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Cannabidiol promotes apoptosis of osteosarcoma
cells in vitro and in vivo by activating the SP1-CBX2 axis

Fangxing Xu'#, Guiyuan Sun?, Zhibin Peng®4, Jingsong Liu3#, Zecheng Li, Jinglong Yan?

1Department of Orthopedics, The Second Affiliated Hospital of Harbin Medical University, Harbin 150001,
Heilongjiang Province, China; 2Department of Pharmacology (State-Province Key Laboratories of Biomedicine-
Pharmaceutics of China, Key Laboratory of Cardiovascular Research, Ministry of Education), College of Pharmacy,
Harbin Medical University, Harbin 150081, Heilongjiang Province, China; 3Department of Orthopedics, The First
Affiliated Hospital of Harbin Medical University, Harbin 150001, Heilongjiang Province, China; “The Key Laboratory
of Myocardial Ischemia, Harbin Medical University, Ministry of Education, Harbin 150081, Heilongjiang Province,
China

Received August 17, 2021; Accepted December 13, 2021; Epub February 15, 2022; Published February 28,
2022

Abstract: Osteosarcoma is the most common primary malignant bone tumor that often occurs in children, adoles-
cents, and young adults. Cannabidiol plays an essential role in cancer treatment. However, its effects on osteo-
sarcoma have not yet been addressed. In the present study, we investigated the pharmacological effects of can-
nabidiol on osteosarcoma. We found that cannabidiol effectively suppressed the proliferation and colony formation
of osteosarcoma cells. Further studies showed that cannabidiol significantly promoted cell apoptosis and changes
in cell apoptosis-related gene proteins in vitro. In addition, cannabidiol administration inhibited tumor growth and
promoted the apoptosis of osteosarcoma cells in a mouse xenograft model. The in vitro study also demonstrated
that SP1 contributes to chromobox protein homolog 2 (CBX2) reduction in cannabidiol-treated MG63 and HOS cells,
and that cannabidiol may recruit SP1 into the CBX2 promoter regions to downregulate CBX2 expression at the tran-
scriptional level and promote osteosarcoma cell apoptosis. Further, the result showed that cannabidiol suppressed
osteosarcoma cell migration. In summary, cannabidiol effectively promoted the apoptosis of osteosarcoma cells in
vitro and in vivo and suppressed tumor growth in a mouse xenograft model by regulating the SP1-CBX2 axis. This
finding provides novel therapeutic strategies for osteosarcoma in the clinic.
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Introduction malignant changes in cells. However, there
are many tumor suppressor genes in the body,
such as p53, which rarely promote tumor for-
mation [9]. Apoptosis is a tightly regulated
mechanism that contributes to many biological
processes. It is an autonomous way of cell
death under pathological or physiological con-
ditions, regulated by internal genetic mecha-
nisms. Apoptosis is related to the activation
of caspase cascade reaction, among which
caspase-3 is the key molecule in the caspase
family that directly participates in the execution
of cell apoptosis, and the cleavage and activa-
tion of caspase-3 can lead to cell disintegration
[10]. Apoptosis plays an important role in the
fate of tumor cells.

Osteosarcoma is the most common bone tumor
in children and adolescents. It originates in the
mesenchyme and is characterized by malig-
nant spindle stromal cells, which produce
bone-like tissue [1]. It is the second leading
cause of tumor-related deaths among teenag-
ers [2, 3]. The most well-known clinical symp-
toms of osteosarcoma are pain and local mass.
However, it has a high rate of misdiagnosis
and missed diagnosis in the early stages. As
a result, the tumors grow quickly, leading to
bone destruction and lung metastases [4, 5].
Various factors, such as metabolic changes,
immune evasion, activation of the DNA damage
repair pathway, and the stemness of cancer
cells, play vital roles in cancer cell resistance In order to seek potential therapeutic targets in
[6-8]. In particular, DNA damage can lead to osteosarcoma, we used bioinformatics meth-
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ods to analyze differentially expressed genes
(DEGSs) between tumor and peri-tumor samples
in osteosarcoma expression microarray datas-
ets (GSE136088). Based on the screening
results, we selected the Chromobox protein
homolog 2 (CBX2) gene as a possible therapeu-
tic target. CBX2 is a polycomb protein, which is
located on human chromosome 17g25.3 [11].
The overexpression of CBX2 increases cell pro-
liferation, migration, and invasion, suppress
tumor suppressor genes, and maintains tumor
stem cells in an undifferentiated type, resulting
in high mortality [12]. Nevertheless, there are
few studies supporting the effects of CBX2 on
osteosarcoma [13].

