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progression and metastasis by sponging
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Osteosarcoma is the most common primary malignant bone
tumor in adolescents. While chemotherapy combined with
surgery can improve the prognosis of some patients, chemo-
resistance is still a huge obstacle in osteosarcoma treatment.
Accumulating evidence demonstrates that circular RNAs
(circRNAs) are involved in cancer progression and metastasis,
but their specific role in osteosarcoma remains mostly unde-
scribed. In this study, we performed circRNA deep sequencing
and identified 88 distinct circRNAs from a human osteosar-
coma cell lines group (143B, HOS, SJSA, and U2OS) and the
human osteoblast hFOB 1.19 (control). We found that circ-
CAMSAP1, also named hsa_circ_0004338, is significantly up-
regulated in human osteosarcoma tissues and cell lines, and
it is positively correlated with osteosarcoma development.
Silencing of circCAMSAP1 effectively suppresses osteosarcoma
cell growth, apoptosis, migration, and invasion. Furthermore,
we validated that circCAMSAP1 functions in osteosarcoma
tumorigenesis through a circCAMSAP1/miR-145-5p/friend
leukemia virus integration 1 (FLI1) pathway. FLI1 promotes
osteosarcoma tumorigenesis and miR-145-5p suppresses FLI
translation. circCAMSAP1 directly sequesters miR-145-5p in
the cytoplasm and inhibits its activity to suppress osteosarcoma
tumorigenesis. Moreover, the regulatory role of circCAMSAP1
upregulation was examined and validated in rats. In summary,
our findings provide evidence that circCAMSAP1 act as a
“microRNA sponge” and suggest a new therapeutic target of
human osteosarcoma.
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INTRODUCTION
Osteosarcoma (OS) is the most common form of bone cancer among
adolescents and adults, with a tendency of rapid progression and a
high metastatic potential.1 It is reported that the 5-year survival
rate of localized osteosarcoma is 69%, while for metastatic osteosar-
coma the rate dropped to only 15%–30%.2,3 Every year osteosarcoma
contributes to a large share of cancer-associated deaths worldwide.4

Although new surgery approaches and neoadjuvant chemotherapy
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are widely used to treat osteosarcoma, the effectiveness of these
therapies remains unsatisfied. Neither the short- or long-term
survival rate of osteosarcoma has seen little change during the last
three decades. At present, almost 80% of osteosarcoma can spread
to lungs and is related with a poor prognosis.5 Unfortunately, with
a complex karyotype and a high level of genomic and chromosomal
instability, osteosarcoma is much more difficult to treat than other
sarcomas characterized by specific chromosome translocations.6

Therefore, much remains to be developed for osteosarcoma
treatment.

Circular RNAs (circRNAs) have gradually drawn the attention of re-
searchers worldwide. Being widely expressed in eukaryotic cells,
circRNAs are formed during back-splicing or exon skipping, and
they have covalently closed-loop structures without 50/30 polar-
ity.7–9 Due to their relatively low expression, circRNAs were largely
ignored in recent decades and were previously considered as byprod-
ucts or transcriptional errors. Thanks to recent research, circRNAs
have been shown to play an important part in gene regulation,
neural development, carcinogenesis, and intestinal self-renewal.10–13

Additionally, growing evidence indicates that circRNAs can influence
carcinogenesis in osteosarcoma.14–18 Previous studies reported that
circRNAs acted as competing endogenous RNAs (ceRNAs)
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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by turning into “microRNA (miRNA) sponges,” i.e., miRNA
inhibitors.19,20

As a member of the erythroblast transformation-specific (ETS)
transcription factor family, the friend leukemia virus integration 1
(FLI1) gene plays a pivotal part in cellular development, hematopoi-
esis, and oncogenesis by functioning either as a transcriptional
activator or repressor, and it is correlated with a poor survival in
some cancers.21–25 Previous studies further demonstrated that FLI1
promoted tumorigenesis by activating the miR-17-92 pathway or
miR-145-5p pathway in small cell lung cancer cells or osteosarcoma
cells.25,26

In this study, by performing RNA sequencing (RNA-seq) analyses, we
detected and characterized a circRNA (has_circ_0004338, termed
circCAMSAP1) in osteosarcoma and systemically investigated its
role in vitro and in animal models of osteosarcoma.

RESULTS
circCAMSAP1 is relatively highly expressed in osteosarcoma

tissues and cell lines and predominantly localized in cytoplasm

To generate a circRNA profiling database, we performed RNA-seq
analyses of ribosomal RNA-depleted total RNA from the human
osteosarcoma cell lines group (143B, HOS, SJSA, and U2OS) and
the human osteoblast hFOB 1.19 (control). A total of 11,583
circRNAs were identified by both CIRI2 and CIRCexplorer. Differen-
tially expressed circRNAs were sorted by their fold change (FCR 2.0,
false discovery rate [FDR] < 0.05), and a heatmap was drawn to show
the 88 differentially expressed circRNAs (Figure 1A). To validate the
RNA sequencing results, we performed quantitative real-time PCR
analysis to identify the four most differentially expressed circRNAs
(Table S2) and confirmed one upregulated circRNA (CIRI_circ_8222,
whose circBase ID is hsa_circ_0004338) (Figure S1). This circRNA is
derived from the human CAMSAP1 gene locus, also named as circ-
CAMSAP1. To investigate the role of circCAMSAP1 in osteosarcoma
development, we tested the expression level of circCAMSAP1 in 10
pairs of chondroma and osteosarcoma tissues and in osteosarcoma
cell lines (143B, HOS, U2OS, and SJSA). Using quantitative real-
time PCR, we verified with specially designed divergent primers
that circCAMSAP1 existed in osteosarcoma tissues and cell lines.
We found that circCAMSAP1 was upregulated in osteosarcoma tis-
sues and cell lines (Figures 1B and 1C). In addition, we verified the
difference of circCAMSAP1 expression between chondroma and
osteosarcoma tissues by an RNA fluorescence in situ hybridization
(FISH) assay (Figure 1D). By comparing CAMSAP1 mRNA se-
quences with the expected sequences of circCAMSAP1 acquired
from circBase, we determined that circCAMSAP1 was looped and
comprised of exons 2–7 of its parental gene. We then confirmed
the head-to-tail splicing via Sanger sequencing (Figure 1E). However,
head-to-tail splicing can be produced by genomic rearrangement or
trans-splicing. To rule out these two possibilities, we designed conver-
gent primers for CAMSAP1 mRNA and divergent primers for circ-
CAMSAP1. Previous study considered circRNAs as stable nucleic
acids.27
Using quantitative real-time PCR, we verified that circCAMSAP1 was
resistant to RNase R, while the expression of CAMSAP1 mRNA was
significantly reduced with RNase R treatment (Figure 1F). We ex-
tracted cDNA and genomic DNA from the HOS and 143B cell lines
and used them as quantitative real-time PCR templates. The results
showed that circCAMSAP1 was only amplified by divergent primers
in cDNA, whereas no amplification product was detected in genomic
DNA (Figure 1G). To demonstrate the cellular localization of circ-
CAMSAP1, we conducted an RNA FISH assay. The junction probe
detected abundant cytoplasmic circCAMSAP1 expression in 143B
and HOS cells (Figure 1H).

