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CircCRIM1 suppresses osteosarcoma progression  
via sponging miR146a-5p and targeting NUMB
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Abstract: CircCRIM1 (hsa_circ_0002346) is a circular RNA derived from gene CRIM1 (the cysteine rich transmem-
brane BMP regulator 1 circRNAs) by back-splicing. Recent studies have suggested the diverse function of CircCRIM1 
in the tumorigenesis of multiple malignancies, including osteosarcoma (OS). Here, we investigated the role and 
mechanism of circCRIM1 during OS progression. Differentially expressed circRNAs (including circCRIM1) in OS and 
human osteoblast (hFOB1.19) cell lines were selected by searching the circRNA expression microarray dataset of 
GSE96964. The expression levels of circCRIM1 and its sponging miRNAs and target genes were examined by RT-
qPCR. The effects of circCRIM1 on the proliferation, migration, and invasion of OS cells were investigated by in vitro 
gain of function experiments. The in vivo function of circCRIM1 on OS was evaluated by measuring the subcutane-
ous and in situ tumor growth in nude mice. In addition, dual-luciferase reporter assay and in situ hybridization (FISH) 
were performed to explore the underlying mechanisms of circCRIM1 and its sponging miRNAs and target genes in 
OS. CircCRIM1 is downregulated in human OS cell lines and predominantly presents in the cytoplasm as demon-
strated by RT-qPCR and FISH assays. Overexpression of circCRIM1 suppressed the migration, invasion, proliferation 
of OS cells in vitro and OS tumor growth in vivo. Mechanistically, we identified miR146a-5p as a sponge miRNA of 
circCRIM1 through bioinformatic prediction and confirmed their interaction and colocalization via reporter gene as-
say and FISH analysis. This interaction leads to increase expression of the downstream target gene NUMB, which 
will cause inhibition of the Notch signal pathway. We further demonstrated that miR146a-5p overexpression could 
reverse the antitumor effect induced by circCRIM1 in OS cells. Our results support that circCRIM1 acts as a tumor 
suppressor in OS by sponging miR146a-5p and its downstream target NUMB.
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Introduction

Osteosarcoma (OS) is the most common pri-
mary bone malignant tumor typically occurs in 
adolescents (15-19 years old) with a maximum 
annual incidence of 8-11 per 10,000 [1, 2]. 
Currently, the mainstay treatment options for 
OS include limb-sparing surgery to remove the 
primary tumor, along with preoperative, and 
postoperative adjuvant chemotherapy [3-5]. 
However, given its high incidence of metasta-
sis, the 5-year survival rate of OS remains low 
[6, 7]. Despite the presurgical systemic chemo-
therapy with postoperative adjuvant immuno-
therapy having greatly improved the treatment 

efficacy, the long-term survival rate for OS 
patients with pulmonary metastases is still less 
than 20% [8, 9]. This is possibly due to the fact 
that the etiology of OS is still not clear. Therefore, 
further understanding the pathological mecha-
nism of OS will help with identification of its 
diagnostic markers and therapeutic targets and 
thus improve its survival.

Non-coding RNAs (ncRNAs) are RNA molecules 
that are not translated into protein products but 
may participate in multiple cellular processes 
and functions with their different classes of 
ncRNAs. Most of the circular RNAs (circRNAs) 
are ncRNAs that have been identified in recent 
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years through high-throughput sequencing 
technology. CircRNAs are a class of single-
stranded closed-loop RNAs produced by a 
canonical back-splicing procedure and are 
widely expressed in a variety of eukaryotes. As 
other ncRNAs, circular RNAs have been shown 
to possess important regulatory functions via 
different mechanisms. For example, after isch-
emic stroke, circSCMH1 enhances vascular 
repair and motor function recovery via FTO-
regulated m6A methylation, providing insights 
into the mechanism of circRNA in brain injury 
after acute ischemic stroke [10]. Yuan et al. 
[11] reported that in Diabetic cardiomyopathy 
(DCM), circRNA mm9_circ_008009 could res-
cue the cardiomyocytes pyroptosis by binding 
with valosin-containing protein (VCP) and block-
ing of the Med 12 protein degradation.

Several research studies have found that cir-
cRNA is not only involved in the regulation of 
various physiological activities, but also partici-
pates in the occurrence and development of 
tumorigenesis from many aspects [12-15]. In 
melanoma, downregulated circZNF609 inhibit-
ed melanoma metastasis through binding with 
FMRP to inhibit the RAS-related C3 botulinum 
toxin substrate 1 [16]. Likewise, circular RNA 
cSERPINE2, which was significantly elevated in 
breast cancer, showed a positive correlation 
with poor clinical outcomes. Circular RNA cSER-
PINE2 was able to enhance Interleukin-6 (IL-6) 
secretion by tumor-associated macrophages 
(TAMs) and promote the proliferation and inva-
sive ability of breast cancer cells [17].

CircCRIM1 was derived from the cysteine rich 
transmembrane BMP regulator 1 (CRIM1) by 
back-splicing [18]. In addition, circCRIM1 is 
involved in the progression of several cancers 
[19-22]. For example, circCRIM1 was elevated 
both in highly metastatic nasopharyngeal carci-
noma (NPC) cells and NPC tissues with distant 
metastasis, overexpression of circCRIM1 com-
petitively bound to miR-422a and suppress the 
inhibitory effect on the target gene FOXQ1, ulti-
mately promoting in metastasis and docetaxel 
chemoresistance and Epithelial-Mesenchymal 
Transition (EMT) of NPC cells [23]. Furthermore, 
recent studies suggest circCRIM1 acts as a 
tumor suppressor in non-small cell lung cancer 
(NSCLC). CircCRIM1 suppressed the immune 
evasion of NSCLC via destabilized HLA-F mRNA 
via competing interaction with IGF2BP1 [24]. 

