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circRNA-ZCCHC14 affects

the chondrogenic differentiation
ability of peripheral
blood-derived mesenchymal
stem cells by regulating GREM1
through miR-181a

Daohong Zhao'*, Hong Chen?, Jia Zhong?, Xizong Zhou*, Jun Zhang? & Yuhao Zhang*

circRNAs play an important role in the progression of osteoarthritis (OA). Therefore, we aimed

to reveal the mechanism of action of circRNA-ZCCHC14 in OA. OA animal and cell models were
constructed, and clinical samples were collected. The expression of circRNA-ZCCHC14 and miR-

181a was detected by RT—qPCR. The chondrogenic differentiation ability of peripheral blood-

derived mesenchymal stem cells (PBMSCs) was detected by Alcian blue staining. The expression of
chondrogenic differentiation-related proteins was detected by Western blotting. Double fluorescein
experiments verified the targeting relationship of miR-181a with circRNA-ZCCHC14 and GREM1.
Upregulation of circRNA-ZCCHC14 was observed in blood, in BMP-2- and TGF-3-treated PBMSCs
from OA patients and in animal models. Knockdown of circRNA-ZCCHC14 promoted the chondrogenic
differentiation ability of PBMSCs. circRNA-ZCCHC14 was found to bind to miR-181a and negatively
regulate miR-181a expression. Inhibition of miR-181a reversed the promoting effect of circRNA-
ZCCHC14 knockdown on the chondrogenic differentiation ability of PBMSCs. GREM1 was identified as
a target of miR-181a. Overexpression and knockdown of GREM1 regulated the expression of BMP2,
which in turn affected the chondrogenic differentiation ability of PBMSCs, indicating that GREM1

and BMP2 have antagonistic effects and that they jointly regulate the chondrogenic differentiation

of PBMSCs. circRNA-ZCCHC14 may promote the chondrogenic differentiation ability of PBMSCs by
regulating miR-181a and inhibiting the expression of GREM1.

Osteoarthritis (OA) is a common chronic joint disease characterized by changes in osteochondral homeostasis
leading to progressive degeneration of synovial joints'. OA can lead to joint pain, deformity, and dysfunction,
thereby reducing the patient’s quality of life. Some studies have shown that the incidence of OA in the middle-
aged population is 40%, while the incidence rate in the elderly is 80% or higher. Mild OA can lead to joint pain,
deformity, and functional impairment affecting quality of life, while more severe cases can lead to disability®.
The disability rate can eventually reach 50% or more, placing a heavy economic burden on society®. Current
clinical treatment methods, such as conservative drug treatment, joint debridement, grinding, microfracture,
and autologous cartilage transplantation, have limited therapeutic effects**. Therefore, new strategies need to
be developed to treat OA.

Circular RNA (circRNA) is an endogenous noncoding RNA (ncRNA) with a covalently closed loop structure,
neither a 3’ tail nor a 5’ cap’. This structural property enables it to exhibit high stability, high evolutionary con-
servation among species, and tissue specificity in the eukaryotic transcriptome®. Several studies have shown that
circRNAs play a key role in the pathogenesis of various orthopaedic diseases (osteoporosis, intervertebral disc
degeneration, osteoarthritis, etc.)®!’. However, the roles of circRNAs and the circRNA and miRNA axes in OA
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development and progression are poorly understood. In this study, we explored the role of circRNA-ACCHC14
in OA progression.

MicroRNAs (miRNAs) are a group of small noncoding single-stranded RNAs approximately 17-24 nucleo-
tides in length. In recent years, studies have confirmed that miRNAs play an important regulatory role in the
differentiation of stem cells into chondrocytes''. It has been found that miR-146a is involved in the regulation
of TGF-B signalling during chondrocyte development'?. Inhibition of LEF-1 by miR-449a repressed the expres-
sion of SOX9, resulting in a slowing of cartilage formation'®. Studies have shown that miR-140, a miRNA related
to chondrocyte differentiation, is downregulated in OA cartilage and that changes in miR-140 expression and
function play an important role in diseases affecting articular cartilage'*. miR-181a is involved in the process
of osteogenic differentiation and is highly expressed during osteogenic differentiation'®. In addition, miR-181a
promotes osteogenic differentiation by downregulating the expression of TGF-B*¢. The above phenomenon sug-
gests that miR-181a is closely related to stem cell differentiation. Our previous study found that miR-181a was
upregulated in PBMSCs treated with BMP-2 and TGF-B3 and was positively correlated with chondrogenesis-
related markers'’.

