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Abstract

BACKGROUND: Carbonic anhydrase 1 (CA1) has been found to be involved in osteogenesis and osteoclast in various

human diseases, but the molecular mechanisms are not completely understood. In this study, we aim to use siRNA and

lentivirus to reduce or increase the expression of CA1 in Dental follicle stem cells (DFSCs), in order to further elucidate the

role and mechanism of CA1 in osteogenesis, and provide better osteogenic growth factors and stem cell selection for the

application of bone tissue engineering in alveolar bone fracture transplantation.

METHODS: The study used RNA interference and lentiviral vectors to manipulate the expression of the CA1 gene in

DFSCs during in vitro osteogenic induction. The expression of osteogenic marker genes was evaluated and changes in

CA1, alkaline phosphatase (ALP), Runt-related transcription factor 2 (RUNX2), and Bone morphogenetic proteins (BMP2)

were measured using quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting (WB). The

osteogenic effect was assessed through Alizarin Red staining.

RESULTS: The mRNA and protein expression levels of CA1, ALP, RUNX2, and BMP2 decreased distinctly in the si-CA1

group than other groups (p\ 0.05). In the Lentivirus-CA1 (LV-CA1) group, themRNAand protein expressions ofCA1,ALP,

RUNX2, and BMP2 were amplified to varying degrees than other groups (p\ 0.05). Apart from CA1, BMP2 (43.01%) and

ALP (36.69%) showed significant upregulation (p\ 0.05). Alizarin red staining indicated that the LV-CA1 group produced

more calcified nodules than other groups, with a higher optical density (p\ 0.05), and the osteogenic effect was superior.

CONCLUSIONS: CA1 can impact osteogenic differentiation via BMP related signaling pathways, positioning itself

upstream in osteogenic signaling pathways, and closely linked to osteoblast calcification and ossification processes.
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1 Introduction

Alveolar cleft is a complication of cleft lip with or without

cleft palate (CL/P) and is usually treated by alveolar bone

grafting [1]. However, both autologous bone graft [2], as the

gold standard for bone regeneration, and various artificial

bone graft materials including xenograft [3] and synthetic

bone graft, resulting in limited practical applications due to

their high incidence of side effects, limited donor resources

and low osteogenic capacity [4]. Tissue engineering and

regenerative medicine offer promising new treatments for

this defect. In recent years, bone tissue engineering has been

used to reconstruct bone tissue for alveolar cleft, but better

scaffolds, stem cells and osteogenic growth factors that can

promote its curative effect need to be explored [5].

The selection of stem cells is critical for the efficacy of

tissue engineering [6]. Mesenchymal stem cells (MSCs) are
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widely regarded as one of the most suitable stem cell

groups for bone regeneration, so they are used in bone

tissue engineering [7, 8]. However, there are practical

defects in clinical application, such as pain in collection

method, donor site damage, and decreased proliferation

and differentiation ability due to donor aging [9]. Thus,

dental mesenchymal stem cells are emerging as a potential

source of alternative cells which include dental pulp stem

cells (DPSCs), periodontal ligament stem cells (PDLSCs),

stem cells from human exfoliated deciduous teeth

(SHEDs), dental follicular stem cells (DFSCs), etc. [10].

DFSCs are pluripotent stem cells derived from mes-

enchymal tissue and are true progenitor cells of periodontal

tissue. Compared with other dental derived mesenchymal

stem cells, DFSCs have stronger in vitro proliferation

ability and higher expression level of osteogenic marker

factors [11, 12]. The strong osteogenic ability makes

DFSCs an attractive source of cells for repairing bone

defects [13].

To achieve tissue regeneration, three critical elements

are required: seed cells, scaffold materials, and cell growth

factor [14]. To date, several studies have shown that

osteogenic growth factors strongly affect various cell

behaviors. For example, they can lead to self-renewal and

more importantly, it plays an important role in stem cell

differentiation [15, 16]. Even well-studied cell growth

factors are subject to considerable controversy because

studies based on different models often find different

results and it is difficult to draw general conclusions.

Therefore, the further study of osteogenic growth factors

and their related genes is an important part of bone tissue

engineering research [17].

As a member of the Carbonic Anhydrase (CA) family,

CA1 plays a crucial role in catalyzing the reversible

hydration and dehydration reaction of carbon dioxide and

carbonic acid and promoting the formation of calcium

carbonate [18, 19]. CA1 has been found to be involved in

osteogenesis and osteoclast in various human diseases,

including ankylosing spondylitis [20]. CA1 can promote

joint calcification, ossification, and joint fusion by accel-

erating calcium carbonate deposition [21].

