
Sarcomas represent a group of cancers that exhibit mes-
enchymal differentiation, accounting for approximately 
1% of all adult malignancies.1) Despite aggressive surgical 
resection with adjuvant chemotherapy and radiotherapy, 
about 30% of patients with sarcoma still experience local 
relapse or metastasis. In general, prognoses of patients 
with metastatic sarcoma remain poor, with the 3-year 
survival rate of 20%–30%.2) Therefore, novel approaches 
to treatment are needed to improve the outcomes of these 
patients.

Cancer stem cells (CSCs) constitute the minority of 
cells within the tumor, but they have unique characteristics 
such as the self-renewal and tumorigenic potential. Due to 
these characteristics, the established anti-cancer drugs are 
unable to remove the CSCs completely and thus are unable 
to protect against cancer reoccurrence. Therefore, in order 
to remove the CSCs completely, it is necessary to have a 
comprehensive understanding of the signaling pathways 
involved in cancer cell maintenance or regulation. 

Recently, studies on CSCs, which focused on finding 
molecular biological characteristics or cell signaling path-
ways that maintain and regulate CSCs,3) have found that 
the self-renewal signal of CSCs is modified in various can-
cer species. The study of the Notch and Sonic Hedgehog 
signaling pathway is 1 such study.4) Since first confirmed 
in acute myeloid leukemia, CSCs have been detected in 
breast, brain, and colon cancer and have been identified in 
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a variety of solid tumors. Sarcoma CSCs have been found 
in osteosarcoma, synovial sarcoma, and undifferentiated 
pleomorphic sarcoma.5-7) Therefore, the study of CSCs is 
of major interest in cancer therapy.

Delta-like factor 1 (DLK1), also known as preadipo-
cyte factor 1 (pref-1), was cloned in the preadipocyte cells 
3T3-L1 cDNA library. Previous studies showed the role of 
DLK1 in mesenchymal stem cell differentiation, adipogen-
esis, myogenesis, and osteoblastogenesis.8,9) In addition, it 
has been reported that the overexpression of DLK1 is as-
sociated with the development of various cancers includ-
ing blood cancer, breast cancer, colon cancer, pancreatic 
cancer, and glioma.10) DLK1 has been shown to be associ-
ated with the maintenance of CSCs. For example, in liver 
cancer, cells that expressed DLK1 had CSC characteristics. 
Suppression of DLK1 expression resulted in depression of 
liver cancer tumorigenesis due to the decreased number of 
CSCs.11) In addition, suppressing DLK1 induced the dif-
ferentiation of undifferentiated cancer cells in neuroblas-
toma, glioma, and blood cancer.12) However, little is known 
about the role of DLK1 in sarcoma progression. With this 
regard, we investigated the expression of DLK1 and the 
role of DLK1 in the maintenance of sarcomas and sarcoma 
CSCs.

METHODS

Cell Culture 
Cell lines were purchased from ATCC Cell Bank, Lonza 
Clonetics (HS-SY-II) and the culture media used were 
Dulbecco's Modified Eagle Medium (DMEM; Gibco, 
Grand Island, NY, USA), Macoy5A (Gibco; A204, Saos2, 
SK-ES1), and L15 (sw872, sw1353, sw684, sw982), supple-
mented with 10% fetal bovine serum (FBS), 2 mM gluta-
mine, 100 U/mL penicillin, and 100 μg/mL streptomycin. 
Cells were cultured at 37°C in a 5% CO2 incubator and the 
medium was changed twice a week.

RNA Extraction and Quantitative Real-Time 
Polymerase Chain Reaction
Total RNA was extracted from 14 sarcoma, osteoblast, 
and fibroblast cell lines using RNeasy Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s in-
structions. Complementary DNA was synthesized us-
ing a SuperScript VILO cDNA synthesis kit (Invitrogen, 
Waltham, MA, USA). Quantitative real-time polymerase 
chain reaction (PCR) was performed using the Taqman 
ABI 7500 (Applied Biosystems, Lincoln, CA, USA) with 
a probe mixture. The primers and probes were designed 
using Primer Express Software 2.0 (Applied Biosystems). 