Interestingly, two studies have reported that 
circCRIM1 exerts diametrically opposed biologi-
cal effects in OS cell lines, through a ceRNA 
mechanism, Liu et al. found that knockdown  
of circCRIM1 (circ_0053958) facilitates the 
autophagy of OS cells through inhibits the his-
tone deacetylase 4 (HDAC4), which is a sub- 
unit of class II histone deacetylases, to impede 
the progression of OS. Another group of 
researchers proposes that circCRIM1 inhibits 
OS progression at the cellular level [25, 26]. 
Nevertheless, the specific role and mechanism 
of circCRIM1 in vivo is remain elusive, and 
exploration of circCRIM1 cannot fully account-
ed the diversity of its involvement in OS pro-
gression. Therefore, there is an urgent need to 
elucidate the functions of circRNAs derived 
from CRIM1.

Methods

Cell culture and treatment

HEK-293T, human osteoblast hFOB1.19 and 
human osteosarcoma cell lines including 
MNNG/HOS, MG63, and U2OS were obtained 
from the Cell and Stem Cell Bank, Chine- 
se Academy of Sciences (Shanghai, China).  
143B were purchased from FuHeng Biology 
(Shanghai, China). HEK-293T, MNNG/HOS, and 
MG63 were cultivated in DMEM (Gibco, 
Carlsbad, CA, USA) with 10% fetal bovine serum 
(FBS); U2OS and 143B cells were cultured in 
McCoy’s 5 and RPMI-1640 medium (Biological 
Industries, USA) with 10% fetal bovine serum 
(FBS) respectively. hFOB1.19 cells were fos-
tered in DMEM/F12 (1:1) (Biological Industries, 
USA) supplemented with 10% FBS. All the cells 
were cultured in a cell incubator at 37°C with 
5% CO2 and supplemented with 100 U/mL  
of penicillin (Biosharp life science, China) and 
100 μg/ml streptomycin (Biosharp life science, 
China).

RNA extraction and RT-qPCR

Total RNA was isolated from cells with TRIzol® 
reagent (Invitrogen, Thermo Fisher Scientific, 
Inc., USA) following the manufacturer’s instruc-
tion. After spectrophotometric quantification, 1 
μg of total RNA in a final volume of 20 μL was 
used for reverse transcription (RT) with a 
PrimeScript™ RT reagent Kit with gDNA Eraser 
(Perfect Real Time) (TaKaRa, Japan). To exam-
ine the gene expression level of circRNA and 
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mRNA, reverse transcription quantitative real-
time PCR (RT-qPCR) was performed with ultra-
SYBR Premix (CWBIO, China) by the Applied 
Biosystems QuantStudio 5 PCR instrument 
(ThermoFisher Scientific, USA) according to the 
thermocycling conditions respectively. β-actin 
was used as an internal control of circRNA and 
mRNA, and U6 was used for miRNA. The 2-∆∆Ct 
method was used to calculate the fold change 
of the target genes. Further detail of primer 
sequences used in our study was shown in 
Table 1.

Plasmid construction, miRNA transfection, and 
lentiviral infection 

The overexpression plasmid of circCRIM1 
(pLC5-ciR-CRIM1) was constructed by Ge- 
neseed Ltd. (Guangzhou, China) while the 
empty plasmid (pLC5-ciR-NC) was used as a 
negative control. microRNA mimics and inhibi-
tors were designed and purchased from 
RiboBio (Guangzhou, China) and transfected 
into cells via Lipofectamine 3000 reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s instruction with a final concen-
tration at 50 nM. The circCRIM1-overexpres-
sion lentivirus synthesized by Obio Technology 
Corp., Ltd. (Shanghai, China) was used to estab-
lish stable transfectants. The stable cell lines 
were screened by culturing in the medium  
containing 5 μg/mL puromycin (Sigma, USA). 
The transfection efficiency was confirmed by 
RT-qPCR. All the sequences of microRNA mim-
ics and inhibitors used in this study were listed 
in Table 1.

Western blot analysis and antibodies 

Total cellular protein was extracted with ra- 
dioimmunoprecipitation assay buffer (RIPA, 
Beyotime, China) supplemented with 1× PMSF 
(Beyotime, China), and the supernatant was 
collected and quantified by spectrophotometer. 
An equal amount of protein extracts (100 μL) 
was separated by 10% SDS-PAGE gel at 100 V 
for 1.5-2 hours then transferred to the 0.22 μm 
PVDF membrane (Millipore, Billerica, MA, USA) 
at 350 mA for 90 mins. The membranes were 
incubated with specific primary antibodies at 

Table 1. Primers for RT-qPCR and miRNA fragment
List of oligonucleotide sequences  
Gene Sequence (5’-3’)
    circCRIM1-Divergent-Forward CCCGGACAGCTATGAAACTC
    circCRIM1-Divergent-Reverse GCAGCCAGCAATAAGGTTTT
    circCRIM1-Convergent-Forward CCGCTGTGAAGTCCAGTTCT
    circCRIM1-Convergent-Forward CTGGGTAAGGGACAGCACTC
    CRIM1-Forward GGTTCCTGTTGTGCTCTTGT
    CRIM1-Reverse TGCCAAGAATCAAGTTGCAGATAA
    β-actin-Forward GCATGGGTCAGAAGGATTCC
    β-actin-Reverse AGGATGCCTCTCTTGCTCTG
    U6-Forward CTCGCTTCGGCAGCACA 
    U6-Reverse AACGCTTCACGAATTTGCGT’
    NUMB-Forward AGGCCAGTCGTCCACATCA
    NUMB-Reverse GGTACTTAACCGGGAAGCTACAT
miRNA fragment
    Mimic NC 5’ UUUGUACUACACAAAAGUACUG 3’
    Mimic NC 3’ AAACAUGAUGUGUUUUACUGAC 5’
    miR-146a-5p mimic 5’ UGAGAACUGAAUUCCAUGGGUU 3’
    miR-146a-5p mimic 3’ ACUCUUGACUUAAGGUACCCAA 5’
    Inhibitor NC 5’ CAGUACUUUUGUGUAGUACAAA 3’
    miR-146a-5p inhibitor 5’ ACUCUUGACUUAAGGUACCCAA 3’
FISH Probe
    Cy3-circCRIM1 TCATCAGTCCAGT+TCTCATCTTG+TTGGCAAAGTACAGC
    Fam-miR146a-5p AACCCATGGA ATTCAGTTCT CA
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4°C overnight after blocking at 5% fat-free milk 
for 2 hours at room temperature. The next day, 
after washing the membrane three times with 
1× TBST for 15 mins, the membrane was incu-
bated with the corroding HRP-labelled second-
ary antibodies for 1 hour at room temperature. 
Finally, the target bands were visualized by che-
miluminescence using a GE Amersham Imager 
600. The detail of antibodies was: NUMB 
(1:500, HUABio, JM10-023); β-actin (1:2000, 
Beyotime Biotechnology, AF0003); NOTCH1 
(1:1000, SAB, #30991); HES-1 (1:1000; 
Abcam, ab71559) in primary antibody dilution 
(Yeasen Biotechnology, China). 