GREM1 is a highly conserved glycoprotein, a member of the DAN Cerberus family'®, and mainly distributed
in the extracellular matrix, but a small amount of GREM1 is also distributed in the endoplasmic reticulum®.
Studies have shown that GREML1 is an inhibitor of the process by which bone morphogenetic proteins regulate
osteogenic differentiation®”. GREM1 binds to BMP-2, -4 and -7 and inhibits their binding to BMP receptors on
the cell membrane?'. In osteoblasts, overexpression of GREM1 reduces the biological activity of BMP-2, and
reducing GREM1 expression in osteoblasts using RNA interference increases the biological activity of BMP-22!.

Although many circRNAs have been reported to play critical roles in OA, the specific microenvironmental
factors involved in this pathological process have not been fully elucidated. Therefore, studying the effect of
circRNAs on OA progression may help to elucidate the pathogenesis of OA. Our study revealed that si-circRNA-
ACCHCI14 inhibits the expression of GREM1 by promoting miR-181a, which may provide a new diagnostic and
therapeutic strategy for OA.

Materials and methods

Patient samples and ethics statement. Peripheral blood samples from 10 OA patients and 7 healthy
people were collected from the Second Affiliated Hospital of Kunming Medical University. The characteristics
of the subjects enrolled in the OA study are shown in Table 1. The diagnosis of patients with OA was based on
the American College of Rheumatology guidelines. This research scheme follows the ethical principles of the
Helsinki Declaration and was approved by the Ethics Committee of Clinical Research of the Second Affiliated
Hospital of Kunming Medical University (Shen-PJ-Ke-2022-64). All the selected patients signed an informed
consent form.

Animal model. All surgical procedures and protocols were carried out in accordance with the Guide to
Nursing and Use of Experimental Animals and approved by the Ethics Review Committee of Animal Experi-
ments of Kunming Medical University (kmmu20221858). All animal methods are reported in accordance with
ARRIVE guidelines.

The establishment of animal models was performed according to previous literature??. Full thickness defects
were created in adult Yunnan Xiaoer pigs (n =6, male or female, average weight 15 kg). Briefly, pentobarbital
sodium was injected into the ear vein for anaesthesia induction. The right joint was cut through a medial
approach at the patellar tendon, and then, the patella was dislocated in an external position, exposing the joint
cavity. A full thickness defect was created through the surface of the medial and lateral femoral cartilage with
a drill (drilling: 7 mm in diameter, 4 mm in depth). After successful modelling, the Diannan Xiaoer pigs were
kept in a controlled environment with free access to food and water. All animals were studied simultaneously
at the same age (the average age was 9 months). At 30 days after surgery, blood (30 ml) was collected from the
porcine anterior vena cava in a 5 ml vacuum collection tube containing heparin sodium. In addition, a 20 ml
sterile syringe was used to puncture the medial side of the patellar ligament of the knee into the joint cavity at
45 degrees to collect the joint fluid.

Isolation and culture of PBMSCs. PBMSCs were isolated and cultured according to a previous study"”.
Briefly, the peripheral blood of Xiaoer pigs was collected, diluted with D-Hanks solution, and subjected to Ficoll
density gradient centrifugation to directly separate and purify peripheral blood mononuclear cells. Mononuclear
cells were collected and cultured in serum-free medium and placed in an incubator at 37 °C with 5% CO,.

Characteristic | Healthy donor | Patients

Case, n

7

10

Age, (range)

40.50 (28-52)

64.65 (54-75)

Sex, n (%)
Male 4 (57.1) 4 (40)
Female 3(42.9) 6 (60)

Table 1. Characteristics of the subjects enrolled in the study of osteoarthritis.
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Cell transfection. The PBMSCs (80%-90% confluency) were digested with 0.25% trypsin containing EDTA
and inoculated into six-well plates at a cell density of 2 x 10* cells/cm? The differentiated PBMSCs were trans-
fected with si-circRNA-ACCHC14, oe-circRNA-ACCHC143, si-GREM1, oe-GREM1, si-BMP2, oe-BMP2,
miR-181a mimic, miR-181a inhibitor or their negative controls using Lipofectamine 2000 transfection reagent
(Invitrogen, Carlsbad, CA, USA). After transfection, the cells were cultured in an incubator at 37 °C with 5%
CO, for 48 h.