Epigenetic modifications play an important
role in transcription and gene expression in
response to external stimuli. In cancer, tran-
scriptomes are altered, promoting initiation
and cancer progression [14]. Some studies
have indicated that SP1 plays a pivotal role
in transcriptional activation (DNA repair, cell
growth, differentiation, and apoptosis) by rep-
ressing the tumor suppressor p53 protein [15].
In addition, Ding et al. suggested that the SP1-
activated long non-coding RNA, CRNDE, con-
tributes to osteosarcoma cell proliferation and
invasion [16]. However, whether SP1 acts as a
transcription factor that regulates the patho-
genesis of osteosarcoma is still unknown.

Cannabidiol is a natural compound extracted
from the cannabis plant, which has been used
in cancer therapy [17]. For instance, Shrivas-
tava et al. showed that cannabidiol activates
endoplasmic reticulum stress and suppresses
mTOR signaling in breast cancer cells, leading
to apoptosis and autophagy [18]. Further-
more, Massi et al. demonstrated that cannabi-
diol induces apoptosis of human glioma cells
by triggering the caspase cascade and produc-
ing reactive oxygen species [19]. Moreover,
many studies have shown that cannabidiol has
anti-proliferation, anti-metastasis, pro-apopto-
sis and pro-autophagy effects on multiple
tumor models, in both in vitro cellular models
andinvivoanimal models [20, 21]. Nonetheless,
it is unknown if cannabidiol has a therapeutic
effect on osteosarcoma.

Therefore, in this research, we explored the

influence of cannabidiol treatment on osteosar-
coma, in both in vitro and in vivo models, to elu-
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cidate the potential mechanisms. Our findings
show for the first time that cannabidiol pos-
sesses antineoplastic properties due to its effi-
cacy in promoting osteosarcoma cell apoptosis
by targeting the SP1-CBX2 axis.

Materials and methods

Clinical tissue samples

The investigation of human tissue samples was
approved by the Ethics and Scientific Commi-
ttees of Harbin Medical University (KY2018-
032). A total of 10 fresh samples and 9 corre-
sponding normal samples (paracancerous tis-
sue samples) were obtained from October
2018 to November 2020 from patients with
osteosarcoma at the tissue bank of the 2
Affiliated Hospital of Harbin Medical University.
Tumor tissue samples and adjacent tissues
were removed and immediately placed in liquid
nitrogen for long-term storage until use. Prior
to tissue collection, informed consent was
obtained from cancer patients.

Tumor xenograft

Female BALB/c nude mice (aged 4-6 weeks,
Vital River, Beijing, China) were used for the
in vivo studies. Studies related to in vivo ex-
periments were approved by the Animal Care
and Use Committee of Harbin Medical Univer-
sity (SYDW2021-060). For xenografts, approxi-
mately 5x10° cultured MG63 cells in phos-
phate-buffered saline (PBS) were subcutane-
ously implanted in the right shoulder of nude
mice. The nude mice were randomized into two
groups (n=4), after the tumor volume reached
up to 100 mm?2. The animals were intraperito-
neally injected with a control solution or can-
nabidiol (20 mgkgday?') once a day for 15
days. Fifteen days later, the nude mice were
sacrificed. Tumors removed from mice were
measured and weighed. Then, immunohisto-
chemical analysis and western blotting an-
alysis were performed on tumor tissues. In
addition, to verify that CBD plays a pro-apoptot-
ic role via SP1-CBX2 signaling pathway in vivo,
transfected or un-transfected MG-63 cells
were subcutaneously planted in the right axilla
of nude mice and divided into four groups (n=
4) according to transfection and cannabidiol
administration. The followed treatments and
steps were the same as the aforementioned
procedures.
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Cell culture and transfection

