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Mesenchymal stem cells (MSCs) within the periodontal ligament (PDL), termed periodontal ligament stem cells (PDLSCs), have a self-renewing capability and a multidirectional differentiation potential. The molecular mechanisms that regulate multidirectional differentiation, such as the osteogenic differentiation of PDLSCs, remain to be elucidated. Cullin 4B (CUL4B), which assembles the CUL4B-RING ubiquitin ligase (CRL4B) complex, is involved in regulating a variety of developmental and physiological processes including the skeletal development and stemness of cancer stem cells. However, nothing is known about the possible role of CUL4B in the osteogenic differentiation of PDLSCs. Here, we found that knockdown of CUL4B decreased the proliferation, migration, stemness and osteogenic differentiation ability of PDLSCs. Mechanistically, we demonstrate that CUL4B cooperates with the PRC2 complex to repress the expression of miR-320c and miR-372/373-3p, which results in the upregulation of RUNX2, a master transcription factor (TF) that regulates osteogenic differentiation. In brief, the present study reveals the role of CUL4B as a new regulator of osteogenic differentiation in PDLSCs.
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1 INTRODUCTION
MSCs have been widely used as basic biomaterials in tissue engineering due to their self-renewing ability and multidirectional differentiation potential. Periodontal ligament stem cells (PDLSCs), MSCs derived from the periodontal ligament, play an important role in dental tissue regeneration as well as tooth development, which show multiple differentiation and self-renewing capabilities (Seo et al., 2004; Iwasaki et al., 2013). PDLSC transplantation therapies have been reported to be involved in the regeneration of new bone, cementum/PDL-like structure, peripheral nerves and new cementum (Seo et al., 2004). Owing to the advantages of their availability, rapid culture expansion and hypoimmunogenicity (Feng et al., 2010), PDLSCs are not only widely used as favorable seed cells for periodontal tissues and bone regeneration but also as a cell model to study the self-renewing ability and multidirectional differentiation especially osteogenic differentiation (Liu et al., 2008; Mrozik et al., 2013).
Osteogenic differentiation is regulated by a diverse set of factors including hormones, TF and growth factors (Chen et al., 2012; Bruderer et al., 2014). RUNX2 is one of the earliest markers and is known as the master TF regulating osteogenic differentiation (Komori et al., 1997; Stein et al., 2004). RUNX2 is a TF that has the ability to upregulate ColeI, ALP and OPN genes (Fakhry et al., 2013). The regulation of RUNX2 is essential in osteogenic differentiation (Komori, 2010).
MiRNAs are small non-coding RNAs that are 17–25 nucleotides long. miRNAs regulate the expression of target genes at the post-transcriptional level by hybridizing with their target mRNAs at the 3′untranslated region (3′UTR), consequently silencing the target gene(s) and thereby controlling target protein biosynthesis (Wahid et al., 2010; Vimalraj and Selvamurugan, 2013). In osteoblasts, miRNAs play a pivotal role in the post-transcriptional regulation of genes that participate in differentiation. A number of miRNAs have been identified that regulate osteogenic differentiation via RUNX2 directly or indirectly (Narayanan et al., 2019).
CUL4B functions as a scaffold protein in the CUL4B-RING E3 ligase complex (CRL4B), which includes DDB1, RBX1 and substrate receptors (Jackson and Xiong, 2009; Hu et al., 2012; Zhao et al., 2015; Li et al., 2017). Previously, we showed that the constitutive knockdown of CUL4B inhibits the proliferation of a variety of cancer cells and contributes to cancer stemness in colorectal cancer and bladder cancer (Zou et al., 2009; Zou et al., 2013; Mi et al., 2017; Li et al., 2020; Liu et al., 2020). Mutations in human CUL4B cause intellectual disability (Tarpey et al., 2007; Zou et al., 2007), and patients with CUL4B mutations manifest disruptions in skeletal development such as short stature and brachydactyly (Badura-Stronka et al., 2010; Isidor et al., 2010; Kerzendorfer et al., 2011; Ravn et al., 2012). Bone formation is the basis of skeletal development, which implies that CUL4B could be involved in regulating the formation of mineralized bone. Osteogenesis is the process of new bone formation and there are distinct stages involved in the cells proliferate, grow and differentiate. Although accumulating evidence indicates that CUL4B exerts biological functions in various cancers, how it contributes to skeletal development and the biological properties of MSCs, as well as its role in osteogenesis, is still poorly defined. Given the advantages of PDLSCs mentioned above, in this study, we investigated the role of CUL4B in PDLSCs and demonstrate the effects of CUL4B on the proliferation, apoptosis, migration, stemness and osteogenic differentiation of PDLSCs.
2 MATERIALS AND METHODS
2.1 Isolation, Culture and Manipulation of Periodontal Ligament Stem Cells
Human PDLSCs were isolated from healthy periodontal ligament (PDL) tissues of teeth extracted for orthodontic reasons. PDL tissues were cut into small pieces, which were detached for 45 min by 3 mg/L type I collagenase and 4 mg/ml dispase II suspended in α-modified Eagle’s medium (α-MEM, HyClone, South Logan, UT, United States) containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, United States) and 1% penicillin-streptomycin antibiotic mixture (Invitrogen, Carlsbad, CA, United States). The cell suspensions were implanted into 10 cm tissue culture dishes and incubated at 37°C and 5% CO2. The non-adherent cell suspensions were removed 3 days later, and the basic medium was changed every 2–3 days. When MSC-like colonies had grown for 10–14 days, monoclones were selected by the limiting dilution method, and were then expanded for subsequent experiments.
Stable CUL4B-knockdown and -control cells were generated as described previously (Mi et al., 2017). Stable CUL4B-overexpression and -control cells were generated as described previously (Liu et al., 2020). miR-320c and miR-372/373-3p Sponge vectors were constructed by Abiotech (Abiotech, Jinan, China) ligating the miR-320c and miR-372/373-3p sponge fragments into the lentiviral vector pLent-EF1a-Puro-CMV-GFP-mirRNA sponge (Abiotech, pLV100016-KD). The pLVX-IRES-Puro-CUL4B (ΔNLS) was generated by subcloning the fragment from pCMV-Tag2B-CUL4B (ΔNLS). Lentiviral transductions were performed as previously described (Zou et al., 2013).
All experiments in this study were approved by the Medical Ethical Committee of School of Stomatology, Shandong University (No. GR201907). PDL tissue donors in the study signed an informed consent allowing the use of their PDL tissues for scientific research.
2.2 In vitro Proliferation Assays
Cell viability and proliferation were measured using Cell Counting Kit-8 (CCK-8) assays (Dojindo Laboratories, Kumamoto, Japan), colony formation assays and Cell-Light EdU DNA Cell Proliferation (EdU) assays (Ribobio, Guangzhou, China). For CCK-8 assays, cells were inoculated in 96-well plates, 10 μl CCK-8 was added to each well for 60 min, after which the absorption values were determined at 450 nm. The colony formation and EdU labelling assays were performed as previously described (Mi et al., 2017; Qi et al., 2019).
2.3 Wound-Healing and Transwell Migration Assays