In view of the biological characteristics of CA1 in

promoting calcification and ossification in vitro and the

excellent osteogenic differentiation and proliferation abil-

ity of DFSCs, CA1 as an osteogenic inducer combined with

DFSCs has a broad application prospect in bone tissue

engineering. In combination with the research progress of

alveolar cleft bone grafting and bone tissue engineering,

the research used siRNA and lentivirus to reduce or

increase the expression of CA1 in the osteogenic process of

DFSCs, so as to further clarify the role and mechanism of

CA1 in the osteogenic process. Ultimately, it provide better

stem cell and osteogenic growth factor options for the

application of bone tissue engineering in alveolar cleft

bone grafting.

2 Material and methods

2.1 Cell culture and passage of DFSCs

This study was approved by the Ethics Committee of

Qingdao University (Approval Number:

QYFYWZLL27632), and all samples were obtained with

informed consent from patients aged 18–25 years with

good periodontal health who were admitted to the Affili-

ated Hospital of Qingdao University for orthodontic or

impacted tooth extraction. All patients provided informed

consent. In a biosafety cabinet, the follicle epithelium was

preliminarily resected after repeated rinsing with phosphate

buffered saline (PBS, Solarbio, Beijing, China) containing

10% penicillin–streptomycin mixture (Solarbio). The den-

tal follicle tissue was immersed in a prepared digestive

solution containing DispaseII enzyme (Solarbio, 4 mg/ml

concentration) and collagenase type I (Solarbio, 3 mg/ml

concentration) and digested for 50 min at 37 �C. Digestion
was continued either in a 90 min 37 �C water bath or at

4 �C overnight. After digestion, medium was added to stop

digestion, and the dental follicle tissue was centrifuged at

1000 rpm for 5 min. The dental follicle tissue was divided

into more than ten small tissue blocks of about 1 mm2

using sterile blades. The above tissue blocks and culture

medium were transferred to cell culture bottles, with about

1–3 tissues per bottle, and add 5 ml of alpha-MeM culture

medium (BI, Kibbutz, Israel) containing 20% Fetal Bovine

Serum (FBS BI) and 2% dual antibody (Solarbio). The

bottles were placed in a cell incubator (37 �C/5% CO2,

Thermo Corporation, Waltham, MA, USA) for culture. The

culture medium was changed for the first time after 5 days

and then every 3 days thereafter. When the cell fusion

degree reached 70–80%, the cells were digested, and the

cell density was diluted to 1 cell/200 ll after re-suspen-

sion. The cell suspension was transferred to 96-well plates

for culture with 200 ll per well. When the cell confluence

reached the standard of passable passage, passable passage

could be performed.

2.2 Flow cytometry

DFSCs from generations 3–5 were digested with Trypsin

digestion solution (0.25%, does not contain EDTA and

phenol red, Solarbio), centrifuged, and suspended in 2 ml

PBS. The cells were washed twice by centrifuging at

1500 rpm for 10 min and then suspended in pre-cooled

PBS (containing 0.1% BSA). Strict cell counts were per-

formed, and 1 9 106 DFSCs were diluted to 100 ll. Five
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1.5 ml sterile EP tubes were taken, and 100 ll of cell

suspension was added to each tube. Afterward, 5 ll of

CD29-FITC, CD45-FITC, CD73-FITC, CD90-FITC flow

cytometry antibodies (Elabscience, Wuhan, China) were

added into the cell suspension prepared in the previous

step. All samples were incubated for 30 min at 4 �C and

protected from light. Following incubation, the cells were

centrifuged at 1500 rpm for 10 min, and the supernatant

was carefully discarded. The cell precipitate was re-sus-

pended in 100 ll pre-cooled PBS, and the centrifugation

procedure was repeated twice. The cells were then pre-

cipitated with 500 ll of cold PBS, stored at low tempera-

ture, protected from light, and tested on the A50 micro plus

Flow Cytometry (Apogee, United Kingdom) as soon as

possible. Finally, FlowJo V10 was used to analyze the flow

cytometry data.

