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Osteosarcoma frequently presents as recurrence and metastasis, even if the primary lesion was eradi-
cated and/or radiotherapy and chemotherapy were administered. Osteosarcoma cancer stem cells
(CSCs) are one of the key factors for the recurrence and metastasis of osteosarcoma. We have shown that
interleukin-24 (IL-24) inhibits osteosarcoma cell proliferation, migration and invasion in vitro. In the cur-
rent study, we investigated the role of IL-24 in inhibiting the growth of osteosarcoma CSCs. IL-24 inhib-
ited proliferation and invasion and decreased the stemness of osteosarcoma CSCs in vitro. In a nude
mouse xenograft model, IL-24 significantly inhibited the growth of tumors originating from osteosar-
coma CSCs. Moreover, we found that IL-24 was able to inactivate both Notch and Wnt/b-Catenin signal-
ing, which are important for the development of the biological characteristics of CSCs. These data
demonstrate that IL-24 is able to kill not only cancer cells but also CSCs in osteosarcoma, suggesting that
IL-24 might eradicate osteosarcoma and enhance long-term cure rates in patients with osteosarcoma.
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteosarcoma, originating from mesenchymal tissue, is a pri-
mary malignant bone tumor with a high degree of malignancy
and is prone to early metastasis [1,2]. Despite the combination of
radiotherapy, chemotherapy and surgery, it is difficult to prevent
the osteosarcoma recurrence and metastasis, which is one of the
main causes of death in most patients [3,4]. Osteosarcoma cancer
stem cells (CSCs) are closely associated with the recurrence and
metastasis of osteosarcoma [5]. Gibbs et al. first isolated osteosar-
coma CSCs from osteosarcoma tissues and osteosarcoma cell lines
using serum-free culture method [6]. Fujii et al. isolated osteosar-
coma CSCs from various sarcoma cells, showing strong drug resis-
tance, self-renewal, proliferation, differentiation and other
stemness characteristics [7]. At present, osteosarcoma CSCs have
been successfully isolated from a variety of osteosarcoma cell lines,
including MG63, Hu09, SAOS-2, 143B, and U2-OS [8–10]. The dis-
covery of osteosarcoma CSCs and targeted therapy have stimulated
new ideas for the treatment of osteosarcoma.

Il-24, a melanoma differentiation-associated gene cloned from
humanmelanoma HO1 cells, is a tumor suppressor gene with cyto-
kine properties and belongs to the IL-10 family [11–13]. Subse-
quent studies have shown that IL-24 not only has direct
antitumor effects, but also inhibits tumor metastasis and angiogen-
esis, enhances sensitization of cancer cell to radiation, chemother-
apy and immunotherapy and elicits antitumor bystander effect
[14–17]. Given the broad-spectrum antitumor effect of IL-24,
INGN241 (a replication-defective adenovirus carrying the IL-24
gene, Ad.IL-24) is currently being tested in the clinic Phase I trial
in patients with advanced cancers [18,19]. We have shown that
IL-24 inhibits osteosarcoma cell proliferation, migration and inva-
sion through the c-Jun N-terminal kinase (JNK)/c-Jun signaling
pathway [20]. In the present study, we investigated the effects of
IL-24 on osteosarcoma CSCs and attempted to elucidate the poten-
tial mechanisms.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbo.2021.100403&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jbo.2021.100403
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhuobaobiao@163.com
mailto:3239511602@qq.com
https://doi.org/10.1016/j.jbo.2021.100403
http://www.sciencedirect.com/science/journal/22121374
http://www.elsevier.com/locate/jbo


B. Zhuo, X. Wang, Y. Shen et al. Journal of Bone Oncology 31 (2021) 100403
2. Materials and methods

2.1. Cell lines, antibodies and agents

The human osteosarcoma cell lines 143B and MG63, analyzed in
this study was preserved in our laboratory and cultured as
described [20,21]. Antibodies used were from as follows: anti-
CD133 (eBioscience, San Diego, USA); anti-Notch1, anti-HES1,
anti-b-catenin, anti- HDAC6 and anti-b-Actin (Cell Signaling Tech-
nology, Inc. Danvers, MA, USA). The recombinant human IL-24 pro-
tein was preserved in our laboratory [22]. DAPT (Notch signaling
Inhibiter) and XAV939 (Wnt/b-catenin signaling Inhibiter) were
purchased from abcam (Cambridge, UK).
2.2. Sphere culture assay