Nuclear and cytoplasmic extraction 

The nuclear and cytoplasmic RNAs were 
extracted from MNNG/HOS and MG63 cells 
with the PARIS™ Kit (Life Technologies, Austin, 
Texas, USA) following the manufacturer’s proto-
cols. Briefly, Cell Fraction Buffer was used to 
resuspend cells and incubate the mixture on 
ice for 15 mins, the mixture will then divide into 
two parts after centrifuging for 5 mins at 500 
RPM at 4°C. The supernatant was transferred 
as the cytoplasmic fraction while the precipi-
tate was washed with Cell Fraction Buffer and 
taken as part of the nuclear fraction.

RNase R and nucleic acid electrophoresis

For the RNase R treatment, we collected 10 μg 
of total cellular RNA and incubated with or with-
out 3 U/μg RNase R (Geneseed biotechnology, 
Guangzhou, China) for 15 mins at 37°C water 
baths. The digested product was further sub-
jected to the subsequent RT-qPCR. The PCR 
outgrowth was implemented in Nucleic acid 
electrophoresis, the gDNA and cDNA were sep-
arated with 2% agarose gel electrophoresis 
with 1× TAE buffer. DNA was separated by elec-
trophoresis at 120 V for 30 mins. The TaKaRa 
DNA marker (TaKaRa, TDL500, 3590A) was 
used to indicate the position. The bands were 
detected by ultraviolet radiation.

Fluorescence in situ hybridization (FISH) 

SA-Cy3-labeled circCRIM1 probes and SA-FAM 
labeled miR146a-5p probe were designed and 
synthesized by GenePharma (Shanghai, China), 
and the sequences are available in Table 1. 
U2OS and MNNG/HOS cells were planted onto 
the proprietary coverslips of a confocal micro-
scope for 24 hours, after being fixed with 4% 

paraformaldehyde, the cells were incubated 
with 1% circCRIM1 probe working solution over-
night in the 37°C incubators away from light. 
Nuclei were counterstained with DAPI for 1 
hour before collecting the photography. The sig-
nal of the probe was detected and magnified  
by Fluorescence in Situ Hybridization Kit 
(GenePharma, Shanghai, China). These images 
were taken under a Leica Confocal Laser 
Scanning Microscope (CLSM) (Wetzlar, Ger- 
many).

5-ethynyl-20-deoxyuridine (EdU assay)

The EdU assay was performed to confirm the 
proliferation ability of OS cells by using the  
Cell-Light EdU Apollo567 In Vitro Kit (RiboBio, 
Guangzhou, China). Firstly, the cells were plat-
ed and cultured in 96-well plates for 24 hours, 
and then each well was incubated with 100  
μL 50 μm EdU working solution for 2 hours at 
37°C incubators. After being fixed with 4% 
paraformaldehyde, the cells were permeabi-
lized with 0.5% Triton for 30 mins at room tem-
perature and then sequentially stained darkly 
with 100 μL 1× Apollo® and 1× Hoechst 33342 
on a shaker for 30 mins. The images were taken 
under the Olympus IX73 Inverted Microscope.

Transwell migration and Matrigel invasion as-
says

The migration assay was conducted by using 
the Transwell chamber (CORNING, USA). About 
200 μL serum-free suspension of cells were 
added into the central part of the upper cham-
ber (about 2-4×104 depending on the cells  
type, 4-8×104 for invasion assay). Meanwhile, 
600 μL basal medium with 10% fetal bovine 
serum was put into the lower part of the cham-
ber as a chemoattractant to induce cell migra-
tion to the other side. After 24 hours of incuba-
tion at 37°C, the transferred cells were fixed 
with 4% paraformaldehyde and subsequently 
stained with 1% crystal violet (Beyotime, 
Shanghai, China) for 30 mins respectively. For 
the invasion assay, the chamber was precoat- 
ed with Matrigel (BD Science, Bedford, MA, 
USA) following the instruction of the manufac-
turer. The result of migration and invasion rates 
was counted and evaluated at least in three 
random fields.

Proliferation assay 

Cell Counting Kit-8 (CCK8, Yeasen Biotech- 
nology, China) was used to assess the prolifera-
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tion ability of OS cells. The density of 4-6×103 
cells was seeded into the 96-well plates and 10 
μL CCK8 reagent plus 90 uL completely medi-
um were mixed and added to each 5 duplicated 
wells at 0, 24, 48, and 72 hours after planting 
the cells. The absorbance values of optical den-
sity (OD) were measured at 450 nm by BioTek 
800 TS absorbance reader. All experiments 
were repeated three times independently. 

Colony formation assay

About 0.5-1×103 treated cells were cultured on 
6-well plates per well for 14 days, and the medi-
um was changed once during this period. After 
being washed twice with PBS and fixed with 4% 
paraformaldehyde, the colonies were stained 
with 1% crystal violet (Beyotime, Shanghai, 
China) for 30 mins. The images were taken by 
Canon EOS 700D.

Wound healing assay

After transfected circRNAs and miRNA, the OS 
cells were seeded on 6-well plates evenly, the 
cells monolayers were vertically scarped using 
200 μL sterile pipette tips while the density of 
cells reaches 80% (regarded as 0 hour). 
Subsequently, each wound was captured every 
24 hours. The relative migration ability was 
quantified according to the relative distance 
normalized to 0-hour control.