2.3 Alizarin red S staining

DFSCs were seeded into a 6-well plate at a density of

2 9 104 cells per well. Once the cell fusion degree reached

80%, the culture medium was replaced with a osteogenic

induction culture medium containing 10% FBS, 0.15 lM
dexamethasone, 10 lM b-Sodium glycerophosphate, and

10 lM ascorbic acid. The medium was changed every

3 days, and the cells were cultured for 28 days.

After 28 days, the culture medium was discarded and

the cells were fixed at room temperature for 20–30 min.

Next, the cells were washed three times with double steam

water and then treated with alizarin red S dye (Procell,

China)solution at room temperature for 10–20 min. The

mineralized nodules that form was then observed under a

microscope and photographed. To quantify the amount of

mineralization, 10% cetylpyridine chloride (500 ll per

well) was added to each well and the plate was incubated in

a 37-degree incubator for 1 h. The absorbance of each well

was then measured at 560 nm using an enzyme marker.

2.4 Oil red O staining

DFSCs were seeded into a 6-well plate at a density of

2 9 104 cells per well. Once the cell fusion degree reached

100%, the culture medium of the lipid formation group was

replaced with a lipid induction medium containing 10%

FBS, 1 lM dexamethasone, 200 lM indomethacin, 10 lM
insulin, and 0.5 mM IBMX. The medium was changed

every 3 days, and the cells were cultured for 14 days.

After 14 days, the culture medium was discarded, and

the cells were fixed at room temperature for 20–30 min.

The cells were then rinsed with double steaming water

three times, and 60% isopropyl alcohol was added to soak

the cells for 5 min. After the isopropyl alcohol was dis-

carded, the cells were treated with oil red O working

solution (Procell, China) and stained at room temperature

for 20 min. Lipid droplets were then observed under a

microscope and photographed.

2.5 Small interfering RNA (siRNA) transfection

Three groups of cells were set up: the si-CA1 group, the

negative control group, and the blank control group. The si-

CA1 group was transfected with GenOFFTM st-h-CA1

(RiboBio, China), the silenced siRNA of CA1, while the

negative control group was transfected with a non-specific,

negative control siRNA. The blank control group did not

undergo transfection. Once the cells had reached optimal

growth, they were digested with pancreatic enzymes and a

cell suspension of 5 9 106 cells per well was prepared and

inoculated into a 6-well plate. After 8–12 h, the culture

medium was replaced with non-antibody complete med-

ium, and 137 ll of freshly prepared transfection mixture

was added drop by drop into each well and mixed gently.

The plate was then placed back into the cell incubator.

After 24 h of culture, the bone induction medium was

changed and the cells were cultured for an additional

3 days. This medium contains specific factors that stimu-

late the cells to differentiate into osteoblasts and begin

producing mineralized bone tissue.

2.6 Lentivirus transfection and osteogenic culture

To determine the optimal transfection conditions, three

different groups of cells were established for the experi-

ment. The cells in each group were transfected with either

transfection reagent A, transfection reagent P, or no

transfection reagent. Lentivirus (genechem, China) was

diluted into three different concentrations: 1 9 108 PFU/

mL, 5 9 107 PFU/mL, and 1 9 106 PFU/mL. Viruses of

equal volume but different titers were added to the complex

wells, resulting in MOI of 100, 50, and 10, respectively.

Adherent P2–P5 cells were digested with trypsin and pre-

pared in a 5 9 104 cells/mL cell suspension. The cells

were then inoculated into a 96-well plate at a density of

100 lL/well, taking care to focus on the edge holes of the

plate. Once the cell fusion degree reached 40–60%, the

culture solution was aspirated, and the corresponding

infection solution and virus solution were added according

to the instructions. After 8–12 h, all cells were replaced

with medium. During this period, careful attention was

paid to the growth state of the cells, and the medium was

changed in advance if the cell state was found to be altered.

After forty eight hours of infection, the transfection was

observed under an inverted fluorescence microscope. The

infection efficiency was found to be between 80 and 90%,

and the corresponding infection conditions of the group
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with good cell growth state were used for subsequent

experiments.

The cells were divided into three groups in a six-hole

plate: Lentivirus-CA1 (LV-CA1) group, negative control

group, and blank control group. The LV-CA1 group was

treated with complete medium ? LV-CA1, the negative

control group was treated with complete medium ? neg-

ative control virus, and the blank control group was treated

with complete medium only. Adherent P2–P5 cells were

digested with pancreatic enzymes, and a 5 9 104 per well

of cell suspension was prepared and inoculated into 6-well

plates. When the cell fusion degree reached 40–60%, the

culture solution was aspirated, and the corresponding

infection solution and virus solution were added according

to the instructions. Eight to twelve hours after transfection,

all cells were changed to osteogenic induction medium.

