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Abstract

:

The use of perinatal mesenchymal stem cells (MSCs) in bone tissue regeneration and engineering to substitute bone marrow MSCs has drawn great interest due to their high yield, ease of procurement, multilineage differentiation potential and lack of ethical concerns. Although amniotic membrane (AM) and Wharton’s jelly (WJ)-derived MSCs have been widely shown to possess osteogenic differentiation potential, the intrinsic properties determining their osteogenic capacity remain unclear. Here, we compared gene expression profiles of AM- and WJ-MSCs at basal and osteogenic conditions by using the NanoString Stem Cell Panel containing regulatory genes associated with stemness, self-renewal, Wnt, Notch and Hedgehog signalling pathways. At basal condition, WJ-MSCs displayed higher expression in most genes regardless of their functional roles in self-renewal, adhesion, or differentiation signalling pathways. After osteo-induction, elevated expression of self-renewal genes ADAR and PAFAH1B1 was observed in AM-MSCs, while stemness genes MME and ALDH1A1 were upregulated in WJ-MSC. Both MSCs showed differences in genes associated with ligands, receptors and ubiquitin ligases of the Notch pathway. In addition, further evidence was demonstrated in some signalling molecules including CTBPs, protein kinases, phosphatases, RHOA, RAC1. Downstream targets HES1 and JUN especially showed higher expression in non-induced WJ-MSCs. Hedgehog genes initially expressed in both MSCs were downregulated in WJ-MSCs during osteogenesis. This study has provided insights into the intrinsic biological differences that may lead to their discrimination in therapeutic intervention.
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1. Introduction


Osteoporosis is a bone disease characterized by low bone mass density and bone tissue degeneration which affects more than 200 million people worldwide. The treatment for osteoporosis involves the balancing of bone homeostasis that requires bone remodelling and osteogenesis that leads to new bone formation [1]. Mesenchymal stromal cells (MSCs) are an ideal source for cell replacement to treat bone diseases due to their distinct properties such as self-renewal and their ability to differentiate into multiple types of cells including bone, cartilage, and adipocyte [2,3].



Although BM-MSCs have been extensively studied for bone regeneration, MSCs from the placenta have become alternative sources because of their ease of accessibility without invasiveness, freedom from ethical concerns, and their MSC properties do not decline with age. The placenta is comprised of a variety of tissues including amniotic membrane (AM), Wharton’s jelly (WJ), chorionic membrane and decidua. AM- and WJ-MSCs were shown to have high proliferative and remarkable osteogenic differentiation potential [4,5]. Their applications have even grown from preclinical to clinical studies for a wide spectrum of medical treatments including bone regeneration and healing [6,7]. The osteogenic differentiation potential of AM- or WJ-MSCs either alone or applied in conjunction with a biomaterial have been well established [8,9].



Many studies have demonstrated that MSCs possess similar biological characteristics but have distinct paracrine, gene or protein expression profiles [10,11]. For example, WJ-MSCs were found to have inferior osteogenic commitment compared to BM-MSCs due to their low and late expression of osteogenic markers upon osteogenesis [12]. This was associated with the decreased expression of WISP1 involved in the Wnt pathway [13]. Nevertheless, the addition of BMP2 was capable of priming and promoting the osteogenic differentiation of WJ-MSCs [12]. This presents a hint that different sources of MSCs with eminent intrinsic expression profiles may affect the outcomes of clinical applications. It is important to find the most suitable source of MSCs and their appropriate osteogenic state to treat bone diseases.



In addition, MSCs give rise to osteoblasts to form bone, and this commitment is regulated by complex and interconnected signalling pathways such as Wnt, Notch and Hedgehog (Hh) that interconnect with each other to stimulate the targeted response [14]. Wnt signalling is known to promote osteogenesis in MSCs at the expense of adipogenic differentiation [15]. Notch signalling modulates cell survival, proliferation, differentiation, and fate determination in MSCs and has been shown to promote MSC osteogenesis via BMP/Smad signalling [16]. However, the activation of Notch in promoting osteogenic differentiation is dose- and context-dependent [17]. Hh signalling is a key regulator for bone development and is shown to promote osteoblast differentiation in human BM-MSCs by upregulating the expression of RANKL [18]. However, research is still lacking comparisons between the genes associated with these signalling pathways differentially expressed in AM- and WJ-MSCs during osteogenesis.



Although MSCs from AM and WJ possess osteogenic differentiation potential, the intrinsic gene expression determining their osteogenic capacity remains unclear. In this study, we performed comparisons of different signalling pathways and transcription factors involved in regulating the characteristics of undifferentiated and osteo-induced AM and WJ-MSCs by using the NanoString platform.




2. Methods


2.1. Samples


Human placentae were collected from KPJ hospital, Kota Kinabalu, Malaysia. Amniotic membrane and umbilical cord (UC) samples were obtained after caesarean delivery. The study was ethically approved by the Ethics and Research Committee of Universiti Malaysia Sabah with the approval code of JKEtika 1/16 (1). The informed consent for the placenta donation was taken from all neonate mothers.




2.2. MSCs Cultures


WJ-MSCs isolated from the UC matrix were obtained using enzymatic digestion or explant method. UC was first cut into small sections (4–5 cm in length) and rinsed with 1× Dulbecco’s phosphate buffered saline (DPBS) (Gibco-Invitrogen, Carlsbad, CA, USA). After the removal of umbilical veins and arteries, WJ tissues were peeled off carefully from the outlining membrane of the cord and chopped into small pieces. For the enzymatic method, they were digested with 0.1% collagenase type I (Worthington, MN, USA) at 37 °C for 2 h with constant agitation at 180 rpm. Cell suspension was centrifuged at 5000 rpm for 5 min at room temperature. The resulting cell pellet was resuspended using culture media and transferred into a 6-well plate for culturing. For the explant method, WJ was transferred onto the surface of Petri dishes after being cut into pieces about 3–4 mm each. The medium was DMEM/F12 (Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal bovine serum (Gibco-Invitrogen, Carlsbad, CA, USA), 1% GlutaMAX (Gibco-Invitrogen, Carlsbad, CA, USA), 1× antibiotic-antimycotic (Gibco-Invitrogen, Carlsbad, CA, USA), and 1% ascorbic acid (Merck, Darmstadt, Germany). Cell culturing was performed at 37 °C in a humidified atmosphere with 5% CO2 and media was changed every 3–4 days. When the cells reached 80–90% confluency, they were detached using 0.25% trypsin-EDTA (Gibco-Invitrogen, Carlsbad, CA, USA). Cell pellets were harvested and seeded at a density of 1 × 105 cells/cm2 in T25 flask for cell expansion. The enzymatic method was used to isolate AM-MSCs. The process and culturing condition were described in [19].




