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MicroRNA-767-5p promotes metastasis @
but improves chemotherapeutic

and radiotherapeutic sensitivity

of osteosarcoma
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Abstract

The aim of this study was to explore the role of microRNA-767-5p (miR-767-5p) in regulating the osteosarcoma
(OS) prognosis, metastasis and sensitivity to chemotherapeutic and radiotherapeutic sensitivity. We observed that
miR-767-5p expression in the specimens of patients with metastatic OS was higher than in healthy individuals and
was also negatively correlated with the overall survival of patients with OS. Functional assays (CCK-8, transwell,
colony formation) and a tumor xenograft model demonstrated that miR-767-5p over-expression in both U20S and
143B OS cell lines promoted cell invasion and migration without affecting proliferation, whereas its knockdown
had opposite effects. Notably, miR-767-5p over-expression enhanced the sensitivity of both U20S and 143B cells to
chemotherapy or radiotherapy. Combing target gene prediction, RNA-sequencing and overall survival analysis, we
identified aryl hydrocarbon receptor (AHR) as the potential target gene of miR-767-5p. Luciferase assay confirmed
that miR-767-5p promoted the 3"-UTR activity of AHR through direct binding. Strikingly, AHR over-expression in
both U20S and 143B cells suppressed invasion, migration while reduced therapeutic sensitivity to chemotherapy
and radiotherapy—thereby reversing miR-767-5p's phenotypic impact. Therefore, this study suggested that miR-
767-5p promotes OS metastasis but improves its sensitivity to radiotherapy and chemotherapy.
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Introduction

Osteosarcoma (OS) is a rare hominin cancer, one of the
most common primary malignancies of the bone, espe-
cially in children and adolescents [1]. In 1982, one ran-
domised multi-institutional study has suggested that the
2-year actuarial progression-free survival rate is 66%
among patients with OS treated with high-dose metho-
trexate, doxorubicin and cisplatin (MAP) after complete
surgical resection [2]. Despite the emergence of multi-
drug chemotherapy combined with limb-sparing surgery,
the survival rate of patients with OS has not signifi-
cantly improved in the last three decades. Approximately
10-15% of patients newly diagnosed with OS showed
metastatic diseases, especially in the lungs [1]. The 5-year
survival rate is only 20% in metastasis or recurrent cases
[1]. Therefore, the mechanisms of OS metastasis, recur-
rence and chemotherapy resistance should be explored to
identify new targets for optimizing current strategies and
develop new treatment methods for patients with OS.

MicroRNA (miRNA) is a subset of endogenous short
non-coding RNA with a length of 20-24 nt, which
forms complex networks that regulate cell differentia-
tion, development and homeostasis [3, 4]. miRNA func-
tion dysregulation is involved in several human diseases,
especially cancer [4]. Therefore, its expression could help
us make earlier diagnoses and predict the prognosis, che-
moresistance and radioresistance of different cancers,
including OS [4, 5]. For example, several serum miR-
NAs have been found to act as non-invasive prognostic
or diagnostic biomarkers for OS, such as miR-9, miR-21,
miR-29, miR-95 and miR-194 [5, 6]. We have previously
identified t miR-513a-5p and miR-765as regulators of OS
chemosensitivity and radiosensitivity [7, 8]. However, the
role of miRNAs in regulating OS metastasis, chemosensi-
tivity and radiosensitivity remains largely unknown.

The aryl hydrocarbon receptor (AHR), a ligand-acti-
vated transcription factor that belongs to the periodic
circadian protein (PER)—AHR nuclear translocator (AHR
RNT)-single-minded protein (SIM) superfamily, inte-
grates environmental, microbial, and metabolic signals
to modulate cellular responses in cell-type-specific and
context-specific manners [9]. While AHR is classically
viewed as the pro-tumorigenic gene due to its media-
tion of pollutant-induced carcinogenesis [10, 11], its
cell-type- and context-specific characteristics have led
to both AHR agonists and antagonists being explored
as cancer therapy [12]. AHR also modulates both innate
and adaptive immune responses, suggesting a role in can-
cer immunology [13]. One study showed that AHR was
expressed in both osteoblasts and osteoclasts, and AHR
agonist 3-methylcholanthrene (3-MC) promoted oes-
trogen synthesis and metabolism in bone tissues [14].
The activation of AHR signalling by an agonist seemed
to show agonist-type- and concentration-dependent
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manners in regulating OS cell proliferation and viability
in vitro. For example, a 10-uM 3-MC alone did not affect
the proliferation of OS cell line, i.e. MG-63 cells [14]. A
1-uM 6-Formylindolo [3,2-b] carbazole (FICZ), an AHR
endogenous ligand, decreased the cell viability, whereas
lower FICZ concentration improved the cell viability of
MG-63 cells in vitro [15]. Exposure of MG-63 cells to
AHR ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
resulted in AHR degradation but did not affect the sur-
vival of MG-63 cells [16]. However, the cell-intrinsic role
and upstream regulators of AHR in OS are still largely
unknown.

