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A B S T R A C T   

Craniofacial bone defects cause significant problems to patients with harmful consequences. Mesenchymal stem 
cells (MSCs) can self-renew and exhibit multilineage differentiation, which could be applied to bone regenera-
tion. However, craniofacial bone tissue MSCs have unique properties, differing in their characteristics to MSCs 
derived from long bones. CDC20 promotes osteogenic differentiation in long bones; however, its role in 
craniofacial bone tissues remains unknown. In this study, we found that Cdc20 conditional knockout in mice 
triggered distinctive cranial and mandibular bone loss. Moreover, the osteogenic differentiation potential of 
cranial suture-derived MSCs and mandibular bone marrow-derived MSCs was impaired in Cdc20 conditional 
knockout mice. The conditional knockout of Cdc20 impaired osteogenesis in craniofacial bones. Our findings 
provide new insights into craniofacial bone regeneration and the treatments of craniofacial bone-related diseases.   

1. Introduction 

Bone defects are common clinical conditions with severe detrimental 
effects on the bodily functions and quality of life of patients. Craniofacial 
bone abnormalities can arise due to tumors, traumas, congenital dis-
eases, or infections, and severely jeopardize mastication, pronunciation, 
and facial esthetics. Therefore, they cause a considerable medical 
burden on individuals and society, and advanced treatment strategies 
for craniofacial bone loss are urgently needed (Fliefel et al., 2017). 
Craniofacial bone regeneration is a promising and rapidly evolving field. 
Recent advances in molecular and cell biology enable the development 
of treatments targeting genes in craniofacial stem cells, providing a 
novel approach to restoring craniofacial bone tissue. 

Cell division cycle protein 20 (CDC20) is an important cell-cycle 
regulator involved in mitosis. CDC20 activates and binds to anaphase- 
promoting complex/cyclosome (APC/C), which enables the ubiquiti-
nation and degradation of substrates. Therefore, CDC20 serves as an 
integrator of intracellular signaling cascades, regulating progression 

through mitosis (Yu, 2007). Besides regulating the cell cycle, CDC20 is 
involved in the regulation of other processes such as apoptosis (Harley 
et al., 2010), human malignancies (Chang et al., 2012), neuronal con-
nectivity, and brain plasticity (Yang et al., 2009). CDC20 also plays an 
essential role in osteogenesis in long bones by promoting the ubiquiti-
nation and degradation of p65 (Du et al., 2021). However, whether 
CDC20 exerts unique effects on craniofacial bone tissue remains 
unknown. 

Craniofacial bone tissue stem cells comprise mandibular bone 
marrow-derived mesenchymal stem cells (MSCs) and cranial bone- 
derived MSCs. Mandibular bone marrow-derived MSCs play a signifi-
cant role in mandibular bone remodeling and healing (Chung et al., 
2009; Lee et al., 2019). Cranial sutures serve as the osteogenic front for 
intramembranous ossification, and the major population of cranial 
bone-derived MSCs is derived from cranial sutures (Zhao and Chai, 
2015; Li et al., 2021). Both types of MSCs possess the ability to differ-
entiate into osteoprogenitors and to further give rise to osteoblasts 
(Kaltschmidt et al., 2012). Sp7-Cre mice enable targeted gene deletion in 
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osteoprogenitors and are used to generate mouse models for investi-
gating the roles of specific genes in bone development (Liu et al., 2017; 
Chen et al., 2021). Craniofacial bone-derived MSCs differ from long 
bone marrow-derived MSCs in terms of developmental origin, clinical 
performance, proliferation, and differentiation potency (Helms and 
Schneider, 2003; Yamaza et al., 2011; Lloyd et al., 2017), suggesting 
that there is a discrepancy between craniofacial and long bone regen-
eration. Thus, it is essential to investigate whether CDC20 plays a unique 
role in mandibular and cranial bone regeneration. 

In this study, we characterized the function of Cdc20 in the regula-
tion of craniofacial bone formation. Cdc20 contributed to craniofacial 
bone regeneration, revealing its potential role as a target for improving 
therapeutic strategies to treat craniofacial bone-related diseases. 