circCAMSAP1 regulatedmigration, invasion, and proliferation of

osteosarcoma cells in vitro

To explore the function of circCAMSAP1 in osteosarcoma cells, we
transfected small interfering RNA (siRNA) specifically designed to
target the junction of circCAMSAP1 into 143B and HOS cells and es-
tablished effective transfectants. The expression of circCAMSAP1
was significantly decreased in these effective transfectants, and the
expression of CAMSAP1 mRNA stayed largely unchanged (Fig-
ure 2A). Decreased expression of circCAMSAP1 significantly
increased the proportion of apoptotic cells in 143B and HOS cells
(Figure 2B). A wound healing assay demonstrated that knockdown
of circCAMSAP1 significantly inhibited cell migration in 143B and
HOS cells (Figure 2C). Consistently, knockdown of circCAMSAP1
also suppressed migration and invasion of osteosarcoma cell lines
in Transwell migration and Matrigel invasion assays (Figures 2D
and 2E). Considering the toxicity of the transfection system, we
compared the viability of cells cultured with or without transfection
reagent before determining the cell viability in comparison to control
cells. The results showed that the transfection reagent had little
impact on cell viability (Figure S2A). With circCAMSAP1 knocked
down, the viability of 143B and HOS cells was significantly reduced
compared with their control cells (Figures 2F and 2G). Meanwhile,
using a plate colony formation assay, we found that the number of
colonies was substantially reduced in the circCAMSAP1-siRNA
group, indicating that knockdown of circCAMSAP1 suppressed the
colony formation ability of 143B and HOS cells (Figure 2H). Addi-
tionally, circCAMSAP1 overexpression promoted the viability and
migration ability of osteosarcoma cells (Figures S2B–S2D). These
findings indicated that circCAMSAP1 regulated migration, invasion,
and proliferation of osteosarcoma cells in vitro.

circCAMSAP1 abundantly sponges miR-145-5p in

osteosarcoma cells

Current studies have revealed that some circRNAs have been verified
as miRNA sponges, harboring multiple miRNAs and functioning as
miRNA inhibitors.19,20,28,29 To address whether circCAMSAP1 could
sponge miRNAs in osteosarcoma cells, we found six candidates by
overlapping the prediction results of miRNA recognition elements in
circCAMSAP1 sequence by using miRanda, TargetScan, CircInterac-
tome, and RNAhybrid (Figure 3A). The levels of the six candidate
miRNAs were determined by three methods. First, we designed
primers for each candidate miRNA and tested the level of each
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1121
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Figure 1. circCAMSAP1 is relatively highly

expressed in osteosarcoma tissues and cells and

predominantly localized in cytoplasm

(A) Heatmap and hierarchical clustering analysis based on

osteosarcoma cell lines and hFOB 1.19. (B) The expres-

sion of circCAMSAP1 in human osteosarcoma and

chondroma tissue was detected by real-time PCR. Data

are represented as mean ± SEM (n = 10). **p < 0.01. (C)

The expression levels of circCAMSAP1 in hFOB 1.19 and

osteosarcoma cell lines (143B, HOS, U2OS, and SJSA)

were detected by real-time PCR. Data are represented as

mean ± SEM (n = 3). **p < 0.01, ***p < 0.001. (D) The

expression of circCAMSAP1 in human osteosarcoma and

chondroma tissue was detected by RNA fluorescence in

situ hybridization (FISH). Scale bars, 50 mm. (E) Schematic

illustration shows the CAMSAP1 exon 2–7 circularization

forming circCAMSAP1 (left arrow). The presence of circ-

CAMSAP1 was validated by real-time PCR, followed by

Sanger sequencing. Right arrow represents “head-to-tail”

circCAMSAP1 splicing sites. (F) The expression of circ-

CAMSAP1 and CAMSAP1 mRNA in 143B and HOS cells

treated with or without RNase Rwas detected by real-time

PCR. The relative levels of circCAMSAP1 and CAMSAP1

mRNA were normalized to the value measured in the

mock treatment. Data are represented as mean ± SD

(n = 3). ***p < 0.001. (G) The presence of circCAMSAP1

was validated in 143B and HOS osteosarcoma cell lines

by real-time PCR. Divergent primers were amplified circ-

CAMSAP1 in cDNA, but not in genomic DNA. GAPDH

was used as a negative control. (H) RNA FISH with junc-

tion-specific probes demonstrated the cellular localization

of circCAMSAP1. circCAMSAP1 probes were labeled

with Alexa Fluor 488, and nuclei were stained with DAPI.

Scale bars, 50 mm. p values were determined by a

Student’s t test.
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candidate by real-time PCR in 143B, HOS, and hFOB 1.19 (the
negative control) cell lines. As shown in Figure 3B, two miRNAs
were relatively lowly expressed in 143B and HOS cell lines compared
with hFOB 1.19. Next, a pull-down assay was performed, and Figures
3C and 3D show that miR-145-5p was pulled down by circCAMSAP1.
Furthermore, we mutated each of the six miRNA predicted target sites
using a luciferase reporter including circCAMSAP1 in 30 untranslated
1122 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
regions (UTRs). Compared with the control,
only miR-145-5p reduced the luciferase reporter
activity significantly (Figure 3E). Because miR-
145-5p decreased luciferase activity to the great-
est extent, and circCAMSAP1 contained anmiR-
145-5p 7-mer-m8 binding site (Figure 3F, upper
panel), we transfected miR-145-5p mimics into
HEK293T cells and observed that the luciferase
activities of the wild-type (WT) reporter were
significantly reduced compared with the mutant
(Mut) reporter (Figure 3F, lower panel).
Moreover, the RNA FISH assay revealed that
circCAMSAP1 interacted with miR-145-5p in
the cytoplasm of osteosarcoma cells and tissues
(Figure 3G). These results demonstrated that circCAMSAP1 could
directly bind to miR-145-5p in 143B and HOS cells.

miR-145-5p is downregulated in osteosarcoma tissues and cell

lines and inhibits cellmigration, invasion, and proliferation in vitro

It has been reported that miR-145-5p can inhibit migration, invasion,
and proliferation in osteosarcoma.30 Using real-time PCR and FISH,



