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Circular RNA circFIRRE drives 
osteosarcoma progression and metastasis 
through tumorigenic-angiogenic coupling
Lingfeng Yu1†, Hao Zhu2†, Zhen Wang3, Jianhao Huang1, Yan Zhu1, Gentao Fan1,3, Yicun Wang1, Xi Chen4* and 
Guangxin Zhou1,3* 

Abstract 

Background: Disappointing clinical efficacy of standard treatment has been proven in refractory metastatic osteo-
sarcoma, and the emerging anti-angiogenic regimens are still in the infantile stage. Thus, there is an urgent need to 
develop novel therapeutic approach for osteosarcoma lung metastasis.

Methods: circFIRRE was selected from RNA-sequencing of 4 matched osteosarcoma and adjacent samples. The 
expression of circFIRRE was verified in clinical osteosarcoma samples and cell lines via quantitative real-time polymer-
ase chain reaction (RT-qPCR). The effect of circFIRRE was investigated in cell lines in vitro models, ex vivo models and 
in vivo xenograft tumor models, including proliferation, invasion, migration, metastasis and angiogenesis. Signaling 
regulatory mechanism was evaluated by RT-qPCR, Western blot, RNA pull-down and dual-luciferase reporter assays.

Results: In this article, a novel circular RNA, circFIRRE (hsa_circ_0001944) was screened out and identified from 
RNA-sequencing, and was upregulated in both osteosarcoma cell lines and tissues. Clinically, aberrantly upregulated 
circFIRRE portended higher metastatic risk and worse prognosis in osteosarcoma patients. Functionally, in vitro, 
ex vivo and in vivo experiments demonstrated that circFIRRE could drive primary osteosarcoma progression and lung 
metastasis by inducing both tumor cells and blood vessels, we call as “tumorigenic-angiogenic coupling”. Mechanisti-
cally, upregulated circFIRRE was induced by transcription factor YY1, and partially boosted the mRNA and protein level 
of LUZP1 by sponging miR-486-3p and miR-1225-5p.

Conclusions: We identified circFIRRE as a master regulator in the tumorigenesis and angiogenesis of osteosarcoma, 
which could be purposed as a novel prognostic biomarker and therapeutic target for refractory osteosarcoma.
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Introduction
Osteosarcoma (OS) is the most common malignant pri-
mary bone tumor most often occurring in children and 
adolescent during their pubertal growth spurts [1, 2]. The 
most common primary site of OS is the metaphysis of the 
long diaphysis, especially in the proximal tibia and dis-
tal femur. The main metastasis route of OS is the lung, 
which greatly reduces the 5-year survival rate from 70% 
in non-metastatic patients to 20% [3, 4]. Angiogenesis 
induced during tumorigenesis and distant recurrence can 
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serve as a valuable parameter for predicting the outcome 
in OS patients [5, 6]. As one of the integral hallmarks of 
cancer, angiogenesis can supply oxygen and nutrients, as 
well evacuate carbon dioxide and metabolites [7]. Despite 
exciting achievements reported in some pilot studies [5, 
6, 8, 9], the exploration of anti-angiogenesis in refractory 
OS remains in its infantile stage.

Circular RNAs (circRNAs) are one of the subclasses 
of RNA molecules that stem from corresponding genes 
consisting of exons, introns or intergenic spacers. Unlike 
linear RNAs, circRNAs are produced by back-splicing 
with the 3′ and 5′ splice-donor site concatenated cova-
lently, thus resistant to exonuclease degradation and 
highly stable [10, 11]. CircRNA dysregulation is report-
edly involved in various diseases [12–14]. Mechanisti-
cally, circRNAs possess miRNA-binding domains and 
commonly exert regulatory effects by sponging certain 
miRNAs to post-transcriptionally modulate gene level 
[10]. The role of circRNAs in OS has been reported in 
many studies [15–18], but the exact action mechanism 
remains unclear.

In this study, we detected the aberrantly expressed 
circRNAs between 4 paired OS and histologically nor-
mal adjacent samples by RNA-seq assay, and then fur-
ther identified and characterized a circRNA comprised 
of exon 5 to 10 of the Firre Intergenic Repeating RNA 
Element (FIRRE) gene, which was termed as circFIRRE 
(hsa_circ_0001944). Finally, we explored the function 
and underlying mechanism of circFIRRE in the growth, 
metastasis and angiogenesis of OS.

Patients and Methods
Patients and samples
A total of 114 surgically resected freshly frozen OS sam-
ples and their corresponding adjacent samples (cohort 
1, 2, 3, 4) were obtained from OS patients at Affiliated 
Jinling Hospital, Medical School of Nanjing University 
(Nanjing, China). The histopathological diagnosis of 
the resected samples was confirmed based on the cri-
teria from World Health Organization (WHO). Among 
these samples, 4 fresh paired samples (cohort 1) were 
obtained and applied for RNA-sequence in March 2016, 
and the remaining 104 paired samples (cohort 2, 3) 
obtained from January 2008 to June 2020 were used for 
expression validation of circRNA in this study. For cir-
cRNAs screening, 16 paired samples obtained from Jan-
uary 2015 to February 2016 (cohort 2) were employed. 
For detecting the expression level of transcription 
factor YY1, miRNAs, and LUZP1, 35 paired samples 
obtained from April 2016 to June 2020 (cohort 3) were 
employed. For magnetic bead cell sorting, 6 paired sam-
ples obtained in June 2022 (cohort 4) were employed. All 
samples were preserved in liquid nitrogen for long-term 

storage. Informed consent was signed by participating 
patients or their legally authorized representatives to 
utilize their clinical data and surgical samples, and the 
study protocol was ratified by the Ethics Committee of 
the said hospital (2016NZKY-020-03). The detailed clini-
cal baseline data of 104 paired samples (cohort 2, 3) are 
described in Fig. S2A.

Statistical analysis
All experiments were performed in triplicate, and rep-
resentative experimental data are presented as the mean 
value ± standard deviation (SD). Two group compari-
sons were calculated by the t tests; unidimensional mul-
tiple groups comparisons were calculated by one-way 
ANOVA tests; bidimensional multiple group compari-
sons were calculated by two-way ANOVA tests using 
GraphPad Prism 9.20 (GraphPad, Inc., LaJolla, CA). 
Statistical analysis and visualization of clinical data and 
RNA-sequencing data were implemented in R (version: 
3.6.3). The R packages that we used are as follows: vol-
cano plots, GSEA, correlation analysis plots, forest plots 
and risk score plots: ggplot2 package; heatmap: Complex-
Heatmap package; GSEA statistical analysis: clusterPro-
filer package [19]; GSEA annotation database, MSigDB 
Collections(https:// www. gsea- msigdb. org/ gsea/ msigdb/ 
index. jsp) ; Kaplan-Meier analyses: survminer package 
and survival package. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; ns = not significant.

The detailed experimental procedures are described in 
the Additional file 1.

Results
Screening and characterization of circFIRRE in OS samples 
and cells
Initially, we studied the circRNAs expression profile 
using ribosomal RNA-depleted RNA-seq analysis from 4 
paired OS and control samples. In the circRNAs profile 
database constructed after sequencing, most sequence-
length of circRNAs were less than 2000 nucleotides (Fig. 
S1A). Aberrantly expressed circRNAs were presented in 
Volcano Plot (Fig.  1A). Normalization and differential 
expression analysis of circRNAs was performed using 
DESeq2 package. The screening thresholds for differen-
tially expressed circRNAs (DECs) was ∣Log2(Fold change) 
∣ >2, adjusted P < 0.05, and basemean value >3, and the 
DECs were depicted in volcano plots (Fig.  1A). Among 
163 DECs, 30 circRNAs were upregulated and pre-
sented in heatmap (Table S1, Fig. S1B). The top 5 upreg-
ulated circRNAs that sorted by  Log2(Fold change) were 
included in further screening, containing circRUNX2 
(hsa_circ_0003563), circSATB2 (hsa_circ_0003915), circ-
FIRRE (hsa_circ_0001944), circAFF2 (hsa_circ_0001947) 
and circBBS9 (hsa_circ_0003162). Then, we expanded 
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the OS sample size to 16 pairs and detected expression 
level of the 5 DECs using RT-qPCR analysis. As shown in 
Fig. 1B, circFIRRE (Circbase [20] ID: hsa_circ_0001944) 
was identified the most significant DEC for follow up 
study since the biggest difference between OS tissues and 
adjacent tissues. Under further verification in a bigger 
sample cohort, circFIRRE was significantly upregulated 
in 104 matched clinical OS samples and adjacent normal 
samples using RT-qPCR analysis (Fig.  1C). The upregu-
lated tendency was also confirmed by FISH assay in 5 
paired fresh patient samples (Fig.  1D, Fig. S1C). Mean-
while, the expression level of circFIRRE was significantly 
elevated in 5 OS cell lines compared to osteoblast cell line 
(hFOB1.19), especially in MG63 and U2OS (Fig. 1E).

