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Abstract. 
The most primitive germ cells in adult mammalian testis are the spermatogonial stem cells (SSCs) whereas primordial follicles (PFs) are considered the fundamental functional unit in ovary. However, this central dogma has recently been modified with the identification of a novel population of very small embryonic-like stem cells (VSELs) in the adult mammalian gonads. These stem cells are more primitive to SSCs and are also implicated during postnatal ovarian neo-oogenesis and primordial follicle assembly. VSELs are pluripotent in nature and characterized by nuclear Oct-4A, cell surface SSEA-4, and other pluripotent markers like Nanog, Sox2, and TERT. VSELs are considered to be the descendants of epiblast stem cells and possibly the primordial germ cells that persist into adulthood and undergo asymmetric cell division to replenish the gonadal germ cells throughout life. Elucidation of their role during infertility, endometrial repair, superovulation, and pathogenesis of various reproductive diseases like PCOS, endometriosis, cancer, and so on needs to be addressed. Hence, a detailed review of current understanding of VSEL biology is pertinent, which will hopefully open up new avenues for research to better understand various reproductive processes and cancers. It will also be relevant for future regenerative medicine, translational research, and clinical applications in human reproduction.


1. Introduction
Stem cells have the capacity to self-renew as well as give rise to differentiated progeny. They have generated a lot of interest amongst the general public as well as the scientific fraternity because of their potential for regenerative medicine. Although this field of research has been associated with a lot of hype, it definitely holds a lot of hope when applied to reproductive health. Considerable research has gone into the differentiation of embryonic stem cells [1, 2] and even induced pluripotent stem cells [3] to generate synthetic gametes. The idea of generating gametes in vitro has tremendous applications in treatment of infertility and understanding gametogenesis and also as a source of gametes for therapeutic cloning and regenerative medicine. However, although male gametes generated from mouse embryonic stem cells in vitro resulted in the birth of pups, most of them suffered epigenetic defects [4]. Similar issues may surface when stem cells isolated from ovaries of reproductive age women [5] are used to generate oocytes. It appears to be a major shortcoming and one wonders if this research will find translation in the clinics. Other applications of stem cells in the field of reproductive health have also been reviewed including the treatment of reproductive diseases [6].
Recently few groups have succeeded in deriving pluripotent ES-like cultures using adult testicular biopsies of mice [7–9] and humans [10–13]. These pluripotent stem cells are autologous, embryo-free, patient-specific, and potentially safe for regenerative medicine with no associated sensitive ethical issues as compared to embryonic stem cells. Emerging literature suggests that it may be possible to derive similar ES-like cultures from ovarian tissues of mice [14], humans [15, 16], and other higher mammalian species including rabbits, monkeys, and sheep [17].  Zou et al. [18] successfully cultured female germline stem cells derived from both neonatal and adult ovary for several months in vitro, which when transplanted in busulfan treated mice led to the birth of normal pups. This demonstrated supremacy of the gonadal stem cells differentiated by the in vivo cues over in vitro manipulated ES cells to generate synthetic gametes. White et al. [5] recently showed that DDX4 expressing cells isolated from adult mouse and reproductive age women can be used to generate oocytes in vitro as well as in vivo after xenotransplantation in immunodeficient mice.
It was postulated that spermatogonial stem cells (SSCs) undergo dedifferentiation and result in ES-like colonies in vitro [13], but recent studies from our group demonstrated the presence of pluripotent, very small embryonic-like stem cells (VSELs) with high nucleocytoplasmic ratio and nuclear Oct-4 in adult human testis [19] and ovary for the first time [17]. We propose that rather than dedifferentiation of SSCs as earlier postulated, it may be possible that the VSELs per se expand to give rise to ES-like colonies in vitro [20]. Their presence in few numbers in adult gonadal tissue biopsies may explain the poor success of ES-like colonies derivation in vitro from gonadal tissue biopsy. 
VSELs are the primordial germ cells that migrate into the gonadal ridge during early embryonic development and persist into adulthood, as also suggested by deFelici [21]. However, there is a disparity in the size of migrating PGCs (15–20 um) and VSELs (1–3 um); thus, more studies are needed to better understand whether the VSELs are similar or more primitive to PGCs. According to the existing school of thought, PGCs may give rise to pluripotent stem cells in vitro but they do not behave as stem cells in vivo, and later on during fetal development the true stem cell population of SSCs appears in the testis that divides throughout life giving rise to waves of spermatogenesis [22]. Similarly, Byskov et al. 2011 [23] have also suggested that ovary may have cells with stem-like characteristics which may be provoked to enter differentiation pathway into oocytes, at least in vitro. As evident a lot of misperception exists on our basic understanding of gonadal stem cells. 
