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Abstract

:

A now large body of evidence supports the existence of mitotically active germ cells in postnatal ovaries of diverse mammalian species, including humans. This opens the possibility that adult stem cells naturally committed to a germline fate could be leveraged for the production of female gametes outside of the body. The functional properties of these cells, referred to as female germline or oogonial stem cells (OSCs), in ovaries of women have recently been tested in various ways, including a very recent investigation of the differentiation capacity of human OSCs at a single cell level. The exciting insights gained from these experiments, coupled with other data derived from intraovarian transplantation and genetic tracing analyses in animal models that have established the capacity of OSCs to generate healthy eggs, embryos and offspring, should drive constructive discussions in this relatively new field to further exploring the value of these cells to the study, and potential management, of human female fertility. Here, we provide a brief history of the discovery and characterization of OSCs in mammals, as well as of the in-vivo significance of postnatal oogenesis to adult ovarian function. We then highlight several key observations made recently on the biology of OSCs, and integrate this information into a broader discussion of the potential value and limitations of these adult stem cells to achieving a greater understanding of human female gametogenesis in vivo and in vitro.
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1. Introduction: A Brief History of Postnatal Oogenesis in Mammals


Before the 1950s, the question of whether mammalian females could generate new oocytes during adulthood had been constructively debated for years, with evidence in favor of and against the concept of postnatal oogenesis mired in some degree of confusion. For example, in 1945 Everett noted that “morphological studies relating to the origin and differentiation of the definitive germ cells in vertebrates have … resulted in conflicting views. In many instances two or more competent investigators who have studied the same form have reached different conclusions” [1]. One of the earliest reports on this subject was published in the late 1800s by Wilhelm von Waldeyer-Hartz, a German anatomist who hypothesized based on histological surveys that no additional oocytes were produced in the ovaries after the perinatal period [2]. Although subsequent studies in the early 1900s generated evidence that countered this belief [3,4,5,6,7,8,9,10], the prevailing view in the field remained mostly in alignment with Waldeyer’s earlier opinion. After more than 5 decades of scientific inquiry and discussion, this debate came to an abrupt halt in 1951, when Zuckerman concluded from his review of the scientific literature at the time that oocyte formation does, in fact, irreversibly cease by the time of birth [11].



While never deviating from this opinion [12], Zuckerman later clarified that in stating this conclusion he meant “no more than none of our experimental or observational findings [at that time] is inconsistent with the hypothesis first stated by Waldeyer” [13]. However, Zuckerman may have approached the controversy with a pre-conceived opinion of how the debate should be settled. Specifically, in discussing earlier work by Allen [5], Zuckerman stated that this study held the “distinction to be the first to make a serious dent in what Pearl and Schoppe [14] correctly described as the ‘basic biological doctrine that during the life of the individual there neither is nor can be any increase in the number of primary oocytes beyond those originally laid down when the ovary was formed” (bold typeface added by the authors for emphasis, reference citation added by the authors) [11]. A few studies continued to sporadically surface over the next 10 years that reported experimental findings discordant with Zuckerman’s conclusion [15,16,17], but history shows that the opinion of Zuckerman rapidly became cemented in the field as fact. In turn, studies contrary to this belief were, if one carefully evaluates the literature at the time, largely ignored. Unfortunately, a fundamental question was apparently never posed. Why was a ‘dogma’ so critically important to the field of reproductive biology based solely on Zuckerman’s opinion that none of the data he considered at the time were inconsistent with Waldeyer’s initial hypothesis [2], rather than on direct experimental findings proving that adult mammalian females are incapable of oogenesis? Using Zuckerman’s reasoning [11], the dogma of a fixed pool of oocytes being set forth at birth would be invalidated simply by scientific evidence inconsistent with the idea that this population of germ cells is not subject to renewal in postnatal life. As discussed above, such evidence clearly existed [3,4,5,6,7,8,9,10,15,16,17], but was still discounted.




