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HIGHLIGHTS

o CircDOCK1 knockdown relieved osteosarcoma cell malignant behaviors.
e CircDOCKI1 functioned as a molecular sponge of miR-936.
e miR-936 directly targeted LEF1.

ARTICLE INFO ABSTRACT

Keywords: Background: Osteosarcoma (OS) is a serious bone malignancy that commonly occurred in humans. Recent
CircDOCK1 research suggested that circular RNA (circRNA) Dedicator of cytokinesis 1 (circDOCK1, also called hsa_-
miR-936 circ_0020378) enrolled in the tumorigenesis of osteogenic sarcoma. This subject aimed to explore the precise role
]E)Efelosarcoma and mechanism of circDOCK1 on OS progression.

Proliferation Methods: CircDOCK1, microRNA-936 (miR-936), and Lymphoid enhancer binding factor 1 (LEF1) levels were

detected using real-time quantitative polymerase chain reaction (RT-qPCR). Cell Counting Kit-8 (CCK-8), colony
formation, 5-ethynyl-2'-deoxyuridine (EdU), transwell, wound healing, and tube formation assays were used to
assess OS cell proliferation, migration, invasion, and angiogenesis. Western blot analysis of protein levels of
proliferating cell nuclear antigen (PCNA), matrix metalloproteinase 2 (MMP2), MMP9, and LEF1. According to
bioinformatics software (circular RNA Interactome and TargetScan) analysis, the binding between miR-936 and
circDOCK1 or LEF1 was predicted, followed by verification by a dual-luciferase reporter and RNA Immuno-
precipitation (RIP) assays.

Results: Increased circDOCK1 and LEF1, and decreased miR-936 were found in OS tissues and cell lines.
Furthermore, circDOCK1 silencing might suppress OS cell proliferation, migration, invasion, and angiogenesis in
vitro. Bioinformatics analysis exhibited that circDOCK1 acted as a sponge for miR-936 and LEF1 was a down-
stream target of miR-936. Moreover, circDOCK1 functions through modulation of the miR-936/LEF1 axis.
Conclusion: CircDOCK1 knockdown might attenuate OS cell malignant biological behaviors by regulating the
miR-936/GFRAL1 axis, which may highlight the diagnostic and therapeutic potential of these molecules for OS
treatment.

1. Introduction

As the most prevalent original malignancy in the bone, osteosarcoma
(0S), often arises in pediatric sufferers with substantial morbidity [1].
Moreover, it tends to occur in the metaphysis of long bones, accompa-
nied by rapid infiltration and early lung metastasis [2]. Clinically, OS
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exhibits osteoblastic differentiation and malignant osteoid formation,
along with local swelling and pain, limited joint activity, and muscle
atrophy [3,4]. In recent years, remarkable advances in the application of
combinations of surgical operations with radiotherapy or chemotherapy
have acquired favorable outcomes initially [5,6]. However, the survival
rate is still quite dismal, which could be attributed to tumor recurrence,
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distant metastasis, and multidrug resistance [7]. Accordingly, there is a
need to explore the detailed mechanism of OS to identify a more effec-
tive regimen for this tumor treatment.

Currently, some researchers described that a larger part of gene
transcripts are actually characterized as non-coding RNAs that play vital
regulators in diverse networks, leading to specific cellular responses and
fates [8,9]. As a certain class of recently discovered endogenous non-
coding RNAs, circRNAs have a highly stable covalent closed contin-
uous loop structure produced by the back splicing events of exons or
introns [10,11], which is different from other non-coding RNA. Ubiq-
uitously expressed in eukaryotes, circRNAs might mediate gene
expression at various transcriptional levels [12]. Hence, these unique
characteristics enable them with potential as biomarkers in human
disease diagnosis and prognosis. As a matter of fact, many cellular and
animal experiments have confirmed that circRNA dysregulation is
enrolled in the modulation of tumor phenotypes [13]. In terms of OS,
numerous studies indicated that several circRNAs, such as circ_001422
and circ_001621, were abnormally upregulated in OS and presented a
tumor promoter by increasing OS cell proliferation and metastasis
[14,15]. Simultaneously, Xu et al. found that the circSIPA1L1 absence
might attenuate OS cell malignant biological behaviors by regulating the
RAB9A signaling pathway [16]. Of note, multiple works of the literature
underscored that circDOCK1 (circBase ID: has_circ_ 0020378) was
differentially expressed in a variety of human tumors and partook in
initiating tumorigenesis [17,18]. Lately, it has been proved that the
upregulation of circDOCK1 might contribute to OS cell carcinogenesis
and chemotherapeutic resistance [19]. Nonetheless, its regulatory
mechanism in OS progression remains largely unknown.

