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Abstract

Background: The dedifferentiated variant of chondrosarcoma is highly aggressive and carries an especially grim prognosis. While
chemotherapeutics has failed to benefit patients with dedifferentiated chondrosarcoma significantly, preclinical chemosensitivity studies
have been limited by a scarcity of available cell lines. There is, therefore, an urgent need to expand the pool of available cell lines.

Methods:We report the establishment of a novel dedifferentiated chondrosarcoma cell line DDCS2, which we isolated from
the primary tumor specimen of a 60-year-old male patient. We characterized its short tandem repeat (STR) DNA profile,
growth potential, antigenic markers, chemosensitivity, and oncogenic spheroid and colony-forming capacity.

Results:DDCS2 showed a spindle to polygonal shape and an approximate 60-hour doubling time. STR DNA profiling revealed
a unique genomic identity not matching any existing cancer cell lines within the ATCC, JCRB, or DSMZ databases. There was no
detectable contamination with another cell type. Western blot and immunofluorescence assays were consistent with a
mesenchymal origin, and our MTT assay revealed relative resistance to conventional chemotherapeutics, which is typical of a
dedifferentiated chondrosarcoma. Under ex vivo three-dimensional (3D) culture conditions, the DDCS2 cells produced
spheroid patterns similar to the well-established CS-1 and SW1353 chondrosarcoma cell lines.

Conclusion: Our findings confirm DDCS2 is a novel model for dedifferentiated chondrosarcoma and therefore adds to the
limited pool of current cell lines urgently needed to investigate the chemoresistance within this deadly cancer.
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Highlights

(1) The dedifferentiated variant of chondrosarcoma is
highly aggressive and resistant to currently used
chemotherapeutics.

(2) There is a scarcity of dedifferentiated chondrosarcoma
cell lines available for anticancer research.

(3) Our novel cell line DDCS2 accurately models the
qualities of dedifferentiated chondrosarcoma and adds
to the limited pool of quality cell lines.

Introduction

Chondrosarcoma is a heterogeneous cartilage-forming ma-
lignancy that is the second most common primary bone tumor
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following osteosarcoma.1 As chondrosarcoma is resistant to
both chemotherapy and radiotherapy, wide local excision
remains the only treatment option for patients.2 Current
clinical outcomes largely correlate with the histological
grading system described by the World Health Organization
(WHO) Classification of Tumors of Soft Tissue and Bone.3

Chondrosarcomas are classified into several subtypes, in-
cluding the central conventional subtype, which is the most
common, and rarer subtypes such as secondary, periosteal,
clear cell, and dedifferentiated.4

Dedifferentiated chondrosarcoma is a highly aggressive
variant accounting for 11% of chondrosarcomas with a pre-
dilection for the humerus, femur, and pelvis.5,6 Compared to
the conventional subtype, dedifferentiated chondrosarcoma
presents later in life as it mostly affects patients between 50
and 60 years of age.7 Furthermore, dedifferentiated chon-
drosarcoma is highly metastatic and recurrent.5 Its aggression
coupled with the limitations of currently used therapies have
led to a poor prognosis, with a median survival of approxi-
mately 7.5 months and a 5-year disease-free survival rate of
only 7.1%.8 These dismal patient outcomes highlight the
urgent need for preclinical models of dedifferentiated chon-
drosarcoma so that novel chemotherapeutics can be more
accurately investigated in this heterogenous cancer.9 Cur-
rently, there is a scarcity of cell lines derived from dediffer-
entiated chondrosarcoma. Of those that do exist, their
molecular and genetic features are limited and do not en-
compass the variability seen amongst patients. In this study,
we report the establishment and characterization of a novel
dedifferentiated chondrosarcoma cell line DDCS2, adding to
the pool of cell lines available for future preclinical anticancer
investigations.