Two human osteosarcoma cell lines (MG63
and HOS) were maintained in DMEM/F12 medi-
um containing 10% FBS. All media were supp-
lemented with 200 mg/mL penicillin and strep-
tomycin. MG63 and HOS were obtained from
the Shanghai Academy of Chinese Sciences.
Small interfering ribonucleic acids (siRNAs) tar-
geting CBX2 (CBX2-siRNA), SP1 (SP1-siRNA),
and negative control (si-NC) were provided
by Ribo Bio (Guangzhou, China). They were
transiently transfected using Lipofectamine
2000TM transfection reagent (Invitrogen,
Carlsbad, CA, USA) and reduced serum medi-
um. The transfection medium was replaced
with complete medium after 6 h, cannabidiol
(10 uM) was then added, and the cells were
harvested for RNA and protein extraction at
48 or 72 h after transfection. For constructing
overexpression cell line, lentiviral packaging
SP1 overexpressing plasmid (HANBIO, China)
was transfected using the similar transfection
protocol.

Cell viability assay

MTT assay was applied to detect the effect of
cannabidiol on MG63 and HOS cells. Briefly,
cells were seeded in 96-well plates at a density
of 8000 cells/well. Overnight, the solution was
changed, and the complete medium with can-
nabidiol (2.5, 5, 10, 15, or 20 pM) or without
cannabidiol was added to the 96-well plate for
48 h. Then, diluted MTT solution was added
and incubated at 37°C for 4 h. After carefully
discarding the supernatant, dimethyl sulfoxide
was added to dissolve the crystals. Absorbance
at 490 nm was measured using an enzyme
microplate reader (Beckman Coulter, Brea, CA,
USA).

Colony formation assay

The capacity of MG63 and HOS cells to prolifer-
ate following cannabidiol administration was
determined using a colony formation assay.
Briefly, cells were seeded in 6-well plates at a
density of 1000 cells/well. In the cannabidiol-
treated group, the medium was replaced with
fresh medium containing cannabidiol (10, 15,
or 20 uM) for approximately 12 days until
clones were visible. After being rinsed twice
with cold PBS, the cells were fixed with 4%
paraformaldehyde. Crystal violet was used to
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stain the cells for 15 min. A total of 50 cells
were counted in each of the colonies. Using a
digital camera, the number of colonies gener-
ated was recorded and photographed.

Migration assay

The migratory capacity of MG63 and HOS cells
was evaluated using wound healing assays
following treatment with cannabidiol. On a
6-well plate, the cells were grown in DMEM/
F12 medium containing 10% serum until cell
confluence reached 80-90%. The medium was
then removed, and fresh medium with or with-
out cannabidiol (10 uM) was added and incu-
bated for 6 h. Thereafter, the cell monolayer
was scratched perpendicular to the 6-well plate
using a 200 L pipette tip. The cells were then
rinsed three times with PBS and kept in serum-
free DMEM/F12 conditions. At O and 24 h,
wound closure was examined and photo-
graphed using a microscope.

Annexin V-FITC/propidium iodide (PI) double
staining assay

The apoptosis detection kit (BD Biosciences,
USA) was used to assess the apoptosis rate in
cannabidiol-treated cells in accordance with
the manufacturer’s instructions. In summary,
cells were grown in 6-well plates at a density
of 3.5x10° cells per well and treated with can-
nabidiol (10 uM) for 48 h. Cultured cells were
washed twice with cold PBS, and then resus-
pended in 1x binding buffer. Annexin V-FITC
and Pl were then added to the cells, which were
cultured for 15 min in the dark. Flow cytometry
was used to measure the apoptotic cells
(Beckman Coulter, USA).