The growth state of cells was closely monitored during the

process, and the medium was changed in advance if the cell

state was found to be altered. Osteogenic induction med-

ium was used throughout the 28-day osteogenic induction,

with medium changes every 3 days. During the osteogenic

culture, mRNA and protein of each group were extracted at

3 days 3, 7, 10, 14, 21, and 28, respectively, for detection.

2.7 Western blotting (WB)

Osteogenic medium was removed and adherent cells were

scraped off and centrifuged. The supernatant was collected

and protein concentration was determined with the BCA kit

(Solarbio). The polyacrylamide gel electrophoresis stage

involved the preparation of the glue, loading of the samples,

and running of the gel. The transfer film stage involved

transferring the separated proteins onto a PVDF membrane

(Elabscience). The sealing stage involved incubating the

membrane in a solution and blocking unspecific binding

sites. The incubation of primary and secondary antibodies

followed, and finally, the PVDFmembranewas coveredwith

ECL luminescent solution (Elabscience) and placed in a gel

imager for image acquisition.

2.8 Quantitative real-time polymerase chain

reaction (qRT-PCR)

The culture medium was removed and Trizol was added

into each sample well. The lysate was collected and cen-

trifuged before adding chloroform and isopropyl alcohol

for precipitation. The RNA was measured for concentration

and purity, and the reverse transcription reaction was car-

ried out as per the kit instructions (Takara, Osaka, Japan).

The Light Cycler 480 system (Roche, Indianapolis, IN,

USA) was used for the PCR reaction, and the matching

degree of the primers was determined by analyzing the

amplification curve and dissolution curve of Real Time

PCR. The details of the primers used are given in Table 1.

Transcription conditions: 37 �C, 15 min; 85 �C, 5 s; Store

at 4 �C. (If long-term storage is required, it should be

stored at -20 �C or lower temperature).

2.9 Statistical analysis

All experiments were repeated three or more times.

Statistics are expressed as mean and standard deviation

(mean ± standard deviation) values. Statistical analysis

was performed using SPSS 25.0 (Chicago, IL, USA) soft-

ware and GraphPad Prism 8.0 (San Diego, CA, USA). The

One-Way Analysis of Variance (ANOVA) test examined

the statistical differences among the groups, and p\ 0.05

was considered statistically significant.

3 Results

3.1 Identification and differentiation potential

of DFSCs

DFSCs were isolated from healthy dental follicles by

enzyme digestion. After 7–10 days, the adherent growth of

single cells or tissue blocks was observed. DFSCs were

long spindle-shaped fibroblast-like cells with good activity,

fast growth rate, and full cell bodies. After about 2 weeks

of primary cell culture, the fusion rate reached 80%, and

subculture could be repeated every 3 days on average.

After 4 weeks of cell bone differentiation induction, min-

eralized nodules were observed and stained red by Alizarin

red S dye solution. No red mineralized nodules were found

in the non-induced group, indicating that the cells had the

potential to differentiate into osteoblasts. After 14 days of

lipid differentiation induction, circular lipid droplets were

formed, which were stained orange by oil red O staining.

No lipid droplets were observed in the non-induced group,

indicating that the cells had the potential to differentiate

into adipoid cells. Flow cytometry showed that DFSCs

highly expressed CD29, CD73, and CD90, and were almost

unexpressed in CD45 (Fig. 1). The cells isolated and cul-

tured from the dental follicle were indeed DFSCs, in

accordance with the characteristics of mesenchymal

derived cells.

3.2 Suppressing CA1 reduced the expression

of osteogenic marker gene

After transfection with siRNA, continue osteogenic culture

for 7 days. Using WB and qRT-PCR techniques to detect

the expression of osteogenic related genes. The results of

WB experiment indicated that the protein expressions of

alkaline phosphatase (ALP), runt-related transcription
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factor 2 (RUNX2) and bone morphogenetic proteins2

(BMP2) were also decreased when CA1 expression was

decreased during in vitro osteogenic induction (p\ 0.05).

The results of qRT-PCR were consistent with WB, and the

protein expressions of ALP, RUNX2 and BMP2 were also

decreased when CA1 expression was decreased during

in vitro osteogenic induction (p\ 0.05) (Fig. 2).