Figure 2. circCAMSAP1 regulates migration, invasion, and proliferation of osteosarcoma cells in vitro

(A) The expression levels of circCAMSAP1 andCAMSAP1mRNA in 143B andHOS cell lines after transfection of small interfering RNA (siRNA) or negative control (NC)-siRNA,

detected by real-time PCR. Data are represented as mean ± SEM (n = 3). ***p < 0.001. (B) Downregulation of circCAMSAP1 resulted in more apoptotic 143B and HOS cells

than those transfected with the NC-siRNA. Apoptosis rates were determined with annexin V-FITC/PI staining. Data are represented as mean ± SEM (n = 3). *p < 0.05, **p <

0.01. (C) circCAMSAP1 knockdown suppressed cell migration ability, as demonstrated by the wound healing assay in 143B and HOS cell lines. Data are represented as

mean ± SEM of three independent experiments. **p < 0.01, ***p < 0.001. (D) Cell migration ability of 143B and HOS cell lines after transfection of siRNA or NC-siRNA was

(legend continued on next page)
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we found that miR-145-5p was downregulated in human osteosar-
coma tissues compared with chondroma tissues (Figures 4A and
4B). miR-145-5p was also downregulated in osteosarcoma cell lines
compared with hFOB 1.19 (Figure 4C). To investigate the function
of miR-145-5p in osteosarcoma cell lines, we performed miRNA over-
expression and inhibition experiments. The expression of miR-145-5p
was significantly increased after being transfected with miR-145-5p
mimics, and the expression of miR-145-5p was significantly decreased
after being transfected with miR-145-5p inhibitor (Figure 4D). Over-
expression of miR-145-5p significantly promoted the proportion of
apoptotic cells in 143B andHOS cells (Figures 4E and 4F). The viability
of 143B and HOS cells whose miR-145-5p was overexpressed was
significantly reduced compared with their control cells (Figures 4G
and 4H). Meanwhile, the Transwell and wound healing assays demon-
strated that overexpression of miR-145-5p significantly inhibited cell
migration and invasion in 143B and HOS cells (Figures 4I and 4K).
Consistently, miR-145-5p overexpression also suppressed colony for-
mation compared with control cells (Figure 4M). Due to dicer-like ac-
tivity, miRNAs could downregulate levels of circRNAs and thus
confound results. Therefore, we performed the miRNA overexpression
experiment, and the relative level of circCAMSAP1 was not influenced
by the overexpression of miR-145-5p (Figure S3A). To clarify the effect
of miR-145-5pmimics on osteosarcoma, we treated osteosarcoma cells
with different doses of miR-145-5p mimics. Results showed that miR-
145-5p mimics suppressed the viability and migration ability of osteo-
sarcoma cells in a dose-dependent manner (Figures S3B–S3D). In
contrast, transfection of miR-145-5p inhibitor promoted migration,
invasion, and colony formation, and it suppressed the cell apoptosis
of 143B and HOS cells (Figures 4H, 4J, 4L, and 4N). These results re-
vealed that miR-145-5p was able to remarkably inhibit the migration,
invasion, and proliferation of osteosarcoma cells in vitro.

miR-145-5p targets FLI1 in osteosarcoma cells

To illuminate the function of miR-145-5p in osteosarcoma, we used
TargetScan and the PicTar algorithm to predict potential targets of
miR-145-5p, and four candidate tumor-associated genes (FLI1,
TPT1, FSCN-1, and MYO5a) were selected. Next, we investigated
whether miR-145-5p could directly bind the mRNAs of these candi-
date genes. We designed primers for each candidate gene, and the
mRNA levels of four candidate genes were detected by real-time
PCR. As shown in Figure 5A, the FLI1 mRNA was relatively highly
expressed in four osteosarcoma cell lines compared with hFOB
1.19, i.e., the negative control. Consistently, FLI1 mRNA levels were
higher in osteosarcoma than in chondroma tissues (Figure 5B).
Furthermore, we observed that FLI1 was overexpressed in osteosar-
coma tissues compared with chondroma tissues from our immuno-
histochemistry results (Figure 5C).
analyzed with the Transwell migration assay. Data are represented asmean ± SEM of thr

and HOS cell lines after transfection of siRNA or NC-siRNA was analyzed with the Tra

dependent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (F and G) circCAMSAP1 kno

and HOS cell lines. Data are represented mean ± SEM (n = 3). *p < 0.05. (H) circCAMS

assay in 143B and HOS cell lines. Data are represented asmean ± SEM of three indepen

Student’s t test.
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To corroborate whether FLI1 is a direct target of miR-145-5p, we con-
structed a luciferase reporter including the 30 UTR of FLI1 as a WT
reporter (Figure 5D, upper panel). To verify specificity, we con-
structed a mutated form of the FLI1 30 UTR, in which the binding-
site of miR-145-5p was eliminated. The luciferase activities were
significantly reduced when HEK293T cells were co-transfected with
the WT reporter and miR-145-5p mimics, indicating that miR-145-
5p specifically regulated FLI1 expression (Figure 5D, lower panel).
Furthermore, a miR-145-5p pull-down assay showed that bio-
tinylated miR-145-5p mimic enriched FLI1 mRNA, suggesting that
FLI1 is the target gene of miR-145-5p (Figure 5E). Additionally,
transfection of miR-145-5p mimics affected endogenous FLI1 protein
and mRNA levels, as well as the FLI1-targeted genes c-Myc and
IGFBP3 (Figures 5F and 5G). Moreover, reducing endogenous
miR-145-5p levels (using miR-145-5p inhibitor) had an opposite ef-
fect in both cell lines (Figures 5F and 5G). These results indicated
that miR-145-5p targeted FLI1 in osteosarcoma. Consistent with pre-
vious studies of miR-145,26 we found that miR-145-5p targeted FLI1
and acted as a tumor suppressor by directly reducing expression of
FLI1.

To explore the function of FLI1 in osteosarcoma cells, we transfected
FLI1-siRNA into 143B and HOS cells to knock down FLI1 expression
and established effective transfectants. The expression of FLI1 was
significantly decreased after being transfected with FLI1-siRNA (Fig-
ure S4A). Decreased expression of FLI1 significantly increased the
proportion of apoptotic cells in 143B and HOS cells (Figure 5H).
With FLI1 knocked down, the viability of 143B and HOS cells was
significantly reduced compared with their control cells (Figures S4B
and S4C). Consistently, knockdown of FLI1 also suppressed migra-
tion and invasion of osteosarcoma cell lines in Transwell migration
andMatrigel invasion assays (Figures S4D and S4E). A wound healing
assay demonstrated that knockdown of FLI1 significantly inhibited
cell migration in 143B and HOS cells (Figure S4F). FLI1 knockdown
also suppressed colony formation compared with control cells (Fig-
ure S4G). These findings indicated that FLI1 plays an important
role in osteosarcoma cells in vitro.