RT—qPCR. Total RNA was extracted from peripheral blood using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). The concentration was then measured using an ultratrace UV analyser. RNA was reverse transcribed
into cDNA according to the Bestar gPCR RT Kit instructions. PCR amplification was then performed with DBI
Bestar' SYBR Green qPCR Master Mix (DBI Bioscience, Shanghai, China) using a QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems). The expression levels of miRNAs and circRNAs were normalized against U6
or GAPDH expression, and relative quantification was performed using the 2722 method. Primers are shown
in Table 2.

Alcian blue staining. PBMSCs were seeded on 24-well plates and induced using chondrogenic differentia-
tion medium for 14 days. Cells were then fixed with 4% paraformaldehyde and stained with Alcian blue dye
solution (Solarbio, China). Finally, the cells were photographed with an inverted optical microscope (Leica DMI
3000B, Germany).

Western blot analysis. Total protein was extracted using RIPA buffer (Beyotime Biotechnology), and its
concentration was quantified using a BCA protein assay kit (Thermo). Equal amounts of protein were subjected
to 10% SDS—PAGE and transferred to PVDF membranes (Millipore, USA). Membranes were blocked with 5%
bovine serum albumin (BSA) (Amresco, USA) and incubated with specific primary antibodies (anti-GAPDH
(Abcam), anti-BMP2 (Abcam), anti-COL2A1 (Abcam), and anti-AGR (Abcam), followed by incubation with
HRP-conjugated secondary immunoglobulin antibodies (Boster). After enhanced chemiluminescence (ECL)
colour development, gel imager images were acquired. Finally, the protein bands were quantitatively analysed
with Image]J software.

Statistical analysis. Data tables were analysed using GraphPad Prism 6.0 (GraphPad, USA). For a normal
distribution, a t test was used to assess differences between two groups, while one-way analysis of variance
(ANOVA) was used for comparisons among three or more groups. P <0.05 was considered statistically signifi-
cant.

Results

Expression of circRNA-ZCCHC14 and miR-181a. We examined the expression of circRNA-ZCCHC14
and miR-181a at three levels: cellular, clinical and animal. Clinical samples were collected to detect the expres-
sion of circRNA-ZCCHC14 and miR-181a, and it was found that miR-181a expression was significantly lower in
the blood of patients, while circRNA-ZCCHC14 was highly expressed (Fig. 1A,B). Pearson correlation analysis
revealed that circRNA-ZCCHC14 was negatively correlated with miR-181a (Fig. 1C). An OA animal model was
constructed, and blood and joint fluid were collected to detect the expression of circRNA-ZCCHC14 and miR-
181a (Fig. 1D-G). Using a combination of BMP2 and TGF-f to induce cells, it was found that the expression of
circRNA-ZCCHC14 was decreased, while the expression of miR-181a was increased (Fig. 1H,I). Taken together,
miR-181a was negatively correlated with circRNA-ZCCHCI14, which was associated with chondrogenic differ-
entiation.

The effect of circRNA-ZCCHC14 on the chondrogenic differentiation of PBMSCs. To explore
the effect of circRNA-ZCCHC14 on the chondrogenic differentiation of PBMSCs, we detected the circRNA-
ZCCHC14 knockdown or overexpression efficiencies via RT—qPCR. The results showed that the overexpression
vector significantly increased the expression of circRNA-ZCCHCI14 in all three experiments, and the overex-
pression effect of oe-circRNA-ZCCHC14-2 was the best (Fig. 2A). Therefore, oe-circRNA-ZCCHC14-2 was

Gene Sequence(5’-3’)