2.3. MSCs Differentiation


For differentiation assays, 3 × 104 cells were seeded in 6-well plates. After cell attachment, the media was changed to osteogenic or adipogenic media. The StemPro Osteogenesis Differentiation Kits were purchased from Gibco-Invitrogen (Carlsbad, CA, USA). Media were replaced with fresh media every three days. Differentiation was carried out for ten days and 21 days for WJ-MSCs and AM-MSCs, respectively. The duration of osteogenic differentiation was determined using Alizarin Red solution (ScienCell Research Laboratories, Carlsbad, CA, USA). The cells were washed with 1× DPBS (Gibco-Invitrogen, Carlsbad, CA, USA) before being subjected to RNA extraction or osteogenic differentiation assay. For osteogenic differentiation assay, cells were fixed with 4% formaldehyde (Merck, Darmstadt, Germany) for 30 min at room temperature and then rinsed with 1× DPBS (Gibco-Invitrogen, Carlsbad, CA, USA). Formation of osteocytes was assessed using 2% Alizarin Red solution (ScienCell Research Laboratories, Carlsbad, CA, USA).




2.4. RNA Extraction


WJ- and AM-MSCs were seeded in 6-well plates with a density of 3 × 104. After osteogenic differentiation, total RNA was extracted using a TransZol Up Plus RNA extraction kit (Transgen Biotech, Beijing, China) according to the manufacturer’s protocols. RNA concentration was measured using a Nanodrop 2000 spectrophotometer.




2.5. Sample Preparation for nCounter Stem Cell Panel


The mRNA transcript levels were detected using a Human nCounter® Stem Cell Panel (NanoString Technologies, Seattle, WA, USA). RNA samples were prepared according to the manufacturer’s protocols and performed at University of Malaya, Malaysia. Briefly, 100 ng of total RNA from each sample was subjected to hybridization. Initially, a master mix was prepared by adding 70 µL of hybridization buffer to the Reporter Codeset. Next, 8 µL of the master mix and 5 µL from the sample were added to each hybridization tube. To complete the hybridization reactions, 2 µL of Capture Probeset were added to each tube. The reagents were mixed by inverting the tubes a few times before placing them into the 65 °C thermal cycler. The reactions were incubated for 16 h, then proceeded to the nCounter Prep Station. The detailed protocols can be obtained from https://nanostring.com/support/support-documentation/ (accessed on 8 August 2022).




2.6. Data Analysis


Samples with a count number of less than 100 were considered undetectable and excluded from the analysis. The number of qualified samples subjected to analysis were three and two for each WJ and AM group, respectively. Gene expression comparison was performed after normalization of the housekeeping genes CLTC, GAPDH, GUSB, HPRT1 and TUBB. Fold change was obtained using NanoString nSolver Analysis software version 4.0. The filtering criteria for differential expressed genes was ±1.5-fold change. Significant differences between WJ- and AM-MSCs in the non-induction state were determined by the Student’s t-test. The p values of <0.05 and <0.005 were considered statistically significant.





3. Results


3.1. Differential Gene Expression of AM- and WJ-MSCs under Basal Condition


Out of 199 selected genes including six housekeeping genes, 102 and 111 genes were detected in AM-MSCs and WJ-MSCs, respectively, under non-induced conditions. Nine genes were only detectable in WJ-MSCs. They are APH1A, CTBP2, FZD8, GAS1, KAT2B, NCAM1, PRKCE, PSEN2 and STK36 (Figure S1, see Supplementary Material). Both MSCs expressed stemness-related genes with no significant differences (Figure 1A). In comparison, adhesion genes (CDH2 and NCAM1) were significantly higher in WJ-MSCs (Figure 1B), suggesting that they could adhere to the surface better than AM-MSCs. Whilst for self-renewal, most genes were comparably expressed in both MSCs except for ADAR, CXCL12 and PAFAH1B1 (Figure 1C).



All 31 genes involved in the Notch signalling pathway were detected in WJ-MSCs. The expression of PSEN2, APH1A, KAT2B and CTBP2 was undetectable in AM-MSCs (Figure 2). Other significant differentially expressed genes found in WJ-MSCs were DTX3L, PSENEN, CTBP1, and HDAC2. All genes associated with Wnt pathways were expressed in WJ-MSCs (Figure 3). The expression of FZD8 and PRKCE was immeasurable (Figure 3A,C) but all genes involved in the canonical pathway were expressed in AM-MSCs (Figure 3B). Besides that, the significantly expressed genes were found in WJ-MSCs compared to AM-MSCs. For example, WJ-MSC had profound expression in genes involved in the Wnt-planar cell polarity pathway (CDC42, RAC1, RHOA, MAPK9) and Wnt-Ca2+ pathway (PRKCE, PPP2R5E, PPP2CA) (Figure 3C). Surprisingly, hedgehog ligands (SHH, DHH, IHH) were not expressed, while its transcription factors (GLI 2, GLI3) and other genes were equally expressed in both MSCs (Figure 4). These results indicated that WJ-MSCs could be more responsive to the activation of signalling pathways than AM-MSCs.