To assess migration capacities of PDLSCs, wound-healing and transwell migration assays were performed as previously described (Mi et al., 2017).
2.4 Western Blot Analysis and Antibodies
Western blots were performed as described previously (Zou et al., 2013). Antibodies used in this study are listed in Supplementary Table S3.
2.5 Flow Cytometry (FACS)
The surface markers of PDLSCs were examined using a flow cytometer (Calibur, BD Biosciences). 1 × 106 PDLSCs were incubated with following luorochrome-conjugated antibodies: anti-CD44-APC (Cat. MA1-10,226, Invitrogen), anti-CD105-PE (Cat. 12–1057–42, Invitrogen), anti-CD90-PE (Cat. 12–0909–42, Invitrogen), anti-CD45-FITC (Cat. 14–9457–95, Invitrogen), anti-CD19-APC (Cat. 17–0199–42, Invitrogen) and anti-CD14-PerCP (Cat. 450,149–42, Invitrogen) for 1 h at 4°C in the dark and were then analyzed after washing in PBS.
The percentage of cell apoptosis was determined by FACS. Apoptotic PDLSCs were detected according to the instructions of the AnnexinV-APC/7-AAD apoptosis detection kit (BestBio, Shanghan, China). Briefly, PDLSCs were trypsinized and the resuspended. PDLSCs were washed with PBS and stained with annexin V-APC and 7-AAD. The cells were then analyzed by flow cytometry (CytoFLEX; Beckman Coulter, Brea, CA, United States).
2.6 RNA Extraction, qRT-PCR and Chromatin Immunoprecipitation Assays
Extraction of total RNAs and qRT-PCR were performed as described previously (Zou et al., 2013). Primer sequences for qRT-PCR used in this study are listed in Supplementary Table S4. All primers used for miRNA qRT-PCR were purchased from GeneCopoeia, Guangzhou, China. Chromatin immunoprecipitation (ChIP) assays were performed as described previously (Hu et al., 2012). Primers and antibodies used in this study are listed in Supplementary Tables S5, S6.
2.7 ALP Activity Assay
ALP activity was measured according to the instructions of the ALP Activity Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, cells were seeded in 6-well plates at a density of 2 × l05 cells/well in osteogenic-inductive medium. After induction, cells were scraped into 1% Triton X-100, sonicated and centrifuged at 12,000 g for 10 min. The absorbance at 520 nm wavelength was measured using a microplate reader (SPECTROstar Nano; BMG Labtech).
2.8 Alizarin Red S Staining
Virus-infected PDLSCs (passages 3–5) were plated in 6-well plates at a density of 2 × l05 cells/well and were cultured in osteogenic-inductive medium. After 3 weeks of induction, cells were rinsed with PBS and fixed with 70% ethanol, then stained with 1% Alizarin Red S (pH 4.2; Sigma-Aldrich) for 5 min. To measure the concentration of calcium, 10% (w/v) cetylpyridinium chloride (CPC; Sigma-Aldrich) and 10 mM sodium phosphate solution were added to the stained dishes for 10 min at room temperature, and then were quantified using a spectrometer at 562 nm wavelength.
2.9 Plasmids and Luciferase Assays
Wild-type and mutant RUNX2 3′- UTR vectors were constructed by Abiotech (Abiotech, Jinan, China). Dual luciferase assays were performed as previously described (Qi et al., 2019).
2.10 Spheroid Formation Assays
Single cells were plated in ultra-low 6-well attachment plates (Corning, Lowell, MA, United States) in H-DMEM/F12 medium supplemented with 1% penicillin-streptomycin antibiotic mixture, 1% (v/v) B27 (Gibco, Grand Island, NY, United States), 5 μg/ml insulin (Sigma-Aldrich), 20 ng/ml EGF (Gibco, Grand Island, NY, United States) and 20 ng/ml bFGF (Sigma-Aldrich). After 7–10 days, clonal spheres with a diameter over 50 μm were counted using an optical microscope.
2.11 Statistical Analysis
Statistical analyses were performed using an unpaired Student’s t test to calculate two-tailed p values between two groups. Differences were considered significant at p < 0.05. Data are reported as means ± SEM.
3 RESULTS
3.1 Cullin 4B Promotes Proliferation and Migration of Periodontal Ligament Stem Cells
We began our current study by first assessing the purification of our PDLSCs. As shown in Supplementary Figure S1A, cultured PDLSCs successfully exhibited spindle-shaped morphologies. Then we verified that the isolated PDLSCs were MSCs by analyzing specific MSCs surface markers using flow cytometry. Flow cytometric assays showed that PDLSCs expressed MSCs markers (CD44, CD105 and CD90), but were negative for endothelial cell markers (CD45, CD19, and CD14) (Supplementary Figure S1B).To evaluate the role of CUL4B in PDLSCs, we established PDLSCs with stable knockdown or overexpression of CUL4B (Figure 1A). CCK-8 assays showed that knockdown of CUL4B impeded, while overexpression of CUL4B increased the growth of PDLSCs (Figures 1B,C). An EdU incorporation assays confirmed the role of CUL4B in PDLSCs proliferation (Figures 1D,E and Supplementary Figure S2A,B). The result of colony-forming efficiency assays showed that PDLSCs with stable knockdown of CUL4B displayed much smaller and fewer colonies (Figure 1F and Supplementary Figure S2C). Consistently, overexpression of CUL4B displayed much bigger and more colonies (Figure 1G and Supplementary Figure S2D). Next, we investigated the functions of CUL4B in the migration of PDLSCs. Wound-healing and transwell assays showed that knockdown of CUL4B caused a significant decrease in PDLSC migration (Figures 1H,J and Supplementary Figure S2E,G). In contrast, overexpression of CUL4B led to significantly increase the migration of PDLSCs (Figures 1I,K and Supplementary Figure S2F,H). The effect of CUL4B on PDLSCs apoptosis was analyzed by flow cytometry, and no significant difference between stable CUL4B-knockdown and corresponding control group was observed (Supplementary Figure S2I). Taken together, these results demonstrate that CUL4B promotes proliferation and migration of PDLSCs.
[image: Figure 1]FIGURE 1 | CUL4B promotes the proliferation and migration of PDLSCs. (A) Western blot showing knock down and overexpression efficiency of CUL4B in PDLSCs. (B,C) Proliferation of PDLSCs with knockdown (shCUL4B) and overexpression of CUL4B (puro-CUL4B) together with corresponding control cells (puro or con), was examined by CCK-8 assays. Quantification of percentage of EdU positive cells in indicated cells was shown in (D,E). Colony formation efficiency of indicated cells was shown in (F,G). The normalized colony number of control cells was set as 1. (H–K) Migration ability of indicated cells was examined by wound-healing assay and transwell assay. All quantification analyses were based on independent triplicate experiments. Error bars represent SD. Statistical comparisons were made using two-tailed unpaired t-test, **p < 0.01 compared with negative control.
3.2 Cullin 4B Enhances Stemness of Periodontal Ligament Stem Cells
CUL4B has been reported to enhance the enrichment of cancer stem cells with stem cell-related characteristics (Li et al., 2020; Liu et al., 2020), suggesting that CUL4B may be involved in the stemness of PDLSCs. To investigate the potential interaction of CUL4B with the stemness of PDLSCs, the mRNA expression levels of stemness markers were detected in PDLSCs with stable knockdown and overexpression of CLU4B. The results showed that the stemness markers MYC, Nanog, OCT4 and SOX2 were significantly reduced in stable CUL4B-knockdown PDLSCs whereas increased in CUL4B-overexpressed PDLSCs (Figures 2A,B). Sphere formation assay, commonly used to identify cancer stem cells, was carried out and showed that the size and number of spheres were less and smaller in PDLSCs with knockdown of CUL4B, whereas were more and bigger in CUL4B overexpressed PDLSCs when comparing to the corresponding control group (Figures 2C,D and Supplementary Figure S2J). Taken these data together, it suggests CUL4B plays a key role in regulation of the stemness of PDLSCs.