2. Germline Stem Cells in Adult Female Flies—So, Why Not Female Mammals?


The occurrence of oogenesis in ovaries of adult fruit flies (Drosophila melanogaster) was described in the mid-1950s [18], which followed on the heels of Zuckerman’s opinion piece [11] but was nonetheless widely accepted, probably because the work employed an insect model system. The subsequent identification of female germline stem cells (GSCs) as the source of new oocytes in adult fly ovaries ignited considerable interest in the model for detailed genetic studies of developmental and stem cell biology [19,20,21]; however, the relevance of this work to mammalian female reproduction was generally considered minimal at best. By comparison, a strong and consistent parallel was drawn between the role of GSCs in supporting spermatogenesis in the testes of adult males throughout evolution, without any questions raised about the central importance of stem cells to male gametogenesis from flies to humans [22,23,24,25,26]. To make the case that, during evolution, males of only mammalian species would move towards endowment of a set population of spermatozoa in their testes at birth, rather than continue to produce a new complement of sperm every day as their ‘less-evolved’ counterparts have done for thousands of years, would have most likely been ridiculed. However, even with the knowledge that active oogenesis occurs in adult ovaries of not just insects [27,28,29] but of vertebrates as well [14,30,31,32,33,34,35], many scientists in the field of reproduction remained entrenched in the belief that female mammals somehow diverged from ‘lower’ species to become incapable of generating new oocytes after birth. In hindsight, the premise that evolutionary pressure drove deviation of female gamete production in mammals away from a renewable resource model, which serves to maximize the chances of species survival due to the constant availability of ‘fresh’ gametes for reproduction, to one characterized by endowment of a fixed population of gametes at birth makes very little sense [36].



In 2004, a study was published using mice as a model system, which offered several different lines of experimental findings inconsistent with the opinion of Zuckerman [11] that mammalian females are incapable of postnatal oogenesis and folliculogenesis [37]. Not surprisingly, this report ignited a new round of debate over the concept of postnatal oogenesis in mammals. Evidence in support of the idea that adult female mice contain mitotically-active, oocyte-forming germ cells—which were later termed oogonial stem cells (OSCs) because of their functional similarity to spermatogonial stem cells (SSCs) in males, was cautiously viewed by some as a major advancement in the field of reproductive sciences [38], while others outright dismissed the work ([39]; see also [40]). The intensity of the debate was raised further by a second study on neo-oogenesis in mice published in 2005 [41], prompting a new round of opinion pieces on the matter [42,43] and follow-up investigations with comparable results but conflicting conclusions [44,45,46,47]. Additional experimental studies reporting observations both for [48,49] and against ([50]; see also [51]) the possibility of postnatal oogenesis in mammals were published over the next few years, along with several new opinion pieces as each side of the debate took stronger positions on the validity of their views [52]. The tone of the debate changed dramatically, however, in 2009 when primitive germ cells, capable of both ex vivo expansion (mitotically competent) and in vivo differentiation into functional eggs (meiotically competent) that give rise to viable offspring following intraovarian transplantation into recipient female mice, were isolated from postnatal mouse ovaries [53]. These findings, viewed by many as a major stepping stone in the history of OSC research, prompted some skeptics of the earlier work to reconsider their views [54,55,56]; however, others continued to voice serious doubts, if not complete disbelief, over the validity of these studies ([57,58,59]; see also [60]).



Nonetheless, against a backdrop of continued debate and scattered reports claiming from negative data to refute the existence of OSCs and the ability of adult mouse ovaries to generate new oocytes ([61,62,63,64,65]; see also [66,67,68,69]), studies of OSCs in rodent models continued to populate the scientific literature, with nearly 30 published primary studies now available reporting on the characteristic features and functional properties of these cells in the context of postnatal oogenesis in mice and rats [37,41,49,53,66,67,68,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92]. These efforts have recently been paralleled by similar studies of OSCs in adult ovaries of cows [93,94], non-human primates [64,69] and pigs [95,96], underscoring the evolutionary conservation of the findings across diverse mammalian species. Importantly, the use of intragonadal transplantation-based approaches to establish the functional capacity of rodent OSCs to generate eggs that fertilize to produce embryos and offspring [53,67,72,73,78,80,84,85] was recently extended by inducible suicide gene-based targeted ablation and inducible genetic fate-mapping studies in mice [81,84]. Among other things, these lines of investigation demonstrated that new oocytes are formed in the ovaries during adult life [81,84], and that some of these newly-formed oocytes contribute directly to the pool of eggs used for natural reproduction [84]. It is worth mentioning that these types of genetic approaches to document the physiological relevance of postnatal gametogenesis in female mammals are still lacking in adult males. This seems counter to the beliefs of some scientists that the published data are not rigorous enough to firmly establish the significance of de novo oogenesis to adult ovarian function and natural female fertility under normal physiological conditions (Figure 1).