3.2. Differential Gene Expression of AM- and WJ-MSCs upon Osteogenic Induction


Next, we investigated the differential gene expression profiles of AM- and WJ-MSCs during osteogenesis through osteogenic induction. After induction, more genes were upregulated with >1.5-fold change in AM-MSCs than WJ-MSCs (Table S1). A decrease in CD44 expression was observed in both MSCs, while the expression of MYC was inversely expressed (Figure 5A). Most stemness genes were upregulated, especially ALDH1A1 and MME, which were significantly increased in WJ-MSCs during osteogenesis. In contrast, the expression of adhesion genes (CDH2, NCAM1) was reduced upon induction (Figure 5B). Osteogenesis also caused downregulation (CXCL12, FGF1/2) in both MSCs. ADAR and PAFAH1B1 were significantly elevated in AM-MSCs. However, a decrease in ADAR was observed in WJ samples (Figure 5C).



In comparison to WJ-MSCs, more genes associated with the Notch pathway were upregulated in AM-MSCs during osteogenesis (Figure 6). They shared the same expression profiles for JAG1 and DTX4 but a distinct expression for DLL ligands and other ubiquitin E3 ligases, DTXs (Figure 6A). It is clear that they had different preferences in receptor activation; AM-MSCs showed an increase in NOTCH2, while NOTCH3 was upregulated in WJ-MSCs. There was downregulation of the lunatic fringe gene (LFNG) and significant increase in ADAM17 expression in AM samples. Subunits of the γ-secretase complex, the PSENEN and PSEN expression was also higher in AM-MSCs. RBPJ acts as an activator when bound to Notch. Although its expression was higher in WJ-MSCs, chromatin remodelling complexes recruited by RBPJ, such as histone acetyltransferases (KAT2A) and histone deacetylase (HDAC2), were downregulated during osteogenesis compared to AM-MSCs (Figure 6B). Besides that, they had an opposite expression profile of CTBP1/2 and MAML2. In addition, different subsets of Notch target genes were activated. For instance, all were increased in AM-MSCs; however, the expression of HES1, FOSL1 and CCNA2 was downregulated in WJ-MSCs after osteo-induction (Figure 6C). These results demonstrated that Notch activation during WJ-MSCs osteogenesis could be DLL/JAG-independent; it is unclear whether this led to downregulation of some target genes.



More Wnt-associated genes have shown higher expression when AM-MSCs are undergoing osteogenesis compared to WJ-MSCs (Figure 7). Both MSCs had comparable gene expression patterns for DVLs, ubiquitin ligases and FZD receptors except FZD8 (Figure 7A). However, their profound differences were noticeable in genes regulating canonical and non-canonical pathways where fewer genes were upregulated (>1.5-fold change) in WJ samples. Both MSCs expressed elevated WNT2B and WNT5A but WNT5B was decreased upon osteogenic induction in AM-MSCs (Figure 7B). However, only the expression of β-catenin was increased while α-catenin was downregulated in WJ samples. More inverted expression profiles were observed in the non-canonical Wnt pathway whereby upregulation of protein phosphatases (PPP2CA, PRKCD/E, PRKACA) and downstream target genes (JUN, RAC1) were found in AM-MSCs (Figure 7C). These results suggested that the non-canonical pathway was more profound for AM-MSCs during osteogenic differentiation. Canonical Wnt signalling could be more predominant in WJ-MSCs, judging by the downregulation of negative regulators of Wnt/β-catenin (CTNNA1, CSNK1A1) and RAC1/JUN involved in the non-canonical pathway.



All genes associated with Hh signalling were downregulated in WJ-MSCs except the positive regulator (STK36) of GLI transcription factor. On the other hand, AM-MSCs showed increases in positive regulators such as SMO and STK36, transcription factor GLI3 as well as a negative regulator (RAB23) during osteogenesis (Figure 8A). Nevertheless, genes associated with other signalling pathways such as BMP1, SMAD4 and IGF1 were upregulated in both MSCs upon osteo-induction (Figure 8B). IGF1 expression was initially undetectable in both MSCs at the undifferentiated condition. Thus, it is worth mentioning that IGF1/SMAD signalling might be important during osteogenesis, especially in AM-MSCs, as it has been shown to be essential in osteoblast differentiation in MSCs [20].





4. Discussion


Placental tissues have become one of the most utilized MSCs for tissue engineering and regenerative therapy. They are considered the best sources due to the lack of ethical concerns, non-invasive isolation, and ease of availability. Evidence has shown that the origin of MSCs is one of the determinant factors in their biological properties and therapeutic efficacies [21,22]. Biological discrepancies were also observed in MSCs derived from different compartments of the umbilical cord [23].



Our findings revealed that they not only possessed distinct gene expression profiles under undifferentiated status, but also committed to osteogenic lineage by activating discrete signalling molecules. For example, WJ-MSCs had a higher PAFAH1B1 expression level than AM-MSCs. A previous study showed that PAFAH1B1, also known as Lissencephaly 1 protein (LIS1), enhanced cadherins accumulation in the stem cell niche that mediated cell adhesion and self-renewal [24]. This was accordantly supported by significantly higher expressions of cadherin and adhesion molecules (CDH2 and NCAM1) in WJ-MSCs. CDH2 was expressed mostly in mesenchymal tissues and served as a regulator in determining stem cell fate via FGF signalling [25]. In addition, ALDH1A1 and NCAM1 have also been found to be tissue-specific genes in placental MSCs [26].