Western blot

Western blot was performed on osteosarcoma
cells and tumor tissue-derived proteins. Briefly,
10-15% sodium dodecyl sulfate polyacrylamide
gel electrophoresis was used to separate equal
amounts of proteins, followed by transfer of the
proteins to a nitrocellulose membrane. Next,
5% skim milk in TBST was used to block non-
specific binding, followed by incubation of the
membrane with the indicated primary antibod-
ies overnight at 4°C: rabbit anti-CBX2 antibody
(Abcam, ab235305, Cambridge, MA, USA), rab-
bit anti-cleaved caspase-3 antibody (Abcam,
ab184787, Cambridge, MA, USA), rabbit anti-
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Bax antibody (Abcam, ab182733, Cambridge,
MA, USA), mouse anti-BCL2 antibody (Abcam,
ab182858, Cambridge, MA, USA), and rabbit
anti-SP1 antibody (Cell Signaling Technology,
#9389S, USA). As an internal reference, glycer-
aldehyde-3-phosphate dehydrogenase anti-
body (Zhongshanjingiao, TA-08 Beijing, China)
was used. Membranes were rinsed three times
with TBST before being incubated for 1 h at
room temperature with an HRP-conjugated
secondary antibody. Finally, detection was per-
formed using the ECL western blotting detec-
tion system (BD), and a Tanon Chemilumine-
scence Imaging System was used to visualize
the particular signals. Using the Image Lab
(Bio-Rad) software, the images were opened
and analyzed.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was carried out with the ChIP assay
kit (Invitrogen, Carlsbad, CA, USA) following the
manufacturers protocol. Chromatin solutions
were sonicated and incubated with anti-SP1
antibody (Cell Signaling Technology, #18687,
USA) or IgG antibody as a control, and rotated
overnight at 4°C. Co-immunoprecipitated DNA
was detected by qRT-PCR assay using CBX2
promoter specifc primers. RT-PCR products
were separated on a 1.5% agarose gel and
visualized by ethidium bromide staining. CBX2
primers (forward: 5-CATTGTCCATTTCCCACCTC-
3’; reverse: B5-TTTCTCGGACTCCACTCACC-3’)
flank the SP1 binding sites (-251 to -242 nt).

Real-time PCR analysis

Utilizing the TRIzol reagent (Invitrogen, CA,
USA), total RNA was obtained from osteosarco-
ma cells and tumor tissues. The reverse tran-
scription kit and SYBR Green PCR Master Mix
(Dojima Hama, Osaka, Japan) were used to
perform real-time PCR analysis of mRNA, as
directed by the manufacturer. In addition, gqRT-
PCR was performed using the Applied Bio-
systems (Foster City, CA, USA) 7500 FAST Real-
Time PCR System. The primer sequences were
as follows: CBX2, forward: 5-GCCATGTTCTTG-
CTACCCTG-3’; reverse: 5-TGTGGAGGAAGAGG-
ACGAAC-3'.

Immunohistochemistry assay

All tissues were formalin-fixed and paraffin-
embedded. Five-micrometer-thick sections
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were obtained from the embedded tumor tis-
sues. For immunohistochemical staining, the
tissue sections underwent antigen retrieval.
The slides were treated with 10% goat serum
after inhibiting endogenous peroxidase activity,
and then incubated with antibodies against
CBX2 (1:400) and SP1 (1:400) at 4°C over-
night. The secondary antibody was applied to
sections after being washed with PBS three
times, and diaminobenzidine (DAB) was used
for staining. A microscope (Olympus DP73,
Japan) was used to acquire all the images.

Statistical analyses

Two-tailed Student’s t-test and ANOVA were
applied to calculate data differences. P<0.05
was defined as statistical significance. Data are
expressed as the mean + standard deviation
(SD) or standard error of the mean (SEM). All
analyses were performed using GraphPad
Prism 7.0.

Results

Cannabidiol suppresses proliferation and mi-
gration of osteosarcoma cells

Cancer proliferation and metastasis are the
primary causes of cancer-associated deaths.
To study the effect of cannabidiol on the prolif-
eration and metastasis of osteosarcoma cells,
MTT, colony formation, and wound healing
assays were performed. The results demon-
strated that cannabidiol decreased MG63 and
HOS cell viability in a dose-dependent manner,
with a significant effect at 10 yM for 48 h
(Figure 1A and 1B). Therefore, moving for-
ward, we used this concentration and time. In
addition, cannabidiol effectively inhibited the
colony formation ability of MG63 and HOS cells
at concentrations of 10, 15, and 20 ym (Figure
1C and 1D). Wound healing assays were per-
formed to evaluate the migration ability of cells.
As illustrated in Figure 1E and 1F, cannabidiol
(10 uM) significantly reduced the number of
MG63 and HOS cells at 24 h.

