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Abstract

:

This study compared the characteristics of periodontal ligament stem cells (PDLSCs) cultured using 3-dimensional (3D) versus conventional 2-dimensional (2D) methods. PDLSCs were cultured in either a 3D culture with a non-adhesive culture plate (Stemfit 3D®) or a conventional 2D culture using a 6-well plate. Morphology, viability, proliferation ability, and osteogenic differentiation were analyzed to characterize the differences induced in identical PDLSCs by 3D and 2D culture environments. In addition, gene expression was analyzed using RNA sequencing to further characterize the functional differences. The diameter and the viability of the 3D-cultured PDLSCs decreased over time, but the shape of the spheroid was maintained for 20 days. Although osteogenic differentiation occurred in both the 2D- and 3D-cultured PDLSCs, compared to the control group it was 20.8 and 1.6 higher in the 3D- and 2D-cultured cells, respectively. RNA sequencing revealed that PDLSCs cultured using 2D and 3D methods have different gene expression profiles. The viability of the 3D-cultured cells was decreased, but they showed superior osteogenic differentiation compared to 2D-cultured cells. Within the limitations of this study, the results demonstrate that the structure and function of PDLSCs are influenced by the cell culture method.
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1. Introduction


Mesenchymal stem cells (MSCs) have self-renewal and multilineage differentiation potency. In humans, they can be harvested from various tissues such as bone marrow, adipose tissue, and umbilical cord blood [1]. In addition, they have been successfully extracted from the periodontal ligaments of permanent teeth [2]. Periodontal ligament stem cells (PDLSCs) are easy to obtain, have a greater proliferation rate than bone marrow stem cells, are capable of differentiating into osteoblasts, cementoblasts, adipocytes, and chondrocytes, and can form a structure similar to periodontal ligaments in vitro [3]. In addition, the relationship between periodontitis and a stem cell has been revealed in recent years [4,5,6].



Cell cultures are essential for the study of MSCs. Conventional cell culture methods are two-dimensional (2D) methods in which cells are cultured on the bottom of a culture-compatible polystyrene plate. Such cultures create an environment for studying biological processes or cell mechanisms under specific experimental conditions and maintain various types of proliferation [7]. However, in nature, cells grow three-dimensionally rather than in a 2D plane. Therefore, it is difficult to study cell-to-cell signal transduction and the functions of cells in a conventional 2D culture environment [8]. To overcome these limitations, cell research using three-dimensional (3D) culture technology is being actively pursued. Such cultures have the advantage of emulating the original characteristics of the cell’s environment so that the cell can display form, function, and activity as close to natural as possible [9,10]. In addition, 3D cell culture has attracted attention because it can function as a substitute for animal experimentation [11].



There are two general methods of 3D cell culture. The first involves creating a scaffold of microstructures the cells can use to move, proliferate, differentiate, and contact each other [11]. However, scaffolds have limitations that can negatively affect cell stability and cell behavior during incubation [12]. In the case of hydrogel among the scaffold techniques, there is also a problem that the hydrogel collapses during the media replacement process [13]. In the scaffold-free method, a pellet or centrifugation tube culture, low-adhesion plate culture, bioreactor, hanging drop culture, or a pellet culture and liquid overlay are used to create 3D microstructures without scaffolding [7,11,12,14]. In these methods, cells assemble an endogenous extracellular matrix to form their own preferred microenvironment [11,15,16].



Cells cultured in a 3D environment behave differently than those in a 2D environment [14]. For example, primary articular chondrocytes and hepatocytes cultured in a 2D environment rapidly lose their normal phenotypes, but in 3D cultures, the normal phenotype is maintained [17]. In addition, 3D-cultured stem cells exhibit better osteoblastic, adipogenic, and neuronal differentiation than 2D-cultured stem cells [15,18,19]. Similarly, 3D-cultured human dental pulp cells show higher expression of osteocalcin, dentin sialophosphoprotein, and alkaline phosphatase than those cultured under 2D conditions [20]. The expression of these proteins is influenced by cell–cell and cell–matrix interactions, which are difficult to imitate in 2D culture. In addition, the expression of multilineage differentiation-related genes, such as Nanog and Oct4, and pluripotency transcription factor-related genes, is higher in 3D-cultured cells than those grown in 2D culture [21]. These studies demonstrate how cell culture conditions can influence gene expression [14,22]. However, because previous studies have usually used microarrays and polymerase chain reaction (PCR), few studies have analyzed genome-wide expression.