2. Materials and methods 

2.1. Generation and genotyping of mouse models 

Cdc20f/f and Sp7-Cre;Cdc20f/f mice were generated as previously 
described (Du et al., 2021). In brief, Cdc20-floxed (Cdc20f/+) mice were 
generated using a clustered regularly interspaced short palindromic 
repeats (CRISPR)/Cas9-based extreme genome editing (EGE) system 
(Biocytogen Co., Ltd., Beijing, China). The targeting vector, single guide 
RNAs (sgRNAs), and Cas9 mRNA were co-injected into C57BL/6 N 
mouse zygotes. The targeting vector was synthesized in vitro and con-
tained genomic DNA spanning exons 1–7 of the mouse Cdc20 gene 
flanked by two loxP sites. Homology arms were also incorporated at the 
5′ and 3′ regions. Using the CRISPR design tool (http://www.sanger.ac. 
uk/htgt/wge/) and the UCA™ CRISPR efficiency evaluation kit (Bio-
cytogen Co., Ltd.), two sgRNAs were generated to target the upstream 
region of exon 1 and the downstream region of exon 7 of Cdc20. After 
injection, the surviving two-cell stage zygotes were transplanted into 
KM albino pseudo-pregnant females to generate founder mice bearing 
the floxed Cdc20 allele. Verification of the mouse genotypes was carried 
out by PCR amplification, DNA sequencing, and Southern blot analysis. 

Sp7-Cre mice were obtained from Biocytogen Co., Ltd. An F2A-iCre 
sequence cassette was placed between the coding sequence of exon 2 
and the 3′ untranslated region of the Sp7 gene in C57BL/6 ES cells. For 
detailed information on the iB-Sp7-iCre mice, review https://biocyt 

ogen.com/products/cre-mouse-rat-models/b-sp7-osx-icre-mice/. Sp7- 
Cre mice were then bred with Cdc20f/f mice to generate iCre-positive, 
loxp-homozygous (Sp7-Cre;Cdc20f/f) conditional knockout mice and 
their corresponding littermates. Genotyping primers are shown in  
Table 1. 

Sp7-Cre;Cdc20f/f mice were used as the experimental group, whereas 
Cdc20f/f were used as the control group. A single mouse was used as the 
experimental unit, and each group contained three mice. All healthy 
Sp7-Cre;Cdc20f/f and Cdc20f/f mice was included. All animal procedures 
and experiments were carried out according to the guidelines of the 
Institutional Animal Care and Use Committee of the Peking University 
Health Science Center (LA2014233). 

2.2. Harvesting and culturing of primary cells 

Proliferation medium (PM) contained α-minimum essential medium 
(Invitrogen, Carlsbad, CA, USA), 10% fetal bovine serum (PAA Labo-
ratories GmbH, Linz, Austria), and 1% penicillin/streptomycin (Invi-
trogen). Osteogenic medium (OM) comprised standard PM and 10 mM 
β-glycerophosphate, 0.2 mM ascorbic acid, and 100 nM dexamethasone. 

Primary mouse cranial suture-derived MSCs were obtained from 4- 
day-old mice as described previously (Xu et al., 2007; James et al., 
2008). Sagittal sutures on cranial bones with 0.5-mm bony margins on 
either side were harvested to minimize tissue heterogeneity. Then, the 
underlying dura mater and the overlying pericranium were dissected 
from the suture mesenchyme, and the remaining suture tissue was 
minced into tiny blocks to expose the suture mesenchyme and explanted 
into culture dishes (Corning, Corning, NY, USA) containing PM. After 2 
days, cranial suture-derived MSCs migrated from the explant tissue 
blocks and were observed by microscope. 

The separation procedures of primary mouse mandibular bone 
marrow-derived MSCs were performed as previously described (Yamaza 
et al., 2011). First, 6-week-old mice were sacrificed, mandibles were 
excised, and incisors and molars were removed. Subsequently, the bones 
were cut up, and all nucleated cells from the mandibular bones were 
isolated by digestion with collagenase type 2 and type 4 (15 mg/mL; 
Worthington Biochemical Corporation, Lakewood, NJ, USA) for 1 h at 
37 ◦C. The dissociated cells were filtered through a 40-mm strainer, and 
the supernatants were collected and seeded into culture dishes con-
taining PM. Cells were maintained at 37 ◦C with 5% CO2. The medium 
was replenished after 2 days to remove non-adherent cells. Cells 
passaged less than two times were used for all experiments. For osteo-
genic differentiation, two types of cells were seeded in 12-well plates 
and induced in PM and OM for 7 days for further experiments. 