An introduction to gonadal stem cells, namely, VSELs and their possible role during premeiotic expansion of germ cells during gametogenesis and their relevance to reproductive and cancer biology are the focus of the present paper. In conclusion, we will summarize the possible translational applications of this emerging and exciting field of research. 
2. Very Small Embryonic-Like Stem Cells (VSELs) 
Pluripotent VSELs (Oct4+, SSEA1+, Sca1+, Lin−, CD45−) were first reported by Ratajczak and group in adult mice tissues [24, 25], the highest numbers being in brain, kidneys, muscles, pancreas, and bone marrow [26]. These are diploid cells with high telomerase activity, express other pluripotent (Rex-1, Nanog, SSEA, and Klf-4) and germ cell (Mvh, Stella, Fragilis, Nobox and Hdac-6) markers, and decrease in numbers with age [27]. Like embryonic stem cells, they do not express MHC class I and HLA-DR antigens and are also negative for mesenchymal stem cell markers like CD90−, CD105−, and CD29−.  They are very small in size (3–5 um) and have a large nucleocytoplasmic ratio, large nuclei with abundant euchromatin, and an open chromatin structure for Oct-4 and Nanog promoter [28]. Oct-4 expression at mRNA and protein level in VSELs has been confirmed using sequence specific primers. VSELs have the ability to differentiate into three germ layers in vitro; however, unlike ES cells, VSELs neither complement during blastocyst development nor form teratomas in immunodeficient mice [29]. Attempts have been made to propagate them on feeder layers, but they do not self-renew as easily as the established embryonic stem cell lines possibly do because of altered methylation status of some developmentally crucial genes. Similarly VSELs have also been isolated from human umbilical cord blood, mobilized peripheral blood, and adult bone marrow by flow cytometry as CD133+, lin−, CD45− [30] and also by the differential centrifugation method [31, 32]. 
VSELs are descendants of epiblast stage pluripotent stem cells. They get deposited in various body organs including the gonads in early stages of development, as a quiescent stem cell population which possibly serves as a back up to the tissue committed stem cells (TCSCs). These two populations of stem cells (VSELs and TCSCs) together are responsible in bringing about tissue renewal, homeostasis, and regeneration after injury throughout life and decrease in number with age. The coexistence of two stem cell populations (the more primitive being quiescent and the progenitor being more rapidly dividing) has been recently proposed by Li and Clevers [33]. VSELs are the DNA label-retaining (e.g., BrdU), quiescent stem cells with a lower metabolic state whereas the tissue committed stem cells divide actively and do not retain DNA label over time. They are highly mobile, respond to the SDF-1 gradient, and enter into circulation in case of any injury to bring about regeneration and homeostasis. They are also considered as a missing link to support the germline hypothesis of cancer development [34, 35]. The clinical potential of VSELs, isolated from cord blood or bone marrow by flow cytometry, is just beginning to emerge. In various disease models like myocardial infarct [36, 37], stroke [38], skin burn injury [39], neural regeneration [40], and so forth, these cells get mobilized into circulation within 24 hours. For myocardial regeneration, the VSELs are very efficient to improve LV ejection fraction and attenuation of myocardial hypertrophy [37]. As they become scarce with age, regeneration becomes inefficient resulting in age-related disease manifestations.
3. Localization of VSELs in Mammalian Gonads
Our group has demonstrated the presence of VSELs for the first time in their natural somatic niche in situ in adult testicular and ovarian tissue collected from prostate cancer patients and perimenopausal women, respectively. These VSELs were localized in the basal layer of cells adjacent to the basement membrane in seminiferous tubules [19] and were found interspersed with the ovarian surface epithelial cells [17]. Similarly VSELs have also been observed in adult mice gonads [20], whereas the ovarian VSELs have been detected in scraped ovarian surface epithelium in rabbits, sheep, and monkey [17] and also in mouse ovary [41] by our group. Thus, the presence of VSELs in gonadal tissue appears to be evolutionarily conserved.
3.1. Oct-4 as a Pluripotent Marker to Study VSELs
Oct-4, also designated as Oct-3 or POU5F1, is present as a maternal transcript in mature oocytes and besides being the gatekeeper in the beginnings of mammalian development [42] and pluripotency of inner cell mass in blastocysts, it is also a cell fate instructor through gene dosage effect [43] and is essential for primordial germ cell survival [44]. Oct-