FETGTTCGTCATGGGTGTGAAC

R:ATGGCATGGACTGTGGTCAT

ETTTGCGGTCATCAGACTTCCT

R:TTGCCACAGCATTCTGAAACA

F:CTCGCTTCGGCAGCACA

R:AACGCTTCACGAATTTGCGT
F:CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTCACCG
R:ACACTCCAGCTGGGAACATTCAACGCTGTCG

GAPDH

CircRNA-ZCCHC14

U6

miR-181a

Table 2. Primer sequences.
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Figure 1. Expression of circRNA-ZCCHC14 and miR-181a (A) Detection of the circRNA-ZCCHC14
expression in clinical samples by RT—qPCR; (B) Detection of miR-181a expression in clinical samples by
RT—qPCR; (C) The correlation between circRNA-ZCCHC14 and miR-181a was analysed; (D) RT—qPCR was
used to detect the expression of circRNA-ZCCHC14 in animal joint fluid; (E) RT—qPCR was used to detect the
expression of miR-181a in animal joint fluid; (F) The expression of circRNA-ZCCHC14 in animal blood was
detected by RT—qPCR; (G) RT—qPCR was used to detect the expression of miR-181a in animal blood; (H)
Detection of the expression of circRNA-ZCCHCI14 in the cell model by RT—qPCR; (I) Detection of the
expression of miR-181a in the cell model by RT—qPCR.

selected for subsequent experiments (hereafter, oe-circRNA-ZCCHC14 refers to oe-circRNA-ZCCHCl14-2).
The chondrogenesis markers BMP2, COL2A1 and AGR were detected by Western blot, and it was found that
the chondrogenic markers decreased with increasing treatment time with oe-circRNA-ZCCHC14-2 (Fig. 2B).
In addition, all siRNAs significantly reduced circRNA-ZCCHC14 expression, with si-circRNA-ZCCHC14-2
having the highest knockdown efficiency (Fig. 2C). Therefore, the si-circRNA-ZCCHC14-2 interfering cell line
was used for subsequent experiments (hereafter, si-circRNA-ZCCHC14 refers to si-circRNA-ZCCHC14-2). The
chondrogenesis markers BMP-2, COL-2A1 and AGR were detected by Western blot, and it was found that the
chondrogenic markers increased with increasing treatment time with si-circRNA-ZCCHC14-2 (Fig. 2D). The
ability of cells to form cartilage was detected by Alcian blue staining. The results showed that the ability of the
oe-circRNA-ZCCHC14 group to form cartilage was decreased compared with that of the NC group, while the
ability of the si-circRNA-ZCCHC14 group to form cartilage was increased (Fig. 2E). In conclusion, circRNA-
ZCCHC14 inhibits the chondrogenic differentiation of PBMSCs.

circRNA-ZCCHC14 targets and regulates miR-181a. The targeted binding sites between circRNA-
ZCCHCI14 and miR-181a were predicted using bioinformatics tools (Fig. 3A). Then, the sequence of circRNA-
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Figure 2. The effect of circRNA-ZCCHC14 on the chondrogenic differentiation of PBMSCs (A) RT—qPCR
detection of circRNA-ZCCHC14 overexpression efficiency; (B) Western blot detection of the expression of the
cartilage markers BMP2, COL2A1 and AGR; (C) RT—qPCR detection of the circRNA-ZCCHC14 knockdown
efficiency; (D) Western blotting was used to detect the expression of the cartilage-forming markers BMP-2,
COL-2A1 and AGR; (E) Alcian blue staining was used to detect the ability of cells to form cartilage.

ZCCHC14 was mutated. After that, the targeting relationship between them was verified with a dual-luciferase
assay, and it was found that the fluorescence intensity in the WT-circRNA-ZCCHC14 + miR-181a mimic group
was significantly reduced, but the MUT-circRNA-ZCCHC14 + miR-181a mimic had no significant effect on
fluorescence intensity (Fig. 3B). The expression of circRNA-ZCCHC14 was detected by RT—qPCR, and it was
found that miR-181a mimic significantly inhibited the expression level of miR-181a (Fig. 3C). These results sug-
gest that circRNA-ZCCHC14 targets and regulates circRNA-ZCCHC14.

CircRNA-ZCCHC14 affects the chondrogenic differentiation of PBMSCs through
miR-181a. After verifying the targeting relationship between circRNA-ZCCHC14 and miR-181a, we fur-
ther explored whether circRNA-ZCCHC14 affects PBMSC chondrogenic differentiation through miR-181a.
Compared with the NC group, si-circRNA-ZCCHC14 promoted the expression of the chondrogenesis markers
BMP2, COL2A1 and AGR, while the miR-181a inhibitor significantly reversed this promotion (Fig. 4A). Using
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Figure 3. circRNA-ZCCHCI14 targets miR-181a (A) circRNA-ZCCHC14 and miR-181a binding sequence;
(B) Dual-luciferase reporter system to verify the binding of circRNA-ZCCHC14 and miR-181a; (C) RT—qPCR
detection of the expression level of circRNA-ZCCHC14.