Cannabidiol enhances apoptotic cell death of
osteosarcoma cells

To further differentiate the stages of apoptosis
and the type of cell death, the effects of can-
nabidiol on cell death were determined in
MG63 and HOS cells via Annexin V-FITC and PI
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we further screened proteins
related to apoptosis. The pro-
tein levels of BCL2 were sig-
nificantly reduced and those
of BAX and cleaved caspase-3
were significantly upregulated
by cannabidiol treatment for
48 h in MG63 and HOS cells
(Figure 2C and 2D). These
results revealed that cannabi-
diol induced osteosarcoma
cell apoptosis by regulating
BCL2/BAX/Casp3 signaling.
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Figure 1. Cannabidiol suppresses osteosarcoma cell proliferation and migra-
tion. A, B. Different concentrations of cannabidiol (O, 2.5, 5, 10, 15, 20 ym)
were added to MG63 and HOS cells and cultured for 48 h. Cell viability was
measured by the MTT assay. ““P<0.01 vs. Vehicle; n=6. C, D. Representative
osteosarcoma cell colony formation images and statistical analysis of cell
colony formation rate after adding different concentrations of cannabidiol.
"*P<0.01 vs. Vehicle; n=3. E, F. Wound closure of MG63 and HOS cells cul-
tured with or without cannabidiol (10 uM) at O h and 24 h. Wound width
= wound area/wound height in each group. Scale bar: 100 ym. "P<0.05,
“*P<0.01 vs. Vehicle; n=5. All results are presented as mean + SEM.

double staining assays after 48 h of treatment.
In comparison to that in the untreated group,
the proportion of apoptotic MG63 and HOS
cells increased substantially following cannabi-
diol treatment (Figure 2A and 2B). To confirm
which proteins were involved in the apoptosis
of MG63 and HOS cells induced by cannabidiol,
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randomly divided the MG63
xenografted mice (n=4 per
group) into the following two
treatment groups: sham and
cannabidiol. When compared
to sham mice, intraperitoneal
injection of 20 mg kg* canna-
bidiol once per day for 15 days
resulted in a substantial re-
duction in average tumor size
(Figure 3A and 3B). Similarly,
there was a significant reduc-
tion in tumor weight in the
cannabidiol treatment group
(Figure 3C). These results
showed that cannabidiol res-
trained the growth of osteo-
sarcoma cells in vivo. Besid-
es, we also discovered that
the expression level of BCL2
decreased and those of BAX
and cleaved caspase-3 incre-
ased in cannabidiol-treated
tumor tissues, demonstrat-
ing clear pro-apoptosis effect
(Figure 3D-F).

CBX2 is upregulated in human osteosarcoma
tissue

To further clarify the molecular mechanisms of
cannabidiol-induced apoptosis, we assessed
differentially expressed genes (DEGs) between
tumor and peri-tumor samples in osteosarco-
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Figure 2. Cannabidiol induces osteosarcoma cell apoptosis. A, B. Apoptosis of MG63 and HOS cells in response to
cannabidiol treatment, as measured by flow cytometry. After cannabidiol treatment (10 uM) for 24 h, representa-
tive images (left) and the ratio (right) of apoptotic cells are shown. These histograms show the mean + SD of three
independent experiments. n=3 for each group. ""P<0.01 vs. osteosarcoma. C, D. The protein levels of BCL-2, BAX,
and cleaved caspase-3 in MG63 and HOS cells of the osteosarcoma and osteosarcoma + cannabidiol groups. n=3
for each group. “"P<0.01 vs. osteosarcoma.

ma expression microarray datasets (GSE13- groups in the Gene Expression Omnibus (GEO)
6088). GEO2R is a data analysis system that series online to identify deregulated genes for
enables the comparison of two or more sample the purpose of screening datasets. The DEGs
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Figure 3. Cannabidiol influences tumor growth and apoptosis-related pro-
tein levels in established MG63 xenograft mice. After randomly grouping
MG63 xenograft mice (n=4 per group), they were injected with either sol-
vent (sham) or cannabidiol (20-mg*kg?) for 15 days. A. The tumors of two

(Figure 5G).

CBX2 depletion induces apop-
tosis in osteosarcoma cell
lines

groups were isolated and compared. B. Tumor growth curve of Sham group

and Cannabidiol group. Tumor volume was measured every few days. C.
Tumor weight was measured at the end of the experiment. D-F. The protein
levels of Bcl2, BAX, and cleaved caspase-3 in the Sham and Cannabidiol
groups. The data shown are mean + SD. “"P<0.01 vs. Sham.