3. Discovery and Characterization of Human OSCs


Arguably, aside from the 2004 study of Johnson et al. that initially prompted a re-thinking of Zuckerman’s five-decade-old dogma [37], along with the subsequent demonstration that purified OSCs can generate functional eggs in vivo [53], the most significant advancement in this field came with the successful purification of a rare population of cells from ovarian cortical tissue of reproductive-age women that possessed the same fundamental germline characteristics and oocyte-forming features ascribed to the cells identified as OSCs in rodents [73]. The outcomes of this study, which have since been independently verified by studies of human OSCs from three other laboratories ([97,98,99]; see also [93,100,101]) and extended by early clinical studies of human OSCs with women undergoing assisted reproduction ([102,103]; reviewed in [104]), opened the novel prospect of applying the principles of stem cell-based regenerative medicine to the management of human female infertility and ovarian failure [105,106,107,108]. Although detailed discussions of the biology and potential clinical uses of human OSCs are beyond the scope of this article, we will briefly highlight several key observations made from work with human OSCs over the past several years that underscore the central features of these cells.



We will begin with the method employed to obtain OSCs from ovarian cortical tissue of both pre- and post-menopausal women [73,97,98,99,101]. The underlying approach relies on the use of an antibody against the C-terminus of the germ cell protein, DEAD-box polypeptide 4 (DDX4) [109,110,111], to identify and purify those cells with externalized (extracellular) exposure of this specific domain of the protein by fluorescence-activated cell sorting (FACS) or magnetic-assisted cell sorting (MACS) [53,68,73,112]. The cells obtained from human ovarian tissue by this method exhibit many characteristic germline features that closely align with OSCs isolated from adult mouse ovaries. Furthermore, the DDX4 antibody-based sorting approach has been successfully utilized by four different groups to obtain OSCs from adult human ovarian tissue, all of which have consistently reported the isolation of a rare population of viable germ cells, expressing an externalized epitope of DDX4, which could be expanded and studied in vitro [73,97,98,99,101]. We feel this is important to emphasize since the use of C-terminal-directed DDX4 antibodies to isolate OSCs has been questioned by some because of the widespread belief that DDX4 is a cytoplasmic protein in all germ cells ([64,65]; see also [69]).



Unfortunately, the basis of this belief is rooted in studies conducted many years before OSCs had been identified [109,110,111], and thus this specific type of primitive female germ cell was not yet known to exist, much less be available for inclusion in these early analyses. Coupled to this issue is potential confusion over what exactly ‘DDX4-positive’ means in the context of OSC isolation, since all germ cells are arguably DDX4-positive. We have proposed in prior studies that the terminology be modified to refer to OSCs isolated by MACS or FACS using this approach as extracellular DDX4 (ecDDX4)-positive [66]. This acronym (viz. ecDDX4-positive) would distinguish these cells from all other types of germ cells, including oocytes, in which DDX4 is expressed (DDX4-positive) but retained completely within the cytoplasm and, thus, the protein would not be identified in live (non-permeabilized) cell sorting platforms by C-terminal DDX4 antibodies [73]. Building on extensive validation work to establish the fidelity of this approach to purify OSCs [68,73,112], including computational modeling [53,68], immuno-microbead technologies [73], dual-antigen/single-protein FACS [73] and mass spectrometry [69], Clarkson et al. [98] recently verified once again the presence of externalized DDX4 on human OSCs using FACS coupled to a well-established stem cell marker, aldehyde dehydrogenase (ALDH1) activity. Moreover, the inclusion of ALDH1 activity as a secondary endpoint revealed the existence of subpopulations of ecDDX4-positive cells in adult human ovaries that differ based on relative levels of ALDH1 activity [98]. Although the significance of this is not yet entirely clear, it should encourage further work to determine if OSCs isolated based on ecDDX4 expression vary in their degree of ‘stemness’, like that reported for hematopoietic stem cell heterogeneity in bone marrow [113]. Irrespective, three groups have independently reported that human OSCs, when allowed to interact with ovarian somatic cells, are capable for forming immature oocytes that generate follicles in adult human ovarian tissue xenografts [73,97] or follicle-like structures in fetal human ovarian tissue re-aggregates [98].