2.3. Cell counting kit-8 assay 

For cell proliferation assays, cells were seeded in 96-well plates and 
cultured at 2 × 103 cells per well in PM. At day 0, 1, 3, 5, 7, the cell 
number was evaluated with a Cell Counting Kit-8 (CCK8, Dojindo Lab-
oratories, Kumamoto, Japan) according to the manufacturer’s in-
structions. Optical density (OD) at 450 nm was measured using a 
microplate reader (ELX808, BioTek) and growth curves were drawn 
according to the OD values (n = 3). 

2.4. RNA isolation and quantitative real-time polymerase chain reaction 
(qRT-PCR) 

Total RNA was extracted with TRIzol reagent (Invitrogen) from cells 
cultured in PM or OM for 7 days, and a NanoDrop 8000 spectropho-
tometer (Pierce Thermo Scientific, Waltham, MA, USA) was used to 
measure the purity and concentration of the total RNA. Reverse tran-
scription was performed with a PrimeScript RT Reagent Kit (#RR037A; 
Takara, Tokyo, Japan). qRT-PCR was performed using a 7500 Real-Time 
PCR Detection System (Applied Biosystems, Foster City, CA, USA) and 
SYBR Green Master Mix (Roche Applied Science, Mannheim, Germany). 

Table 1 
Sequences of genotyping primers.  

Name Primer sequence (5′–3′)  

Cdc20 
5′loxP-F 

CCTAAACTATGTGGAGTTCAAGGCCA WT:202 bp 

Cdc20 
5′loxP-R 

AGGATCTAGGATCTAGGTGACTCCC Mut:321 bp 

Cdc20 
3′loxP-F 

GAAGCAGCTCCTGTCTTGGAGTTGT WT:405 bp 

Cdc20 
3′loxP-R 

CCACAGCCTGGGTGGAATGGATAAA Mut:490 bp 

Sp7-Cre 
WT-F 

TACCAGAAGCGACCACTTGAGC 263 bp 

Sp7-Cre 
WT-R 

CGCCAAGAGAGCCTGGCAAG 263 bp 

Sp7-Cre 
Mut-F 

TACCAGAAGCGACCACTTGAGC 445 bp 

Sp7-Cre 
Mut-R 

GCACACAGACAGGAGCATCTTC 445 bp  

Table 2 
Sequences of PCR primers.  

Name Sense strand (5′–3′) Antisense strand (5′–3′) 

Gapdh CAGGAGAGTGTTTCCTCGTCC TGAAGGGGTCGTTGATGGCA 
Cdc20 CTCAAAGGACACACAGCACGG CGCCACAACCGTAGAGTCTCA 
Alp TGACCTTCTCTCCTCCATCC CTTCCTGGGAGTCTCATCCT 
Runx2 CCGGGAATGATGAGAACTA ACCGTCCACTGTCACTTT  
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Gene expression levels were calculated using the ΔΔCT method and 
normalized to glyceraldehyde-3-phosphate dehydrogenase. The primer 
sequences used are listed in Table 2. 

2.5. Alkaline phosphatase (ALP) staining and quantification 

Primary mouse cranial suture-derived MSCs and mandibular bone 
marrow-derived MSCs were seeded in 12-well plates. After 7 days of 
culture in PM or OM, the cells were washed with phosphate-buffered 
saline (PBS), fixed in 95% cold ethanol for 30 min, and then washed 
again with PBS. ALP staining was performed using a nitroblue 
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate staining kit (CoWin 
Biotech, Jiangsu, China) according to the manufacturer’s instructions. 
The cells were then gently rinsed with distilled water, and images were 
taken. 

