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Stem cells from the apical papilla (SCAPs) are promising candidates for regenerative endodontic treatment and tissue regeneration in general. However, harvesting enough cells from the limited apical papilla tissue is difficult, and the cells lose their primary phenotype over many passages. To get over these challenges, we immortalized human SCAPs with lentiviruses overexpressing human telomerase reverse transcriptase (hTERT). Human immortalized SCAPs (hiSCAPs) exhibited long-term proliferative activity without tumorigenic potential. Cells also expressed mesenchymal and progenitor biomarkers and exhibited multiple differentiation potentials. Interestingly, hiSCAPs gained a stronger potential for osteogenic differentiation than the primary cells. To further investigate whether hiSCAPs could become prospective seed cells in bone tissue engineering, in vitro and in vivo studies were performed, and the results indicated that hiSCAPs exhibited strong osteogenic differentiation ability after infection with recombinant adenoviruses expressing BMP9 (AdBMP9). In addition, we revealed that BMP9 could upregulate ALK1 and BMPRII, leading to an increase in phosphorylated Smad1 to induce the osteogenic differentiation of hiSCAPs. These results support the application of hiSCAPs in tissue engineering/regeneration schemes as a stable stem cell source for osteogenic differentiation and biomineralization, which could be further used in stem cell-based clinical therapies.
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INTRODUCTION
Stem cells from the apical papilla (SCAPs), which reside in the apical portion of the epithelial diaphragm, have been confirmed as essential dental-derived mesenchymal stem cells (MSCs) involved in tooth root development and apexogenesis (Sonoyama et al., 2006; Sonoyama et al., 2008; Huang et al., 2009; Wang et al., 2012). Dental MSCs possess characteristics of self-renewal potential, high proliferative ability, and low immunogenicity and can transform into a specialized cell types, such as osteogenic, neurogenic, adipogenic, and chondrogenic cells that display the morphology and biological functions of the mature cells under appropriate induction condition (Maxim et al., 2015). Cells share a specific cell surface marker spectrum (STRO-1+, CD146+, CD73+, CD29+, CD90+, CD105+, and CD34−) and can express a variety of osteogenic markers (binding sialoprotein (BSP), alkaline phosphatase (ALP), RUNX family transcription factor 2 (RUNX2), matrix extracellular phosphoglycoprotein (MEPE), etcetera) (Cui et al., 2018; Spagnuolo et al., 2018). These characteristics of dental-derived MSCs are distinct from those of other MSCs, and these cells have been used to treat not only dental diseases but also non-dental diseases such as neurodegenerative lesions, autoimmune diseases, and orthopedic disorders (Yamada et al., 2019). Owing to from immature tissues, SCAPs are rich in early stem/progenitor cells and could be an ideal candidate for regenerative endodontic treatment and tissue regeneration in general. However, harvesting enough cells from the limited apical papilla tissue is difficult, and cells lose their primary phenotype over many passages.
Immortalization has been reported to be an effective method for overcoming these challenges. Cell immortalization can be achieved through human telomerase reverse transcriptase (hTERT) overexpression (Harrington et al., 1997a; Avilion et al., 1996; Harrington et al., 1997b). Telomeres lying in the chromosomes’ distal ends comprise tandem repeats of the TTAGGG sequence (Greider, 1996). Cell division shortens telomere length, and the process stops when these stem cells reach the mortality stage I (M1), the inception when cells cannot proliferate further (Watson, 1972; Lustig, 1999). Telomere length is regulated by a cellular ribonucleoprotein complex called telomerase. It is composed of human telomerase RNA (hTR) (as telomeric template), momentous human telomerase reverse transcriptase (hTERT) with conserved reverse transcriptase motifs, and human telomerase-associated protein 1 (hTEP1) (which is involved in coordinating the structure of telomerase holoenzyme and regulating telomerase regulatory factors) (Bodnar et al., 1998; Counter et al., 1998). Among the constituents, hTERT is most important due to its role in the immortalization process and long-term tumor growth (Ikbale el et al., 2016; Inada et al., 2019). Transcription of hTERT into the human somatic cells causes telomere length elongation and in vitro replicative life span extension (Bodnar et al., 1998). Immortalization driven by hTERT overexpression has been reported in many cells related to dental tissue, including periodontal ligament cells derived from deciduous teeth, dental pulp stem cells, and deciduous tooth-derived dental pulp cells (Kitagawa et al., 2007; Hasegawa et al., 2010; Ikbale el et al., 2016; Inada et al., 2019). The establishment of these immortalized cells contributes to studies on cellular mechanisms and regenerative processes in the dental field. However, research on the immortalization of human SCAPs, one of the most promising dental MSCs, is still lacking.
In addition, established immortalized dental MSCs can differentiate into osteogenic cell lineages under appropriate induction conditions (Fujii et al., 2006; Hasegawa et al., 2010). SCAPs possesses higher proliferation potential and mineralization capacity, suggesting that immortalized hSCAPs may also become prospective seed cells in bone tissue engineering (Bakopoulou et al., 2011). Numerous growth factors are involved in determining the lineage of dental-derived MSCs, including BMPs (Balic and Thesleff, 2015). Bone morphogenetic protein 9 (BMP9, aka, growth differentiation factor 2 (GDF2)) has been demonstrated to be one of the most promising inducible factors that could promote MSCs’ osteogenic differentiation (Kang et al., 2004; Luther et al., 2011). Previous research has reported that BMP9 could validly promote osteoblastic differentiation of immortalized SCAPs in mice (Wang et al., 2014). However, the effect of BMP9 on osteoblastic differentiation in human SCAPs and human immortalized SCAPs (hiSCAPs) is yet to be investigated. In addition, BMP9 transduces signals through two transmembrane kinase receptors, known as type I BMP receptors, composed of receptor-like kinase 1 (ALK1) and ALK2, as well as type II BMP receptors, mainly BMP receptor type II (BMPRII) and activin receptor type II B (ActR-IIB), to form an active ligand receptor complex (Tang et al., 2020). Upon this complex formation, BMP promotes the phosphorylation of downstream Smads. BMP9 mainly activates Smad1/5/8 and could activate Smad2 or Smad3 under certain conditions (Star et al., 2010; González-Núñez et al., 2013). There have been studies on BMP9 signaling pathway; however, the underlying molecular mechanism of BMP9-induced osteogenic differentiation of stem cells was rarely reported.
In this study, we established hiSCAPs from extracted immature premolars. We evaluated whether these cell lines retained SCAPs properties and revealed osteogenic potential in vitro and in vivo upon BMP9 stimulation. The results demonstrated the properties of established hiSCAPs regarding their morphology, proliferation rate, tumorigenic potential, and multipotential differentiation properties compared to those of their parental cells. In addition, we confirmed that BMP9 effectively induced ALP activity, promoted matrix mineralization in vitro, and improved the expression level of osteogenic markers. In vivo implantation of hiSCAPs infected with AdBMP9 induced robust ectopic bone formation. Furthermore, hiSCAPs overexpression BMP9 could promote BMPRII/Smad and ALK1/Smad activity. Taken together, we reported the establishment of hiSCAP lines with parental cell characteristics and confirmed that these cells may become prospective seed cells in bone tissue engineering, especially when stimulated by BMP9.
MATERIALS AND METHODS
Subjects and cell culture
Human developing premolars were collected under approved guidelines from three individuals aged 11–13 years who were clinically healthy and required orthodontic extraction. SCAPs were isolated and cultured according to recognized protocols. The tooth root apical papilla was harvested from the extracted premolar, cleaned with phosphate-buffered saline (PBS, Hyclone, New York, United States), containing 2% penicillin/streptomycin solution (Hyclone, New York, United States), and then treated to 30 min of enzymatic digestion using 3 mg/mL type I collagenase (Sigma, United States). The dispersed cells were suspended in α-MEM (Hyclone, New York, United States) supplemented with 10% fetal bovine serum (FBS, Hyclone, New York, United States) and 1% penicillin/streptomycin after centrifugation. All cultures were maintained in a humidified conditions containing 5% CO2 at 37°C.
Flow cytometric analysis
