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Abstract
Background  The ligamentum flavum (LF) is an important anatomical structure of the spine. Ossification of the LF (OLF) 
has become the leading cause of thoracic spinal stenosis. Circular RNAs (circRNAs) and N6-methyladenosine (m6A) modi-
fication are reported to be associated with several human diseases. However, the role of circRNAs and m6A modification 
in the pathogenesis of OLF has not been fully investigated. Here, we aimed to explore the vital function of circRNAs and 
m6A modification in OLF.
Materials and methods  We analysed the circRNA expression of 4 OLF tissues and 4 normal LF tissues using bioinformatic 
analysis and identified circCDK14 for further analysis. We investigated the effects of circCDK14 on the osteogenic differ-
entiation of LF cells. We observed that circCDK14 regulated its target genes by binding to miRNAs as a miRNA sponge. 
Moreover, the circRNA pull-down assay indicated that RNA-binding proteins might regulate the expression of circCDK14 
via m6A modification.
Results  CircCDK14 was significantly upregulated in OLF tissues compared to normal LF tissues. Overexpression of circ-
CDK14 promoted the osteogenic differentiation of LF cells. Mechanistically, CircCDK14 promoted the expression of ALF 
transcription elongation Factor 4 (AFF4) by serving as a sponge for miR-93-5p. Moreover, Wilms tumour 1-associated 
protein (WTAP) increased the stability of circCDK14 via N6-methyladenosine modification.
Conclusion  The m6A-modified CircCDK14 binding to miR-93-5p played an important role in the osteogenesis of LF cells 
by targeting AFF4, providing a promising therapeutic target for OLF.

Keywords  Ossification of ligamentum flavum · CircCDK14 · MiRNAs sponges · N6-methyladenosine modification · 
Osteogenesis
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cDNA	� Complementary DNA
gDNA	� Genomic DNA

Introduction

The ossification of the ligamentum flavum (LF) (OLF), 
appearing in about 22% of the population, has become the 
leading cause of thoracic spinal stenosis [1]. The ossified 
ligamentum flavum can compress the spinal cord and lead to 
myelopathy, which manifests as sensation or motion abnor-
malities in the lower limbs [2]. It has been reported that sev-
eral pathogenic factors may contribute to the onset or devel-
opment of OLF, such as mechanical stress, ageing, obesity, 
and inflammation [3]. However, the underlying mechanisms 
of OLF are not fully understood to date.

Epigenetic modifications, which regulate gene expres-
sion without changing the DNA sequence, have been dem-
onstrated to contribute to multiple human diseases, including 
musculoskeletal diseases [4, 5]. The epigenetic modifica-
tions mainly include noncoding RNAs, RNA modifications, 
DNA methylations, histone modifications, and chromatin 
remodelling [6]. Circular RNAs (circRNAs) are special non-
coding RNAs characterized by their loop structure without 
5′-3′ polarities and polyadenylated tails [7]. Circular RNAs 
are highly expressed in the nucleus and cytoplasm of eukary-
otic cells and exert biological functions through the follow-
ing forms: miRNA sponges, transcriptional regulation, inter-
actions with RNA-binding proteins (RBPs), and translation 
into peptides [7]. The most common and important function 
of circRNAs is as miRNA sponges, where circRNAs regu-
late the level of targeted genes by sponging miRNAs [7, 8]. 
However, to the best of our knowledge, there is no research 
exploring whether circRNAs modulate the osteogenesis of 
LF cells by interacting with miRNAs to date. CircCDK14, 
also named hsa_circ_0001721, is derived from exon 3 of 
CDK14 and has a length of 246 bp. CircCDK14 has been 
demonstrated to play key roles in multiple diseases, such as 
glioma, osteosarcoma, and osteoarthritis [9–11].

N6-methyladenosine (m6A) modification is the most 
common RNA modification in higher eukaryotes and has 
attracted great attention in recent years [12, 13]. The m6A 
modification mainly includes methyltransferases (“writers”), 
demethylases (“erasers”), and binding proteins (“readers”) 
[13]. The core components of the RNA methyltransferase 
complex include methyltransferase-like 3, methyltransferase-
like 14, and Wilms tumour 1-associated protein (WTAP), 
which add the m6A modification to the RNA [13]. In con-
trast, demethylases, including fat mass and obesity-associ-
ated protein and AlkB homologue 5, can remove the m6A 
modification on RNAs [13]. Reader proteins, such as insulin-
like growth Factor 2 mRNA-binding protein 3 (IGF2BP3), 
can recognize the m6A modification in RNA and regulate 

the biosynthesis, nuclear export, stability, and translation of 
RNA [13]. Recently, many studies have demonstrated that 
m6A modification plays a significant role in the biosynthe-
sis, nuclear export, and stability of circRNAs [14, 15]. Nev-
ertheless, the vital role of m6A modification in the progres-
sion of OLF has not been fully investigated, especially when 
interacting with circRNAs.

In this study, for the first time, we found that circCDK14 
is significantly increased in OLF tissues compared to normal 
LF tissues using circRNA microarray analysis. Mechanisti-
cally, we report that circCDK14 can bind to miR-93-5p as 
a miRNA sponge to elevate the expression of ALF tran-
scription elongation Factor 4 (AFF4) and further promote 
the osteogenesis of LF cells. Furthermore, we found that 
increased WTAP expression increases the expression of circ-
CDK14 through the WTAP/IGF2BP3 pathway.