In the past several years, a large number of experiments exploring
the regulatory mechanism of competing endogenous RNAs (ceRNAs)
that refer to endogenous RNA transcripts with shared microRNAs
(miRNAs) binding sites compete for post-transcriptional control, which
has been considered a novel explanation for cancer progression [20,21].
Of note, this mechanism has received increasing attention as the uni-
fying function for circRNAs [22,23]. Herein, our research first discov-
ered that circDOCK1 possesses some binding sites with miR-936 based
on the application of the online bioinformatics software. In addition,
much literature reported that miR-936 was frequently dysregulated in
multiple human cancers and regarded as a tumor-suppressive miRNA by
regulating tumor cell malignant biological behaviors [24,25]. Further-
more, it has been confirmed that the overexpression of miR-936 might
display anticancer properties by repressing OS cell proliferation,
migration, and invasion [26]. Therefore, we further tunneled whether
the regulatory role of circDOCK1 on OS development is partly depen-
dent on the miR-936-mediated mechanism.

2. Materials and methods
2.1. Clinical samples and cell culture

Fifty-one fresh OS tissues and paired adjacent non-tumor tissues
were provided by the Shanxi Province Cancer Hospital. The detailed
clinical characteristics of patients are described in Table 1. Upon
resection, tissue samples were instantly snap-frozen in liquid nitrogen
and stored at —80C until use. None of the subjects received any neo-
adjuvant therapy, such as radiotherapy or chemotherapy before surgery.
Approval to conduct the project was obtained from the Ethics Com-
mittee of Shanxi Province Cancer Hospital with written informed con-
sent from all sufferers.

In this study, human OS cell lines: U20S is p53 and MDM2 normal
(CL-0236, Procell, Wuhan, China) and HOS is p53-mutant and CDKN2A
(pl6)-negative OS (CL-0360, Procell), were cultured in specific me-
diums (CM-0360, CM-0236, Procell) at 37C in 5 % COs, respectively.
Normal human osteoblast cell line hFOB1.19 (CL-0353, Procell) was
routinely incubated in DMEM/F12 with 10 % FBS and 1 % penicillin/
streptomycin (Procell) at 34C.
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Table 1
Correlation between circDOCK1 expression and clinicopathological character-
istics of OS patients (n = 51).

Clinical feature circDOCK1

N =51 High (26) Low (25) P -Value
Age 0.630
>20 18 10
<20 33 16 17
Gender 0.461
Male 30 14 16
Female 21 12
Tumour localisation 0.886
Femur 25 13 12
Other 26 13 13
Tumor size 0.065
>5cm 23 15
<5cm 28 11 17
Clinical stage 0.017
I+ IIA-B 22 7 15
111 29 19 10
Distant metastasis 0.018
Yes 24 8 16
No 27 18

*P < 0.05.

2.2. Real-time quantitative polymerase chain reaction (RT-qPCR)

Extraction of total RNAs from tissues and cells was performed using
TRIzol reagent (Invitrogen, Paisley Scotland, UK), followed by synthe-
sizing cDNA according to PrimeScript RT Master Mix (Takara, Tokyo,
Japan) and All-in-One™ miRNA Fist-Strand cDNA Synthesis Kit (Gen-
eCopoeis, Rockville, MD, USA). After that, an amplification reaction was
implemented with an SYBR Green PCR Kit (Takara) on Thermal Cycler
CFX6 System (Bio-Rad, Hercules, CA, USA). These target genes were
normalized by GAPDH and U6, followed by calculation using the 2744t
method. Primer sequences were listed as follows:

circDOCK1: 5-CCAGAGGCACGTCCAGATTA-3' (sense), 5'-CAG-
GAAACTCCGCGTCTAGG-3' (antisense);

DOCK1: 5'-TATGATGCCAGAGGAGCGGA-3'
TGTAACCTCGGTACCACCCT-3' (antisense);

miR-936: 5'-GCCGAGACAGTAGAGGGAGG-3'
CTCAACTGGTGTCGTGGAG-3' (antisense);

LEF1: 5-CCCGAAGAGGAAGGCGATTT-3' (sense), 5'-TCGAGTAG-
GAGGGTCCCTTG-3' (antisense);

U6: 5-CTCGCTTCGGCAGCACA-3
GAATTTGCGT-3' (antisense);

GAPDH: 5'-GACAGTCAGCCGCATCTTCT-3' (sense), 5'-GCGCCCAA-
TACGACCAAATC —3' (antisense),

185 rRNA: 5-AGAAACGGCTACCACATCCA-3'
CCCTCCAATGGATCCTCGTT-3’ (antisense).