[image: Figure 2]FIGURE 2 | CUL4B enhances stemness of PDLSCs. (A,B) Expression levels of stemness markers as indicated in CUL4B stably overexpressing (puro-CUL4B), (A) and knockdown [shCUL4B, (B)] PDLSCs together with corresponding control cells (puro or con) analyzed by qRT-PCR. (C,D) Representative bar graph of the percentages of spheres (C) and the diameter of the spheres (D) in CUL4B stably overexpressing (puro-CUL4B) and knockdown (shCUL4B) PDLSCs together with corresponding control cells (puro or con). Scale bars: 200 μm. All quantification analyses were based on independent triplicate experiments. Error bars represent SD. Statistical comparisons were made using a two-tailed unpaired t-test, *p < 0.05, **p < 0.01 compared with the negative control.
3.3 Cullin 4B Regulates the Osteogenic Differentiation of Periodontal Ligament Stem Cells by Post-transcriptionally Controlling the Expression of RUNX2 Protein
Patients with CUL4B mutations manifest disruptions of skeletal development implying that CUL4B might be involved in the formation of mineralized bone, and that osteogenic differentiation is the crucial stage of new bone formation. Since the potential association of CUL4B with the stemness of PDLSCs as shown in above results, we expected that CUL4B might be involved in the regulating osteogenic differentiation of PDLSCs. To test whether CUL4B regulates the osteogenic differentiation of PDLSCs, CUL4B-knockdown PDLSCs were cultivated in osteogenic induction medium to induce osteogenic differentiation. ALP activity has been widely used as a marker of the early osteogenic differentiation of stem cells. In our study, ALP activity was measured after 14 days induction of osteogenic differentiation (Figure 3A). The results showed that the knockdown of CUL4B significantly inhibited ALP activity compared with the control group (con). Extracellular matrix calcification was determined by Alizarin Red S staining and the relative amount of calcium was quantified. The results indicate that after induction, knockdown of CUL4B significantly inhibited mineralization compared with the control group (con) (Figures 3B–D). To further confirm the functional connection between CUL4B and osteogenic differentiation, we performed rescue experiment by transfecting of wild type and nuclear localization signal (NLS)-deleted CUL4B expression vectors into CUL4B knockdown PDLSCs. As shown in Figures 3E–H, after induction of osteogenic differentiation, transfection of wild-type, but not control or nuclear localization signal (NLS)-deleted, CUL4B expression vectors rescued the attenuated ALP activity and mineralization caused by CUL4B knockdown. Together, these data confirmed that CUL4B positively regulate osteogenic differentiation of PDLSCs.
[image: Figure 3]FIGURE 3 | Knockdown of CUL4B suppresses the osteogenic differentiation of PDLSCs through post-transcriptional regulation of RUNX2 protein. (A) CUL4B stable knockdown (shCUL4B) and corresponding control (con) PDLSCs were cultured in osteogenic induction medium and were collected at 14 days to measure ALP activity. (B) PDLSCs with stable CUL4B knockdown (shCUL4B) or corresponding control vector (con) were cultured in osteogenic induction medium for 21 days, and Alizarin Red staining was performed, scale bars: 200 μm. (C) 10% CPC was added, and the concentration of calcium deposition was quantified by absorbance at 562 nm. (D) Western blot showing knock down efficiency of CUL4B in PDLSCs after 3 weeks osteogenic induction-f CUL4B stable knockdown (shCUL4B) and corresponding control (con) PDLSCs were infected with indicated CUL4B expressing lentiviral or empty control lentiviral, indicated PDLSCs were cultured in osteogenic induction medium and were collected at 14 days to measure ALP activity (E), for 21 days, Alizarin Red staining was performed (F), 10% CPC was added and the concentration of calcium deposition was quantified by absorbance at 562 nm (G). Western blot showing expression efficiency of indicated CUL4B in PDLSCs after 3 weeks osteogenic induction (I–K) CUL4B stable knockdown (shCUL4B) and corresponding control (con) PDLSCs were cultured in osteogenic induction medium for 14 and 21 days and the expression of osteogenesis-related genes were analyzed by qRT-PCR. (L) Protein levels of osteogenesis-related genes were determined by western blot in CUL4B stable knockdown (shCUL4B) and in corresponding control (con) PDLSCs after culture in osteogenic induction medium for 14 and 21 days. (M) Protein expression levels of RUNX2 in CUL4B stable knockdown (shCUL4B) and in the corresponding control (con) PDLSCs treated with MG132 were determined by western blot. Band intensities underneath the gel images in (L,M) were measured using ImageJ software (NIH, Bethesda, MD) and are presented as fold change. All quantification analyses were based on independent triplicate experiments. Error bars represent SD. Statistical comparisons were made using a two-tailed unpaired t-test, *p < 0.05, **p < 0.01 compared with the negative control.
Moreover, the effect of CUL4B on the osteogenic differentiation of PDLSCs was further determined by evaluating genes associated with osteogenic differentiation. The expression levels of osteogenesis-related genes were analyzed by qRT-PCR, we found that the knockdown of CUL4B significantly inhibits the expression levels of genes associated with osteogenic differentiation in PDLSCs, including ALP and OPN (Figures 3I,J). Interestingly, the RUNX2 mRNA expression level, which controls the expression of OPN and ALP by binding to the cis-acting element of their promoter regions was not significantly changed (Figure 3K) (Ge et al., 2007; Bruderer et al., 2014). However, the RUNX2 protein level, together with its targets ALP and OPN, was significantly decreased in CUL4B knockdown PDLSCs after the induction of osteogenesis (Figure 3L). These data suggested that CUL4B decreased the RUNX2 protein expression level not through the transcriptional regulation.
We and others have recently demonstrated that CUL4B regulates the expression of several tumor suppressors, including MYCN, PIK3CA, HER2, SOX4, C-MYC and CDH2 at the posttranscriptional level (Mi et al., 2017; Qi et al., 2018; Qi et al., 2019; Zhao et al., 2019; Li et al., 2020; Liu et al., 2020). Here we found that the RUNX2 mRNA expression level was not significantly changed in CUL4B- knockdown PDLSCs indicating that CUL4B likely regulates RUNX2 at the posttranscriptional level. To confirm this, we treated CUL4B-knockdown cells with MG132 and observed that MG132 did not block the reduction of RUNX2 protein (Figure 3M), which suggests that CUL4B does not regulate the degradation of RUNX2. Taking these data together, we concluded that CUL4B regulates the expression of RUNX2 protein at the post-transcriptional level in PDLSCs.
3.4 Cullin 4B Upregulates RUNX2 by Repressing the Expression of miR-320c/miR-372/373-3p