are reflected in a volcano plot (Figure 4A) and a
heat map (top 100 DEGs; Figure 4B). The
expression of CBX2 in tumors was significantly
elevated compared to that in peri-tumor tis-
sues. Moreover, studies have shown that CBX2
is extensively involved in the regulation of cell
apoptosis. Therefore, we hypothesized that
cannabidiol regulates tumor cell apoptosis
by regulating CBX2. To further confirm this
assumption, RT-gPCR and western blotting
were used to confirm CBX2 expression in clini-
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To further investigate the role
of CBX2 in the apoptosis of
osteosarcoma cells, CBX2-
siRNA was used, and the pro-
tein expression of CBX2 was
reduced by approximately 42% after transfect-
ing CBX2-siRNA for 72 h (Figure 6A). We found
that CBX2 depletion in MG63 cells significantly
changed the expression of apoptosis-related
genes, among which the expression of BCL2
was suppressed (Figure 6B), and that of BAX
(Figure 6C) and cleaved caspase-3 (Figure 6D)
was increased at the protein level compared to
that in the control. The experimental data
showed that CBX2 was a key apoptotic inhibi-
tory protein in osteosarcoma.
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Figure 4. CBX2 is involved in the progression of osteosarcoma. A. DEGs are reflected in a volcano plot. B. Heat map
of the top 100 DEGs. Red and blue indicate upregulation and downregulation, respectively. C. The mRNA levels of
CBX2 in the peri-tumor and tumor groups. n=5 for each group. “P<0.05 vs. peri-tumor group. D. The protein levels of
CBX2 in the peri-tumor and tumor groups. n=3 for each group. **P<0.01 vs. peri-tumor group.

SP1 acts as an upstream regulator of CBX2
and directly binds to the CBX2 promoter

The concordant changes in CBX2 mRNA and
protein levels in osteosarcoma tissues demon-
strated the presence of CBX2 transcriptional
regulation. The PROMO database analysis indi-
cated that the proximal regions of CBX2 pro-
moters (2000 bp upstream) harbor putative
SP1 binding sequences, which are conserved
among humans, rats, and mice (Figure 7A).
Therefore, we examined the expression level of
the transcription factor (SP1) protein in canna-
bidiol-treated tumor tissues and cell lines. As
shown in Figure 7B and 7C, the protein levels of

1195

SP1 were downregulated in cannabidiol-treated
tumor tissues. Similarly, the expression of SP1
in MG63 cells was decreased by cannabidiol
treatment (Figure 7D). The expression of CBX2
was also suppressed at the protein level by
silencing SP1 with siRNA (Figure 7E and 7F).
Notably, Annexin V-FITC and PI staining assays
showed that the percentage of apoptotic MG63
cells increased significantly in the SP1-siRNA
transfected group compared to that in the un-
transfected group (Figure 7G). In order to prove
that CBX2 and SP1 have a direct effect, ChIP
assay confirmed the recruitment of SP1 to the
proximal promoter regions of CBX2 (Figure 7H).
These results showed that SP1 regulated

Am J Transl Res 2022;14(2):1188-1203
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CBX2 in MG63 (A) and HOS (B) cells of the osteosarcoma and osteosarcoma
+ cannabidiol groups. n=>5 for each group. “"P<0.01 vs. osteosarcoma group.
(C) The mRNA levels of CBX2 in the sham and cannabidiol groups. n=5 for
each group. “"P<0.01 vs. sham group. The protein expression of CBX2 in
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The protein levels of CBX2 in each group. n=5 for each group. **P<0.01 vs.
Sham. (G) Immunohistochemical results of CBX2 in a mouse osteosarcoma

model. Scale bar: 100 uym.

osteosarcoma cell apoptosis by acting as an
upstream regulator of CBX2 and directly binds
to the CBX2 promoter.

SP1 overexpression reverses the pro-apoptotic
effect of cannabidiol in vivo

To further investigate the role of SP1-CBX2
pathway in apoptosis-promoting effect of can-
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CBX2 waw o v
GAPDH s v v

xenograft tumors in nude mi-
ce, whereas SP1 overexpres-
sion can partially reverse this
phenotype (Figure 8A-C). The
tumor tissues showed that
the regulatory effect of canna-
bidiol on the protein levels of
apoptosis-related Bax, Bcl-2
and cleaved caspase-3 were
reversed by SP1 overexpr-
ession (Figure 8D-F). In addi-
tion, SP1 overexpression also
reversed the downregulation
of CBX2 by cannabidiol ad-
ministration (Figure 8G). The-
se findings suggested that
the apoptosis-promoting eff-
ect of cannabidiol was medi-
ated by SP1-CBX2 axis at the
animal levels.