Subcellular localization of circFIRRE is essential for its 
cellular function, lncLocator 2.0 [21] was firstly applied 
to predict circFIRRE subcellular localization, and the 
result showed that circFIRRE was preponderantly dis-
tributed in the cytoplasm (Fig. S1D). In addition, robust 
expression of cytoplasmic circFIRRE in MG63 and U2OS 
(about 80%) was confirmed by both RT-qPCR follow-
ing nuclear/cytosol separation (Fig.  1F-G) and RNA 
FISH (Figure H, Fig. S1E), while only a small fraction of 
circFIRRE (about 20%) were localized in the nucleus. 
circFIRRE is originated from firre intergenic repeating 
RNA element (FIRRE) locus on chromosome X (chrX: 
130883333 - 130928494), and generated by the exon 5 
to 10 of gene FIRRE region. The exact size of circFIRRE 
is 1096 bp and its specific trans-splicing was confirmed 
by Sanger sequencing (Fig. 1I). The stability of circFIRRE 
in MG63 and U2OS cells was examined after treatment 
with actinomycin D, knowing that it can transcription-
ally inhibit RNA synthesis. circFIRRE had a half-life of 
>24 hours, which was more stable than linear transcript 
FIRRE with a half-life of <5 hours (Fig. 1J-K). circFIRRE 
was also resistant to digestion with exonuclease ribonu-
clease R (RNase R), while FIRRE was readily degraded 
after treatment (Fig. 1L-O). These results suggested that 

OS cells could sustainedly and stably express circFIRRE, 
which may be an eligible biomarker for diagnosis or 
prognosis prediction.

Knowing that back-spliced junction could come from 
either trans-splicing or genomic rearrangements, aga-
rose gel electrophoresis (AGE) was applied to eliminate 
the possibility of genomic rearrangements. circFIRRE and 
liner FIRRE were separately amplified by divergent prim-
ers and convergent primers in cDNA and genomic DNA 
extractives from OS cells. circFIRRE was only found in 
cDNA but not in genomic DNA by AGE assay (Fig. 1P-Q).

Upregulated circFIRRE expression portends higher 
metastatic risk and worse prognosis in OS patients
According to the circFIRRE expression in OS lesions, the 
104 patients were equally divided into two groups. The 
baseline characteristics of the enrolled patients are dis-
played in Fig. S2A. To evaluate risk factors in overall sur-
vival (OS) and disease-free survival (DFS), univariate and 
multivariate analyses were applied. Univariate analysis 
showed that age, surgical modalities, tumor metastasis 
and high circFIRRE expression were associated with OS 
and DFS. In compromising these variables, multivariate 
analysis illustrated that metastasis and elevated circFIRRE 
expression were independent risk factors for prognosis 
of OS patients, together with age and surgical modalities 
(Fig.  2A-D). Additionally, Kaplan-Meier survival curves 
showed worse OS and DFS in patients in high circFIRRE 
expression than those with low circFIRRE expression 
group (p<0.001) (Fig.  2E-F). Specifically, high expression 
level of circFIRRE was positively associated with shorter 
survival, poorer clinical outcomes and higher risk scores 
(Fig. 2G). In addition, clinical baseline demonstrated that 
a high expression level of circFIRRE was also correlated 
with a high metastatic ratio (Fig. S2A).

All these results showed that circFIRRE could func-
tion as an independent risk factor of OS patients and may 
participate in OS progression and metastasis.

(See figure on next page.)
Fig. 1 Identification and validation of upregulated circFIRRE in OS tissues and cells. A A Volcano plot illustrating the differential expression of 
circRNA in RNA-sequencing, where the red and blue points represent upregulated and downregulated circRNAs that met screening criteria as 
described. B Validation of differentially expressed circular RNAs by RT-qPCR (n=3 in each group). C The relative expression of circFIRRE in 104 paired 
clinical OS samples and normal controls were analyzed by RT-qPCR. D RNA–fluorescence in situ hybridization assays (FISH) were conducted in 
clinical OS and normal tissues to demonstrate circFIRRE expression using Cy3-labeled probes (red); DAPI-stained nuclei (blue). Scale bars=100 
μm and 50 μm. E The relative expression of circFIRRE in human OS cell lines and normal osteoblasts (n=3 in each group). F-G RT-qPCR indicated 
the abundance of circFIRRE in cytoplasm of MG63 and U2OS cells. GAPDH and U6 were used as positive controls for cytoplasm and nucleus (n=3 
in each group). H FISH assay demonstrated that circFIRRE was predominantly localized in the cytoplasm of MG63 and U2OS cells. Red indicates 
circFIRRE; DAPI-stained nuclei (blue). Scale bar=50 μm. I Schematic illustration presents the formation of circFIRRE. The trans-splicing site of 
circFIRRE validated by Sanger sequencing is highlighted by the red underline. J-K The relative expression of circFIRRE and linear FIRRE was analyzed 
by RT-qPCR at different time points after Actinomycin D treatment in MG63 and U2OS cells (n=3 at each time point). L-O The relative expression of 
circFIRRE and linear FIRRE was detected by RT-PCR and RT-qPCR in MG63 and U2OS cells in the presence of RNase R. P-Q The presence of circFIRRE 
was validated in MG63 and U2OS cells by RT-PCR. circFIRRE was amplified by divergent primers in cDNA, but not in genomic DNA. Values are 
presented as mean ± SD; the bar charts, line charts, error bars and dots represent the quantitative analysis of 3 independent experiments; (B, C, 
2-tailed Student t test; E, one-way ANOVA; J, K, M and O, two-way ANOVA); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant
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circFIRRE promotes OS progression in vitro
To investigate the signature of biological states in OS, 
we performed gene-set enrichment analysis (GSEA) 
of hallmark gene sets. As the high-scoring gene sets 
shown in Fig. S2B-F, angiogenesis, epithelial mesenchy-
mal transition (EMT), G2M check point, E2F targets 

and mitotic spindle related genes were highly enriched 
in OS tissues compared to adjacent normal tissues. 
Therefore, proliferation, migration and angiogenesis in 
OS got a critical focus in follow-up study.
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Fig. 2 Identification of circFIRRE as an independent risk factor for predicting OS prognosis. A-B Risk factors related to overall survival (OS) and 
disease-free survival (DFS) were identified by univariate and multivariate Cox regression analysis, and risk factors with significant difference are 
highlighted in red. C-D Forest plots of univariate and multivariate analysis for risk factors associated with OS and DFS. E Kaplan–Meier curves for OS, 
high circFIREE expression versus low circFIREE expression. F Kaplan–Meier curves for DFS, high circFIREE expression versus low circFIREE expression. 
G Multidimensional analysis of association between the circFIRRE expression level, clinical outcome (survival time, status) of osteosarcoma patients 
and risk score
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To explore the impact of circFIRRE upregulation on 
tumor progression, loss-of-function assays were per-
formed in OS cell lines. In the first step, we designed 
three siRNAs targeting the back-spliced junction of circ-
FIRRE and conducted transfection in MG63 and U2OS 
cells. The results showed that si-circFIRRE-1 (si-1) and 
si-circFIRRE-2 (si-2) had relative a better knockdown 
effect (Fig. S3A). Afterwards, si-1 and si-2 were chosen 
for the preliminary experiment in MG63 cells. CCK8 
and wound healing assays were performed to test OS 
cell proliferation and migration capacities. CCK8 assays 
showed that both si-1 and si-2 significantly diminished 
the growth rate of MG63, which was consistent with the 
knockdown efficiency in transfection (Fig. S3B). Wound 
healing assays showed that si-1 and si-2 retarded the 
rehabilitation of scratches 24 hours after scratching (Fig. 
S3C). These results indicate that circFIRRE may contrib-
ute to OS progression in vitro.