3.3 Overexpression of CA1 can promote

osteogenesis in vitro

As can be seen from the Fig. 2, compared with other

conditions, transfection agent P can achieve the best

transfection effect when MOI = 100. On days 3, 7, 10, 14,

21 and 28 of osteogenic induction culture, compared with

negative control group and blank control group, the protein

expressions of CA1, ALP, RUNX2 and BMP2 in LV-CA1

group were increased to varying degrees (p\ 0.05)

(Fig. 3). In addition to CA1, BMP2 (43.01%) and ALP

(36.69%) were significantly increased (p\ 0.05). The PCR

results were consistent with WB (Fig. 4). The expression of

RUNX2 fluctuated throughout the whole cycle, and

increased in the experimental group compared with the

control group except on day 10. At the 3rd, 7th, 10th, 14th,

21st and 28th days of osteogenic induction culture, the

protein expression of CA1 in blank control group was

higher at the beginning of induction, namely on the

3rd day, then decreased, gradually increased with time, and

reached a peak at the late stage of osteogenic induction

culture (p\ 0.05). In the alizarin red staining experiment

(Fig. 5), on day 7, 14, 21, 28 of the osteogenic culture,

more calcified nodules were observed under the micro-

scope in LV-CA1 group than in the negative control group

and the blank control group, and the measurement results

of OD value were consistent with the observation

(p\ 0.05).

4 Discussion

Before bone tissue engineering was widely studied, it was

generally accepted that autologous bone or other bone

substitutes were used for bone grafting for alveolar cleft.

Autologous bone grafting is a common source of bone for

clinical bone grafting because it is the gold standard for

bone regeneration, but its practical application is limited

due to the high incidence of side effects and limited bone

capacity at the donor site [2]. There are other bone tissue

replacements, such as allografts and xenografts and syn-

thetic bone grafts. However, their disadvantages include

immune rejection and pathogen transmission [3]. The

application of synthetic grafts is also limited due to their

poor integration with native tissue and limited osteogenic

and osteogenic ability, resulting in slow regeneration or

graft failure [4]. In recent years, more and more research on

alveolar cleft bone repair has focused on bone tissue

engineering, combining alveolar cleft bone repair with

different stem cells, scaffolds and cytokines in order to

achieve better osteogenic effect [22, 23]. For example, Sun

et al. established a rabbit alveolar cleft model and proved

that bone collagen granules combined with human umbil-

ical cord mesenchymal stem cells have the effect of

repairing alveolar cleft bone defects [24]. Because different

models and differences in the internal and external envi-

ronment will affect the final osteogenic effect, future

research directions will focus on the exploration and

development of more appropriate stem cells, growth factors

and scaffolds [22].

As a core component of bone tissue engineering, the

selection of stem cells plays an important role in the ulti-

mate repair effect. BMSCs represent a pluripotent group of

cells that possess remarkable abilities for self-renewal and

multi-lineage differentiation and have good regenerative

potential in bone tissue engineering [25, 26]. To obtain

sufficient bone marrow mesenchymal stem cells is a pre-

requisite for clinical application, which requires in vitro

culture and expansion. However, in vitro culture of bone

Table 1 Primers used in the

real-time PCR reactions
Gene Primer sequence (50–30) Product size, bp

CA1 F: ATTTCTGGACCTACCCTGGCTCTC 89

R: GCTGACACTGATGCTCTCCTTACAG

ALP F: ACTCTCCGAGATGGTGGTGGTG 92

R: CGTGGTCAATTCTGCCTCCTTCC

RUNX2 F: AGGCAGTTCCCAAGCATTTCATCC 150

R: TGGCAGGTAGGTGTGGTAGTGAG

BMP F: TCCCGACAGAACTCAGTGCTATCTC 102

R: GACACCCACAACCCTCCACAAC

ACTB F: GGCGGCACCACCATGTACCCT 202

R: AGGGGCCGGACTCGTCATACT
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Fig. 1 A The adhesion of DFSCs tissue blocks (910) and the

observation of cell morphology (940). B DFSCs have the potential of

osteogenic differentiation as revealed by staining with Alizarin Red

(940). C DFSCs have the potential of adipogenic differentiation, as

revealed by staining with Oil Red O (940). D Flow cytometric

analysis that DFSCs exhibit high expression levels of CD29 (95.6%),

CD73 (95.8%), and CD90 (96.1%), while CD45 is scarcely expressed

(4.88%)