Alcian blue staining to detect the ability of cells to form cartilage, the same conclusion was reached; that is, si-
circRNA-ZCCHC14 promoted the ability of cells to form cartilage, whereas the miR-181a inhibitor reversed this
promotion (Fig. 4B). In conclusion, circRNA-ZCCHC14 affects the chondrogenic differentiation of PBMSCs
through miR-181a.

Validation of the targeting relationship between GREM1 and miR-181a. The targeting relation-
ship between GREM1 and miR-181a was predicted using starBase, and it was found that there was a target bind-
ing site between GREM1 and miR-181a (Fig. 5A). The targeting relationship was verified by a double fluorescein
experiment, and it was found that the fluorescence activity in the WT-GREM1 + miR-181a mimic group was
significantly reduced, but the MUT-GREM1 + miR-181a mimic had no significant effect on the fluorescence
activity (Fig. 5B). The expression of GREM1 was detected by Western blotting, and it was found that miR-181a
significantly inhibited the expression level of GREM1 (Fig. 5C,D). The above results indicate that there is a tar-
geted negative regulatory relationship between miR-181a and GREMI.

The effects of GREM1 and BMP2 on chondrogenic differentiation of PBMSCs.  We successfully
constructed GREM1-overexpressing and GREM1-knockdown PBMSC lines (Fig. 6A). Alcian blue staining
showed that overexpression of GREM1 reduced PBMSC chondrogenic differentiation and that knockdown of
GREM1 increased PBMSC chondrogenic differentiation (Fig. 6B). Western blot analysis showed that overex-
pression of GREM1 reduced BMP2 expression; conversely, knockdown of GREM1 increased BMP2 expression
(Fig. 6C). At the same time, we constructed BMP2 overexpression and knockdown PBMSC lines (Fig. 6D).
Using Alcian blue staining, it was found that overexpression of BMP2 increased the chondrogenic differentia-
tion of PBMSCs and that knockdown of BMP2 decreased the chondrogenic differentiation of PBMSCs (Fig. 6E).
Western blot analysis showed that overexpression of BMP2 reduced GREM1 expression; conversely, knockdown
of BMP2 increased GREM1 expression (Fig. 6F). The above results indicate that GREM1 and BMP2 have antago-
nistic effects and that they jointly regulate the chondrogenic differentiation of PBMSCs.

Discussion

OA is one of the most common diseases that causes joint pain and affects joint function®?. To date, there is no
effective recommend OA treatment method in clinical settings. Therefore, new and in-depth research on the
pathogenesis of OA is an important way to find new and effective therapies for the treatment of OA. BMP-2
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Figure 4. circRNA-ZCCHCI14 affects PBMSC chondrogenic differentiation through miR-181a (A) Western
blot detection of the cartilage markers BMP2, COL2A1 and AGR; (B) Alcian blue staining to detect the ability of
cells to form cartilage.

and TGF-PB3 belong to the transforming growth factor p superfamily and have the highest efficiency in inducing
chondrogenic differentiation of BMSCs*’. As a chondrogenic differentiation factor, BMP-2 mainly plays a role
in chondrogenic differentiation in the early stage, while TGF-f3 plays an important role throughout the entire
process, maintaining the cartilage phenotype, regulating the proliferation of chondrocytes, and promoting the
production of collagen and proteoglycans. The two act at different stages of chondrogenic differentiation, and
their combined application should play a synergistic role in inducing and regulating the directional differen-
tiation of PBMSCs into chondrocytes®. How circRNAs promote the chondrogenic differentiation capacity of
PBMSCs induced by BMP-2 and TGF-[3 has thus far remained elusive. In the present study, decreased expres-
sion of circRNA-ZCCHC14 and increased expression of miR-181a were found in clinical OA peripheral blood
samples and in animal OA blood and joint fluid samples, and it was found that the expression levels of the two
were negatively correlated in the peripheral blood of patients with OA.