This pilot study compared the morphology, viability, stemness, and functional gene expression of PDLSCs cultured using either 3D or conventional 2D methods.




2. Materials and Methods


2.1. 2D and 3D Culture of Human Permanent Periodontal Ligament Stem Cells


Permanent human PDL stem cells were purchased from Cell Engineering for Origin (CEFO Co., Ltd., Seoul, Korea). The cell donor’s personal information was not provided and the examination of Institutional Review Board was waived. The cells were cultured in a 37 °C incubator with 5% CO2 using Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) growth media. Low glucose DMEM was used with 10% fetal bovine serum (FBS, Corning Life Sciences, New York, NY, USA) and gentamicin (5 µg/mL, Invitrogen-GIBCO, Carlsbad, CA, USA). After 3–4 passages, the cells were split and thereafter grown under either 2D or 3D conditions.




2.2. Formation of Stem Cell Spheroids through 3D Culture (Stemfit 3D®)


The formation of stem cell spheroids through 3D culture was carried out with 600 μm diameter polydimethylsiloxane-based concave micromolds (Prosys Stemfit 3D®; Prodizen Inc., Seoul, Korea). Seeded in a concave micromold and cultured in a 37 °C incubator with 5% CO2 using DMEM were 1.2 × 106 cells.




2.3. Morphology


To observe their morphology, 2D-cultured cells and the spheroids formed by the 3D-culture cells were observed on days 1, 3, 5, and 7 under a fluorescent microscope (JuLI, Nanoentek Inc., Seoul, Korea). In addition, spheroids were observed daily for 10 days to analyze the change in diameter. Additionally, mean diameters of at least 30 spheroids were compared daily. To observe the long-term stability of the spheroids, the cells were monitored for 20 days.




2.4. Viability Analyses Using Cell Counting Kit-8 and LIVE/DEAD Cell Viability Assays


The Cell Counting Kit-8 assay (CCK-8; Dojindo Molecular Technologies, Kumamoto, Japan) and LIVE/DEAD assay (LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells; Invitrogen, Carlsbad, CA, USA) were used to quantify the cell proliferation ability. The CCK-8 assay is based on the activation of 1-methoxy phenazinium methylsulfate by nicotinamide adenine dinucleotide phosphate (NADP) and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) produced by dehydrogenase in the metabolism of living cells. Water-soluble tetrazolium salt, 2- (2-methoxy-4-nitrophenyl), -3- (4-nitrophenyl), -5- (2,4-disulfophenyl), -2H tetrazolium, and monosodium salt (WST-8) were reduced to orange formazan, therefore, the amount of WST-8 formazan produced by the dehydrogenase in the cell is directly proportional to the number of viable cells, and the proliferation ability of the cells is quantitatively examined.



The LIVE/DEAD assay quantifies living and dead cells by measuring the esterase activity and plasma membrane integrity of the cells. The non-fluorescent dye, calcein AM, converts to a fluorescent calcein that fluoresces in the presence of esterase in living cells, producing a uniform green fluorescence. Ethidium homodimer-1 enters dead cells through damaged membranes and binds with nucleic acids to produce a red fluorescence.



First, the 2D- and 3D-cultured PDLSCs were seeded at a density of 1.0 × 105 per well on a 6-well plate and subjected to the LIVE/DEAD assay on days 3, 5, and 7. The images were taken with a fluorescence microscope (IX71; Olympus, Tokyo, Japan). Meanwhile, the CCK-8 assay was performed on days 1, 3, 5, and 10, and the absorbance was measured at 450 nm using a Benchmark Plus Multiplate Spectrophotometer (Bio-Rad, Hercules, CA, USA).