Materials and Methods

Harvest and Culture of Cells

Tumor tissue was collected then cultured from a resected
primary tumor of the right distal femur from a 60-year-old
male patient with suspected L4 spinal metastasis. The diag-
nosis of dedifferentiated chondrosarcoma was confirmed by
pathologists specializing in bone tumor pathology. Prior to
surgery, written informed consent was obtained from the
donor regarding removal and research of the tumor tissue. All
procedures and experiments were approved and carried out in
accordance with the UCLA Institutional Review Board
(IRB#19-000096). No chemotherapy or radiotherapy was
performed before resection of the primary tumor. The spec-
imen was collected and anonymously encoded within the
operating room. The tissue samples were placed in sealed
microcentrifuge tubes with 0.9% sterile saline on ice for direct
transport to the laboratory, where they were washed several
times with sterilized PBS solution containing 500U/mL
penicillin/streptomycin and minced with razor blades. The
cells were harvested in flasks and cultured in complete RPMI

1640 media, supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich, US) and 100U/mL penicillin/streptomycin
(Life Technologies, US). The cells were trypsinized (0.25%
trypsinization, Life Technologies, US) once the fragments
adhered to the flasks and grew to confluence. The proliferating
cancer cells were separated from normal fibroblasts via dif-
ferential trypsinization and multiple passages.10,11

The human chondrosarcoma cell line SW1353, osteosar-
coma cell lines MG63 and MNNG/HOS, Ewing’s sarcoma
cell line TC71, cervical cancer cell line Hela, and breast cancer
cell line MCF7 were purchased from American Type Tissue
Collection (ATCC, US). The chondrosarcoma cell line CS-1
was established in our laboratory as reported previously.12,13

The SW1353, CS-1, MG63, MNNG/HOS, TC71, Hela, and
MCF7 cells were cultured in complete RPMI 1640 media. All
cell lines were grown in a humidified 37°C incubator with 5%
CO2.

Cell Growth Characterization

For cell growth and viability analysis, we seeded 2 × 103

tissue-derived DDCS2 cells into each well of a 96-well culture
plate and incubated them to several time points over 7 days. At
the end of each time point, 15 μL of MTT (5 mg/mL, Sigma-
Aldrich, US) was added to each well, and the plates were
incubated at 37°C for 4 h. 100 μL of acid isopropanol was used
to dissolve the formazan products. Wemeasured absorbance at
a wavelength of 490 nm (A490) to determine the growth
curve. All experiments were performed in triplicate.

Cell Line Identity

DNA isolation from the primary tissue specimens and cultured
cell pellets was performed using the QIAamp DNA Micro kit
(QIAGEN, US) according to the manufacturer’s instructions.
The DNA concentrations were assessed using ultraviolet light
spectrophotometry at 260 nm, and the quality was checked
through 1% agarose gel stained with ethidium bromide. Cell
line authentication and identification were confirmed by Bio-
Synthesis services (Lewisville, US) via analyzation of short
tandem repeats (STR). STR DNA profiling of the samples was
carried out with the AmpFlSTR® Identifiler® for high reso-
lution screening and intra-species cross-contamination de-
tection. The genotype of the DDCS2 cells was matched to
verify patient origin. We compared DDCS2 with a number of
recognized repositories, including the ATCC, the Japanese
Collection of Research Bioresources (JCRB), and the Deut-
sche Sammlung von Mikrorganismen and Zellkulturen
(DSMZ). Data were analyzed using GeneMapper ID® v3.2
Software (Applied Biosystems, US).