To quantify ALP activity, cells were washed with PBS and lysed with 
1% Triton X-100 on ice, and centrifuged at 13,362×g for 30 min at 4 ◦C. 
A BCA protein assay kit (Pierce Thermo Scientific) was used to measure 
the total protein concentration for normalization. ALP activity was 
quantified using an ALP assay kit (Nanjing Jiancheng Bioengineering 
Institute, Jiangsu, China). The ALP activity was calculated according to 
the absorbance at 520 nm. 

2.6. Micro-computed tomography (micro-CT) and soft X-ray 

To evaluate differences in bone mass and microarchitecture in 
Cdc20f/f and Sp7-Cre;Cdc20f/f mice, cranial bones and mandibular bones 
were scanned using an Inveon MM system (Siemens, Munich, Germany) 
after fixation in 4% paraformaldehyde for 2 days. Images were acquired 
at a pixel size of 8.82 µm, current of 220 μA, voltage of 60 kV, and 
exposure time of 1500 ms. Bone morphometric parameters including 

bone volume/total volume (BV/TV), trabecular number (Tb.N), 
trabecular spacing(Tb. Sp), and bone mineral density (BMD) in the re-
gion of interest (ROI) were calculated using an Inveon Research Work-
place (Siemens). The examiners blinded to the treatment group when 
they conducted their analysis. 

Soft X-ray images were taken after fixation in 4% paraformaldehyde 
for 2 days using a Senographe Essential Version ADS_55.20 instrument 
(GE Medical Systems, Little Chalfont, England) at 22 mA current and 25 
kV voltage. The gray value was calculated using ImageJ software. The 
examiners blinded to the treatment group when they conducted their 
analysis. 

2.7. Histology and hematoxylin and eosin (H&E) staining 

After fixing in 4% paraformaldehyde for 2 days, the cranial and 
mandibular bone specimens were soaked in 0.5 M ethyl-
enediaminetetraacetic acid at 37 ◦C for 3 weeks for decalcification. The 
decalcifying fluid was changed every 2 days. Afterwards, bone tissues 
were embedded in paraffin, cut into 5-μm tissue sections, and subjected 
to deparaffinization and rehydration. Sections were stained with H&E 
for histological observation. 

2.8. Statistical analyses 

Means and standard deviations presented in text and figures were 
calculated using at least three experiments per group. Statistical ana-
lyses were performed using GraphPad software (GraphPad Software, 
Inc., La Jolla, CA, USA). In the figures, bar graphs represent means, and 
error bars represent the standard deviation. Independent two-tailed 
Student’s t-tests were used to evaluate the differences between two 
groups, and one-way analysis of variance followed by Tukey’s post hoc 

Fig. 1. Construction and genotyping of the 
Cdc20 conditional knockout mouse model. (a) 
Schematic diagram depicting the Cdc20 gene 
knockout strategy and the construction process 
of Cdc20 conditional knockout mice. (b) 
Representative images of DNA electrophoresis 
gels depicting the genotypes of the indicated 
mice. (c, d) Relative Cdc20 mRNA expression 
levels in primary cells derived from mandibular 
bone (c) and cranial bone (d) in Sp7-Cre;Cdc20f/ 

f mice and their littermate control mice.   
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tests were performed for comparisons between more than two groups. A 
two-tailed value of p < 0.05 was considered to represent statistical 
significance. 

3. Results 

3.1. Construction and genotyping of the Cdc20 conditional knockout 
mouse model 

We generated a Cdc20 conditional knockout mouse model using the 
Cre/loxP system to investigate the role of Cdc20 in craniofacial bone in 
vivo. The Cdc20f/f and Sp7-Cre;Cdc20f/f mouse models were developed 
as previously described (Du et al., 2021). In brief, Cdc20-floxed 
(Cdc20f/+) mice were generated using a CRISPR/Cas9-based EGE sys-
tem. Then, we crossed Cdc20f/+with Sp7-Cre mice to generate the 
Sp7-Cre;Cdc20f/f model. In Sp7-Cre;Cdc20f/f mice, cre 
recombinase-mediated removal of the exon 1–7 led to the translation 
termination of Cdc20 (Fig. 1a). Genotyping was carried out by PCR 

amplification using mice tail extracts and DNA gel electrophoresis 
(Fig. 1b). Sp7-Cre;Cdc20f/f mice were used as the experimental group, 
whereas Cdc20f/f were used as the control group. We performed 
qRT-PCR to examine the efficiency of the Cdc20 conditional knockout 
mouse model; Cdc20 mRNA expression levels were relatively low in 
primary cells derived from mandibular and cranial bone (Fig. 1c,d). 
These results showed that we successfully constructed Cdc20 conditional 
knockout mice and that Cdc20 expression was suppressed in cranial and 
mandibular bones. 

