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Abstract


Bone marrow is an abundant source of both hematopoietic as well as non-hematopoietic stem cells. Embryonic, fetal and stem cells located in tissues (adipose tissue, skin, myocardium and dental pulp) express core transcription factors, including the SOX2, POU5F1 and NANOG gene responsible for regeneration, proliferation and differentiation into daughter cells. The aim of the study was to examine the expression of SOX2 and POU5F1 genes in CD34-positive peripheral blood stem cells (CD34+ PBSCs) and to analyze the influence of cell culture on the expression of SOX2 and POU5F1 genes. The study material consisted of bone marrow-derived stem cells isolated by using leukapheresis from 40 hematooncology patients. Cells obtained in this process were subject to cytometric analysis to determine the content of CD34+ cells. CD34-positive cell separation was conducted using MACS separation. Cell cultures were set, and RNA was isolated. Real-time PCR was conducted in order to evaluate the expression of SOX2 and POU5F1 genes and the obtained data were subject to statistical analysis. We identified the expression of SOX2 and POU5F1 genes in the examined cells and demonstrated a statistically significant (p < 0.05) change in their expression in cell cultures. Short-term cell cultures (<6 days) were associated with an increase in the expression of SOX2 and POU5F1 genes. Thus, short-term cultivation of transplanted stem cells could be used to induce pluripotency, leading to better therapeutic effects.
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1. Introduction


Bone marrow is an abundant source of both hematopoietic as well as non-hematopoietic stem cells. Non-hematopoietic stem cells are a heterogeneous group that includes mesenchymal stem cells, marrow-isolated adult multilineage inducible (MIAMI) cells, very small embryonic-like stem cells (VSEL), progenitor endothelial cells and multipotent progenitor cells. VSEL cells have the characteristics of embryonic, pluripotent stem cells. Other non-hematopoietic stem cells with many similarities co-create a microenvironment—a niche of hematopoietic stem cells [1,2]. Under physiological conditions, the majority of hematopoietic stem cells are located in the bone marrow (1–3% of mononuclear cells), while only a small proportion can be found in peripheral blood (0.01–0.1% of mononuclear cells) [3]. It is estimated that about 90–95% of hematopoietic stem cells located in the bone marrow are latent, and only 5–10% undergo active division [4]. Division and differentiation of hematopoietic stem cells result in the formation of progenitor cells for lymphoid and myeloid cell lines. Lymphoid line progenitor cells give rise to T-lymphocytes, B-lymphocytes, as well as NK cells. Differentiation of myeloid progenitor cells leads to the formation of megakaryocytes, erythrocytes, granulocytes and macrophages [5]. Hematopoietic stem cells under the influence of specific signals, such as granulocyte growth factor (G-CSF) or endogenous factors (hypoxia or trauma), may leave the niche going into the bloodstream [6,7,8,9]. G-CSF affecting the cells of the myeloid line. The myeloid line cells release proteolytic enzymes, such as cathepsin G, elastase and metalloproteinase-9, that digest adhesion molecules, as well as impair the interaction between chemokines, their receptors and intercellularity, leading to the release of hematopoietic stem cells into the bloodstream [10].



SOX2 and POU5F1 are the transcription factors responsible for self-renewal, pluripotency and initiation of differentiation pathway in stem cells. Thus far, there have been reports about SOX2 gene expression in embryonic stem cells [11], perinatal tissue stem cells [12,13,14,15,16], breast milk-derived stem cells [17,18], dental pulp [19], adipose tissue [20,21], skin and myocardium [21], mesenchymal bone marrow stem cells [20,22], as well as nervous tissue stem cells and progenitor cells [23,24,25,26,27]. POU5F1 expression has been found in embryonic stem cells [28], adipose tissue [29], bone marrow [21,30], Wharton’s jelly-derived stem cells [14], dental pulp [31], mesenchymal stem cells isolated from peripheral blood [32] and liver and heart cells [33].



The goal of this study was to demonstrate the expression of SOX2 and POU5F1 genes in CD34+ PBSCs from the graft material and to evaluate changes in this gene expression in cultured cells.