Molecular Marker Assessment

We extracted protein lysates with 1×RIPA lysis buffer (Up-
state Biotechnology, US) containing complete protease
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inhibitor cocktail tablets (Roche Applied Science, US).
Concentrations were determined using DC� protein assay
reagents (BIO-RAD, US) and a Beckman DU-640 spectro-
photometer (Beckman Instruments Inc., US). We separated
equal amounts of protein by NuPAGE® 4–12% Bis-Tris Gel
(Invitrogen, US) and transferred them to nitrocellulose mem-
branes (BIO-RAD, US). Themembranes were then blocked with
5% non-fat milk in 1×TBST for 1 h, then incubated at 4°C
overnight with primary antibodies, including p53 (#2524, 1:
1,000 dilution, Cell Signaling Technology, US), cytokeratin
(#MA5-13203, 1: 1,000 dilution, Invitrogen, US), mouse double
minute 2 homolog (MDM2, # sc-56154, 1:500 dilution, Santa
Cruz, US), vimentin (#PA5-27231, 1: 5,000 dilution, Invitrogen,
US), and β-actin (#A1978, 1:5000 dilution, Sigma-Aldrich, US).
We then washed the membranes with 1 × TBST three times for
5 minutes each before they underwent probing with secondary
antibodies, IRDye® 800CW and IRDye® 680LT (LI-COR
Biosciences, US) for 2 h at room temperature. The membranes
were then washed with 1 × TBST for 5 minutes three separate
times before analysis of the bands with the Odyssey Infrared
Fluorescent Western Blot Imaging System (Li-COR Bioscience,
US) with Odyssey software 3.0 (Li-COR Bioscience, US). The
optical density values were recorded with Image J software (NIH
Image, Bethesda, MD) and the detection was collected in
triplicate.

Immunofluorescence Assays

The expression of vimentin was evaluated by immunofluo-
rescence analysis. Suspensions of 2 × 104 cells/mL of DDCS2,
CS-1, and SW1353 were added into 24-well plates and in-
cubated for 1 day. They were then fixed for 15 min with 3.7%
paraformaldehyde, permeabilized for 20 min with ice-cold
methanol, then blocked for 1 h with 1% bovine serum albumin
(BSA). They were then incubated at 4°C overnight with the
primary antibodies vimentin (#PA5-27231, 1:200 dilution),
isocitrate dehydrogenase 2 (IDH2, #60322, 1:200 dilution,
Cell Signaling Technology, US), cyclin-dependent kinase 4
(CDK4, #12790, 1:200 dilution, Cell Signaling Technology,
US), and β-Actin (#A1978, 1:200 dilution). The following
day, they were incubated for 1 h at room temperature with the
secondary antibodies Alexa Fluor 488 (#A-11008, 1:1000
dilution, Invitrogen, US) and Alexa Fluor 594 (#A-11005, 1:
1000 dilution, Invitrogen, US). Hoechst 33342 (#H3570, 1:
10000, Life Technologies Corp., US) was applied for 5 min at
room temperature for nuclear staining. The Nikon Eclipse Ti-
U fluorescence microscope (Diagnostic Instruments Inc., US)
attached with a SPOT RT� digital camera was used for
fluorescence images.

Chemotherapeutic Sensitivity Assays

MTT assays were performed to detect cytotoxicity in vitro.
Our cell line DDCS2, the chondrosarcoma cell lines CS-1 and
SW1353 were seeded at 2×103 cells/well alongside several

chemotherapeutics. Specifically, various concentrations of
doxorubicin (up to 100 μM), cisplatin (up to 100 μM), or
paclitaxel (up to 0.1 μM) were added during incubation for 3,
5, or 7 days. Every alternate day, absorbance values were
evaluated at a wavelength of 490 on a SpectraMax Micro-
plate® Spectrophotometer (Molecular Devices LLC, CA, US).
The cell viability response to the various concentrations of
chemotherapeutics was assessed using the same procedure in
triplicate. The Zeiss microscope (Carl Zeiss, Inc., Germany)
equipped with a Nikon D40 digital camera (NikonCorp., US)
was used to take light microscope images after 5 days of
chemotherapeutic treatment.

