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Abstract

:

Background: Connective tissue growth factor (CTGF) is a cellular communication network factor family protein involved in many cellular functions. The purpose of this study was to determine the effects of CTGF on the proliferation, osteogenic capacity, and mRNA expression of spheroids composed of gingiva-derived mesenchymal stem cells (GMSCs). Methods: CTGF was applied at final concentrations of 0, 25, 50, 100, and 200 ng/mL. Qualitative cell viability was determined using Live/Dead kit assay. Metabolic viability was determined with a colorimetric assay kit. Osteogenic activity was analyzed with alkaline phosphatase activity and Alizarin Red S staining. Quantitative polymerase chain reaction (qPCR) was used to assess the expression levels of RUNX2, BSP, OCN, and COL1A1. Results: In general, there was no significant difference in cell viability between the groups on Days 1, 4, and 7. Addition of CTGF produced an increase in Alizarin Red S staining. qPCR results demonstrated that the mRNA expression levels of RUNX2, BSP, OCN, and COL1A1 were significantly increased with the addition of CTGF. Conclusions: Based on these findings, we conclude that CTGF can be applied for increased osteogenic differentiation of stem cell spheroids.
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1. Introduction


Many studies have tested the effects and ability of growth factors to induce osteogenic capacity of gingiva-derived mesenchymal stem cells (GMSCs) [1,2,3]. A previous report showed that bone morphogenetic protein-4 promoted osteogenic differentiation through upregulation of collagen I and Sp7 expression [1]. Fibroblast growth factors were shown to be involved in osteogenic differentiation of stem cell spheroids while maintaining cell viability [4]. Optimal concentrations of growth factors for proliferation or differentiation activity have been studied previously [1,4,5]. Increases in osteogenic differentiation were achieved in a dose-dependent manner at up to 200 ng/mL of fibroblast growth factor-4 [4]. In another study, 10% concentrated growth factor significantly promoted proliferation of GMSCs, but higher concentrations produced gradual decrease in cellular proliferation [5].



Connective tissue growth factor (CTGF), which is a member of the cysteine-rich 61 family, is synthesized by osteoblasts [6]. CTGF is involved in diverse biological and pathological processes as well as many cellular functions, including cell proliferation, cell migration, cell adhesion, and extracellular matrix production [7]. CTGF is reported to be involved in the proliferation and differentiation of osteoblasts [8]. In one study, CTGF gene expression was upregulated in human periodontitis tissues, where it enhanced osteoclast formation and suppressed anti-osteoclastogenic factor expression throughout the experimental period, inducing indirect osteoclastogenesis [9]. Moreover, application of CTGF led to inhibition of BCL6 mRNA expression, and its protein expression was clearly downregulated in bone marrow-derived macrophages treated with CTGF compared to those in the control group [9]. Overexpression of CTGF in vivo resulted in osteopenia, a secondary cause of decreased bone formation, possibly by antagonizing the signaling and activity of bone morphogenetic protein and Wnt [10]. Application of CTGF to GMSCs has not been performed. More recently, stem cell spheroids have been of great interest in stem cell therapy [11,12]. Stem cell spheroids have the potential to be applied for various applications including cell therapy [13].To the authors’ knowledge, there is no previous microwell study reporting the effects of CTGF on cell spheroids composed of GMSCs. Therefore, we hypothesized that addition of CTGF will have specific effects on the cell viability and osteogenic capacity cell spheroids. In light of promising findings on CTGF, the purpose of this present study was to investigate the effects of CTGF on cell viability, osteogenic capacity, and mRNA expression of three-dimensional culture.




2. Materials and Methods


2.1. Cell Spheroids Composed of Human Gingiva-Derived Mesenchymal Stem Cells


This study and all the experimental schemes were reviewed and approved (KC19SESI0228; approved date: 17 April 2019) to be performed according to the relevant guidelines. GMSCs were obtained following previously reported methods [14]. Written informed consent has been obtained from the participant. Gingival tissues were obtained under local anesthesia from a 64-year-old female participant. In short, the gingival tissue samples collected were de-epithelialized and were digested using enzymes. In a culture dish, GMSCs were plated and the unattached cells were eliminated from dish. The culture media were changed with new media every two to three days.