3.2. Conditional Cdc20 knockout impaired osteogenesis in mandibular 
bone 

Micro-CT and H&E staining analyses revealed that the mandibular 
bone microarchitecture of 6-week-old Sp7-Cre;Cdc20f/f mice exhibited 
significant deterioration. The BMD and BV/TV parameters of mandib-
ular bones were significantly lower in 6-week-old Sp7-Cre;Cdc20f/f mice 
compared to in their Cdc20f/f littermates. The Tb.N was lower and Tb.Sp 

Fig. 2. Conditional knockout of Cdc20 
impaired osteogenesis in mandibular bone. (a) 
Representative micro-computed tomography 
images of the mandibular bones of 6-week-old 
Sp7-Cre;Cdc20f/f mice and their control litter-
mates. The red borders show the ranges of the 
regions of interest (ROIs) examined for the 
histomorphometric analyses (range of furcation 
to apex of the first molars). Scale bar, 1.0 mm. 
(b) Histomorphometric analyses of ROIs in 
mandibular bones of 6-week-old Cdc20f/f and 
Sp7-Cre;Cdc20f/f mice. (c) Representative he-
matoxylin and eosin staining of mandibular 
bones from Sp7-Cre;Cdc20f/f and their litter-
mate control mice. The lower panels show the 
magnified images of the area indicated by a 
black dotted line. Scale bar, 500 µm. (d) His-
tologic quantitative analyses of bone volume/ 
total volume (BV/TV) of mandibular bones 
from 6-week-old Cdc20f/f and Sp7-Cre;Cdc20f/f 

mice. Results are presented as the mean 
± standard deviation (n = 3). Statistical ana-
lyses were performed using a two-sided un-
paired Student’s t-test. (*p < 0.05; **p < 0.01; 
***p < 0.001).   

Y. Cheng et al.                                                                                                                                                                                                                                   



Tissue and Cell 77 (2022) 101829

5

was higher in 6-week-old Sp7-Cre;Cdc20f/f mice compared to in the 
control mice (Fig. 2a,b). H&E staining and quantitative BV/TV analysis 
on histological sections revealed mandibular bone impairments in 6- 
week-old Sp7-Cre;Cdc20f/f mice compared with their littermates 
(Fig. 2c,d). Our results suggest that downregulating Cdc20 expression 
impaired bone formation in the mandible. 

3.3. Conditional knockout of Cdc20 reduced osteogenesis in cranial bone 

Micro-CT and soft X-ray scans revealed that massive bone loss 
occurred in the cranial bones of 6-week-old Sp7-Cre;Cdc20f/f mice. The 
coronal and three-dimensional (3D) reconstruction views displayed a 
distinct reduction in cranial bone thickness in Sp7-Cre;Cdc20f/f mice 
(Fig. 3a). The BMD parameter of cranial bones was significantly lower in 
6-week-old Sp7-Cre;Cdc20f/f mice compared with their Cdc20f/f litter-
mates (Fig. 3b). Similarly, the gray values calculated from soft X-ray 
scans were lower in the experimental group compared to the control 

group, suggesting that the BMD was reduced in the Sp7-Cre;Cdc20f/f 

mice (Fig. 3c). H&E staining and quantitative cranial bone thickness 
measurements revealed that the bone mass was lower in the cranial 
bones of 6-week-old Sp7-Cre;Cdc20f/f mice compared with their litter-
mates (Fig. 3d,e). These results suggest that downregulating Cdc20 
suppressed osteogenesis in cranial bone. 