Ex Vivo Three-Dimensional Cell Culturing and
Colony Formation

The ex vivo 3D culture model creates an artificial environment
that simulates in vivo cell growth. The hydrogel ex vivo 3D
culture system (Well Bioscience, US) was prepared according
to the manufacturer’s protocol. 250 μL of cell suspensions (2 ×
104 cells/mL) of DDCS2, the chondrosarcoma cell lines CS-1
and SW1353, and the osteosarcoma cell lines MG63 and
MNNG/HOS were mixed with the hydrogel 3D culture and
seeded into 24-well culture plates. An additional 250 μL of
complete RPMI 1640 media was used to cover the hydrogel
for system preparation. We incubated the ex vivo 3D culture
models at 37°C in a humidified atmosphere with 5% CO2. The
upper RPMI 1640 media component was replaced every other
day to provide enough nutrients for cell growth and to prevent
a shift in media osmolality. Over the 3-week period we
captured light microscope images of DDCS2, CS-1, and
SW1353 cell spheroids with a microscope equipped with a
digital camera with image analyzing software (Carl Zeiss, Inc.,
Germany). At the end time point, the cells were incubated with
1 μM Calcein AM (Life Technologies, US) and images of the
cell spheroids were taken with a Nikon Eclipse Ti-U inverted
fluorescence microscope (Nikon Instruments Inc, US). The
size of the cell spheroids was calculated using ImageJ software
(NIH Image, Bethesda, MD). The ex vivo 3D culture models
were conducted in triplicate.

For the clonogenic assays, 2 × 102 cells of DDCS2, CS-1,
and SW1353 were added to each well of 6-well plates. The
cells were cultured in RPMI 1640 media containing 10% FBS
without antibiotics and incubated at 37°C for 2 weeks. After
methanol-fixed and Giemsa-stained (Sigma-Aldrich, US), the
cell colonies were counted under a microscope and images
were captured. The experiments were conducted in triplicate.

Statistical Analysis

GraphPad PRISM 8 software (GraphPad Software, CA, US)
was used for analyses, and data were expressed as mean ± SD.
A two-tailed Student’s t-test was performed to evaluate
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significance between groups. Differences were considered
statistically significant at P<0.05.

Results

Clinicopathological Data

The initial tissue specimen was retrieved from a resected
primary tumor of the right distal femur from a 60-year-old
male patient with dedifferentiated chondrosarcoma. Resection
of the intercalary segment of the distal femur was performed
and followed up with a thorough histological examination
according to Evans histological grading criteria.14 MRI of the
primary tumor displayed an 8 × 3 × 3 cm area of marrow
replacement with bony destruction of the distal femoral
metadiaphysis, breach of medial cortex, and periosteal reac-
tion, findings consistent with a low-grade chondrosarcoma
(Figures 1A,B). Chest CT showed metastatic subpleural
nodularity. Histology of the primary tumor revealed the
juxtaposition of two intramedullary cell populations, a grade I

chondrosarcoma and a high-grade anaplastic sarcoma (Figures
1C,D). Specifically, there were typical components adjacent
to hyaline cartilage with myxoid change, as well as pro-
liferation of malignant spindle cells arranged in distinct
fascicles. These densely arranged spindle cells extensively
invaded the cortical bone and had high mitotic activity
(Figures 1E,F).

Cell Line Establishment and Growth Pattern

The in vitro cultured DDCS2 cells were routinely passaged for
over 50 generations in a 6-month period. Light microscopy
showed the DDCS2 cells to have a spindle to polygonal shape,
oval nuclei, and elongated cytoplasmic processes consistent
with other established malignant spindle cell lines (Figure
2A). The cells reached confluence with intermittent piled-up
foci. The in vitro growth pattern of DDCS2 was assessed with
a cell growth curve (Figure 2B). The population doubling time
of the DDCS2 cells in the logarithmic growth phase was 60–
72 h.