Most of the genes involved in the cascade of Wnt, Notch and Hh signal transduction were expressed in both MSCs with varying magnitude in some genes when they were unstimulated. Both MSCs expressed the most evaluated genes involved in Wnt signalling pathways at the basal condition. The expression of non-canonical Wnt signalling molecules such as WNT5A and WNT5B was more profound compared to those involved in the canonical pathway. Batsali et al. [13] demonstrated that genes involving the non-canonical Wnt pathway were upregulated while those associated with the canonical route were reduced in WJ-MSCs compared to BM-MSCs. Activation of Wnt signalling in UC-MSCs was found to promote proliferation and maintain self-renewal while restricting lineage differentiation [27]. In view of the expression from ligands (NOTCH2, NOTCH3), frizzled receptors and intracellular molecules, Notch signalling was concomitantly activated in both MSCs, although some genes (PSEN2, APH1A, CTBP2, KAT2B) were solely detected in WJ-MSCs. The expressions of Notch1-3 and Dll1 have been reported in liver-derived MSCs [28]. In contrast, Hh pathways seemed to be less important in undifferentiated status, judging by the undetectable expression of ligands such as SHH, IHH and DHH in both MSCs despite noticeable expression of downstream targets, such as GLI2, GLI3, SMO and RAB23. However, the involvement of non-canonical Hh signalling could not be excluded because SMO and PTCH1 receptors can activate GLI transcription factors directly or indirectly without the presence of Hh ligands [29]. Taken together, signalling pathways such as Wnt, Notch and BMP are required to maintain the characteristics of undifferentiated AM- and WJ-MSCs. Differential expression of Wnt- and Notch-associated genes leads us to speculate that WJ-MSCs may acquire superior commitment in lineage differentiation than AM-MSCs.



After investigating their intrinsic differences in basal condition, we further examined their transcriptomic responses to osteogenesis. Osteogenesis utilizes multiple signalling pathways to induce undifferentiated MSCs to osteoblast formation. From our observation, WJ-MSCs might be more responsive to extrinsic osteogenic factors, thus, the induction period was shortened compared to AM-MSCs (Figure S2). Upon induction, the upregulation of self-renewal genes was observed in AM-MSCs (ADAR, PAFAH1B1, RB1) as well as WJ-MSCs (ALDH1A1, MME). This is not unusual, as the dual functions of these genes have been reported previously. For instance, besides maintaining self-renewal and cell survival, ADAR knockdown has affected osteoblast differentiation in mice [30]. Transcriptomic analysis demonstrated that PAFAH1B1 was downregulated by osteogenic BMPs in MSCs [31]. Besides that, ALDH+ WJ-MSCs were found to express higher osteogenic genes such as RUNX2, OSX and OPN [32]. Nallamshetty et al. [33] demonstrated that during primary MSCs’ osteoblastogenesis, ALDH1A1 was also expressed besides bone marker alkaline phosphatase (ALP). MME, also known as CD10, was proposed to be a key biomarker for the human UC stromal stem cell [34]. Recently, CD10+ expressing perivascular stem cells exhibited higher proliferation and osteogenic potential [35].



During osteogenesis, Notch activation in AM-MSCs is evident by the upregulation of many genes involved in the cascade from signalling molecules down to intracellular and target genes but the signal transduction occurred in WJ-MSCs has been streamlined. As shown in Figure 9A, osteogenic initiation was triggered by the binding of ligands JAG2 to the NOTCH4 receptor, enhancing the expression of γ-secretase complex (PSENEN, PSEN1-2), which further propagated the signal to co-activators such as EP300, MAML1/2, and KAT2B, leading to the increased expression of target genes (HES1, CCND1-3, CCNE1, FOSL1). Osteogenic promotion of Notch signalling in AM-MSCs could also be caused by the upregulation of NOTCH4. Conversely, the Notch signalling was initiated through the NOTCH3 receptor which was cleaved by γ-secretase and ubiquitinated by E3 ubiquitin ligase DTX4 only in WJ-MSCs (Figure 9B). We postulated that non-canonical Notch signalling was stimulated in WJ-MSCs without the presence of DLL ligands. Nonetheless, this upstream signal was insufficient to activate a broad range of target genes like what occurred in AM-MSCs. Previous studies showed that Deltex acted as a positive regulator of Notch signalling. DTX1 regulated transcription independently of RBPJ and HES1 through co-activator EP300 [36]. Increased expression of Notch 1-2 and Dll1 was shown to be important in initiating osteogenic differentiation, while elevating Notch 3 expression occurred later in rat liver MSCs [28]. Controversial results indicated that Notch signalling has a dual function in osteoblastic differentiation whereby in vivo studies showed that the RBPjκ-dependent Notch signalling pathway suppressed osteogenesis [37]. These coordinated signalling events support faster osteogenic induction observed in WJ-MSCs than AM-MSCs, requiring a longer induction period.



Wnt signalling has always played a critical role in the development and maintenance of a large variety of tissues and organs, especially bone. In addition, Notch and Wnt signals could crosstalk and act synergistically to support cell proliferation and differentiation in osteoprogenitor cells [38]. Upon osteogenic induction, both MSCs utilized slightly different signal molecules to activate canonical and non-canonical Wnt pathways as depicted in Figure 10. Non-canonical Wnt pathways might have a more critical role in AM-MSCs during osteogenesis due to high expression of the subunits of the destruction complex (CSNK1G1-3, CSNK1A1L, CSNK1D, APC, AXIN1) which negatively regulate Wnt/β-catenin signalling by degrading β-catenin and preventing it from entering the nucleus [39]. More intracellular molecules associated with the Wnt-Ca2+ pathway was expressed such as PPP2CA, MAP3K71P1 and PRKCE. In addition, upregulation of RAC1 and JUN, which are involved in the Wnt-PCP pathway, was also noticeable in AM-MSCs. According to Lojk and Marc [40], canonical and non-canonical pathways share similar extracellular and membrane components despite their distinct intracellular molecules. Their activation is determined by the amount of Wnt ligands, receptors, coreceptors and inhibitors expressed during cell differentiation.