2. Results


2.1. Cytometric Analysis


To determine the content of CD34+ cells in each sample, cytometric analysis was performed using the Navios (Beckaman Coulter) flow cytometer.



In the graft material obtained from 40 patients, the content of CD34+ cells was in the range of 6.1–13.35% (mean value 7.03% of CD34+ cells) (Table 1). Figure 1 shows an example of a cytogram showing the content of CD34+ cells in the graft material from one of the patients.




2.2. Analysis of Proliferation


To determine cell cycle progression, analysis of the proliferation with a Cell Trace CSFE Kit was performed during cell culture. CFSE dye was added at the beginning of the cell culture and cytometric analysis was performed after 9 days of culture. Cytometric analysis showed the proliferating potential of the examined cells (Figure 2). The presented histogram shows three generations of cells: P0, P1 and P2, where P0 is the population of CD34 + cells obtained after magnetic sorting, while the populations P1 and P2 are the populations resulting from cell division during cell culture of the P0 population.




2.3. Analysis of Gene Expression (SOX2, POU5F1)


The one-way ANOVA test demonstrated statistically significant differences in the expression of the SOX2 and POU5F1 genes before and after cell cultures of CD34+ peripheral blood stem cells (p < 0.001). Testing showed statistically significant differences in the expression of the SOX2 and POU5F1 genes:




	
Before cell culture and after 3 days of culture (p = 0.0002);



	
Before cell culture and after 6 days of culture (p = 0.0002);



	
Before cell culture and after 9 days of culture (p = 0.0002).








There were no statistically significant differences in the expression of the SOX2 and POU5F1 genes between particular days of culture (p > 0.05) (Table 2 and Figure 3).



The greatest differences in the expression of SOX2 and POU5F1 genes were observed between CD34+ PBSC before cell culture and CD34+ PBSC from the 6th day of culture (Figure 3).





3. Discussion


Before our studies, there was no available information about SOX2 and POU5F1 gene expression in CD34+ peripheral blood stem cells after mobilization with GCSF. In our studies, we were the first to demonstrate SOX2 and POU5F1 (also known as OCT4) gene expression in uncultured and cultured CD34+ peripheral blood stem cells after mobilization with GCSF.



In previous reports, researchers have shown changes in the expression of the SOX2 and POU5F1 genes during stem cell culture [13,14,15,19,20,34].



In an experiment by Yoon et al., mesenchymal stem cells isolated from Wharton’s umbilical cord jelly using the explant method exhibited SOX2 and OCT4 expression after 2 weeks of cell cultures, while in a study conducted by Gonzalez et al., expression of the SOX2 and OCT4 genes in human mesenchymal fetal stem cells from the second trimester persisted until 17th passage [12,35]. Cell cultures of adipose tissue stem cells carried out by Taha et al. showed a reduction in SOX2 expression [34].



In our research, CD34+ peripheral blood stem cells showed a statistically significant increase in the expression of the SOX2 and POU5F1 genes until the 6th day of cell culture. However, there was a notable decrease in the expression of this gene after the 6th day of cell culture (p > 0.05).



Similar results were obtained by Liu et al., who analyzed the expression of SOX2 and OCT4 in stem cells isolated from dental pulp. Cells from the second passage were characterized by greater expression of the SOX2 and OCT4 genes compared to cells after passage 0 or passage 7, suggesting a drop in expression of SOX2 and OCT4 in the course of cell culture and subsequent passages. An immunohistochemical examination of cells after passage 0 and passage 2 demonstrated the translocation of SOX2 and OCT4 from the cell nucleus into the cytoplasm, which might be associated with a gradual loss of pluripotency. Authors speculate that conditions under which cell cultures had been conducted might have influenced this loss of pluripotency [36].