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 expression has also been associated with germ cell tumors and gonadoblastoma. Oct-4 gene is located on chromosome 6 and has five exons. It encodes two main variants by alternative splicing, namely, Oct-4A and Oct-4B which differ from each other in that exon 1 is present only in Oct-4A. The two transcripts give rise to 360 aa and 265 aa, respectively, of  which 225 aa of C-terminal are identical. In contrast to Oct-4A, Oct-4B is not responsible for pluripotency [45].  
Published literature on Oct-4 in somatic stem cells has confused stem cell researchers [46–48] because of the presence of several pseudogenes and alternatively spliced transcripts [46, 49]. Thus, a careful designing of primers for RT-PCR analysis and proper selection of antibodies becomes essential to detect specific transcripts. Also, a careful selection of Oct-4 antibodies is essential to detect pluripotent stem cells [47]. We used a polyclonal Oct-4 antibody that enabled the simultaneous identification of VSELs with nuclear Oct-4 and tissue committed stem cells, namely, SSCs and OGSCs with cytoplasmic Oct-4. In addition, careful selection of primers for Oct-4A and total Oct-4 for Q-PCR studies has helped us generate interesting results [17, 19, 20, 41].
Presence of Oct-4 positive VSELs in adult gonads and other body tissues contradicts the earlier views proposed by Jaenisch’s group [50, 51] that an active pluripotency Oct-4 network exists only in embryonic and induced pluripotent stem cells. No abnormalities in homeostasis or regeneration were observed by them even after silencing Oct-4 gene in various tissues like intestine, bone marrow, hair follicle, liver, CNS, and so forth in 8-week-old mice. On the basis of the results, they proposed that Oct-4 is dispensable for functions of somatic cells. Berg and Goodell [52] authored a commentary on their work and had speculated that it may be possible for stem cells that were not directly tested in the experiments to have brought about the regeneration. In agreement with their view, it is felt that the regeneration may have occurred by the VSELs which get mobilized from the bone marrow into the circulation, in response to the injury. Thus, although the tissue specific Oct-4 was deleted, normal regeneration and homeostasis were observed in the young 8–10-week-old mice. It would be interesting to carry out similar studies in old mice (>12–14 months) having probably reduced number of VSELs and to observe whether regeneration occurs or not. 
Indeed presence of VSELs have confused biologists in several other instances as well; for example, Tilly’s group [53] and Nayernia et al. [4] concluded that bone marrow could be a possible source of female and male germ cells, respectively—leading to a flurry of scientific debate in the literature. Similarly, cells with early cardiac markers have been reported to be present in the bone marrow [54]. All these results are easily explained on basis of VSELs which are pluripotent stem cells and can differentiate into any kind of differentiated progeny depending on the body’s need. 
3.2. VSELs in Adult Testicular Tissue
We have documented that an adult testis harbors a novel population of pluripotent VSELs (with nuclear Oct-4A) which are more primitive to Adark SSCs (with cytoplasmic Oct-4B).  The VSELs possibly give rise to Adark SSCs which in turn undergo clonal expansion as evident by the presence of cytoplasmic bridges between the rapidly dividing cells [19]. Oct-4 is not immuno-localized in more differentiated male germ cells.
The characteristic dark stained nuclei in Adark SSCs is easily explained on the basis of stem cell biology. VSELs have abundant open euchromatin and the differentiated cells that arise by asymmetric cell division undergo extensive reprogramming and compaction of chromatin (by DNA methylation) which may result in a dark nuclear appearance, a characteristic of the Adark SSCs [19]. Chromatin compaction occurs by DNA methylation wherein cytosine gets methylated and enables DNA to maintain similar sequence but genes get silenced or activated. This process can be studied using a simple immunolocalization procedure. More direct evidence and multicolor colocalization studies need to be carried out to prove this hypothesis but the preliminary immunolocalization study carried out using monoclonal 5-methyl cytosine antibody (source: Calbiochem, Merck, Millipore) has yielded interesting results (Figure 1(a)). Staining was predominantly observed in Adark SSCs indicating on extensive nuclear reprogramming in the progenitor stem cells which arise by asymmetric cell division from the pluripotent VSELs (with abundant euchromatin).


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
	
	
	
	
	
	
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
	

Figure 1: Immunolocalization of 5-methyl cytosine on adult human testicular section and peri-menopausal ovary surface epithelium smear (using standard protocol published earlier, [55]).  Note dense sta