Figure 1. Clinical characteristics of the dedifferentiated chondrosarcoma donor. Radiographic features of the primary tumor. Axial (A) and
coronal (B) views showed an 80 × 26 × 26 mm focus of geographic marrow replacement/bony destruction involving the distal femoral
metadiaphysis with marked attenuation/breach of the medial cortex, and early extraosseous spread of tumor/periosteal reaction of right
femur. Arrow heads indicate the tumor areas. Pathologic features of the primary tumor. (C) Low-grade chondrosarcoma (bottom, left)
adjacent to dedifferentiated chondrosarcoma was seen to invade cortical bone (right side) (H&E, 40×, scale bar: 50 μm). (D) Low-grade
chondrosarcoma (left) and dedifferentiated chondrosarcoma (right side) in the same field (H&E, 100×, scale bar: 200 μm). (E) The permeate
pattern of invasion of low-grade chondrosarcoma, surrounding fragments of cancellous bone (H&E, 100×, scale bar: 200 μm). (F)
Dedifferentiated chondrosarcoma, characterized by a cellular proliferation of malignant spindle cells arranged in distinct fascicles (H&E,
200×, scale bar: 200 μm).
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Tumor Marker Expression

The mesenchymal tissue marker vimentin, epithelial tissue
marker cytokeratin, p53, and MDM2 were assessed by
Western blot in several cell lines. The cell lines included
dedifferentiated chondrosarcoma DDCS2, conventional
chondrosarcomas CS-1 and SW1353, osteosarcomas MG63
and MNNG/HOS, Ewing’s sarcoma TC71, and epithelial
carcinomas including cervical cancer Hela and breast cancer
MCF7. As expected, the sarcoma cell lines DDCS2, CS-1,
SW1353, MG63,MNNG/HOS, and TC71 expressed vimentin
but not cytokeratin, while the carcinoma cell lines Hela and
MCF7 expressed cytokeratin but not vimentin. Loss or low
expression of p53 was observed in DDCS2, CS-1, SW1353,
MG63, Hela, and MCF7, while MDM2 was highly expressed
in most cell lines except for the low-grade chondrosarcoma
cell line SW1353. Relative expressions of vimentin, cyto-
keratin, p53, and MDM2 were compared with β-actin in
sarcoma and epithelial carcinoma cell lines (Figure 2C). Our
immunofluorescence analysis further confirmed expression of
vimentin (Figure 2D), tumor-associated marker IDH2 and
CDK4 (Supplementary Figure S2A) in DDCS2, a finding
consistent with the conventional chondrosarcoma cell lines
CS-1 and SW1353.

Cell Source Authentication

The identity of the DDCS2 cell line was confirmed by STR
DNA profiling with bioinformatic analysis. To authenticate
the cell line identity and exclude potential cross-contamination,
we compared 15 core autosomal short tandem repeat (STR)
loci and amelogenin in the original tumor tissue and passaged
cells (Figure 3A). The data showed the DDCS2 cell DNA
matched the original tumor tissue, was not contaminated with
other cell types, and did not match existing cancer cell line
profiles within the ATCC, JCRB, or DSMZ databases (Figure
3B). Overall, these STR assays further supported DDCS2 as a
novel dedifferentiated chondrosarcoma cell line.

Chemotherapeutic Sensitivity

Viability assays were conducted on a monolayer of DDCS2
cells in standard culture conditions. The chemotherapeutic
sensitivity of DDCS2 was compared with the chondrosarcoma
cell lines CS-1 and SW1353. We evaluated their response to
the three conventional chemotherapeutics doxorubicin, cis-
platin, and paclitaxel. Similar to the CS-1 and SW1353 cell
lines, the DDCS2 cells showed decreased cell viability in a
dose and time-dependent manner to doxorubicin over 3, 5, and
7 days. Our MTT assay showed DDCS2 to have relative a

Figure 2. Morphologic characteristics and antigenic marker expression of the novel DDCS2 cell line. (A) DDCS2 cells display spindle to
polygonal shape in vitro under light microscopy (200×, scale bar: 50 μm). (B) The growth curves of DDCS2 were plotted using cells plated in
96-well plates. (C)Western blots revealed the expression of vimentin, cytokeratin, p53, and MDM2 in various sarcoma cell lines compared
with two epithelial carcinoma cell lines. Relative expressions of vimentin, cytokeratin, p53, and MDM2 were figured in different sarcoma and
epithelial carcinoma cell lines compared with β-actin. (D) Immunofluorescence analysis of vimentin was conducted in DDCS2, CS-1, and
SW1353 cell lines (200×, scale bar: 50 μm).
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resistance to doxorubicin, similar to CS-1 and SW1353 cells
(P>0.05, Figure 4A). Similar chemoresponses were observed
with cisplatin (P>0.05, Figure 4B) and paclitaxel (P>0.05,
Figure 4C) in DDCS2, CS-1, and SW1353 cells. The IC50