In the second step, we infected lentivirus packaged 
shRNAs (sh-circFIRRE-1 and -2) (Fig. S3D) and estab-
lished circFIRRE stable knockdown cell lines in MG63 
and U2OS (Fig.  3A). Then, we performed CCK8 and 
EdU assays to evaluate the proliferation ability of OS 
cells. The result showed that sh-circFIRRE cell prolifera-
tion and EdU combination were reduced significantly as 
compared with the negative control cells (Fig.  3B-F). 
Additionally, wound healing assay showed that silencing 
circFIRRE expression suppressed the migration capabil-
ity of OS cells (Fig. S3E); both migration and invasion 
abilities of OS cells were diminished by circFIRRE knock-
down in Transwell migration and invasion assay (Fig. 3G-
I). We then conducted flow cytometry to evaluate the cell 
cycle and found that sh-circFIRRE cells were arrested in 
G0/G1 phase (Fig. S3F-H), demonstrating that circFIRRE 
knockdown could promote cell cycle arrest. Collectively, 
these results demonstrate that circFIRRE knockdown 
inhibited OS tumor growth and motility in vitro.

In the third step, gain-of-function assays were per-
formed to further explore the function of circFIRRE 
in  vitro. Firstly, pGMLV-circRNA vector was designed 

to overexpress circFIRRE in OS cells (Fig. S4A-B) and 
RT-qPCR verified the overexpression efficiency and con-
firmed that transfection did not influence linear FIRRE 
expression (Fig. 3J). Next, CCK8 and EdU assays revealed 
that circFIRRE overexpression significantly facilitated 
MG63 and U2OS proliferation (Fig.  3K-O). Addition-
ally, wound healing assay (Fig. S4C) and Transwell assays 
illustrated that circFIRRE overexpression promoted OS 
cell migration and invasion (Fig.  3P-R). Flow cytometry 
demonstrated that circFIRRE promoted cell proliferation 
by promoting cell cycle (Fig. S4D-F). In summary, circ-
FIRRE contributed to the growth, migration and invasion 
of OS in vitro.

circFIRRE can induce angiogenesis
As mentioned before, GSEA analysis found that circ-
FIRRE may contribute the tumor progression and metas-
tasis, and angiogenesis may be the major biological 
procedure of tumor metastasis in which circFIRRE was 
involved (Fig. S2B). Hence, we hypothesized that circ-
FIRRE may be involved in angiogenesis, which is vital 
in OS pulmonary metastasis. The major premise of the 
pro-angiogenic and pro-metastatic capacities of circ-
FIRRE is that the enrichment of circFIRRE in endothelial 
cells within the metastatic OS tissues. Therefore, we per-
formed magnetic beads sorting experiment to detect the 
differential expression of circFIRRE in endothelial cells. 
Sorted by CD31+ magnetic beads, primary endothe-
lial cells were obtained from both three samples from 
patients with localized OS and three clinical samples 
from patients with metastatic OS (Fig.  4A). RT-qPCR 
analysis demonstrated that circFIRRE was significantly 
upregulated in endothelial cells within metastatic OS rel-
ative to which in endothelial cells within non-metastatic 
OS (Fig. 4B), revealed its potential function in angiogen-
esis and OS metastasis.

Among three common endothelial cell lines (HUVEC, 
EA.hy926, HMEC-1), HUVEC cells exhibited the high-
est level of circFIRRE expression. Therefore, we chose 
HUVEC for angiogenesis research to observe the effect 

(See figure on next page.)
Fig. 3 circFIRRE affects OS proliferation, migration and invasion in vitro. A Relative mRNA expression of circFIRRE and linear FIRRE in both MG63 and 
U2OS cells was examined by RT-qPCR after stable infection of either shRNAs lentivirus (sh-circFIRRE-1 and -2) or scramble shRNA lentivirus (sh-N.C.) 
(n=3 in each group). B-C CCK8 assay was applied to measure the cell viability influenced by circFIRRE knockdown at different time points in both 
MG63 and U2OS (n=6 at each time point). D-F EdU assay was performed to detect cell proliferation after circFIRRE silencing in MG63 and U2OS. 
S-phase entry was visualized by EdU incorporation (red); DAPI-stained nuclei (blue). Scar bar=200 μm. Image quantification conducted as described 
in methods (n=5 in each group). G-I Cell migration and invasion were detected by transwell assay after circFIRRE silencing in MG63 and U2OS cells. 
Scar bar=400 μm. Image quantification conducted as described in methods (n=5 in each group). J Relative expression of circFIRRE and linear FIRRE 
in both MG63 and U2OS cells was detected by RT-qPCR after transfection of circFIRRE overexpression vectors or scramble vectors (n=3 in each 
group). K-L CCK8 assay was applied to measure the cell viability after circFIRRE overexpression at different time points in MG63 and U2OS (n=6 at 
each time point). M-R EdU and Transwell assays were employed to detect cell proliferation, migration and invasion after circFIRRE overexpression 
in MG63 and U2OS. Scar bars=200 μl and 400 μm. Values are presented as mean ± SD; the bar charts, line charts, error bars and dots represent 
the quantitative analysis of 3 independent experiments; two-way ANOVA was used; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not 
significant
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of circFIRRE on cell proliferation, migration and tube 
formation capacities. First, we transferred three circ-
FIRRE targeted siRNAs into HUVEC cells, and found 
that si-1 and si-2 diminished more than 50% circ-
FIRRE expression level (Fig.  4D), exhibiting a rela-
tively good knockdown effect. Therefore, we selected 
them for functional experiments. Second, we verified 
the role of circFIRRE in HUVEC proliferation, motil-
ity and tube formation by CCK8 (Fig. S5A), EdU assay 
(Fig. S5B-C), wound healing assay (Fig. S5D), Transwell 
migration assay (Fig. S5E-F) and tube formation assay 
(Fig. 4E-F). It was found that si-circFIRRE significantly 
compromised cell proliferation, migration and tube for-
mation capabilities in HUVEC cells compared to the 
control. Third, we used ex  vivo aortic ring endothelial 
cell sprouting assay and in  vivo chick chorioallantoic 
membrane (CAM) assay to further verify our hypoth-
esis. The aortic ring assay showed that si-circFIRRE 
transfected aortic rings were embedded in collagen for 
seven days, and less microvessel area was observed as 
compared with the normal group (Fig. 4G, Fig. S5G-H). 
CAM is a highly vascularized extraembryonic mem-
brane of the chick embryo, in which newly formed ves-
sels were obviously compromised after si-circFIRRE 
co-incubation (Fig.  4H, Fig. S5I-J). All these findings 
demonstrated that circFIRRE knockdown significantly 
restrained angiogenesis.

Then, we transfected circFIRRE plasmids into 
HUVEC cells and the overexpression efficiency assessed 
by RT-qPCR is shown in Fig. S6A. Cell viability and 
migration capabilities of HUVEC cells were evaluated 
by CCK8, EdU, wound healing and Transwell migra-
tion assays, and the results showed that circFIRRE 
was vital in maintaining proliferation and migration of 
HUVEC cells (Fig. S6B-G). Tube formation assay was 
performed to assess new sprout and the result showed 
that circFIRRE overexpression prominently increased 
the branch points and capillary length of HUVEC cells 
(Fig.  4I-J). CAM and aortic ring assays illustrated that 
circFIRRE could promote angiogenesis as well (Fig. 4K-
L, Fig. S6H-K). Finally, all these experiments revealed 

that circFIRRE can facilitate neovascularization in neo-
plasm metastasis.