The hedgehog (Hh) pathway modulates bone formation and homeostasis. It is activated through the key signal transducer SMO and GLI transcription factors. RAB23, a suppressor of Hh signalling was found to inhibit GLI function through interaction with SUFU, another negative regulator of Hh signalling. In the absence of Hh ligands, GLI is converted to repressor form, thus preventing signal transduction [41,42]. However, the SHH non-canonical signalling cascade, which is GLI-independent, could occur via SMO-dependent or independent route [43]. Due to the downregulation of GLI1-3 and SMO in WJ-MSCs, conventional Hh activation was unlikely, but osteogenesis via a non-canonical signalling route could not be excluded as the expression level of cyclins (CCND1-3, CCNE1) was noticeably increased. High expression of miR-342-3p in UC-MSCs increased the expression of osteogenic-related genes via activation of the SHH pathway [44]. In addition, positive regulation of Hh signalling in MSCs’ osteogenesis might produce conflicting effects on MSCs from other sources [14].



BMP1 and BMP2 have been shown to play a crucial role in inducing osteogenesis and matrix remodelling in BM-MSCs [45,46]. BMP1 expression was only detected in both MSCs under basal and osteogenic conditions but not BMP2 or BMP3, suggesting it has a predominant role in promoting osteogenesis in these prenatal MSCs. Compared to BMP2/6/7/9, the role of BMP1 in promoting osteoblastic differentiation of MSCs is still lacking. However, the ablation of BMPI caused osteogenesis imperfecta [47,48], while its overexpression promoted osteogenesis [46]. The expression of SMAD4, a mediator of the BMP/TGFβ pathway, was also upregulated. SMAD4 knockout in mice was shown to decrease bone mineralization during osteoblast stages [49]. In addition, SMAD could also induce osteogenesis by binding directly to a Taz protein via a TGFβ-independent manner [50].



In conclusion, our results demonstrated that some unique genes are only expressed in these MSCs in basal or osteogenic conditions. Substantial genes involved in Wnt, Notch and Hh signalling were expressed during osteogenesis in AM-MSCs. WJ-MSCs seemed to be more responsive upon osteo-induction, as most genes were found highly expressed when they were undifferentiated. This study has provided insights into the intrinsic biological differences that may regulate and orchestrate osteogenic cell fate in MSCs. Nevertheless, more investigation is required to decipher how these discrepancies contribute to their functionality in treating bone diseases.








Supplementary Materials


The following supporting information can be download at: https://www.mdpi.com/article/10.3390/cimb44090291/s1, Figure S1: Genes detected in AM- and WJ-MSCs under basal condition; Figure S2: Osteogenic differentiation of the isolated AM- and WJ-MSCs. AM- and WJ-MSCs were stained with Alizarin Red. Scale bar = 200 µm; Table S1: Fold change of genes upregulated and downregulated upon osteo-induction in AM-and WJ-MSCs.





Author Contributions


Supervision and conceptualization, P.L.T.; Methodology, P.L.T., V.V.H. and H.M.A.; Investigation, V.V.H. and H.M.A.; Formal analysis, data curation and validation, V.V.H. and P.L.T.; Writing—original draft preparation, V.V.H.; Writing—review and editing, P.L.T. and V.V.H.; Funding acquisition, P.L.T. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Ministry of Higher Education Malaysia (TRGS0003-SG-2/2014). The APC was funded by Universiti Malaysia Sabah.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available upon request.




Acknowledgments


The authors thank Damai Specialist Hospital and KPJ Sabah Specialist Hospital, Kota Kinabalu for providing placental samples, and Warda for isolating MSCs.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Phetfong, J.; Sanvoranart, T.; Nartprayut, K.; Nimsanor, N.; Seenprachawong, K.; Prachayasittikul, V.; Supokawej, A. Osteoporosis: The current status of mesenchymal stem cell-based therapy. Cell. Mol. Biol. Lett. 2016, 21, 12. [Google Scholar] [CrossRef] [PubMed]

	



Kangari, P.; Talaei-Khozani, T.; Razeghian-Jahromi, I.; Razmkhah, M. Mesenchymal stem cells: Amazing remedies for bone and cartilage defects. Stem Cell Res. Ther. 2020, 11, 492. [Google Scholar] [CrossRef]

	



Pittenger, M.F.; Discher, D.E.; Péault, B.M.; Phinney, D.G.; Hare, J.M.; Caplan, A.I. Mesenchymal stem cell perspective: Cell biology to clinical progress. NPJ Regen. Med. 2019, 4, 22. [Google Scholar] [CrossRef] [PubMed]

	



Pu, L.; Meng, M.; Wu, J.; Zhang, J.; Hou, Z.; Gao, H.; Xu, H.; Liu, B.; Tang, W.; Jiang, L.; et al. Compared to the amniotic membrane, Wharton’s jelly may be a more suitable source of mesenchymal stem cells for cardiovascular tissue engineering and clinical regeneration. Stem Cell Res. Ther. 2017, 8, 72. [Google Scholar] [CrossRef]

	



Shen, C.; Yang, C.; Xu, S.; Zhao, H. Comparison of osteogenic differentiation capacity in mesenchymal stem cells derived from human amniotic membrane (AM), umbilical cord (UC), chorionic membrane (CM), and decidua (DC). Cell Biosci. 2019, 9, 17. [Google Scholar] [CrossRef] [PubMed]

	



Abbaszadeh, H.; Ghorbani, F.; Derakhshani, M.; Movassaghpour, A.A.; Yousefi, M.; Talebi, M.; Shamsasenjan, K. Regenerative potential of Wharton’s jelly-derived mesenchymal stem cells: A new horizon of stem cell therapy. J. Cell. Physiol. 2020, 235, 9230–9240. [Google Scholar] [CrossRef]

	



Etchebarne, M.; Fricain, J.-C.; Kerdjoudj, H.; Di Pietro, R.; Wolbank, S.; Gindraux, F.; Fenelon, M. Use of Amniotic Membrane and Its Derived Products for Bone Regeneration: A Systematic Review. Front. Bioeng. Biotechnol. 2021, 9, 661332. [Google Scholar] [CrossRef]

	