Based on miRNA microarray chip analysis, a study
showed that miR-767-5p is downregulated in the nasal
mucosa of allergic rhinitis [17], but exhibits context-
dependent roles in cancer: miR-767-5p suppresses the
glioma cell growth and metastasis [18], yet promotes cell
progression in multiply myeloma [19] and malignant pro-
gression in hepatocellular carcinoma [20]. A recent study
evaluating the role of circular RNA has_circ_0000190 in
OS found that miR-767-5p expression levels are higher
in OS tumour versus normal tissues [21]. However, the
direct role of miR-767-5p in regulating OS prognosis,
metastasis, chemosensitivity and radiosensitivity remains
largely unknown.

In this study, we demonstrate that miR-767-5p is
upregulated in the OS tissues with metastasis versus
non-metastasis using the clinical OS patient sample.
Experimental studies reveal that miR-767-5p promotes
metastasis while enhancing the sensitivity of OS cells to
chemotherapy and radiotherapy both in vitro and in vivo.
Mechanistically, we identify AHR as a direct miR-767-5p
target and validate its dual role in OS progression and
therapeutic response.

Materials and methods

Reagents and equipments

U20S/CDDP (cisplatin resistant) were kindly provided
by Professor Wei Xi, from Tianjin Cancer Hospital in
2017. Other OS cell lines used in these experiments were
obtained from the Oncology Laboratory of Daping Hos-
pital and authenticated by the Core facility of Army Med-
ical University. All cell lines were tested to be negative for
mycoplasma contamination using a Mycoplasma PCR
Detection Kit (Sigma-Aldrich, Saint Louis, MO, USA) at
the beginning of this project. None of the cell lines used
in this study are listed in the database of commonly mis-
identified cell lines maintained by the International Cell
Line Authentication Committee (ICLAC). Fetal bovine
serum (FBS) and cell culture medium were purchased
from Hyclone Laboratories (Utah, USA). Puromycin
and CDDP were purchased from Sigma (St. Louis, MO,
USA). PrimeScript™ RT reagent kit with gDNA eraser,
TB Green® Premix Ex Taq™ II, Endonuclease Nhel, and
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Endonuclease Sall were purchased from Takara Bio
(Dalian, China). CCK8 kits and crystal violet staining
solution were purchased from Biosharp (Wuhan, China).
Transwell permeable supports were obtained from BD
Biosciences (Franklin Lakes, NJ, USA). A dual-Lucy assay
kit was purchased from Solarbio (Beijing, China).

Tissue microarray samples

OS specimens were obtained from 86 patients with OS
intra-operatively at the department of orthopaedics
in Daping Hospital. This study has been carried out in
accordance with the Code of Ethics of the World Medi-
cal Association (Declaration of Helsinki) for experi-
ments involving humans and was approved by the ethics
committee of Daping Hospital, Army Medical Univer-
sity (approval no. 2021216). All patients provided writ-
ten informed consent. The clinical characteristics of
patients with OS are listed in Supplementary Table 1.
Kaplan—Meier analysis was used to assess the difference
in the overall survival of patients with OS. A miR-767-5p
expression level greater than the median value was con-
sidered high expression, while a level lower than the
median value was considered low expression.

Plasmid construction and lentiviral preparation

Lentivirus overexpressing miR-767-5p (LV-miR-767-5p-
OE), knockdown of miR-767-5p (LV-shmiR-767-5p),
overexpressing AHR, knockdown of AHRand their cor-
responding empty vectors (LV-NC and LV-shNC) were
obtained from GENECHEM (Shanghai, China). miR-
767-5p shRNA and AHR shRNA sequences and the nega-
tive control are displayed in (Supplementary Table 2.
PmirGLO-AHR 3'UTR (WT) (5-GCAGAUAGCAAGG
UUUGGUGCAA-3’) and PmirGLO-AHR 3UTR (Mut)
(5-GCAGAUAGCAAGGUUUCUACGTA-3) were
obtained from Bioworld (Nanjing, China). The lentiviral
vector pHBLV-U6-MCS-PGK-PURO (Hanbio, Shang-
hai, China) was used for packaging short hairpin RNA
(shRNA) to knock down miR-767-5p expression [22].