Fragments of the DLK1 sequence were amplified us-
ing a forward primer (5'-GCC ACA GCA CCT ATG 
GTG AG-3'), a reverse primer (5'-TAA GAC GGC AAA 
GTC CC-3'), and a probe (5'-FAM-GTGTGATCAACG-
GCTCCCCCTGCCA-TAMRA-3'). The probe sequence, 
5'-AGC ACA GCT CCG TCG CCG AGT G-3', was la-
beled at the 5' end with a reporter fluorophore and on the 
3' end with a quencher fluorophore TAMRA. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as 
an internal standard. Quantitative amplification reactions 
were performed as follows: 2 minutes at 50°C, 10 minutes 
at 95°C, and 45 15-second cycles at 95°C, and 1 minutes at 
60°C. The quantitative analysis of mRNA was performed 
using the ABI Prism 7500 Software ver. 2.0.5 (Applied 
Biosystems). To determine the relative quantification of 
mRNA expression, the standard curve method was used. 
GAPDH was run concurrently as a housekeeping gene. 

Western Blot Analysis
For Western blot analyses, cells were lysed in RIPA buffer 
(Sigma-Aldrich, Laramie, WY, USA) with complete mini 
protease inhibitors (Roche, Indianapolis, IN, USA). The 
proteins were quantified using the Bradford assay (Bio-
Rad, Hercules, CA, USA), separated using NU-PAGE gel 
(NOVEX) electrophoresis and transferred to nitrocel-
lulose membranes (Amersham Hybond; GE Healthcare, 
Chicago, IL, USA). Following blocking with 5% skimmed 
milk in TBS (0.1% Tween 20), membranes were left over-
night at 4°C in an anti-DLK1 primary antibody solution 
(1:100; Millipore, Burlington, MA, USA). The anti-β-actin 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) was used as a housekeeping molecule. These blots 
were then labeled with horseradish peroxidase-conjugated 
secondary antibodies (Santa Cruz Biotechnology) for 1 
hour at 4°C. The membranes were washed with TBST (Tris 
Buffered Saline with Tween 20, 0.1%; Sigma-Aldrich) and 
the target protein was detected by an enhanced chemilu-
minescence Western blot detection system (GE, Berlin, 
Germany). The relative expression level of each protein 
was calculated by comparing β-actin expression level.

Cancer Stem-Like Cells Sorting in Sarcoma Cell Lines
Cells were detached from culture plates using 0.02% ethyl-
enediaminetetraacetic acid (EDTA) in phosphate-buffered 
saline (PBS) and washed twice in PBS containing 0.1% 
bovine serum albumin (BSA). At least 5 × 105 cells were 
incubated in 100 μL of 0.1% BSA/PBS buffer with mono-
clonal antibodies in a 1:10 dilution or isotype antibody for 
20 minutes at 4°C in the dark. The antibodies used were 
mouse anti-human CD133/2-PE conjugated and isotype-
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PE conjugated as a control (Miltenyi Biotec, Bologna, 
Italy). After washing, the labeled cells were analyzed by 
flow cytometry using a fluorescence-activated cell sort-
ing (FACS) cell sorter (FACS ARIA II; BD Bioscience, San 
Jose, CA, USA). CD133+ cells were sorted for experiments 
and CD133− cells were harvested as control. Seven days 
after sorting, cells were detached and stocked. The isolated 
cells were cultured for 1 week under the same conditions 
as the cell line. Experiments using the CD133+ cells were 
conducted between passages 4 and 6 to avoid their differ-
entiation into the cancer cell.