Kmiecik, G.; Spoldi, V.; Silini, A.; Parolini, O. Current View on Osteogenic Differentiation Potential of Mesenchymal Stromal Cells Derived from Placental Tissues. Stem Cell Rev. Rep. 2014, 11, 570–585. [Google Scholar] [CrossRef]

	



Yin, L.; Zhou, Z.-X.; Shen, M.; Chen, N.; Jiang, F.; Wang, S.-L. The Human Amniotic Mesenchymal Stem Cells (hAMSCs) Improve the Implant Osseointegration and Bone Regeneration in Maxillary Sinus Floor Elevation in Rabbits. Stem Cells Int. 2019, 2019, 9845497. [Google Scholar] [CrossRef]

	



Wu, M.; Zhang, R.; Zou, Q.; Chen, Y.; Zhou, M.; Li, X.; Ran, R.; Chen, Q. Comparison of the Biological Characteristics of Mesenchymal Stem Cells Derived from the Human Placenta and Umbilical Cord. Sci. Rep. 2018, 8, 5014. [Google Scholar] [CrossRef]

	



Li, S.; Wang, J.; Bin Jiang, B.; Jiang, J.; Luo, L.; Zheng, B.; Si, W. Mesenchymal stem cells derived from different perinatal tissues donated by same donors manifest variant performance on the acute liver failure model in mouse. Stem Cell Res. Ther. 2022, 13, 231. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera-Pérez, R.; Monguió-Tortajada, M.; Gámez-Valero, A.; Rojas-Márquez, R.; Borras, F.E.; Roura, S.; Vives, J. Osteogenic commitment of Wharton’s jelly mesenchymal stromal cells: Mechanisms and implications for bioprocess development and clinical application. Stem Cell Res. Ther. 2019, 10, 356. [Google Scholar] [CrossRef] [PubMed]

	



Batsali, A.K.; Pontikoglou, C.; Koutroulakis, D.; Pavlaki, K.I.; Damianaki, A.; Mavroudi, I.; Alpantaki, K.; Kouvidi, E.; Kontakis, G.; Papadaki, H.A. Differential expression of cell cycle and WNT pathway-related genes accounts for differences in the growth and differentiation potential of Wharton’s jelly and bone marrow-derived mesenchymal stem cells. Stem Cell Res. Ther. 2017, 8, 102. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, S.; Jaganathan, B.G. Signaling network regulating osteogenesis in mesenchymal stem cells. J. Cell Commun. Signal. 2021, 16, 47–61. [Google Scholar] [CrossRef]

	



Houschyar, K.S.; Tapking, C.; Borrelli, M.R.; Popp, D.; Duscher, D.; Maan, Z.N.; Chelliah, M.P.; Li, J.; Harati, K.; Wallner, C.; et al. Wnt pathway in bone repair and regeneration—What do we know so far. Front. Cell Dev. Biol. 2019, 6, 170. [Google Scholar] [CrossRef]

	



Cao, J.; Wei, Y.; Lian, J.; Yang, L.; Zhang, X.; Xie, J.; Liu, Q.; Luo, J.; He, B.; Tang, M. Notch signaling pathway promotes osteogenic differentiation of mesenchymal stem cells by enhancing BMP9/Smad signaling. Int. J. Mol. Med. 2017, 40, 378–388. [Google Scholar] [CrossRef]

	



Semenova, D.; Bogdanova, M.; Kostina, A.; Golovkin, A.; Kostareva, A.; Malashicheva, A. Dose-dependent mechanism of Notch action in promoting osteogenic differentiation of mesenchymal stem cells. Cell Tissue Res. 2020, 379, 169–179. [Google Scholar] [CrossRef]

	



Lv, W.-T.; Du, D.-H.; Gao, R.-J.; Yu, C.-W.; Jia, Y.; Jia, Z.-F.; Wang, C.-J. Regulation of Hedgehog signaling Offers A Novel Perspective for Bone Homeostasis Disorder Treatment. Int. J. Mol. Sci. 2019, 20, 3981. [Google Scholar] [CrossRef]

	



Akhir, H.M.; Teoh, P.L. Collagen type I promotes osteogenic differentiation of amniotic membrane-derived mesenchymal stromal cells in basal and induction media. Biosci. Rep. 2020, 40, BSR20201325. [Google Scholar] [CrossRef] [PubMed]

	



Crane, J.L.; Zhao, L.; Frye, J.S.; Xian, L.; Qiu, T.; Cao, X. IGF-1 Signaling is Essential for Differentiation of Mesenchymal Stem Cells for Peak Bone Mass. Bone Res. 2013, 1, 186–194. [Google Scholar] [CrossRef]

	



Wegmeyer, H.; Bröske, A.-M.; Leddin, M.; Kuentzer, K.; Nisslbeck, A.K.; Hupfeld, J.; Wiechmann, K.; Kuhlen, J.; Von Schwerin, C.; Stein, C.; et al. Mesenchymal Stromal Cell Characteristics Vary Depending on Their Origin. Stem Cells Dev. 2013, 22, 2606–2618. [Google Scholar] [CrossRef] [PubMed]

	



Schmelzer, E.; Miceli, V.; Chinnici, C.; Bertani, A.; Gerlach, J.C. Effects of Mesenchymal Stem Cell Coculture on Human Lung Small Airway Epithelial Cells. BioMed Res. Int. 2020, 2020, 9847579. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, A.; Fong, C.-Y.; Biswas, A.; Bongso, A. Comparative Characterization of Cells from the Various Compartments of the Human Umbilical Cord Shows that the Wharton’s Jelly Compartment Provides the Best Source of Clinically Utilizable Mesenchymal Stem Cells. PLoS ONE 2015, 10, e0127992. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Kaneko, S.; Ma, X.; Chen, X.; Ip, Y.T.; Xu, L.; Xie, T. Lissencephaly-1 controls germline stem cell self-renewal through modulating bone morphogenetic protein signaling and niche adhesion. Proc. Natl. Acad. Sci. USA 2010, 107, 19939–19944. [Google Scholar] [CrossRef] [PubMed]