Cell culture and lentivirus infection

All OS cells were cultured in RPMI 1640 medium or
DMEM supplemented with 10% FBS at 37 °C in an atmo-
sphere of 5% carbon dioxide (CO,). OS cells were seeded
in 6-well plates at a density of 2x10° /ml for 24 h and
later infected with lentivirus expressing miR-767-5p, sh-
miR-767-5p, AHR, shAHR or their corresponding control
vectors for 12 h. Subsequently, puromycin (2 pg/ml) was
added to the culture medium at 37 °C with 5% CO, fol-
lowing the manufacturer’s instructions to generate stable
cell lines. Fluorescence microscopy, RT-qPCR and west-
ern blot assay were used to evaluate the efficiency of len-
tivirus transfection.
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In the in vitro drug sensitivity assay, cells were cultured
in CDDP-containing (2 ug/ml) medium for 24 h and then
seeded into the 96-well plate at a density of 3 x 10° cells/
well in culture medium, followed by the CCK-8 or colony
assay at indicated time points. For in vitro radiotherapy
sensitivity assays, each 6-mm cell dish was seeded with
800 cells, and 4 Gy radiotherapy was performed using a
linear accelerator after cell adherence. Then, cells were
placed back into the incubator to continue culturing, fol-
lowed by colony formation assay at the indicated time
points.

Quantitative reverse transcriptase-polymerase chain
reaction (RT-qPCR) analysis

The total RNA was isolated from cells using TRIzol
reagent following the manufacturer’s protocol, and
cDNAs were synthesised using the high-capacity cDNA
reverse transcription kit (Takara Bio, Beijing, China).
qPCR amplification of miR-767-5p and U6 was per-
formed using a specific primer set. miR-767-5p expres-
sion levels were normalised to those of U6. AHR, BASPI,
FOXEI, AHR, PEG10, RPP25, ARHGEFS, SEMA3C and
PLAC8 mRNA expression levels were normalised to
those of GAPDH. Real-time RT-qPCR primers were
designed by Pubmed Primer-BLAST and listed as in Sup-
plementary Table 3.

Western blotting

The RIPA buffer (Solarbio, Beijing, China) containing
protease inhibitors was used to extract proteins from
U20S and 143B cells. Then, a BCA kit (Solarbio, Beijing,
China) was used to determine protein concentrations.
Then, denatured proteins were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, USA). The membranes were blocked
in Tween® 20 Detergent with 5% skim milk for 1 h and
incubated with appropriate antibodies at 4 °C overnight
and anti-secondary antibodies at room temperature for
1 h (all antibodies were purchased from the Cell Signal-
ling Technology and used following the manufacturer’s
instructions) (Supplementary Table 4). Finally, the pro-
tein bands were detected using a Bio-Rad ChemiDoc
XRS system (Bio-Rad, Hercules, CA).

CCK-8 assay

The CCK-8 assay used a CCK-8 kit (Beyotime, Shanghai,
China). Cells (3 x 10? cells/well) were seeded in a 96-well
plate and cultured for 18 h for adhesion. After the indi-
cated treatment, a 10 ul of CCK8 reagent was added to
each 96-well plate to detect cell proliferation ability
(Beyotime, Shanghai, China) for 1 h. The absorbance was
detected using a microplate reader at 450 nm.
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Colony formation assay

For colony formation assay, cells in the logarithmic
growth status were seeded in a 6-well plate with approxi-
mately 500 cells per well, cultured in a cell incubator at
37 °C and 5% CO, and saturated humidity for 2—3 weeks.
Then, the medium was removed, washed with phos-
phate-buffered saline (PBS) three times, fixed with 4%
paraformaldehyde for 15 min and stained with crystal
violet solution. After rinsing, the colonies were counted
under a microscope (Olympus, Japan).

Transwell assays

Approximately 2x10* cells in the serum-free growth
medium were seeded in the upper wells of transwell
chambers. The lower wells contained the same medium
and were supplemented with 10% serum. After the 24-h
indicated treatment, cells that migrated to the lower side
of the chamber were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet, dried and counted under
a microscope.