Sphere-Forming Assay
Cells were seeded at a density of 60,000 cells/well in 6-well 
ultra-low attachment plates (Corning Life Science, Tewks-
bury, MA, USA) containing 3 mL DMEM/F12 supple-
mented with 1% methylcellulose, progesterone (10 nM), 
putrescine (50 μM), sodium selenite (15 nM), transferrin 
(13 μg/mL), insulin (10 μg/mL), human epidermal growth 
factor (EGF; 10 ng/mL), (10 ng/mL), and human bFGF 
(10 ng/mL; Sigma-Aldrich) and cultured at 37°C in a 5% 
CO2 incubator for 72 hours. Fresh aliquots of EGF and 
bFGF were added every other day. Spheres were visible by 
inverted microscopes.

For the sphere-forming assay, cells were cultured for 
a further 2 to 3 days. Sphere cells were collected with a 40-
μm cell strainer, which is used to remove single cells, and 
then counted under a microscope.2) Spheres were sepa-
rated into single cells by pipetting and then stored in liquid 
nitrogen (LN2) to maintain the viability of the cancer stem-
like cells (CSLCs) for other experiments. Experiments us-
ing the spheres were carried out within cell passage 6.

Soft-Tissue Assay 
To determine the difference in tumorigenic potential be-
tween the 2 cell fractions, CD133+ cells, wild-type cells, 
and sphere-forming cells were seeded in soft agar at a den-
sity of 1,000 cells/well in 24-well plates in triplicate. For the 
base layer, 2.4% agar stock solution was melted in a micro-
wave oven, cooled to 40°C in a water bath and then mixed 
with culture medium to obtain a solution of 0.8% agar in 
DMEM. This solution (0.5 mL/well) was then added to 
24-well plates. For the top layer, the agar stock solution 
was diluted with culture medium to obtain a solution of 
0.3% agar in DMEM. This solution (0.5 mL/well) with the 
cells was gently mixed and an aliquot was added into the 
24-well plates. Cells were plated and incubated for 21 days 
at 37°C in a humidified atmosphere of 5% CO2 and 50 
μL DMEM. At the end of the incubation period, colonies 
were stained with 0.005% crystal violet solution and large 

colonies were counted using an inverted microscope.13) 

Transfection with DLK1 Short Interfering RNA 
The DLK1 gene was silenced using short interfering RNA 
(siRNA). The dsRNA human DLK1 mRNA sequence and 
complementary dsRNA sequence were as follows: 5'-CUG-
GCCGUCAACAUCAUCUdTdT-3', 5'-AGAUGAUGUU 
GACGGCCAGdTdT-3', 5'-GUGAACGCUACGCUUACA 
UdTdT-3', 5'-AUGUAAGCGUAGCGUUCACdTdT-3' and 
5'-CUCUCUCUUAAUGCAUGAUdTdT-3', 5'-AUCAUG-
CAUUAAGAGAGdTdT-3'. 

The negative control siRNA duplex (scramble RNA) 
used was 5'-GCG CGC UUU GUA GGA UUC GdTdT-3'  
and 5'-CGA AUC CUA CAA AGC GCG CdTdT-3'. U2OS, 
sw872, and A204 cells were plated at a density of 1 × 105 
cells in a medium containing 10% FBS in 6-well culture 
plates for 24 hours. The cells were washed with PBS the 
next day, treated for 20 minutes with a mixture of DLK1 
siRNA or negative control siRNA and lipofectamine 2000 
(Invitrogen) in Opti-MEM (Gibco) medium to induce cell 
transfer, and were cultured for a further 48 hours at 37°C 
in a humidified atmosphere of 5% CO2 after adding a 
normal medium. Inhibition of the gene was confirmed by 
real-time PCR (data not shown). The proliferation and in-
vasion assays were studied to elucidate the functional role 
of DLK1. 