Materials and methods

Clinical specimen collection

The experimental protocol was approved by the Ethics Com-
mittee of Peking University Third Hospital, and informed 
consent was obtained from each included patient. Control 
normal LF tissues were collected from patients undergoing 
percutaneous endoscopic lumbar discectomy for lumbar disc 
herniation. OLF tissues were collected from patients who 
underwent posterior laminectomy for thoracic spinal steno-
sis caused by OLF. The clinical specimens were either fixed 
in 4% paraformaldehyde or immediately frozen in liquid 
nitrogen after the surgery. The details of included patients 
in this study were listed in Supplementary Table 1.

LF cell isolation and culture

LF cells were isolated from freshly obtained LF tissues from 
OLF patients. First, the LF tissues were cut into small pieces 
of approximately 0.5 mm3 and washed twice with phosphate 
buffered saline (PBS). The clipped tissue pieces were then 
digested with 0.25% trypsin (Gibco, USA) followed by 250 
U/mL type I collagenase (Solarbio, China). After centrifu-
gation, the sediment was resuspended in Dulbecco’s modi-
fied Eagle’s medium (Procell, China) containing 10% foetal 
bovine serum (Gibco, USA) and 1% penicillin/streptomycin 
antibiotics (Procell, China), which was subsequently placed 
in 10 cm culturing dishes in a humidified atmosphere with 
5% CO2 at 37 °C. The second and third passages of LF cells 
were used for subsequent experiments. For osteogenic differ-
entiation, LF cells were cultured in commercial osteogenic 
medium provided by Procell (China).
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RNase R treatment and RNA stability assay

Total RNA was extracted using a SteadyPure Universal RNA 
Extraction Kit (Accurate Biology, China). A total of 2 µg 
of RNA was incubated with or without RNase R at 37 °C 
for 10 min, which was used for the qRT‒PCR assay. RNA 
stability was measured using the actinomycin D assay. LF 
cells were treated with 1 µg/mL actinomycin D (MCE, USA) 
for 0, 8, and 16 h, and then RNA was extracted from LF cells 
to determine the abundance of circCDK14.

Subcellular fractionation

The Ambion PARIS Kit (Invitrogen, USA) was applied for 
subcellular fractionation according to the manufacturer’s 
instructions. GAPDH and U6 were employed as the cyto-
plasmic control and nuclear control, respectively.

RNA isolation and quantitative real time polymerase 
chain reaction (qRT‑PCR) assay

Total RNA was extracted from LF cells using a SteadyPure 
Universal RNA Extraction Kit (Accurate Biology, China) 
following the manufacturer’s protocol. First-strand cDNA 
was synthesized from 1.2 µg of total RNA using the Evo 
M-MLV RT Kit with gDNA Clean for qPCR kit (Accurate 
Biology, China). Then, the qRT‒PCR assay was performed 
using the SYBR Green Premix Pro Taq HS qPCR Kit (Accu-
rate Biology, China) on the ABI QuantStudio 5.0 version 
(Thermo Fisher Scientific, USA). The relative transcrip-
tion levels were standardized to GAPDH using the 2−ΔΔCt 
method. The primer sequences are listed in Supplementary 
Table 2.

Western blot and immunohistochemistry

LF cells or tissues were lysed with RIPA buffer (Epizyme, 
China), and the concentration of proteins was measured 
using the BCA kit (Epizyme, China) according to the man-
ufacturers’ protocol. After being denatured with loading 
buffer (Epizyme, China) at 99 °C for 15 min, protein sam-
ples were separated on 10% SDS–PAGE gels (Epizyme, 
China) and then transferred to polyvinylidene fluoride 
membranes (Millipore, USA) using Bio-Rad devices (Bio-
Rad, USA). Then, the membranes were blocked with 5% 
skim milk powder (Epizyme, China) for 1.5 h and incu-
bated with primary antibodies for 2 h at room temperature. 
The PVDF membranes were washed with TBST (Epizyme, 
China) and incubated with HRP-conjugated secondary 
antibodies (Epizyme, China) for 1 h at room temperature. 
An ECL kit (Epizyme, China) was used to visualize the 
immune complexes, and the relative protein levels were 
qualified using the iBright CL1000 device (Thermo Fisher 

Scientific, USA). The details of the preliminary antibod-
ies used in this study were as follows: OPN (Immuno-
Way, USA), RUNX2 (Abcam, USA), AFF4 (Proteintech, 
USA), AGO2 (Cell Signaling Technology, USA), and 
WTAP (Abcam, USA). For immunohistochemical stain-
ing, the formalin-fixed, paraffin-embedded LF tissues adja-
cent OLF tissues and normal LF tissues were analysed as 
previously reported [16], with the following preliminary 
antibodies: AFF4 (Proteintech, USA) and WTAP (Abcam, 
USA).

CircCDK14 pull‑down assay and mass spectrometry 
analysis

The MS2 bacteriophage coat protein (MS2-CP) circRNA 
pull-down assay was conducted by using the MS2 tagging 
technique, and the MS2 tagging technique is developed 
for the natural binding between the stem-loop structure of 
MS2 and MS2-CP [28, 29]. In this study, the RBPs associ-
ated with circCDK14 were explored by using a circRNA 
pulldown assay with the MS2-CP technique. In brief, two 
specified plasmids were constructed: one plasmid with circ-
CDK14-MS2 labelled with GFP, and another plasmid with 
MS2-CP-Flag labelled with mCherry. The HEK293T cells 
were transfected with these two plasmids and precipitated 
circCDK14 by the pulling down using anti-Flag antibodies. 
Besides, the lysates derived from the cells without the MS2 
tagging system were used as the controls. The cell lysates 
were incubated with Protein A/G beads overnight at 4 °C. 
Then, the circCDK14-MS2-bound proteins were eluted. The 
bound RNA was reverse transcribed and analysed by qRT-
PCR, and the bound proteins were determined by label-free 
mass spectrometry (Thermo Scientific, USA) and Western 
blot.