2.5. Osteogenic Differentiation


Next, 2D- and 3D-cultured PDLSCs were cultured in osteo-inductive media (osteo group) and basal media (control group) to confirm the ability of PDLSCs to differentiate into bone cells. The osteo group was cultured for 2 weeks in osteo-inductive media with 15% FBS, 250 µL gentamycin reagent solution (final concentration 5 µg/mL), 5 mL L-ascorbic acid (final concentration 10 mM/L), and 5 mL dexamethasone (final concentration 10 mM/L). To evaluate cell differentiation, Alizarin Red S (ARS) staining was performed to visualize calcium formation. Cells were fixed with ice-cold 70% ethanol for 15 min, stained with ARS solution for 3 min, washed, and observed with an optical microscope. For quantitative evaluation of hard tissue formation, 10% cetylpyridinium chloride was added for 10 min and the ARS stain extract was extracted, transferred to a 96-well plate, and its absorbance was measured at a wavelength of 562 nm.




2.6. RNA Expression


2.6.1. RNA Isolation


Then 2D- and 3D-cultured PDLSCs were selected on day 5 for gene expression analyses. The RNA was isolated using RiboEx (GeneAll, Seoul, Korea) and RNA quality was assessed using an Agilent 2100 bioanalyzer with and RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The Netherlands). RNA quantification was performed using an ND-2000 Spectrophotometer (Thermo Inc., Wilmington, DE, USA).




2.6.2. Library Preparation and Sequencing


Libraries of control and test RNAs were constructed using the QuantSeq 3′ mRNA-Seq Library Prep Kit (Lexogen Inc., Vienna, Austria) according to the manufacturer’s instructions. In brief, 500 ng RNA was prepared, hybridized to an oligo-dT primer containing an Illumina-compatible sequence at its 5′-end, and subjected to reverse transcription. After degradation of the RNA template, second-strand synthesis was initiated using a random primer containing an Illumina-compatible linker sequence at its 5′-end. The double-stranded library was purified using magnetic beads to remove all reaction components. Then the library was amplified to add the complete adapter sequences required for cluster generation. The finished library was purified to remove PCR components. High-throughput sequencing was performed as single-end 75 bp sequencing using a NextSeq 500 sequencer (Illumina Inc., Foster City, CA, USA).




2.6.3. Data Processing for Identification of Differentially Expressed Genes


QuantSeq 3′ mRNA-Seq reads were aligned using Bowtie 2. Bowtie 2 indices were either generated from a genome assembly sequence or the representative transcript sequences for aligning the genome and transcriptome. The alignment file was used to assemble transcripts, estimate their abundances, and detect the differential expression of genes. Differentially expressed genes were identified based on counts from unique and multiple alignments using coverage in BEDtools. The read count data were processed based on the quantile normalization method using EdgeR within R software (R Development Core Team, Vienna, Austria) with a bioconductor.





2.7. Statistical Analyses


Statistical analyses were performed with SPSS (Statistical Package for Social Sciences, version 25.0; IBM Corporation, Armonk, NY, USA). One-way ANOVA and Scheffe post hoc analyses were performed to compare the absorbance of each experimental group. A p-value < 0.05 was considered to indicate statistical significance.





3. Results


3.1. Morphology


PDLSCs grown in 2D cultures expressed a bipolar and stellate form. Cells were attached to the plate and increased in number over time (Figure 1A–D). In the 3D culture, PDLSCs aggregated and became spheroid for about 24 h (Figure 1I,J). Then the diameters of the spheroids significantly decreased by approximately 67.1% until day 5, after which they did not change (Figure 1E–H). After day 13, the shape of the spheroids became increasingly unstable and they subsequently dispersed after day 20 (Figure 1I–P).




3.2. Viability Analyses Using CCK-8 and LIVE/DEAD Cell Viability Assays


The results of the CCK-8 assay showed that the absorbance of 2D-cultured PDLSCs increased significantly from 0.31 to 3.24 over time. In particular, the absorbance increased exponentially on day 10 (p = 0.012). By contrast, the absorbance of 3D-cultured PDLSCs continued to decrease over time from 0.52 to 0.32 (Figure 2). This decrease was significant from days 1 to 5 (p = 0.043) but the decrease was not significant between days 5–10 (p = 0.242).



The results of the LIVE/DEAD assay revealed that the 2D-cultured PDLSCs did not show a significant increase in dead cells, however, a cavitation of cells was observed in the center of the spheroids in the 3D culture (Figure 3).