Cell Proliferation Assay 
Cells were seeded onto 96-well plates at a density of 2,500 
cells/well. DLK1 was suppressed with siRNA and then the 
cells were incubated at 37°C in a 5% CO2 incubator for 72 
hours. In order to observe cell proliferation, 10 μL of WST-
1 reagent solution was added to each well (Roche) and 
then the culture was incubated in the dark at 37°C in a 5% 
CO2 incubator for 4 hours. The absorbance was measured 
at 440 nm by a microplate reader (Molecular Devices, San 
Jose, CA, USA). 

Invasion Assay
The in vitro invasive properties of sarcomas and CSLCs 
from sarcoma cell lines were evaluated using the transwell 
invasion assay (Becton-Dickinson, Bedford, MA, USA). 
PET membranes (8 μm pore size) of the upper compart-
ment of 24-well transwell culture chambers were coated 
with Matrgel (BioCoat Matrigel Invasion Chambers; 
Corning Life Science, Tewksbury, MA, USA). Cells (1 × 
105) suspended in 300 μL of serum-free medium were ap-
plied to the upper compartment and the lower compart-
ment was filled with 750 μL of DMEM with 10% FBS, 
which acted as a chemoattractant. The chamber was incu-
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bated for 16 to 18 hours at 37°C to allow cells to migrate 
to the lower chamber. After incubation, the non-invading 
cells were removed from the upper surface of the filter 

by scrubbing. The number of invading cells, which were 
stained with diff-Quick stain kit (Dade Behring Inc., New-
ark, DE, USA), was counted using a microscope. 
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Fig. 1. Delta-like factor 1 (DLK1) expression level in sarcoma cell lines. Human osteoblast cell line (hFOB 1.19) was used as the control cell line. (A) 
Quantification of mRNA using real-time polymerase chain reaction (*p < 0.05). (B) Protein analysis by Western blotting.
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Fig. 2. Delta-like factor 1 (DLK1) gene effect comparison after treatment with DLK1 siRNA (200 nM) in sarcoma cell lines. (A) Detection of DLK1 gene 
inhibition using real-time polymerase chain reaction (p < 0.05). (B) The result from the cell proliferation assay (p < 0.05). (C) The result from the cell 
invasion assay (p < 0.05). Error bars show standard deviation. siRNA: short interfering RNA. *The average contact pressure was the highest for the 80° 
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Statistical Analysis
Paired t-tests, calculated using IBM SPSS ver. 21.0 (IBM 
Corp., Armonk, NY, USA), were used to evaluate the dif-
ference in response between samples and control. Data are 
presented as mean and standard deviation and are repre-
sentative of multiple independent experiments. A p-value 
of < 0.05 was considered statistically significant.

RESULTS

DLK1 Expression Levels in Sarcoma Cell Lines
Real-time PCR confirmed the increased expression of 
DLK1 mRNA in sarcoma cell lines when compared to the 
normal bone cell line (1.19 hFOB). In particular, DLK1 
mRNA was overexpressed in U2OS (osteosarcoma), 
sw872 (liposarcoma), A204 (rhabdomyosarcoma), and 
HS-SYII (synovial sarcoma) cells. However, no significant 
difference in DLK1 mRNA expression was found between 
the different sarcoma subtypes. Western blot analyses were 
performed using sarcoma cell lines that expressed high 
levels of DLK1 mRNA. We found that levels of protein 
expression were lower than those of mRNA expression in 
sw872 and A204 cells. There was no correlation between 

the level of protein and mRNA expressed in sarcoma cell 
lines (Fig. 1).

Comparison of DLK1 Gene Effects in Sarcoma Cell Lines 
DLK1 was suppressed in cells using a DLK1 siRNA. We 
observed a reduction in cell mRNA level, proliferation, 
and cell invasion in U2OS, A204, and sw872. Although 
DLK1 suppression reduced both proliferation and inva-
sion, the invasive ability of cells was more strongly re-
duced. Interestingly, cell proliferation was only slightly 
decreased in sw872 after DLK1 suppression (Fig. 2).