RNA sequencing

The 2 x 10° LV-miR-767-5p-OE and LV-NC U20S cells in
logarithmic growth status were collected, and their total
RNA was extracted using TRIzol methods and quanti-
fied using Qubit 4.0 (Invitrogen, Waltham, MA, USA).
The cDNA library preparation and sequencing were
performed at the Beijing Genomics Institution (Beijing,
China). Concentrations and library sizes were measured
using Qubit 4.0 and Agilent2100 (Agilent technologies,
Santa Clara, CA, US). The cDNA library was loaded
on Illumina NovaSeq 6000 (San Diego, CA, USA), and
raw sequence reads in fastq format were processed and
analysed, as previously described [23]. Differentially
expressed genes (DEGs) were identified using Limma/
voom based on raw read counts, with an adjusted P-value
of <0.05 and a fold change of > 2.

Prediction of the miR-767-5p target gene

Target genes of miR-767-5p were predicted through
the following online websites: targetcan.org (http://ww
w.targetscan.org), miRDB.org (http://mirdb.org/) and
microRNA.org (http://www.microrna.org), and the
common intersection target genes downregulated in
miR-767-5p-over-expressing U20S cells from our RNA-
sequencing data were selected as the candidate target
genes of miR-767-5p.

Luciferase reporter assay

Wild-type (WT) and mutated AHR 3’'UTR were amplified
and cloned into the downstream pmirGLO dual-lucifer-
ase miRNA target expression vector (Promega, Madison,
Wisconsin, USA) to construct AHR 3’-UTR WT and Mut
reporter plasmid. For dual-luciferase reporter assay, cells
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were cultured into 24-well plates at 4 x 10® cells per good
concentration for 24 h. Then, the cells were co-trans-
fected with AHR 3’-UTR WT or Mut and miR-767-5p
with lipid transfection (Lipofectamine-2000 Reagent,
Invitrogen). Cells were lysed after a 72-h transfection,
and luciferase activity was measured by the Dual-Lucy
assay kit following the manufacturer’s protocol [24].

Animal experiments

Mice were obtained from Shanghai Laboratory Animal
Centre. All animal experiments were performed follow-
ing the National Research Council’s Guide for the Care
and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee of the
Army Military Medical University. Mice were subjected
to dislocation under anaesthesia by 2% pentobarbital
sodium before being sacrificed. To examine for metas-
tasis, 1.0x 10° cells from each group were suspended in
0.1 ml of PBS and injected into the lateral tail veins of
8-week-old female nude mice. At 3 and 4 weeks post-
injection, living imaging of nude mice was performed
using IVIS Lumina Series III (Caliper Life Sciences,
Mountain View, CA, USA). Then, all mice were sacri-
ficed, the lungs were embedded with paraffin and sliced
for haematoxylin and eosin (H&E) staining and tumour
foci in each section were counted. For xenograft experi-
ments, 2x10° cells were subcutaneously injected into
female nude mice. When tumours reached a size of
approximately 100 mm?, they were treated with CDDP
or radiation. For the chemotherapy group, CDDP was
injected intraperitoneally every 3 days at a concentration
of 2.5 mg/g of body weight. After 25 days, the mice were
sacrificed, and the tumours were excised and weighed.
For the radiotherapy group, all nude mice received 4 Gy
radiation each time, twice a week. Then, mice were sac-
rificed after four cycles of radiotherapy, and the tumours
were removed and weighed.

H&E and immunohistochemistry (IHC) staining

Tumour tissues from the metastasis or xenograft model
were fixed in formalin, embedded in paraffin and sec-
tioned and followed using H&E staining. For IHC stain-
ing, sodium citrate was used for antigen retrieval,
hydrogen peroxide for catalase removal and bovine
serum albumin for blocking non-specific antibody bind-
ing. AHR primary antibodies were incubated overnight
at 4 °C, washed three times with phosphate-buffered
saline, 0.1% Tween® 20 detergent, incubated with sec-
ondary biotinylated goat anti-rabbit IgG antibody for the
next 30 min and stained with diaminobenzidine (DAB),
as previously described [25, 26]. Images were collected
under an Olympus BX53 microscope in five random
fields per sample.
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Collect of public OS data and outcome analysis

The RNA-sequencing data of osteosarcoma based on
TARGET (Therapeutically Applicable Research to Gener-
ate Effective Treatments) were downloaded from UCSC
XENA (http://xena.ucsc.edu/). After removing patients
with no information on overall survival data, a total of 85
osteosarcoma patients were selected for further analy-
sis. Candidate miRNA-targeted genes were identified by
R package survminer that using the maximally selected
rank statistics to calculate the best cut-off for corre-
sponding to the most significant relation with OS out-
come. The univariate Cox regression analysis was used
to further evaluate the relationship between the expres-
sion of the candidate miRNA-target genes and the OS of
patients with osteosarcoma [27].