3.3. Stemness and Osteogenic Differentiation


ARS staining revealed significant extracellular calcium deposits in both the 2D and 3D cultures, which is indicative of osteogenic differentiation (Figure 4). Compared to the control group, the absorbance of the ARS stain extract was 20.8 and 1.6 times higher in the 3D and 2D cultures, respectively (Figure 5). There was a significant statistical difference in 3D culture (p = 0.06).




3.4. Identification of Differentially Expressed Genes and Gene Ontology Analyses


The expression levels of 25,737 differentially expressed genes in the 2D- and 3D-cultured PDLSCs were examined. Of these, 5664 genes related to cell function, immunity, inflammation, and the extracellular matrix were selected for further analyses. In the 3D culture, the expression of 214 genes (46.6%) was upregulated and 245 (53.4%) genes were downregulated compared to the 2D culture. Up- or downregulated genes were marked in extracellular matrix (ECM) (16.7%), angiogenesis (15.5%), inflammatory response (13.6%), cell migration (12.2%), and cell proliferation (11.4%). Genes in the 3D-cultured PDLSCs that showed at least a 50-fold increase or decrease compared to the 2D-cultured PDLSCs are presented in Table 1 and Table 2.





4. Discussion


A scaffold-free 3D culture method, Stemfit 3D®, was used for the 3D culture of PDLSCs and compared to traditional 2D-cultured PDLSCs. The morphology, viability, proliferation ability, differentiation ability, and gene expression of the two groups were analyzed, and it was confirmed that they have different functions and characteristics depending on the culture method although the cells are of the same origin. The viability of the 3D-cultured cells was decreased, but they showed superior osteogenic differentiation compared to 2D-cultured cells. Additionally, the function of PDLSCs differed by the cell culture method.



Stemfit 3D® utilizes a non-adhesive plate with a 600 μm diameter polydimethylsiloxane-based concave micromold. The reason for using concave micromolds is that they more rapidly aggregate the cells than other methods (plane and cylindrical), and the cells form spheroids that are highly uniform size and easily harvested [23]. Due to its economy and ease of use, Stemfit 3D is commonly used in stem cell cytology and various other cellular studies [24,25,26,27,28].



PDLSC spheroids from 3D cultures showed a rapid decrease (67.1%) in diameter over the first 5 days, followed by a moderate decrease after day 5 (Figure 1E–H). These results indicate that the initial reduction in diameter was due to cell aggregation and organization, but the subsequent reduction appears to be due to restricted nutrients and oxygen. Several models for the transport of nutrients, oxygen, and waste in spheroids have been verified [29,30,31]. When the diffusion of oxygen is limited, avascular tissue forms, and inefficient transport results in the accumulation of metabolic waste and the formation of a necrotic core at the center of the spheroid [14,16,30,31]. Several studies on MSC spheroids, including Cornelia et al. [15] who studied human MSCs and Yamaguchi et al. [32] who studied rat MSCs, have reported that spheroids form within 1 day and their diameters decrease with time [22,23,28,33,34]. On the other hand, Lee et al. reported that the diameter of human dental pulp stem cell spheroids cultured using a 6-well non-adhesive plate increase over time [21]. This discrepancy is due to the different culture methods used in the studies. Cornelia et al. and Yamaguchi et al. independently cultured MSCs in a small volume of media or used the scaffold method, whereas Lee et al. [21] used a relatively large volume of media. It is possible that spheroid–spheroid interactions may increase the diameter of the spheroids, but further study is needed.



Many previous studies on the morphology of spheroids have only made short-term observations of about 5–7 days [15,22,23,28,33,34]. In 2016, Bellotti et al. [35] used a pellet culture method to study the morphology of human MSC spheroids and found that the diameter of the spheroids decreased rapidly over a 14-day period, after which it remained constant for 2 months. In general, depending on the culture method, the morphology of the spheroids is maintained for 3–21 days and the internal structure is homogeneous and biologically stable for at least 1 month [35,36]. In this study, the spheroids were observed for 20 days to confirm their long-term stability. In addition to the decrease in diameter, the surface integrity of the spheroids began to diminish on day 13 but the shape of the spheroids remained stable (Figure 1I–P). It has been found that 3D culture methods using low-adhesive plates have a lower long-term stability than other methods because of the difficulty limiting the size of the spheroids [36]. However, because Stemfit 3D can control the size of the spheroids, it shows improved stability over a longer period. Further research is needed to determine whether the internal structure and function of cells cultured using the Stemfit 3D system are equally stable in the long-term.