Figure 1 shows study flow diagram illustrating the overview. Concave microwells (Cat. No. H389600L; StemFIT 3D; MicroFIT, Seongnam-si, Gyeonggi-do, Korea) were used to make stem cell spheroids. The number of wells for each concave microwell was 389. We added a total of 1.1 × 106 GMSCs (Cat. No. DHC-No 1; Neubauer Improved C-Chip, NanoEnTek, Seoul, Korea) having passage 6 in each microwell and evaluated the cellular response. The stem cell spheroids were cultured in media that contained 82% of minimal essential medium alpha modification, with L-glutamine, ribo- and deoxyribonucleosides (Cat. No. SH30265.01; HyClone®, GE Healthcare Life Sciences, Thermo Fisher Scientific, Inc., Logan, UT, USA), 15% of fetal bovine serum (Cat. No. SH30084.03; HyClone®), 1% of L-glutamine (Cat. No. G7513; Sigma-Aldrich, St. Louis, MO, USA), 1% of penicillin-streptomycin solution (Cat. No. SV30010; HyClone®) and 1% of Dulbecco’s phosphate buffered saline modified without calcium, magnesium (Cat. No. SH30028.02; HyClone®) with 0.0144 g of ascorbic acid (Cat. No. A4544; Sigma-Aldrich, St Louis, MO, USA). The stem cell spheroids were treated with CTGF (Catalogue No. CYT-541, PROSPEC Protein Specialists, Rehovot, Israel) at predetermined concentrations of 0, 25, 50, 100, and 200 ng/mL. The media containing CTGF was replenished every day. We evaluated the morphological characteristics using a microscope (Leica DM IRM, Leica Microsystems, Wetzlar, Germany) on Days 1, 3, 5, and 7. Morphological evaluation of the spheroids was conducted and the diameter of the spheroids was calculated by comparing the reference on Days 1, 4, and 7, following the previous method [15]. Three spheroids were used for the measurements in each group at each time point.




2.2. Determination of Cellular Viability


A Live/Dead kit assay was used to determine the viability of the stem cell spheroids after incubating the samples for 50 min upon addition of 0.049% of component A (calcein AM), 0.199% of component B (ethidium homodimer-1), and 99.75% of Dulbecco’s phosphate-buffered saline on Days 1, 4, and 7. Qualitative cellular viability results were obtained using a fluorescence microscope (Axiovert 200, Zeiss, Germany) [16]. Three spheroids were analyzed for each group at each time point.



The metabolic viability was determined using a colorimetric assay, producing soluble formazan dye (Cell Counting Kit-8 [CCK-8], Cat. No. CK04; Dojindo, Tokyo, Japan) was performed by incubating the samples for one hour at 37 °C on Days 1, 4, and 7. This assay is based on water-soluble tetrazolium salt and evaluation of absorbance was performed at 450 nm. Five spheroids were used for analyzing the CCK-8 proliferation in each group at each time point.




2.3. Evaluation of Alkaline Phosphatase Activity and Alizarin Red S Staining in Osteogenic Media


These spheroids were grown in osteogenic media contained 82% of minimal essential medium alpha modification, with L-glutamine, ribo- and deoxyribonucleosides (Cat. No. SH30265.01; HyClone®, GE Healthcare Life Sciences, Thermo Fisher Scientific, Inc., Logan, UT, USA), 15% of fetal bovine serum (Cat. No. SH30084.03; HyClone®), 1% of L-glutamine (Cat. No. G7513; Sigma-Aldrich), 1% of penicillin-streptomycin solution (Cat. No. SV30010; HyClone®) and 1% of Dulbecco’s phosphate buffered saline modified without calcium, magnesium (Cat. No. SH30028.02; HyClone®) with 0.019 g of dexamethasone (Cat. No. D4902; Sigma-Aldrich, St Louis), 1 g of β-glycerophosphate disodium salt hydrate (Cat. No. G9422) and 0.0144 g of ascorbic acid (Cat. No. A4544; Sigma-Aldrich). An alkaline phosphatase (ALP) activity assay (Cat. No. AS-72146; SensoLyte® p-nitrophenyl palmitate [pNPP] colorimetric alkaline phosphatase assay kit, AnaSpec, EGT Group, Fremont, CA, USA) and Alizarin Red S staining (Cat. No. 0223; ScienCell Research Laboratories, Carlsbad, CA, USA) were used for osteogenic differentiation.