>
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Statistical analysis

All experiments were repeated at least three times. Stu-
dent’s t-test, two-way analysis of variance (ANOVA) or
one-way ANOVA was performed using GraphPad Prism
8 (GraphPad, San Diego, CA, USA), and Pearson’s x2 test
was used to analyse between the miR-767-5P expression
and clinical features. Data are expressed as mean + stan-
dard deviation (S.D.). Kaplan—Meier and logrank tests
were used to perform survival analysis. Univariate Cox
regression analysis and likelihood ratio test were used
to perform independent prognostic factors analysis. A P
value <0.05 was considered significant.

Results

miR-767-5p correlates with poor prognosis in OS patients
and chemotherapeutic resistance in OS cell lines

The miR-767-5p expression levels were higher in meta-
static OS samples (1 =27) than those without metastasis
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Fig. 1 miR-767-5p expression is associated with osteosarcoma metastasis and poor prognosis. (A) RT-gPCR analysis of miR-767-5p expression in OS
patients with metastatic (M1, n=27) compared to non-metastatic patients (M0, n=59), P<0.01 (Student’s t-test). (B) Kaplan-Meier survival curves of OS
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(n=59) (Fig. 1A). Kaplan—Meier analysis revealed that
those OS patients with relative higher miR-767-5p
expression displayed worse overall survival than those
OS patients with lower expression (p<0.05) (Fig. 1B).
The oncogenic role of miR-767-5p in the OS was fur-
ther determined in various OS cell lines with different
metastasis abilities, such as U20S, U20S/CDDP, 9607,
9901, MG63, HOS and 143B. Consistent with previous
publish work [28], miR-767-5p expression was lowest in
143B cells with a significant metastatic capacity (Fig. 1C).
Interestingly, we found that miR-767-5p expression in the
U20S/CDDP cells was significantly lower than that of
wild-type U20S cells (Fig. 1C). Furthermore, the CCK8
experiment was implemented to verify the effectiveness
of U20S cisplatin resistance (Fig. 1D).

All these data indicated that miR-767-5p expres-
sion was negatively correlated with the prognosis of OS
patients, and positively correlated with chemotherapeu-
tic resistance between U20S and U20S/CDPP cells.

miR-767-5p promotes OS cell invasion and migration but
not proliferation

The RT-qPCR data confirmed that U20S cells showed
effective miR-767-5p over-expression or knockdown
after infected with lentiviral vectors, whereas miR-767-5p
expression levels were over-expressed by approximately
3000-fold in 143B cells, showing a relatively better capac-
ity for in vivo tumorigenesis [28] (Fig. 2A-C). Regard-
less of miR-767-5p over-expression or knockdown, cell
growth and proliferation were not statistically significant
in both U20S and 143B cells using CCK8 and clone for-
mation assays for determining the cell growth and prolif-
eration ability (Fig. 2D-I).

Furthermore, a transwell assay to assess the migra-
tion and invasion ability was conducted and found that
miR-767-5p over-expression showed higher migration
and invasion in both U20S and 143B cells, whereas
miR-767-5p knockdown in U20S cells showed opposite
effects (Fig. 2J-L).

All these findings supported that miR-767-5p pro-
moted the OS cell invasion and migration, but not
proliferation.

mir-767-5p enhances chemotherapeutic and
radiotherapeutic sensitivities in OS cells but accelerates OS
metastasis

As radiotherapy and chemotherapy are common treat-
ments for OS, the effects of miR-767-5p on their sensi-
tivities were further determined using CCK8 and colony
assays. The CCK8 assay revealed that miR-767-5p over-
expression improved cell sensitivity to CDDP treatment
in both U20S and 143B cells (Fig. 3A). To examine the
miR-767-5p sensitivity to radiotherapy, colony numbers
of both U20S and 143B cells were significantly lower