Next, we investigated the underlying molecular mechanisms by which CUL4B controls the protein level of RUNX2 in PDLSCs. Based on a previous report and our findings above, we hypothesized that miRNAs might be involved in the upregulation of RUNX2 by CUL4B. It has been reported that several miRNAs regulate RUNX2 (Narayanan et al., 2019), so we first asked whether those miRNAs were regulated by CUL4B and could subsequently modulate the expression of RUNX2. We focused on 11 miRNAs that have been reported to target RUNX2 (Supplementary Table S1). Meanwhile, CUL4B has been shown to epigenetically represses several miRNAs (Zou et al., 2013; Mi et al., 2017; Qi et al., 2018; Zhao et al., 2019; Li et al., 2020; Liu et al., 2020), so we determined if these miRNAs regulated by CUL4B could potentially bind RUNX2 3′-untranslated region (UTR) to modulate RUNX2 expression. We used three different bioinformatic prediction tools to analyze 9 miRNAs or miRNA clusters that are directly targeted by CUL4B (Supplementary Table S2) and found that miR-372/373-3P could potentially bind the RUNX2 3′-UTR. So, we selected miR-372/373-3P and 11 other miRNAs which regulate RUNX2 as candidates. To evaluate the potential roles of these miRNAs in RUNX2 protein expression we first examined the expression of these candidates’ miRNAs in PDLSCs with knockdown or overexpression of CUL4B. Among them, miR-320c and miR-372/373-3p were found to be consistently changed with the knockdown or overexpression of CUL4B (Figure 4A). Therefore miR-320c and miR-372/373-3p were selected for further investigation.
[image: Figure 4]FIGURE 4 | CUL4B upregulates RUNX2 by repressing the expression of miR-320c/miR-371–373. (A) Expression of candidate miRNAs in CUL4B stable overexpressing (puro-CUL4B) or knockdown (shCUL4B) PDLSCs together with the corresponding control cells (puro or con) were determined by qRT-PCR. (B–D) Luciferase reporter assays of PDLSCs, which were transiently transfected with the wild-type construct of pmirGLO-RUNX2 3′-UTR (WT), with mutant constructs of pmirGLO-RUNX2 3′-UTR (MUT-1: mutated miR-320c binding site, MUT-2: mutated miR-372/3-3p binding site), with control RNA (NC) or with miR-320c and miR-372-3p/373-3p mimics. (E–F) Western blot analysis of RUNX2 expression in PDLSCs transfected with miR-320c and miR-372-3p/373-3p mimics or inhibitors and relative control RNAs (Mimics-NC or Inhibitor NC). (G) Luciferase reporter assays of CUL4B knockdown (shCUL4B) or control (con) PDLSCs that were transiently transfected with vectors carrying wild-type RUNX2 3′UTR (WT) or mutant RUNX2 3′UTR (MUT-1 or MUT-2 as above). (H) Luciferase reporter assays showing decreased luciferase activity of wild-type CUL4B overexpressing PDLSCs (puro-CUL4B) that was rescued by miR-320c and miR-372-3p/373-3p. (I) Western blotting analysis showing decreased RUNX2 expression in CUL4B knockdown PDLSCs (shCUL4B) was rescued by 320c and miR-372-3p/373-3p repression. Band intensities underneath the gel images in (I) were measured using ImageJ software (NIH, Bethesda, MD) and are presented as fold change. All quantification analyses were based on independent triplicate experiments. Error bars represent SD. Statistical comparisons were made using a two-tailed unpaired t-test, *p < 0.05, **p < 0.01 compared with the negative control.
To determine the role of miR-320c and miR-372/373-3p in regulating RUNX2 expression, we subcloned the RUNX2 3′-UTR with or without mutated miR-320c and miR-372/373-3p binding sites into the luciferase reporter vector pmir-GLO (Supplementary Figure S3A,B). As shown in Figures 4B–D, luciferase reporter assays showed that while overexpression of miR-320c and miR-372/3-3p in PDLSCs significantly repressed the relative luciferase activity of the wild-type (WT) construct of pmirGLO-RUNX2 3′-UTR, it had little effect on the activity of the construct of pmirGLO-RUNX2 3′-UTR containing the mutated miR-320c (MUT-1) or miR-372/3-3p (MUT2) binding sites. In addition, we showed that miR-320c and miR-372/373-3p mimics reduced RUNX2 protein expression, while miR-320c or miR-372/373-3p inhibitors resulted in increased amounts of RUNX2 protein (Figures 4E,F). Together, our data demonstrate that miR-320c and/or miR-372/373-3p can repress RUNX2 expression in PDLSCs.
We next investigated whether CUL4B regulating RUNX2 expression in PDLSCs is mediated by miR-320c and/or by miR-372/373-3p. Luciferase reporter assays showed that the activity of the construct containing miR-320c and miR-372/3-3p binding site of RUNX2 3′UTR but not the construct containing miR-320c and miR-372/3-3p mutant binding site of RUNX2 3′UTR was repressed by knockdown of CUL4B (Figure 4G), and transfection with miR-320c or miR-372/373-3p mimics impeded the increase in the WT construct activity caused by high expression of CUL4B (Figure 4H). Furthermore, the downregulation of RUNX2 by CUL4B knockdown could be efficiently attenuated by transfection with inhibitors of miR-320c or miR-372-3p/373-3p (Figure 4I). Taking these data together, we demonstrated that CUL4B controls the expression of RUNX2 mediated by miR-320c and miR-372/373-3p in PDLSCs.
3.5 Cullin 4B Epigenetically Represses the Expression of miR-320c/miR-372-3p/373-3p in Periodontal Ligament Stem Cells
We then characterized how CUL4B regulates the function of miR-320c and miR-372-3p/373-3p in PDLSCs. Mature miR-320c is derived from miR-320c1 and miR-320c2 on chromosome 18, and miR-372-3p/373-3p, miR-371a, miR-371b and miR-372/373-5p all belong to the miR-371–373 cluster. We first analyzed the expression levels of primary polycistronic miRNA transcript (pri-miRNA) of miR-320c and miR-371–373 cluster. Pri-miR-320c2 and pri-miR-371–373 levels were remarkably raised but not pri-miR-320c1 in CUL4B stable knockdown PDLCSs but were reduced in CUL4B-overexpressing PDLSCs (Figure 5A), which suggests that CUL4B may repress the initial step of miR-320c and miR-372/373 biogenesis. A previous study showed that EZH2 binds to the promoter region of miR-320c and miR-372-3p/373-3p (Alzrigat et al., 2017; Liu et al., 2020). We then measured the expression of mature miR-320c and other members of the miR-371–373 cluster: miR-372-3p and miR-373-3p and miR-372-5p in PDLSCs treated with 1 µM EZH2 inhibitor DzNep for 24 and 48 h, using DMSO treatment as a control. These mature miRNAs were significantly upregulated after treatment with DzNep. Consistent with that, pri-miR-320c2 and pri-miR-371–373 expression levels were also significantly raised but not pri-miR-320c1 after treated with DzNep (Figures 5B,C). We then used Chromatin immunoprecipitation (ChIP) assays with primer pairs covering those regions as reported before. CUL4B, EZH2 and DDB1 co-occupancy was detected at those regions and was associated with enriched H2AK119ub1 and H3K27me3 in PDLSCs (Figures 5D,E). Knockdown of CUL4B caused a significant reduction in the recruitment of CUL4B, EZH2 and DDB1, consequently decreased H2AK119ub1, H3K27me3 at miR-320c2 and miR-371–373 promoter, and increased H3K4me3 at miR-320c2 and miR-371–373 promoter (Figures 5F,G). Taken together, our data suggested that CUL4B functions to repress miR-320c2 and miR-371–373 transcription in PDLSCs by promoting H2AK119 monoubiquitination and consequently the recruitment of the PRC2 complex.