Fig. 2 A RNA knockdown of CA1 decreased the expression of

osteogenic differentiation marker genes during osteogenic induction,

as detected by Western blotting. B RNA knockdown of CA1

decreased the expression of osteogenic differentiation marker genes

during osteogenic induction, as determined by qRT-PCR. C The

transfection efficiency of the virus under different transfection

conditions under fluorescence microscopy

860 Tissue Eng Regen Med (2024) 21(6):855–865

123



marrow mesenchymal stem cells includes several prob-

lems: prolonged time, high manufacturing costs, contami-

nation risks, and requirements for good manufacturing

practice facilities [27]. For clinical applications, dental

stem cells are considered an attractive source of cells for

bone tissue engineering due to their advantages such as

ease of access and preservation, and multidirectional dif-

ferentiation potential [28]. Compared with SHEDs and

DPSCs, DFSCs showed higher expression levels of osteo-

genic markers, such as RUNX2 and ALP [29]. DFSCs are

less mature than PDLSCs [13]. In addition, DFSCs can be

obtained from impacted teeth, which are often discarded as

medical waste during dental procedures. Their strong

osteogenic ability makes them an attractive source of cells

for repairing bone defects [15]. Studies have shown

promising results in repairing critical dimensional defects

in the skull of immune-compromised rats [30, 31]. In

addition, dental stem cells are being explored as potential

treatments for autoimmune and/or inflammatory diseases,

given their powerful anti-inflammatory properties [32, 33].

Lucaciu et al. investigated the osteogenic potential of

DFSCs in combination with titanium implants coated with

various bioactive materials [29]. Their results showed that

DFSCs could effectively promote bone regeneration on the

surface of titanium implants. In our study, dental capsule

stem cells were able to pass through the 7th generation and

still had proliferative activity, and the selected cells of the

2nd to 5th generation had excellent osteogenic differenti-

ation potential. Considering their status as true precursors

of alveolar bone cells and their excellent in vitro prolifer-

ation and osteogenic capabilities, DFSCs offer an attractive

option for bone tissue engineering.

In addition to suitable seed cells, bone tissue engineer-

ing also requires the formation of osteogenic growth fac-

tors stimulating the cells through signaling pathways to

achieve good therapeutic results. Bone morphogenetic

proteins (BMPs), fibroblast growth factors (FGFs), platelet-

derived growth factors (PDGF), and vascular endothelial

growth factors (VEGF), as osteogenic growth factors, have

been shown to play osteogenic roles in bone tissue engi-

neering [34]. However, due to the continuous dilution and

degradation of osteogenic growth factors released by

scaffolds after implantation, large doses of these proteins

are required to prolong their therapeutic effect [35]. This

can lead to adverse outcomes including inflammation, an

increased risk of potentially malignant tumors, and ectopic

bone formation in areas near where bone regeneration is

needed [34]. Besides, Wang et al. proposed that there are

many intermediate links from the extracellular signal to the

final osteoblastic effect. The research on osteoblastic

growth factors should be far from stopped, and additional

ideal osteoblastic growth factors should be explored to

Fig. 3 A–F Overexpression of CA1 increased the expression of osteogenic marker genes during osteogenic induction on the 3, 7, 10, 14, 21,

28 day of culture, as detected by Western blotting
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reduce the cost [36]. As an emerging osteoblastic growth

factor, CA1 plays a crucial role in both physiological and

pathological activities of calcification and mineralization.

Studies have shown that CA1 overexpression may

significantly promote ossification and new bone formation

[37]. CA1 not only promotes the hydration reaction of

CO2, but also promotes the formation of calcium carbonate

solid precipitator by assisting the combination of

Fig. 4 A–F The impact of CA1 overexpression on the mRNA

expression of ALP, RUNX2, and BMP2 during the 3, 7, 10, 14, 21,

28 day of culture was detected by qRT-PCR G The protein relative

expression levels of CA1 at various time points during osteogenic

induction, as detected by Western blotting. H The mRNA relative

expression levels of CA1 at various time points during osteogenic

induction were detected by qRT-PCR

Fig. 5 A–B The osteogenic effects of each group at various time

points during the process of osteogenic induction were observed

under a microscope (9 40) and with the naked eye after staining with

Alizarin Red. C The relative level of mineralization (OD) of each

group at various time points during the process of osteogenic

induction were measured after staining with Alizarin Red
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bicarbonate and calcium. Although the average calcium