The expression of circFIRRE in OS can be regulated by YY1
Given the significant upregulation of circFIRRE in OS, 
we assumed that circFIRRE was regulated by upstream 
transcription factor (TF) in human OS development. 
We retrieved the promoter sequence of FIRRE from 
UCUS Genome Browser (http:// genome. ucsc. edu/), 
and then applied three algorithms (UCSC, PROMO, 
JASPAR) to predict potential TFs that could combine 
the promoter sequence. It was found that Yin Yang 1 
(YY1) was the only TF in the overlap of these algorithms 
(Fig.  5A). Furthermore, we applied Gene Expression 
Profiling Interactive Analysis (GEPIA, https:// gepia. 
cancer- pku. cn/) in The Cancer Genome Atlas (TCGA) 
database and found that the expression level of YY1 and 
gene FIRRE were elevated in sarcoma (SARC) (Fig. S7A-
B). Analysis of our RNA-seq results showed that YY1 
and gene FIRRE expressions were elevated in OS sam-
ples compared with those in the adjacent no-tumorous 
samples, which is consistent with the upregulation of 
circFIRRE (Fig. S7C-D). We then detected expression 
level of YY1 in 35 paired OS samples and found that 
circFIRRE was highly expressed in OS samples relative 
to the adjacent normal controls, and was positively cor-
related with the expression level of circFIRRE (Fig. 5B-
C). At cellular level, YY1 was relatively upregulated in 
MG63 and U2OS cells compared to hFOB1.19 cells 
(Fig. 5D).

Subsequently, we compared promoter sequence of circ-
FIRRE with YY1 binding motif in JASPAR and predicted 
two possible YY1 binding sites in circFIRRE promoter 
(Fig. 5E), and dual-luciferase reporter assays were applied 
to verify two possible binding sites. In wild type (WT) 
group, the luciferase activity of circFIRRE promoter was 
strengthened under YY1 overexpression, and the muta-
tion of either binding site 1 or 2 partially rescued the 
strengthened effect, whereas luciferase activity exhibited 
no significant change when we mutated both binding site 
1 and 2 (Fig. 5F).

Fig. 4 circFIRRE can induce angiogenesis in vitro, ex vivo and in vivo. A Schematic description of the flow of magnetic bead cell sorting. 
B Validation of differentially expressed circFIRRE in primary endothelia cells by RT-qPCR (n=3 in each group). C Validation of differentially expressed 
circFIRRE in different endothelia cell lines by RT-qPCR (n=3 in each group). D HUVEC cells were transiently transfected with circFIRRE-siRNAs or 
scramble siRNA (si-N.C.). 48 hours after transfection, the relative circFIRRE expression in HUVEC cells were detected by RT-qPCR (n=3 in each group). 
E-F Tube formation assay was applied to determine cell tube formation ability after circFIRRE silencing in HUVEC cells. Scar bar=1mm. Image 
quantification were conducted as described in methods (n=3 in each group). G Representative immunofluorescence staining of aortic rings. BS1 
lectin-FITC (green) indicated endothelial sprouts; α-SMA-Cy3 (red) stained supporting cells; DAPI-stained nuclei (blue). Scale bars=400 μm and 150 
μm. H Representative images of CAM photographed on plastic dished after resection from eggs. Scale bars=4 cm and 2 cm. I-L Tube formation, 
aortic ring and CAM assays were conducted to examine angiogenesis level induced by circFIRRE overexpression, respectively. Values are presented 
as mean ± SD; the bar charts, error bars and dots represent the quantitative analysis of 3 independent experiments; (B, 2-tailed Student t test; C, D, 
one-way ANOVA; F, J, two-way ANOVA); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

(See figure on next page.)

http://genome.ucsc.edu/
https://gepia.cancer-pku.cn/
https://gepia.cancer-pku.cn/
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As the linear transcript of gene FIRRE, linear FIRRE is 
also a well-known long noncoding RNA (lncRNA) FIRRE. 
The RNA-seq results showed that the expression level of 
linear FIRRE in OS samples was more than treble that in 
adjacent normal samples, but its extent of upregulation 
was far less than that of circFIRRE (Fig. S7E-F). We next 
explored the effect of YY1 on the expression change of 
circFIRRE and linear FIRRE. Three siRNAs of YY1 were 
designed and si-YY1-1 was selected for following experi-
ments according to the relatively better knockdown effect 
(Fig. 5G). The expression level of circFIRRE in MG63 and 
U2OS was decreased significantly after YY1 knockdown, 
while there was a minimal decreased in linear FIRRE 
expression, showing no significant difference between the 

two groups (Fig. 5H-I), YY1 overexpression exhibited the 
similar results (Fig. 5J-L). These results suggest the prob-
ability that the transcriptional regulatory effect of YY1 is 
mainly on circFIRRE, rather than on linear FIRRE. Alto-
gether, YY1 may be an activator of circFIRRE transcrip-
tion in OS.

circFIRRE may sponge miR‑486‑3p and miR‑1225‑5p in OS 
cells
Knowing that circFIRRE was predominantly expressed 
in cytoplasm (Fig.  1F-H), we assumed that circFIRRE 
might act as miRNA sponge to neutralize miRNA-medi-
ated gene silencing. Initially, RNA immunoprecipitation 
targeting AGO2 (argonaute RISC catalytic component 
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2) protein, a core component of RNA-induced silencing 
complex (RISC) was performed. AGO2 protein acted 
as an intermediary binding both miRNAs and target 
mRNAs. The results showed that circFIRRE was enriched 
specifically by AGO2 pull down instead of immunoglob-
ulin G (IgG) (Fig. 6A-C), suggesting that circFIRRE may 
bound to RISC and sponge corresponding miRNAs.

Furthermore, we applied five algorithms (miRanda, 
RNAhybrid, Interactome, circbank and RegRNA2.0) to 
predict the potential target miRNAs of circFIRRE, and 
identified miR-486-3p and miR-1225-5p as candidates 
from the overlap between the databases (Fig.  6D). We 
sought to verify whether circFIRRE could regulate the 
expression levels of miR-486-3p and miR-1225-5p by 
RT-qPCR. The results illustrated that these two miRNAs 
were significantly declined in 35 paired OS samples and 
cell lines relative to the adjacent normal controls and 
osteoblasts (Fig. 6E, Fig. S8A-B), and they were negatively 
correlated with circFIRRE expression (Fig.  6H-I). FISH 
assay further confirmed these patterns (Fig. 6F-G). Then, 
the expression level of miR-486-3p and miR-1225-5p was 
significantly upregulated by circFIRRE knockdown (si-
circFIRRE-1), and down-regulated by circFIRRE over-
expression (Fig.  6J-K). These results demonstrated that 
miR-486-3p and miR-1225-5p were comparatively low-
expressed in OS, and negatively regulated by circFIRRE.

Additionally, we investigated whether circFIRRE could 
directly bind these two miRNAs by pull-down assay by 
using a specific biotin-labelled circFIRRE probe. It was 
found that the circFIRRE probe could specifically enrich 
circFIRRE, miR-486-3p and miR-1225-5p in cell lysate 
relative to the oligo probe (Fig. S8C-D, Fig. 6L-M). Spe-
cific biotin-labelled miR-486-3p and miR-1225-5p probes 
were applied in pull-down assay for further verification 
and successfully captured circFIRRE compared with the 
control probe (Fig.  6N-O). Apart from RNA pull-down, 
binding sites for miR-486-3p or miR-1225-5p in circ-
FIRRE were forecasted by circinteractome (https:// circi 

ntera ctome. nia. nih. gov/) algorithm (Fig. S8E), and dual-
luciferase reporter assay was performed via co-trans-
fecting luciferase reporter plasmids with miR-486-3p or 
miR-1225-5p mimics into HEK-293 T cells. The results 
showed that miR-486-3p and miR-1225-5p synergisti-
cally diminished the luciferase activity by at least 50% 
compared with the negative control miRNA. We sub-
sequently mutated the predicted miRNA binding sites 
from the luciferase reporter plasmid, finding that the 
mutant luciferase reporter activity remained unchanged 
after miRNAs transfection (Fig.  6P). These results were 
supported by the colocalization of circFIRRE and cor-
responding miRNAs in MG63 and U2OS as sown by 
double FISH assay (Fig. 6Q-R). All these findings suggest 
that circFIRRE may work as a sponge for miR-486-3p and 
miR-1225-5p.