CSC Isolation in Sarcoma Cell Lines 
CSCs were selected from U2OS, A204, and sw872 by the 
FACS sorting method using the CD133 cell surface mol-
ecule, which is known as a CSC marker in sarcoma.14) For 
further experiments, CSCs were used within 6 passages to 
avoid their differentiation into cancer cells. Sarcospheres 
were isolated by sphere-forming assay using CD133−/+ 
cells generated by FACS sorting. Active sarcopheres, 
spheres that were 40 μm or more in size, were collected 
(Fig. 3).

We investigated CSC characteristics—self-renewal 
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and tumorigenesis—by sphere-forming and soft agar as-
says. A comparative test between CD133−/+ and wild-
type cells revealed that CD133+ cells formed many more 
spheres than CD133− and wild-type cells during the 
sphere-forming assay. Soft agar assays, which were con-

ducted to observe the tumorigenic potential of the CSCs, 
revealed the presence of many more colonies in CD133+ 
cells than in CD133- and wild-type cells. These results 
show that CD133+ cells exhibit strong CSC characteristics. 
However, we found that CD133+ and CD133− A204 cells 
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both formed a large number of colonies (Fig. 4).

Relationship between DLK1 Gene Effect and sw872 
(Liposarcoma) CSCs 
To investigate the relationship between DLK1 and CSCs in 
sw872 cells where the DLK1 mRNA was highly expressed, 
we divided sw872 cells into 4 groups; wild type, CD133−, 
CD133+, and spheres. Western blot was used to detect the 
DLK1 gene in all 4 groups. We observed that the DLK1 
expression level in sw872 CSCs was relatively low (Fig. 3). 

Cells in all 4 groups were then treated with high 
doses of DLK1 siRNA (600 nM) to suppress DLK1 expres-

sion and observe any changes in cell proliferation and 
invasion. We found that suppression of DLK1 inhibited 
the invasiveness of CSLCs more than their ability to pro-
liferate. In particular, the suppression of DLK1 or siRNA 
DLK1 inhibited more effectively activation of invasive cells 
in sw872 (liposarcoma) without CSCs (Figs. 5B and 6) as 
well as cell proliferation (Fig. 5A). 

DISCUSSION

Despite the local control obtained by surgery and radiation 
therapy, up to 40% of soft-tissue sarcoma patients eventu-

siRNA control siRNA DLK1 600 nM

Wild type

CD133 cell

CD133+ cell

Spheres

100 m�100 m� 100 m�100 m�

100 m�100 m� 100 m�100 m�

100 m�100 m� 100 m�100 m�

100 m�100 m� 100 m�100 m�

Fig. 6. The microscopic image of the cell 
invasion assay used to investigate the 
relationship between delta-like factor 1 
(DLK1) and cancer stem cells in sw872 
(×10). Scale bar, 100 μm. siRNA: short 
interfering RNA.



411

Kim et al. Delta-like Factor 1 as a Possible Therapeutic Target
Clinics in Orthopedic Surgery • Vol. 12, No. 3, 2020 • www.ecios.org

ally develop cancer recurrence, of whom over 90% would 
succumb to this cancer.15) Thus, more effective treatments 
are needed to improve outcomes in soft-tissue sarcoma. 
The CSC concept underlies a new, more effective treat-
ment strategy—targeting a small subset of tumor-initiat-
ing populations with distinct properties.3) The existence 
of CSCs in sarcomas has been reported using different 
identification methods in several subtypes of sarcomas.16) 
Characteristics of CSCs, such as the self-renewal ability 
and high tumorigenic potential, cause drug resistance 
and induce cancer relapses.11) Therefore, the regulation of 
CSCs is important in the development of therapeutics for 
sarcoma. 