The expression of MSC-associated surface markers was tested using the third passage of primary cells to analyze the stem cell nature of the hSCAPs. Cells were collected with 0.25% trypsin, washed with sterile PBS, and incubated using specific antibodies against CD29, CD90, or CD45 (Sino Biological, China) at 4°C for 30 min. Samples were tested using a BD Accuri™ C6 flow cytometer (BD Biosciences), and data were coped with Cell Quest software (Becton Dickinson).
Immortalization of primary hSCAPs
To establish immortalized hSCAPs, primary cells from three individuals at P1 were mixed, cultured in flasks and then infected with lentiviruses overexpressing hTERT (NM_198,253, Shanghai Genechem Co., Ltd., China). The plasmid profile is presented in Figure 1C. The stable hiSCAPs line were further established by selecting the infected cells with purinomycin for a week. All further experiments were performed using these hiSCAPs and mixed hSCAPs.
[image: Figure 1]FIGURE 1 | Generation and identification of hiSCAPs. (A) A schema graphs of dental derived stem cells. (B) Surface markers as assessed by flow cytometry. The obtained hSCAPs were strongly positive for mesenchymal stem cell markers CD29, CD90 and negative for hematopoietic precursor cell marker CD45. (C) Structural pattern of plasmid for the stable cell line. (D) Morphology of primary hSCAPs and the immortalized cells. Bar = 200 µm. (E) The expression of the transgene examined by semi-quantitative PCR. The agarose gels electrophoresis result indicated that TERT was only continuously and stably expressed in hiSCAPs. (F) The TERT protein expression in hSCAPs and hiSCAPs as detected by immunofluorescence. The staining (green) results revealed that TERT protein was only expressed in the nucleus of hiSCAPs. Nuclei were counterstained with DAPI. Scale bar = 50 µm.
Semi-quantitative polymerase chain reaction (PCR) and quantitative real-time PCR (qPCR)
Total RNA was prepared using Trizol reagent (Takara, Japan) according to the manufacturer’s instructions, and complementary DNA (cDNA) was synthesized using the Reverse Transcription Kit (Takara, Japan). Semi-quantitative PCR was carried out with SYBR Green PCR Master Mix (Takara, Japan). These PCR products containing fluorescent DNA loading buffer (Beyotime, D0076, Jiangsu, China) were separated by agarose gel electrophoresis and photographed under ultraviolet excitation. qPCR was performed using the ABI Prism 7500 Real-Time PCR System (Applied Biosystems) in the volume of 20 μL, which consist of SYBR Green PCR Master Mix (10 μL), PCR primer (2 μL, Sangon Biotech, China) and diluted cDNA (8 μL). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to normalize the amounts of cDNA in all samples. Specific primer sets used in this study are listed in Table 1.
TABLE 1 | Primer sequence.
[image: Table 1]Immunofluorescence staining
Cells were subjected to 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton-X100 for 15 min, and then blocked with 10% goat serum for 1 h. Samples were incubated with the primary antibodies listed in Table 2 overnight at 4°C. Alexa Fluor® 488-AffiniPure goat anti-rabbit/mouse IgG (H + L) were used as the secondary antibodies (green). Finally, DAPI (blue) was adopted to counterstain the cells. IgG at an equivalent concentration was used as an isotype control. Images were captured using a laser scanning confocal microscope (LSCM; Leica).
TABLE 2 | Primary antibodies for Western blotting and IF.
[image: Table 2]Proliferation assay
SCAPs and hiSCAPs were plated into 96-well culture plates at a concentration of 1*103/well and cultured under conventional conditions to evaluate the cell proliferation rate of hSCAPs and hiSCAPs. The CCK-8 assay was carried out using Cell Counting Kit protocol (CCK-8; Bioss, Beijing, China) for 7 consecutive days. Reaction products were measured spectrophotometrically at a wavelength of 450 nm.
Crystal violet staining
SCAPs and hiSCAPs were seeded into 35 mm cell culture dish with the same initial concentration. Cell samples were fixed in 4% paraformaldehyde for 15 min and then stained with crystal violet for 10 min at each indicated time point. Images of macrographic staining were captured. Cells were dissolved in 10% acetic acid for 20 min with agitation, and the absorbance value was measured at 590 nm for further quantitative analysis.
Cytogenetic analysis
Metaphase spreads were prepared from exponentially growing hSCAPs and hiSCAPs according to standard protocols (Vorsanova et al., 2010). Cells were tested using standard Giemsa staining. Fifteen metaphase cells were karyotyped for both cell types using the CytoVision system (Leica Biosystems, Germany). Chromosome identification was carried out following the International System for Chromosome Nomenclature.
In vivo tumorigenic assay
Cells labeled with firefly luciferase were harvested with trypsin, suspended in 60–80 uL PBS, and kept on ice until injection into the host mice (Westerman and Leboulch, 1996; Li et al., 2013). Prior to injection, the mice were anesthetized using isoflurane gas. Six-week male mice were injected subcutaneously in the left flank with hiSCAPs (1 × 107/group) and in the right flank with the human squamous carcinoma cell SCC-15 (as positive control). Tumorigenic potential of hiSCAPs was assessed using a Xenogen IVIS 200 imaging system (Luo et al., 2008; Li et al., 2014; Liao et al., 2015). The time when the fluorescence signal disappeared was recorded. Xenogen bioluminescence images on day 2 and 14 are presented.
Multilineage differentiation assays
Cells were planked into plates containing basal complete medium and cultured to 80%–90% confluency. The basal medium was then replaced with the corresponding differentiation-inducing mixture. The medium was replaced with a DMEM with low glucose (Hyclone, New York, United States) complete medium containing 10 nM dexamethasone (Sigma, United States), 50 mg/mL ascorbic acid 2-phosphate (Sigma, United States), and 10 mM β-glycerophosphate (Sigma, United States) to induce osteogenic differentiation. Adipogenic differentiation induction medium contained 100 nM dexamethasone (Sigma, United States), 50 μg/mL ascorbic acid 3-phosphate (Sigma, United States), and 50 μg/mL indomethacin (Sigma, United States). Chondrogenic differentiation was induced using a chondrogenic differentiation medium (Lonza, Basel, Switzerland) supplemented with recombinant TGFb3 protein (R&D Systems, Minneapolis, MN, United States) (Li et al., 2020).
Western blot analysis
Samples were lysed in radioimmunoprecipitation assay (RIPA) buffer (Beyotime, Jiangsu, China), and protein concentrations were assessed using the BCA Protein Assay Kit (Beyotime, Jiangsu, China). Protein lysates (25 µg/lane) were separated by SDS-PAGE and then transferred to a nitrocellulose membrane (Millipore, Billerica, MA, United States). Membranes were incubated with primary antibodies listed in Table 2 and corresponding horseradish peroxidase-conjugated goat anti-rabbit/mouse secondary antibodies (1:2000; Zhongshan Golden Bridge, China). Blots were visualized using a chemiluminescence kit (Beyotime, Jiangsu, China). The ImageJ software was adopted to quantify the bands.
Generation and amplification of recombinant adenoviruses expressing BMP9 and GFP
Recombinant adenoviruses expressing BMP9 were generated using AdEasy technology (Luo et al., 2007). The coding region of human BMP9 was PCR-amplified, cloned into the adenoviral shuttle vector, and then these vectors were used to generate and amplify adenovirus in HEK-293 cells. A similar adenovirus expressing only GFP (AdGFP) served as controls (Luo et al., 2004; Tang et al., 2009). We used 5 μg/mL polybrene (Solarbio, China) to enhance adenoviral infection efficiency (Zhao et al., 2014).
ALP staining and ALP activity assay
SCAPs and hiSCAPs were seeded in 24-well plates with the same cell density and further infected with AdBMP9 or AdGFP. ALP staining and activity assays were performed following the guidance of the NBT/BCIP staining kit and ALP Assay Kit instructions (Beyotime, Shanghai, China).
Alizarin red S mineralization staining and quantification
After 3 weeks of osteogenic differentiation induction, cells were stained with 1% alizarin red S (ARS) solution (pH 4.0–6.0, Sigma, United States) for 15 min at RT. The calcium mineral deposits were stained red and recorded using a microscope. For the quantitative analysis, the deposits were dissolved in 10% cetylpyridinium chloride monohydrate (Solarbio, China) at RT for 1 h. The dissolved products were measured spectrophotometrically at a wavelength of 405 nm. All experiments were performed in triplicate.
Cell implantation, ectopic bone formation, and micro-CT analysis
Stem cell-mediated ectopic bone formation was carried out according to established protocols (Kang et al., 2004). Briefly, SCAPs and hiSCAPs (1 × 107/group) infected with AdBMP9 or AdGFP for 16 h were subcutaneously injected into the flanks of BALB/c nude mice. Eight weeks after surgery, mice were killed by CO2 overdose, and the implantation sites were harvested and fixed in 4% paraformaldehyde. Samples were scanned using μCT (Viva CT 40, Scanco Medical, Bassersdorf, Switzerland) and then reconstructed in three-dimension. The results were quantitatively analyzed with μCT V6.1 software (Wang et al., 2014).