3.4. Loss of Cdc20 attenuated the osteogenic differentiation of 
mandibular bone marrow-derived MSCs 

To further explore the effect of CDC20 on mandibular bone marrow- 
derived MSCs, we obtained primary cells through collagenase dissocia-
tion. We carried out qRT-PCR, showing that Cdc20 mRNA expression 
levels in mandibular bone marrow-derived MSCs were relatively low in 
the experimental group compared with the control group (Fig. 4a). The 
Cell counting kit-8 assay revealed that there was no distinctive differ-
ence of cell proliferation rate in mandibular bone marrow-derived MSCs 

Fig. 3. Conditional knockout of Cdc20 reduced 
osteogenesis in cranial bone. (a) Representative 
micro-computed tomography images of cranial 
bones of 6-week-old Sp7-Cre;Cdc20f/f mice and 
their littermate control mice. Scale bar, 
5.0 mm. (b) Bone mineral density measurement 
of cranial bones taken from 6-week-old Cdc20f/f 

and Sp7-Cre;Cdc20f/f mice. (c) Quantitative X- 
ray analysis of cranial bones from 6-week-old 
Cdc20f/f and Sp7-Cre;Cdc20f/f mice. (d) Histo-
logic measurements of cranial bone thickness of 
6-week-old Cdc20f/f and Sp7-Cre;Cdc20f/f mice. 
(e) Representative hematoxylin and eosin 
staining images of cranial bone from Sp7-Cre; 
Cdc20f/f mice and littermate control mice. The 
left panels show the magnified images of the 
area indicated by a black dotted line. Scale bar, 
500 µm. Results are presented as the mean 
± standard deviation (n = 3). Statistical ana-
lyses were performed using two-sided unpaired 
Student’s t-tests (**p < 0.01; ***p < 0.001).   
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from Sp7-Cre;Cdc20f/f mice and their Cdc20f/f littermates (Fig. 4b). ALP 
staining (Fig. 4c) and ALP activity quantification (Fig. 4d) of the primary 
cells indicated that CDC20 silencing in mandibular bone marrow- 
derived MSCs inhibited their osteogenic differentiation. The relative 
mRNA expression levels of the osteogenic differentiation markers Runx2 
and Alp revealed that osteogenic differentiation was downregulated in 
the mandibular bone marrow-derived MSCs of Sp7-Cre;Cdc20f/f mice 
compared with those of their Cdc20f/f littermates after 7 days of osteo-
genic culture (Fig. 4e,f). Our results suggested that the Cdc20 knock-
down reduced the osteogenic differentiation potential without affecting 
the proliferation of mandibular bone marrow-derived MSCs. 

3.5. Cdc20 silencing inhibited osteogenic differentiation of cranial suture- 
derived MSCs 

Primary cranial suture-derived MSCs were separated from cranial 
bone tissue to evaluate the impact of Cdc20 silencing. qRT-PCR results 
revealed that Cdc20 mRNA expression level is successfully 

downregulated (Fig. 5a). Determined by CCK8 assay, cell proliferation 
of cranial suture-derived MSCs from Sp7-Cre;Cdc20f/f mice and their 
Cdc20f/f littermates didn’t show a significant difference (Fig. 5b). The 
primary cranial suture-derived MSCs were subjected to ALP staining 
(Fig. 5c) and ALP activity quantification (Fig. 5d) after 7 days of oste-
ogenic induction, which revealed that Cdc20 silencing reduced the 
osteogenic differentiation potential of cranial suture-derived MSCs. 
Furthermore, the relative Runx2 and Alp mRNA expression levels were 
lower in the experimental group compared to in the control group 
(Fig. 5e,f). These results suggest that, similar to mandibular bone 
marrow-derived MSCs, Cdc20 downregulation impairs osteogenic dif-
ferentiation in cranial suture-derived MSCs. 

4. Discussion 

During cell division, CDC20 plays a key role in the formation of the 
checkpoint complex, which prevents mitotic exit and regulates the 
biochemical functions of several proteins (Lara-Gonzalez et al., 2021). 