In cell culture, the expression of the SOX2 and POU5F1 genes may also be influenced by other factors, such as culture density or the addition of factors stimulating cell division. Changes in the expression of the SOX2 and POU5F1 genes caused by cell culture density were described by Yoon et al. They examined the influence of cell culture density on the expression of core transcription factors—SOX2, NANOG and OCT4 in stem cells isolated from the bone marrow. After 7 days of culture, the cells were passaged and divided into two separate cultures: “low density,” containing 17 cells/cm3 and “high density,” consisting of 5000 cells/cm3. Cell cultures were sustained for 12 days. Cells from the “low-density” culture were characterized by increased expression of the SOX2, NANOG, as well as OCT4 genes [22]. Taha et al. analyzed changes in the expression of the SOX2 and OCT4 genes in stem cells isolated from murine adipose tissue induced by the addition of LIF (leukemia inhibitory factor) to cell cultures or transfection of stem cells with a vector containing miR-302. An increase in the expression of markers of pluripotency was observed in both cases. Possibly, the addition of LIF to cell culture led to the activation of JAK/STAT3, PI3/AKT and SHP2/MAPK signaling pathways responsible for the regulation of self-renewal and maintenance of pluripotency [34].



In opposition to these reports, in our studies, the changes in gene expression were not associated with the addition of any factors or changes in the density of cell cultures.



Appropriate modification of cell culture conditions (time and/or medium modifications) may contribute to an increase in SOX2 and OCT4 gene expression; thus, it might be associated with the induction of pluripotency in a cell without vector transfection [19].




4. Materials and Methods


4.1. Material


Transplant material containing PBSCs was obtained from 40 patients at the Department of Hematooncology and Bone Marrow Transplantation. Experiments were performed according to the protocol approved by the Bioethical Committee at the Medical University of Lublin (document no. KE-0254/334/2016).




4.2. Methods


4.2.1. Peripheral Blood Stem Cells Isolation


PBSC isolation was conducted at the Department of Hematooncology and Bone Marrow Transplantation using the standard leukapheresis technique, according to the procedure described by Borowska et al., after the subcutaneous injection of G-CSF [37].




4.2.2. Sample Preparation to Cytometric Analysis and Magnetic Separation


Samples containing Peripheral Blood Stem Cells were removed from liquid nitrogen and immediately placed in a water bath at 37 °C. After complete unfreezing, 20 mL of RPMI-1640 containing 10% of Fetal Bovine Serum was added (temperature 37 °C) and samples were centrifuged (10 min, 126× g). The supernatant containing the cryopreservative mixture was removed. Cells were suspended in a warmed-up PBS solution (Biomed, Lublin, Polland) and re-centrifuged (10 min, 126× g, temperature 37 °C). Following centrifugation, the supernatant was removed in order to get rid of the remaining cryopreservative agent. The remaining cells were suspended in 6 mL of warm PBS solution and subsequently divided into two portions. To remove cell clumps, the harvest apheresis was filtered through 30 µm nylon mesh. Samples intended for cytometric analysis and magnetic separation were centrifuged again. The supernatant was removed.




4.2.3. Cytometric Analysis


Cells for cytometric analysis were suspended in 100 µL of PBS buffer containing no calcium or magnesium ions and transferred to cytometric probes. 10 μL of surface antibodies CD34- PE (Beckman Coulter, Brea, CA, USA) were added to each probe, and subsequently, samples were incubated at room temperature without access to light for 15 min. Afterward, 0.5 mL of PBS was added and cytometric analysis was performed on a Navios (Beckman Coulter) cytometer.




4.2.4. Magnetic Cell Separation


The positive selection of CD34+ from leukapheresis product was conducted with the CD34 MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) on a MidiMACS Separator (Miltenyi Biotec, Gladbach, Germany) according to the manufacturer’s protocol using 300 µL of buffer, 100 µL of FcR Blocking Reagent and 100 µL of CD34 MicroBeads for up to 10⁸ total cells. After magnetic cell separation, the CD34-positive cells were divided into two equal portions.