[image: Figure 5]FIGURE 5 | CUL4B epigenetically represses the expression of miR-320c/miR-371–373 in PDLSCs. (A) pri-miR levels in CUL4B stable overexpressing (puro-CUL4B) and knockdown (shCUL4B) PDLSCs together with the corresponding control cells (con or puro) were analyzed by qRT-PCR. (B,C) miRNA and pri-miRNA levels in PDLSCs treated with 1 µM DzNep for 24 and 48 h determined by qRT-PCR. (D,E) ChIP assays performed using PDLSCs with antibodies against IgG, CUL4B, DDB1, EZH2, H2AK119ub and H3K27me3. qRT-PCR was performed with primers at the region of miR-320c (D) and miR-371–373 (E) promoter. (F,G) ChIP assays performed in CUL4B stable knockdown (shCUL4B) PDLSCs together with the corresponding control cells (con) with antibodies against CUL4B, DDB1, EZH2, H2AK119ub, H3K27me3, H3K4me3, and Histone H3. qRT-PCR was performed with primers at the region of miR-320c (F) and miR-371–373 (G) promoters. All quantification analyses were based on independent triplicate experiments. Error bars represent SD. Statistical comparisons were made using a two-tailed unpaired t-test, *p < 0.05, **p < 0.01 compared with the negative control.
3.6 Cullin 4B Regulates the Osteogenic Differentiation of Periodontal Ligament Stem Cells via the miR-320c and miR-372-3p/373-3p-RUNX2 Axis
Finally, the role of the miR-320c and miR-372-3p/373-3p-RUNX2 axis in the osteogenic differentiation of PDLSCs regulated by CUL4B was further evaluated by gene knockdown experiments using lentiviral-mediated stable expression of miRNA sponges. The expression levels of miR-320c and miR-372-3p/373-3p were significantly decreased in PDLSCs infected with the lentivirus expression of miR-320c and miR-372-3p sponges (Supplementary Figure S4A–C). As shown by Alizarin Red staining and ALP activity assay (Figures 6A–C), the downregulation of osteogenic activities by CUL4B RNAi could be efficiently attenuated by inhibitors of miR-320c and miR-372-3p/373-3p after the lentiviral-mediated stable expression of miRNA sponges.
[image: Figure 6]FIGURE 6 | CUL4B regulates the osteogenic differentiation of PDLSCs via the miR-320c and miR-372-3p/373-3p-RUNX2 axis. (A–E) CUL4B stable knockdown (shCUL4B) or control (con) PDLSCs were infected with lentivirus carrying: miR-320c sponge (sp320c), miR-372-3p/373-3p sponge (sp372) or control sponge (spnc), after which the infected cells were cultured in osteogenic induction medium for 14 or 21 days. At 21 days, the cells were collected for Alizarin Red staining (A) and analysis of the concentration of calcium deposition (B). Scale bars: 200 μm. (C) ALP activity of different groups of PDLSCs were analyzed at day 14.The expression of osteogenesis-related genes OPN (D) and ALP (E) in different groups of PDLSCs collected at day 14 were determined by qRT-PCR. (F) Schematic of the CUL4B-miR-320c and miR-372/373-RUNX2 axis and its role in the regulation of PDLSC osteogenesis. All quantification analyses were based on independent triplicate experiments. Error bars represent SD. Statistical comparisons were made using a two-tailed unpaired t-test, *p < 0.05, **p < 0.01 compared with the negative control.
The decreased expression of the osteoblast marker genes ALP and OPN by CUL4B knockdown could also be efficiently attenuated in PDLSCs by the stable expression of miRNA sponges (Figures 6D,E). Taken together, these data implied that the miR-320c and miR-372-3p/373-3p-RUNX2 axis is implicated in modulating the osteogenic differentiation of PDLSCs regulated by CUL4B.
In summary, the CRL4B complex can epigenetically repress the transcription of miR-320c and miR-372/373-3p, which directly targets RUNX2, and consequently activates the osteoblast marker genes ALP and OPN modulating osteogenic differentiation (shown schematically in Figure 6F).
4 DISCUSSION
PDLSCs, a subtype of MSCs, are an excellent source of cells with self-renewing capability and multidirectional differentiation potential for use in periodontal tissue engineering and bone regenerative applications (Seo et al., 2004; Tassi et al., 2017). Understanding the mechanisms of self-renewal and multi-directional differentiation is of great significance for the application of this type of cell. PDLSCs derived from dental tissues have the advantages of availability, rapid culture expansion and hypoimmunogenicity, not only are widely used as favorable seed cells for periodontal tissues and bone regeneration but also as a suitable cell model to study the self-renewing ability and multidirectional differentiation mechanisms, especially osteogenic differentiation.
Cullin 4B (CUL4B), which assembles the CUL4B-RING ubiquitin ligase (CRL4B) complex, participates in a variety of developmental and physiological processes. CUL4B plays a critical role in regulating DNA replication and cell-cycle progression (Zou et al., 2009; Zou et al., 2013). Previous studies have indicated that CUL4B exerts biological functions in various types of cancers (Hu et al., 2012; Mi et al., 2017; Qi et al., 2018; Jiao et al., 2019; Qi et al., 2019; Li et al., 2020). Mutations in human CUL4B cause intellectual disability (Tarpey et al., 2007; Zou et al., 2007) and patients with CUL4B mutations manifest disruptions in skeletal development such as a short stature and brachydactyly (Badura-Stronka et al., 2010; Isidor et al., 2010; Kerzendorfer et al., 2011; Ravn et al., 2012). Bone formation is the basis of skeletal development, which is associated with osteogenic differentiation. But how CUL4B manifests skeletal development or bone formation is still poorly defined. So, given the advantages of PDLSCs mentioned above, in this study we induced the osteogenic differentiation of PDLSCs as a cell model to investigate how CUL4B contributes to osteogenesis as well as its role in regulating the biological properties of MSCs, which provided insights into how CUL4B manifests skeletal development and bone formation. We found that the lack of CUL4B impedes the proliferation and migration of PDLSCs. CUL4B enhances stemness of PDLSCs. Our silencing experiments also confirmed that reducing the expression of CUL4B led to a significant inhibition of PDLSC osteogenesis. This is the first demonstration that CUL4B is a new regulator of osteogenic differentiation in PDLSCs.
RUNX2, which is a key TF involved in regulating osteogenesis, is a member of the mammalian RUNT related TF family (Bruderer et al., 2014). RUNX2 can upregulate expression of the ColeI, ALP and OPN genes (Ge et al., 2007). The regulation of RUNX2 is pivotal in the osteogenesis of PDLSCs and other types of stem cells. miRNAs are small non-coding RNAs that are 17–25 nucleotides long. miRNAs regulate the expression of target genes at the post-transcriptional level by hybridizing with target mRNAs at the 3′untranslated region (3′UTR), consequently silencing the target genes and thereby controlling the biosynthesis of target proteins (Wahid et al., 2010; Vimalraj and Selvamurugan, 2013). A large number of miRNAs have been shown to directly bind to the 3′UTR of RUNX2. In addition, because RUNX2 has a large 3′UTR (3.777 kb), RUNX2 is likely targeted by several groups of miRNAs. Previous studies have demonstrated that RUNX2 is targeted by miR-320c in human mesenchymal (skeletal) stem cells (Hamam et al., 2014). In the current study, we demonstrated that RUNX2 is indeed a direct target for miR-320c in PDLSCs. We found that RUNX2 is also a direct target of miR-372-3p/373-3p. The results show that miR-320c and miR-372/373-3p repress RUNX2 expression and consequently regulate the osteogenesis of PDLSCs, which suggests that miR-320c and miR-372/373-3p are crucial targets of CUL4B in PDLSCs. CUL4B was reported to negatively regulate the biogenesis of miRNAs in many types of cancer cells. We previously showed that CUL4B functions to repress miRNA transcription, an important step by which CUL4B exerts its functions both in physiology and in pathology (Li et al., 2020; Liu et al., 2020). We demonstrated in this study that CUL4B binds to the promoters of miR-320c2 and the miR-371–373 cluster to catalyze H2AK119 monoubiquitination and consequently the recruitment of the PRC2 complex. Cheng and Zhou have reported that the LPS-induced overexpression of EZH2 suppressed the osteogenic differentiation of PDLSCs under inflammatory conditions (Cheng and Zhou, 2020). Treatment with DzNep restores the osteogenic differentiation defect of endogenous osteoporotic BMSCs (Jing et al., 2016). CUL4B epigenetically represses miR-320c/miR-371–373 in PDLSCs by promoting the monoubiquitination of H2AK119 and the consequent binding of EZH2. Hamam et al. reported that the miR-320c/RUNX2 axis regulates osteogenic differentiation in human mesenchymal cells (Hamam et al., 2014), but the roles of miR-372-3p/373-3p, which is a new regulator of RUNX2 and a target of EZH2 in osteogenic differentiation remain poorly understood. Our results show that CUL4B regulates the expression of RUNX2 protein at the post-transcriptional level. Thus, CUL4B is a new regulator of RUNX2.