LncRNA FIRRE, as the linear transcript isoform of 
circFIRRE, can function as a sponge for miRNAs as well 
[22]. Hence, we needed to ruled out the possibility that 
FIRRE can sequester miR-486-3p and miR-1225-5p. First, 
Lncbase, miRcode and miRDB were applied to predict 
the interactions between FIRRE and two miRNAs (miR-
486-3p and miR-1225-5p), and no specific interaction 
was found between lncFIRRE and miRNAs in three pre-
diction algorithms. Second, we performed FIRRE knock-
down and pull-down assays for further verification. In 
FIRRE knockdown assay, the diminished FIRRE expres-
sion level did not affect the expression of the miR-486-3p 
and miR-1225-5p in both MG63 and U2OS (Fig. S8F-G). 
In FIRRE pull-down assay, the enrichment of miR-486-3p 
and miR-1225-5p showed no significant difference 
between FIRRE probe group and the control (Fig. S8H-
J). In all, we could preliminarily rule out the possibility 
that linear FIRRE can sequester miR-486-3p and miR-
1225-5p. Only circFIRRE functioned as a miRNA sponge 
for miR-486-3p and miR-1225-5p.

Fig. 6 circFIRRE acts as a sponge for miR-486-3p and miR-1225-5p (A-C) Anti-AGO2 RNA immunoprecipitation (RIP) assay was performed to 
estimate AGO2 binding to circFIRRE in MG63 and U2OS cells, followed by RT-qPCR and RT-PCR detection, using IgG as the negative control (n=3 in 
each group). D Schematic illustration exhibited overlapping of the target miRNAs of circFIRRE predicted by five algorithms. E The relative expression 
of miR-486-3p and miR-1225-5p declined in 35 paired OS samples relative to adjacent normal controls through RT-qPCR detection, respectively. 
F-G Representative images of FISH were shown to illustrated the declined miR-486-3p and miR-1225-5p expression in OS samples compare with 
the adjacent normal samples. Scale bars=100 μm and 50 μm. H-I Pearson correlation analysis indicated a negative correlation between circFIRRE 
and two miRNAs in 35 paired samples. J-K The relative expression of miR-486-3p and miR-1225-5p was detected by RT-qPCR after transfecting 
circFIRRE siRNA or overexpression vectors in both MG63 and U2OS cells (n=3 in each group). L-M circFIRRE-specific biotin-labelled probe could 
successfully capture miR-486-3p and miR-1225-5p in MG63 and U2OS, using the oligo probe as the negative control (n=3 in each group). 
N-O Specific biotin-labelled miR-486-3p and miR-1225-5p probes could successfully capture circFIRRE relative to biotin-NC probe in both MG63 and 
U2OS (n=3 in each group). P Dual luciferase assay was performed to estimate the binding between circFIRRE and two miRNAs, after co-transfecting 
miRNA mimics and luciferase reporter plasmids into HEK-293 T (n=3 in each group). Q-R Typical fields of FISH were showed to illustrate the 
co-localization of circFIRRE and two miRNAs in both MG63 and U2OS. Scale bar=50 μm. Values are presented as mean ± SD; the bar charts, error 
bars and dots represent the quantitative analysis of 3 independent experiments; two-way ANOVA were used; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; ns = not significant

(See figure on next page.)

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
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circFIRRE promotes OS tumorigenesis 
and neovascularization via the miR‑486‑3p/
miR‑1225‑5p‑LUZP1 axis in vitro
It was reported in previous studies that both miR-486-3p 
and miR-1225-5p were downregulated in OS, and the lat-
ter was able to suppress OS progression [23–25]. Thus, 
we hypothesized that circFIRRE may promote OS pro-
gression and neovascularization by restraining the pro-
tective effect of two miRNAs and activating downstream 
gene. In the first place, we aimed to seek the target gene 
of miR-486-3p and miR-1225-5p in OS. By cross-analyz-
ing three prediction algorithms (miRDB, TargetScan and 
RNAInter) and our RNA-seq data (fold-change ≥1.5, p ≤ 
0.05), we found that LUZP1, also known as Leucine Zip-
per Protein 1, was the sole predicted gene among over-
lapping gene (Fig. 7A). It was reported that LUZP1 could 
regulate cancer features by modulating actin cytoskele-
ton stability and ciliogenesis [26, 27]. Our RNA-seq anal-
ysis revealed that LUZP1 was elevated in four paired OS 
samples compared to normal adjacent samples, data from 
TCGA database also exhibited that LUZP1 was elevated 
in sacoma (SARC) compared to the normal control (Fig. 
S9A-B). The upregulated tendency was then testified in 
35 paired clinical samples using RT-qPCR (Fig. 7B), and 
they were found to be negatively correlated with miR-
486-3p and miR-1225-5p expression level, and positively 
correlated with circFIRRE (Fig. 7C-E).

In the second place, we attempted to verify the role 
of LUZP1 in tumor progression and angiogenesis. The 
knockdown effect of LUZP1 specific siRNA was identi-
fied in mRNA and protein level (Fig. S9C-D). CCK8 assay, 
Transwell migration and invasion assays were performed 
to detect proliferation, migration and invasion abilities 
of MG63 and U2OS cells transfected with si-LUZP1 or 
control vector. At the same time, tube formation capa-
bilities of HUVEC cells transfected with si-LUZP1 or 
control vector were detected using tube formation assay. 
Results showed that reduction of LUZP1 expression led 
to weakened proliferation, migration and invasion abili-
ties in OS cells and weakened tube formation capabili-
ties in HUVEC (Fig. S9E-L), indicated that LUZP1 was 

the target of circFIRRE that affected tumor growth, lung 
metastasis and angiogenesis.

In the third place, we sought to demonstrate whether 
circFIRRE regulated LUZP1 via miR-486-3p and miR-
1225-5p. Firstly, we co-transfected luciferase reporter 
plasmids with miR-486-3p and miR-1225-5p mimics in 
HEK-293 T cells to investigate the interaction between 
these two miRNAs and LUZP1. The decreased luciferase 
activity by the LUZP1 3′-UTR was accompanied with 
miRNAs overexpression. In contrast, luciferase activ-
ity remained unchanged compared with the controls 
after LUZP1 3′-UTR mutation (Fig. 7F, Fig. S10A). Sec-
ondly, we detected the regulatory relationship between 
circFIRRE and LUZP1, and found that the mRNA and 
protein levels of LUZP1 was strikingly downregulated 
after circFIRRE knockdown (si-circFIRRE-1 and 2), and 
significantly upregulated when circFIRRE were overex-
pressed (Fig. S10B-E). Thirdly, rescue assays were applied 
using RT-qPCR and Western blot. The results showed 
that endogenous LUZP1 down-regulation induced by 
si-circFIRRE-1 was partially rescued by miR-486-3p 
or miR-1225-5p inhibitors in mRNA and protein level 
(Fig. 7G-H).