	



Alimperti, S.; Andreadis, S.T. CDH2 and CDH11 act as regulators of stem cell fate decisions. Stem Cell Res. 2015, 14, 270–282. [Google Scholar] [CrossRef] [PubMed]

	



Roson-Burgo, B.; Sanchez-Guijo, F.; Del Cañizo, C.; Rivas, J.D.L. Insights into the human mesenchymal stromal/stem cell identity through integrative transcriptomic profiling. BMC Genom. 2016, 17, 944. [Google Scholar] [CrossRef]

	



Jothimani, G.; Di Liddo, R.; Pathak, S.; Piccione, M.; Sriramulu, S.; Banerjee, A. Wnt signaling regulates the proliferation potential and lineage commitment of human umbilical cord derived mesenchymal stem cells. Mol. Biol. Rep. 2019, 47, 1293–1308. [Google Scholar] [CrossRef]

	



Urbanek, K.; Lesiak, M.; Krakowian, D.; Koryciak-Komarska, H.; Likus, W.; Czekaj, P.; Kusz, D.; Sieroń, A.L. Notch signaling pathway and gene expression profiles during early in vitro differentiation of liver-derived mesenchymal stromal cells to osteoblasts. Lab. Investig. 2017, 97, 1225–1234. [Google Scholar] [CrossRef]

	



Pietrobono, S.; Gagliardi, S.; Stecca, B. Non-canonical Hedgehog Signaling Pathway in Cancer: Activation of GLI Transcription Factors Beyond Smoothened. Front. Genet. 2019, 10, 556. [Google Scholar] [CrossRef]

	



Yu, S.; Sharma, R.; Nie, D.; Jiao, H.; Im, H.-J.; Lai, Y.; Zhao, Z.; Zhu, K.; Fan, J.; Chen, D.; et al. ADAR1 ablation decreases bone mass by impairing osteoblast function in mice. Gene 2012, 513, 101–110. [Google Scholar] [CrossRef]

	



Zhang, L.; Luo, Q.; Shu, Y.; Zeng, Z.; Huang, B.; Feng, Y.; Zhang, B.; Wang, X.; Lei, Y.; Ye, Z.; et al. Transcriptomic landscape regulated by the 14 types of bone morphogenetic proteins (BMPs) in lineage commitment and differentiation of mesenchymal stem cells (MSCs). Genes Dis. 2019, 6, 258–275. [Google Scholar] [CrossRef] [PubMed]

	



Najar, M.; Crompot, E.; van Grunsven, L.A.; Dollé, L.; Lagneaux, L. Aldehyde dehydrogenase activity of Wharton jelly mesenchymal stromal cells: Isolation and characterization. Cytotechnology 2019, 71, 427–441. [Google Scholar] [CrossRef] [PubMed]

	



Nallamshetty, S.; Wang, H.; Rhee, E.-J.; Kiefer, F.; Brown, J.D.; Lotinun, S.; Le, P.; Baron, R.; Rosen, C.J.; Plutzky, J. Deficiency of Retinaldehyde Dehydrogenase 1 Induces BMP2 and Increases Bone Mass In Vivo. PLoS ONE 2013, 8, e71307. [Google Scholar] [CrossRef] [PubMed]

	



Farias, V.; Linares-Fernández, J.; Peñalver, J.; Colmenero, J.P.; Ferrón, G.; Duran, E.; Fernández, R.; Olivares, E.; O’Valle, F.; Puertas, A.; et al. Human umbilical cord stromal stem cell express CD10 and exert contractile properties. Placenta 2011, 32, 86–95. [Google Scholar] [CrossRef] [PubMed]

	



Ding, L.; Vezzani, B.; Khan, N.; Su, J.; Xu, L.; Yan, G.; Liu, Y.; Li, R.; Gaur, A.; Diao, Z.; et al. CD10 expression identifies a subset of human perivascular progenitor cells with high proliferation and calcification potentials. Stem Cells 2019, 38, 261–275. [Google Scholar] [CrossRef]

	



Wang, L.; Sun, X.; He, J.; Liu, Z. Functions and Molecular Mechanisms of Deltex Family Ubiquitin E3 Ligases in Development and Disease. Front. Cell Dev. Biol. 2021, 9, 2355. [Google Scholar] [CrossRef]

	



Luo, Z.; Shang, X.; Zhang, H.; Wang, G.; Massey, P.A.; Barton, R.; Kevil, C.G.; Dong, Y. Notch Signaling in Osteogenesis, Osteoclastogenesis, and Angiogenesis. Am. J. Pathol. 2019, 189, 1495–1500. [Google Scholar] [CrossRef]

	



Lee, S.; Remark, L.H.; Josephson, A.M.; Leclerc, K.; Lopez, E.M.; Kirby, D.J.; Mehta, D.; Litwa, H.P.; Wong, M.Z.; Shin, S.Y.; et al. Notch-Wnt signal crosstalk regulates proliferation and differentiation of osteoprogenitor cells during intramembranous bone healing. NPJ Regen. Med. 2021, 6, 29. [Google Scholar] [CrossRef]

	



Azbazdar, Y.; Karabicici, M.; Erdal, E.; Ozhan, G. Regulation of Wnt Signaling Pathways at the Plasma Membrane and Their Misregulation in Cancer. Front. Cell Dev. Biol. 2021, 9, 631623. [Google Scholar] [CrossRef]

	



Lojk, J.; Marc, J. Roles of Non-Canonical Wnt Signalling Pathways in Bone Biology. Int. J. Mol. Sci. 2021, 22, 10840. [Google Scholar] [CrossRef]

	



Yang, J.; Andre, P.; Ye, L.; Yang, Y.-Z. The Hedgehog signalling pathway in bone formation. Int. J. Oral Sci. 2015, 7, 73–79. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.; Zhang, L.; Chen, Y.; Zhu, C.; Chen, F.; Li, A. Research progress on the hedgehog signalling pathway in regulating bone formation and homeostasis. Cell Prolif. 2021, 55, e13162. [Google Scholar] [CrossRef] [PubMed]