Dual-luciferase reporter assay 

The wide-type and mutant plasmids (mut-circ-
CRIM1; wide-type circCRIM1; NUMB; mut-
NUMB) were constructed and inserted down-
stream of the luciferase reporter gene in the 
dual luciferase plasmid pmirGLO (RiboBio, 
Guangzhou, China). HEK-293T cells were seed-
ed on 24-well plates and were co-transfected 
with the plasmid and miRNA mimics or NC 
(RiboBio, Guangzhou, China) by using Lipo- 
fectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
while cell reaches 40% confluence. After 48 
hours the Dual-Luciferase reporter assay kit 
(Promega E1901, Madison, WI, USA) was 
employed to measure the activities of firefly 
and Renilla luciferase. 

Subcutaneous and orthotopic xenograft tumor 
models

All animal experiments were approved by the 
Ethics Committee of Jiangsu University. For the 

xenograft tumor model assays, 4-5-week-old 
male BALB/c nude mice provided by Gem 
Pharmatech Co., Ltd. (Nanjing, China) were ran-
domly divided into 4 groups (n = 6 for each 
group), and 5×106 cells of MNNG/HOS cell line 
that stably over-express circCRIM1 and under-
go logarithmic growth were collected to con-
struct the xenograft tumor models. Briefly, the 
cells were trypsinized, counted, and resus-
pended in the precooled Phosphate-Buffered 
Saline. Subsequently, 100 μL of suspensions 
were injected into the right dorsal abdomen of 
mice subcutaneously, while the orthotopic 
tumor models were injected into the upper tibi-
al mid-tibial of the right hind limb. After 4-5 
weeks post-injection, mice were executed to 
collect the tumor tissue and weighed, and then 
fixed with 4% paraformaldehyde for following 
H&E staining and histology analysis. 

Histology and immunohistochemistry (IHC)

IHC staining was performed to detect the 
expression level of target gene in situ. Briefly, 
the xenograft tumor tissues were collected  
and fixed with 4% paraformaldehyde solution 
for 24 hours then dehydrated in ethanol, 
embedded in paraffin, and cut into 5 μm sec-
tions. After being dewaxed with xylene and 
rehydrated with a gradient of ethanol, the slid- 
es were incubated with 100 μL primary anti-
body overnight in the humidified chamber  
(4°C), then incubated with secondary antibody 
at room temperature for 1 hour after washing 
the slides with 1× TBST three times. Finally, the 
slides were stained with freshly prepared DAB 
substrate until suitable staining develops. The 
images of slides were observed and captured 
by Nikon ECLIPSE E200. The antibodies used 
were for NUMB (1:80, HUABio, JM10-023); 
NOTCH1 (1:150, SAB, #30991); HES-1 (1:1000; 
Abcam, ab71559).

Bioinformation prediction 

The data of differentially expressed circRNAs 
were accessed from the microarray expression 
database GSE96964 from the GEO database 
(https://www.ncbi.nlm.nih.gov/gds), in which 
information is freely available online. We used 
ArrayStar human circRNA Array to obtain mi- 
croarray-based circRNA expression profiles. 
Further, we used R studio to compare the 
sequences of all circRNAs within the dataset 
with known human circRNA sequences in cir-
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cBase for ID conversion to obtain information 
on differentially expressed circRNAs. In the pro-
cess of implementing ID conversions, we use R 
package ‘data.table’, while all the code that we 
used and original documents are provided in 
the Supplementary Materials 1, 2, 3 and 4. 

To analyze the mechanism of circRNAs exer-
cised in OS, we used bioinformatic databases 
Circbank (http://www.circbank.cn/), miRanda 
(http://www.microrna.org), RNAHybird (http://
bibiserv.techfak.uni-bielefeld.de/rnahybrid/), 
and ENCOR (ENCORI: The Encyclopedia of RNA 
Interactomes. (sysu.edu.cn)) to across-analysis 
the overlapping miRNA that may bind to circ-
CRIM1. Filtering restrictions were complied as 
follows: (i) Total score ≥ 140 and Total energy < 
4 kcal/mol; (ii) Number of estimated binding 
sites > 1; and (iii) Minimum free energy (MFE) ≤ 
0 kcal/mol.

To further explore the potential mechanism 
associated with miR146a-5p mediated regula-
tion of OS, we performed another bioinformatic 
analysis using the online programs Target- 
Scan Human 8.0 (https://www.targetscan.org/
vert_80/), miRTargetLink (https://ccb-web. 
cs.uni-saarland.de/mirtargetlink/), miRPathDB 
2.0 (https://mpd.bioinf.uni-sb.de/) and star-
base-ENCOR (ENCORI: The Encyclopedia of 
RNA Interactomes. (sysu.edu.cn)). 

Statistical analyses

Quantitative data were expressed as mean ± 
SEM (standard error of the mean), and the  
statistical analysis was conducted using 
GraphPad Prism 8.0 (GraphPad Software, La 
Jolla, USA). Differences between the means of 
two groups were analyzed by Student’s t-test, 
while one-way ANOVA was performed between 
multiple groups. Data were obtained from at 
least three independent experiments and P < 
0.05 was considered statistically significant.

Result

CircCRIM1 is downregulated in human OS cell 
lines and is predominantly localized in the cy-
toplasm

To investigate how circRNA may play a role in 
OS, we searched the GEO database for OS 
microarray sets to screen for differentially 
expressed circRNAs and the non-coding RNA 

profiling GSE96964 was selected for this study 
[27]. The absolute value of fold-change ≥ 1.5 
and P-value < 0.05 were set as the screening 
criteria to sort the raw data, and then plotted 
with the heat map. We obtained 81 differen-
tially expressed circRNAs with 17 up-regulated 
and 64 down-regulated (Figure 1A). The basic 
information of the twelve circRNAs that were 
most significantly up- or down-regulated were 
as tabulated (Figure 1B). Hsa_circ_0002346 
was one of the most down-regulated circRNAs. 
We further demonstrated that hsa_circ_ 
0002346 (chr2: 36623756-36,669,878) was 
formed by circularization of exons 2, 3, and 4 of 
the CRIM1 gene locus (chromosome 2p22.2), 
and thus named circCRIM1_021 according to 
the circRNA ID in circBase (http://circbase.org/
cgi-bin/simplesearch.cgi). Sanger sequencing 
confirmed the back-splicing junction products 
as shown by RT-qPCR amplification using the 
specific divergent primers (Figure 1D). 