Another interesting property of human OSCs reported across studies is the capacity of these cells, when cultured in vitro as actively-dividing germ cells, to spontaneously differentiate into large ovoid cells that express markers of meiotic progression (SYCP3, synaptonemal complex protein 3) and of oocytes (GDF-9, growth differentiation factor-9). While this characteristic feature of cultured OSCs has previously been studied in detail [73] (Figure 2), and utilized as an informative bioanalytical endpoint for studies of adult female gametogenesis in mouse models [75,84] and in comparative studies of murine versus human OSCs [114], Silvestris et al. [99] recently took this observation one step further using fluorescence in situ hybridization (FISH) and single cell analysis to document meiotic progression in the oocyte-like cells, or in-vitro—derived (IVD) oocytes, formed by human OSCs in culture. An indisputable feature of germ cells progressing through meiosis is an initial replication of chromosomes in the diploid precursor cells during interphase, with identical sister chromatids held together by centromeres. At prophase-I, each chromosome has paired with its corresponding homologous chromosome to form a tetrad, with four chromatids contained in each tetrad. Immature oocytes remain arrested at this stage of meiosis-I until progression is signaled to resume in mature follicles following the luteinizing hormone surge in reproductive-age females. By the time the egg has been ovulated, it has completed meiosis-I and become arrested once again during metaphase of meiosis-II, having extruded the first polar body. The second polar body is then extruded at syngamy, leading to completion of meiosis-II in the fertilized egg and the subsequent formation of a diploid zygote following fusion of the male and female pronuclei [115].



It is widely believed that this entire process of female gamete maturation in vivo is choreographed by the follicular granulosa cells surrounding each oocyte. Without the influence of their appropriate somatic cell partners (viz. granulosa and granulosa-cumulus cells), meiotic progression in oocytes continues unabated, bypassing key arrest checkpoints [115]. This is important to highlight when evaluating the ability of OSCs to produce IVD oocytes in culture, since the cells are maintained in the absence of granulosa cells and, thus, are not subject to the meiotic ‘brakes’ normally applied to in-vivo—maturing oocytes [68,73,84,89,97,99]. By tracking chromosomal content through FACS analysis [116], White et al. [73] reported the first evidence that mouse and human OSCs, when cultured in vitro, generate a rare population of haploid (1n) cells. These data were supported by parallel findings of punctate localization of the meiosis-specific DNA recombinase, dosage suppressor of mck1 homolog (DMC1), and the meiotic recombination protein, SYCP3, in nuclei of cells in human OSC cultures, as well as extensive gene profiling-based characterization of IVD oocytes to confirm expression of a spectrum of classic oocyte markers [73] (Figure 2). Silvestris et al. [99] significantly extended these prior results by FISH-based assessment of chromosomes X and 5 in single cells isolated based on size differences from human OSCs maintained in vitro. As expected, two distinct signals were observed for each chromosome in the ‘small’ cells or proliferative OSCs, consistent with these cells having a diploid status; however, the ‘large’ oocyte-like cells exhibited a single signal for each chromosome, indicative of these cells having reached formal haploid status [99].



We feel these latter findings are important to highlight for two principal reasons, the first being verification that, using a universally-accepted technology for assessing chromosomal numbers in cells, human OSCs are indeed capable of completing meiosis to produce haploid female germ cells [99]. The second is related to the utility of human OSCs in culture to serve as a bioassay or screening platform for identification of factors that drive human oocyte formation [107,114]. Since this approach has already proven successful in rodent OSC models [75], with predictive value for in vivo oogenesis [84], this may be of great service to the design and optimization of technology platforms directed at the generation of human eggs from stem cells in vitro (see concluding section below for further discussions).