CCK-8 and LIVE/DEAD assays were used to confirm the proliferation ability and viability of 3D-cultured PDLSCs, which are frequently used methods in 2D culture experiments [37,38,39,40]. The CCK-8 assay revealed that the absorbance in the 2D culture increased over time while in the 3D culture it decreased over time. This is probably due to the continued proliferation of cells in the 2D environment, while in the 3D environment, the differentiation rate decreased due to the inevitable restriction of nutrients and oxygen in the center of the spheroids (Figure 2) [14,24,25,35]. In addition, in the 3D culture, the LIVE/DEAD assay results showed that the number of dead cells increased over time in the center of the spheroids (Figure 3). Similar results were seen in a previous study of human MSCs grown via pellet culture, where the spheroids maintained a stable internal structure for 1 month, however at 2 months, a necrotic area developed in the center of spheroid, together with a loss of proliferation, impaired structural stability, and decreased cell-to-cell contact [35]. Although quantitative evaluation of 2D- and 3D-culture methods is difficult [7], these results are significant because it supports the idea that the characteristics of the 3D-cultured cells are fundamentally different from the 2D-cultured cells.



One of the benefits of 3D culture is it improves osteogenic differentiation compared to 2D culture. In addition, studies about the differentiation potential of stem cells have shown that the intercellular interactions in embryonic stem cells are better expressed in a 3D environment [14,34,41]. For example, salivary-gland-derived progenitor cells can differentiate into hepatocytic and pancreatic islet cell lineages only when cultured in a 3D culture environment [42]. For this reason, 3D culture has attracted attention in stem cell biology and oncology, and in 3D-culture studies on dental stem cells [8,14]. For example, 3D-cultured dental pulp stem cells or gingiva/papilla-derived stem cells show higher ALP activity than those grown in 2D culture [26,27,28]. In addition, the expression of genes associated with bone formation, such as BMP2, RUNX2, and dentine sialophosphoprotein (DSPP), are also highly expressed in these 3D-cultured cells [21,32]. In this experiment, both 2D- and 3D-cultured PDLSCs showed osteo-differentiation. However, compared to the control group, ARS staining showed that the 3D-cultured PDLSCs had significantly higher absorbance than the 2D-cultured PDLSCs (20.8 and 1.6 times higher, respectively). This suggests that more mineralized tissue is produced by the 3D-cultured PDLSCs compared to their 2D counterparts [21].



RNA sequencing was used to analyze the gene expression profiles of PDSLCs grown in 2D and 3D culture environments. In previous studies, such gene expression profiles have been analyzed via a microarray or PCR, but both of these methods are limited by the fact that only selected genes can be identified. Since RNA sequencing can capture a wider range of active genes, it is possible to detect small changes in expression with a limited amount of transcripts [43].



In this study, RNA sequencing results showed that the expression of genes related to the ECM, angiogenesis, and inflammation, such as MMP1, SMOC1, MMP10, CXCL8, CXCL1, and EREG, was very high. Previously, 3D-cultured MSCs have been shown to display increased expression of genes related to angiogenesis, inflammation, and proliferation, such as TGS-6, IL24, VEGF, FGF-2, CXCR4, MCP3, RANTES, EGF, and SDF [36]. The increased expression of angiogenic genes is evidenced by the observation that 3D-cultured MSCs demonstrate more potent angiogenic effects than 2D-cultured MSCs, which allows them to restore more tissue than their 2D counterparts [44]. In addition, 3D-cultured MSCs show increased expression of osteogenic- and adipogenic-related genes, such as RUNX-2, OXC, OC, OPN, COLI, OCN, DDPP, DMP1, LPL, FABP4, PLN4, and PPARr [21,32,33,34,45]. These genes promote adipogenic and osteogenic differentiation by increasing the production of ECM proteins and endogenous growth factors [36].