The ALP assay kit was used to detect ALP in biological samples by providing a convenient colorimetric assay. A mixture of 50% component A (pNPP, a colorimetric alkaline phosphatase substrate), 5% component B (10× assay buffer), and 45% distilled water was added to the sample. The sample was incubated at room temperature for one hour, and the spectrophotometric absorbance was evaluated at 405 nm on Days 1, 7, and 14.



An anthraquinone dye was used to stain calcium deposits on Days 2, 8, 14, and 22. The stem cell spheroids were washed with phosphate buffered saline (pH 7.4 ± 0.1; Cat. No. LB204-02, fresh media, Welgene, Gyeongsan-si, Gyeongsangbuk-do, Korea) and fixed with 4% paraformaldehyde (Cat. No.P2031, Biosesang, Seongnam-si, Gyeonggi-do, Korea) for 30 min at RT. The spheroids were washed with dH2O. Ten percent cetylpyridinium chloride (Cat. No. C0732; Sigma-Aldrich, St. Louis, MO, USA) was applied for 15 min at RT to solubilize the bound dye on Days 2, 8, 15, and 22. The spectrophotometric absorbance at 560 nm was measured to quantify the bound dyes.




2.4. Total RNA Extraction and Quantification of Runt-Related Transcription Factor 2 (RUNX2), Bone Sialoprotein (BSP), Osteocalcin (OCN) and COL1A1 mRNA by Real-Time Quantitative Polymerase Chain Reaction (qPCR)


Total RNA extraction was performed using a commercially available kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer’s instructions [17]. The quantity of RNA was evaluated with a bioanalyzer (Agilent 2100) using a kit (RNA 6000 Nano Chip; Agilent Technologies), and RNA quality was evaluated with the ratio of absorbance at 260 nm and 280 nm using a spectrophotometer (ND-2000, Thermo Fisher Scientific, Inc.). RNA was used as reverse transcription template applying reverse transcriptase (SuperScript II; Invitrogen, Carlsbad, CA, USA).



mRNA expression was detected by qPCR on Days 1, 7, and 14. We used GenBank to design the sense and antisense primers for PCR. The primer sequences were as follows: RUNX2 (accession No.: NM_001015051.3; forward: 5′-CAGTTCCCAAGCATTTCATCC-3′, reverse: 5′-AGGTGGCTGGATAGTGCATT-3′); BSP (accession No.: NM_004967.4; forward: 5′-CCTCTCCAAATGGTGGGTTT-3′, reverse: 5′-ATTCAACGGTGGTGGTTTTC-3′); OCN (accession No.: NM_199173.6; forward 5′-GGTGCAGAGTCCAGCAAAGG-3′, reverse: 5′-GCGCCTGGGTCTCTTCACTA-3′); COL1A1 (accession No.: NM_000088.4; forward: 5′-TACCCCACTCAGCCCAGTGT-3′, reverse: 5′-CCGAACCAGACATGCCTCTT-3′); and β-actin (accession. No.: NM 001101: forward: 5′-AATGCTTCTAGGCGGACTATGA-3′, reverse: 5′-TTTCTGCGCAAGTTAGGTTTT-3′). Normalization was performed using the β-actin housekeeping gene. Real-time PCR was performed using the SYBR Green PCR Kit (Applied Biosystems, Waltham, MA, USA) on the PCR System (StepOnePlusTM; Applied Biosystems), following the manufacturer’s recommendations [4,18].