We then examined the expression level of circ-
CRIM1 in OS cell lines, and in agreement with 
the GEO database, circCRIM1 was significantly 
downregulated compared to human osteo-
blasts cell line h. FOB1.19 (Figure 1C), We have 
utilized RNase R digestion assay to examine 
the stability of the special stem-loop structure 
of circRNA, in total RNA from MNNG/HOS and 
MG63 cells [28, 29], and the results showed 
that RNase R was able to significantly attenu-
ate the content of linear CRIM1 (blue arrow), 
while there was no significant change in circ-
CRIM1 (red arrow) (Figure 1E-G). Additionally, to 
further investigate the distribution of circ-
CRIM1, nucleoplasmic separation experiments 
and FISH assays were performed, and the 
results support that circCRIM1 was mostly 
localized in the cytoplasm (Figure 1H, 1I).

CircCRIM1 inhibits the migration, invasion and 
proliferation of OS cells

To evaluate the potential role of circCRIM1 in 
OS, we successfully constructed and over-
expressed circCRIM1 (pLC5-ciR-CRIM1) in OS 
cell lines by transfection. The data showed that 
the plasmid accurately and efficiently cyclized 
circCRIM1 without elevating the level of linear 
CRIM1 in OS cell lines (Figure 2A). The colony 
formation, cck-8 and EDU assays revealed that 
circCRIM1 predominantly inhibited the prolifer-
ation capacity of OS cell lines (Figure 2B-G). 

http://www.ajcr.us/files/ajcr0150976supplmaterial2.xlsx
http://www.ajcr.us/files/ajcr0150976supplmaterial3.xlsx
http://www.ajcr.us/files/ajcr0150976supplmaterial4.xlsx
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Figure 1. Screening and validation of hsa_circ_0002346 in OS cell lines. A. The heatmap shows that there are 17 
upregulated and 64 downregulated circRNAs in 7 human OS cell lines relative to matched human osteoblast cells. 
B. By querying in circBank, we list the basic information of the top 12 circRNAs with the most significant expression 
differences. C. The relative expression level of circCRIM1 in 4 OS cells was detected by RT-qPCR. D. Schematic il-
lustration showing the generation of circCRIM1 via the circularization of exons 2 and 4 in CRIM1 (the red arrow), 
while the back-splice junction sequences were validated by Sanger sequencing. The red rectangle and black arrow 
indicated the head to tail splicing site. E. Agarose gel electrophoresis assay was performed to show the expression 
of circCRIM1 and linear CRIM1 mRNA in MNNG/HOS and MG63 cells after treating with or without the RNase R. The 
red arrow represents the circ-CRIM1, and blue arrows represents the linear-CRIM1. F, G. RT-qPCR was assessed to 
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Moreover, the migration and invasion ability of 
OS cells was remarkably reduced after tran-
sient transfection with circCRIM1 expression 
plasmid (Figure 2H-K). In addition, the result of 
the 48 h wound healing assay demonstrated 
that circCRIM1 can attenuate the migration 
ability of OS cells (Figure 2L-O). Together, these 
data suggest that circCRIM1 functionally inhib-
its the proliferation and viability of OS cells in 
vitro.

CircCRIM1 acts as a sponge for miR146a-5p 
in vitro

Previous studies have suggested that circRNAs 
may act as a sponge for miRNAs so as to influ-
ence their target mRNAs and thus their biologi-
cal functions [30-32]. Through searching the 
four miRNA target databases (miRanda, 
RNAHybrid, circBank, ENCORI) with the full-
length sequence of circCRIM1, we identified 
three candidate miRNAs that could potentially 
bind to circCRIM1 (Figure 3A) [33-36]. Sub- 
sequently, we designed and synthesized stem-
loop primers for three miRNAs separately to 
detect their expression levels in four OS cell 
lines transfected with circCRIM1 expression 
plasmid. RT-qPCR results show that miR146a-
5p was stably and lowly expressed in four OS 
cell lines with over-expression of circCRIM1 
(Figure 3B). Next, dual-luciferase reporter 
assays were conducted to verify the specific 
binding between miR146a-5p and circCRIM1. 
Through in silico analysis of the miRanda data-
base, we found two potential sites on the circ-
CRIM1 sequence that could bind with miR146a-
5p (Figure 3C). The reporter plasmids were con-
structed with the sequences containing two 
mutant sites and wild-type circCRIM1 inserted 
downstream of the luciferase reporter gene. 
The relative luciferase activity in HEK-293T 
cells showed a significant reduction when the 
circCRIM1-WT reporter was co-transfected with 
miR146a-5p mimics. Mimics NC or miR146a-
5p mimics showed no obvious difference  
when co-transfected with circCRIM1-WT or circ-
CRIM1-MUT reporter (Figure 3D). In addition, 
miR146a-5p was prominently upregulated in 

143B and MNNG/HOS cells than in human 
osteoblasts hFOB1.19 (Figure 3E). Finally, the 
FISH assay conducted in 143B cells and 
MNNG/HOS cells revealed that miR146a-5p 
were mainly concentrated in cytoplasm and co-
localized with circCRIM1 (Figure 3F).

Enhancing miR146a-5p reverse the circ-
CRIM1-induced antitumor effect in OS cells

miR146a has been implicated roles in the regu-
lation of the immune and mainly the innate 
immune system, as well as in the regulation of 
chronic immune responses in the tumor micro-
environment, such as the “dual role” of 
miR146a in breast cancer and colorectal can-
cer [37, 38]. To further elaborate on whether 
circCRIM1 plays a role in OS via competitive 
sponging of miR146a-5p, we designed several 
rescue experiments incorporating miR146a-
5p. The Transwell migration assays and Matri- 
gel invasion assays (Figure 4A-D) showed that 
the motility ability inhibited by circCRIM1 could 
be partially alleviated by miR146a-5p. Similar 
results were observed in the wound healing 
assays (Figure 4E-H). Meanwhile, in EDU as- 
says (Figure 4I-L) and plate colony formation 
assays (Figure 4M, 4N), we observed signifi-
cant inhibition of proliferation capability of the 
cells over-expressing circCRIM1 but with exog-
enous upregulation of miR146a-5p expression. 
Collectively, these data suggest that circCRIM1 
inhibits OS proliferation and migration through 
adsorption of miR146a-5p. 