RNA immunoprecipitation (RIP) assay 
and methylated RNA immunoprecipitation (MeRIP) 
assay

The RIP experiment was conducted with the PureBinding® 
RNA Immunoprecipitation Kit (Geneseed, China) with 
anti-AGO2 (Cell Signaling Technology, USA) and WTAP 
(Abcam, USA) following the manufacturer’s instructions. 
IgG (Cell Signaling Technology, USA) was used as a nega-
tive control. The coprecipitated circCDK14 level was further 
evaluated by qRT–PCR assay.

To detect the level of m6A modification in the circ-
CDK14, MeRIP was conducted using the Magna MeRIP™ 
m6A kit (17–10–499, Merck Millipore, USA) according 
to the manufacturer’s instructions. The m6A level of circ-
CDK14 was evaluated using the qRT-PCR assay.
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Dual‑luciferase reporter assay assays

Human embryonic kidney (HEK) 293T cells were used 
for luciferase activity analysis and were plated on 96-well 
plates and cultured to 60–70% confluence. For circCDK14 
and miR-93-5p, the circCDK14 fragments containing the 
complementary binding sites for miR-34a-5p were wild-type 
(WT) pMIR-REPORT-circCDK14 or mutant-type (MT) 
luciferase reporter pMIR-REPORT-circCDK14 (OBIO, 
China). Then, the luciferase reporter vectors of circCDK14-
wt and circCDK14-mut, miR-93-5p mimics, and NC mim-
ics were transfected using Lipofectamine 3000 (Invitrogen, 
USA). For AFF4 and miR-93-5p, the 3’UTR of AFF4 con-
taining putative binding sites for miR-93-5p was cloned and 
inserted into the wild-type pMIR-REPORT-AFF4-3’UTR 
or mutant luciferase reporter pMIR-REPORT-AFF4-3’UTR 
(GemmaPharma, China). Then, the luciferase reporter vec-
tors of AFF4-wt and AFF4-mut, miR-93-5p mimics, and 
NC mimics were transfected into HEK 293T cells. Lucif-
erase activity was examined with a Dual Luciferase Reporter 
Assay kit (Promega, Beijing) following the manufacturer’s 
instructions 48 h after transfection.

Small interfering RNA and plasmid construction 
and cell transfection

All small interfering RNAs (siRNAs) were provided by 
OBiO Technology (Shanghai, China). The miR-93-5p mim-
ics were provided by OBiO Technology. The details of these 
siRNAs or mimics are listed in Supplementary Table 2. For 
the overexpression of circCDK14 and WTAP, the cDNA 
of circCDK14 and WTAP were synthesized, cloned, and 
inserted into the overexpression vector pcDNA3.1 by OBIO 
Technology as follows: pcDNA3.1(+), pcDNA3.1(+)-S-
hsa_circ_0001721, pcDNA3.1(+)-3xFLAG-P2A-EGFP, 
and pcDNA3.1(+)-WTAP-3xFLAG-P2A-EGFP. All siR-
NAs, mimics, and vectors were transfected into LF cells with 
lipo3000 reagent following the manufacturer’s protocols 
when LF cells reached 70% confluence. The LF cells were 
used for further experiments after the transfection.

Alkaline phosphatase (ALP) staining and activity 
assay

LF cells were seeded into 12-well plates at a density of 
2.0 × 104 cells/well. ALP staining of LF cells was conducted 
using the BCIP/NBT Kit (Beyotime, China). According to 
the instructions, the cells were washed 3 times with cold 
PBS and then fixed in 4% paraformaldehyde for 15 min. 
Then, the fixed LF cells were washed 2–3 times with PBS 
again and added to ALP solution. After incubation in the 
dark for 30 min at room temperature, a stereomicroscope 
was used to capture the ALP staining images. The ALP 

activity of LF cells was assessed using the ALP/AKP kit 
(Nanjing Jiancheng, China) according to the instructions, 
and the OD was detected with a multiscan spectrum at an 
absorbance of 520 nm with an equal amount of protein.

Alizarin red s (ARS) staining and quantitative assay

Calcium deposition was assessed by ARS staining and quan-
titative assays during osteogenic differentiation. LF cells 
were inoculated into 12-well plates at a density of 2.0 × 104 
/ well. In brief, LF cells were fixed in 4% paraformaldehyde 
for 15 min 3 times with cold PBS. After rinsing with PBS 
2–3 times, the cells were exposed to 0.20% ARS (Procell, 
China) solution and incubated shielded from light at room 
temperature for approximately 30 min. When the minerali-
zation-positive cells were stained red, the cells were washed 
twice with PBS again, and photographs were captured under 
a stereomicroscope. After photographing, 10% cetylpyri-
dine (Aladdin, China) was added to each well, followed 
by incubation under light protection at room temperature 
for 30 min. Then, the samples were transferred to 96-well 
plates at 100 µl per well, and the OD was detected with a 
microplate analyser (Thermo Fisher Scientific, USA) at an 
absorbance of 562 nm.

Statistical analysis

All analyses were conducted using GraphPad Prism 9.0 
(GraphPad Software, USA), and all data are presented as 
the mean ± standard deviation (SD) of at least three inde-
pendent experiments. Two-tailed unpaired Student’s t test 
and one-way ANOVA followed by the Tukey–Kramer test 
were used to evaluate the statistical significance of any dif-
ferences. p < 0.05 was considered statistically significant.