Histological evaluation
The scanned samples were re-fixed, decalcified, dehydrated, and embedded in paraffin. Serial sections from each group were stained with hematoxylin and eosin (H&E). Trichrome staining of corresponding sections was performed with Masson’s Trichrome Stain Kit (Solarbio, China) following the manufacturer’s protocol.
Statistical analysis
The experiment was performed independently three times. Data were expressed as the mean ± SD. All statistical analyses were performed using SPSS Statistics version 20.0 (IBM Corp.). Student’s t-test was conducted to determine whether there were significant differences between the two sets of data. For comparisons between multiple groups, One-way analyses of variance (ANOVA) were performed to detect the significant effects of the variables and Tukey’s multiple comparison test was used to compare the means of each of the groups. Asterisks indicate the degree of statistical differences: *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
Generation and identification of hiSCAPs
Dental tissue is rich in stem cells, such as periodontal ligament stem cells (PDLSCs), dental pulp stem cells (DPSCs), dental follicle stem cells (DFSCs), SCAPs, and stem cells from human exfoliated deciduous teeth (SHED), all of which have self-renewal potential, high proliferative ability, and low immunogenicity, and multipotential differentiation properties (Figure 1A). SCAPs are dental MSCs derived from soft tissue in the apical portion of developing root (Figure 1A). Flow cytometric assay was performed using MSC markers, including CD29, CD90, and the MSC-negative marker CD45 to characterize the obtained SCAPs. These cells were strongly positive for CD29 (99.5%) and CD90 (99.5%), whereas negative for the leukocyte precursor marker CD45, which indicated the stromal origin without hematopoietic precursor contamination (Figure 1B).
To establish immortalized human SCAPs, cells were infected with lentiviruses overexpressing hTERT and selected with purinomycin for a week. The plasmid profile is illustrated in Figure 1C. We then compared the morphology of cells with and without immortalization. After the initiation of primary culture, small, round, spindle-shaped cells were observed migrating from the attached apical papilla fragments. The cells spread along the surface of the culture flasks and exhibited a typical fibroblast-like morphology. Immortalized cells were also spindle-shaped, and there were no obvious morphological differences between hSCAPs and hiSCAPs (Figure 1D). Next, we tested the mRNA expression of hTERT in these two cell lines via semi-quantitative PCR, and the results revealed that hTERT was only continuously and stably expressed in hiSCAPs (Figure 1E). This result was consistent with the immunofluorescence staining; that is, the TERT protein was only expressed in the nucleus of hiSCAPs, and the expression remained stable even in the 40th passage of hiSCAPs (Figure 1F).
Characteristics of hiSCAPs
Cell proliferation and tumorigenic potential
The proliferation potential was detected by CCK-8 cell proliferation assays and crystal violet staining to determine whether immortalization affects the proliferation ability of SCAPs. CCK-8 assays demonstrated that immortalized cells exhibited slightly increased proliferation in the first 2 days, whereas they had similar proliferative potential as the primary cells after culturing for 3 days (Figure 2A). Similarly, crystal violet staining confirmed that hiSCAPs proliferated slightly faster only in the early stages (Figure 2B). Significantly, hiSCAPs could be passaged more than 40 times and revealed stable proliferative potential even beyond 4 months.
[image: Figure 2]FIGURE 2 | Cell proliferation and tumorigenic potential. (A) The proliferation rate of hSCAPs and hiSCAPs detected by CCK-8 assay. SCAPs (P4) and hiSCAPs (P28) were seeded at a low density and tested at the indicated time scale. (B) Crystal violet staining. Two cells were seeded at 30 mm dish with similar initial density and then fixed with 4% paraformaldehyde for crystal violet staining. The stained cells were dissolved in 10% acetic acid and measured the absorbance value at 590 nm. (C) HiSCAPs revealed no abnormality of karyotype. (D) Analysis of the tumorigenic risk in vivo. (a) HiSCAPs and SCC-15 expressing the firefly luciferase were injected subcutaneously to both flanks of the back on nude mice. Scale bar = 100 µm. (b) Bioluminescence imaging on day 2 and 14. (c) The hiSCAPs signals disappeared completely within 14 days, while the SCC-15 signals remained detectable. All values were the mean ± SDs; *, p < 0.05 and **, p < 0.01.
HiSCAPs may display chromosomal changes after multiple passages owing to genomic instability; thus, karyotype analysis was performed. G-banding of metaphase chromosomal spreads from hiSCAPs revealed a normal 46, XY male chromosomal complement with no polyploid mutation or chromosomal deletion, similar to the hSCAPs (Figure 2C). We also examined the in vivo tumorigenesis of the immortalized cells. SCC-15, a human squamous carcinoma cell line, was used as the positive control. HiSCAPs and SCC-15 were labeled with firefly luciferase and subsequently injected subcutaneously into the nude mice (Figure 2D-a). The animals underwent whole-body live bioluminescence imaging from the second day after treatment. On day 2, both bioluminescence signals were detectable. The hiSCAPs signals gradually decreased and became undetectable on day 14, whereas the SCC-15 signals persisted (Figure 2D-b). The time at which bioluminescence signals disappeared was also recorded. The result revealed that the hiSCAPs signals disappeared completely within 14 days, while the SCC-15 signals remained detectable (Figure 2D-c). In addition, we monitored immunodeficient mice until the SCC-15 injection group formed evident tumor transformation. None of the hiSCAPs led to tumorigenesis, indicating that hiSCAPs were non-tumorigenic despite their long-term proliferative potential.
Stemness and multipotency
Moreover, immunofluorescence staining was conducted to examine the expression of mesenchymal and progenitor biomarkers in hiSCAPs. Cells were positive for KI67, C-Kit, CD44, VIMENTIN, CD166, STRO-1, and NESTIN, but negative for CD34 expression (Figure 3A). These results indicated that hiSCAPs exhibit characteristics of MSCs.
[image: Figure 3]FIGURE 3 | Stemness and multipotency. (A) The expression of mesenchymal and progenitor markers in hiSCAPs. IgG at an equivalent concentration was used as an isotype control (not shown). (B, C) The mRNA and protein expression of osteogenic, adipogenic, and chondrogenic differentiation markers. Target gene and protein expression levels were normalized to the corresponding GAPDH levels. Each assay condition was performed in triplicate. Quantitative analysis of Western blot was analysed using QuantityOne software. All values were the mean ± SDs; *, p < 0.05 and **, p < 0.01.
We then tested the multilineage differentiation potential of hiSCAPs using different differentiation induction assays. Real-time PCR analysis demonstrated that hSCAPs and hiSCAPs had similar mRNA expression level of adipogenic (LPL and PPAR-γ) and chondrogenic (SOX9 and COL2A1) differentiation markers. Nevertheless, the osteogenic differentiation markers (ALP and RUNX2) expression was higher in hiSCAPs than in hSCAPs (Figure 3B). Western blot was performed to detect protein expression in hSCAPs and hiSCAPs. The results confirmed that the protein expression of PPAR-γ and SOX9 in both cell types was similar, whereas ALP was higher in hiSCAPs (Figure 3C). These results implied that hiSCAPs may reveal a stronger osteogenic differentiation capacity than primary cells after induction.
BMP9 effectively induced osteogenic activity of hSCAPs and hiSCAPs
In order to further investigate whether hiSCAPs could become prospective seed cells in bone tissue engineering, in vitro studies were performed. BMP9 is reported to be able to induce the osteogenic differentiation of stem cells. We infected hSCAPs and hiSCAPs with AdBMP9 to determine whether these cells revealed osteogenic differentiation capacity. ALP staining and activity assays were performed on day 5 and 7, respectively. The staining result suggested that BMP9 could effectively induce ALP activity in both cells, and this effect was BMP9 dose-dependent. More importantly, hiSCAPs stimulated with BMP9 exhibited more intense staining than hSCAPs treated with BMP9 (Figure 4A). Moreover, quantitative ALP assays were performed, which revealed similar results (Figure 4B). We also tested late-stage mineralization in BMP9-induced hiSCAPs and hSCAPs by alizarin red staining and discovered that the staining of both cells was markedly enhanced after infection with AdBMP9, whereas hiSCAPs stimulated by BMP9 formed more calcified deposits. Quantitative analysis confirmed this finding (Figure 4C).