Overexpression of FLI1 reverses miR-145-induced attenuation

of cell migration, invasion, and proliferation in osteosarcoma

cells

We further investigated whether miR-145-5p suppressed migration
and invasion of osteosarcoma cells via inhibiting FLI1. FLI1 overex-
pression reduced the high apoptosis rates caused by miR-145-5p
mimics (Figure 6A). Meanwhile, the increased level of FLI1 abrogated
the inhibition of migration and invasion abilities of osteosarcoma
cells induced by miR-145-5p overexpression (Figures 6B and 6D)
ee independent experiments. **p < 0.01, ***p < 0.001. (E) Cell invasion ability of 143B

nswell Matrigel invasion assay. Data are represented as mean ± SEM of three in-

ckdown suppressed cell proliferation, as demonstrated by the CCK-8 assay in 143B

AP1 knockdown suppressed cell growth, as demonstrated by the colony formation

dent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. p values were determined by a



Figure 3. circCAMSAP1 abundantly sponges miR-

145-5p in osteosarcoma cells

(A) Schematic illustration showing the overlapping results

of the target miRNAs of circCAMSAP1 as predicted by

miRanda, TargetScan, RNAhybrid, and CircInteractome.

(B) The relative level of six miRNA candidates in the hFOB

1.19, 143B, and HOS lysates was detected by real-time

PCR. Data are represented as mean ± SEM (n = 3). *p <

0.05, **p < 0.01, ***p < 0.001. (C and D) Lysates prepared

from 143B and HOS cells were subjected to an RNA pull-

down assay and tested with quantitative real-time PCR.

Relative levels of circCAMSAP1 were normalized to the

levels of input. n = 3. *p < 0.05 versus control (lacZ) probe.

(E) Luciferase reporter assay for the luciferase activity of

LUC-circCAMSAP1 or LUC-circCAMSAP1 mutant in

HEK293T cells co-transfected with miRNA mimics. Data

are represented as mean ± SD for three experiments.

**p < 0.01. (F) Upper panel: schematic illustration

demonstrates complementary to the miR-145-5p seed

sequence with circCAMSAP1. Lowercase letters indicate

mutated nucleotides. Lower panel: HEK293T cells were

co-transfected with miR-145-5p mimics and a luciferase

reporter construct containing wild-type (WT) or mutated

circCAMSAP1. Data are represented as mean ± SD

(n = 3). **p < 0.01. (G) RNA FISH images demonstrate the

co-localization of circCAMSAP1 and miR-145-5p in 143B

and HOS cell lines and osteosarcoma tissue samples.

circCAMSAP1 probes were labeled with Alexa Fluor 488;

miR-145-5p probes were labeled with Cy3. Nuclei were

stained with DAPI. Scale bars, 200 and 50 mm. p values

were determined by a Student’s t test.
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and the inhibition of growth (Figure 6C) and colony formation (Fig-
ure 6E). These results support that miR-145-5p targeted FLI1 and
mediated the tumor-suppressive function of miR-145-5p.

Knockdown of miR-145-5p reverses shCircCAMSAP1-induced

attenuation of cell migration, invasion, and proliferation in

osteosarcoma cells

In osteosarcoma cells with an effective knockdown of circCAMSAP1,
the expression level of FLI1 was significantly decreased. To verify
whether circCAMSAP1 promoted cell migration, invasion, and pro-
liferation in osteosarcoma cells via interacting with miR-145-5p, we
Molecular The
co-transfected a circCAMSAP1 knockdown
construct (short hairpin RNA [shRNA] against
circCAMSAP1 [shCircCAMSAP1]) and a
miR-145-5p sponge into osteosarcoma cells.
First, however, we wanted to test whether the
shRNA against circCAMSAP1 increases the
levels of miR-145-5p. The results of quantitative
real-time PCR showed that shRNA would not
influence the level of miR-145-5p (Figure 7A).
Next, our results showed that both the protein
and mRNA expression levels of FLI1 and target
genes c-Myc and IGFBP3 were significantly
increased in the osteosarcoma cell lines co-
transfected with shCircCAMSAP1 and the miR-145-5p sponge
compared with shCircCAMSAP1 alone (Figures 7B and 7C). Growth
rates of osteosarcoma cells were rescued when co-transfected with
circCAMSAP1-siRNA and miR-145-5p inhibitor (Figure 7D). Mean-
while, knockdown of both circCAMSAP1 and miR-145-5p also re-
sulted in a lower apoptotic rate than in the circCAMSAP1 inhibition
group (Figure 7E). Furthermore, Transwell migration and Matrigel
invasion assays together with wound healing assays indicated that
the osteosarcoma cells co-transfected with shCircCAMSAP1 and a
miR-145-5p sponge increased invasion and migration capabilities
compared with shCircCAMSAP1-transfected cells (Figures 7F and
rapy: Nucleic Acids Vol. 23 March 2021 1125
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7H). Consistently, knockdown of both circCAMSAP1 and miR-145-
5p also rescued colony formation capabilities compared with the circ-
CAMSAP1 inhibition group (Figure 7G). In summary, our results
suggest that circCAMSAP1 promotes cell migration, invasion, and
proliferation in osteosarcoma cells by sponging miR-145-5p and sub-
sequently induces FLI1 expression in vitro.

Knockdown of circCAMSAP1 suppresses tumorigenesis in vivo

Next, we investigated the effect of circCAMSAP1 and miR-145-5p
on regulating tumor growth in vivo. 143B cells stably transfected
with shCircCAMSAP1, shCircCAMSAP1 and miR-145-5p sponge,
or the control vector were subcutaneously injected into nude
mice. shCircCAMSAP1 transfectants had a decreased growth rate
and tumor weight compared with the vector group, while cells
deficient in circCAMSAP1 and miR-145-5p had a similar growth
rate and tumor weight compared with the vector group (Figures
8A–8D).

In xenograft tumor tissues, immunohistochemical staining showed
that the expression of FLI1 was inhibited by shCircCAMSAP1, which
corresponded to the reduction in the level of FLI1 protein and mRNA
(Figures 8E–8G). Immunohistochemical staining also showed that
the expression levels of cleaved caspase-3 and IGFBP3 were pro-
moted, and the expression levels of FLI1 and c-Myc were inhibited
(Figure 8E). Inhibition of miR-145-5p reversed this effect (Figures
8E–8G). Moreover, Kaplan-Meier survival curves of The Cancer
Genome Atlas (TCGA) sarcoma dataset showed that the patients
with a high expression of FLI1 had a lower 10-year overall survival
rate, while the patients with a high expression of miR-145-5p had a
higher 10-year overall survival rate (Figure S5). These results suggest
that circCAMSAP1 and miR-145-5p could be valuable markers to
predict the prognosis of patients with osteosarcoma.