NUMB is downstream of miR146a-5p in OS 
cells

miRNAs are known to regulate tumor prolifera-
tion and growth by binding to the 3’UTR region 
of their downstream target genes. To elucidate 
the mechanism of miR146a-5p on OS, we suc-
cessfully overexpressed and knocked down 
miR146a-5p in OS cell lines respectively via 
specific mimics and inhibitors (Figure 5A). 
Then, we performed the bioinformatics an- 
alysis of the four miRNA databases (TargetScan, 
miRTargetLink, miRPathDB, starbase ENCORI) 
and obtained 14 candidate target genes by per-

verify the stability of circCRIM1 after RNase R treatment. H. Nuclear-cytoplasmic fractionation assay demonstrated 
that circCRIM1 was mainly located in the cytoplasm of MNNG/HOS and MG63 cells. I. RNA fluorescence in situ hy-
bridization (FISH) in MNNG/HOS and U2OS cells further revealed the presence of circCRIM1 predominantly existed 
in the cytoplasm. The nuclear was stained with DAPI (blue fluorescence), and the circCRIM1 probes were labeled 
with SA-Cy3 (red fluorescence). The scan bar = 20 μm.
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Figure 2. CircCRIM1 affects the migration, invasion and proliferation ability of OS cells. A. The expression level of 
circCRIM1 and CRIM1 mRNA in OS cells after being transfected with pLC5-ciR-CRIM1 plasmid and pLC5-ciR-NC 
(control plasmids) were detected by RT-qPCR. B. Colony formation assay was conducted after instantly transfected 
with pLC5-ciR-CRIM1 plasmid. C-E. The cell viability was assessed by CCK8 assay. F, G. EdU assay of U2OS and 
MG63 cells were performed to evaluate the proliferation ability. The sample was imaged at 200X magnification and 
scan bar = 100 μm. H, I. The migration ability of OS cells after over-expression circCRIM1 was assessed by Transwell 
assay. J, K. The invasion ability of OS cells after over-expression circCRIM1 was detected by Matrigel invasion as-
says. L-O. The wound healing assay of OS cells showed the migration ability after over-expression of circCRIM1. Data 
are represented as mean ± SEM. *P < 0.05, **P < 0.01.

Figure 3. CircCRIM1 abundantly sponges miR146a-5p in OS cells. A. Overlapping region in the venny diagram 
shows the three microRNAs predicted by bioinformatics software that may bind to circCRIM1. B. The relative level of 
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forming sub-crossovers (Figure 5B) [39, 40]. 
The expression levels of these 14 candidate 
genes after being transfected with miR146a-
5p mimics or inhibitors into MNNG/HOS, 143B, 
and MG63 cells were examined by RT-qPCR 
and the heat map was plotted coordinately 
(Figure 5C). Figure 5D shows the detailed 
changes of NUMB. We then selected seven of 
the genes with the most significant differences 
to examine their basal expression in human OS 
cell lines and osteoblast cell lines, and found 
that the NUMB gene, consistent with circ-
CRIM1, was significantly downregulated in OS 
cells both at mRNA and protein levels (Figure 
5E, 5F). NUMB has been reported as a tumor 
suppressor in malignant tumors and negatively 
regulates the NOTCH signaling pathway [41]. 
Western blot results showed that transfection 
with miR146a-5p mimics led to down-regula-
tion of NUMB and up-regulation of NOTCH and 
HES-1, whereas miR146a-5p inhibitors result-
ed in up-regulation of NUMB and decreased 
expression of NOTCH and HES-1 in OS cell lines 
MNNG/HOS and 143B cells (Figure 5G, 5H). 

We constructed the reporter plasmid contain-
ing the mutant and wild-type sites based on  
the complementary sequence predicted by 
TargetScan (Figure 5I). The reporter activity in 
HEK-293T cells was significantly decreased 
after co-transfection of miR146a-5p mimics 
with NUMB wild-type plasmids, but not in cells 
co-transfected with the mutant plasmids 
(Figure 5J). After confirming the direct binding 
effect of miR146a-5p to NUMB, we further 
investigated whether circCRIM1 could regulate 
the expression of NUMB and its downstream tar- 
get NOTCH. The western blot results showed 
increased NUMB in MNNG/HOS and 143B  
cells after overexpression of circCRIM1, while 
NOTCH and HES-1 were downregulated (Figure 
5K, 5L). In addition, miR146a-5p and circ-
CRIM1 co-transfection partially counteracted 
the downregulation of NUMB caused by 
miR146a-5p transfection alone and the upreg-
ulation of NUMB caused by overexpressing circ-

CRIM1 alone. Similar results were also observ- 
ed for NOTCH1 and HES-1 (Figure 5M, 5N). 
Together, these results support that miR146a-
5p directly binds with NUMB and controls the 
activity of NOTCH signaling and that circCRIM1 
may inhibit the proliferation and migration of 
OS cells via the miR146a-5p/NUMB axis.

Over-expression of circCRIM1 suppresses tu-
morigenesis of xenograft tumors in vivo

To further determine whether circCRIM1 can 
serve as an inhibitor of tumor proliferation in 
vivo, we established heterotopic subcutaneous 
xenograft tumor as well as orthotopic xenograft 
tumor models in nude mice. 

We constructed the lentiviral vector using the 
pLC5-ciR-CRIM1 plasmid, which successfully 
overexpressed circCRIM1 before. We validated 
the infection efficiency and assayed the expres-
sion levels of circCRIM1 in stable cell lines 
(Figure 6A, 6B). Suspensions of MNNG/HOS 
cells stably transfected with circCRIM1 and 
negative control viruses (NC) were injected sub-
cutaneously into the right abdominal back and 
the upper portion of the right tibial medullary 
cavity of 3-4-week-old male nude mice, respec-
tively. Mice were sacrificed 4-5 weeks after the 
injection. The results showed that overexpres-
sion of circCRIM1 significantly reduced the vol-
ume and weight of tumors both subcutaneously 
(Figure 6C, 6D) and orthotopically (Figure 6E, 
6F).