[image: Figure 4]FIGURE 4 | BMP9 effectively induced osteogenic activity of hSCAPs and hiSCAPs. (A) ALP staining. (B) ALP activity assay. Cells were seeded in 24-well culture plate and infected with AdBMP9 or AdGFP (as control). ALP staining and activity were observed on days 5 and 7. Scale bar = 400 µm. (C) Alizarin red S staining and quantification. Two cells were cultured in matrix mineralization medium for 21 days. (a) Matrix mineralization nodules were stained with 1% alizarin red S solution. (b) Stained areas were extracted with 10% cetylpyridinium chloride solution for quantification analysis. (D) The mRNA expression levels of osteogenic genes as determined by qPCR on days 5 and 10. All experiments were performed in triplicate. Values were the mean ± SD; *, p < 0.05, **, p < 0.01, and ***, p < 0.001.
Furthermore, we examined the mRNA expression level of bone-related genes in hSCAP-AdGFP, hSCAP-AdBMP9, hiSCAP-AdGFP, and hiSCAP-AdBMP9. Real-time PCR analysis confirmed that all cells expressed bone-related genes, such as ALP, RUNX2, OPN, and OCN. It was also indicated that the expression of genes involved in osteoblastic differentiation was notably upregulated after infection with Ad-BMP9, and this upregulation was more significant in hiSCAP-AdBMP9 than in hSCAP-AdBMP9 (Figure 4D).
BMP9 induced ectopic bone formation of hSCAPs and hiSCAPs
To explore the induction effect of BMP9 on the osteogenesis of hiSCAPs in vivo, ectopic bone formation was conducted via established cell implantation assay. A sufficient number of infected cells were injected subcutaneously into the flanks of nude mice. Eight weeks after implantation, robust bony masses were harvested from the AdBMP9 infected groups, while masses from hSCAP-AdBMP9 were smaller than those from hiSCAP-AdBMP9. No masses were observed in the AdGFP-infected group. Further, micro-CT imaging revealed a more intuitive general difference (Figure 5A). Quantitative analysis of the volume (bone volume fraction, BV/TV) and quantity (number of trabeculae, Tb.N) of new bone tissue demonstrated that BMP9 could induce in vivo bone formation, and more bone had formed in hiSCAP-AdBMP9 than in hSCAP-AdBMP9 (Figure 5B). Moreover, H&E histological evaluation indicated that hSCAP-AdBMP9 and hiSCAP-AdBMP9 formed obvious trabecular structures (Figure 5C). Concurrently, trichrome staining confirmed that hSCAP-AdBMP9 and hiSCAP-AdBMP9 formed mature and mineralized bone matrices, though the samples from hiSCAP-AdBMP9 revealed higher maturity and mineralization (Figure 5C). These in vivo results collectively suggested that hiSCAPs could differentiate into osteogenic cell lineages after effective induction.
[image: Figure 5]FIGURE 5 | BMP9 effectively induced ectopic bone formation of hSCAPs and hiSCAPs. Cells infected with AdBMP9 or AdGFP were harvested for subcutaneous injections. (A) µCT analysis. Eight weeks after surgery, mice were sacrificed by CO2 overdose, and the implantation sites were harvested for 3D volumetric analysis. (B) Quantitative analyses of (a) bone volume (BV)/total volume (TV) and (b) trabecular number (Tb.N). **, P < 0.01, ***, p < 0.001. (C) Haematoxylin and eosin (H & E) staining and Trichrome staining. Representative results were shown. TB, trabecular bone; OM, osteoid matrix; MBM, mineralized bone matrix. Scale bar = 50 µm.
BMP9 promoted BMPRII/Smad and ALK1/Smad activity in hiSCAPs
We confirmed that BMP9 effectively induced the osteogenic activity of hiSCAPs. However, the signaling mechanisms by which BMP9 promotes the osteogenic differentiation of hiSCAPs remain undefined. We first tested the expression of the target gene inhibitor of DNA binding 1 (ID1). The results demonstrated that the expression of ID1 was upregulated upon infection with AdBMP9 (Figures 6A-a, B-b). Previous studies have confirmed that ALK1 and BMPRII are critical for osteoblast differentiation of MSCs (Luo et al., 2010; Wu et al., 2010). We also proved that BMP9 could increase the expression of the ALK1 and BMPRII in hSCAPs and hiSCAPs both at gene level (Figures 6A-b, A-c) and protein level (Figures 6B-c, B-d). We then tested the activation of canonical Smad-1/5/8 pathways, which are BMP-specific receptor-regulated Smad proteins. The expression of total Smad1 and phosphorylated Smad1 was tested by Western blot, and the results revealed strong expression of phosphorylated Smad-1 in hSCAPs and hiSCAPs treated with BMP9 (Figures 6B-e, 6B-f). These results confirmed that BMP9 could upregulate ALK1 and BMPRII in hSCAPs and hiSCAPs, increasing phosphorylated Smad1 to induce osteogenic differentiation. It was also suggested that hiSCAPs may be a stable cell line for mechanistic research on differentiation and regeneration.
[image: Figure 6]FIGURE 6 | BMP9 promoted BMPR2/Smad and ALK1/Smad activity in hiSCAPs. (A) The mRNA expression levels of (a) ID1 and BMP receptors (b) BMPRII and (c) ALK1 in hSCAPs and hiSCAPs. (B) The protein expression of (b) ID1, (c) BMPRII, (d) ALK1, (e) total and (f) phosphorylated Smad-1 was analyzed by Western blot. The grey intensity of bands was analyzed using ImageJ software. Each assay condition was performed in triplicate. ***, p < 0.001.
DISCUSSION
Tooth development comprises the initiation, bud, cap, bell stage, and final maturation (Tucker and Sharpe, 2004). Dental papilla is possibly an appropriate donor for osteo/odontoblast differentiation and could promote the formation and stability of the dental pulp dentin complex. Tip portion of the dental papilla is termed the apical papilla, and it moves apically to promote the continued formation of root dentin and dental pulp (Tziafas and Kodonas, 2010). Significantly, there is a stem/progenitor cell pool lying between the apical papilla and dental pulp, including SCAPs, DPSCs, etcetera, which play an important role in root growth. These cells can be non-invasively isolated from discarded teeth and possess the characteristics of immune privilege status. Cells do not cause an allogeneic reaction and suppress T-cell proliferation, which indicates that cells harvested from a single donor could form a reserve pool in vitro for multiple recipients (Le Blanc and Ringdén, 2007). SCAPs own higher population doubling capacity, exhibit stronger proliferation potential, and are more effective for tooth development and regeneration than other dental MSCs (Sonoyama et al., 2006; Bakopoulou et al., 2011). Thus, SCAPs may be an ideal source for many areas of regenerative medicine.
Dental-derived MSCs maintain low grade of senescence even till passage 15, suggesting the safety of transplanting these MSCs for stem cell therapy (Diomede et al., 2017). However, like other stem cells, SCAPs has a limited lifespan in vitro and lose their primary phenotype after cultured for a long time in vitro. Benzopyrene (BaP), radiation, and ectopic expression of viral oncogenes have been discovered to rescue this phenomenon; however, phenotypic transformation, karyotypic instability, and tumorigenicity in nude mice are the main problems that cannot be ignored (Gudjonsson et al., 2004). Currently, the immortalization of stem cells is an appropriate method for expanding these cells in large quantities without changing their characteristics. In this study, we successfully immortalized hSCAPs with lentiviruses overexpressing hTERT to meet the application needs of hSCAPs. We demonstrated that immortalized cells acquire long-term proliferative activity without tumorigenic potential. Cells were also positive for MSC markers and exhibited multiple differentiation potentials after the differentiation induction. In addition, the results showed that BMP9 effectively induced the osteogenic activity of hSCAPs and hiSCAPs, and the immortalized cells after BMP9 stimulation revealed higher ALP activity and more calcified deposits than the primary cells. Furthermore, ectopic bone formation assay indicated that hSCAPs and hiSCAPs could exhibit in vivo osteogenic differentiation ability when infected with AdBMP9, whereas the bone matrices from hiSCAP-AdBmp9 revealed higher maturity and mineralization. Finally, we confirmed that BMP9 could increase the expression of its osteogenic receptors BMPRII and ALK1 in a Smad-dependent manner to induce the osteogenic differentiation of hSCAPs and hiSCAPs.
Immortalization of target cells could be achieved through overexpression of oncogenes and inhibition of tumor suppressor genes (vom Brocke et al., 2006). Several studies have reported that immortalization can be established by transfection with simian virus 40 (SV40) or human papilloma virus 16 (HPV16) (Pirisi et al., 1987; Lechner and Laimins, 1991). Dental-derived MSCs are clonogenic cells with excellent stability and plasticity. Cells revealed no abnormality of karyotype even after 60 population doublings (Avinash et al., 2017; Trubiani et al., 2019). However, overexpression of the SV40 large T antigen may contribute to chromosomal aberrations and polyploidy, while the HPV16 protein could lead to chromosomal instability, such as centrosome abnormalities (Stewart and Bacchetti, 1991; Duensing et al., 2001). Furthermore, ectopic expression of hTERT is also a promising strategy to immortalize cells. Human dental pulp cells (Kamata et al., 2004; Kitagawa et al., 2007; Ikbale el et al., 2016), gingival fibroblasts (Kamata et al., 2004), and periodontal ligament cells (Kamata et al., 2004; Fujii et al., 2006) have been reported to be immortalized by this method. Unfortunately, research on the immortalization and subsequent application of SCAPs has not been conducted. Our study is the first to demonstrate successful immortalization of hSCAPs by overexpressing hTERT.