4.2.5. Cell Cultures


The samples for cell cultures were suspended in 15 mL of culture medium consisting of Fetal Bovine Serum (Gibco, Billings, MT, USA), Amphotericin B 250 μg/mL+ Penicillin/Streptomycin (100×) (PAA, Oberoesterreich, Austria) and RPMI-1640 with L-glutamine (Corning, New York, NY, USA) warmed up to 37 °C. PBSCs suspended in culture medium were transferred into culture vessels (TC Flask T25 for suspension culture (Sarstedt, Numbrecht, Germany)). Stem cells were cultured for 3, 6 and 9 days in a Brunswick New Galaxy 170R incubator (temperature 37 °C, 5% CO2 concentration, limited air supply). The culture medium was changed every 3 days.




4.2.6. Cells Proliferation Analysis


Cells proliferation analysis was performed using Cell Trace CSFE Cell Proliferation Kit (Invitrogen, Carlsbad, CA, USA). During the setting of the cell cultures, a Cell Trace loading solution containing CFSE (carboxyfluorescein diacetate succinimidyl ester) was added according to the attached procedure for cells in suspension. The cytometric analysis of cell proliferation was done nine days later using a Flow Sight cytometer (Amnis, Seattle, WA, USA) and Amnis software.




4.2.7. RNA Isolation


The portion intended for RNA isolation was centrifuged again. Stem cells were suspended in 500 μL of PBS and then centrifuged (10 min, room temperature, 126× g), and the supernatant was removed. A total of 500 μL of TRI-Reagent (Sigma, New York, NY, USA) was added to the cell pellet. Total RNA isolation was performed by the modified method of Chomczyński and Sacchi [38].




4.2.8. Assessment of RNA Purity and Concentration


Probes containing isolated RNA under 75% ethanol were centrifuged (16,100× g, 15 min, 4 °C), and the supernatant (ethanol) was removed. The precipitant was dried at room temperature for 15 min. Subsequently, 12 µL of ultrapure water was added, pipetted and planted on ice.



RNA concentration in μg/μL was measured by applying 2 μL of the sample to a measurement pedestal of the Thermo Scientific Nanodrop 2000c Spectrophotometer. Pure, good-quality samples were selected for further analysis. The A260/280 coefficient was in the range of 1.8–2.




4.2.9. Reverse Transcriptions


Reverse transcription of RNA was performed using a commercially available kit (High-Capacity cDNA Reverse Transcription Kit, Life Technologies, Carlsbad, CA, USA). 10 μL of a water-RNA solution containing 1 μg of RNA was used for the reaction. A 10 μL Master mix containing: 2 μL 10× RT Buffer, 0.8 μL 25 × DNTP Mix (100 mM), 2 μL 10× RT Random Primers, 1 μL RNase inhibitor, 1 μL MultiScribe Reverse Transcriptase and 3.2 µL of ultrapure water was added to each of the samples. The solution was mixed, briefly centrifuged and placed in the Veriti Dx Thermal Cycler (10 min 25 °C, 120 min 37 °C, 5 min 85 °C).




4.2.10. SOX2 and POU5F1 Gene Expression


To determine the level of SOX2 and POU5F1 gene expression in peripheral blood stem cells, a Real-Time PCR reaction was performed (initial 10 min denaturation and 40 cycles: 15 s 95 °C, 60 s 60 °C) in StepOne Plus Real-Time PCR System. The PCR reaction mixture contains 1 µ cDNA, 1,25 µL gene-specific probe: SOX2 (Hs0153049_s1, Applied Biosystems, Norwalk, CT, USA), POU5F1 (Hs00999632_g1, Applied Biosystems, Norwalk, CT, USA) or GAPDH (Hs99999905_m1, Applied Biosystems, Norwalk, CT, USA) and Master Mix buffer (Applied Biosystems, Norwalk, CT, USA) GAPDH gene expression was used as an endogenous control. Based on the following formula, RQ = 2−ΔΔCT [39], the relative gene expression (RQ) was calculated. For further analysis, log RQ was taken. Data analysis was performed using StepOne software v. 2.2.2 and Expression Suite software v.1.0.3.165 by Applied Biosystems.