-

1.0

Relative CBX2 protein
expression

&‘ i
o Discussion
In this research, we demon-
strated that cannabidiol pro-
moted apoptosis of osteosar-
coma cells, and thus, show-
ed for the first time that it
effectively decreased tumor
size and weight in MG63
xenograft mice by targeting
the SP1-CBX2 axis (Figure 9).
The main findings of the pres-
ent study include the follow-
ing: (1) Cannabidiol suppress-
ed the proliferation and migra-
tion of MG63 and HOS cells in a concentration-
dependent manner. (2) Cannabidiol suppress-
ed tumor growth and promoted apoptosis via
SP1-CBX2 axis in MG63 xenograft mice. (3)
Cannabidiol promoted apoptosis of osteosar-
coma cells by downregulating the protein ex-
pression of CBX2. (4) SP1 acted as an upstream
transcriptional regulator of CBX2. This indicates
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siRNA, and NC groups; n=3 for each group. mean * SD, "P<0.05, "P<0.01
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the potential application of cannabidiol in the
prevention and treatment of osteosarcoma.

Osteosarcoma is a rare malignant bone tumor
that can directly produce bone-like tissue. It is
more common in adolescents and ranks first
in the incidence of primary malignant bone
tumors [22]. The etiology of osteosarcoma
remains obscure in most patients, which may
be associated with rapid bone proliferation,
radiation exposure, and hereditary factors [23-
25]. Currently, there are many limitations to the
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sic, anti-emetic, anti-spas-
modic, and anti-inflammatory
effects, and numerous stud-
ies have indicated that can-
nabidiol has antineoplastic
potential both in vitro in vari-
ous cell lines, and in vivo in several animal
models [33]. Previous studies have demon-
strated that cannabidiol has no significant cyto-
toxicity on normal tissues/cells, which proves
the safety of cannabidiol as an anti-tumor drug
[34]. Cannabidiol has high safety and has been
used in clinical practice in some diseases. Both
the US Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) have
authorized cannabidiol (CBD) as an add-on
treatment for two uncommon children epilep-
sies: Dravet Syndrome and Lennox-Gastaut
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Figure 7. SP1 positively regulates CBX2 protein expression by binding to the CBX2 promoter. A. Conservative SP1
DNA binding sites in the CBX2 DNA promoters. The sequences of these putative binding sites in the proximal region
(2000 bp upstream) of CBX2 promoters are shown in the PROMO database. B. The protein expression of SP1 in tu-
mor tissues of the sham and cannabidiol groups. n=6 for each group. “*P<0.01 vs. Sham. C. Immunohistochemical
results of SP1 in a mouse osteosarcoma model. Scale bar: 100 um. D. The protein levels of SP1 in MG63 cells of
the osteosarcoma and osteosarcoma + cannabidiol groups. n=4 for each group. “*P<0.01 vs. osteosarcoma group.
E. SP1-siRNA transfection efficiency in MG-63 cells; expression of SP1 protein in MG63 cells transfected with SP1-
siRNA. ""P<0.01 vs. Ctrl; #*P<0.01 vs. SP1-siRNA. Data are presented as mean + SEM. F. The protein levels of CBX2
in MG63 cells of Ctrl, SP1-siRNA, and NC groups. n=6 for each group. “"P<0.01 vs. CtrL; “P<0.05 vs. SP1-siRNA.
Data are presented as mean + SEM. G. The apoptosis of MG63 cells in Ctrl, SP1 siRNA, and NC groups was analyzed
by flow cytometry. Representative images (left) and the ratio (right) of apoptotic cells in Ctrl, SP1-siRNA, and NC
groups. The annexin V-positive/Pl-negative and annexin V-positive/Pl-positive fractions were plotted. The columns
represent the mean + SD of three independent experiments. n=3 for each group. **P<0.01 vs. Ctrl; #P<0.01 vs.
SP1-siRNA. H. The binding of SP1 to the proximal promoter regions of CBX2 DNA in MG-63 cells was determined us-
ing ChIP and quantitative chromatin immunoprecipitation (qChlIP) assays. All values were initially expressed relative

to relevant IgG DNA content. “*P<0.01 vs. IgG.