1,000 suspended single cells were seeded in ultra-low attach-
ment 6-well plates consisting serum-free sphere formation med-
ium with basic fibroblast growth factor (bFGF; 20 ng/ml; Sigma),
Epidermal Growth Factor (EGF; 20 ng/ml; Sigma), and Noggin
(10 ng/ml; Sigma) and then incubated for 10 days.
2.3. RT-qPCR

The total RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, USA) based on the manufacturer’s instructions. RNA
reverse-transcribed to cDNA with HiScript II Q RT SuperMix
(Vazyme). cDNA was subjected to PCR for 40 cycles of 94 �C for
30 sec, 60 �C for 30 sec and 72 �C for 45 sec. RT-PCR was performed
on the LightCycler 96real-time PCR system (Roche) using AceQ
qPCR SYBR Green Master Mix kit (Vazyme). Experiments were per-
formed in triplicate. The relative mRNA expression of targeted
genes was analyzed based on the expression of GAPDH.
2.4. Immunofluorescence

Spheres were harvested, washed, fixed in 4% paraformaldehyde
for 30 min, blocked with 0.5% (w/v) BSA in blocking buffer at room
temperature for 30 min, incubated with the appropriate primary
antibody containing 0.05% Tween 20 overnight at 4 �C, then wash
and incubated with fluorescent secondary antibodies (Invitrogen)
for 2 h at room temperature. Spheres were observed by using a
ZEISS LSM 880 confocal fluorescence microscope.
2.5. Cell viability

Cell viability was analyzed using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 1� 104 cells
per well were seeded in a 96-well plate and incubated in medium.
The cells were continued or treated with IL-24 for the incubation.
At the indicated time, the cells were harvested and analyzed by
the standard MTT assay, as described previously [20].
2.6. Flow cytometry

The cells were harvested, washed, incubated with
fluorochrome-conjugated antibodies for 20 min at 4 �C, and
washed twice with PBS, then the samples were analyzed by the
FACS CantoII (BD). The data were analyzed by FlowJo software
(FlowJo 9.3.2).
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2.7. Colony formation assay

100 single living cells were seeded in soft agar culture medium
onto a 35-mm Petri dish, and incubated at 37 �C for 10 days. Colo-
nies were photographed and counted with an optical microscope.
2.8. Invasion assay

The cells invasion assay was performed using 24-well Transwell
unit coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA).
Briefly, cells were seeded in the upper chambers and treated with
IL-24. The lower chambers of the Transwell units were filled with
medium supplemented with 10% FBS. After 48 h incubation, the
cells that had passed through the filter into the lower wells were
stained with 2% crystal violet and counted.
2.9. Western blotting

Western blot assay was performed as previously described [20].
The experiments were performed in triplicate, and the results were
recorded as the mean of these experiments.
2.10. Animal experiment

6 to 8 weeks old male nude mice were used for the experiments.
The protocol for the animal experiment was approved by the Xuz-
hou Medical University Institutional Animal Care and Use Commit-
tee, according to the ARRIVE guidelines. For nude mouse
tumorigenicity assay:2 � 105 IL-24-treated CD133+ osteosarcoma
CSCs were subcutaneously injected into the right flank of the
mouse. The tumor formation and growth were monitored and
measured every three days, and the tumor volumes were analyzed
base on the formula: volume (mm3) = D � d2/2, where D and d are
the longest and the shortest diameters, respectively. After 5 weeks,
all of the mice were sacrificed, and tumor tissues were harvested
and analyzed. For nude mouse tumor growth inhibition assay:
Briefly, 143B cells (2 � 105 cells diluted in 100 ll PBS) were subcu-
taneously injected into the right flank of 10 nude mice. The mice
were randomly divided into PBS, or IL-24 groups at about 2 weeks
following injection of 143B cells, and then injected with 10 lg/g IL-
24 or equal volume of PBS in the tail vein every 3 days, and mean-
while, the tumor volume of nude mice were determined. After
3 weeks, all of the mice were sacrificed, and tumor tissues were
harvested and analyzed.
2.11. Immunohistochemistry