4.2.11. Statistical Analysis


Statistical analysis was carried out with Statistica v. 12 software using ANOVA rank test and multiple comparisons tests. Three levels of significance were determined: p < 0.05, p < 0.01 and p < 0.001.



All of the statistical details of the experiments can be found in the results sections and in Figure 3.






5. Conclusions


In summary, the examined cells exhibit SOX2 and POU5F1 gene expression both before cell culture and on the 3rd, 6th and 9th days of cultivation, reflecting their progenitor nature. Moreover, short-term cell culture (<6 days) on proper medium results in elevated expression of SOX2 and POU5F1 genes. Short-term cultivation of transplanted stem cells could be used to induce pluripotency, leading to better therapeutic effects in the proliferative stage.







Author Contributions


Conceptualization, M.Ś., J.K. and P.G.-K.; methodology, M.Ś., M.H. and A.P.; software, M.C. (Marcin Czop) and P.G.-K.; validation, M.S. and M.Ś.; formal analysis, M.Ś., M.C. (Marcin Czop), A.M. and P.G.-K.; investigation, K.W. and M.R.-H.; resources, B.J.P., M.S. and M.C. (Maria Cioch); data curation, M.Ś. and M.C. (Marcin Czop); writing—original draft preparation, M.Ś., K.W. and A.P.; writing—review and editing, K.W., M.C., M.R.-H., B.J.P. and A.M.; visualization, P.G.-K. and M.C. (Marcin Czop); supervision, J.K., M.R.-H. and M.H.; project administration, M.Ś. and J.K.; funding acquisition, J.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by “The equipment of innovative laboratories doing research on new medicines used in the therapy of civilization and neoplastic diseases” within the Operational Program Development of Eastern Poland 2007–2013, Priority Axis I Modern Economy, Operations I.3 Innovation Promotion and Medical University Grant No “DS 222/2020” and in part by the National Centre for Research and Development, Grant STRATEGMED III (STRATEGMED3/303570/7/NCBR/2017) to J.K.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Bioethics Committee at the Medical University of Lublin, no. KE-0254/334/2016. All methods were carried out in accordance with relevant guidelines and regulations.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data used to support the findings of this study are included in the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ratajczak, M.; Kucia, M.; Majka, M.; Reca, R.; Ratajczak, J. Heterogeneous populations of bone marrow stem cells—Are we spotting on the same cells from the different angles? Folia Histochem. Cytobiol. 2004, 42, 139–146. [Google Scholar] [PubMed]

	



Kucia, M.; Zuba-Surma, E.; Wysoczynski, M.; Dobrowolska, H.; Reca, R.; Ratajczak, J.; Ratajczak, M.Z. Physiological and Pathological consequences of identyfication of very small embryonic like (VSEL) stem cells in adult bone marrow. J. Physiol. Pharmacol. 2006, 57, 5–18. [Google Scholar] [PubMed]

	



D’Arena, G.; Musto, P.; Cascavilla, N.; Di Giorgio, G.; Zendoli, F.; Carotenuto, M. Human umbilical cord blood: Immunophenotypic heterogeneity of CD34+ hematopoietic progenitor cells. Haematologica 1996, 81, 404–409. [Google Scholar] [PubMed]

	



Pietras, E.M.; Warr, M.R.; Passegué, E. Cell cycle regulation in hematopoietic stem cells. J. Cell Biol. 2011, 195, 709–720. [Google Scholar] [CrossRef] [Scilit]

	



Bryder, D.; Rossi, D.; Weissman, I. Hematopoietic stem cells: The paradigmatic tissue-specific stem cell. Am. J. Pathol. 2006, 169, 338–346. [Google Scholar] [CrossRef] [Scilit]

	



Wilson, A.; Trumpp, A. Bone-marrow haematopoietic-stem-cell niches. Nat. Rev. Immunol. 2006, 6, 93–106. [Google Scholar] [CrossRef] [Scilit]

	