	



Robbins, D.J.; Fei, D.L.; Riobo, N.A. The Hedgehog Signal Transduction Network. Sci. Signal. 2012, 5, re6. [Google Scholar] [CrossRef]

	



Qing, Y.; Huang, M.; Cao, Y.; Du, T.; Song, K. Effects of miRNA-342-3p in modulating Hedgehog signaling pathway of human umbilical cord mesenchymal stem cells by down-regulating Sufu. Oral Dis. 2019, 25, 1147–1157. [Google Scholar] [CrossRef] [PubMed]

	



Cai, H.; Zou, J.; Wang, W.; Yang, A. BMP2 induces hMSC osteogenesis and matrix remodeling. Mol. Med. Rep. 2020, 23, 1. [Google Scholar] [CrossRef]

	



Su, Z.; He, L.; Shang, H.; Dai, T.; Xu, F.; Zhao, J. Overexpression of Bone Morphogenetic Protein-1 Promotes Osteogenesis of Bone Marrow Mesenchymal Stem Cells In Vitro. Med. Sci. Monit. 2020, 26, e920122-1–e920122-8. [Google Scholar] [CrossRef]

	



Asharani, P.; Keupp, K.; Semler, O.; Wang, W.; Li, Y.; Thiele, H.; Yigit, G.; Pohl, E.; Becker, J.; Frommolt, P.; et al. Attenuated BMP1 Function Compromises Osteogenesis, Leading to Bone Fragility in Humans and Zebrafish. Am. J. Hum. Genet. 2012, 90, 661–674. [Google Scholar] [CrossRef]

	



Muir, A.M.; Ren, Y.; Butz, D.H.; Davis, N.A.; Blank, R.D.; Birk, D.E.; Lee, S.-J.; Rowe, D.; Feng, J.Q.; Greenspan, D.S. Induced ablation of Bmp1 and Tll1 produces osteogenesis imperfecta in mice. Hum. Mol. Genet. 2014, 23, 3085–3101. [Google Scholar] [CrossRef]

	



Moon, Y.J.; Byung-Hyun, P.; Choi, H.; Ka, S.-O.; Kim, J.R.; Park, B.-H.; Cho, E.-S. Smad4 controls bone homeostasis through regulation of osteoblast/osteocyte viability. Exp. Mol. Med. 2016, 48, e256. [Google Scholar] [CrossRef]

	



Park, J.S.; Kim, M.; Song, N.-J.; Kim, J.-H.; Seo, D.; Lee, J.-H.; Jung, S.M.; Lee, J.Y.; Lee, J.; Lee, Y.S.; et al. A Reciprocal Role of the Smad4-Taz Axis in Osteogenesis and Adipogenesis of Mesenchymal Stem Cells. Stem Cells 2018, 37, 368–381. [Google Scholar] [CrossRef]








[image: Cimb 44 00291 g001 550] 





Figure 1. Differential expression of genes associated with self-renewal and stemness in AM- and WJ-MSCs under basal condition. (A) Stemness, (B) cell adhesion and (C) self-renewal genes. Data represented mean counts ± SD. Asterisks (*) and (**) represent statistical significance of p < 0.05 and p < 0.005, respectively. 
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Figure 2. Notch signalling pathway-related gene expression in AM- and WJ-MSCs under basal condition. Data represented mean counts ± SD. Asterisks (*) and (**) represent statistical significance of p < 0.05 and p < 0.005, respectively. 
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Figure 3. Wnt signalling pathway-related gene expression in AM- and WJ-MSCs under basal condition. (A) Genes encoding Wnt ligands and receptors, (B) genes encoding canonical Wnt pathway and (C) non-canonical Wnt pathway. Data represented mean counts ± SD. Asterisks (*) and (**) represent statistical significance of p < 0.05 and p < 0.005, respectively. 
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Figure 4. Hedgehog signalling genes expressed in both AM- and WJ-MSCs under basal condition. Data represented mean counts ± SD. Asterisks (**) represent statistical significance p < 0.005. 
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Figure 5. Differential expression of genes associated with self-renewal and stemness in AM- and WJ-MSCs during osteogenesis. (A) Stemness, (B) cell adhesion and (C) self-renewal genes. The y-axis on the right side in (A) indicates the expression level of ALDH1A1 only. Asterisks (*) and (**) represent statistical significance of p < 0.05 and p < 0.005, respectively. 
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Figure 6. Differential expression of genes associated with Notch signalling pathways in AM- and WJ-MSCs during osteogenesis. (A) Ligands, receptors, ubiquitin E3 ligases and proteases; (B) other coregulators; and (C) downstream target genes. Asterisks (*) and (**) represent statistical significance of p < 0.05 and p < 0.005, respectively. 
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Figure 7. Differential expression of genes associated with Wnt signalling pathways in AM- and WJ-MSCs during osteogenesis. (A) Receptors, ubiquitin ligases, (B) canonical pathway and (C) non-canonical pathway. Asterisks (*) represent statistical significance p < 0.05. 
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Figure 8. Differential expression of genes associated with (A) Hedgehog and (B) other signalling pathways in AM- and WJ-MSCs during osteogenesis. Asterisks (*) represent statistical significance p < 0.05. 
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Figure 9. Notch signalling pathway in (A) AM-MSCs and (B) WJ-MSCs after osteogenic induction. Symbol ↑, ↓ and ׀˗˗˗ represent upregulation, downregulation and inhibition, respectively. NICD: Notch intracellular domain. 
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Figure 10. Non-canonical Wnt pathways in (A) AM-MSCs and (B) WJ-MSCs after osteogenic induction. Symbol ↑ and ↓ represent upregulation and downregulation, respectively. PLC: Phospholipase C. 
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