The mice tumor samples were collected, and 4 mm-thick
formalin-fixed and paraffin-embedded sections were stained with
anti-Ki67 (Invitrogen) or anti-PCNAmAb (Invitrogen). Images were
acquired by a digital scanner (Aperio ScanScope, Leica Biosystem)
and analyzed slides via an image analysis workstation (Image Pro
Plus 6.0, Media Cybernetics).
2.12. Statistical analysis

The values were presented as the mean ± standard deviation (S.
D.) by using GraphPad Prism and Excel software and analyzed by
Student’s t test. p value equal or less than 0.05 was considered to
be statistically significant.
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3. Results

3.1. 143B cells form CD133high tumor spheres and express stem cell
markers in the suspension culture system

143B cells cultured by cell passage method in DMEM supple-
mented with 10% FBS grew with adherence and exhibited a
fibroblast-like phenotype (Fig. 1A). At the beginning of growth in
the suspension culture system with stem cell-specific serum-free
medium containing a variety of growth factors, most of 143B cells
adhered to the wall, and few cells were in suspension. After 48 h,
small cell masses gradually aggregated and formed cell spheres,
Fig. 1. CD133+ osteosarcoma CSCs were harvested, purified, and identified. (A) Normal
spheres in suspension culture system. (C) The mRNA expression of stem cell markers (O
formed from 143B in suspension culture system by real-time PCR. (D) CD133 protein ex
CSCs proliferation was assessed by MTT at day 1, 3, 5, 7 and contrasted with CD133- oste
sphere cells, and purification cells by Flow cytometry. (G) CD133+ osteosarcoma CSCs for
sphere formation. Data are shown as mean ± SD from four independent experiments (n

3

and at 10 days, typical tumor spheres had formed in the suspen-
sion culture system (Fig. 1B). We checked the expression level of
several stem cell markers with quantitative real-time PCR. As
shown in Fig. 1C, the expression of SOX2, NANOG, OCT3/4, nucle-
ostemin (NS), and CD133 was significantly upregulated. By mea-
suring the protein expression of CD133, one of the most well-
characterized markers of cancer stem cell by immunofluorescence,
we found that the tumor spheres expressed high levels of CD133
(Fig. 1D). Subsequently, CD133+ cells were purified using immuno-
magnetic separation miniMACS (Miltenyi Biotec, Germany) and
analyzed with flow cytometry (Fig. 1E). The MTT assay showed that
CD133-positive cells had a stronger proliferation ability (Fig. 1F),
143B cells were grown in DMEM with 10 % FBS. (B) 143B cells were able to form
CT3/4, NANOG, SOX2, nucleostemin (NS) and CD133) were determined in spheres
pression was detected in sphere by immunofluorescence. (E) CD133+ osteosarcoma
osarcoma cells. (F) The percentage of CD133+ cells were analyzed in adherence cells,
med spheres in suspension culture system, while CD133- osteosarcoma cells had no
= 4); *p < 0.05.
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and the sphere formation assay showed that CD133-positive cells
formed larger spheres and more spheres than CD133-negative cells
(Fig. 1G). We observed the similar results in MG63 osteosarcoma
cells (Supplemental Fig. 1A–G).
3.2. IL-24 attenuates stem cell-like properties of CD133+ 143B cells

We previously determined that overexpression of IL-24 inhibits
143B cell proliferation, migration and invasion in vitro. In this
study, we further investigated whether IL-24 affects the biological
behavior of osteosarcoma CSCs. We first detected whether c influ-
ences stem cell-like phenotypes in CD133+ osteosarcoma CSCs. As
shown in Fig. 2A, stem cell markers (SOX2, NANOG, OCT3/4, nucle-
ostemin, and CD133) were significantly reduced in IL-24–treated
CD133+ osteosarcoma CSCs. Next, we examined whether IL-24
impairs CD133+ osteosarcoma CSC survival. To evaluate the effect
of IL-24 on colony formation, we cultured single CD133+ osteosar-
coma CSCs in a nonadhesive culture system containing 50 pg/ml
IL-24. As shown in Fig. 2B, the cells treated with IL-24 failed to
form spheres, while those cultured without IL-24 were able to form
Fig. 2. IL-24 inhibits stemness properties of CD133+ osteosarcoma CSCs. (A) IL-24 down
SOX2 of CD133+ osteosarcoma CSCs. IL-24 inhibited CD133+ osteosarcoma CSCs colony f
four independent experiments (n = 4); *p < 0.05. (E) CD133- 143B cells were treated with
assay. IL-24 have no effect on CD133- osteosarcoma cells proliferation. Data are shown
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spheres again. As shown in Fig. 2C and D, IL-24 significantly inhib-
ited CD133+ osteosarcoma CSC proliferation and invasion. To char-
acterize whether IL-24 have an impact on CD133- osteosarcoma
cells, we used CD133- 143B cell to perform cytotoxicity assays.
As shown in Fig. 2E, IL-24 have no effect on CD133- osteosarcoma
cells proliferation. We observed a similar result that IL-24 can
downregulate the gene expression of stem cell markers and inhibit
cell proliferation in CD133+ MG63 osteosarcoma CSC (Supplemen-
tal Fig. 2A–C). These results suggested that IL-24 represses the
tumor-initiating potential of CD133+ osteosarcoma CSCs.
3.3. IL-24 inhibits CD133+ 143B cells’ ability to form tumors and
develop further in vivo