Lemoli, R.M.; D’Addio, A. Hematopoietic stem cell moblilization. Haematologica 2008, 93, 321–324. [Google Scholar] [CrossRef] [Scilit]

	



Lymperi, S.; Ferraro, F. The HSC niche concept has turned 31. Has our knowledge matured? Ann. N. Y. Acad. Sci. 2010, 1192, 12–18. [Google Scholar] [CrossRef] [Scilit]

	



Lilly, A.J.; Johnson, W.E.; Bunce, C.M. The Haematopoietic Stem Cell Niche: New Insights into the Mechanisms Regulating Haematopoietic Stem Cell Behaviour. Stem Cells Int. 2011, 2011, 1–10. [Google Scholar] [CrossRef] [Scilit]

	



Basak, G.W.; Jędrzejczak, W. Mobilizacja krwiotwórczych komórek macierzystych—Wczoraj i dziś. Hematologia 2012, 1, 9–24. [Google Scholar]

	



Young, R. Control of the Embryonic Stem Cell State. Cell 2011, 144, 940–954. [Google Scholar] [CrossRef] [Scilit]

	



Gonzalez, R.; Maki, C.; Pacchiarotti, J.; Csontos, S.; Pham, J.; Slepko, N.; Patel, A.; Silva, F. Pluripotent marker expression and differentiation of human second trimester Mesenchymal Stem Cells. Biochem. Biophys. Res. Commun. 2007, 362, 491–497. [Google Scholar] [CrossRef] [Scilit]

	



Trivanović, D.; Kocić, J.; Mojsilović, S.; Krstić, A.; Ilić, V.; Okić-Đorđević, I.; Santibanez, J.; Jovčić, G.; Terzić, M.; Bugarski, D. Mesenchymal stem cells isolated from peripheral blood and umbilical cord Wharton’s jelly. Srp. Arh. Celok. Lek. 2013, 141, 178–186. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Carlin, R.; Davis, D.; Weiss, M.; Schultz, B.; Troyer, D. Expression of early transcription factors Oct-4, Sox-2 and Nanog by porcine umbilical cord (PUC) matrix cells. Reprod. Biol. Endocrinol. 2006, 4, 8. [Google Scholar] [CrossRef] [Scilit]

	



Somal, A.; Bhat, I.A.; Pandey, S.; Panda, B.S.; Thakur, N.; Sarkar, M.; Chandra, V.; Saikumar, G.; Sharma, G.T. A Comparative Study of Growth Kinetics, In Vitro Differentiation Potential and Molecular Characterization of Fetal Adnexa Derived Caprine Mesenchymal Stem Cells. PLoS ONE 2016, 11, e0156821. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Świstowska, M.; Gil-Kulik, P.; Krzyżanowski, A.; Bielecki, T.; Czop, M.; Kwaśniewska, A.; Kocki, J. Potential Effect of SOX2 on the Cell Cycle of Wharton’s Jelly Stem Cells (WJSCs). Oxid. Med. Cell. Longev. 2019, 2019, 5084689. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hassiotou, F.; Beltran, A.; Chetwynd, E.; Stuebe, A.M.; Twigger, A.-J.; Metzger, P.; Trengove, N.; Lai, C.T.; Filgueira, L.; Blancafort, P.; et al. Breastmilk is a novel source of stem cells with multilineage differentiation potential. Stem. Cells 2012, 30, 2164–2174. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Twigger, A.-J.; Hepworth, A.R.; Lai, C.T.; Chetwynd, E.; Stuebe, A.M.; Blancafort, P.; Hartmann, P.E.; Geddes, D.T.; Kakulas, F. Gene expression in breastmilk cells is associated with maternal and infant characteristics. Sci. Rep. 2015, 5, 12933. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Liu, L.; Wei, X.; Ling, J.; Wu, L.; Xiao, Y. Expression pattern of Oct-4, Sox2, and c-Myc in the primary culture of human dental pulp derived cells. J. Endod. 2011, 37, 466–472. [Google Scholar] [CrossRef] [Scilit]

	