CUL4B possesses oncogenic properties in a variety of human cancers (Hu et al., 2012; Yuan et al., 2015; Mi et al., 2017; Qi et al., 2018; Qi et al., 2019; Li et al., 2020; Liu et al., 2020). RUNX2 is often aberrantly reactivated in many cancers. A recent clinical study reported high-expression levels of RUNX2 in tumors derived from epithelial tissues including breast (Chang et al., 2014), pancreas (Kayed et al., 2007), prostate (Lim et al., 2010), lung (Herreño et al., 2019) and colorectal (Ji et al., 2019), in which CUL4B is also aberrantly reactivated. We demonstrated that CUL4B is a new regulator of RUNX2 for osteogenic differentiation in PDLSCs, but the relationship between CUL4B and RUNX2 in cancers remains unknown. Therefore, further investigations are needed to characterize the mutual interactions of CUL4B and RUNX2 in cancers including miR-320c2 and miR-372-3p/373-3p. In addition, in this study we demonstrated the CUL4B-miR-320c and miR-372/373-3p-RUNX2 axis regulates the osteogenic differentiation in vitro. However, the CUL4B-miR-320c and miR-372/373-3p-RUNX2 axis that regulate osteogenic differentiation in vivo remain largely unclear. It would be interesting to further investigate the signaling activation in animal models.
In summary, CUL4B can epigenetically repress the expression of miR-320c and miR-372/373-3p that directly affects the level of RUNX2, and consequently activates the osteoblast marker genes ALP and OPN (Figure 6F). Intervention of the CUL4B-miR-320c and miR-372/373-RUNX2 axis may have important implications in transplantation therapies of PDLSCs and could be used for periodontal tissue engineering and guiding bone regeneration.
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 authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by This investigation was conducted in accordance with the ethical standards and according to the guidelines of the National Institutes of Health (NIH) and has been approved by the Shandong University and; Department of Orthodontics Committee (Protocol Number: GR201907). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.
AUTHOR CONTRIBUTIONS
JM and XW conceived and designed the study, and provided acquisition, analysis and interpretation of data. JM, SW, PL, CL, DZ, XL, QZ, FB and QF collected the data and conducted the statistical analyses. JM and XW performed the development of methodology, writing and review of the manuscript. All authors read and approved the final version of the manuscript. All authors gave final approval and agreed to be accountable for all aspects of the work.
FUNDING
This work was supported by the General Program of National Natural Science Foundation of China (82073470) and the Key Research and Development Program of Shandong Province (ZR2019ZD36) to XW; the Guangdong Basic and Applied Basic Research Foundation (2019A1515110833), the Fundamental Research Funds of Shandong University (2019GN043) and the Natural Science Foundation of Shandong Province (ZR2021MC098) to JM.
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.
ACKNOWLEDGMENTS
We thank Yaoqin Gong (The Key Laboratory of Experimental Teratology, Ministry of Education and Department of Molecular Medicine and Genetics, School of Basic Medical Sciences, Shandong University, Jinan, Shandong, China) for the kind gift of pCMV-Tag2B-CUL4B (ΔNLS) expression vector.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.921663/full#supplementary-material
REFERENCES
 Alzrigat, M., Párraga, A. A., Agarwal, P., Zureigat, H., Österborg, A., Nahi, H., et al. (2017). EZH2 Inhibition in Multiple Myeloma Downregulates Myeloma Associated Oncogenes and Upregulates microRNAs with Potential Tumor Suppressor Functions. Oncotarget 8, 10213–10224. doi:10.18632/oncotarget.14378
 Badura-Stronka, M., Jamsheer, A., Materna-Kiryluk, A., SowiÅ„ska, A., Kiryluk, K., Budny, B., et al. (2010). A Novel Nonsense Mutation inCUL4Bgene in Three Brothers with X-Linked Mental Retardation Syndrome. Clin. Genet. 77, 141–144. doi:10.1111/j.1399-0004.2009.01331.x
 Bruderer, M., Richards, R. G., Richards, R., Alini, M., and Stoddart, M. (2014). Role and Regulation of RUNX2 in Osteogenesis. eCM 28, 269–286. doi:10.22203/ecm.v028a19
 Chang, C.-H., Fan, T.-C., Yu, J.-C., Liao, G.-S., Lin, Y.-C., Shih, A. C.-C., et al. (2014). The Prognostic Significance of RUNX2 and miR-10a/10b and Their Inter-relationship in Breast Cancer. J. Transl. Med. 12, 257. doi:10.1186/s12967-014-0257-3
 Chen, G., Deng, C., and Li, Y.-P. (2012). TGF-β and BMP Signaling in Osteoblast Differentiation and Bone Formation. Int. J. Biol. Sci. 8, 272–288. doi:10.7150/ijbs.2929
 Cheng, M., and Zhou, Q. (2020). Targeting EZH2 Ameliorates the LPS-Inhibited PDLSC Osteogenesis via Wnt/β-Catenin Pathway. Cells Tissues Organs 209, 227–235. doi:10.1159/000511702
 Fakhry, M., Hamade, E., Badran, B., Buchet, R., and Magne, D. (2013). Molecular Mechanisms of Mesenchymal Stem Cell Differentiation towards Osteoblasts. Wjsc 5, 136–148. doi:10.4252/wjsc.v5.i4.136
 Feng, F., Akiyama, K., Liu, Y., Yamaza, T., Wang, T.-M., Chen, J.-H., et al. (2010). Utility of PDL Progenitors for In Vivo Tissue Regeneration: a Report of 3 Cases. Oral Dis. 16, 20–28. doi:10.1111/j.1601-0825.2009.01593.x
 Ge, C., Xiao, G., Jiang, D., and Franceschi, R. T. (2007). Critical Role of the Extracellular Signal-Regulated Kinase-MAPK Pathway in Osteoblast Differentiation and Skeletal Development. J. Cell Biol. 176, 709–718. doi:10.1083/jcb.200610046
 Hamam, D., Ali, D., Vishnubalaji, R., Hamam, R., Al-Nbaheen, M., Chen, L., et al. (2014). microRNA-320/RUNX2 axis Regulates Adipocytic Differentiation of Human Mesenchymal (Skeletal) Stem Cells. Cell Death Dis. 5, e1499. doi:10.1038/cddis.2014.462
 Herreño, A. M., Ramírez, A. C., Chaparro, V. P., Fernandez, M. J., Cañas, A., Morantes, C. F., et al. (2019). Role of RUNX2 Transcription Factor in Epithelial Mesenchymal Transition in Non-small Cell Lung Cancer Lung Cancer: Epigenetic Control of the RUNX2 P1 Promoter. Tumour Biol. 41, 1010428319851014. doi:10.1177/1010428319851014
 Hu, H., Yang, Y., Ji, Q., Zhao, W., Jiang, B., Liu, R., et al. (2012). CRL4B Catalyzes H2AK119 Monoubiquitination and Coordinates with PRC2 to Promote Tumorigenesis. Cancer Cell 22, 781–795. doi:10.1016/j.ccr.2012.10.024
 Isidor, B., Pichon, O., Baron, S., David, A., and Le Caignec, C. (2010). Deletion of the CUL4B Gene in a Boy with Mental Retardation, Minor Facial Anomalies, Short Stature, Hypogonadism, and Ataxia. Am. J. Med. Genet. 152A, 175–180. doi:10.1002/ajmg.a.33152