For the detection of the circDOCK1 distribution, the RNAs derived
from cytoplasmic and nuclear extracts were isolated using PARIS Kit
(Invitrogen), followed by the assessment of circDOCK1, 18S rRNA
(cytoplasm control), and U6 (nucleus control) expression using RT-
qPCR. Additionally, to identify the circular feature of this circRNA,
total RNAs from OS cell lines were reacted with 4 U/pg of RNase R
(Qiagen, Hilden, Germany) for 15 min at 37C, followed by RT-qPCR
analysis.

(sense), 5-

(sense), 5-

(sense), 5'-AACGCTTCAC-

(sense), 5'-

2.3. Cell transfection

For stable circDOCK1 knockdown, OS cells of 50-80 % confluence
were infected with lentiviral vector: short hairpin (sh)-circDOCK1 (sh-
circDOCK1#1 and sh-circDOCK1#2) or nontarget control (sh-NC) in
media including 6 pg/mL of polybrene, followed by puromycin selec-
tion. Meanwhile, 30 nM of the oligonucleotides (RiboBio, Guangzhou,
China): miR-936 mimic/inhibitor (miR-936/anti-miR-936) and their
controls (NC and anti-NC), and 100 pg of the plasmids (RiboBio):
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pcDNA-based circDOCK1 or LEF1 (circDOCK1 or LEF1) and empty
pcDNA (cire-NC or vector) were respectively transfected into OS cell
lines by means of Lipofectamine 3000 (Invitrogen) for 48 h. Finally, the
harvested cells were subject to the assessment of transfection efficiency
using RT-qPCR.

2.4. Cell proliferation

To assess OS cell proliferation, Cell Counting Kit-8 (CCK-8), cell
colony formation, and 5-ethynyl-2'-deoxyuridine (EdU) assays were
conducted. In short, 4000 transfected OS cells were disgested and
introduced in 96-well plates, followed by incubation with 10 pL CCK-8
reagent (TransGen Biotech, Beijing, China). 2 h later, the absorbance
of the solution was detected under a microplate reader at various time
points. For colony formation assay, 500 transfected OS cells were sus-
pended as single cells and introduced into 6-well plates. After being
cultured for two weeks to form visible colonies, 4 % formaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) was used to fix the colonies, which
then were stained with 0.1 % crystal violet (Sigma-Aldrich). At last, the
samples of each group were analyzed according to a microscope. For
EdU assay, transfected OS cells were reacted with 50 pM EdU (RiboBio)
for 2 h. After being mixed with 4 % formaldehyde solution for 30 min,
Apollo reaction cocktail and Hoechst were added to each well, followed
by visualization using a fluorescence microscope.

2.5. Cell migration and invasion assay

In this assay, the measurement of OS cell migration and invasion was
conducted using transwell and wound healing assays. After being
resuspended in serum-free medium, the transfected cells were added to
the upper chamber with (for invasion assay) without (for migration
assay) the Matrigel (BD Biosciences, Heidelberg, Germany). Meanwhile,
the medium supplemented with 20 % FBS was loaded into the lower
compartment. At 24 h post-incubation, the cells on the lower membrane
surfaces were subjected to 0.1 % crystal violet staining (Sigma-Aldrich),
followed by the observation using a microscope. For wound healing
assay, 1 x 10° transfected OS cells in 6-well plates were cultured
overnight to form a monolayer confluence, which then was scratched
using a sterile pipette tip. Following removal of the debris, the serum-
free medium was introduced into the wells and cultured for 24 h. At
length, a microscope and Image J software was applied to capture and
assess the wound width of the migrated cells.

2.6. Western blot assay

Using RIPA buffer (Beyotime, Shanghai, China), total protein was
extracted from tissues and cells, followed by quantified according to a
BCA kit (Sigma-Aldrich). After being separated in the 10 % SDS-PAGE
gel, equal amounts of total protein were blotted onto nitrocellulose
membranes (Millipore, Molsheim, France), which were orderly probed
with primary antibodies: proliferating cell nuclear antigen (PCNA,
ab18197, 1:1000, Abcam, Cambridge, MA, USA)), matrix metal-
loproteinase 2 (MMP2, ab92536, 1:1000, Abcam), MMP9 (ab76003,
1:1000, Abcam), LEF1 (ab137872, 1:1000, Abcam), GAPDH (1:5000,
ab181602, Abcam), and the secondary antibody (ab205718, 1:2000,
Abcam). Finally, the visualization of blots was performed using the ECL
solution (GE Healthcare, Braunschweig, Germany).