Results

CircCDK14 was identified as an OLF‑associated 
circular RNA

We performed bioinformatic analysis based on the 
GSE106255 dataset, and we observed that a total of 605 
circRNAs were differentially expressed between nor-
mal LF tissues and OLF tissues (Supplementary Table 3) 
(Fig. 1A). Among the significantly increased circRNAs, 
we paid special attention to circCDK14, also known as 
hsa_circ_0001721, which was reported to play key roles in 
several human diseases [11, 17]. However, whether circ-
CDK14 is involved in LF osteogenesis has not been inves-
tigated. To validate the results of the bioinformatic analy-
sis, qRT-PCR assay was conducted, and we confirmed that 
circCDK14 expression was significantly increased in OLF 
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tissues compared to normal LF tissues (Fig. 1B). Accord-
ing to the annotation information in the circBase database, 
circCDK14 was generated by the circularization of exon 3 
of the CDK14 gene with a length of 246 bp and a position of 
chr7:90355880–90,356,126 (Fig. 1C). Gel electrophoresis of 
complementary DNA (cDNA) and genomic DNA (gDNA) 

from LF cells was performed, and the results revealed that 
circCDK14 could only be amplified by divergent primers in 
cDNA, and no product was observed in the gDNA groups 
(Fig. 1D). Besides, circCDK14 was resistant to digestion by 
RNase R, which further confirmed the ring structure of circ-
CDK14 (Fig. 1E). In addition, qRT-PCR analysis of nuclear 

Figure  1   CircCDK14 was characterized as a OLF-related circular 
RNA. A  The volcano plot of the differentially expressed circRNAs 
between OLF tissues and normal LF tissues. B CircCDK14 expres-
sion was significantly increased in OLF tissues compared to normal 
LF tissues. C CircCDK14 is looped by CDK14 exon 3, and verified 

by Sanger sequencing. D Products amplified using divergent (← →) 
or convergent (→←) primers of circCDK14. E Relative abundance of 
circCDK14 and CDK14 with or without RNase R treatment. F The 
nuclear and cytoplasmic fractions of circCDK14, GAPDH, and U6. 
LF, ligamentum flavum; OLF, ossification of the ligamentum flavum
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and cytoplasmic fractions showed that circCDK14 was pre-
dominantly located in the cytoplasm in LF cells (Fig. 1F).

CircCDK14 promoted the osteogenic differentiation 
of LF cells

To further explore the role of circCDK14 in the osteogenic 
differentiation of LF cells, we used an overexpression vector 
and siRNAs to overexpress and knock down circCDK14 in 
LF cells, respectively. We transfected LF cells with a circ-
CDK14 overexpression vector, and qRT-PCR assays showed 
that circCDK14 expression was significantly increased 
without the alteration of CDK14 expression (Fig. 2A, B). 
Western blot analysis showed that circCDK14 overexpres-
sion significantly elevated the expression levels of osteo-
genic markers (OPN and RUNX2) (Fig. 2C–E). Moreover, 
LF cells treated with the circCDK14 overexpression vector 
exhibited greatly increased ALP (Fig. 2F and G) and ARS 
(Fig. 2H and I) intensity compared with the negative control, 
indicating an elevated osteogenic differentiation capacity. In 
contrast, when we transfected circCDK14 siRNA targeting 
the junction site of circCDK14 into LF cells, the qRT‒PCR 
results showed that circCDK14 siRNA inhibited the expres-
sion of circCDK14 but had no obvious effect on the expres-
sion level of CDK14 (Fig. 2J and K). Western blot analysis 
showed that circCDK14 siRNA significantly reduced the 
protein levels of osteogenic markers (OPN and RUNX2) 
(Fig. 2L–N). Inhibition of circCDK14 in LF cells obviously 
reduced the ALP (Fig. 2O and P) and ARS (Fig. 2Q and R) 
intensity compared to that in the negative control. Taken 
together, our data suggested that circCDK14 could promote 
the osteogenic differentiation of LF cells.

CircCDK14 served as a sponge for mir‑93‑5p in LF 
cells

circCDK14 was mainly located in the cytoplasm; there-
fore, we speculated that circCDK14 might promote OLF 
by sponging miRNAs. According to the starBase database, 
miR-93-5p was a potential target of circCDK14 (Fig. 3A). 
The qRT-PCR assay results showed that miR-93-5p was 
obviously decreased in OLF tissues compared with normal 

LF tissues (Fig. 3B). To confirm the association between 
circCDK14 and miR-93-5p, we performed anti-AGO2 RIP 
in human LF cells and observed that circCDK14 pulled 
down by the anti-AGO2 antibody was significantly enriched 
compared to that pulled down by the control IgG antibody 
(Fig. 3C). Moreover, a circCDK14 fragment with wild-
type or mutant complementary binding sites for miR-93-5p 
was constructed and inserted into luciferase reporter vec-
tors. The results of the luciferase reporter assay showed 
that miR-93-5p overexpression significantly suppressed 
the luciferase activity of the WT reporter but not that of 
the MUT reporter, suggesting that circCDK14 was directly 
bound by miR-93-5p via the complementary target sites 
(Fig. 3D). Moreover, we transfected LF cells with circ-
CDK14 overexpression vectors and siRNAs to increase and 
decrease the level of circCDK14 in LF cells, respectively. 
We discovered that circCDK14 overexpression significantly 
reduced the expression level of miR-93-5p compared to that 
in the control group. In contrast, the reduction in circCDK14 
expression obviously elevated the miR-93-5p level (Fig. 3E 
and F). Therefore, our results showed that miR-93-5p is the 
downstream regulator of circCDK14 during osteogenesis in 
LF cells.