 Iwasaki, K., Komaki, M., Yokoyama, N., Tanaka, Y., Taki, A., Kimura, Y., et al. (2013). Periodontal Ligament Stem Cells Possess the Characteristics of Pericytes. J. Periodontology 84, 1425–1433. doi:10.1902/jop.2012.120547
 Jackson, S., and Xiong, Y. (2009). CRL4s: the CUL4-RING E3 Ubiquitin Ligases. Trends Biochem. Sci. 34, 562–570. doi:10.1016/j.tibs.2009.07.002
 Ji, Q., Cai, G., Liu, X., Zhang, Y., Wang, Y., Zhou, L., et al. (2019). MALAT1 Regulates the Transcriptional and Translational Levels of Proto-Oncogene RUNX2 in Colorectal Cancer Metastasis. Cell Death Dis. 10, 378. doi:10.1038/s41419-019-1598-x
 Jiao, M., Qi, M., Zhang, F., Hu, J., Feng, T., Zhao, M., et al. (2019). CUL4B Regulates Cancer Stem‐like Traits of Prostate Cancer Cells by Targeting BMI1 via miR200b/c. Prostate 79, 1294–1303. doi:10.1002/pros.23835
 Jing, H., Liao, L., An, Y., Su, X., Liu, S., Shuai, Y., et al. (2016). Suppression of EZH2 Prevents the Shift of Osteoporotic MSC Fate to Adipocyte and Enhances Bone Formation during Osteoporosis. Mol. Ther. 24, 217–229. doi:10.1038/mt.2015.152
 Kayed, H., Jiang, X., Keleg, S., Jesnowski, R., Giese, T., Berger, M. R., et al. (2007). Regulation and Functional Role of the Runt-Related Transcription Factor-2 in Pancreatic Cancer. Br. J. Cancer 97, 1106–1115. doi:10.1038/sj.bjc.6603984
 Kerzendorfer, C., Hart, L., Colnaghi, R., Carpenter, G., Alcantara, D., Outwin, E., et al. (2011). CUL4B-deficiency in Humans: Understanding the Clinical Consequences of Impaired Cullin 4-RING E3 Ubiquitin Ligase Function. Mech. Ageing Dev. 132, 366–373. doi:10.1016/j.mad.2011.02.003
 Komori, T. (2010). Regulation of Bone Development and Extracellular Matrix Protein Genes by RUNX2. Cell Tissue Res. 339, 189–195. doi:10.1007/s00441-009-0832-8
 Komori, T., Yagi, H., Nomura, S., Yamaguchi, A., Sasaki, K., Deguchi, K., et al. (1997). Targeted Disruption of Cbfa1 Results in a Complete Lack of Bone Formation Owing to Maturational Arrest of Osteoblasts. Cell 89, 755–764. doi:10.1016/s0092-8674(00)80258-5
 Li, P., Song, Y., Zan, W., Qin, L., Han, S., Jiang, B., et al. (2017). Lack of CUL4B in Adipocytes Promotes PPARγ-Mediated Adipose Tissue Expansion and Insulin Sensitivity. Diabetes 66, 300–313. doi:10.2337/db16-0743
 Li, Y., Hu, H., Wang, Y., Fan, Y., Yang, Y., Guo, B., et al. (2020). CUL4B Contributes to Cancer Stemness by Repressing Tumor Suppressor miR34a in Colorectal Cancer. Oncogenesis 9, 20. doi:10.1038/s41389-020-0206-3
 Lim, M., Zhong, C., Yang, S., Bell, A. M., Cohen, M. B., and Roy-Burman, P. (2010). Runx2 Regulates Survivin Expression in Prostate Cancer Cells. Lab. Invest. 90, 222–233. doi:10.1038/labinvest.2009.128
 Liu, X., Cui, J., Gong, L., Tian, F., Shen, Y., Chen, L., et al. (2020). The CUL4B-miR-372/373-PIK3CA-AKT axis Regulates Metastasis in Bladder Cancer. Oncogene 39, 3588. doi:10.1038/s41388-020-1236-1
 Liu, Y., Zheng, Y., Ding, G., Fang, D., Zhang, C., Bartold, P. M., et al. (2008). Periodontal Ligament Stem Cell-Mediated Treatment for Periodontitis in Miniature Swine. Stem Cells 26, 1065–1073. doi:10.1634/stemcells.2007-0734
 Mi, J., Zou, Y., Lin, X., Lu, J., Liu, X., Zhao, H., et al. (2017). Dysregulation of the miR-194-Cul4b Negative Feedback Loop Drives Tumorigenesis in Non-small-cell Lung Carcinoma. Mol. Oncol. 11, 305–319. doi:10.1002/1878-0261.12038
 Mrozik, K. M., Wada, N., Marino, V., Richter, W., Shi, S., Wheeler, D. L., et al. (2013). Regeneration of Periodontal Tissues Using Allogeneic Periodontal Ligament Stem Cells in an Ovine Model. Regen. Med. 8, 711–723. doi:10.2217/rme.13.66
 Narayanan, A., Srinaath, N., Rohini, M., and Selvamurugan, N. (2019). Regulation of Runx2 by MicroRNAs in Osteoblast Differentiation. Life Sci. 232, 116676. doi:10.1016/j.lfs.2019.116676
 Qi, M., Hu, J., Cui, Y., Jiao, M., Feng, T., Li, X., et al. (2019). CUL4B Promotes Prostate Cancer Progression by Forming Positive Feedback Loop with SOX4. Oncogenesis 8, 23. doi:10.1038/s41389-019-0131-5
 Qi, M., Jiao, M., Li, X., Hu, J., Wang, L., Zou, Y., et al. (2018). CUL4B Promotes Gastric Cancer Invasion and Metastasis-Involvement of Upregulation of HER2. Oncogene 37, 1075–1085. doi:10.1038/onc.2017.380
 Ravn, K., Lindquist, S., Nielsen, K., Dahm, T., and Tümer, Z. (2012). Deletion of CUL4B Leads to Concordant Phenotype in a Monozygotic Twin Pair. Clin. Genet. 82, 292–294. doi:10.1111/j.1399-0004.2011.01839.x
 Seo, B.-M., Miura, M., Gronthos, S., Mark Bartold, P., Batouli, S., Brahim, J., et al. (2004). Investigation of Multipotent Postnatal Stem Cells from Human Periodontal Ligament. Lancet 364, 149–155. doi:10.1016/s0140-6736(04)16627-0
 Stein, G. S., Lian, J. B., Wijnen, A. J. v., Stein, J. L., Montecino, M., Javed, A., et al. (2004). Runx2 Control of Organization, Assembly and Activity of the Regulatory Machinery for Skeletal Gene Expression. Oncogene 23, 4315–4329. doi:10.1038/sj.onc.1207676
 Tarpey, P. S., Raymond, F. L., O’Meara, S., Edkins, S., Teague, J., Butler, A., et al. (2007). Mutations in CUL4B, Which Encodes a Ubiquitin E3 Ligase Subunit, Cause an X-Linked Mental Retardation Syndrome Associated with Aggressive Outbursts, Seizures, Relative Macrocephaly, Central Obesity, Hypogonadism, Pes Cavus, and Tremor. Am. J. Hum. Genet. 80, 345–352. doi:10.1086/511134
 Tassi, S. A., Sergio, N. Z., Misawa, M. Y. O., and Villar, C. C. (2017). Efficacy of Stem Cells on Periodontal Regeneration: Systematic Review of Pre-clinical Studies. J. Periodont Res. 52, 793–812. doi:10.1111/jre.12455
 Vimalraj, S., and Selvamurugan, N. (2013). MicroRNAs: Synthesis, Gene Regulation and Osteoblast Differentiation. Curr. Issues Mol. Biol. 15, 7–18. doi:10.21775/cimb.015.007
 Wahid, F., Shehzad, A., Khan, T., and Kim, Y. Y. (2010). MicroRNAs: Synthesis, Mechanism, Function, and Recent Clinical Trials. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1803, 1231–1243. doi:10.1016/j.bbamcr.2010.06.013
 Yuan, J., Han, B., Hu, H., Qian, Y., Liu, Z., Wei, Z., et al. (2015). CUL4B Activates Wnt/β-Catenin Signalling in Hepatocellular Carcinoma by Repressing Wnt Antagonists. J. Pathol. 235, 784–795. doi:10.1002/path.4492
 Zhao, M., Qi, M., Li, X., Hu, J., Zhang, J., Jiao, M., et al. (2019). CUL4B/miR‐33b/C‐MYC axis Promotes Prostate Cancer Progression. Prostate 79, 480–488. doi:10.1002/pros.23754
 Zhao, W., Jiang, B., Hu, H., Zhang, S., Lv, S., Yuan, J., et al. (2015). Lack of CUL4B Leads to Increased Abundance of GFAP-Positive Cells that Is Mediated by PTGDS in Mouse Brain. Hum. Mol. Genet. 24, 4686–4697. doi:10.1093/hmg/ddv200
 Zou, Y., Liu, Q., Chen, B., Zhang, X., Guo, C., Zhou, H., et al. (2007). Mutation in CUL4B, Which Encodes a Member of Cullin-RING Ubiquitin Ligase Complex, Causes X-Linked Mental Retardation. Am. J. Hum. Genet. 80, 561–566. doi:10.1086/512489
 Zou, Y., Mi, J., Cui, J., Lu, D., Zhang, X., Guo, C., et al. (2009). Characterization of Nuclear Localization Signal in the N Terminus of CUL4B and its Essential Role in Cyclin E Degradation and Cell Cycle Progression. J. Biol. Chem. 284, 33320–33332. doi:10.1074/jbc.m109.050427
 Zou, Y., Mi, J., Wang, W., Lu, J., Zhao, W., Liu, Z., et al. (2013). CUL4B Promotes Replication Licensing by Up-Regulating the CDK2-CDC6 Cascade. J. Cell Biol. 200, 743–756. doi:10.1083/jcb.201206065
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 © 2022 Mi, Wang, Liu, Liu, Zhuang, Leng, Zhang, Bai, Feng and Wu. 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-10-921663-g005.gif