Izadpanah, R.; Trygg, C.; Patel, B.; Kriedt, C.; Dufour, J.; Gimble, J.M.; Bunnell, B.A. Biologic properties of mesenchymal stem cells derived from bone marrow and adipose tissue. J. Cell Biochem. 2006, 99, 1285–1297. [Google Scholar] [CrossRef] [Scilit]

	



Riekstina, U.; Cakstina, I.; Parfejevs, V.; Hoogduijn, M.; Jankovskis, G.; Muiznieks, I.; Muceniece, R.; Ancans, J. Embryonic stem cell marker expression pattern in human mesenchymal stem cells derived from bone marrow, adipose tissue, heart and dermis. Stem. Cell Rev. 2009, 5, 378–386. [Google Scholar] [CrossRef] [Scilit]

	



Yoon, D.; Kim, Y.H.; Jung, H.S.; Paik, S.; Lee, J.W. Importance of Sox2 in maintenance of cell proliferation and multipotency of mesenchymal stem cells in low-density culture. Cell Prolif. 2011, 44, 428–440. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bylund, M.; Andersson, E.; Novitch, B.; Muhr, J. Vertebrate neurogenesis is counteracted by Sox1–3 activity. Nat. Neurosci. 2003, 6, 1162–1168. [Google Scholar] [CrossRef] [Scilit]

	



Graham, V.; Khudyakov, J.; Ellis, P.; Pevny, L. SOX2 functions to maintain neural progenitor identity. Neuron 2003, 39, 749–765. [Google Scholar] [CrossRef] [Scilit]

	



Bani-Yaghoub, M.; Tremblay, R.G.; Lei, J.X.; Zhang, D.; Zurakowski, B.; Sandhu, J.K.; Smith, B.; Ribecco-Lutkiewicz, M.; Kennedy, J.; Walker, P.R.; et al. Role of Sox2 in the development of the mouse neocortex. Dev. Biol. 2006, 295, 52–66. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Miyagi, S.; Masui, S.; Niwa, H.; Saito, T.; Shimazaki, T.; Okano, H.; Nishimoto, M.; Muramatsu, M.; Iwama, A.; Okuda, A. Consequence of the loss of Sox2 in the developing brain of the mouse. FEBS Lett. 2008, 582, 2811–2815. [Google Scholar] [CrossRef] [Scilit]

	



Wegner, M. SOX after SOX: SOX expression regulates neurogenesis. Genes Dev. 2011, 25, 2423–2428. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jaenisch, R.; Young, R. Stem cells, the molecular circuitry of pluripotency and nuclear reprogramming. Cell 2008, 132, 567–582. [Google Scholar] [CrossRef] [Scilit]

	



Lin, G.; Garcia, M.; Ning, H.; Banie, L.; Guo, Y.-L.; Lue, T.F.; Lin, C.-S.; Ramakrishnan, V.M.; Boyd, N.L.; Brett, E.; et al. Defining stem and progenitor cells within adipose tissue. Stem. Cells Dev. 2008, 17, 1053–1063. [Google Scholar] [CrossRef] [Scilit]

	



Pozzobon, M.; Piccoli, M.; Ditadi, A.; Bollini, S.; Destro, R.; André-Schmutz, I.; Masiero, L.; Lenzini, E.; Zanesco, L.; Petrelli, L.; et al. Mesenchymal stromal cells can be derived from bone marrow CD133+ cells: Implications for therapy. Stem Cells Dev. 2009, 18, 497–510. [Google Scholar] [CrossRef] [Scilit]

	



Kerkis, I.; Kerkis, A.; Dozortsev, D.; Stukart-Parsons, G.C.; Massironi, S.M.G.; Pereira, L.V.; Caplan, A.I.; Cerruti, H.F. Isolation and characterization of a population of immature dental pulp stem cells expressing OCT-4 and other embryonic stem cell markers. Cells Tissues Organs 2006, 184, 105–116. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kotoula, V.; Papamichos, S.I.; Lambropoulos, A.F. Revisiting OCT4 expression in peripheral blood mononuclear cells. Stem. Cells 2008, 26, 290–291. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Beltrami, A.P.; Cesselli, D.; Bergamin, N.; Marcon, P.; Rigo, S.; Puppato, E.; D’Aurizio, F.; Verardo, R.; Piazza, S.; Pignatelli, A.; et al. Multipotent cells can be generated in vitro from several adult human organs (heart, liver and bone marrow). Blood 2007, 110, 3438–3446. [Google Scholar] [CrossRef] [Scilit]