Page 6 of 14

in miR-767-5p-over-expressed U20S and 143B cells,
as compared with their corresponding vector control
cells after 4-Gy radiation (Fig. 3B). To explore the role
of miR-767-5p on OS sensitivity to chemotherapy and
radiotherapy in vivo, tumour xenograft was established
by subcutaneously injecting miR-767-5p-over-expressed
or vector control 143B cells. No significant difference
was observed in the tumour volume and weight between
mice injected with miR-767-5p-over-expressed and vec-
tor control 143B cells without CDDP treatment, consis-
tent with the results that miR-767-5p did not affect the
proliferation of OS in vitro. However, after the CDDP
treatment for 25 days, mice injected with miR-767-5p-
over-expressed 143B cells showed significantly decreased
tumour size and weight than those injected with vector
control 143B cells (Fig. 3C). In addition, 4-Gy radiation
was performed for both mice injected with miR-767-5p-
over-expressed or vector control 143B cells twice a week
for 2 weeks. Data revealed that mice injected with miR-
767-5p-over-expressed 143B cells had a smaller volume
and lighter weight than those with vector control 143B
cells (Fig. 3D). These data demonstrated that miR-767-5p
is responsible for the chemotherapeutic and radiothera-
peutic sensitivities in OS cells.

To further verify the role of miR-767-5p in regulat-
ing OS metastasis in vivo, miR-757-5p-over-expression
or empty vector-expressed 143B cells were injected into
nude mice via their tail veins. Our data revealed that
mice injected with miR-757-5p-over-expressing 143B
cells showed more metastatic nodules than the control
mice in the lungs (Fig. 3E). H&E staining for lung tissues
revealed that metastatic lesions in the lungs were larger
in miR-767-5p-over-expressed 143B cell-injected mice
than that in the control mice (Fig. 3F). Furthermore, the
weight of mice injected with 143B cells over-expressing
miR-767-5p was lighter than that of the control mice
(Fig. 3G), which may be due to tumour metastasis aggra-
vating the body’s consumption.

Therefore, all these results demonstrate that miR-
767-5p has a dichotomous role in the OS development,
promoting its metastasis but improving its sensitivity to
chemotherapy and radiotherapy in vivo.

AHR is a direct target gene of miR-767-5p in OS cells

Then, 3 miRNA prediction databases (targetcan, miRDB
and microRNA) were used to identify the potential tar-
get genes of miR-767-5p in OS cells. Genes from the
intersection of these 3 databases with DEGs between
miR-767-5p-over-expression and vector control U20S
cells from our RNA sequence data were selected for fur-
ther validatio, and potential 8 genes (BASP1, FOXEI,
AHR, PEG10, RPP25, ARHGEF5, SEMA3C and PLACS)
were predicted from the intersection of these datasets
(Fig. 4A). The mRNA expression levels of these genes
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were further verified in both miR-767-5p-over-expressed
143B and U20S cells using RT-qPCR. Our data showed
that miR-767-5p over-expression suppressed the BASP1,
FOXE1, AHR, PEG10, ARHGEF5, PLAC8 and RPP25
mRNA expressions (Fig. 4B). Similar results were found
in the U20S cells, revealing that miR-767-5p over-
expression significantly inhibited the BASP1, FOXEI,
AHR, PEG10, ARHGEF5, SEMA3C, PLAC8 and RPP25

mRNA expressions (Fig. 4C). We also used survival data
of 85 OS patients from TARGET dataset (Therapeutically
Applicable Research to Generate Effective Treatments) to
explore whether the above 8 genes were involved in the
prognosis of OS, such as overall survival. Kaplan—Meier
and logrank tests combined with univariate Cox regres-
sion analysis revealed that only AHR could be an inde-
pendent prognostic factors and lower expression AHR
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predicted poor prognosis of patient with OS (Fig. 4D and
Supplementary Table 5).

Demonstrably, some previous studies have reported
that AHR plays an important role in the migration of dif-
ferent tumour cells [28-30]. The potential binding site
of miR-767-5p on 3’-UTR of AHR is predicted using the

miRbase dataset. To provide direct experimental evi-
dence for miR-767-5p in regulating AHR expressions, the
3’-UTR of AHR was cloned into the luciferase reporter
vectors, and a parallel construct with a mutated miR-
767-5p binding site was also created on AHR 3’-UTR
(Fig. 4E). Data revealed that miR-767-5p restrained the
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luciferase activity of the plasmid constructed wild-type,
but not mutated, AHR 3’-UTR in both 143B and U20S
cells, indicating a direct miR-767-5p binding to the
3-UTR of AHR (Fig. 4F).