2.5. Statistical Analysis


All values are presented as mean ± standard deviation. Tests of normality and equality of variances were conducted [19,20]. Comparisons between the groups were performed by one-way analysis of variance with Tukey’s post-hoc test. Three experimental replicates were evaluated for each analysis.





3. Results


3.1. Cell Spheroids of Human Gingiva-Derived Mesenchymal Stem Cells


The addition of CTGF to cell spheroids at 25, 50, 100, and 200 ng/mL concentrations did not produce significant changes in morphology on Day 1 (Figure 2). No significant changes in morphology were seen with the longer incubation of 7 days. There were no significant differences in the average spheroid diameters between the groups on Day 1 (Figure 3) (p > 0.05). The average spheroid diameters for the 0, 25, 50, 100, and 200 ng/mL groups on Day 4 and 7 are shown in Figure 3. No significant changes in diameter were noted in any group throughout the duration of the experiment.




3.2. Qualitative Determination of Cell Viability


Qualitative viability results obtained using a Live/Dead Kit assay are shown in Figure 4. Most cells from the spheroids showed green fluorescence, indicating live cells, on Day 1, with low red fluorescence (Figure 4A). There was no observable change regardless of seven-day incubation period (Figure 4B). The quantitative cellular viability measured with the CCK-8 assay kit showed no significant difference between the groups on Day 1 (Figure 4C). Similar trends were seen between the groups up to Day 7.




3.3. Evaluation of Alkaline Phosphatase Activity and Alizarin Red S Staining


In general, the application of CTGF did not produce the significant changes of ALP activity between the groups (Figure 5). The results of the mineralization assays on Days 2, 8, 14, and 22 are shown in Figure 6A. The spheroids were well stained with Alizarin Red S. The absorbance values at 560 nm on Days 2, 8, 15, and 22 are shown in Figure 6B. There were significantly higher values for CTGF regarding Alizarin Red S staining at 50 and 100 ng/mL on Day 8, with the highest value at 100 ng/mL compared with the control group (p < 0.05). The highest value of Alizarin Red S staining was seen at 200 ng/mL group compared with the control group on Day 22 (p < 0.05).




3.4. Evaluation of RUNX2, BSP, OCN, and COL1A1 by qPCR


Generally, the addition of CTGF showed that the mRNA expression levels of RUNX2, BSP, OCN, and COL1A1 were increased at certain time point (Figure 7A–D). The addition of CTGF led to the significant increase of RUNX2 expression on Day 7 (p < 0.05) (Figure 7A). The expression of RUNX2 on Day 7 was highest in 200 ng/mL group. The results on Day 14 showed that a significant increase in RUNX2 expression was shown only in 100 and 200 ng/mL groups when compared with the control group on Day 14 (p < 0.05). RUNX2 expression on Day 14 was highest in 100 ng/mL group. qPCR revealed that the mRNA levels of BSP was significantly increased at 100 ng/mL group at Day 1 (p < 0.05) (Figure 7B). Expressions of BSP on Day 14 were significantly higher in 50, 100, and 200 ng/mL groups compared with control group on Day 14 (p < 0.05). The expression of BSP on Day 14 was highest in 100 ng/mL group. qPCR revealed that the mRNA levels of OCN was significantly increased at 25, 100, and 200 ng/mL group with the highest value at 100 ng/mL on Day 1 (p < 0.05). The mRNA level of OCN on Day 1 and 14 revealed that significant increase was seen at 25 and 100 ng/mL groups with the highest value at 100 ng/mL (p < 0.05). qPCR revealed that the mRNA levels of COL1A1 was significantly increased at 100 and 200 ng/mL group with the highest value at 100 ng/mL on Day 14 (p < 0.05).





4. Discussion


This research examined the effects of CTGF on cellular viability, osteogenic differentiation, and mRNA expression of stem cell spheroids.