Syndrome [35]. In clinical studies of malignant
brain tumors, cannabidiol treatment concomi-
tant to the standard therapeutic procedure
has been shown to be effective in prolonging
patients’ mean survival time [36]. However, the
effects of cannabidiol on osteosarcoma have
not yet been addressed. This study aimed at
investigating the pharmacological actions of
cannabidiol on osteosarcoma. We found that
cannabidiol not only inhibited the cell viability
of both MG63 cell lines and HOS cell lines in a
concentration-dependent manner, but also
induced apoptosis. To clarify the underlying
molecular mechanisms of cannabidiol-induced
apoptosis, we screened the genes involved in
osteosarcoma through GEO databases. The
results demonstrated that the mRNA and pro-
tein levels of CBX2 were substantially elevated
in osteosarcoma tissues, MG63 xenograft
mice, and osteosarcoma cell lines (MG63 cells
and HOS cells), and that increasing CBX2 has
anti-apoptotic potential via the expression of
the transcription factor, SP1. Additionally, we
found that SP1 was increased in osteosarcoma
cells, which was suppressed by cannabidiol
therapy. We validated SP1 binding to the proxi-
mal promoter regions of CBX2 based on the
conservative binding sites of SP1 in the pro-

1199

moter region of CBX2 predicted by bioinformat-
ics and ChlIP assay. The results of in vivo experi-
ment showed that cannabidiol could effectively
inhibit tumor growth through the SP1-CBX2
axis, and rescue experiments also proved this
result. These suggest that the SP1-CBX2 sig-
naling pathway is involved in the pro-apoptotic
effects of cannabidiol in vitro and in vivo. For
the mechanism by which cannabidiol reduces
the expression of SP1, we conjecture that there
are two reasons. Cannabinoids (including can-
nabidiol and A-9-tetrahydrocannabinol) are
hydrophobic compounds produced by the can-
nabis plant. The chemical structures of canna-
bidiol and A-9-tetrahydrocannabinol are very
similar, differing only by the presence of an
additional free hydroxyl group on one of the
rings in cannabidiol (in A-9-tetrahydrocanna-
binol the equivalent oxygen forms part of a
closed pyran ring) [37]. That hydroxyl group is
the one which forms the hydrogen bond pres-
ent in the cannabidiol-protein complex, and
provides an additional intermolecular interac-
tion for cannabidiol, which could account for
the functional effects of the cannabidiol on
SP1. In addition, the cannabinoid WIN 55,212-
2 (WIN) induced repression of SP1 was due
to protein phosphatase 2A (PP2A)-dependent

Am J Transl Res 2022;14(2):1188-1203
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Figure 8. SP1 overexpression reverses the pro-apoptotic effect of cannabidiol in vivo. A. The tumors of four groups
were isolated and compared. B. Tumor growth curve of Sham group, Cannabidiol + Lv-OE-SP1 group, Cannabidiol
+ Lv-OE-NC group and Cannabidiol group (n=4 per group). Tumor volume was measured every few days. C. Tumor
weight was measured at the end of the experiment. D-G. The protein levels of BAX, Bcl2, cleaved caspase-3 and
CBX2 in the Sham group, Cannabidiol group, Cannabidiol + Lv-OE-SP1 group, and Cannabidiol + Lv-OE-NC group.
The data shown are mean + SD. **P<0.01 vs. Sham; #P<0.05, #P<0.01 vs. Cannabidiol + Lv-OE-NC.

downregulation of microRNA-27a (miR-27a) and BTB domain containing 10 (ZBTB10) [38]. The
induction of miR-27a-regulated zinc finger and cannabinoid WIN and cannabidiol have certain
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Figure 9. Schematic diagram of the mechanism of cannabidiol inhibiting os-
teosarcoma proliferation and promoting apoptosis of osteosarcoma cells by

activating the SP1-CBX2 axis.

similarities in structure and function, so we
suggest that cannabidiol may downregulate the
expression of SP1 in a similar way. In order to
better understand this mechanism, further
studies will be necessary. We will continue to
explore this in future studies.

In conclusion, we revealed for the first time that
cannabidiol treatment could not only induce
apoptosis of osteosarcoma cells in vivo and in
vitro, but also suppress tumor size and weight
in a mouse xenograft model by regulating the
SP1-CBX2 pathway. These findings provide evi-
dence that cannabidiol has anti-tumor effects
and highlight a new potential application of
cannabidiol in osteosarcoma treatment.
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