DISCUSSION
circRNA is an abundant, stable, and conserved type of noncoding
RNA and was once regarded as a byproduct of biological processes.
Evidence has shown that circRNAs are related with the progression
and metastasis of various cancers, including liver,31,32 brain,33

lung,34 bladder,35 and breast cancer.36 By performing RNA-seq
analyses of ribosomal RNA-depleted total RNA from the human
Figure 4. miR-145-5p is downregulated in osteosarcoma cells and inhibits cell

(A) miR-145-5p was downregulated in human osteosarcoma tissue compared with cho

(n = 10). *p < 0.05. (B) RNA FISH images demonstrated that miR-145 expression was lo

were labeled with Cy3. Nuclei were stained with DAPI. Scale bars, 100 and 50 mm. (C) m

compared with hFOB 1.19, detected by real-time PCR. Data are represented asmean ±

143B and HOS cell lines was detected by real-time PCR. Data are represented as mean

transfected with miR-145-5p mimic or inhibitor, and apoptosis rates were determined wi

SEM from three independent experiments. *p < 0.05, **p < 0.01. (G and H) miR-145-

determined by the CCK-8 assay. Data are represented asmean ± SEM (n = 3). *p < 0.05

transfected with miR-145-5p mimic or inhibitor, were evaluated by Transwell migration a

**p < 0.01, ***p < 0.001. (K and L)miR-145-5pmimic or inhibitor regulated cell migration a

are represented as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.

determined by the colony formation assay. Data are represented mean ± SEM of thr

determined by a Student’s t test.
osteosarcoma cell lines group and the human osteoblast hFOB
1.19 (control), we generated a circRNA profiling database. From
sequencing data, 11,583 circRNAs were identified. Differentially ex-
pressed circRNAs were sorted by their FC (FC R 2.0, FDR < 0.05),
and a heatmap was made to show the 88 differentially expressed
circRNAs. We identified and selected one circRNA derived from
the human CAMSAP1 gene locus, termed hsa_circ_0004338 (also
named as circCAMSAP1), which was the most significantly upregu-
lated circRNA.

The CAMSAP1 gene encodes a cytoskeleton-associated protein ex-
pressed in mammalian astrocytes and neurons.37 Previous studies
have shown the important role of CAMSAP1 in brain cancer and
its correlation with the prognosis of patients with laryngeal squamous
cell carcinoma (LSCC).38 Additionally, CAMSAP1, expressed on
mature astrocytes in the adult brain, has also been recognized as a
new marker for astrocytic lineage cells.39 Although hsa_circ_0001900
(originating from exon 2 to 3 of the CAMSAP1 gene, also named
circCAMSAP1) has been verified to play important roles in colorectal
cancer,40 the role of hsa_circ_0004338 (the circCAMSAP1 of this
study) remains uninvestigated, either in pathological or biological
processes. In the present study, we verified that circCAMSAP1, upre-
gulated in osteosarcoma tissues with a predominantly cytoplasmic
localization, was derived from exon 1 to 7 of the CAMSAP1 gene
and formed a single-stranded continuous loop structure by joining
the 30 and 50 terminal splice sites. These features indicate that
circCAMSAP1 is formed by “direct splicing” and is stably expressed
in different cell lines and tissues.8 The circCAMSAP1 expression
has been identified to be generally upregulated in osteosarcoma
compared with chondroma, indicating that circCAMSAP1 might be
a crucial event in osteosarcoma tumorigenesis and metastasis.

Recent studies have demonstrated that circRNAs have multiple func-
tions, among which the miRNA sponge was mostly reported.41–44

These circRNAs harbor several miRNA binding sites and can sponge
certain miRNAs with a high efficiency. Due to the dynamic
interaction between circRNAs and miRNAs, this type of regulation
is overly complex. In our study, six potential miRNAs with several
circCAMSAP1 binding sites were identified by computational algo-
rithms. Luciferase activity assays can efficiently identify the precise
migration, invasion, and proliferation in vitro

ndroma tissue, as detected by real-time PCR. Data are represented as mean ± SEM

wer in human osteosarcoma tissue than in chondroma tissue. miR-145-5p probes

iR-145-5p was downregulated in osteosarcoma cell lines (143B, HOS, and U2OS)

SEM (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001. (D) The expression of miR-145-5p in

± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. (E and F) 143B and HOS cells were

th annexin V-FITC/PI staining. The percentage of apoptosis cells is shown as mean ±

5p mimic/inhibitor can suppress/promote 143B and HOS cell line proliferation, as

, **p < 0.01, ***p < 0.001. (I and J) Cell migration and invasion of HOS and 143B cells,

nd Matrigel invasion assays. Data are represented as mean ± SEM (n = 3). *p < 0.05,

bility, as demonstrated by the wound healing assay in 143B andHOS cell lines. Data

01. (M and N) miR-145-5p overexpression or knockdown regulated cell growth, as

ee independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. p values were
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Figure 5. miR-145-5p targets FLI1 in osteosarcoma

cells and tissues

(A) Relative expression mRNA levels of four gene candi-

dates in osteosarcoma cell lines (143B, HOS, U2OS, and

SJSA) compared with hFOB 1.19, as detected by real-

time PCR. Data are represented as mean ± SEM (n = 10).

*p < 0.05, **p < 0.01, ***p < 0.001. (B) FLI1 expression

levels were upregulated in human osteosarcoma tissue

compared with chondroma tissues, as detected by real-

time PCR. Data are represented as mean ± SEM (n = 10).

**p < 0.01. (C) FLI1 expression was higher in human

osteosarcoma than in chondroma tissue. Representative

images are shown. Scale bars, 100 mm. (D) Upper panel:

schematic illustration demonstrates complementary to

the miR-145-5p-5p seed sequence with FLI1. Lowercase

letters indicate mutated nucleotides. Lower panel:

HEK293T cells were co-transfected with miR-145-5p

mimics and a luciferase reporter construct containing WT

or mutated FLI1. Data are represented as mean ± SEM

(n = 3). *p < 0.05, **p < 0.01. (E) Quantitative real-time

PCR analysis of FLI1 mRNA levels in RNA sample by miR-

145-5p miRNA pull-down. Data are represented as

mean ± SEM (n = 3). ***p < 0.001. (F and G) miR-145-5p

inhibition increased FLI1 and c-Myc and decreased

IGFBP3 protein (E) and mRNA levels (F), and miR-145-5p

overexpression reduced FLI1 and c-Myc and increased

IGFBP3 protein (E) and mRNA levels (F). *p < 0.05, **p <

0.01, ***p < 0.001. (H) Knockdown of FLI1 promoted

apoptosis in 143B and HOS cells. Apoptosis rates were

determined by annexin V-FITC/PI staining. Data are rep-

resented as mean ± SEM (n = 3). ***p < 0.001. p values

were determined by a Student’s t test.
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and authentic interactions between circRNAs and miRNAs.28 We
found that miR-145-5p not only had a high binding ability to
circCAMSAP1 in 143B and HOS cells, but it also showed pivotal
functions in osteosarcoma progression and metastasis. In addition,
our study revealed that circCAMSAP1 exerted its regulatory func-
tions through harboring miR-145-5p to rescue the expression of
FLI1. FLI1 was first identified as an ETS family member protein
that plays a vital role in retroviral-mediated acute leukemias.45 Accu-
mulating evidence suggested that FLI1 also accelerated the metastasis
of nasopharyngeal carcinoma (NPC),46 breast cancer,47 and small cell
lung cancer,48 among others. Meanwhile, FLI1 has been well docu-
mented to act as an oncogene in Ewing sarcoma.49 In this study, we
verified FLI1 as a driver gene in osteosarcoma through loss-of-
function experiments in vivo and in vitro. We demonstrated that inac-
1128 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
tivation of FLI1 might be a consequence of
constitutive suppression of circCAMSAP1. We
demonstrated that FLI1 could enhance the
expression of c-Myc and inhibit the expression
of IGFBP3. c-Myc can promote osteosarcoma
proliferation and cell survival, while IGFBP3
can inhibit both. Therefore, by enhancing the
transcriptional activity of FLI1 and sponging
miR-145-5p, circCAMSAP1 promotes both the
progression and metastasis of osteosarcoma. Therefore, we propose
the circCAMSAP1/miR-145-5p/FLI1 axis as a potential target for os-
teosarcoma treatment (Figure 8H). However, in addition to FLI1, we
do not deny the existence of other key gene targets for circCAMSAP1,
which may play an important role in the initiation and development
of osteosarcoma.

MATERIALS AND METHODS
Clinical samples

Slices of formalin-fixed and paraffin-embedded primary osteosar-
coma and chondroma tissues were obtained from biopsies in each
of 10 patients before administration of neo-adjuvant chemotherapy.
Osteosarcoma and chondroma biopsies were histologically character-
ized by pathologists according to the criteria defined by the World



Figure 6. Overexpression of FLI1 reverses miR-145-5p-mimic-induced attenuation of cell migration, invasion, and proliferation in osteosarcoma cells

(A) 143B and HOS cells were co-transfected with miR-145-5p and FLI1 plasmids or control vector, and apoptosis rates were determined with annexin V-FITC/PI staining. The

percentage of apoptosis cells is shown as mean ± SEM from three independent experiments. ***p < 0.001. (B) Cell migration and invasion of HOS and 143B cells, co-

transfected with miR-145-5p and FLI1 plasmids or control vector, were evaluated by Transwell migration andMatrigel invasion assays. Data are represented as mean ± SEM

(n = 3). *p < 0.05, ***p < 0.001. (C) Proliferation of osteosarcoma cells, co-transfected with miR-145-5p and FLI1 plasmids or control vector, were determined by the CCK-8

assay. Data are represented as mean ± SEM (n = 3). *p < 0.05, **p < 0.01. (D) FLI1 overexpression promoted the migration ability of miR-145-5p overexpression cells, as

demonstrated by the wound healing assay in 143B and HOS cell lines. Data are represented as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p <

0.001. (E) FLI1 overexpression promoted the growth ofmiR-145-5p overexpression cells, as determined by the colony formation assay. Data are represented asmean ±SEM

of three independent experiments. ***p < 0.001. p values were determined by a Student’s t test.
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Health Organization. Written informed consent was obtained from
each patient before entering this study, and all study protocols were
approved by the Ethics Committee of Sir Run Run Shaw Hospital
(reference letter no. 20180226-35).

Cell culture and treatment

Human osteosarcoma cell lines (HOS, 143B, and U2OS) and human
fetal osteoblast cell line hFOB 1.19 were obtained from the FuHeng
Cell Center (Shanghai, China). The osteosarcoma cell lines were
authenticated by ShangHai Biowing Applied Biotechnology,
performing a STR profiling analysis, as described by Capes-Davis
and according to the American National Standards Institute (ANSI)
standard (ASN-0002) set forth by the ATCC Standards Development
Organization. Mycoplasma testing was performed using the Venor
GeM mycoplasma detection kit (Minerva Biolabs, Berlin, Germany).
Human cell line hFOB 1.19 was cultured in Dulbecco’s modified
Eagle’s medium (DMEM)-F12 medium (Invitrogen, Karlsruhe,
Germany), and human osteosarcoma cell lines HOS, 143B, and
U2OSwere cultured in DMEM (Gibco, Life Technologies, Darmstadt,
Germany), supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (Invitrogen) and 1% (v/v) penicillin/streptomycin
(Invitrogen), under adherent conditions at 37�C in a humidified
incubator with 5% CO2/95% air.

RNA sample treatment, RNA sequencing, and data analysis

The total RNA samples of the human osteosarcoma cell lines group
(143B, HOS, SJSA, and U2OS) and the human osteoblast hFOB
1.19 (control) were treated with a RiboZero rRNA removal kit
(Epicenter, WI, USA) for deleting rRNA, according to the manufac-
turer’s instructions. Next, the rRNA-depleted and RNase R digested-
RNA samples were fragmented and reverse-transcripted with random
primer. The PCR amplification products of cDNA were purified, and
then the libraries were quality controlled and sequenced by HiSeq
2000 (Illumina, San Diego, CA, USA). Then, we obtained reference
genomes (GRCH38/hg38) from the University of California Santa
Cruz (UCSC) genome browser (http://genome.ucsc.edu/). In a first
step, fastp (https://github.com/OpenGene/fastp) was used to remove
the reads that contained adaptor contamination, low quality bases,
and undetermined bases from FASTQ reads. BWA50 was used to
map reads to hg38 (the human genome). CIRI251 and CIRCexplorer52
Figure 7. Knockdown of miR-145-5p reverses shCircCAMSAP1-induced attenu

(A) 143B and HOS cells were transfected with control vector or shCircCAMSAP1, respe

analysis. Data are represented as mean ± SEM (n = 3). (B) The protein expression of FLI1