2.7. Tube formation assay

In short, serum-starved human umbilical vein endothelial cell
HUVECs (Procell) were introduced into 24-well plates coated with
Matrigel (BD Biosciences) for 30 min at room temperature to poly-
merize. After that, the cells at a density of 1 x 10* per well were seeded
in wells under a transfected OS cell-conditioned medium. 24 h later, the
tube structures formed were imaged under a light microscope.
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2.8. Dual-luciferase reporter assay

First of all, the binding sites (between miR-936 and circDOCK1 or
LEF1 3'UTR) prediction was conducted using bioinformatics software
circular RNA Interactome (https://circinteractome.nia.nih.gov) and
TargetScan (https://www.targetscan.org). Then, these sequences were
directly synthesized and cloned into psiCHECK-2 vector (Promega,
Madison, WI, USA) to generate circDOCK1-wt or LEF1-wt. Meanwhile,
their corresponding mutant sequences were also inserted into this vector
according to the Site-directed gene mutagenesis kit (Takara), termed
circDOCK1-mut or LEF1-mut. After being co-transfected with these
constructed vectors and miR-936 or NC into OS cells for 48 h, the
luciferase activities in cell lysates were analyzed by a dual-luciferase
reporter assay kit (Promega).

2.9. RNA Immunoprecipitation (RIP)

In general, OS cells at 80 %-90 % confluency were lysed in RIP lysis
buffer (Millipore). After being divided into two equal parts, the cell ly-
sates were respectively incubated with Ago2 (Millipore) or IgG (Milli-
pore), followed by a mixture with protein A/G magnetic beads at 4C
overnight. At last, the purified coprecipitated RNA was evaluated using
RT-qPCR.

2.10. Tumor xenograft assay

After being approved by the Animal Ethics Committee of the Shanxi
Province Cancer Hospital, this animal assay was carried out to validate
the impact of circDOCK1 on OS cell growth in vivo. Generally, Lentiviral
vectors: Lenti-short hairpin (sh)-circDOCK1 for stable circDOCK1 over-
expression Lenti-sh-NC were purchased from Geneseed (Guangzhou,
China). Then, five weeks old BALB/C nude mice (male, Vital River
Laboratory, Beijing, China) were randomly divided into two groups (n =
6 mice per group), followed by subcutaneous injection with 5 x 10°
U20S stably cells transfected with Lenti-sh-circDOCK1 or Lenti-sh-NC.
Prior to euthanizing the mice, the measurement of tumor size was per-
formed every 5 days. 30 days later, all mice were euthanatized and the
tumor was removed, followed by further analysis. Besides, the excised
tumor tissues were fixed in 4 % paraformaldehyde and then paraffin-
embedded for Immunohistochemical (IHC) staining, with antibodies
specific for Ki67, MMP2, and MMP9 (Abcam).

2.11. Statistical analysis

In this research, all data were analyzed using GraphPad Prism7
(GraphPad Prism software, San Diego, CA, USA) and denoted as mean +
standard deviation (SD). P < 0.05 was set as the threshold for statistical
significance, which was calculated using Student’s t-test and one-way
analysis of variance (ANOVA) with Tukey’s tests.

3. Results
3.1. CircDOCK]1 was highly expressed in OS tissues and cells

First of all, circDOCK1 (ID: hsa_circ_0020378) is produced by the
back-splicing of exons 6 to 27 of its parental DOCK1 gene, whose spliced
mature sequence length is 2848 bp (Fig. 1A). Subsequently, to check the
latent roles of circDOCK1 in OS, its expression patterns were detected
using RT-qPCR. By contrast with 51 contiguous normal tissues, circ-
DOCK1 content was significantly upregulated in 51 OS tissues (Fig. 1B).
To identify the correlation of circDOCK1 expression with clinicopatho-
logic features, the 51 patients with OS were then classified in Table 1.
Data exhibited that circDOCK1 expression was associated with tumor
size, clinical stage, and distant metastasis (P < 0.05). Furthermore, OS
cell lines (U20S and HOS) also exhibited an apparent increase in circ-
DOCK1 expression compared with that in the hFOB 1.19 cells (Fig. 1C).
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Fig. 1. Expression patterns of circDOCK1 in OS. (A) Schematic illustration suggesting the generation of has_circ_ 0020378 originated from back-spliced exons 6 to 27
of the DOCK1 gene. (B) RT-qPCR assay was used to assess circDOCK1 expression in 51 pairs of OS tumor tissues and adjacent normal tissues. (C) RT-qPCR analysis of
circDOCK1 content in hFOB 1.19 cells, and OS cell lines (U20S and HOS). (D) The cellular localization of circDOCK1 in OS cell lines was analyzed using Subcellular
fractionation assay. (E) RT-qPCR analysis of circDOCK1 and DOCK1 mRNA level in the tumor cells treated with or without RNase R. *P < 0.05.