Furthermore, we investigated whether IL-24 could suppress
CD133+ osteosarcoma CSC-induced tumorigenesis in vivo. We cul-
tured CD133+ osteosarcoma CSCs and treated them with IL-24. The
cells were then injected subcutaneously into the flanks of nude
mice. As shown in Fig. 3A and B, only 50% of IL-24–treated
CD133+ osteosarcoma CSCs formed tumors in nude mice (3/6),
regulated the mRNA expression of OCT3/4, NANOG, CD133, nucleostemin (NS) and
ormation (B), proliferation (C), and invasion (D). Data are shown as mean ± SD from
the dose of 20 lg/ml of IL-24 for 24, 48, 72, and 96 h, cells were subjected to the MTT
as mean ± SD (n = 3).



Fig. 3. IL-24 inhibits CD133+ osteosarcoma CSCs induced tumorigenesis in vivo. (A and B) IL-24-treated CD133+ osteosarcoma CSCs reduced the capacity of tumor formation
in nude mice (tumor formation rate: 50%; 3/6). Immunohistochemistry analysis of Ki-67 (C and D) and PCNA (E and F) in tumor tissues from the mice xenografts. Scale bar,
200 lm. (G) Establishment of the 143B-mouse tumor model and treatment regimen. (H) Solid tumors excised from mice injected with IL-24 or PBS (n = 5). (I) Tumor volume
over the course of treatment. Data are shown as mean ± SD; *p < 0.05.
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whereas control group cells led to tumor formation in 100% of mice
(6/6), which suggests that IL-24 can effectively inhibit CSC-induced
tumorigenicity in osteosarcoma. We also found that the expression
of the cell proliferation markers Ki-67 (Fig. 3C and D) and PCNA
(Fig. 3E and F) was remarkably reduced in tumors from the IL-
24-treated group. These results imply that IL-24 could inhibit
CD133+ osteosarcoma CSCs’ ability to form tumors and develop
further.
5

To characterize whether IL-24 have in vivo impact on osteosar-
coma development, we used a right flank 143B osteosarcoma
mouse model, in which IL-24 was administered (Fig. 3G). We found
that the rate of tumor growth in the IL-24 group was inhibited
when compared with the PBS group, and the tumor volume of
the IL-24 group was significantly reduced when compared with
the PBS groups (Fig. 3H and I). These results demonstrated that
IL-24 have impact on osteosarcoma development.
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3.4. IL-24 regulates Notch and Wnt/b-Catenin signaling to inhibit
osteosarcoma CSCs traits