Cells were co-transfected with shCircCAMSAP1 and miR-145-5p sponge or control ve

was detected by quantitative real-time PCR analysis. Cells were transfected with contr

resented as mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. (D) Proliferation of o

without miR-145-5p sponge, were determined by a CCK-8 assay. Data are represented

control vector and shCircCAMSAP1with or without miR-145-5p sponge, and apoptosis

cells is shown as the mean ± SEM from three independent experiments. **p < 0.01, ***p

control vector and shCircCAMSAP1 with or without miR-145-5p sponge, were evaluat

SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. (G) miR-145-5p knockdown promoted th

assay. Data represent the mean ± SEM of three independent experiments. ***p < 0.

knockdown cells, as demonstrated by the wound healing assay in 143B and HOS cell li

***p < 0.001. p values were determined by a Student’s t test.
were used for identification of back-splicing reads, and subsequent de
novo assembly of the mapped reads to circRNAs. Only circRNAs
identified by both algorithms were treated as valid candidates. All
samples generated unique circRNAs. To evaluate expression levels
of circRNAs, we normalized the back-spliced reads (evidence for
circRNA) by read length and number of mapped reads (spliced reads
per billion mapping [SRPBM]53), which permits quantitative com-
parison of back-splicing from different RNA-seq data. The differen-
tially expressed circRNAs were selected using the R package edgeR
with the significance threshold set as |log2 (FC)| >1 or less than �1
and the p value <0.05. The detailed information is listed in Table S2.

Cell transfection and viral infection

siRNA oligonucleotides toward circCAMSAP1 and control siRNA
were purchased from RiboBio. miRNA mimics/inhibitors and
scramble mimics/inhibitors were purchased from GenePharma
(Shanghai, China). All oligonucleotides were carried out with a final
concentration of 50 nM using Lipofectamine RNAiMAX reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s proto-
col. Briefly, the cells were seeded in 6-, 24-, or 96-well plates at 50%
confluence the day before transient transfection into the osteosar-
coma cell lines.

Lentiviral infection was used to establish stable transfectants. Briefly,
HEK293T cells were co-transfected with packaging plasmids and viral
vectors using Lipofectamine 3000 (Life Technologies, Germany)
according to the manufacturer’s protocol. 48 h after transfection,
culture medium was full of lentivirus and was collected (filtered
through a 0.45-mm filter) for infection. Next, osteosarcoma cells
were infected with lentivirus supplemented with 5 mg/mL Polybrene
at a multiplicity of infection of 20. 36 h after infection, cells were
selected with 2 mg/mL puromycin in culture medium.

Luciferase activity assays

Cells were seeded in 24-well plates at a density of 1� 105 cells per well
24 h before transfection. The cells were co-transfected with a mixture
of 50 ng of firefly luciferase (FL) reporter vectors, 5 ng of Renilla lucif-
erase (RL) reporter vectors (pRL-TK), and miRNA mimics (Life
Technologies, Germany) at the indicated concentration. Cell lysates
were prepared 48 h after transfection, and luciferase activity was
ation of cell migration, invasion, and proliferation in osteosarcoma cells

ctively. The relative level of miR-145-5p was detected by quantitative real-time PCR

, c-Myc, and IGFBP3 in 143B and HOS cells was detected by western blot analysis.

ctor. (C) The mRNA expression of FLI1, c-Myc, and IGFBP3 in 143B and HOS cells

ol vector and shCircCAMSAP1 with or without miR-145-5p sponge. Data are rep-

steosarcoma cells, co-transfected with control vector and shCircCAMSAP1 with or

as mean ± SEM (n = 3). **p < 0.01. (E) 143B and HOS cells were co-transfected with

rates were determined with annexin V-FITC/PI staining. The percentage of apoptosis

< 0.001. (F) Cell migration and invasion of 143B and HOS cells, co-transfected with

ed by Transwell migration and Matrigel invasion assays. Data represent the mean ±

e growth of circCAMSAP1 knockdown cells, as determined by the colony formation

001. (H) miR-145-5p knockdown promoted the migration ability of circCAMSAP1

nes. Data represent the mean ± SEM of three independent experiments. **p < 0.01,
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Figure 8. Knockdown of circCAMSAP1 suppresses

tumorigenesis in vivo

(A and B) Nude mice were injected with 5 � 106 143B

stable cells. Tumors were dissected and photographed

after 5 weeks. (C) miR-145-5p knockdown promoted the

tumor growth rate of circCAMSAP1 knockdown cells, and

tumor volumes were evaluated by the equation v = ab2/2.

Data represent the mean ± SEM (n = 6). *p < 0.05. (D)

Average tumor weight in each group at the end of the

experiment (day 35). Data represent the mean ± SEM (n =

6). *p < 0.05, **p < 0.01. (E) Histological analysis of tumor

tissues by hematoxylin and eosin staining. FLI1, cleaved

caspase-3, c-Myc, IGF1, and IGFBP3 expression levels

were examined by immunohistochemistry. Scale bars,

100 mm. (F) Western blot analysis of FLI1, c-Myc, and

IGFBP3 in tumors from xenograft mice. (G) Quantitative

real-time PCR analysis of FLI1, c-Myc and IGFBP3

expression in tumors from xenograft mice. **p < 0.01,

***p < 0.001. (H) Schematic illustration of the

circCAMSAP1/miR-145-5p/FLI1 axis. p values were

determined by a Student’s t test.
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measured using the Dual-Luciferase reporter assay (Promega, Madi-
son, WI, USA). Luciferase activities were measured through firefly
luciferase activity normalized to Renilla luciferase activity. Experi-
ments were independently repeated three times.

Biotinylated RNA pull-down assay

RNA pull-down uses specific biotinylated probes that hybridize to
target RNAs (mRNAs or miRNAs); these can then be pulled down,
reverse transcribed to cDNA, and identified by quantitative real-
time PCR. The biotinylated RNA pull-down kit (BersinBio) was
used for the RNA pull-down experiment. A total of 107 143B or
HOS cells were washed with PBS and cross-linked by ultraviolet irra-
diation at 254 nm. Cells were lysed with 1 mL of lysis buffer and fully
homogenized with a 0.4-mm syringe. The RNA pull-down was used
on cell lysates using streptavidin-coated magnetic beads.54,55 One
1132 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
biotinylated antisense probe (0.2 nmol) target-
ing the adaptor sequence or LacZ probes (con-
trol probes) was added to the circCAMSAP1
pull-down system. The probes were denatured
at 65�C for 10 min and hybridized at room tem-
perature for 2 h before adding 200 mL of strepta-
vidin-coated magnetic beads. Non-specifically
bound RNAs were removed by washing, and
TRIzol reagent was used to recover miRNAs
specifically interacting with circCAMSAP1.
The abundance of miRNAs was evaluated by
quantitative real-time PCR analysis. A total of
107 143B or HOS cells, transfected with a bio-
tinylated-miR-145-5p mimic (WT or mutants)
or control mimic (100 nmol/L each, for 36 h),
were trypsinized and homogenized using the
lysis buffer from Beyotime (Wuxi, China). The
RNA pull-down was performed on cell lysates using streptavidin-
coated magnetic beads.55 The bound mRNA was purified utilizing
an RNeasy mini kit (QIAGEN, Shanghai, China), and FLI1 mRNA
expression in the bound fractions was examined by qPCR and
normalized to the “input” controls.