In addition, the distribution of circDOCK1 was analyzed in the nuclear that the levels of the linear forms of DOCK1 sharply reduced, whereas
fraction and the cytoplasmic fraction from these two OS cell lines, and circDOCK1 was resistant to RNase R digestion (Fig. 1E), implying that
the results discovered that this circRNA was predominantly localized in this circRNA was indeed a circular transcript. Together, these findings

the cytoplasm (Fig. 1D). After RNase R treatment, our data presented suggested that circDOCK1 has a stable circular structure and its
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Fig. 2. Downregulation of circDOCK1 might repress cell proliferation, migration, invasion, and angiogenesis of OS cells. (A) The knockdown efficiency of circDOCK1
was detected using RT-qPCR. (B and I) U20S and HOS cells were transfected with sh-NC or sh-circDOCK1#1. (B-D) OS cell proliferative ability was assessed using
CCK-8, colony formation, and EdU assays. (E and F) Transwell analysis of migration and invasion in transfected OS cells. (G) Migration capability was measured using
wound heal assay in transfected OS cells. (H) Western blot analysis of PCNA, MMP2, and MMP9 in transfected OS cells. (I) After being treated with the pre-
conditioned medium of transfected OS cells, the tube formation of HUVEC was examined using tube formation assay. *P < 0.05.
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abnormal expression might be enrolled in the OS process. 3.2. CircDOCK1 deficiency mitigated OS cell malignant biological
behaviors

Then, in vitro loss-of-function analyses were conducted according to
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Fig. 3. miR-936 acted as a target of circDOCK1. (A) RT-qPCR analysis of miR-936 expression in OS tumor tissues and adjacent normal tissues. (B) Pearson correlation
analysis was used to assess the expression correlation between circDOCK1 and miR-936 in OS tissues. (C) RT-qPCR assay was applied to detect miR-936 content in
hFOB 1.19, U20S, and HOS cells. (D) Schematic of putative target sites for miR-936 in circDOCK1 and mutated miR-936-binding sequence. (E and F) Their binding
relationship was verified using a dual-luciferase reporter assay. (G and H) Their interaction was confirmed using RIP assay. (I) The overexpression efficiency of
circDOCK1 in OS cells was determined using RT-qPCR assay. (J) RT-qPCR analysis of miR-936 content in U20S and HOS cells transfected with circ-NC, circDOCK1,
sh-NC, and sh-circDOCK1. *P < 0.05.
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the established circDOCK1 stably knockdown OS cell lines, followed by
the measurement of transfection efficiency. As shown in Fig. 2A, the
knockdown efficiency of sh-circDOCK1#1 was available since that
circDOCK1 expression obviously declined in sh-circDOCK1#1-
transfected U20S and HOS cells relative to both the sh-NC group and
the sh-circDOCK1#2 group. After that, CCK-8 assay displayed that the
downregulation of circDOCK1 might remarkably dampen U20S and
HOS cell viability (Fig. 2B). In parallel, our data also exhibited that the
EdU positive cells and colony number were distinctly dwindled caused
by the silencing of circDOCK1 in U20S and HOS cells (Fig. 2C and 2D).
Moreover, transwell assays exhibited an obvious reduction of migration
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and invasion in U20S and HOS cells due to circDOCK1 downregulation
(Fig. 2E and 2F). Similarly, the result from wound heal assay displayed
that migratory capability was markedly hindered by the sh-
circDOCK1#1 introduction (Fig. 2G). To identify which proteins in OS
cells were modulated through circDOCK1 during cell proliferation,
migration, and invasion, western blot assay was performed. As pre-
sented in Fig. 2H, PCNA (proliferation marker) and MMP2 and MMP9
(migration/invasion-associated factors) protein levels were significantly
decreased via circDOCK]1 silencing in U20S and HOS cells. Beyond that,
the tube formation ability of HUVEC cells was strikingly diminished
through the treatment with the preconditioned medium of sh-
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circDOCK1#1 transfected-OS cells (Fig. 2I). Collectively, these results
indicated that circDOCK1 knockdown might inhibit the development of
OS by decreasing cell proliferation, migration, invasion, and
angiogenesis.