H&E staining of tumor tissue slides exhibited 
the morphology of each group of tumor cells. In 
the negative control group, neoplastic capillary 
infiltration was more obvious, and tumor cells 
were disorganized with large, displaced nuclei, 
deep staining, multiple nucleoli, and abnormal 
nuclei were common. The circCRIM1 overex-
pression group showed a moderate decrease 
in the number of tumor cells, more vacuoles in 
the tumor tissue, less common pathological 
nuclear fission, and less vascular infiltration. 

predicted miRNAs after over-expression of circCRIM1 in osteosarcoma cells was assessed by RT-qPCR. C. The sche-
matic illustrates the two binding seed sequences predicted by miRanda software and the mutant nucleotides of 
circCRIM1. D. The dual-luciferase reporter assay was conducted in HEK-293T cells by co-transfected with miR146a-
5p mimics and wild-type circCRIM1 or mutant circCRIM1 plasmid. E. The basal expression level of microRNAs was 
detected in OS cells via RT-qPCR. F. The representative images of FISH displayed the SA-FAM labeled miR146a-5p 
(red fluorescence) which were co-localized with SA-cy3 labeled circCRIM1 (green fluorescence) mostly in the cyto-
plasm of 143B and MNNG/HOS cells. DAPI showed the nuclear and the magnification of images was 1000, Scan 
Bar = 25 μm. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01.



Role of CircCRIM1 in osteosarcoma progression

3474 Am J Cancer Res 2023;13(8):3463-3481

Figure 4. Over-expression of miR146a-5p reversed the circCRIM1 induced attenuation of cell proliferation, migra-
tion and invasion in OS cells. A-D. The transwell assay demonstrated the decreased migration and invasion ability 
induced by overexpressing circCRIM1 was rescued when co-transfected with miR146a-5p in MNNG/HOS and 143B 
cells. E-H. Co-transfected with miR146a-5p elevated the migration capacity of OS cells, which were suppressed 
while single transfected with circCRIM1, as determined by the wound healing assay. I-L. The EdU assay indicated 
that the proliferation ability of OS cells after overexpressing circCRIM1 was partially relieved by overexpressing 
miR146a-5p. M, N. The effect of circCRIM1 impeded on colony formation ability was ameliorated by co-transfected 
with miR146a-5p. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01.
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Subsequently, IHC staining of NUMB showed 
more brown precipitates in the cytoplasm and 
nucleus in the circCRIM1 overexpression group 
compared to the negative control group, while 
NOTCH and HES-1 showed stronger positive 
staining in the negative control group (Figure 
6G, 6H), which is consistent with the results 
obtained from our in vitro western blot experi-

ments. Altogether, these data suggest antitu-
mor effects of circCRIM1 in vivo (Figure 6I).

Discussion

In recent years, circRNAs have been shown to 
play essential roles in many physiological pro-
cesses, especially in the malignant progression 

Figure 5. MiR146a-5p targets NUMB in OS cells. A. The relative expression of miR146a-5p after successfully trans-
fected with mimics and inhibitors. B. Venny plots represent the 14 miR146a-5p downstream target genes predicted 
by TargetScan, miRPathDB, miRTargetLink and starbase ENCORI databases. C. The Cluster heatmap presents the 
expression of target genes after transfection with miR146a-5p mimics/inhibitors respectively. D. The specific fold 
changes in NUMB genes after exogenous effects on miR146-5p expression. E. The basal protein expression pattern 
of NUMB was assessed in OS cell lines compared with hFOB1.19 cells. F. The basal level of the above target genes in 
OS cells compared with hFOB1.19 were assessed. G. The protein expression level of NUMB in MNNG/HOS cells was 
downregulated by mimics and upregulated by inhibitors while NOTCH and Hes-1 were upregulated by mimics and 
downregulated by inhibitors (The middle band of NUMB represents the mainly expressed protein isoform in MNNG/
HOS cells, which molecular was 71 kDa). H. The protein expression level of NUMB in 143B cells was downregulated 
by mimics and upregulated by inhibitors while NOTCH, Hes-1 was upregulated by mimics and downregulated by 
inhibitors (The top band of NUMB represents the mainly expressed protein isoform in 143B cells). I. The binding 
3’UTR nucleotides and the mutation sequences of NUMB predicted by TargetScan were constructed into the lucif-
erase reporter plasmid. J. The luciferase activity was markedly suppressed when co-transfected with miR146a-5p 
and wild-type reporter plasmid of NUMB in HEK-293T cells. K, L. Following the over-expression of circCRIM1, protein 
levels of NUMB raised, whereas NOTCH and Hes-1 decreased in both MNNG/HOS and 143B cells. M, N. Elevated 
expression levels of NUMB induced by circCRIM1 were attenuated after co-transfection with miR146a-5p, while 
down-regulation expressed NOTCH and Hes-1 were restored in the presence of miR146a-5p. Data are represented 
as mean ± SEM. *P < 0.05, **P < 0.01.
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Figure 6. circCRIM1 inhibits the tumor growth of OS in vivo. (A) MNNG/HOS cells were infected with the lentivirus 
with an MOI value of 20, and the images are green fluorescent showing infection efficiency. As well as verifying the 
expression level of circCRIM1 in the stably transfected cell line with the RT-qPCR assay, circCRIM1 was elevated at 
a fold of 40, while there was no statistical difference in the level of CRIM1 mRNA change (B). (C, D) Representative 
images of xenograft tumors after subcutaneous injection of MNNG/HOS cells. Tumor volumes and weight were 
significantly reduced in the circCRIM1 overexpression group compared to the Negative Control group (n = 6 in each 
group). (E, F) The tumor tissue images of orthotopic injection of MNNG/HOS cells at the tibial plateau. The scatter 
plot showed that the tumor weight in the circCRIM1 group was significantly lower than that in the Negative Control 
group (n = 6 in each group). (G) Images show H&E staining and IHC staining of subcutaneous xenograft tumors. The 
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of tumors. Shang et al. reported a circRNF609-
FMRP-RAC1 axis that was strongly associated 
with the metastasis of acral and cutaneous 
melanoma. circRNF609 might participate in 
regulation of the stability of RAC1 mRNA by 
binding to FMRP, which ultimately downregulat-
ed RAC1 mRNA and protein levels and inhibited 
the metastasis of melanoma cells [16]. 