Fig. 4. Cdc20 silencing attenuated osteogenic 
differentiation of mandibular bone marrow- 
derived mesenchymal stem cells (MSCs). (a) 
Relative Cdc20 mRNA expression levels in 
mandibular bone marrow-derived MSCs in Sp7- 
Cre;Cdc20f/f mice and their littermate control 
mice. (b) Cell counting kit-8 assay of mandib-
ular bone marrow-derived MSCs from Sp7-Cre; 
Cdc20f/f and Cdc20f/f mice at day 0, 1, 3, 5, 7. 
(c, d) Alkaline phosphatase (ALP) staining (c) 
and ALP activity (d) of mandibular bone 
marrow-derived MSCs harvested from Sp7-Cre; 
Cdc20f/f and Cdc20f/f mice after osteogenic in-
duction for 7 days. (e, f) The relative mRNA 
expression levels of the osteogenic markers 
Runx2 (e) and Alp (f) in mandibular bone 
marrow-derived MSCs were determined by 
quantitative real-time polymerase chain reac-
tion after 7 days of culturing in proliferation 
medium or osteogenic medium. Results are 
presented as the mean ± standard deviation 
(n = 3). Statistical analyses were performed 
using a one-way analysis of variance and a post 
hoc test (**p < 0.01; ***p < 0.001).   
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CDC20 expression is also elevated in high-grade cancers and has been 
linked to poor prognoses. Furthermore, CDC20 is highly expressed in 
breast cancer patients, and Cdc20 overexpression is associated with 
aggressive breast cancer (Karra et al., 2014). Silencing of CDC20 induces 
G2/M cell cycle arrest, inhibits cell growth, and retards colony forma-
tion in lung cancer cells (Kidokoro et al., 2008). Migration and invasion 
inhibitor protein interacts with CDC20 and inhibits APC/C-mediated 
degradation of cyclin B1, which in turn inhibits glioma development 
and progression (Ji et al., 2010). Therefore, specific CDC20 inhibitors 
may be a strategy for the treatment of human cancers. However, few 
studies have reported the relationship between CDC20 and bone for-
mation. Conditionally knocking out CDC20 decreases long bone for-
mation in mice, and reduces the osteogenic differentiation of bone 
marrow MSCs via p65 degradation (Du et al., 2021). In the present 
study, we examined the role of CDC20 in cranial and mandibular bone, 
and the results were consistent with the previous research outlined 
above. 

Sp7 transcription factor 7/Osterix (Sp7/Osx) is a C2H2-type zinc 
finger transcription factor, which is a putative master regulator of 

osteoblast lineage progression. Generated by osteoprogenitors, Sp7/Osx 
is essential for MSCs to differentiate into osteoblasts and is involved in 
bone formation during postnatal growth (Nakashima et al., 2002; Celil 
and Campbell, 2005; Zhou et al., 2010). The Cre/loxP system has been 
widely used to generate conditional gene knockout mice (Rodda and 
McMahon, 2006). Sp7-Cre mice can be used to specifically target skeletal 
tissues, including craniofacial bone. For example, autophagy-related 
genes were knocked down in craniofacial bone using the Sp7-Cre 
strain, leading to compromised craniofacial bone development and 
indicating the significant role of autophagy in craniofacial bone for-
mation (Thomas et al., 2019). Fgfr3 was specifically activated by 
knocking out the NEO sequence in osteoprogenitors, which showed that 
Fgfr3 impairs craniofacial bone growth (Biosse Duplan et al., 2021). The 
targeted deletion of Dicer in cranial osteoblast precursor cells using the 
Sp7-Cre system rescued suture defects and increased cranial bone mass 
(Atsawasuwan et al., 2017). By contrast, osteoblast-specific Irx3 
knockout mice (Irx3fl/fl/Osx-Cre+ mice) exhibited decreased cranial 
bone mineralization (Cain et al., 2016). Reduced IFT140 expression 
specifically in Osx-positive cells delayed healing processes in alveolar 