To determine the role of miR-93-5p in the osteogen-
esis of LF cells, we transfected LF cells with miR-93-5p 
mimics, and qRT‒PCR analysis indicated that the level of 
miR-93-5p was significantly increased after the transfec-
tion of miR-93-5p mimics (Fig. 3G). The overexpression 
of miR-93-5p obviously decreased the expression of osteo-
genic markers (OPN and RUNX2) (Fig. 3H–J). Moreover, 
the overexpression of miR-93-5p reduced the ALP (Fig. 3K 
and L) and ARS (Fig. 3M and N) intensity compared to the 
negative control.

MiR‑93‑5p repressed AFF4 expression by targeting 
the 3’‑UTR of AFF4

To explore the potential targets of miR-93-5p, we con-
ducted the bioinformatic analysis based on the Starbase 
database. Among the potential targets of miR-93-5p pre-
dicted by Starbase database, we paid the special attention 
to the AFF4 for the reason that it has been reported to 
be associated with the osteogenesis (Fig. 4A) [18, 19]. 
To further explore the role of AFF4 in the pathogenesis 
of OLF, we conducted qRT-PCR and immunohistochemi-
cal analysis to determine the expression of AFF4 during 
the pathogenesis of OLF, and the results showed that the 
mRNA (Fig. 4B) and protein (Fig. 4C) levels of AFF4 
were significantly increased in OLF tissues compared to 
normal LF tissues. To confirm the relationship between 
miR-93-5p and AFF4, we constructed a luciferase reporter 
vector with the WT or MUT AFF4 3’-UTR possessing 
the putative miR-93-5p target site. We discovered that 

Figure  2   CircCDK14 promoted the osteogenic differentiation of LF 
cells. A, B  RNA level of circCDK14 and CDK14 after transfecting 
LF cells with circCDK14 overexpression vector. C, E  Protein lev-
els of osteogenic markers (OPN and RUNX2) after the circCDK14 
overexpression. F–I ALP (F, G) and ARS (H, I) intensity after the 
circCDK14 overexpression (Scale bar = 25 μm). J, K RNA level of 
circCDK14 and CDK14 after the circCDK14 knockdown. L–N Pro-
tein levels of osteogenic markers (OPN and RUNX2) after the circ-
CDK14 knockdown. O–R  ALP (O, P) and ARS (Q, R) intensity 
after the circCDK14 knockdown (Scale bar = 25  μm). OE, overex-
pression; ALP, alkaline phosphatase; ARS, Alizarin Red S; * p < 0.05, 
** p < 0.01, *** p < 0.001, ns, not significant

◂
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Figure  3   CircCDK14 served as a sponge for miR-93-5p in LF 
cells.  A  Bioinformatic analysis indicating miR-93-5p is a poten-
tial target of circCDK14. B RNA level of miR-93-5p in LF or OLF 
tissues. C  CircCDK14 pulled down by the anti-AGO2 antibody. 
D Luciferase reporter activity of circCDK14 in HEK-293T cells co-
transfected with miR-93-5p mimics or mimics control. E, F  RNA 
level of miR-93-5p after the overexpressing (E) or silencing (F) the 

circCDK14. G RNA level of miR-93-5p after the transfection of miR-
93-5p mimics. H–J  Protein levels of osteogenic markers (OPN and 
RUNX2) after the transfection of miR-93-5p mimics. K–N) ALP 
(K, L) and ARS (M, N) intensity after the transfection of miR-93-5p 
mimics (Scale bar = 25 μm). ALP, alkaline phosphatase; ARS, Aliza-
rin Red S; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, 
not significant
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Figure 4   MiR-93-5p repressed the AFF4 expression by targeting the 
3’-UTR of AFF4. A Bioinformatic analysis indicating that AFF4 is a 
potential target of miR-93-5p. B, C mRNA (B) and protein (C) lev-
els of AFF4 in LF or OLF tissues (Scale bar = 50 μm). D Luciferase 
reporter activity between AFF4 and miR-93-5p. E, G mRNA (E) and 
protein levels (F, G) of AFF4 after the transfection of miR-93-5p 
mimics. H  mRNA level of AFF4 after the transfection of siRNAs 

targeting AFF4. I–K  Protein level of osteogenic markers (OPN and 
RUNX2) after the AFF4 knockdown. L–O ALP (L, M) and ARS (N, 
O) intensity after the AFF4 knockdown (Scale bar = 25 μm). LF, lig-
amentum flavum; OLF, ossification of the ligamentum flavum; ALP, 
alkaline phosphatase; ARS, Alizarin Red S; * p < 0.05, ** p < 0.01, 
*** p < 0.001, ns, not significant
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miR-93-5p overexpression could obviously decrease the 
luciferase activity of the reporter containing the WT 
3’-UTR of AFF4 compared to the mimic control. However, 
no significant change in luciferase activity was detected in 
the MUT 3’-UTR of AFF4 group (Fig. 4D). Moreover, to 
further confirm the association between miR-93-5p and 
AFF4, we performed qRT‒PCR and Western blot assays, 
and we observed that miR-34a-5p overexpression remark-
ably inhibited AFF4 mRNA (Fig. 4E) and protein (Fig. 4F 
and G) expression in LF cells. All data indicated that miR-
93-5p could directly bind to the 3’-UTR of AFF4 and neg-
atively regulate its expression. Then, we transfected LF 
cells with siRNA targeting AFF4, and qRT-PCR analysis 
confirmed the reduced expression of AFF4 after trans-
fection (Fig. 4H). Western blot analysis showed that the 
reduction in AFF4 expression decreased the protein lev-
els of osteogenic markers (OPN and RUNX2) in LF cells 
(Fig. 4I–K). In addition, the knockdown of AFF4 obvi-
ously reduced the ALP (Fig. 4L and M) and ARS (Fig. 4N 
and O) intensity compared to the negative control.