Apoptosis assay

48 h after transient transfection, according to the annexin V-propi-
dium iodide (PI) apoptosis detection kit I (BD Pharmingen, CA,
USA) protocol, cells were harvested and re-suspended with 500 mL
of binding buffer. The cell suspension was incubated with 5 mL of
annexin V-fluorescein isothiocyanate (FITC) and 5 mL of PI buffer
at room temperature for 20 min. The stained cells were analyzed
on a flow cytometer (BD Biosciences, NJ, USA) and data were
analyzed via FlowJo (FlowJo, Ashland, OR, USA). Apoptotic cells



www.moleculartherapy.org
were quantified by the apoptosis ratio. The experiment was repeated
three times.

Transwell migration and invasion assay

The migration and Matrigel invasion assays were conducted by using
a Transwell chamber (for migration assay) or a Transwell pre-coated
Matrigel chamber (for invasion assay) according to the manufac-
turer’s protocol (BD Biosciences, Bedford, MA, USA). After transfec-
tion or infection, 100 mL of serum-free DMEM containing cells (5 �
104 for migration, 1� 105 for invasion) was added to the upper cham-
ber, and 600 mL of DMEM with 10% FBS was put into the lower
chamber. The cells were incubated for 24 h. The cells were imaged
and counted for at least three random fields under a microscope at
�10 magnification.

Western blot analysis

Western blotting was performed according to protocol. Briefly, cells
were lysed in radioimmunoprecipitation assay (RIPA) buffer.
Cellular proteins were collected and subjected to 10% SDS-PAGE
and then transferred onto PVDF membranes (Amersham Pharma-
cia Biotech, Piscataway, NJ, USA). The membranes were then incu-
bated with specific primary antibodies. Anti-FLI1 and anti-GAPDH
were purchased from Abcam. This was followed by incubation with
horseradish peroxidase-conjugated anti-rabbit IgG antibodies from
Abcam, and antigen-antibody complexes were detected using
enhanced chemiluminescence (ECL, Amersham, Piscataway, NJ,
USA).

Reverse transcription and quantitative real-time PCR

Total RNA was extracted from cultured cells, fresh osteosarcoma
tissues, and xenograft mouse tumors with TRIzol reagent (Ambion)
according to the manufacturer’s protocol. miRNA cDNA was synthe-
sized using a miRNA cDNA synthesis kit (CoWin Biosciences).
Quantitative real-time PCR was performed with UltraSYBR mixture
(CoWin Biosciences) with a StepOne Plus real-time PCR system
(Applied Biosystems). Expression of U6 was used as an endogenous
control. The expression of GAPDH was used as an internal control
and oligo(dT) was used as the primer for FLI1 and GAPDH reverse
transcription. PCR efficiencies were calculated with a relative stan-
dard curve derived from a complementary DNA mixture that gave
regression coefficients >0.95. The thermal profile for the qPCR was
95�C for 10 min, followed by 40 cycles of 95�C for 15 s, and 60�C
for 1 min on a StepOne Plus real-time PCR system (Applied Bio-
systems). All qPCR experiments were performed in triplicate.

Immunohistochemistry

Immunohistochemical staining was performed as previously
described,56 with antibodies specific for FLI1 and cleaved caspase-3
(1:200 dilution, Proteintech). Section thickness was 5 mm as sliced
by an ultra-thin semiautomatic microtome (Leica Ultracut UCT,
Leica Microsystems, Austria) in the pathology laboratory. The
immunoreactivity in each tissue section was assessed by at least two
pathologists. The degree of positivity was determined according to
the percentage of positive tumor cells.
RNA in situ hybridization

Cy3-labeled circCAMSAP1 probes and Alexa Fluor 488-labeled miR-
145-5p probes were designed and synthesized by Servicebio (Wuhan,
China), and the probes sequences are available upon request. The sig-
nals of the probes were detected by a FISH kit (RiboBio, Guangzhou,
China) according to themanufacturer’s instructions. The images were
acquired on a Nikon A1Si laser scanning confocal microscope (Nikon
Instruments, Japan).

Wound healing assay

After transfection or infection, HOS and 143B cells were cultured in
six-well plates and scraped with the tip of 200-mL pipette tips (time
0 h). Cell migration was imaged using an Olympus IX81 inverted
microscope (Olympus, Melville, NY, USA) in 10 high-power fields
at 0 and 24 h after injury. Remodeling was measured as diminishing
distance across the induced injury, normalized to the 0 h control, and
expressed as relative migration.

Proliferation assay (CCK-8)

Before analysis of cell proliferation, 143B and HOS cells were seeded
in 96-well plates (Costar) in triplicate at a density of 3 � 103 cells per
well containing 100 mL of DMEM supplemented with 10% FBS. A
Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) was added
to the wells at 0, 24, 48, and 72 h post-transfection, and cells were
diluted in normal culture medium at 37�C. The absorbance values
of optical density (OD) in each well were measured with a microplate
reader set at 450 nm (OD450). All experiments were performed three
times, and the average percentages of cells are shown.

Colony formation assay

Approximately 1 � 103 cells of respective treated HOS or 143B cells
were plated in six-well plates. Cells were fixed with methanol and
stained with 0.1% crystal violet after 14 days. Clones containing
more than 50 cells were counted manually. The experiments were
repeated three times to obtain the average colony formation rate.

Animal experiments

All animal experiments were approved by the Ethics Committee of Sir
Run Run Shaw Hospital. All experiments strictly followed the Guide
for the Care and Use of Laboratory Animals published by National
Institutes of Health. For the xenograft tumor model assay, nude
mice (nu/nu, 4-week-old males) were randomly divided into three
groups (n = 6 for each group). Stable 143B cells (5 � 106 cells per in-
jection point) were injected subcutaneously. Tumor volumes were
calculated by the following equation: volume (mm3) = (tumor
length � tumor width2)/2. Five weeks later, mice were sacrificed
and measured for tumor weight and tumor volume, and were fixed
in 4% paraformaldehyde for immunohistochemical staining, western
blot, and quantitative real-time PCR.

Statistical analysis

Unless otherwise stated, all data are shown as mean ± standard error
of the mean (SEM). Statistical analyses were performed using SPSS
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1133
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22.0 statistical software. Statistical significance (p < 0.05) was deter-
mined by a Student’s t test, unless otherwise stated.
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