OPS/images/fcell-10-921663-g006.gif





OPS/images/fcell-10-921663-g003.gif
G e
e ==
I

A

”V/






OPS/images/fcell-10-921663-g004.gif
e S &
P






OPS/xhtml/nav.xhtml
Contents

		Cover

		CUL4B Upregulates RUNX2 to Promote the Osteogenic Differentiation of Human Periodontal Ligament Stem Cells by Epigenetically Repressing the Expression of miR-320c and miR-372/373-3p		1 Introduction

		2 Materials and Methods		2.1 Isolation, Culture and Manipulation of Periodontal Ligament Stem Cells

		2.2 In vitro Proliferation Assays

		2.3 Wound-Healing and Transwell Migration Assays

		2.4 Western Blot Analysis and Antibodies

		2.5 Flow Cytometry (FACS)

		2.6 RNA Extraction, qRT-PCR and Chromatin Immunoprecipitation Assays

		2.7 ALP Activity Assay

		2.8 Alizarin Red S Staining

		2.9 Plasmids and Luciferase Assays

		2.10 Spheroid Formation Assays

		2.11 Statistical Analysis





		3 Results		3.1 Cullin 4B Promotes Proliferation and Migration of Periodontal Ligament Stem Cells

		3.2 Cullin 4B Enhances Stemness of Periodontal Ligament Stem Cells

		3.3 Cullin 4B Regulates the Osteogenic Differentiation of Periodontal Ligament Stem Cells by Post-transcriptionally Controlling the Expression of RUNX2 Protein

		3.4 Cullin 4B Upregulates RUNX2 by Repressing the Expression of miR-320c/miR-372/373-3p

		3.5 Cullin 4B Epigenetically Represses the Expression of miR-320c/miR-372-3p/373-3p in Periodontal Ligament Stem Cells

		3.6 Cullin 4B Regulates the Osteogenic Differentiation of Periodontal Ligament Stem Cells via the miR-320c and miR-372-3p/373-3p-RUNX2 Axis





		4 Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









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

CUL4B Upregulates RUNX2 to
Promote the Osteogenic
Differentiation of Human
Periodontal Ligament Stem Cells
by Epigenetically Repressing the
Expression of miR-320c and miR-
372/373-3p





OPS/images/fcell-10-921663-g001.gif





OPS/images/fcell-10-921663-g002.gif









OPS/images/crossmark.jpg
©

|





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