3.3. CircDOCK1 served as a miR-936 sponge

A previous study suggested that miR-936 was involved in the regu-
lation of OS progression [26]. Here, RT-qPCR analysis confirmed that
miR-936 content was significantly downregulated in OS tumor tissues in
comparison with matched normal tissues (Fig. 3A). Of interest, we found
that the miR-936 level was negatively associated with the circDOCK1
level in OS tumor tissues (Fig. 3B). Moreover, we further validated an
apparent decrease of miR-936 in OS cell lines versus hFOB 1.19 cells
(Fig. 3C). Accordingly, Circinteractome software was applied to identify
the underlying relationship between miR-936 and circDOCK1, and the
results suggested that there were some binding sites between them
(Fig. 3D). Then, a dual-luciferase reporter assay exhibited that miR-936
upregulation elicited a significant reduction in luciferase activity of the
wild-type group, but had no impact on the mutant-type group (Fig. 3E
and 3F). Meanwhile, RIP assay exhibited that both circDOCK1 and miR-
936 enrichment was notably increased through anti-AgG2 RIP relative
to the IgG control (Fig. 3G and 3H). Additionally, our data presented
that circDOCK1 expression was effectively enhanced in circDOCK1-
transfected U20S and HOS cells (Fig. 3I), suggesting a successful
transfection efficiency. In U20S and HOS cells, we noticed that the
manipulation of circDOCK1 might alter miR-936 content, presenting as
miR-936 decrease with circDOCK1 upregulation and miR-936 increase
with circDOCK1 knockdown (Fig. 3J). In all, these results indicated that
circDOCK1 might sequester miR-936.

3.4. Knockdown of miR-936 abolished the repression of circDOCK1
silencing on OS cell malignant biological behaviors

Next, rescue experiments were conducted to further verify the in-
fluence of circDOCK1 and miR-936 on OS progression. First of all, RT-
gPCR analysis discovered that the knockdown efficiency of miR-936
was available because that miR-936 expression was evidently declined
in OS cells transfected with anti-miR-936 (Fig. 4A). After that, our data
suggested that the introduction of miR-936 inhibitor might partly
counteract circDOCK1 absence-triggered increase in miR-936 content in
U20S and HOS cells (Fig. 4B). Functionally, circDOCK1 deficiency was
able to significantly block U20S and HOS cell proliferative ability, while
the phenomenon was effectively abrogated by miR-936 downregulation
(Fig. 4C-4E). Apart from that, the inhibitory effects of migration and
invasion caused by circDOCK1 knockdown were partially reversed via
anti-miR-936 con-transfection (Fig. 4F and 4G). Consistently, wound
heal analysis indicated that miR-936 downregulation might strikingly
overturn circDOCK1 silencing-mediated migratory ability suppression
in U20S and HOS cells (Fig. 4H). In addition, western blot analysis
discovered that downregulated circDOCK1 might reduce PCNA, MMP2,
and MMP9 protein levels in U20S and HOS cells, which was notably
abolished by miR-936 knockdown (Fig. 4I and 4J), supporting the in-
fluences of circDOCK1 and miR-936 on OS cell proliferation, migration,
and invasion. Additionally, HUVEC tube formation ability was specially
hindered by circDOCK1 deficiency, while the co-transfection of anti-
miR-936 might relieve these effects in U20S and HOS cells (Fig. 4K).
Based on the above evidence, circDOCK1 drives OS progression by
sponging the tumor suppressor miR-936; miR-936 may be rescued by
circDOCK1 knockdown.

3.5. LEF1 worked as a downstream target of miR-936
Furthermore, miRNAs with complementary base matching miR-936

were identified using TargetScan. Here, LEF1 was identified, which had
previously been found to be upregulated in various tumors [27],
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containing OS [28]. Here, RT-qPCR and western blot analysis discovered
that LEF1 expression was significantly increased in OS tumor tissues
relative to normal tissues (Fig. 5A and 5B). Interestingly, we found that
LEF1 content was positively correlated with circDOCK1, while nega-
tively associated with miR-936 in OS tissue samples (Fig. 5C and 5D).
Moreover, we further proved an apparent enhancement of LEF1 in OS
cell lines relative to hFOB 1.19 cells (Fig. 5E). Simultaneously, the
binding sites of LEF1 on miR-936 were depicted in Fig. 5F. Then, a dual-
luciferase reporter analysis indicated that miR-936 overexpression
might remarkably decrease the luciferase activity of LEF1-wt rather than
of LEF1-mut in U20S and HOS cells (Fig. 5G). Apart from that, the re-
sults of RIP assay exhibited that both miR-936 and LEF1 were gathered
in Ago2 immunoprecipitates (Fig. 5H). Notably, western blot assay
displayed that the co-transfection of anti-miR-936 might effectively
counteract sh-circDOCK1#1-induced reduction in LEF1 protein level in
U20S and HOS cells, further supporting the circDOCK1/miR-936/LEF1
axis. Overall, these findings indicate that miR-936 directly interacted
with LEF1 in OS cells.