In the last place, we aimed to determine whether circ-
FIRRE promoted tumor progression and angiogenesis in 
OS via sponging miR-486-3p and miR-1225-5p in  vitro. 
Both circFIRRE stable knockdown OS cells (MG63, 
U2OS) and untreated HUVEC cells were applied in func-
tional experiments. Functionally, CCK8 assay illustrated 
that miR-486-3p and miR-1225-5p inhibitors greatly 
abolished the inhibitory effects on sh-circFIRRE-1 cell 
proliferation (Fig. S10F). Wound healing assay and 
Transwell migration and invasion assay illustrated that 
miR-486-3p and miR-1225-5p inhibitors markedly elimi-
nated the inhibitory effects on migration and invasion 
in sh-circFIRRE-1 cells (Fig. S10G, Fig.  7I-J). Moreo-
ver, tube formation assay revealed that miR-486-3p and 
miR-1225-5p inhibitors markedly increased the reduced 
branch points and capillary length in si-circFIRRE-1 
cells (Fig.  7K-L). Collectively, these findings demon-
strated that circFIRRE promoted OS progression and 

(See figure on next page.)
Fig. 7 circFIRRE promotes OS tumorigenesis and angiogenesis by miR-486-3p/miR-1225-5p-LUZP1 axis in vitro. A Schematic illustration exhibited 
overlapping of the target genes of miR-486-3p and miR-1225-5p predicted by three algorithms and RNA-sequencing data. B The relative expression 
of LUZP1 declined in 35 paired OS samples relative to adjacent normal controls through RT-qPCR detection, respectively. C-E Pearson correlation 
analysis illustrated that LUZP1 was positively correlated with circFIRRE, while negatively correlated with miR-486-3p and miR-1225-5p in 35 paired 
samples. F Dual luciferase assay was performed to verify whether miR-486-3p and miR-1225-5p could bind to predicted binding sites of LUZP1 
(n=3 in each group). G-H Relative mRNA and protein expression of LUZP1 were suppressed under circFIRRE silencing, while the downregulation of 
LUZP1 was retarded by miR-486-3p and (or) miR-1225-5p inhibitors. I-L Transwell assay and tube formation assay were conducted in MG63, U2OS 
and HUVEC cells on the third day after co-transfection. Scar bars=400 μm and 1mm. Values are presented as mean ± SD; the bar charts, error bars 
and dots represent the quantitative analysis of 3 independent experiments; (B, G, 2-tailed Student t test; F, J, L, two-way ANOVA); *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001; ns = not significant
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neovascularization in  vitro, at least partially, through 
miR-486-3p/miR-1225-5p-LUZP1 pathway.

circFIRRE acts as miRNA sponge to promote both OS 
tumorigenesis in situ and metastasis in vivo
To verify the functions of circFIRRE-miR-486-3p/miR-
1225-5p axis in  vivo, both orthotopic xenograft tumor 
model and tail vein metastasis model were set up. Stable 
MG63 cells transfected with empty virus were used as 
negative control (Group-A), stable MG63 cells trans-
fected with sh-circFIRRE-1 (Group-B) or co-transfected 
with sh-circFIRRE-1 and these two miRNA sponges 
(Group-C) were established. Considering the tibia is 
the common primary site of OS, we injected MG63 cells 
labelled with luminescent dye into the marrow cavity 
of the right tibia and established an orthotopic xeno-
graft tumor model (ten mice in each group). Four weeks 
after injection, in vivo bioluminescence imaging (IVIS) 
assay was applied to monitor the process of tumorigen-
esis. The luciferase Intensities illustrated that circFIRRE 
knockdown reduced the tumor size in  situ, videlicet, 
restrained OS cell proliferation, while miR-486-3p and 
miR-1225-5p suppression alleviated the impairment 
(Fig.  8A). In addition, micro-CT scans and 3-D recon-
struction were performed to evaluate the bone destruc-
tion caused by tumorigenesis 5 weeks after injection. 
The results exhibited grievous tibiofibula and joint 
destructions in the control group, and the bone destruc-
tion was alleviated in sh-circFIRRE group, while the 
repairment of sh-circFIRRE was rescued by miR-486-3p 
and miR-1225-5p sponges (Fig. 8B), which is consistent 
with the consequence of IVIS. Five weeks after injec-
tion, mice were sacrificed and OS lesions were obtained 
for immunohistochemical (IHC) and protein analyses. 
The IHC results showed that the tumor proliferative 
activity was diminished as shown by the cell prolifera-
tion marker ki-67, and the EMT capacity was inhibited 
as shown by the mesenchymal markers N-cadherin and 
Vimentin, and the epithelial marker E-cadherin in sh-
circFIRRE-1 group, while these tumor characteristics 

were rescued by miRNA sponges (Fig. 8C, Fig. S11). The 
down-regulated protein level of LUZP1 was observed 
in sh-circFIRRE-1 group relative to the control, while 
inhibition of miR-486-3p and miR-1225-5p partially 
abrogated the downregulation in IHC and Western bolt 
analyses (Fig. 8D-E).

To further investigate how circFIRRE regulated tumor 
pulmonary metastasis and angiogenesis, we constructed 
a lung metastasis model by injecting stable MG63 cells 
labelled with firefly luciferase into the lateral tail vein of 
nude mice (ten mice in each group). MG63 cells were 
treated with (Group-B) or without sh-circFIRRE-1 trans-
fection (Group-A) or with both circFIRRE and miR-
486-3p & miR-1225-5p silenced (Group-C). According to 
the luciferase intensity in IVIS assay 4 weeks after injec-
tion, we found diffuse metastasis in the lung field of the 
mice in control group; the lung zone in the sh-circFIRRE 
group was relatively clear without pervasive metastasis; 
and silencing miR-486-3p and miR-1225-5p dramatically 
increased the extent of lung metastasis and the meta-
static lesion size compared with sh-circFIRRE group 
(Fig.  8F). Analogously, micro-CT scans and 3-D recon-
struction exhibited a prominent shrinkage in the tumor 
volume and number in the sh-circFIRRE group relative 
to the control group, while the volume and number of 
metastatic lesions was increased in sh-circFIRRE and 
miRNAs sponge group as compared with sh-circFIRRE 
group (Fig. 8G-I). The photograph under while light and 
haematoxylin and eosin (H&E) staining of the excised 
lungs further confirmed this conclusion (Fig. 8J-K). The 
expression of circFIRRE and miRNAs was detected by 
FISH test, and fluorescence in the metastatic lesions dis-
played the knockdown effect of sh-circFIRRE-1, and the 
knockdown of circFIRRE was rescued by miR-486-3p 
and miR-1225-5p sponges (Fig. S12). Vascular endothe-
lial growth factor (VEGF) is an indispensable mediator 
of angiogenesis, and upregulated expression of VEGF 
means the course of aberrantly activated angiogenesis 
[28]. CD31 is the marker of vascular endothelial cells, 
which represents the formed blood vessel in lesions. 

Fig. 8 circFIRRE promotes both primary OS progression and metastasis in vivo by sponging miRNAs. MG63 cells infected with empty virus 
(Group-A), sh-circFIRRE-1 (Group-B) or co-infected with sh-circFIRRE-1 and miR-486-3p+1225-5p sponges (Group-C) for in vivo assays. 
A-E Orthotopic xenograft tumor models (n=10 in each group). A IVIS imaging was applied to determine the OS lesions in situ. The representative 
images were acquired with the same exposure. B Micro-CT scans and 3-D reconstruction were performed to estimate bone destruction induced 
by tumorigenesis in situ. C-D Ki-67 and LUZP1 detection in bone lesions by IHC. E LUZP1 protein level in bone lesions was examined by western 
blot. F-N Tail vein metastasis models (n=10 in each group). F Representative IVIS imaging of metastatic tumor activity in the lung with the same 
exposure. G-I 3-D reconstructions of micro-CT. G The white arrowhead indicates the metastatic lesions in the lung. H-I Quantitation of tumor 
volumes and numbers. J-K Collected lungs and Hematoxylin and eosin (H&E) staining. K The black arrowhead indicates the metastatic lesions in 
the lung. L-N VEGF, CD31 and LUZP1 detection in lung lesions by IHC. O LUZP1 protein level in lung lesions was examined by western blot. P A 
proposed model of circFIRRE in modulating OS tumorigenesis, metastasis and angiogenesis via YY1-circFIRRE-miR-486-3p/miR-1225-5p-LUZP1 axis. 
Scale bars of IHC=100 μm and 50 μm

(See figure on next page.)
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VEGF and CD31 staining in metastatic OS showed that 
angiogenesis was significantly activated in both control 
and miRNAs sponge groups, and restrained in sh-circ-
FIRRE-1 group (Fig.  8L-M). In addition, IHC demon-
strated significant changes in the expression of ki-67, 
N-cadherin, E-cadherin and Vimentin (Fig. S13). Also, 
IHC and Western blot validated corresponding changes 
in LUZP1 expression in the metastatic lesions (Fig. 8N-
O). All these findings demonstrated that circFIRRE 
promoted the in-situ growth, lung metastasis and angi-
ogenesis of OS by sponging miR-486-3p/miR-1225-5p 
in vivo.