	



Taha, M.; Javeri, A.; Rohban, S.; Mowla, S. Upregulation of pluripotency markers in adipose tissue-derived stem cells by miR-302 and leukemia inhibitory factor. Biomed. Res. Int. 2014, 2014, 941486. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yoon, J.H.; Roh, E.Y.; Shin, S.; Jung, N.H.; Song, E.Y.; Chang, J.Y.; Kim, B.J.; Jeon, H.W. Comparison of explant-derived and enzymatic digestion-derived MSCs and the growth factors from Wharton’s jelly. Biomed. Res. Int. 2013, 2013, 428726. [Google Scholar] [CrossRef] [Scilit]

	



Liu, P.; Cai, J.; Dong, D.; Chen, Y.; Liu, X.; Wang, Y.; Zhou, Y. Effects of SOX2 on Proliferation, Migration and Adhesion of Human Dental Pulp Stem Cells. PLoS ONE 2015, 10, e0141346. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Borowska, H.; Klimek, P.; Cioch, M. Otrzymywanie obwodowych komórek krwiotwórczych oraz badanie ich żywotności w produkcie aferezy przed i po krioprezerwacji. Diagn. Lab. 2014, 50, 249–254. [Google Scholar]

	



Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocya-nate-phenol-chloroform extraction. Anal. Biochem. 1987, 162, 156–159. [Google Scholar] [CrossRef] [Scilit]

	



Livak, K.; Schmittgen, T. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [Scilit]








[image: Ijms 24 04186 g001] 





Figure 1. Exemplary cytogram presenting the content of CD34-positive cells in the graft material. 
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Figure 2. Histogram with three generations of PBSCs (emission peaks from CSFE dye bonded covalently to intracellular amines). 
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Figure 3. Mean and standard deviation values of LogRQ for the SOX2 gene and POU5F1 gene in peripheral blood stem cells prior to culture (day “0”) and on subsequent days of culture (3, 6 and 9 days). Explains: *** p < 0.001. 
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Table 1. The percentage content of CD34+ cells in the graft material obtained from 40 patients.
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Content of CD34-Positive Cells in the Leukapheresis Products (%)






	
Minimum

	
6.1




	
Maximum

	
13.35




	
Mean

	
7.03




	
Median

	
7.32




	
SD

	
3.3











 





Table 2. One-way ANOVA p-value for compared CD34+ PBSC groups for the analyzed targets (log RQ SOX2 and logRQ POU5F1).
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Gene

	
Group

	
p-Value (One-Way ANOVA; Unequal N HSD for Post-Hoc Tests)




	
PBSC

	
Cell Culture 3 Days

	
Cell Culture 6 Days

	
Cell Culture 9 Days






	
SOX2 (logRQ)

	
PBSC

	

	
0.0002 *

	
0.000 2*

	
0.0002 *




	
cell culture 3 days

	
0.0002 *

	

	
0.3354

	
0.3448




	
cell culture 6 days

	
0.0002 *

	
0.3354

	

	
0.9990




	
cell culture 9 days

	
0.0002 *

	
0.3448

	
0.9990

	




	
POU5F1 (logRQ)

	
PBSC

	

	
0.0002 *

	
0.0002 *

	
0.0002 *




	
cell culture 3 days

	
0.0002 *

	

	
0.3105

	
0.4467




	
cell culture 6 days

	
0.0002 *

	
0.3105

	

	
0.9839




	
cell culture 9 days

	
0.0002 *

	
0.4467

	
0.9839

	








* statistically significant differences in genes expression.
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