To explore whether endogenous AHR expression is
affected by miR-767-5p, AHR expression, including the
mRNA and protein levels, was verified in both 143B and

U20S cells that over-expressed with miR-767-5p or vec-
tor control. Both AHR mRNA and protein levels were
lower in miR-767-5p over-expressing 143B and U20S
cells than those in the vector control cells (Fig. 4G-H).
The AHR protein levels in the OS tissue derived from
miR-767-5p-over-expressing 143B cells were significantly
lower than those from vector control 143B cells (Fig. 4I).
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Consequently, our study demonstrated that AHR is a
direct target gene of miR-767-5p in OS cells.

AHR mediates OS progression in vitro

To explore the role of AHR in OS, AHR was further
over-expressed or knocked down in both 143B and
U20S cells. RT-qPCR and western blot assay confirmed
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the efficiency of AHR over-expression or knockdown in
AHR-over-expressed or AHR shRNA cells (Fig. 5A-B).
Transwell assay revealed that AHR over-expression of
AHR repressed the invasion and migration abilities of
both U20S and 143B cells (Fig. 5C and E). Conversely,
AHR knockdown enhanced the invasion and migration
of both U20S and 143B cells (Fig. 5D and F).
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Furthermore, the influence of AHR on OS sensitivity
to radiotherapy and chemotherapy was examined. Fig-
ure 5G-J showed that AHR over-expression or knock-
down did not affect the proliferation ability of both U20S
and 143B cells. However, the cell proliferation ability
was enhanced by AHR over-expression and was reduced
after the AHR knockdown in both U20S and 143B cells
exposed CDDP. After exposing the mice to a dose of
4-Gy radiation, AHR over-expression increased but AHR
knockdown decreased the numbers of colony formation
in both U20S and 143B cells. Interestingly, AHR over-
expression or knockdown showed no effect on the num-
bers of colony formation at a steady state in cells without
radiation (Fig. 5K-N).

Therefore, these data indicated that AHR represses OS
cell invasion and migration but represses its sensitivity to
radiotherapy and chemotherapy in vitro, which is highly
similar to the effect of miR-767-5p in OS.

AHR over-expression reverses mir-767-5p-mediated
enhanced invasion and migration but improved the OS
sensitivity to chemoradiotherapy

To further explore the role of AHR in mediating the
regulation of invasion, migration and sensitivity of OS
to chemotherapy and radiotherapy by miR-767-5p, AHR
was further over-expressed in both miR-767-5p-over-
expressing 143B and U20S cells, indicating that miR-
767-5p-mediated increased invasion and migration were
attenuated by AHR over-expression (Fig. 6A-B). As for
the OS sensitivity to chemotherapy, our CCK-8 assay
showed that AHR over-expression reversed the cell pro-
liferation ability of miR-767-5p-over-expressed cells at
post-CDDP treatment (Fig. 6C). Likewise, miR-767-5p-
mediated repression of colony formation was also sig-
nificantly salvaged by AHR over-expression after being
exposed to 4-Gy radiation (Fig. 6D-E).

Collectively, our data demonstrated that AHR expres-
sion is independent for enhanced OS metastasis by
miR-767-5p but dependent for improved sensitivity to
chemoradiotherapy by miR-767-5p in OS cells.

Discussion

Different miRNAs act on diverse target genes and as
tumour repressors or oncogenes. Several studies have
reported the important role of various miRNAs in
molecular regulation and progression of human OS [5].
Previous studies have reported different functions of
miR-767-5p in tumour progression. miR-767-5p acts as
oncogenes in thyroid cancer, breast cancer and hepa-
tocellular carcinoma, but acts as a tumour repressor in
glioma [18, 20, 29]. Although a previous study revealed
that miR-767-5p expression was higher in OS tissues
than in normal tissues and miR-767-5p directly targeted
and inhibited the TET1 expression, the direct role of
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miR-767-5p in OS prognosis has not yet been elucidated
[21]. In this study, miR-767-5p expression was found to
be significantly higher in metastatic tissues than in non-
metastatic tissues of OS. Although miR-767-5p did not
affect the OS cell proliferation, its invasion and migra-
tion in vitro and metastasis in vivo were promoted.
Interestingly, miR-767-5p improved the OS sensitivity
to CDDP treatment and radiation both in vitro and in
vivo, suggesting that it plays dual roles in OS, promot-
ing metastasis but improving the therapeutic response to
chemotherapy and radiotherapy.