Discussion
In this study, we screened the anomalously expressed 
circRNAs between four paired OS and adjacent samples 
through RNA-seq, and compared their differences in the 
potential function and latent mechanism of increased 
circFIRRE expression. The result showed that the tran-
scription factor YY1 at least partially contributed to the 
upregulation of circFIRRE in human OS.

It is reported [29] that more than 80% high-grade OS 
patients developed metastasis within one year after 
amputation treatment, and the lung is the most com-
mon site of OS metastasis, comprising more than 85% of 
distant metastases. Despite the remarkable progress in 
therapeutic strategies for OS, the curative effect remains 
unsatisfactory, and the 5-year survival rate remains below 
20% in OS patients with lung metastases [2].

Angiogenesis and vascular remodeling promote 
pulmonary metastasis in that disseminated tumor 
cells hijack the pre-existent blood vessels of the sur-
rounding lung tissue and tilt the balance toward pro-
angiogenesis, and thriving vascular growth further 
supports secondary lung tumor generation [30–32]. 
Conspicuous neo-angiogenesis was also reported in 
OS pulmonary metastasis [33]. In recent years, many 
anti-angiogenic therapeutic agents have been identified 
and approved by the US Food and Drug Administration 
(FDA), including the growth factor inhibitor Bevaci-
zumab (Avastin™), tyrosine kinase inhibitors Apatinib 
(Aitan®), Sorafenib (Nexavar®), Regorafenib (Stivarga®) 
and Pazopanib (Armala®), and human recombinant 
endostatin (Endostar®) [6]. However, researches on 
the molecular targets proposed for anti-angiogenesis 
is still in the infantile stage. Clinically, most targeted 
anti-angiogenic regimens are merely recommended 
as the second-line agent in OS pulmonary metastasis 
treatment due to the pessimistic efficacy of long-term 
administration and potential side effects. The drug 
resistance to anti-angiogenic reagents severely impairs 
the long-term therapeutic effect, which is tricky in 
clinical treatment. Some common side effects have a 

relative high incidence, including gastrointestinal reac-
tion, delayed wound healing, thrombosis and cardio-
vascular complications [34].

It was found in our study that elevated expression 
of circFIRRE promotes the angiogenic capacity of 
endothelial cells in  vitro and pulmonary metastasis 
in the xenograft tumor model. The expression level of 
circFIRRE in tumor lesions was positively correlated 
with the lung metastasis of OS patients. Meanwhile, 
upregulated circFIRRE facilitated the viability, migra-
tion and invasion of OS cells in  vitro, and promoted 
in  situ tumorigenesis near the proximal tibia. Analy-
sis of the baseline characteristics of the OS patients 
revealed that a higher circFIRRE level was correlated 
with poorer OS and DFS. In conclusion, circFIRRE 
could be a promising diagnostic or therapeutic target 
for the following reasons: (i) owing to its covalent cyclic 
structure, circFIRRE could resist degradation and sta-
bly express in OS; (ii) circFIRRE was highly expressed 
in the OS tissue but not in the adjacent normal tissue, 
indicating its tissue specificity; (iii) circFIRRE was con-
sistently upregulated in both early stages of primary 
OS and secondary pulmonary metastatic stage, which 
may act as an indicator for long-term observation 
throughout the course of OS development and pro-
gression; and(iv) specially, circFIRRE was more highly 
expressed in the lung metastatic lesions than that in the 
orthotopic lesions in a mouse xenograft tumor model 
(Fig. 1C), indicating its temporal specificity.

To date, many strategies have been employed to target 
circRNAs for therapeutic purposes, including exosome- 
and nanoparticle- mediated circRNAs delivery thera-
peutics, cre-lox system-mediated conditional circRNA 
knockdown and knockout, CRISPR/Cas13-mediated 
circRNA knockdown, CRISPR/Cas9-mediated circRNA 
knockout [35, 36]. Many circRNA-targeted therapeu-
tic strategies are currently under preclinical and clinical 
investigations for efficacy and safety, appearing prospec-
tive for clinical application. Deeper investigation on 
circFIRRE has revealed that it is not only induced by 
the upstream transcription factor YY1 but regulates the 
downstream miR-486-3p/miR-1225-5p-LUZP1 pathway, 
suggesting that it may be possible to use a single-target 
regimen aiming at circFIRRE for the treatment of pulmo-
nary metastasis in OS. Considering the crosstalk between 
the upstream and the downstream, a multiple-target 
regimen by adding YY1 and miRNAs target points on 
the basis of circFIRRE may be a better therapeutic option 
in OS patients with advanced lung metastases. In addi-
tion, as circFIRRE and relative signaling pathway could 
promote OS progression and intractable lung metasta-
sis, prophylactic treatment targeting the above target 
points before symptomatic onset of the disease may have 
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a preventive effect on the occurrence of the disease and 
can significantly improve the prognosis.

Interestingly, RNA-seq of our study revealed that the 
level of both circFIRRE and linear FIRRE transcript was 
elevated in OS samples, while ascensional ranges were 
highly inconsistent in that circFIRRE was upregulated by 
30 times and linear FIRRE was upregulated by 4 times in 
OS. Physiologically, a previous study [37] reported that 
dominant isoforms of gene FIRRE transcription product 
was circular, with merely minor linear FIRRE transcript 
during human embryonic stem cell differentiation. Path-
ologically, circFIRRE was prominently upregulated and 
promoted the progression and multiple organ metas-
tases of multiple carcinomas [38–40], including blad-
der cancer, breast cancer and non-small cell lung cancer 
(NSCLC). These results suggest that the increased pro-
portion of circFIRRE in transcriptional outputs may be 
universal. The circFIRRE-targeted treatment regimen 
could apply to a wide variety of tumor types, and may 
ultimately become a broad-spectrum antitumor regimen 
after further verification. Mechanistically, it was reported 
that specific repeat sequences in genome, such as Alu ele-
ments, could promote circularization in cells [41, 42], so 
the differences in specific genomic location may partially 
contribute to the elevated circFIRRE level, but the spe-
cific mechanism in transcription imbalance remains to be 
investigated.

Conclusions
In conclusion, circFIRRE was upregulated in OS 
patient samples compared with the adjacent normal 
samples. Elevated circFIRRE expression was positively 
corelated with poor clinical characterization. The 
regulatory effect of the YY1-circFIRRE-miR-486-3p/
miR-1225-5p-LUZP1 pathway in OS was preliminar-
ily verified both in  vitro and in  vivo. Our study is the 
first to illuminate the role of circFIRRE in tumorigen-
esis and angiogenesis of OS, which may provide a use-
ful reference for molecular biological, diagnostic and 
therapeutic research of circRNAs in refractory OS and 
other neoplasms.
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Additional file 1. 