CircCDK14 modulated the osteogenesis of LF cells 
via the miR‑93‑5p/AFF4 pathway

To further confirm the combined effect of circCDK14 and 
miR-93-5p on AFF4, we used qRT‒PCR and Western 
blotting to detect the effect of miR-93-5p on circCDK14 
overexpression-mediated promotion of the AFF4 gene. 
The results showed that the promotion of AFF4 mRNA 
expression (Fig. 5A) and protein level (Fig. 5B, C) caused 
by circCDK14 overexpression could be partly abolished by 
miR-93-5p overexpression. Western blot analysis showed 
that the increased protein levels of osteogenic markers 
(OPN and RUNX2) caused by the overexpression of circ-
CDK14 could be relieved by the upregulation of miR-
93-5p (Fig. 5D–F). In addition, the elevated ALP (Fig. 5G, 
H) and ARS (Fig. 5I, J) intensity induced by the upregu-
lation of circCDK14 was reduced by the overexpression 
of miR-93-5p. Therefore, our findings indicated that circ-
CDK14 could promote the osteogenesis of LF cells via the 
miR-93-5p/AFF4 pathway.

m6A modification increased circCDK14 expression 
through the WTAP/IGF2BP3 pathway

To understand why circCDK14 was overexpressed in OLF, 
we conducted proteomic profiling by MS2-CP-Flag cir-
cRNA pull-down assay followed by the mass spectrometry 
(Fig. 6A). The mass spectrometry showed 228 candidate 
RBPs were pulled down by the circCDK14. Five impor-
tant RBPs were obtained by intersecting the proteins from 
mass spectrometry results and predicted RBPs from RBP-
suite (http://​www.​csbio.​sjtu.​edu.​cn/​bioinf/​RBPsu​ite/) (Sup-
plementary Table 4) (Fig. 6B). We paid special attention 
to WTAP because it is an important RBP relevant to m6A 
modification [6]. The WTAP was significantly enriched in 
the pull-down group compared with negative IgG group 
(Fig. 6C). The RIP assay presented the significant accu-
mulation of circCDK14 transcript by anti-WTAP antibody 
compared with IgG antibody (Fig. 6D). The qRT-PCR assay 
(Fig. 6E) and immunohistochemical analysis showed that 
WTAP was obviously increased in OLF tissues compared to 
normal LF tissues (Fig. 6F). To explore the effect of WTAP 
on circCDK14, we transfected the LF cells with siRNAs 
targeting WTAP. The results showed that the protein level 
of WTAP (Fig. 6G and H) and RNA level of circCDK14 
(Fig. 6I) were obviously reduced when knocking down the 
WTAP in LF cells. Moreover, the reduction of circCDK14 
expression induced by the knockdown of WTAP could be 
rescued by the overexpression of circCDK14 in LF cells 
(Fig. 6J). Moreover, we observed that the osteogenic capac-
ity of LF cells could be reduced by the reduction in WTAP, 
but the suppression could be recused by the overexpression 
of circCDK14 in the Western blot analysis of osteogenic 
markers (OPN and RUNX2) (Fig. 6K–M), ALP intensity 
(Fig. 6N, O), and ARS intensity (Fig. 6P, Q).

Considering the important role of WTAP in the m6A 
modification, we speculated that WTAP regulated the 
circCDK14 expression via the m6A modification. Online 
databases showed that there were several potential m6A 
modification sites in circCDK14 (Fig. 6R). To further con-
firm the effects of WTAP on the global m6A level of LF 
cells, we transfected the siRNAs targeting WTAP to knock 
down WATP in LF cells. The results showed that reduction 
of WTAP obviously reduced the m6A level of circCDK14 
in LF cells (Fig. 6S), which further decreased the stability 
of circCDK14 (Fig. 6T). IGF2BP3, another pull-down pro-
tein by circCDK14 (Fig. 6B), is a well-known m6A “read-
ing” protein that was reported to bind to m6A modification 
sites to promote the stability of RNA [6, 20]. Yi et al. 
reported that IGF2BP3 could recognize and stabilize the 
circPSMA7 in an m6A-dependent manner [20]. The West-
ern blot showed that IGF2BP3 was significantly enriched 
in the pull-down group compared with negative IgG group 
(Fig. 6U). According to our findings, we inferred that the 

Figure 5   CircCDK14 modulated the osteogenesis of LF cells via the 
miR-93-5p/AFF4 pathway (A–C) mRNA (A) and protein levels (B, 
C) of AFF4 after the co-transfection of circCDK14 overexpression 
vector and miR-93-5p mimics. (D–F) Protein levels of osteogenic 
markers (OPN and RUNX2) after the co-transfection of circCDK14 
overexpression vector and miR-93-5p mimics (G–J) ALP (G, H) 
and ARS (I, J) intensity after the co-transfection of circCDK14 over-
expression vector and miR-93-5p mimics (Scale bar = 25  μm). OE, 
overexpression; ALP, alkaline phosphatase; ARS, Alizarin Red S; * 
p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001; ns, not signifi-
cant