Human generative cells, cancer cells, and some stem cells have a high TERT activity (Kovalenko et al., 2010; Wang et al., 2013). Research has discovered that hTERT is highly active in undifferentiated DPSCs, while this activity decreases gradually following cell passage (Potdar and Jethmalani, 2015). We tested the expression of hTERT in primary hSCAPs and hiSCAPs. The hTERT gene was continuously and stably expressed in hiSCAPs, whereas TERT expression was almost undetectable in P3 primary hSCAPs. In addition, compared to the original primary cells, the morphology of the immortalized cells was not altered, even after 40 generations. These results suggested that stable cell clones hiSCAPs were formed and that overexpression of the TERT gene extended the lifespan of stem cells.
Seed cells for tissue engineering require proliferation and differentiation potential. The possible occurrence of characteristic alterations after immortalization is a major problem that cannot be ignored. In this research, we examined the proliferation, tumorigenesis, stemness, and multipotential differentiation potential of hiSCAPs in detail, with primary cells as the control. It has been reported that human stromal cells immortalized by SV40T-Ag grow faster than primary stromal cells, whereas the growth rate of hTERT-transfected cells is similar to that of primary cells (Kawano et al., 2003). As demonstrated in this research, hiSCAPs also displayed similar proliferative potential with the primary cells after culturing for 3 days, although exhibited slightly increased proliferation in the first 2 days. Importantly, hiSCAPs could be passaged more than 40 times and revealed stable proliferative potential beyond 4 months, indicating that overexpression of the TERT gene extended the lifespan of stem cells.
In addition, long-term in vitro culture of stem cells usually results in impaired differentiation ability (Christiansen et al., 2000). Our results indicated that the 30th passage of immortalized cells were still positive for KI67, C-KIt, CD44, VIMENTIN, CD166, STRO-1, and NESTIN, which indicated that hiSCAPs exhibited MSC characteristics. Moreover, after culturing in various differentiation induction media, the expression of osteogenic, chondrogenic, and adipogenic markers in hSCAPs and hiSCAPs were significantly upregulated, which indicated potential to differentiate with multiple directions of both cells. In addition to dental-derived stem cells, other immortalized cells are also reported to retain the phenotypic characteristics of the parental cells, including human osteoblastic cells, adipose-derived stem cells, and corneal epithelial cells (Wang et al., 2013; Kim et al., 2016; Pérez-Campo et al., 2017). Interestingly, after osteogenesis induction, the expression of osteogenic markers ALP and RUNX2 was higher in hiSCAPs than in hSCAPs. This is also consistent with previous reports that MSCs overexpressing TERT reveal increased osteogenic potential, while a lack of telomerase could affect the differentiation of hMSCs (Liu et al., 2004). These results demonstrate that hiSCAPs are multipotent and telomere length maintenance affects the differentiation capacity of stem cells. In summary, these results suggested that hiSCAPs with, however not limited to, the phenotypic characteristics of their parental cells may be promising seed cells for studies on cellular mechanisms and regenerative processes.
Cells are key factors in tissue engineering and bone growth strategy take advantage from the use of MSCs. PDLSCs combined with different biomaterials can promote the bone regeneration process to treat bone loss and ossification defects caused by aging or accidental or surgical trauma (Diomede et al., 2016). Gingiva-derived MSCs are also reported to be candidates for tissue engineering and cell-based therapy (Seo et al., 2004). SCAPs represent an early stem/progenitor cell type with good proliferative capacity and potential for osteogenic differentiation; therefore, they are preferable choices for bone tissue regeneration. We demonstrated the excellent osteogenic activity of established hiSCAPs, indicating that hiSCAPs may also play a big role in the bone regeneration field. Growth factors are also essential for the differentiation of cells into different lineages. BMP9 has been certified as one of the least characterized BMPs; however, it is the most potent osteoinductive factor among the BMP families (Cheng et al., 2003). Reportedly, BMP9 can effectively induce the osteogenic, adipogenic, and chondrogenic differentiation of MSCs (Cheng et al., 2003; Kang et al., 2009). In this study, our results confirmed that hSCAPs and hiSCAPs infected with AdBMP9 revealed higher ALP activity and more calcified deposits. ALP activity, known as an indicator of calcification, was also considered an index indicating a state of cells that could continue to grow and divide indefinitely (Inada et al., 2017). We also demonstrated that BMP9 effectively promoted osteogenic differentiation and subsequent mineralization of hSCAPs and hiSCAPs in vivo by ectopic bone formation assay. Furthermore, a study confirmed that telomerase can promote osteogenic differentiation of human BMSCs by up-regulating the expression of RNUX2, SP7, and OCN (Gronthos et al., 2003). In this study, in vivo and in vitro experiments verified that the osteogenic differentiation potential of telomerase-expressing cells was improved. These results support the application of hiSCAPs in the field of bone tissue engineering. We further explored the potential value of hiSCAPs as seed cells for studying the molecular mechanisms of osteogenic differentiation. BMP9 induces osteogenic differentiation by binding to two receptors. Among them, BMPRII has been confirmed as a functional type II TGF-β receptor for the osteogenic differentiation of MSCs induced by BMP9 (Wu et al., 2010). On the one hand BMPRII possesses a similar domain organization with other type II TGF-b receptors, namely, ActRII and ActRIIB, but on the other, it has a long C-terminal tail region which may contribute to the interaction with some proteins and regulation of the BMP pathway (Hassel et al., 2004). Moreover, compared with seven functional type I receptors, only ALK1 and ALK2 mutants could inhibit the osteogenic differentiation of MSCs in vitro and ectopic bone formation in vivo, which indicated the essential and specific role of ALK1 in BMP9-induced osteoinductive signaling (Luo et al., 2010; Song et al., 2013). In this study, we also demonstrated that BMP9 increased the expression of its osteogenic receptor BMPRII and ALK1 to induce the osteogenic differentiation of hSCAPs and hiSCAPs.
In general, theseresults support the potential use of hiSCAPs in tissue engineering. Many adult stem cells currently exist for regeneration and repair studies, such as bone marrow-derived MSCs, skin-derived iPSCs, and blood-derived HSCs; however, dental-derived stem cells are favored owing to their unique advantages. SCAPs are easily accessible, possess the potential for multiple differentiation, and display no tumorigenicity. More importantly, hiSCAPs maintain multipotential, can proliferate infinitely, and do not exhibit genomic instability. These results prove that hiSCAPs have potential in research and as therapeutics. Furthermore, in vivo experiments confirmed the safety of these cells in an animal model and opened possibilities for therapeutic applications in humans.
CONCLUSION
In this study, we successfully immortalized hSCAPs with lentiviruses overexpressing hTERT and demonstrated that hiSCAPs possess the ability of self-renewal, unlimited proliferation without tumorigenicity, and multipotent differentiation, which supports the use of hiSCAPs for studies on cellular mechanisms and regenerative processes, and for applications in bone tissue engineering. In addition, our results provided evidence that BMP9 may be an efficacious bio-factor that enhances the osteogenic capacity in tissue engineering.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Research Ethics Committee of College of Stomatology, Chongqing Medical University, Chongqing, China (grant number: 2023062). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. The animal study was reviewed and approved by the Research Ethics Committee of College of Stomatology, Chongqing Medical University, Chongqing, China (grant number: 2023062).
AUTHOR CONTRIBUTIONS
Conceptualization: QaC, WL, T-CH, and DY. Data acquisition and curation: QaC, CL, and QuC. Formal Analysis: QaC, CL, QuC and WL. Funding acquisition: WL, T-CH, and DY. Supervision: T-CH and DY. Writing and editing draft: QaC, CL, and WL. All authors contributed to the article and approved the submitted version.