carbonate deposition in bone tissue was only 10% [20], in

the study of Vuola et al., the bone formation of calcium

carbonate implants was significantly higher than that of

hydroxyapatite implants [38]. Ripamonti et al. also found

that partially transformed hydroxyapatite/calcium carbon-

ate structures induced spontaneous bone differentiation

[39]. Another study found that CA1 in calcification of the

aortic tissue of mice and humans high level expression of

CA1 expression induced vascular smooth muscle cells

calcification, and affect cell proliferation, apoptosis,

migration and production of cytokines [40]. In our study,

alizarin red staining showed that on the 7th, 14th, 21st and

28th days of osteogenic culture, more calcified nodules

were formed in LV-CA1 group than in the control group,

indicating that CA1 promoted osteogenesis of DFSCs

in vitro and has the potential to be used as one of the

osteogenic stimulants to improve the efficacy of bone tis-

sue engineering in clinical bone repair.

Our study also showed that the expression of ALP,

RUNX2, BMP2 and other osteogenic genes in vitro

osteogenic differentiation of dentist stem cells decreased

after the expression of CA1 was reduced by small inter-

fering RNA. These results suggest that CA1 may regulate

the osteogenic differentiation of dental follicular stem cells

by regulating the expression of the above osteogenic genes

and play a crucial role in the early stage of osteogenic

differentiation. In addition, the presence of ALP and car-

bonic anhydrase cotransporters suggests that CA1 may not

only influence ALP through gene regulation, but also

increase or decrease the intracellular content of ALP during

bone formation through cotransport [41]. ALP is one of the

earliest genes involved in the calcification mechanism,

triggering calcium deposition in bone cells. The regulatory

mechanisms of ALP expression are very complex, and

interweaving signaling pathway networks have only

recently been proposed [42]. BMP/RUNX2/osteoblast

specific transcription factor (Osterix, Osx1) network is an

important regulatory pathway that regulates osteoblast

differentiation, chondrogenesis, and ALP expression [17].

BMPs have been shown to regulate chondrocyte prolifer-

ation independently, and BMP2 are particularly important

for chondrocyte proliferation and differentiation [43].

BMP2 is an important participant in postnatal bone

homeostasis, and the osteogenic signal it provides is crucial

for the innate repair ability of bone [44]. Short-term

expression of BMP2 is a sufficient and necessary condition

for irreversible induction of bone formation. BMP-2 acti-

vates several key signaling pathways for osteogenesis, cell

survival, and apoptosis [45]. BMPs play a critical role in

bone/cartilage progenitor cell differentiation and each

subsequent stage of endochondral osteogenesis by regu-

lating RUNX2 and Osx1 expression throughout bone

development [46]. RUNX2 is abundant in mature osteo-

blasts and osteoblast lineage cells and is involved in early

and late osteoblast differentiation and bone formation [47].

Relative expression of RUNX2 mRNA in osteoblast mes-

enchymal stem cells was up-regulated, down-regulated,

and re-upregulated at day 14, 21, and 28, which was con-

firmed by our experiments [48]. In addition, during the

preosteogenic phase, the expression of OSX1 downstream

of RUNX2 is upregulated, causing preosteogenic cells to

differentiate into immature osteoblasts and begin express-

ing osteogenic marker genes [49]. Our experimental results

showed that at days 3, 7, 10, 14, 21 and 28 of osteogenic

induction culture, the expressions of CA1, ALP, RUNX2

and BMP2 proteins in LV-CA1 group were significantly

increased compared with negative control group and blank

control group. Except the 3rd day, the expression of CA1

showed a gradually increasing trend in the whole cycle.

Our results suggest that CA1 modulates osteogenesis

through ALP, RUNX2, and BMP2 in bmp related osteo-

genic signaling pathways, and may play a role in early and

late osteogenic differentiation.

In conclusion, these findings suggest that CA1 can

impact osteogenic differentiation via BMP related signal-

ing pathways, positioning itself upstream in osteogenic

signaling pathways, and closely linked to osteoblast cal-

cification and ossification processes. This study offers

theoretical and experimental support for in vivo experi-

ments and clinical applications of CA1, combined with

DFSCs and bone tissue engineering, for alveolar cleft

repair.
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