Jia et al. have demonstrated that miR-767-5p promotes
thyroid cancer cell proliferation and invasion [29]. MiR-
767-5p has been reported to stimulate tumour prolif-
eration, invasion, migration and epithelial-mesenchymal
transition in breast cancer [30]. MiR-767-5p could pro-
mote proliferation, invasion and metastasis of hepatocel-
lular carcinoma cells [20]. Conversely, the miR-767-5p
expression is reduced in human glioma samples, inhibits
tumour invasion and proliferation and promotes glioma
cell apoptosis [18]. In our study, CCK8, clone formation
and transwell experiments found that miR-767-5p pro-
moted invasion and migration but not the proliferation
of OS cells in vitro. In subcutaneous xenograft models,
miR-767-5p over-expression did not affect the tumour
growth, a finding consistent with the results of in vitro
experiments. However, the OS metastasis model revealed
that distant metastases of miR-767-5P-over-express-
ing OS cells were larger and higher in numbers than
control OS cells. However, after radiotherapy or che-
motherapy using CDDP, the tumour size of miR-767-5p-
over-expressing cells was significantly reduced. All these
data demonstrate that miR-767-5p promotes metastasis
but strengthens the OS sensitivity to radiotherapy and
chemotherapy.

Through the target gene prediction, RNA sequenc-
ing, RT-q-PCR and 767-5p binding site of 3’-UTR in
AHR mutation, AHR was confirmed to be the direct
target gene of miR-767-5p. Classically, AHR has been
considered a pro-tumorigenic gene [13]. For instance,
decreased AHR inhibits cell migration and invasion of
oesophageal squamous cell carcinoma [31], glioblastoma
[32] and oral squamous cell carcinoma [33]. However,
AHR inhibits the migration and invasion of lung cancer
cells by regulating autophagy [34]. Our data revealed that
AHR over-expression in OS cells inhibited cell invasion
and migration but reduced their sensitivity to radio-
therapy and chemotherapy. Conversely, silencing of
AHR expression in OS cells promoted cell invasion and
migration and inhibited their sensitivity to radiotherapy
and chemotherapy in vitro. Our study elucidates the cell-
intrinsic roles of AHR in OS development and therapeu-
tic response, repressing OS metastasis but reducing its
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times. **P<0.01; ***P<0.001; ns, not significant

sensitivity to radiotherapy and chemotherapy, showing
an opposite effect of miR-767-5p in OS.

The mechanisms for AHR-repressing OS metas-
tasis might be due to AHR that inhibits prostaglan-
din E2 (PGE2), cyclooxygenase-2 (COX2) and CXCR4

expressions. TCDD, a by-product of chlorophenols and
chlorophenoxy herbicides, acts as an exogenetic ligand of
AHR. A recent study revealed that TCDD could degrade
the AHR protein with increased cyclooxygenase-2
(COX2), PGE2 and C-X-C motif chemokine receptor
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4 (CXCR4) expressions [16]. PGE2 is a prostanoid lipid
that enhanced cancer cell growth, survival, migration,
invasion and immunosuppression. COX2 is the criti-
cal enzyme for PGE2 production [35]. Tumour-derived
PGE2 impairs the natural killer cells stimulating the
recruitment of conventional type-1 dendritic cells (cDC1)
in tumour microenvironments [36]. Previous studies
revealed that COX-2 or PGE2 treatment promoted U20S
cell growth, migration and invasion [37, 38]. CXCR4 is
believed to promote OS progression and metastasis and
is associated with poor survival of patients with OS [39,
40]. This study suggested that AHR-mediated PEG2,
COX-2 or CXCR4 inhibition may play an important
role in controlling OS metastasis. However, the detailed
mechanisms of AHR in regulating OS cell metastasis
were not investigated in this study.

Conclusions

The current study denotes that miR-767-5p is a novel
biomarker that can predict the potential risk of OS
metastasis and its sensitivity to radiotherapy and chemo-
therapy. The risk of metastasis in patients with OS with
higher miR-767-5p expression was higher; however, they
may have a higher sensitivity to radiotherapy and chemo-
therapy. The intrinsic roles and upstream regulators of
AHR in OS development and therapeutic response were
also elucidated for the first time, which deserves further
in-depth research to discover its prognostic value and
detailed mechanisms. However, this study involved with
some limitations. As we did not rescue the expression of
AHR in miR-767-5p knockdown OS cells, the detailed
mechanism underlying AHR as a downstream target of
miR-767-5p in influencing OS progression is still a little
bit superficial in this work.
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TCDD 2,3,7 8-tetrachlorodibenzo-p-dioxin

WT Wild-type
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