The effects of CTGF on various models have been reported previously [8,21,22]. The present study showed no significant difference in cellular viability between the groups. However, in one study, the effects of recombinant CTGF on osteoblast proliferation were evaluated using MTT and BrdU assays (a colorimetric assay used to quantify cell proliferation) on Day 3 after adding different concentrations (1, 10, 50, and 100 ng/mL) of CTGF to rat osteoblasts [8]. The results showed dose-dependent increases in cell number and proliferation. ALP activity is considered to be a relative early marker of osteoblast differentiation [23,24]. In a previous report, the maximal ALP activity of mesenchymal stem cells was achieved at day 7 [25]. This study showed that the application of CTGF led to significant increase in the 200 ng/mL group on Day 1. The previous report evaluated the effects of recombinant CTGF on ALP activity in animal osteoblasts after applying 50 ng/mL for 48 h, resulting in significantly increased activity [8]. Similarly, this study showed a statistically significant increase in Alizarin Red S staining values at 25, 100, and 200 ng/mL. In a previous report, cultures treated with 100 ng/mL recombinant CTGF exhibited a significant increase in calcium deposits on Day 11 [8]. GMSCs showed positive marker expression greater than 90% for CD29, CD44, CD73, CD90, and CD105 at passage 13 and expression greater than 85% at passage 16 [26]. Moreover, GMSCs have the ability to undergo multilineage differentiation when specific culture conditions are used in the third to eighth passages. The differences in cellular viability may be due to the type of culture, type of cells, or culture period [21,22]. Passage number may also influence the results [27].



Various attempts have been made to evaluate or suggest the optimal concentration of CTGF [28,29]. One study found CTGF in 10% of basal tears, with a maximum level of 17 ng/mL [30]. CTGF was detected in the subretinal fluid of all research cases at a mean concentration of 10.1 ± 3.68 ng/mL [28]. Another study evaluated the effects of CTGF on type I collagen transcription in quiescent hepatic stellate cells at concentrations of 10, 50, and 100 ng/mL for 16 and 48 h [29]. Incubation for 16 h did not produce any notable difference, but significant increases in collagen transcription were seen in the 50 and 100 ng/mL CTGF groups after 48 h. In the present study, the highest values were seen at 200 ng/mL for alkaline phosphatase activity and Alizarin Red S staining. qPCR results showed the highest expression of RUNX2, BSP, OCN, and COL1A1 at 100 ng/mL group. Our study shows some similarity pattern of previous report, which evaluated osteogenic capacity of elderly osteoblasts in three-dimensional cultivation. It showed that expression of OCN was in high level on Day 0, which went down and rose again [31].



Expression levels of various genes were tested to evaluate osteogenic capacity, including those of RUNX2, BSP, OCN, and COL1A1 [1,18]. RUNX2 is a widely used biomarker for osteogenic differentiation and is considered an important transcription factor for osteoblasts [32]. BSP is highly expressed in bone and is reported to play a functional role in bone formation [33]. OCN is reported to be a bone-specific marker and is associated with the maturation of osteogenesis [34]. The expression of OCN is indicator of maturation of extracellular matrix [35]. COL1A1 is considered an early marker of osteoblasts, and increased COL1A1 expression was seen with the transition of osteoprogenitor cells to pre-osteoblasts [36]. Moreover, early expression of the COl1A1 is indicates an early stage of maturation [31]. In a previous report, CTGF treatment was found to lead to significant enhancement in the synthesis of collagen I [37]. In the present report, a significant increase was seen in all the groups including RUNX2, BSP, OCN, and COL1A1, and this may suggest the feasibility of CTGF. The results suggest that CTGF enhances the transcription factor and this leads to the increase in the expression of genes involved in osteogenic differentiation. These may lead to higher deposition of calcium deposits, which may be revealed as higher Alizarin red S staining [38].