To elucidate the mechanism of IL-24 in the inhibition of
osteosarcoma cell stemness, we evaluated the regulation of IL-24
in Notch and Wnt/b-catenin signaling, which was confirmed to
be involved in the maintenance of cell stemness pathways. As
Fig. 4. IL-24 regulates Notch and Wnt/b-Catenin signaling to inhibit osteosarcoma CSCs
Notch1, as well as the downstream protein HDAC6 and HES1 in CD133+ osteosarcoma CS
(E) IL-24 almost have no effect on stemness of CD133+ osteosarcoma CSCs after inhibiti
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shown in Fig. 4A and B, IL-24 significantly decreased the expres-
sion of b-catenin and Notch1, as well as the b-catenin downstream
protein histone deacetylase 6 (HDAC6) and Notch1 downstream
protein HES1 in CD133+ osteosarcoma CSCs. Consistent with the
in vitro data, the expression of Notch1, HES1, b-catenin and HDAC6
was also decreased in IL-24–treated xenograft tumor tissues com-
pared to the control (Fig. 4C and D). Next, we evaluated whether
traits. (A and B) IL-24 significantly downregulated the expression of b-catenin and
Cs, respectively. (C and D) The same results were observed on tumor tissue in vivo.
ng of both Notch1 and b-catenin. Data are shown as mean ± SD; *p < 0.05.
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inactivated Notch (DAPT, Notch signaling inhibitor) and Wnt/b-
catenin (XAV939, Wnt/b-catenin signaling inhibitor) signaling
affects the function of IL-24 in CD133+ osteosarcoma CSCs. As
shown in Fig. 4E, after inhibiting both Notch1 and b-catenin, IL-
24 had almost no effect on the stemness of CD133+ osteosarcoma
CSCs. These results imply that IL-24 inhibits CD133+ osteosarcoma
CSC stemness and tumorigenesis by inactivating both the Notch
and Wnt/b-catenin signaling pathways.
4. Discussion

CSCs with the capacity for infinite proliferation and multidirec-
tional differentiation determine the occurrence, development,
recurrence, metastasis and other characteristics of cancer [23].
However, the lack of efficacy of current treatment for CSCs leads
to cancer recurrence and metastasis and poor prognosis of patients
[24]. Osteosarcoma CSCs were found and closely related to the
occurrence, development, recurrence and metastasis of osteosar-
coma [5]. Therefore, finding novel methods to kill osteosarcoma
CSCs will provide a new strategy for the effective treatment of
osteosarcoma.

It is critical to isolate and characterize osteosarcoma CSCs for
targeted treatment. The serum-free suspension culture system,
containing serum-free culture medium with multiple growth fac-
tors, is a common method for isolating stem cells from osteosar-
coma [25]. In this study, 143B or MG63 cells were suspended in
multi-growth factor serum-free cell culture medium, and typical
CD133-positive stem cell spheres were obtained. However, during
cell culture, the spherical cells became increasingly cohesive, and it
was difficult to obtain single osteosarcoma CSCs. In addition, some
studies have found that cultured stem cells in serum-free suspen-
sion culture systems contain differentiated osteosarcoma non-
stem cells. Thus, we further sorted CD133+ cells as osteosarcoma
CSCs with the CD133 MicroBead Kit and observed that CD133+

osteosarcoma CSCs increased the expression of stem cell markers
and sphere formation capacity.

We and others have confirmed that IL-24 has potential as an
anticancer agent because of its significant antitumor effects and
safety in clinical trials. Moreover, Fisher et al. found that IL-24
can inhibit the proliferation of breast cancer stem cells via induc-
tion of ER stress and apoptosis and inhibit the growth of tumors
originating from breast cancer stem cells in vivo [26]. We also doc-
ument that IL-24 inhibits osteosarcoma cell proliferation, migra-
tion and invasion in vitro. In this study, we found that IL-24 can
decrease the expression of stem cell markers and sphere formation
capacity in CD133+ osteosarcoma CSCs and inhibit tumorigenesis
both in vitro and in vivo. These data imply that IL-24 is a potential
agent against osteosarcoma CSCs.

The Wnt/b-catenin and Notch pathways are critical for the
development processes and maintenance of stem cell compart-
ments [27,28]. The combination of Notch inhibitors and Wnt/b-
catenin inhibitors significantly enhanced the anticancer effects in
phase I clinical trials [29]. IL-24 inhibits the Wnt/b-catenin signal-
ing pathway in breast cancer stem cells, via activation of GSK3b
and Akt inhibition leading to downregulation of b-catenin phos-
phorylation and proteasome degradation [26]. Our current study
shows that IL-24 can inhibit both Notch and theWnt/b-catenin sig-
naling pathways and leaded to dramatic inhibitory effects on
osteosarcoma CSCs stemness and tumorigenesis in vitro and
in vivo.

In conclusion, a combination strategy of isolation of osteosar-
coma CSCs from 143B and MG63 cell lines was applied. We evalu-
ated IL-24 as a potent agent inhibits the phenotype and
tumorigenicity of osteosarcoma CSCs via downregulation both
Notch and Wnt/b-Catenin Signaling. The data suggest further vali-
7

dation of the potential use of IL-24 as a novel agent for targeting
CSCs and leading to a long-term cure rate in osteosarcoma.
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