FUNDING
The reported work was supported in part by research grants from the Project Supported by the National Natural Science Foundation of China (No. 31970783 to DY, No. 32270888 to DY, No. 32070539 to WL), Program for Top talent Distinguished Professor from Chongqing Medical University to DY (No. 2021215), Program for Youth Innovation in Future Medicine from Chongqing Medical University (No. W0060 to DY).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Avilion, A. A., Piatyszek, M. A., Gupta, J., Shay, J. W., Bacchetti, S., and Greider, C. W. (1996). Human telomerase RNA and telomerase activity in immortal cell lines and tumor tissues. Cancer Res. 56 (3), 645–650.
 Avinash, K., Malaippan, S., and Dooraiswamy, J. N. (2017). Methods of isolation and characterization of stem cells from different regions of oral cavity using markers: A systematic review. Int. J. stem cells 10 (1), 12–20. doi:10.15283/ijsc17010
 Bakopoulou, A., Leyhausen, G., Volk, J., Tsiftsoglou, A., Garefis, P., Koidis, P., et al. (2011). Comparative analysis of in vitro osteo/odontogenic differentiation potential of human dental pulp stem cells (DPSCs) and stem cells from the apical papilla (SCAP). Archives oral Biol. 56 (7), 709–721. doi:10.1016/j.archoralbio.2010.12.008
 Balic, A., and Thesleff, I. (2015). Tissue interactions regulating tooth development and renewal. Curr. Top. Dev. Biol. 115, 157–186. doi:10.1016/bs.ctdb.2015.07.006
 Bodnar, A. G., Ouellette, M., Frolkis, M., Holt, S. E., Chiu, C. P., Morin, G. B., et al. (1998). Extension of life-span by introduction of telomerase into normal human cells. Sci. (New York, NY) 279 (5349), 349–352. doi:10.1126/science.279.5349.349
 Cheng, H., Jiang, W., Phillips, F. M., Haydon, R. C., Peng, Y., Zhou, L., et al. (2003). Osteogenic activity of the fourteen types of human bone morphogenetic proteins (BMPs). J. bone Jt. Surg. Am. volume 85 (8), 1544–1552. doi:10.2106/00004623-200308000-00017
 Christiansen, M., Kveiborg, M., Kassem, M., Clark, B. F., and Rattan, S. I. (2000). CBFA1 and topoisomerase I mRNA levels decline during cellular aging of human trabecular osteoblasts. journals gerontology Ser. A, Biol. Sci. Med. Sci. 55 (4), B194–B200. doi:10.1093/gerona/55.4.b194
 Counter, C. M., Hahn, W. C., Wei, W., Caddle, S. D., Beijersbergen, R. L., Lansdorp, P. M., et al. (1998). Dissociation among in vitro telomerase activity, telomere maintenance, and cellular immortalization. Proc. Natl. Acad. Sci. U. S. A. 95 (25), 14723–14728. doi:10.1073/pnas.95.25.14723
 Cui, D., Li, H., Wan, M., Peng, Y., Xu, X., Zhou, X., et al. (2018). The origin and identification of mesenchymal stem cells in teeth: From odontogenic to non-odontogenic. Curr. stem Cell Res. Ther. 13 (1), 39–45. doi:10.2174/1574888X12666170913150403
 Diomede, F., Merciaro, I., Martinotti, S., Cavalcanti, M. F., Caputi, S., Mazzon, E., et al. (2016). miR-2861 is involved in osteogenic commitment of human periodontal ligament stem cells grown onto 3D scaffold. J. Biol. Regul. Homeost. agents 30 (4), 1009–1018.
 Diomede, F., Rajan, T. S., Gatta, V., D'Aurora, M., Merciaro, I., Marchisio, M., et al. (2017). Stemness maintenance properties in human oral stem cells after long-term passage. Stem cells Int. 2017, 5651287. doi:10.1155/2017/5651287
 Duensing, S., Duensing, A., Flores, E. R., Do, A., Lambert, P. F., and Münger, K. (2001). Centrosome abnormalities and genomic instability by episomal expression of human papillomavirus type 16 in raft cultures of human keratinocytes. J. virology 75 (16), 7712–7716. doi:10.1128/JVI.75.16.7712-7716.2001
 Fujii, S., Maeda, H., Wada, N., Kano, Y., and Akamine, A. (2006). Establishing and characterizing human periodontal ligament fibroblasts immortalized by SV40T-antigen and hTERT gene transfer. Cell tissue Res. 324 (1), 117–125. doi:10.1007/s00441-005-0101-4
 González-Núñez, M., Muñoz-Félix, J. M., and López-Novoa, J. M. (2013). The ALK-1/Smad1 pathway in cardiovascular physiopathology. A new target for therapy?Biochimica biophysica acta 1832 (10), 1492–1510. doi:10.1016/j.bbadis.2013.05.016
 Greider, C. W. (1996). Telomere length regulation. Annu. Rev. Biochem. 65, 337–365. doi:10.1146/annurev.bi.65.070196.002005
 Gronthos, S., Chen, S., Wang, C. Y., Robey, P. G., and Shi, S. (2003). Telomerase accelerates osteogenesis of bone marrow stromal stem cells by upregulation of CBFA1, osterix, and osteocalcin. J. Am. Soc. Bone Mineral Res. 18 (4), 716–722. doi:10.1359/jbmr.2003.18.4.716
 Gudjonsson, T., Villadsen, R., Rønnov-Jessen, L., and Petersen, O. W. (2004). Immortalization protocols used in cell culture models of human breast morphogenesis. Cell. Mol. life Sci. CMLS 61 (19-20), 2523–2534. doi:10.1007/s00018-004-4167-z
 Harrington, L., McPhail, T., Mar, V., Zhou, W., Oulton, R., Bass, M. B., et al. (1997). A mammalian telomerase-associated protein. Sci. (New York, NY) 275 (5302), 973–977. doi:10.1126/science.275.5302.973
 Harrington, L., Zhou, W., McPhail, T., Oulton, R., Yeung, D. S., Mar, V., et al. (1997). Human telomerase contains evolutionarily conserved catalytic and structural subunits. Genes & Dev. 11 (23), 3109–3115. doi:10.1101/gad.11.23.3109
 Hasegawa, T., Chosa, N., Asakawa, T., Yoshimura, Y., Ishisaki, A., and Tanaka, M. (2010). Establishment of immortalized human periodontal ligament cells derived from deciduous teeth. Int. J. Mol. Med. 26 (5), 701–705. doi:10.3892/ijmm_00000516
 Hassel, S., Eichner, A., Yakymovych, M., Hellman, U., Knaus, P., and Souchelnytskyi, S. (2004). Proteins associated with type II bone morphogenetic protein receptor (BMPR-II) and identified by two-dimensional gel electrophoresis and mass spectrometry. Proteomics 4 (5), 1346–1358. doi:10.1002/pmic.200300770
 Huang, G. T., Gronthos, S., and Shi, S. (2009). Mesenchymal stem cells derived from dental tissues vs. those from other sources: Their biology and role in regenerative medicine. J. Dent. Res. 88 (9), 792–806. doi:10.1177/0022034509340867
 Ikbale el, A., Goorha, S., Reiter, L. T., and Miranda-Carboni, G. A. (2016). Effects of hTERT immortalization on osteogenic and adipogenic differentiation of dental pulp stem cells. Data brief 6, 696–699. doi:10.1016/j.dib.2016.01.009
 Inada, E., Saitoh, I., Kubota, N., Iwase, Y., Kiyokawa, Y., Shibasaki, S., et al. (2019). piggyBac transposon-based immortalization of human deciduous tooth dental pulp cells with multipotency and non-tumorigenic potential. Int. J. Mol. Sci. 20 (19), 4904. doi:10.3390/ijms20194904
 Inada, E., Saitoh, I., Kubota, N., Soda, M., Matsueda, K., Murakami, T., et al. (2017). Alkaline phosphatase and OCT-3/4 as useful markers for predicting susceptibility of human deciduous teeth-derived dental pulp cells to reprogramming factor-induced iPS cells. J. investigative Clin. Dent. 8 (4), e12236. doi:10.1111/jicd.12236
 Kamata, N., Fujimoto, R., Tomonari, M., Taki, M., Nagayama, M., and Yasumoto, S. (2004). Immortalization of human dental papilla, dental pulp, periodontal ligament cells and gingival fibroblasts by telomerase reverse transcriptase. J. oral pathology Med. 33 (7), 417–423. doi:10.1111/j.1600-0714.2004.00228.x
 Kang, Q., Song, W. X., Luo, Q., Tang, N., Luo, J., Luo, X., et al. (2009). A comprehensive analysis of the dual roles of BMPs in regulating adipogenic and osteogenic differentiation of mesenchymal progenitor cells. Stem cells Dev. 18 (4), 545–559. doi:10.1089/scd.2008.0130
 Kang, Q., Sun, M. H., Cheng, H., Peng, Y., Montag, A. G., Deyrup, A. T., et al. (2004). Characterization of the distinct orthotopic bone-forming activity of 14 BMPs using recombinant adenovirus-mediated gene delivery. Gene Ther. 11 (17), 1312–1320. doi:10.1038/sj.gt.3302298
 Kawano, Y., Kobune, M., Yamaguchi, M., Nakamura, K., Ito, Y., Sasaki, K., et al. (2003). Ex vivo expansion of human umbilical cord hematopoietic progenitor cells using a coculture system with human telomerase catalytic subunit (hTERT)-transfected human stromal cells. Blood 101 (2), 532–540. doi:10.1182/blood-2002-04-1268
 Kim, C. W., Go, R. E., Lee, G. A., Kim, C. D., Chun, Y. J., and Choi, K. C. (2016). Immortalization of human corneal epithelial cells using simian virus 40 large T antigen and cell characterization. J. Pharmacol. Toxicol. methods 78, 52–57. doi:10.1016/j.vascn.2015.11.005
 Kitagawa, M., Ueda, H., Iizuka, S., Sakamoto, K., Oka, H., Kudo, Y., et al. (2007). Immortalization and characterization of human dental pulp cells with odontoblastic differentiation. Archives oral Biol. 52 (8), 727–731. doi:10.1016/j.archoralbio.2007.02.006
 Kovalenko, O. A., Kaplunov, J., Herbig, U., Detoledo, S., Azzam, E. I., and Santos, J. H. (2010). Expression of (NES-)hTERT in cancer cells delays cell cycle progression and increases sensitivity to genotoxic stress. PloS one 5 (5), e10812. doi:10.1371/journal.pone.0010812
 Le Blanc, K., and Ringdén, O. (2007). Immunomodulation by mesenchymal stem cells and clinical experience. J. Intern. Med. 262 (5), 509–525. doi:10.1111/j.1365-2796.2007.01844.x
 Lechner, M. S., and Laimins, L. A. (1991). Human epithelial cells immortalized by SV40 retain differentiation capabilities in an in vitro raft system and maintain viral DNA extrachromosomally. Virology 185 (2), 563–571. doi:10.1016/0042-6822(91)90526-h