values were calculated in our current study (Table 1).
Morphologic changes were observed after 5 days of

doxorubicin treatment. With increasing doses of doxorubicin
(0, 0.003, 0.01, 0.3, 1, 3 μM) over 5 days, DDCS2, CS-1, and
SW1353 cells showed pronounced morphologic signs of
toxicity, including abnormal shape, appearance, lysis, and
destruction. The DDCS2 and CS-1 cells began to show ob-
servable signs of toxicity in the form of cell reduction and
abnormal cell morphology when treated with 1 μM doxoru-
bicin, while the SW1353 cells showed these signs at only
0.3 μM of doxorubicin exposure. Cell death was increasingly
more pronounced for DDCS2, CS-1, and SW1353 cells with
up to 3 μMof chemotherapeutic (Supplementary Figure S1A).
Similar morphologic changes were observed after 5 days of
cisplatin (Supplementary Figure S1B) or paclitaxel
(Supplementary Figure S1C) treatment.

Spheroid Formation in 3D Culture and Colony
Formation in 2D Culture

DDCS2, chondrosarcoma cell lines CS-1 and SW1353, as
well as the osteosarcoma cell lines MG63 and MNNG/HOS

were incubated in a 3D culture to mimic in vivo tumor growth.
Much like the CS-1 and SW1353 cells, DDCS2 cells grew
well and formed cell clusters by day 5, with increasing growth
up to 21 days in the 3D culture (Figure 5A). The DDCS2
spheroids showed a similar growth rate (P>0.05, Figure 5B)
and diameter (P>0.05, Figure 5C) to CS-1 and SW1353 cells.
Spheroid formation curves of these three chondrosarcoma cell
lines demonstrated no significant difference within the 3D
culture (P>0.05, Figure 5D). Comparison of the ability of
spheroid formation with osteosarcoma cells, the novel dif-
ferentiated chondrosarcoma DDCS2 cell lines formed stable
spheroids in 3D culture models by day 5 as well as osteo-
sarcoma cell lines MG63 and MNNG/HOS, but with a rel-
atively smaller volume. The osteosarcoma spheroids grew at a
significant rate when observed on day 7 and tumor spheroids
matured by day 15, while DDCS2 spheroids formation began
to increase by day 10 and up to day 21 (Supplementary Figure
S2B). In brief, DDCS2 cells formed the spheroids in a slight
lower growth rate on the attachment 3D culture environment
(P<0.05, Supplementary Figures S2C,D).

We also assessed the cell colony-forming ability of the
novel dedifferentiated chondrosarcoma cell line DDCS2 and
conventional chondrosarcoma cell lines CS-1 and SW1353 in
2D culture. The number of cell colonies formed by DDCS2,
CS-1, and SW1353 cells showed no significant difference
(P>0.05, Figures 5E,F). These findings support the spheroid

Figure 3. STR DNA profiling, comparison, and bioinformatic analysis of DDCS2. (A) Capillary electropherograms analyzed 15 core
microsatellites and the gender identity locus amelogenin. The amplified STR peaks are in different colors and allele classifications. (B)On the
basis of the obtained data, all detected STRs were identical between the original tumor tissue and the established DDCS2 cell line, without
matching any existing human cancer cell line profiles in the ATCC, JCRB, or DSMZ databases.
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and colony-forming ability of DDCS2 in both 3D and 2D
culture conditions, which are consistent with a malignant cell
line.