DLK, a member of the notch/delta/serrate family, 
is preferentially expressed in immature cells with regen-
erative potential. DLK has been implicated in the Notch 
signaling pathway; it inhibits adipogenesis and seems to 
regulate the differentiation of hematopoietic stem cells.4) 
Elevated expression of DLK1 is found in a variety of tumor 
cells including hepatoma and gliomas.10,11) Other reports 
suggest that DLK1 may be associated with tumor cell dif-
ferentiation and increased cell proliferation.10,17) Never-
theless, the role of DLK1 in tumor progression remains 
poorly understood.

In this study, we isolated CSCs from sarcoma and 
investigated the role of DLK1 in sarcomas and sarcoma 
CSCs. The expression of DLK1 mRNA was higher in sar-
coma cell lines than in normal bone cell lines, but there 
was no noticeable difference in DLK1 expression between 
different types of sarcomas. Surprisingly, the expression 
level of DLK1 protein was not proportional to the DLK1 
mRNA expression level in some sarcomas. Previous re-
ports have shown that, despite expressing high levels of 
DLK1 mRNA, sw872 cells express low levels of DLK1 
protein.8) Our results confirmed this expression pattern in 
sw872 as well as in A204 cells. We hypothesize that DLK1 
may use alternative routes to protein expression to relay its 
signals. This may need to be investigated in other sarcoma 
types. 

Several papers have already reported that DLK1 
inhibits adipogenesis and proliferation in a variety of 
cells.17-20) Our study also confirmed that suppressing DLK1 
mRNA expression in sw872 did not decrease cell prolif-
eration but rather increased the number of sw872 CSLCs. 
However, DLK1 suppression decreased cell proliferation in 
A204 and U2OS cells (Fig. 2). Thus, we think that DLK1 
is involved in regulating cell proliferation. The FACS sort-
ing method was used to sort the different sarcoma types, 
and the CD133 cell surface marker was used for CSLCs. 
The isolated CSCs displayed CSC characteristics and these 

were collected in a short time with a higher acquisition 
rate than the sphere-forming assay. When conducted us-
ing sphere-forming assays with FACS sorting, the isolation 
of CSCs was more efficient.

Soft agar assay was used to confirm the tumorigenic 
potential of the CSCs. Colonization of CSCs was activated 
in CD133− and wild-type cells except in A204 cells. In 
A204 cells, colonization was detected in all cell types. This 
suggests that in some cancer cells it is not possible to in-
vestigate the difference in tumorigenic potential between 
CSCs and non-CSLCs using soft agar assay.

The inhibition of DLK1 significantly decreased cell 
invasiveness in A204, U2OS, sw872, and CSCs of sw872. 
This reduction was more effective in the cell invasion than 
in the cell proliferation assay. Therefore, we think that 
DLK1 is involved in the regulation of tumorigenesis in 
sarcoma. In the study, we confirmed that the DLK1 gene 
is involved in regulating cell invasion in a variety of sarco-
mas. These results suggest that DLK1 may play an impor-
tant role in the tumorigenesis and metastasis of sarcoma.

The novel finding is that we found the role of DLK1 
in sarcoma. The proliferation of CSLCs (CD133+ cell or 
spheres) was higher than wild type similar to other ar-
ticles.5-7) But the expression of DLK1 in various sarcoma 
cell lines was decreased in CD133+ and spheres compared 
to wild-type or CD133− cells. Furthermore, when we per-
formed knockdown DLK1 in sw872 cells, the proliferation 
and invasion ability of CD133− cells was much more sup-
pressed than that of CD133+ cells or spheres, which may 
indicate that DLK1 has a greater role in proliferation of 
CD133− cells than CSLCs. 

However, more research is required to determine the 
exact signal mechanism of DLK1 and discover new factors 
that can aid the complete removal of sarcoma cells. We 
hope that our study will be beneficial to future researchers. 
In addition, our investigation of the relationship between 
the clinical prognosis and DLK1 expression in sarcoma 
highlights the clinical utility of DLK1. 
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