◂

http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/
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Figure 6   M6A modification 
increased the circCDK14 
expression through the WTAP/
IGF2BP3 pathway. A CircRNA 
pull-down using MS2-tagging 
system, and the following label-
free mass spectrometric analy-
sis. B Five RBPs of interest 
after intersecting the pull-down 
proteins with predicted proteins. 
C Western blot of WTAP 
pulled down by circCDK14. 
D Significant accumulation 
of circCDK14 by anti-WTAP 
antibody. E, F mRNA (E) and 
protein levels (F) of WTAP in 
LF or OLF tissues (Scale bar 
= 50 μm). G, H Protein level 
of WTAP after the transfection 
of siRNA targeting WTAP. 
I RNA level of circCDK14 
after the knockdown of WTAP. 
J CircCDK14 level after the co-
transfection of siRNAs targeting 
WTAP and circCDK14 overex-
pression vector. K–M Protein 
levels of osteogenic markers 
(OPN and RUNX2) after the co-
transfection of siRNAs targeting 
WTAP and circCDK14 overex-
pression vector. N–Q ALP (N, 
O) and ARS (P, Q) intensity 
after the co-transfection of 
siRNAs targeting WTAP and 
circCDK14 overexpression 
vector (Scale bar = 25 μm). 
R Predicted m6A sites in circ-
CDK14 by SRAMP database. 
S m6A level of circCDK14 after 
the WTAP knockdown. T Sta-
bility of circCDK14 after the 
WTAP knockdown. U Western 
blot of IGF2BP3 pulled down 
by circCDK14. V, W IGF2BP3 
(V) and circCDK14 (W) RNA 
levels after the IGF2BP3 
knockdown. X WTAP mRNA 
level after the transfection of 
WTAP overexpression vector. 
Y CircCDK14 level after the 
co-transfection of WTAP over-
expression vector and siRNAs 
targeting IGF2BP3. MS, mass 
spectrometry; LF, ligamentum 
flavum; OLF, ossification of 
the ligamentum flavum; OE, 
overexpression; ALP, alkaline 
phosphatase; ARS, Alizarin Red 
S; * p < 0.05, ** p < 0.01, *** 
p < 0.001; **** p < 0.0001; ns, 
not significant



N6‑methyladenosine‑modified circCDK14 promotes ossification of the ligamentum flavum via… Page 13 of 16    436 

increased m6A level of circCDK14 caused by WTAP 
overexpression could be recognized by IGF2BP3, which 
further promoted the stability of circCDK14. The mRNA 
level of IGF2BP3 (Fig. 6V) and circCDK14 (Fig. 6W) 
were both significantly decreased after the transfection 
of siRNA targeting the IGF2BP3. The mRNA level of 
WTAP was significantly increased after the transfection 
of WTAP overexpression vector (Fig. 6X). To validate 
the effect of the WTAP-IGF2BP3 axis on the stability of 
circCDK14, we transfected LF cells with a WTAP overex-
pression vector and siRNAs targeting IGF2BP3, and our 
results showed that the increase of circCDK14 caused by 
WTAP overexpression could be relieved by the reduction 
in IGF2BP3 (Fig. 6Y). These results indicated that circ-
CDK14 expression was upregulated via m6A modification 
through the WTAP-IGF2BP3 axis during the osteogenesis 
of LF cells.

In summary, we found that the upregulation of WTAP 
expression increased the m6A modification in circCDK14, 
which was further recognized by the IGF2BP3 and pro-
moted the stability of circCDK14. The increased circCDK14 

expression further stimulated the osteogenic differentiation 
of LF cells via the miR-93-5p/AFF4 pathway (Fig. 7).

Discussion

OLF has become the preliminary cause of thoracic spinal 
stenosis; however, therapeutic options for OLF are limited, 
and the clinical efficacy is unsatisfactory to date [1, 21]. 
The main reason for the dilemmas in the treatment of OLF 
is the complicated and unclear pathogenesis [4]. Therefore, 
it is urgent to further explore the underlying mechanisms 
involved in the initiation and progression of OLF with the 
aim of realizing precise diagnosis and treatment.

CircRNAs, a class of noncoding RNAs generated by pre-
mRNA back-splicing, are a crucial compartment of epige-
netic modifications [7]. CircRNAs mainly export impor-
tant biological functions via miRNA sponging, RBPs, and 
translation into polypeptide chains [7]. CircCDK14 has been 
proved to play important roles in multiple diseases [9, 11, 
17]. For instance, Lai et al. reported that circCDK14 could 

Figure  7   Schematic representation of the investigated mechanisms. 
The WTAP expression was significantly increased in OLF tissues. 
The increased WTAP expression elevated the m6A modification 
level in circCDK14, which was further recognized by the IGF2BP3 

and promoted the stability of circCDK14. The increased circCDK14 
expression further stimulated the osteogenic differentiation of LF 
cells via the miR-93-5p/AFF4 pathway



	 Y. Zhao et al.  436   Page 14 of 16

reduce interleukin-1β-induced chondrocyte damage though 
the miR-1183/KLF5 pathway [17]. Similarly, Shen et al. 
found that circCDK14 could relieve osteoarthritis through 
the miR-125a-5p-Smad2 pathway [11]. In neoplastic dis-
eases, Liu et al. found that a reduction in circCDK14 could 
prevent osteosarcoma progression through the miR-198/
E2F2 axis [10]. Chen et al. reported that circCDK14 could 
regulate PDGFRA, which further promotes tumour progres-
sion and resists ferroptosis in glioma [9]. However, no study 
has been conducted to explore the potential role of circ-
CDK14 in heterotopic ossification diseases, such as OLF.