circCRIM1 is derived from gene CRIM1 and 
have been shown to be involved in oncogenesis 
of multiple malignancies, including nasopha-
ryngeal carcinoma, lung adenocarcinoma, and 
hepatocellular carcinoma as well [20, 22, 23]. 
Interestingly, both oncogenic and tumor sup-
pressive roles of circCRIM1 in OS have been 
reported recently. Wu et al. have detected low 
expression of circCRIM1 in OS cell lines and  
OS tissue samples, suggesting that circCRIM1 
inhibits OS progression possibly by interacting 
with miR-513 [25]. However, circCRIM1I was 
reportedly upregulated in some of the OS cell 
lines and plays an oncogenic role in OS devel-
opment, possibly via regulation of the miR-432-
5p/HDAC4 axis [25]. We notice that by search-
ing the circRNA database, there exist 107 cir-
cRNAs produced by cyclization of the CRIM1 
gene, including circCRIM1 (circ_0002346). 
circ_0053958 is also one of the circRNAs 
derived from the cyclization of the host gene 
CRIM1 mRNA. Although circRNAs cyclizing with 
the host gene may get the same circRNA ID, 
their length, location on the chromosome, and 
the ways they function are completely different 
[42, 43].

To clarify the role of circCRIM1 in OS develop-
ment, we examined its expression in four OS 
cell lines and detected decreased expression 
of cirCRIM1, which is in agreement with previ-
ous results as reported by Wu et al. [42]. To 
determine its in vitro function on OS cells, we 
showed that overexpression of circCRIM1 in OS 
cells significantly suppressed the proliferation, 
migration, and invasive ability of OS cells, sug-
gesting its tumor suppressive role of circCRIM1 
in OS. Through a series of bioinformatics pre-
dictions and the dual-luciferase reporter assay, 
we detected direct binding between miR146a-
5p and circCRIM1. RT-qPCR and FISH analyses 

also confirmed the high binding capacity of 
miR146a-5p on circCRIM1. Moreover, we found 
that overexpression of miR146a-5p in rescue 
experiments mitigated the inhibitory effect of 
circCRIM1 on the malignancy of OS cells, sug-
gesting that circRNA may show its antitumor 
effects in OS by acting as a sponge for miRNA. 

Previous studies have revealed that miR146a-
5p is differentially expressed and may play an 
oncogenic or tumor suppressive role in multiple 
tumors [38, 44, 45]. MiR146a-5p was reported 
to suppress the energy metabolism and tumor 
growth by targeting CD147 in anaplastic large 
cell lymphoma (ALCL) [46]. miR146a-5p may 
alleviate the deterioration of colitis via inhibit-
ing SUMO1 expression and its binding to 
β-catenin [47]. Furthermore, miR-146a is in- 
volved in the angiogenic of endothelial cells in 
hepatocellular carcinoma by promoting the 
expression of platelet-derived growth factor 
receptor α (PDGFRA) [48]. In this study, we con-
firmed that miR146a-5p was up-regulated in 
OS cell lines, and that miR146a-5p may cause 
decreased expression of NUMB, a downstream 
target and a novel mechanism proposed for 
OS. NUMB has been essential for cell fate 
determination such as asymmetric cell division 
and cell fate choice, endocytosis, cell adhe-
sion, and cell migration, and thus tumorigene-
sis. We have also demonstrated that the 
expression of NUMB, as a downstream target 
of miR146a-5p was positively regulated by circ-
CRIM1. To further determine the effect and 
mechanism of circCRIM1 on OS, we evaluated 
the correlation of Notch signaling, the classical 
regulatory target of NUMB gene. Our results 
support that overexpression of circCRIM1 inhib-
ited miR146a-5p levels and positively promot-
ed the activity of NUMB, which in turn inhibited 
Notch1 and Hes1 both in vitro and in vivo.

CircCRIM1, a circular RNA molecule, has shown 
promising potential in various applications 
related to osteosarcoma and other tumor 
types. Its role as a suppressor of OS progres-
sion through sponging miR146a-5p and target-
ing NUMB has significant implications in cancer 
research. Furthermore, circCRIM1’s unique cir-
cular structure and stability make it an attrac-

protein level of NUMB, NOTCH and HES-1 was assessed with IHC staining. The magnification of images was 200×. 
Scale bar = 100 μm. (H) The representative images present H&E and IHC staining of the orthotopic xenograft tumor 
slides. (I) The diagram of the circCRIM1/miR146a-5p/NUMB axis in osteosarcoma.



Role of CircCRIM1 in osteosarcoma progression

3479 Am J Cancer Res 2023;13(8):3463-3481

tive candidate for diagnostic and prognostic 
biomarkers in OS. It holds promise as a non-
invasive biomarker for early detection, monitor-
ing disease progression, and assessing treat-
ment response. Additionally, the regulatory 
functions of circCRIM1 in cancer-related path-
ways suggest its therapeutic potential. Future 
research may unveil additional applications of 
circCRIM1 in cancer biology and pave the way 
for personalized treatment strategies.

Conclusions

Our study revealed the new light on the signifi-
cance of circCRIM1 in OS progression. We have 
shown that forced overexpression of circCRIM1 
suppresses the proliferation and migration abil-
ity as well as the cell viability of OS cells in vitro 
and tumor growth both in situ and in subcuta-
neous tumor models. Mechanically, circCRIM1 
inhibits the progression of OS by acting as a 
sponge for miR146a-5P, which in turn promotes 
the expression of downstream target gene 
NUMB and inhibits NOTCH signaling. circCRIM1 
might serve as a novel regulator of the miR46a-
5p/NUMB axis and provide a novel theoretical 
basis contributes to the diagnosis and thera-
peutics of OS.
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Codes:

library(data.table)

a=fread(‘Gse96964probeMatrix.txt’,data.table = F)

a[1:4,1:4]

b=read.table(‘ann.txt’,sep = ‘\t’,header = T)

tail(head(b,20))

d=merge(a,b,by.x=’ID_REF’,by.y=’circBase ID cross-references’)

e=read.table(‘circBase ID cross-references.txt’,header = T)

head(e)

f=merge(e,d,by=’circRNA’)

head(f[,1:6])