The initial coalescence of the spheroids is caused by caspase-dependent IL1 autocrine signaling, which upregulates EGR2 [22]. It is noteworthy that this study did not show any significant difference in the expression of EGR2, however, the expression of EGR1 and EGR3 were increased 4.90 and 5.57 fold, respectively. Similarly, immunomodulatory mediators such as IL6 (2.07 fold) and TNFAIP6 (65.87 fold) and chemokine receptors such as CXCR4 (3.96 fold) were upregulated in response to IL1 autocrine signaling in the 3D spheroids [46,47]. A previous study found that in the center of the spheroids, where the apoptosis zone is formed due to the restriction of nutrients and oxygen, hypoxia- and apoptosis-related genes such as VEGFA and hypoxia inducible factor (HIF) are also upregulated [14]. In this study, hypoxia-associated genes such as HIF1A and HIF3A and apoptosis-related genes such as IER3, COMP, and S100A8 were highly upregulated in the spheroids, while the expression of genes related to cell differentiation and proliferation such as RSPO2, DCLK1, and CXCL14 were highly downregulated. These results are consistent with the observation that over time, the apoptotic zone of the spheroid increases and the surface proliferation zone decreases.



This study had several limitations. First, the decreased diameter and reduced proliferation ability of the 3D-cultured PDLSCs may be due to inherent characteristics of the PDLSCs or may be attributed to the morphologic characteristics of the spheroid, which make it difficult to supply adequate nutrients and oxygen and discharge waste products. Results of this study are similar to other studies that have used 3D pellet cultures, low-adhesive plates, or scaffolds. In this regard, it may be necessary to compare other 3D methods, such as a bioreactor. Second, the assays that were optimized for a 2D environment may not have been optimal for evaluating 3D-cultured cells. For example, the CCK-8 assay is a method of measuring the color change caused by the dehydrogenation of water-soluble tetrazolium salts by living cells [37]. Therefore, it is not ideal to compare the absorbance of 2D and 3D cultures quantitatively because the number of cells contacting the solution differs between the culture environments. It is difficult or impossible to find protocols and assays optimized for 3D-cultured PDLSCs, and therefore in conjunction with the increasing popularity of 3D culture, future research is necessary to establish optimized methods for analyzing 3D-cultured cells. Third, this was a pilot study for comparing 2D- and 3D-cultured PDLSCs, and as such, it had a limited sample size. Despite these limitations, it confirmed that the 3D-cultured PDLSCs display different gene expression, morphology, and physiology compared to identical 2D-cultured cells. Moreover, the results of this study will contribute to developing optimized 3D-culture methods for dental stem cells.




5. Conclusions


The viability of the 3D-cultured cells was decreased, but they showed superior osteogenic differentiation compared to 2D-cultured cells. Within the limits of this study, it confirmed that the gene expression, function, differentiation, and proliferation of identical stem cells differ depending on the culture method. However, it was difficult to quantitatively compare 2D and 3D culture using conventional analytical methods optimized for 2D culture. Therefore, further studies are necessary to develop standard processes and analytical methods for cells cultured in a 3D environment.
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Figure 1. Morphology, day 1–20. (A–H) Cell morphology of the periodontal ligament stem cell (PDLSC) at days 1, 3, 5, and 7 in 2D and 3D culture (magnification, ×200). (I–P) Morphology of the PDLSC spheroids at days 0, 1, 3, 5, 7, 9, 13, and 20 (magnification, ×100). At day 13, the spheroids began to collapse, but the shape of spheroids remained relatively stable until day 20. 
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Figure 2. Results of the CCK-8 assay. 2D-cultured PDLSCs showed an increase in absorbance while the 3D-cultured PDLSCs showed a significant decrease in absorbance from day 1 to 5. * p < 0.05 comparison of absorbance; Schaffe’s post hoc test following one-way ANOVA. 
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Figure 3. Results of the LIVE/DEAD assay. (A–F) LIVE/DEAD assay results for 2D-cultured PDLSCs at days 3, 5, and 7 (magnification, ×100). The number of cells increased and no dead cells were observed. (G–L) LIVE/DEAD assay results for 3D-cultured PDLSCs at days 3, 5, and 7 (magnification, ×100). 2D-cultured PDLSCs did not show a significant increase in dead cells, however, a cavitation of cells was observed in the center of the spheroids in the 3D culture. 
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Figure 4. Evaluation of osteogenesis in 2D- and 3D-cultured PDLSCs (magnification, ×200). (A) Control group of 2D-cultured PDLSCs in basal media. (B) Osteo group of 2D-cultured PDLSCs in osteogenic media. (C) Control group of 3D-cultured PDLSCs in basal media. (D) Osteo group of 3D-cultured PDLSCs in osteogenic media. 
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Figure 5. Result of alizarin red S staining of PDLSCs on the 14th day. In the 2D-cultured cells, the absorbance was 1.6 times higher in the osteo group than in the control group. In the 3D-cultured cells, the absorbance was 20.8 times higher in the osteo group than in the control group. * p < 0.05 comparison with the control group; Schaffe’s post hoc test following one-way ANOVA. 
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Table 1. List of genes upregulated more than fifty-fold in 3D-cultured PDLSCs compared to 2D-cultured PDLSCs.
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	Gene Name
	Fold Change
	Description
	Related Function