3.6. miR-936/LEF1 regulated the OS cell malignant behaviors in vitro

To further explore the cross-talk between miR-936 and LEF1 on OS
progression, we performed rescue assays in U20S and HOS cells. At first,
the overexpression efficiency of miR-936 or LEF1 was available,
considering that their levels were significantly upregulated in miR-936
or LEF1-transfected OS cell lines compared with control groups
(Fig. 6A and 6B). After that, the results of western blot assay presented
that the upregulation of miR-936 was able to dwindle LEF1 content in
these two OS cell lines, which was significantly counteracted after LEF1
co-transfection (Fig. 6C). Functional analysis suggested that the LEF1
overexpression might largely abolish the suppressive effect of miR-936
mimic on cell proliferative ability in OS cells (Fig. 6D-6F), as evi-
denced by increased PCNA (Fig. 6J). Beyond that, transwell and wound
healing assays indicated that miR-936 overexpression-mediated migra-
tion and invasion repression was partly reversed through LEF1 upre-
gulation in OS cells (Fig. 6G-6I), accompanied by higher MMP2 and
MMP9 (Fig. 6J). In addition, tube formation assay displayed that
enhanced LEF1 might remarkably attenuate the negative action of miR-
936 overexpression on OS cell angiogenesis ability (Fig. 6K). Namely, we
concluded that miR-936 might relieve OS cell malignant behaviors by
targeting LEF1.

3.7. Downregulation of circDOCK1 inhibited the growth of xenograft
tumors in vivo

In addition, to confirm the functional effects of circDOCK1 on tumor
growth in vivo, a xenograft tumor mouse model was established. In the in
vivo experiments, we found that the tumors derived from the
circDOCK1-deficient cells were much smaller than the control tumors
(Fig. 7A and 7B). Beyond that, in the removed tumor tissues, the
expression of circDOCK1, LEF1, and PCNA in the sh-circDOCK1 group
was prominently diminished versus the sh-NC group, while miR-936
level displayed the opposite effects (Fig. 7C and 7D). Additionally,
upon staining the tumor sections to assess ki67 (a proliferation marker),
MMP2, and MMP9 expression, data discovered that the ki67, MMP2,
and MMP9 content was strikingly diminished in the sh-circDOCK1 group
compared with the sh-NC group (Fig. 7E). Together, these results indi-
cated that circDOCK]1 silencing might hinder the tumor growth of OS in
vivo.

4. Discussion

For more than 30 years, the existence of circRNAs with covalently
closed circular structures was sporadically reported and once counted as
erroneous splicing products or by-products of mRNA splicing [29]. In
recent years, advances in bioinformatics prediction coupled with RNA
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sequencing technologies application have prominently improved the
knowledge of circRNAs [30,31]. Recent studies have indicated that
numerous of circRNAs were highly stable and abundantly expressed
functional RNA molecules, which exhibited diverse fundamental bio-
logical activities [32]. Compared with other types of non-coding RNAs,
circRNAs have emerged as more reliable and promising disease bio-
markers [33]. In fact, much laboratory work has highlighted the
importance of circRNA dysregulation in some human malignant tumors
[34]. At present, it has become evident that the number of OS-associated
circRNAs with verified biological functions and mechanisms of action is
growing [35]. Here, our work identified a typical exonic circRNA with a
circular structure, circDOCK1, which is derived from the parental gene
DOCK1. Coincided with the former report [19], circDOCK1 content was
freakishly upregulated in OS tissues and cell lines. Apart from that, in
vitro loss-of-function experiments delineated that circDOCK1 absence
might dampen cell proliferation, migration, and invasion of OS cells in
vitro. In addition, it has been confirmed that angiogenesis is a process of
vascular remodeling, which is critical for development and tissue
growth. However, pathological angiogenesis is a multistep process that
can lead to aberrantly formed and organized vessels with enhanced
permeability and boost tumor growth and metastases, which was
recognized as one of the hallmarks of most solid tumors [36], including
OS [37]. Beyond that, there has been any amount of research presenting
that circRNAs have a strong ability to modulate angiogenesis recently
[38]. Subsequently, we further explored the influences of circDOCK1 on
angiogenesis in OS. As expected, the current work proved the inhibitory
action of circDOCK1 silencing on angiogenesis in OS cells. In parallel,