Discussion

Dedifferentiated chondrosarcoma is a rare but extremely
aggressive primary bone tumor, characterized histologically
by the presence of two distinct tumor portions: a well-
differentiated cartilage tumor, which is generally low-grade
chondrosarcoma, and a high-grade spindle-cell sarcoma
component, in which osteosarcoma could be the most com-
mon malignant type.8,15 Established and well-characterized
cell lines are critical for describing the molecular mechanisms
and therapeutic targets in this heterogeneous cancer. As
summarized (Table 2), there are few conventional and de-
differentiated chondrosarcoma cell lines available, which has
limited investigations to date.12,16-24

In the present study, we successfully established and
characterized a novel dedifferentiated chondrosarcoma cell
line DDCS2. The cells grew well in 2D and 3D cultures and
exhibited a spindle to polygonal shape over 50 passages,
findings which are consistent with a chondrosarcoma. Of note,
the 60–72 hour population doubling time we observed in
DDCS2 was much shorter than the conventional chon-
drosarcoma cell lines CS-1 and SW1353. STR DNA profiling

Figure 4. Cytotoxic assays of DDCS2, CS-1, and SW1353 cells. (A)MTT assays demonstrated a similar dose and time-dependent reduction
of cell proliferation after doxorubicin treatment in DDCS2, CS-1, and SW1353 cell lines. (B) MTT assays demonstrated a similar dose and
time-dependent reduction of cell proliferation after cisplatin treatment in DDCS2, CS-1, and SW1353 cell lines. (C) MTT assays
demonstrated a similar dose and time-dependent reduction of cell proliferation after paclitaxel treatment in DDCS2, CS-1, and SW1353 cell
lines.

Table 1. Sensitivity of primary chondrosarcoma cell lines DDCS2,
CS-1, and SW1353 to doxorubicin, cisplatin, and paclitaxel.

Drugs
Treatment Time (IC50)

Chondrosarcoma Cell Line

DDCS2 CS-1 SW1353

Doxorubicin (nM)
3-day 742.8±12.6 916.7±78.5 793.7±36.3
5-day 651.4±31.7 475.1±54.2 543.7±45.5
7-day 321.8±27.1 216.9±11.8 302.2±51.7

Cisplatin (μM)
3-day 16.28±4.12 10.20±3.31 13.23±3.19
5-day 10.17±1.71 7.555±2.05 7.171±0.81
7-day 1.589±0.70 5.466±4.19 3.404±2.11

Paclitaxel (nM)
3-day 9.445±2.15 9.628±3.77 4.811±0.51
5-day 6.807±1.97 5.936±2.53 2.651±1.83
7-day 1.182±0.21 3.434±2.12 1.427±0.55
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Figure 5. DDCS2 cell spheroid and colony growth in ex vivo 3D culture and 2D culture. (A) Representative images of a cell spheroid with
rapid growth in DDCS2, CS-1, and SW1353 cells in 3D culture systems (200×, scale bar: 100 μm). The relative diameters of spheroids
between DDCS2, CS-1, and SW1353 cell lines after 5, 10, 15, or 21 days (B,C) show no significant difference (P>0.05). (D) Spheroid
formation curves of these three chondrosarcoma cell lines showed no significant difference in 3D culture conditions (P>0.05). (E)
Representative cell colonies of DDCS2, CS-1, and SW1353 cells. (F) Quantification of clonogenic assays revealed similar cell colony
formation between DDCS2, CS-1, and SW1353 cells. Experiments were performed in triplicate.

Table 2. Summary of current dedifferentiated and conventional chondrosarcoma cell lines.