In this study, circRNA sequencing data showed that 
circCDK14 is significantly increased in OLF tissues com-
pared to normal LF tissues, which was further confirmed 
by qRT‒PCR. To further investigate the crucial role of 
circCDK14 in the osteogenic process of LF cells, gain-
of-function and loss-of-function assays were conducted, 
and the results revealed that circCDK14 can obviously 
promote the osteogenic differentiation of LF cells. Many 
circRNAs exert their biological functions by sponging 
microRNAs, which is also named the ceRNA network 
mechanism [7]. Using the RIP assay, we found that circ-
CDK14 is enriched by AGO2 protein, which indicates 
that circCDK14 may promote the osteogenic process of 
LF cells via ceRNA network mechanisms. Bioinformatics 
analysis predicted that miR-93-5p is a potential target of 
circCDK14. Several studies reported that the reduction of 
miR-93-5p could weaken the osteogenic process [22–25], 
but its role in ectopic ossification has not been reported 
previously. In this research, we observed that miR-93-5p 
is downregulated in OLF tissues compared to normal LF 
tissues, and the overexpression of miR-93-5p reduces the 
osteogenic capacity of LF cells. More importantly, we 
identified AFF4 as a potential downstream target of miR-
93-5p and found that circCDK14 may increase the expres-
sion of AFF4 by sponging miR-93-5p. AFF4, as a core 
subunit of the superelongation complex, is required for 
efficient transcription through the release of RNA poly-
merase II. AFF4 has been proven to be involved in the 
osteogenic process [18, 26]. Xiao et al. reported that AFF4 
promoted the osteogenic differentiation of dental follicle 
cells by upregulating the transcription of ALKBH1 [18]. 
Zhou et al. found that a reduction in AFF4 inhibits the 
osteogenic capacity of marrow mesenchymal stem cells 
(MSCs) [26]. In Zhu et al. study, the authors reported that 
AFF4 promoted the osteogenesis of periodontal ligament 
stem cells though the mTOR-ULK1-autophagy axis [19]. 
In the current study, for the first time, we found that AFF4 
is significantly increased in OLF tissues compared to con-
trol LF tissues, which indicates that AFF4 plays key roles 
not only in normal osteogenic processes but also in ectopic 
ossification diseases. Furthermore, we demonstrated 
that AFF4 is upregulated by the circCDK14-miR-93-5p 

pathway during the osteogenic differentiation of LF cells 
using rescue assays. To the best of our knowledge, circ-
CDK14 is the first circRNA reported to be associated with 
the pathogenesis of OLF, and the circCDK14-miR-93-5p-
AFF4 pathway was reported to play a crucial role in the 
progression of OLF.

The m6A modification is the most abundant and well-
known RNA modification in eukaryotes [12]. Accumulating 
evidence indicates that there is a close relationship between 
m6A modification and the expression level of circRNAs 
[27]. The m6A modification may affect the expression level 
of circRNAs by regulating the biogenesis, nuclear export, 
translation, degradation, and other functions of circRNAs 
[27]. For instance, Chen et al. reported that circGPATCH2L 
modified by m6A modification could regulate DNA dam-
age and apoptosis through TRIM28 in intervertebral disc 
degeneration [28]. Zhong et al. reported that m6A-modified 
circRBM33 could promote the progression of prostate can-
cer progression through PDHA1-mediated mitochondrial 
respiration regulation [29]. Shao et al. found that m6A modi-
fication regulated the expression level of circAFF2 via the 
ALKBH5-YTHDF2 pathway and further enhanced the radio-
sensitivity of colorectal cancer by inhibiting Cullin neddyla-
tion [30]. In a study by Guan et al., the authors announced 
that m6A-modified circRNA MYO1C was involved in 
the tumour immune surveillance of pancreatic cancer in a 
m6A/PD-L1 manner [31]. For OLF, Wang et al. found that 
ALKBH5 was overexpressed in OLF tissues, which further 
reduced the RNA methylation level of BMP2 and promoted 
OLF progression via the AKT signalling pathway [11]. In 
the m6A modification mechanism, WTAP is a well-known 
methyltransferase that binds METTL3 and METTL14, form-
ing the methyltransferase complex [32]. WTAP has been 
reported to promote the osteogenesis of bone MSCs via m6A 
modification [33]. IGF2BP3 is an important m6A binding 
protein that generally regulates the stability of RNA by 
decoding m6A marks [34–37]. Recently, Yi et al. reported 
that IGF2BP3 could recognize and stabilize the circPSMA7 
in an m6A-dependent manner [20]. In this study, for the 
first time, we discovered that there was a close relationship 
between WTAP and circCDK14 in the pathogenesis of OLF. 
WTAP increased the m6A modification level of circCDK14, 
which was further recognized by IGF2BP3 and enhanced the 
stability of circCDK14. However, the accurate m6A modifi-
cation site in circCDK14 recognized by WTAP has not been 
determined, which needs further investigation. Moreover, it 
should be noted that animal experiments were not performed 
in our study, because there is no mature animal model of 
OLF to date.

In summary, our study shows that increased circCDK14 
elevates the expression level of AFF4 by sponging miR-
93-5p, which ultimately promotes the osteogenic process of 
LF cells. In addition, we discovered that m6A modification 
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increases the stability of circCDK14 via the WTAP-
IGF2BP3 pathway. Therefore, circCDK14 may serve as a 
promising therapeutic target for treating OLF in the future.
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