	MMP1
	932.4
	matrix metallopeptidase 1
	Cell migration, extracellular matrix



	SMOC1
	525.5
	SPARC related modular calcium binding 1
	Extracellular matrix



	CXCL8
	276.1
	C-X-C motif chemokine ligand 8
	Angiogenesis, cell cycle, cell migration, immune response, inflammatory response



	MMP10
	190.8
	matrix metallopeptidase 10
	Extracellular matrix



	CXCL1
	173.7
	C-X-C motif chemokine ligand 1
	Cell migration, cell proliferation, immune response, inflammatory response



	EREG
	169.3
	epiregulin
	Angiogenesis, cell cycle, cell differentiation, cell proliferation



	AREG
	167.8
	amphiregulin
	Cell differentiation, cell proliferation



	CSF3
	159.6
	colony stimulating factor 3
	Cell differentiation, immune response



	TAC1
	136.1
	tachykinin precursor 1
	Immune response, inflammatory response



	IER3
	125.0
	immediate early response 3
	Apoptotic process, cell death



	COMP
	117.5
	cartilage oligomeric matrix protein
	Apoptotic process, cell death, extracellular matrix



	S100A8
	110.7
	S100 calcium binding protein A8
	Apoptotic process, cell death, cell differentiation, cell migration, immune response, inflammatory response



	CXCL3
	87.3
	C-X-C motif chemokine ligand 3
	Cell migration, immune response, inflammatory response



	C3
	86.3
	complement component 3
	Immune response, inflammatory response



	LRP4
	84.2
	LDL receptor related protein 4
	Cell differentiation



	PTGS2
	83.4
	prostaglandin-endoperoxide synthase 2
	Angiogenesis, cell differentiation, inflammatory response



	SPON1
	80.9
	spondin 1
	Extracellular matrix



	COL5A3
	73.4
	collagen type V alpha 3
	Extracellular matrix



	PTPN22
	69.5
	protein tyrosine phosphatase, non-receptor type 22
	Cell differentiation



	IL24
	67.2
	interleukin 24
	Apoptotic process, cell death



	TNFAIP6
	65.9
	TNF alpha induced protein 6
	Immune response, inflammatory response



	CYP7B1
	64.1
	cytochrome P450 family 7 subfamily B member 1
	Cell migration



	PRDM1
	63.7
	PR domain 1
	Cell differentiation, cell proliferation, immune response



	STC1
	53.3
	stanniocalcin 1
	Cell differentiation, cell proliferation










[image: Table] 





Table 2. List of genes downregulated more than fifty-fold in 3D-cultured PDLSCs compared to 2D-cultured PDLSCs.
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	Gene Name
	Fold Change
	Description
	Related Function





	RSPO2
	152.7
	R-spondin 2
	Cell differentiation



	DCLK1
	86.8
	doublecortin such as kinase 1
	Cell differentiation, cell migration



	CXCL14
	73.9
	C-X-C motif chemokine ligand 14
	Cell migration, immune response



	SEMA3D
	65.6
	semaphorin 3D
	Cell differentiation



	TENM2
	64.3
	teneurin transmembrane protein 2
	Cell differentiation



	ADRA1B
	58.2
	adrenoceptor alpha 1B
	Cell proliferation
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