circRNAs are widely present in human cells?*. Compared with other noncoding RNAs, circRNAs are more
stable and conserved and have the potential to be used as new diagnostic molecular biomarkers and therapeutic
targets®”*®. Multiple studies have found that circRNAs play an important role in OA. For example, circ_0000423
regulates cartilage ECM synthesis through the miRNA-27b-3p/MMP-13 axis®. TGF-p1 regulates chondrocyte
proliferation and extracellular matrix synthesis in osteoarthritis through the circPhf21a-Vegfa axis*. circCDK14
ameliorated IL-1B-induced osteoarthritis chondrocyte injury through the miR-1183/KLF5 pathway®'. The present
study found that knockdown of circRNA-ZCCHC14 enhanced the chondrogenic differentiation ability of PBM-
SCs. In addition, starBase combined with dual-luciferase experiments verified that there is a targeted negative
regulatory relationship between circRNA-ZCCHC14 and miR-181a.

miRNAs have important functions in stemness maintenance and differentiation of stem cells. Several studies
have found that miR-181a is associated with osteogenic differentiation®”. miR-181a is involved in the osteogenic
differentiation process and is highly expressed during osteogenic differentiation®*. miR-181a promotes osteo-
genic differentiation by downregulating the expression of TGF-f. miR-181a plays a negative regulatory role in
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Figure 5. Validation of the targeting relationship between GREM1 and miR-181a (A) GREM1 and miR-181a
binding sequence; (B) Dual-luciferase reporter system to verify the binding of GREM1 and miR-181a sequence;
(C) Western blot detection of the expression level of GREM1; (D) Western blot detection of the expression level
of GREM1.
cartilage homeostasis by inhibiting Ccna2 and Acan®. Our previous study found that miR-181a was significantly
upregulated in PBMSCs treated with BMP-2 and TGF-f3.

To further determine the functional mechanism of circRNA-ZCCHC14, the downstream target genes of
miR-181a were investigated. GREML1 is a highly conserved glycoprotein that has been widely demonstrated to
be involved in organogenesis and tissue differentiation. Sequencing analysis revealed increased expression of
GREML in OA samples, and high expression of GREM1 was associated with severe knee OA*>*. In addition,
GREMI1 was found to be highly expressed in IL-1f-induced chondrocytes, and its overexpression attenuated
the functional effects of miR-183-5p, thereby promoting extracellular matrix degradation and chondrocyte
apoptosis®’. In the present study, we found that miR-181a can target and regulate GREM1 to affect the chondro-
genic differentiation ability of PBMSCs, that GREM1 and BMP2 have antagonistic effects, and that they jointly
regulate the chondrogenic differentiation of PBMSCs (Supplementary Figure).
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Figure 6. Effects of GREM1 and BMP2 on the chondrogenic differentiation of PBMSCs (A) RT—qPCR analysis
to detect the expression of GREMI; (B) Alcian blue staining to detect the ability of cells to form cartilage;

(C) Western blotting to detect the expression of BMP-2 and GREM1; (D) RT—qPCR analysis to detect the
expression of BMP2; (E) Alcian blue staining was used to detect the ability of cells to form cartilage; (F) Western
blotting was used to detect the expression of BMP-2 and GREM1.

Conclusions
Our current study suggests that circRNA-ZCCHC14 is strongly expressed in OA patients, in an animal model
and in PBMSCs treated with BMP-2 and TGF-B3. Knockdown of circRNA-ZCCHC14 inhibited the antagonistic
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effect of GREM1 on BMP2 by promoting the expression of miR-181a, thereby greatly improving the chondro-
genic differentiation ability of PBMSCs. This study is the first to propose that miR-181a/GREM1 signalling is
targeted by circRNA-ZCCHC14, enriching the evidence indicating that circRNA-ZCCHCI14 is involved in OA
progression. Promoting the chondrogenic differentiation ability of PBMSCs by inhibiting circRNA-ZCCHC14

may be an important strategy for future OA treatment.

Mechanism diagram. The mechanism diagram shows (Fig. 7) that the highly expressed circRNA-
ZCCHC14 can indirectly promote the expression of GREM1 by inhibiting miR-181a, resulting in a decrease in
the expression of chondrogenesis markers (BMP-2, COL-2A1, AGR, TGF-$3), and ultimately inhibiting chon-

drogenic differentiation.

Ot — wrmi

miR-181a
circRNA-ZCCHC14 l

Camiid) 1
| onan

Osteoblasts

Figure 7. Mechanism diagram of how circRNA-ZCCHC14 affects the chondrogenic differentiation ability of
peripheral blood mesenchymal stem cells by regulating GREM1 through miR-181a.
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