Additional file 2: Figure S1. Validation of differentially expressed 
circRNAs in RNA-seq. (A) The length distribution of aberrantly expressed 
circRNAs in RNA-seq. (B) 30 upregulated circRNAs were screened out 
through filter criteria as described and sorted by name. (C) Quantification 
of the fluorescence intensity of circFIRRE in FISH assay (n=5 in each 
group). (D) Online prediction algorithms (lncLocator, www.csbio.sjtu.edu.
cn/bioinf/lncLocator) was applied to explore the intracellular localization 
of circFIRRE in OS cells. (E) Quantification of the fluorescence intensity of 
circFIRRE in both nucleus and cytoplasm in FISH assay (n=15 in each 
group). Figure S2. Baseline clinical data and GSEA analysis data. (A) 
Clinical baseline characteristics of 104 OS patients. (B-F) GSEA (https://
www.gsea-msigdb.org/gsea/index.jsp) analysis of hallmark gene sets 
showed that highly expressed circFIRRE was associated with epithelial 
mesenchymal transition (EMT), cell cycle (E2F targets, G2M checkpoint 
and mitotic spindle) and angiogenesis.  Figure S3. circFIRRE knockdown 
can inhibit OS progression in vitro. (A) Three circFIRRE-specific shRNAs 
were designed and the knockdown efficiency were verified by RT-qPCR in 
both MG63 and U2OS (n=3 in each group). (B) CCK8 assay was applied to 
estimate cell viability influenced after transient transfection of siRNAs 
(si-circFIRRE-1 and -2) at different time points in both MG63 and U2OS 
(n=6 at each time point). (C) Wound healing assay exhibited cell 
migration. Scar bar=200 μm. (D) Schematic of the lentiviral vector GV344 
(hU6-MCS-Ubiquitin-firefly_Luciferase-IRES-puromycin). (E) Wound healing 
assay exhibited cell migration after stable infection of lentivirus in MG63 
and U2OS cells. Scar bar=200 μm. (F-H) Flow cytometry analysis of cell 
cycle distribution. (G-H) Quantification of cell cycle in MG63 and U2OS 
cells (n=3 in each group). Values are presented as mean ± SD; the bar 
charts, line charts, error bars and dots represent the quantitative analysis 
of 3 independent experiments; two-way ANOVA were used; *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant. Figure S4. 
circFIRRE overexpression can promote OS progression in vitro. (A) 
Schematic of the circFIRRE overexpression vector GM-7183. (B) Sanger 
sequencing was applied to verify back-spliced junction of circFIRRE 
(GGAG) after vector construction. (C) Wound healing assay exhibiting cell 
migration. Scar bar=200 μm. (D-F) Flow cytometry assays presenting cell 
cycle distribution. Values are presented as mean ± SD; the bar charts, error 
bars and dots represent the quantitative analysis of 3 independent 
experiments; two-way ANOVA were used; *P < 0.05; **P < 0.01. Figure S5. 
circFIRRE knockdown can inhibit angiogenesis. (A) CCK8 assay was applied 
to estimate cell viability influenced after transient transfection of siRNAs 
(si-circFIRRE-1 and -2) at different time points in HUVEC cells (n=6 at each 
time point). (B-C) EdU assay was performed to estimate cell proliferation 
after circFIRRE silencing in HUVEC cells. S-phase entry is visualized by EdU 
incorporation (green); DAPI-stained nuclei (blue). Scar bar=200 μm. (C) 
Quantification was conducted as described (n=5 in each group). (D-F) 
Wound healing and Tranwell migration assays exhibited cell migration 
after circFIRRE silencing in HUVEC cells. Scar bars=200 μm and 400 μm. (F) 
Quantification of Transwell assay was conducted as described (n=5 in 
each group). (G) White light micrographs (top) and highlighted 
microvessel areas (red) in fluorescence micrographs (bottom) at the same 
fields of Figure 4G. Scar bars=1 mm and 400 μm. (H) Quantification of 
aortic ring microvessel area compared to negative control aorta (n=5 in 
each group). (I) White light images of CAM photographed in fertilized 
eggs at the same fields of Figure 4H. (J) The statistical results of the CAM 
assay (n=5 in each group). Values are presented as mean ± SD; the bar 
charts, line charts, error bars and dots represent the quantitative analysis 
of 3 independent experiments; (C, F, H, one-way ANOVA; J, two-way 
ANOVA); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Figure S6. 
circFIRRE overexpression can promote angiogenesis. (A) Relative circFIRRE 
expression was detected by RT-qPCR after overexpression vectors or 
scramble vectors transfection in HUVEC cells (n=3 in each group). (B-D) 
CCK8 and EdU assays exhibited cell proliferation in HUVEC under circFIRRE 
overexpression. Scar bar=200 μm. (E-G) Wound healing and Transwell 
migration assays exhibited cell migration in HUVEC under circFIRRE 
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overexpression. Scar bars=200 μm and 400 μm. (H) White light 
micrographs (top) and highlighted microvessel areas (red) in fluorescence 
micrographs (bottom) at the same fields of Figure 4K. Scar bars=1mm and 
400 μm. (I) Quantification of aortic ring microvessel area compared to 
negative control aorta (n=5 in each group). (J) White light images of CAM 
photographed in fertilized eggs at the same fields of Figure 4L. (K) The 
statistical results of the CAM assay (n=5 in each group). Values are 
presented as mean ± SD; the bar charts, line charts, error bars and dots 
represent the quantitative analysis of 3 independent experiments; (A, D, G, 
I, 2-tailed Student t test; B, K, two-way ANOVA); *P < 0.05; **P < 0.01; ****P 
< 0.0001. Figure S7. circFIRRE is induced by YY1. (A-B) Relative expression 
of YY1 and gene FIRRE was upregulated in sarcoma (SARC) in TCGA 
database. (C-E) The FPKM of YY1, gene FIRRE and linear FIRRE in RNA-seq. 
(F) Fold change of linear FIRRE and circFIRRE in RNA-seq.  Figure S8. 
circFIRRE can sponge miR-486-3p and miR-1225-5p. (A-B) Relative 
expression of miR-486-3p and miR-1225-5p was examined by RT-qPCR in 
5 OS cell lines and normal osteoblasts (n=3 in each group). (C-D) 
Preliminary experiments to test circFIRRE probe by RT-qPCR and RT-PCR in 
both MG63 and U2OS cells (n=3 in each group). (E) The predicted binding 
sites of miR-486-3p and miR-1225-5p in circFIRRE. (F) Validation of FIRRE 
siRNAs knockdown in MG63 and U2OS (n=3 in each group). (G) Relative 
expression of miR-486-3p and miR-1225-5p was examined by RT-qPCR 
under FIRRE knockdown (n=3 in each group). (H-I) Preliminary experi-
ments to test FIRRE probe by RT-qPCR and RT-PCR in both MG63 and 
U2OS cells (n=3 in each group). (J) Relative expression of miR-486-3p and 
miR-1225-5p was examined by RT-qPCR under FIRRE pull-down (n=3 in 
each group). Values are presented as mean ± SD; the bar charts, error bars 
and dots represent the quantitative analysis of 3 independent experi-
ments in A, B; (A, B, one-way ANOVA; C, F, G, H, J, two-way ANOVA); **P < 
0.01; ***P < 0.001; ****P < 0.0001. Figure S9. LUZP1 knockdown can 
inhibit tumor proliferation, progression and angiogenesis. (A) The FPKM of 
LUZP1 in RNA-seq. (B) Relative expression of LUZP1 in sarcoma (SARC) in 
TCGA database. (C-D) Validation of LUZP1 siRNA knockdown in MG63 and 
U2OS. (E-F) CCK8 assay was applied to estimate cell viability influenced by 
LUZP1 knockdown at different time points in both MG63 and U2OS (n=6 
at each time point). (G-J) Transwell migration and invasion assays were 
employed to detect cell migration and invasion abilities influenced by 
LUZP1 knockdown (n=3 in each group). Scar bar=400 μm. (K-L) Tube 
formation assay was applied to determine cell tube formation ability 
influenced by LUZP1 knockdown in HUVEC cells. Scar bar=1mm. Values 
are presented as mean ± SD; the bar charts, line charts, error bars and 
dots represent the quantitative analysis of 3 independent experiments; 
two-way ANOVA were used; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. Figure S10. circFIRRE promotes OS tumorigenesis by miR-486-3p/
miR-1225-5p-LUZP1 axis in vitro. (A) The predicted binding sites of 
miR-486-3p and miR-1225-5p in LUZP1. (B-E) The mRNA and protein level 
of LUZP1 after circFIRRE silencing or overexpression. (F) CCK8 assay 
exhibited cell proliferation in MG63 and U2OS cells (n=3 in each group). 
(G) Wound healing assay exhibited cell migration in MG63 and U2OS cells. 
Scar bar=200 μm. Values are presented as mean ± SD; the bar charts, line 
charts, error bars and dots represent the quantitative analysis of 3 
independent experiments; two-way ANOVA were used; *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001. Figure S11. Representative IHC staining 
of primary OS lesions in xenograft models (E-cadherin, N-cadherin and 
Vimentin). Scar bars=100 μm and 50 μm. Figure S12. Representative FISH 
images of lung metastatic lesions exhibited circFIRRE, miR-486-3p and 
miR-1225-5p expression in xenograft models. Scar bar=100 μm. Figure 
S13. Representative IHC staining of lung metastatic lesions in xenograft 
models (ki-67, E-cadherin, N-cadherin and Vimentin). Scar bars=100 μm 
and 50 μm. 

Additional file 3: Table S1. 163 differentially expressed circRNAs met the 
screening criteria in RNA sequencing.  
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