 Li, M., Chen, Y., Bi, Y., Jiang, W., Luo, Q., He, Y., et al. (2013). Establishment and characterization of the reversibly immortalized mouse fetal heart progenitors. Int. J. Med. Sci. 10 (8), 1035–1046. doi:10.7150/ijms.6639
 Li, R., Zhang, W., Cui, J., Shui, W., Yin, L., Wang, Y., et al. (2014). Targeting BMP9-promoted human osteosarcoma growth by inactivation of notch signaling. Curr. cancer drug targets 14 (3), 274–285. doi:10.2174/1568009614666140305105805
 Li, X., Wang, L., Su, Q., Ye, L., Zhou, X., Song, D., et al. (2020). Highly proliferative immortalized human dental pulp cells retain the odontogenic phenotype when combined with a beta-tricalcium phosphate scaffold and BMP2. Stem cells Int. 2020, 4534128. doi:10.1155/2020/4534128
 Liao, Z., Nan, G., Yan, Z., Zeng, L., Deng, Y., Ye, J., et al. (2015). The anthelmintic drug niclosamide inhibits the proliferative activity of human osteosarcoma cells by targeting multiple signal pathways. Curr. cancer drug targets 15 (8), 726–738. doi:10.2174/1568009615666150629132157
 Liu, L., DiGirolamo, C. M., Navarro, P. A., Blasco, M. A., and Keefe, D. L. (2004). Telomerase deficiency impairs differentiation of mesenchymal stem cells. Exp. Cell Res. 294 (1), 1–8. doi:10.1016/j.yexcr.2003.10.031
 Luo, J., Deng, Z. L., Luo, X., Tang, N., Song, W. X., Chen, J., et al. (2007). A protocol for rapid generation of recombinant adenoviruses using the AdEasy system. Nat. Protoc. 2 (5), 1236–1247. doi:10.1038/nprot.2007.135
 Luo, J., Tang, M., Huang, J., He, B. C., Gao, J. L., Chen, L., et al. (2010). TGFbeta/BMP type I receptors ALK1 and ALK2 are essential for BMP9-induced osteogenic signaling in mesenchymal stem cells. J. Biol. Chem. 285 (38), 29588–29598. doi:10.1074/jbc.M110.130518
 Luo, Q., Kang, Q., Si, W., Jiang, W., Park, J. K., Peng, Y., et al. (2004). Connective tissue growth factor (CTGF) is regulated by Wnt and bone morphogenetic proteins signaling in osteoblast differentiation of mesenchymal stem cells. J. Biol. Chem. 279 (53), 55958–55968. doi:10.1074/jbc.M407810200
 Luo, X., Chen, J., Song, W. X., Tang, N., Luo, J., Deng, Z. L., et al. (2008). Osteogenic BMPs promote tumor growth of human osteosarcomas that harbor differentiation defects. Laboratory investigation; a J. Tech. methods pathology 88 (12), 1264–1277. doi:10.1038/labinvest.2008.98
 Lustig, A. J. (1999). Crisis intervention: The role of telomerase. Proc. Natl. Acad. Sci. U. S. A. 96 (7), 3339–3341. doi:10.1073/pnas.96.7.3339
 Luther, G., Wagner, E. R., Zhu, G., Kang, Q., Luo, Q., Lamplot, J., et al. (2011). BMP-9 induced osteogenic differentiation of mesenchymal stem cells: Molecular mechanism and therapeutic potential. Curr. gene Ther. 11 (3), 229–240. doi:10.2174/156652311795684777
 Maxim, M. A., Soritau, O., Baciut, M., Bran, S., and Baciut, G. (2015). The role of dental stem cells in regeneration. Clujul Med. (1957) 88(4):479–482. doi:10.15386/cjmed-475
 Pérez-Campo, F. M., May, T., Zauers, J., Sañudo, C., Delgado-Calle, J., Arozamena, J., et al. (2017). Generation and characterization of two immortalized human osteoblastic cell lines useful for epigenetic studies. J. bone mineral metabolism 35 (2), 150–160. doi:10.1007/s00774-016-0753-z
 Pirisi, L., Yasumoto, S., Feller, M., Doniger, J., and DiPaolo, J. A. (1987). Transformation of human fibroblasts and keratinocytes with human papillomavirus type 16 DNA. J. virology 61 (4), 1061–1066. doi:10.1128/JVI.61.4.1061-1066.1987
 Potdar, P. D., and Jethmalani, Y. D. (2015). Human dental pulp stem cells: Applications in future regenerative medicine. World J. stem cells 7 (5), 839–851. doi:10.4252/wjsc.v7.i5.839
 Seo, B. M., Miura, M., Gronthos, S., Bartold, P. M., Batouli, S., Brahim, J., et al. (2004). Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet (London, Engl. 364 (9429), 149–155. doi:10.1016/S0140-6736(04)16627-0
 Song, T., Wang, W., Xu, J., Zhao, D., Dong, Q., Li, L., et al. (2013). Fibroblast growth factor 2 inhibits bone morphogenetic protein 9-induced osteogenic differentiation of mesenchymal stem cells by repressing Smads signaling and subsequently reducing Smads dependent up-regulation of ALK1 and ALK2. Int. J. Biochem. Cell Biol. 45 (8), 1639–1646. doi:10.1016/j.biocel.2013.05.005
 Sonoyama, W., Liu, Y., Fang, D., Yamaza, T., Seo, B. M., Zhang, C., et al. (2006). Mesenchymal stem cell-mediated functional tooth regeneration in swine. PloS one 1 (1), e79. doi:10.1371/journal.pone.0000079
 Sonoyama, W., Liu, Y., Yamaza, T., Tuan, R. S., Wang, S., Shi, S., et al. (2008). Characterization of the apical papilla and its residing stem cells from human immature permanent teeth: A pilot study. J. Endod. 34 (2), 166–171. doi:10.1016/j.joen.2007.11.021
 Spagnuolo, G., Codispoti, B., Marrelli, M., Rengo, C., Rengo, S., and Tatullo, M. (2018). Commitment of oral-derived stem cells in dental and maxillofacial applications. Dent. J. 6 (4), 72. doi:10.3390/dj6040072
 Star, G. P., Giovinazzo, M., and Langleben, D. (2010). Bone morphogenic protein-9 stimulates endothelin-1 release from human pulmonary microvascular endothelial cells: A potential mechanism for elevated ET-1 levels in pulmonary arterial hypertension. Microvasc. Res. 80 (3), 349–354. doi:10.1016/j.mvr.2010.05.010
 Stewart, N., and Bacchetti, S. (1991). Expression of SV40 large T antigen, but not small t antigen, is required for the induction of chromosomal aberrations in transformed human cells. Virology 180 (1), 49–57. doi:10.1016/0042-6822(91)90008-y
 Tang, N., Rao, S., Ying, Y., and Huang, Y. (2020). New insights into BMP9 signaling in organ fibrosis. Eur. J. Pharmacol. 882, 173291. doi:10.1016/j.ejphar.2020.173291
 Tang, N., Song, W. X., Luo, J., Luo, X., Chen, J., Sharff, K. A., et al. (2009). BMP-9-induced osteogenic differentiation of mesenchymal progenitors requires functional canonical Wnt/beta-catenin signalling. J. Cell. Mol. Med. 13 (8), 2448–2464. doi:10.1111/j.1582-4934.2008.00569.x
 Trubiani, O., Marconi, G. D., Pierdomenico, S. D., Piattelli, A., Diomede, F., and Pizzicannella, J. (2019). Human oral stem cells, biomaterials and extracellular vesicles: A promising tool in bone tissue repair. Int. J. Mol. Sci. 20 (20), 4987. doi:10.3390/ijms20204987
 Tucker, A., and Sharpe, P. (2004). The cutting-edge of mammalian development; how the embryo makes teeth. Nat. Rev. Genet. 5 (7), 499–508. doi:10.1038/nrg1380
 Tziafas, D., and Kodonas, K. (2010). Differentiation potential of dental papilla, dental pulp, and apical papilla progenitor cells. J. Endod. 36 (5), 781–789. doi:10.1016/j.joen.2010.02.006
 vom Brocke, J., Schmeiser, H. H., Reinbold, M., and Hollstein, M. (2006). MEF immortalization to investigate the ins and outs of mutagenesis. Carcinogenesis 27 (11), 2141–2147. doi:10.1093/carcin/bgl101
 Vorsanova, S. G., Yurov, Y. B., and Iourov, I. Y. (2010). Human interphase chromosomes: A review of available molecular cytogenetic technologies. Mol. Cytogenet. 3, 1. doi:10.1186/1755-8166-3-1
 Wang, J., Zhang, H., Zhang, W., Huang, E., Wang, N., Wu, N., et al. (2014). Bone morphogenetic protein-9 effectively induces osteo/odontoblastic differentiation of the reversibly immortalized stem cells of dental apical papilla. Stem cells Dev. 23 (12), 1405–1416. doi:10.1089/scd.2013.0580
 Wang, L., Song, K., Qu, X., Wang, H., Zhu, H., Xu, X., et al. (2013). hTERT gene immortalized human adipose-derived stem cells and its multiple differentiations: a preliminary investigation. Appl. Biochem. Biotechnol. 169 (5), 1546–1556. doi:10.1007/s12010-012-0019-8
 Wang, S., Mu, J., Fan, Z., Yu, Y., Yan, M., Lei, G., et al. (2012). Insulin-like growth factor 1 can promote the osteogenic differentiation and osteogenesis of stem cells from apical papilla. Stem Cell Res. 8 (3), 346–356. doi:10.1016/j.scr.2011.12.005
 Watson, J. D. (1972). Origin of concatemeric T7 DNA. Nat. New Biol. 239 (94), 197–201. doi:10.1038/newbio239197a0
 Westerman, K. A., and Leboulch, P. (1996). Reversible immortalization of mammalian cells mediated by retroviral transfer and site-specific recombination. Proc. Natl. Acad. Sci. U. S. A. 93 (17), 8971–8976. doi:10.1073/pnas.93.17.8971
 Wu, N., Zhao, Y., Yin, Y., Zhang, Y., and Luo, J. (2010). Identification and analysis of type II TGF-β receptors in BMP-9-induced osteogenic differentiation of C3H10T1/2 mesenchymal stem cells. Acta biochimica biophysica Sinica 42 (10), 699–708. doi:10.1093/abbs/gmq075
 Yamada, Y., Nakamura-Yamada, S., Kusano, K., and Baba, S. (2019). Clinical potential and current progress of dental pulp stem cells for various systemic diseases in regenerative medicine: A concise review. Int. J. Mol. Sci. 20 (5), 1132. doi:10.3390/ijms20051132
 Zhao, C., Wu, N., Deng, F., Zhang, H., Wang, N., Zhang, W., et al. (2014). Adenovirus-mediated gene transfer in mesenchymal stem cells can be significantly enhanced by the cationic polymer polybrene. PloS one 9 (3), e92908. doi:10.1371/journal.pone.0092908
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Cheng, Liu, Chen, Luo, He and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1158936-g005.gif