Cell Line Original Location Tumor Subtype Histological Grade Passage Reference

Dedifferentiated chondrosarcoma
NDCS-1 Distal femur Dedifferentiated / P20 18

L2975 Distal femur Dedifferentiated / P58 17

L3252 Rib Dedifferentiated / P21 17

BCSCH03 Femur Dedifferentiated / P70 19

NCC-dCS1-C1 Rib Dedifferentiated / P25 16

DDCS2 Distal femur Dedifferentiated / P50 Present study
Conventional chondrosarcoma

SW1353 Humerus Solitary central II P12 ATCC
105 KC Distal femur Myxomatous II P26 21

OUMS27 Proximal humerus Solitary central III P124 20

CH3573 Pelvis, ilium Solitary central II P60 22

L835 Distal radius Solitary central III P40 17

CS-1 Humerus Solitary central II P30 12

CH2879 Rib Solitary central III P80 23

HCS-TG Pelvis, ilium Solitary central II P45 24

BCSCH56 Humerus Solitary central III P35 19
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confirmed the unique genomic identity of DDCS2 which did
not match any previous cancer cell lines within the ATCC,
JCRB, or DSMZ repositories. As expected of a mesenchymal
tumor, we observed increased vimentin expression without
cytokeratin. Taken together, our results support DDCS2 as a
novel dedifferentiated chondrosarcoma cell line suitable for
future preclinical study.

Compared to the conventional subtype, dedifferentiated
chondrosarcomas typically have higher grade, rates of re-
currence and metastasis, and worse survival rates.25-27 As
abnormal regulation of p53 and MDM2 is especially prevalent
in bone and soft tissue sarcomas,28,29 we investigated these
proteins within our novel cell line. Indeed, the DDCS2 cells
showed a low expression of p53 and a high expression of
MDM2. Loss of p53 is significant in sarcomas, as it correlates
with tumor progression and malignancy.30-33 MDM2 is an
important inhibitor of p53-mediated transcription activa-
tion.34,35 Specifically, overexpression of MDM2 is observed
in more than one-third of human sarcomas retaining wild-type
p53. 36 Overexpression of CDK4 and IDH2 indicate the
malignant type and chondrosarcoma origin. CDK4 is reported
as a trait of malignant tumors, and is expected to be served as
an potential target for cancer therapy.37,38 Cancer-associated
IDH1/2 expressions have been considered as early stage
events in chondrosarcoma development and could be served
as a specific marker.39,40

With respect to treatment of dedifferentiated chon-
drosarcoma, complete resection remains the primary treatment
modality, and prognosis remains dismal.41 Chemotherapeutics
trialed to date have failed to show significant results due to the
well-described chemoresistance within this cancer. Reported
researches confirmed that chemoresistance is one of the main
biological features of chondrosarcoma. Cells reduced their
sensitivity to doxorubicin and cisplatin through over-
expression of efflux pumps or anti-apoptotic proteins.42,43 The
reported IC50 values of these drugs in monolayer chon-
drosarcoma cells are 50 nM–400 μM, with notable discrep-
ancy between these IC50 values may be a result of using
different cell lines, passages, culture conditions, or drug
formulation.19,43 Similar to the chondrosarcoma cell lines CS-
1 and SW1353, DDCS2 exhibited similar resistance to the
traditional chemotherapeutics doxorubicin, cisplatin, and
paclitaxel and is therefore an accurate model of the barriers to
currently used chemotherapeutics.

While the establishment of a cancer cell line is traditionally
performed in monolayer, the lack of a 3D environment reduces
its mimicry of in vivo growth. For chondrosarcoma, modeling
growth is especially dependent on culturing conditions and
their 3D environment. For example, primary chondrocytes
grown in monolayer may lose their ability to produce their
cartilaginous matrix.44 We therefore confirmed the ability of
DDCS2 cells to form spheroids in a 3D culture system before
moving forward. Within the 3D culture, there was similarity in
morphology and growth patterns to the conventional chon-
drosarcoma cell lines CS-1 and SW1353, but differences

appear with osteosarcoma cell lines MG63 and MNNG/HOS.
As DDCS2 demonstrated reliable cellular architecture in 2D
and 3D culture conditions, was consistent over multiple
passages, and had a unique DNA profile, it is a promising
option for future dedifferentiated chondrosarcoma in vivo
studies.

We, therefore, report DDCS2 as a novel dedifferentiated
chondrosarcoma cell line that adds to the pool of limited
models currently available for investigating chondrosarcoma
biology, chemoresistance, novel targets, and biomarkers.
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