Many studies have been performed to isolate stem cells from different parts of the human body [11,14]. Stem cells can be isolated from multiple intraoral tissues including the periodontal ligament, dental pulp, alveolar bone, exfoliated deciduous teeth, apical papilla, and gingiva [39,40]. GMSCs can be considered a promising source for tissue engineering because they can be easily obtained under local anesthesia during routine procedures [41]. Moreover, GMSCs exhibit self-renewal and potential for osteogenic, adipogenic, and chondrogenic differentiation with immunomodulatory capacity [14,26,42]. GMSCs can be applied for the treatment of periodontal defects [21,43,44]. Testing stem cells of other origins may expand the applicability of the current approach [45]. Combinatorial approach using synthetic collagen matrix and stem cells can enhance periodontal regeneration [43]. This approach can be applied for the sinus augmentation procedures [46].




5. Conclusions


This research showed that application of CTGF had the tendency to increase the osteogenic differentiation, seen from alkaline phosphatase activity and Alizarin Red S staining and mRNA expression of stem cell spheroids. Conclusively, this research showed that application of CTGF in the tested concentrations increased osteogenic differentiation of stem cell spheroids. It can be suggested that CTGF may be applied along with stem cells in tissue regeneration.
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Figure 1. Study flow diagram illustrating the overview. 
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Figure 2. The morphologies of stem cell spheroids treated with different concentrations of CTGF on Days 1, 3, 5, and 7. The scale bar represents 200 μm (original magnification ×100). No significant changes were seen in the morphology of cell spheroids with addition of CTGF. 
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Figure 3. The diameters of the stem cell spheroids on Days 1, 4, and 7. p > 0.05 between time-matched groups. 
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Figure 4. (A) Live, dead, and merged cell images of stem cell spheroids on Day 1. The scale bar represents 100 μm (original magnification ×200). (B) Live, dead, and merged cell images of stem cell spheroids on Day 7 with the length of the scale of 100 μm. (C) Cell viability using Cell Counting Kit-8 on Days 1, 4, and 7. * p < 0.05 vs. time-matched 0 ng/mL group. 
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Figure 5. Graphical representation of alkaline phosphatase activity results on Days 2, 8, 15, and 22. 
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Figure 6. (A) Alizarin Red S staining on Days 2, 8, 14, and 22 with the length of the scale of 200 μm. (B) Quantification results of Alizarin Red S staining on Days 2, 8, 15 and 22. * p < 0.05 vs. the 0 ng/mL group on Day 2. ** p < 0.05 vs. the 0 ng/mL group on Day 8. # p < 0.05 vs. the 0 ng/mL group on Day 22. 
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Figure 7. (A) Quantification of expression of RUNX2 mRNA by real-time polymerase chain reaction on Days 1, 7, and 14. * p < 0.05 vs. the 0 ng/mL group on Day 7. ** p < 0.05 vs. the 100 ng/mL group on Day 7. # p < 0.05 vs. the 0 ng/mL group on Day 14. ## p < 0.05 vs. the 200 ng/mL group on Day 14. (B) Quantification of expression of BSP mRNA by real-time polymerase chain reaction on Days 1, 7, and 14. * p < 0.05 vs. the 0 ng/mL group on Day 1. ** p < 0.05 vs. the 0 ng/mL group on Day 7. # p < 0.05 vs. the 100 ng/mL group on Day 7. ## p < 0.05 vs. the 25 ng/mL group on Day 7. † p < 0.05 vs. the 0 ng/mL group on Day 14. †† p < 0.05 vs. the 200 ng/mL group on Day 14. ‡ p < 0.05 vs. the 100 ng/mL group on Day 14. (C) Quantification of expression of OCN mRNA by real-time polymerase chain reaction on Days 1, 7, and 14. * p < 0.05 vs. the 0 ng/mL group on Day 1. ** p < 0.05 vs. the 100 ng/mL group on Day 7. # p < 0.05 vs. the 0 ng/mL group on Day 7. ## p < 0.05 vs. the 0 ng/mL group on Day 14. (D) Quantification of expression of COL1A1 mRNA by real-time polymerase chain reaction on Days 1, 7, and 14. * p < 0.05 vs. the 0 ng/mL group on Day 1. ** p < 0.05 vs. the 25 ng/mL group on Day 7. # p < 0.05 vs. the 0 ng/mL group on Day 7. ## p < 0.05 vs. the 0 ng/mL group on Day 14. 
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