our data also validated the repression effect of circDOCK1 down-
regulation on OS cell growth in vivo. From the above findings, it is
delineated that the oncogenic role of circDOCK1 on OS development,
which provide a strong basis for this tumor clinical practice.
Nowadays, the regulatory network of circRNA-miRNA-mRNA has
caught more and more attention in human tumor research [21]. Re-
searchers described that most circRNAs have miRNA-binding sites that
might function as miRNA sponges to alter their target gene expression
[23,39]. Furthermore, it has been verified that the cellular sub-
localization of circRNAs is required for this regulatory mechanism
[40]. In this research, circDOCK1 expression was checked to be mainly
distributed in the cytoplasmic OS cells. After the application of the cir-
cular RNA Interactome tool, the present work proposed that circDOCK1
might act as ceRNA for miR-936, followed by verifying the dual-
luciferase reporter and RIP analysis. Apart from that, some studies
have indicated that miR-936 is often abnormally reduced in various
human tumors and participated in inhibiting the malignant behavior of
tumor cells [41,42]. Moreover, relevant studies validated the suppres-
sive role of miR-936 on OS cell growth and metastasis [26]. In this work,
our results indicated that miR-936 content was significantly decreased
in OS, and its knockdown was able to abolish circDOCK1
downregulation-mediated OS cell proliferation, invasion, migration,
and angiogenesis inhibition. Of note, much of the current literature
manifested that circDOCK1 might impede the proliferation and migra-
tion potential in OS cells, thyroid cancer cells, and bladder carcinoma
cells by sponging different miRNAs [17,18]. Accordingly, we infer that
circDOCK1, acting as a sponge of multiple miRNAs, partake in a more
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Fig. 6. LEF1 overexpression ameliorated the influence of miR-936 on OS cell malignant behaviors. (A) RT-qPCR analysis was used to assess the transfection effi-
ciency of miR-936 mimic in U20S and HOS cells. (B) Western blot assay was applied to detect the overexpression efficiency of LEF1 in these two OS cell lines. (C-K)
U20S and HOS cells were transfected with NC, miR-936, miR-936 + vector, and miR-936 + LEF1. (C) Western blot analysis of LEF1 content in transfected OS cells.
(D-F) The assessment of OS cell proliferative ability was conducted using CCK-8, colony formation, and EAU assays. (G-I) The measurement of migration and invasion
was performed using Transwell and wound heal assays. (J) The detection of PCNA, MMP2, and MMP9 protein levels was implemented using western blot assay. (K)
The analysis of angiogenesis ability was executed using tube formation assay in transfected OS cells. *P < 0.05.

comprehensive circRNAs-miRNAs co-expression network during cancer
development, containing OS.

LEF1 is a transcription factor located on chromosome 4q25, which
belongs to a homologous family with high mobility groups protein and
nuclear effector of the canonical Wnt signaling pathway [27]. Moreover,
it has been confirmed that this pathway might influence bond density
via regulating postnatal osteoblast proliferation [43]. Meanwhile, LEF1
was reported to take part in the regulation of osteogenic differentiation
via the B-catenin pathway [44]. In this paper, our data suggested that
LEF1 content was obviously increased in OS tissues and cells, consistent
with the earlier report [45]. In line with the analysis of TargetScan
software, LEF1 appeared as a probable target of miR-936, as proved by a
dual-luciferase reporter and RIP assay. Subsequently, the functional
analysis indicated that miR-936 might relieve OS cell malignant bio-
logical behaviors through interacting with LEF1. Importantly, western
blot analysis displayed that circDOCK1 deficiency might restrain LEF1

content in OS cells, and these influences were effectively counteracted
via miR-936 downregulation, which further supports the ceRNA regu-
latory network of circDOCK1/miR-936/LEF1 in OS in this research.
Interestingly, a previous report suggested that MMP9 is a key driver of
OS metastasis [46]. In this work, our data exhibited that the inhibitory
role of circDOCK]1 silencing on the MMP9 protein level was regulated by
the miR-936/LEF1 axis in OS cell lines, further verifying the regulatory
role of the ceRNA regulatory network on OS metastasis. Frankly
speaking, this project has still some shortcomings. For instance, more
clinical samples from the different regions were needed to be used to
verify our findings, considering the limited sample size.

5. Conclusion

In summary, these results uncovered that circDOCK1 absence might
attenuate OS cell malignant behaviors by targeting the miR-936/LEF1
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axis, providing an available preclinical basis for this tumor.
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