OPS/images/fcell-11-1158936-g006.gif
awpR2

e
R

L—

f
s

t pswant






OPS/images/fcell-11-1158936-g003.gif





OPS/images/fcell-11-1158936-g004.gif
>

ous Dut

oays Days ay1o






OPS/images/fcell-11-1158936-t001.jpg
® GAPDH

Forward: CCA CTC CTC CAC CTT TGA

Reverse: CAC CAC CCT GTT GCT GTA

@ TERT

Forward: TCA CGG AGA CCA CGT TTC AAA
Reverse: TTC AAG TGC TGT CTG ATT CCA AT
® ALP

Forward: GAC CTC CTC GGA AGA CAC TC
Reverse: TGA AGG GCT TCT TGT CTG TG

@ RUNX2

Forward: TGG TTA CTG TCA TGG CGG GTA
Reverse: TCT CAG ATC GTT GAA CCT TGC TA
®LPL

Forward: GAC TCG TTC TCA GAT GCC CTA
Reverse: ATG GGA TGT TCT CAC TCT CGG

® PPARY

Forward: CGC CGT GGC CGC AGA TTT GA
Reverse: AGT TGG TGG GCC AGA ATG GCA
® SOX9

Forward: CGA AAT CAA CGA GAA ACT GGA C

Reverse: ATT TAG CAC ACT GAT CAC ACG

® COL2A1

Forward: CAT CCC ACC CTC TCA CAG TT
Reverse:GGG CAT TTG ACT CAC ACC AG

® OPN

Forward: ATG ATG GCC GAG GTG ATA GT
Reverse: ACC ATT CAA CTC CTC GCT TT

® OCN

Forward: AGC AAA GGT GCA GCC TTT GT
Reverse: GCG CCT GGG TCT CTT CAC T

® D1

Forward: CTA CGA CAT GAA CGG CTG TTA
Reverse: CAA CTG AAG GTC CCT GAT GTA G
@ ALKI

Forward: CCT AGC TCA GAT GAT GCG GG
Reverse: GGC TTC TCT GGA CTG TTG CT

® BMPR2

Forward: ATC CAG A’

ATT CTT CCT CCT C

Reverse: TCA CGA TGC TGT CAG TAT G





OPS/images/fcell-11-1158936-t002.jpg
Protein Specificity Product code

TERT Rabbit Abcam b230527
CDa4 Mouse Abcam ab6124
C-KIT Rabbit Bioss [ bs-10005R
NESTIN Rabbit Bioss. [ bs-0008R
VIMENTIN | Rabbit Abcam aboasir
STRO-1 Mouse Santa Cruz [ 5c-47733
7 CD166 Rabbit Bioss bs-1251R
KI67 Rabbit Abcam ab15580
CD34 Rabbit Abcam ab81289
GAPDH Mouse Abcam ab8245
ALP Rabbit Abcam 220126
‘ PPARY Rabbit Cell Signaling Technology s
S0X9 Rabbit Abcam ab185966
D1 Mouse Santa Cruz, sc-133104
ALK1 Rabbit Novus Biologicals NBP1-90254
BMPR2 Rabbit Abcam ab96826
P-SMAD1  Rabbit Abcam a2z

T-SMAD1 | Rabbit Abcam ab33902






OPS/xhtml/nav.xhtml
Contents

		Cover

		Establishing and characterizing human stem cells from the apical papilla immortalized by hTERT gene transfer		Introduction

		Materials and methods		Subjects and cell culture

		Flow cytometric analysis

		Immortalization of primary hSCAPs

		Semi-quantitative polymerase chain reaction (PCR) and quantitative real-time PCR (qPCR)

		Immunofluorescence staining

		Proliferation assay

		Crystal violet staining

		Cytogenetic analysis

		In vivo tumorigenic assay

		Multilineage differentiation assays

		Western blot analysis

		Generation and amplification of recombinant adenoviruses expressing BMP9 and GFP

		ALP staining and ALP activity assay

		Alizarin red S mineralization staining and quantification

		Cell implantation, ectopic bone formation, and micro-CT analysis

		Histological evaluation

		Statistical analysis





		Results		Generation and identification of hiSCAPs

		Characteristics of hiSCAPs

		BMP9 effectively induced osteogenic activity of hSCAPs and hiSCAPs

		BMP9 induced ectopic bone formation of hSCAPs and hiSCAPs

		BMP9 promoted BMPRII/Smad and ALK1/Smad activity in hiSCAPs





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1158936-g001.gif





OPS/images/fcell-11-1158936-g002.gif
29 rscae
Fiis—y

Timei@)

W o
T










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