Fig. 5. Loss of Cdc20 inhibited osteogenic dif-
ferentiation of cranial suture-derived mesen-
chymal stem cells (MSCs). (a) Relative Cdc20 
mRNA expression levels in cranial suture- 
derived MSCs in Sp7-Cre;Cdc20f/f mice and 
their littermate control mice. (b) Cell counting 
kit-8 assay of mandibular bone marrow-derived 
MSCs from Sp7-Cre;Cdc20f/f and Cdc20f/f mice 
at day 0, 1, 3, 5, 7. (c, d) Alkaline phosphatase 
(ALP) staining (c) and ALP activity (d) of cra-
nial suture-derived MSCs harvested from Sp7- 
Cre;Cdc20f/f and Cdc20f/f mice after osteogenic 
induction for 7 days. (e, f) The relative mRNA 
expression levels of the osteogenic markers 
Runx2 (e) and Alp (f) in cranial bone marrow- 
derived MSCs were examined by quantitative 
real-time polymerase chain reaction after 7 
days of culturing in proliferation medium or 
osteogenic medium. Results are presented as 
the mean ± standard deviation (n = 3). Statis-
tical analyses were performed using a one-way 
analysis of variance and post hoc test 
(**p < 0.01; ***p < 0.001).   
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bone sockets and reduced differentiation and proliferative potency in 
alveolar bone marrow-derived MSCs (Zhou et al., 2021). Osteoblastic 
cell lineages are required during craniofacial development to regulate 
bone formation (Percival and Richtsmeier, 2013). In this study, 
Sp7-driven Cdc20 knockout mice were an effective tool to investigate the 
role of CDC20 on craniofacial bones. 

In this study, we constructed a Cdc20 conditional knockout mouse 
model considering that CDC20 is a crucial cell cycle-related factor and 
systematic knockout of Cdc20 causes embryonic lethality. Our results 
revealed that conditional knockout of Cdc20 in osteoprogenitors via 
Sp7-Cre remarkably attenuates osteogenesis in craniofacial bones. 
Interestingly, we found that there is no significant difference in cell 
proliferation ability of primary mandibular bone marrow-derived MSCs 
and cranial suture-derived MSCs separated from Sp7-Cre;Cdc20f/f mice 
and Cdc20f/f mice. Therefore, the deterioration of bone formation is due 
to the decreases in osteogenic differentiation, but not proliferation. Zhao 
et al. (2021) and Gao et al. (2021) reported that downregulation of 
CDC20 suppressed cell proliferation in hepatocellular carcinoma cells 
and osteosarcoma cells, respectively. The possibility is that there are 
discrepancies between tumor cells and craniofacial osteoprogenitors, 
which need to be further validated. 

Here we examined the role of CDC20 specifically in craniofacial 
MSCs due to site specificity during MSC fate commitment. Mandibular 
bone marrow-derived MSCs are involved in bone healing (Chung et al., 
2009; Lee et al., 2019). Cranial suture-derived MSCs undergo intra-
membranous growth to expand cranial bone (Li et al., 2021; James et al., 
2010). Similar to long bone marrow-derived MSCs, mandibular bone 
marrow-derived MSCs and cranial suture-derived MSCs can differentiate 
into osteoblasts and can be used in tissue engineering. However, they 
differ in their embryonic, phenotypic, and pathological characteristics 
(Chai et al., 2000; Jiang et al., 2002; Mackie et al., 2008; Aghaloo et al., 
2010; Le Douarin and Dupin, 2012; Li et al., 2020). Cranial 
suture-derived MSCs and mandibular bone marrow-derived MSCs 
develop from cranial neural crest cells. However, the molecular mech-
anisms regulating osteogenesis in craniofacial bones differ to those of 
long bones (Helms and Schneider, 2003). Therefore, it is necessary to 
elucidate whether CDC20 promotes osteogenesis in craniofacial bones; 
our findings were consistent with those of a previous study (Du et al., 
2021). Nevertheless, the underlying mechanisms remain elusive and 
should be explored further in subsequent studies. 

5. Conclusion 

In this study, we demonstrated that conditional knockout of Cdc20 
led to reduced craniofacial bone mass in mice. Osteogenic differentia-
tion in craniofacial bone-derived MSCs was also downregulated. Our 
results suggest that CDC20 promotes osteogenesis in craniofacial bones, 
providing a novel target for developing strategies to treat craniofacial 
bone defects. These findings, which provide insight into the function of 
CDC20 in craniofacial bone, may advance medical restoration and 
reconstruction of craniofacial bone defects, providing a promising future 
for craniofacial bone regeneration. 
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