carcinoma [16–24]. Regorafenib has 
also shown antitumor activity in metastatic or advanced osteosarcoma 
in a phase II study [6,25]. However, the antitumor effects of regorafenib 
were limited in osteosarcoma patients. It has been reported that in
duction of IL-6Rα by ATF3 enhances regorafenib resistance in hepato
cellular carcinoma [26]. There is a paucity of previous studies to clarify 
whether regorafenib resistance plays a role in unfavorable outcomes for 
osteosarcoma patients treated with regorafenib. Discovering the un
derlying mechanism of potential regorafenib resistance in osteosarcoma 
is of great importance. For this, we performed transcriptomic, proteo
mic, and phosphorylated proteomic analyses in regorafenib-treated cell 
lines. The DEGs in osteosarcoma after treatment with regorafenib were 
acquired. Twenty genes were found to be differentially expressed in all 
omics analyses. After further verification, we eventually determined that 
the candidate CTDSPL2 gene could be involved in the malignancy of 
osteosarcoma.

To determine whether CTDSPL2 promoted the malignant behaviors 

of osteosarcoma cells, we tested cell proliferation, invasion, and 
migration rates in CTDSPL2 knockdown cell lines. We observed that cell 
proliferation, invasion, and migration were significantly depressed in 
CTDSPL2 knockdown HOS-MNNG and U2-OS cell lines. These data 
suggested that CTDSPL2 promoted the proliferation, invasion, and 
metastasis of osteosarcoma cells. Furthermore, we assessed whether 
CTDSPL2 contributed to the inhibition of osteosarcoma cell apoptosis, 
which may play a role in regorafenib resistance. Generally, we observed 
an increase in the percentage of dead cells and a decrease in the per
centage of viable and late apoptotic cells, which implied that CTDSPL2 
suppressed apoptosis of osteosarcoma cells. Additionally, immunohis
tochemistry assays illustrated that CTDSPL2 was highly expressed in 
osteosarcoma. These findings are consistent with those reported by Xiao 
et al. [15], although their results were discovered in pancreatic cancer, 
while ours was found in osteosarcoma. Winans et al. [27] also showed 
that CTDSPL2 promoted cell immortalization, migration and survival in 
B-cell lymphomas, which also supported our findings. As we discussed 
above, CTDSPL2 is a serine/threonine phosphatase. Phosphatase dys
regulation occurs in cancer development [28] and many phosphatases 
are promising targets for anticancer treatment [29,30]. In this study, we 
further suggested that CTDSPL2 prolonged tumor cell survival by sup
pressing cell apoptosis. To the best of our knowledge there is no previous 
literature regarding the role of CTDSPL2 in malignant tumors.

The KEGG analyses showed the ErbB and mTOR pathways are 
involved in the CTDSPL2 induced malignancy of osteosarcoma. The 
ErbB protein family participates in tumor cell proliferation, apoptosis, 
motility, and metastasis. ErbB kinase overexpression correlates with a 
poor cancer prognosis. Evidence shows EGFR and HER2 are receptors 
expressed in osteosarcoma tissues and cells, while HER4 is in the nuclear 
compartment. Given that ErbB signaling elicits downstream signals via 
PI3K/Akt and MAPK impacting tumor survival, metastasis, and drug 
resistance, aberrant ErbB signaling may constitute a major factor in the 
invasive/metastatic potential of osteosarcoma. The mammalian target 
of rapamycin (mTOR) is a protein kinase belonging to the PI3K-related 
kinase family. mTOR expression is much higher in osteosarcoma (OS) 
tissues than in normal bone. Overactivation of mTOR signaling pro
motes progression of various cancers including OS. Excess mTOR ac
tivity supports tumor growth by promoting cell cycle, proliferation, and 
inhibiting autophagy via affecting protein synthesis. Multiple elements 
of the mTOR pathway are associated with OS; S6K1, 4EBP1, and eIF4E, 
overexpressed in OS, are downstream of activated mTOR and can pro
mote OS cell transformation and a poor prognosis.

Taken together, our data shows that CTDSPL2 is a critical regulator 
of the malignant behaviors of osteosarcoma. Decreased expression of 
CTDSPL2 induced the suppression of cell proliferation, invasion, and 
migration and subsequently enhanced osteosarcoma cell apoptosis, 
which may contribute to regorafenib resistance. This investigation 
suggests that CTDSPL2 could be a potential therapeutic target for oste
osarcoma and possibly other types of cancers as well.
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