4. ‘Artificial’ Eggs in a Dish from Pluripotent Stem Cells


The aforementioned studies of human OSCs [73,97,98,99,101] also have immediate bearing on recent efforts to reconstitute the process of mammalian female gametogenesis, from primordial germ cells (PGCs) to fertilization-competent eggs, entirely ex vivo using pluripotent stem cells as starting material. This goal has recently been achieved with mouse embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) [117,118], albeit independent replication of the findings, which originally date back to 2012 [117], is still absent from the literature. Nevertheless, strides have been made in establishing a similar ability of human ESCs and iPSCs to generate PGC-like cells (PGC-LCs) in vitro [119,120], which can then be coaxed into immature oocyte-like cells that form follicle-like structures in vitro [101,121]. These observations, combined with advancements in the generation of human metaphase-II oocytes in vitro through improved follicle culture strategies [122], suggest that methods for the ex vivo production of human eggs are perhaps no longer in the realm of science fiction [123,124]. Notably, replacement of ESCs and iPSCs with OSCs in these types of studies may have several advantages. The first is that, unlike ESCs and iPSCs, OSCs are unipotent and wired from the start as a germ lineage, and therefore these cells require no directed differentiation or genetic manipulation to achieve a germline identity that is capable of oogenesis. Secondly, the specification of PGC-LCs from ESCs or iPSCs may fail to account for the importance of the germline mitochondrial DNA (mtDNA) bottleneck in ensuring maternal passage of ‘clean’ mtDNA generation after generation [125,126]. Indeed, reprogramming somatic cells that have accumulated years of mtDNA mutations and damage before conversion to iPSCs to reconstitute the female germ lineage for fertility reasons in women, if even feasible at some point in the future, could have disastrous consequences from a mtDNA inheritance perspective [127].



Before closing this discussion on the general topic of stem cells and oogenesis, it also is worth mentioning a commentary from Bhartiya et al. [128] regarding human OSCs, which voices the opinion that OSCs are more differentiated progenitor cells that initially arise from a pluripotent stem cell population referred to as very small embryonic-like (VSEL) stem cells originally identified in bone marrow by the Ratajczak laboratory over 10 years ago [129]. Although the existence of VSEL stem cells, like OSCs, has been questioned by some scientists [130,131], other groups have verified the presence of VSEL stem cells in adult tissues as well as the multi-potential nature of these cells in vivo and in vitro [132,133]. In 2008, Virant-Klun et al. [134] reported the presence of cells in the ovarian surface epithelium of post-menopausal women that possessed features of stem-like cells after in vitro cultivation. A population of cells with ESC-like properties was subsequently isolated from adult mouse ovaries [135], although these cells failed to exhibit the oogenic properties of isolated OSCs. A year later, VSEL stem cells were identified in adult mouse ovaries [136], eventually leading to a speculative proposal that VSEL cells are developmentally linked, and give rise, to OSCs [137]. It has been further proposed that both populations of cells express functional follicle-stimulating hormone (FSH) receptors [128,138], although OSCs were not actually isolated in the original study for direct comparative analysis of FSH receptor expression with VSEL stem cells. A similar claim that VSEL stem cells give rise to SSCs in the testis has also been put forth [139]. Unfortunately, direct experimental evidence establishing these hypothetical links of VSEL stem cells to either OSCs or SSCs is lacking, as is evidence from simple transplantation-based approaches used for functional characterization studies of SSCs [140,141,142] and OSCs [53,67,72,73,78,80,84,85] that VSEL stem cells can produce oocytes, embryos and offspring. Although future studies of VSEL stem cells may eventually provide such information, a key issue pertinent to the work of those labs presently studying human OSCs [73,97,98,99,101] is that the fundamental purification strategy used to isolate OSCs, which is based on cell surface exposure of the C-terminus of DDX4 [53,68,73,112], does not simultaneously isolate VSEL stem cells (Figure 3). Hence, the spectrum of downstream endpoints reported by many groups now working with purified OSCs reflect the characteristic features of specifically OSCs and not, as suggested by Bhartiya et al. [128], the properties of a mixed pool of OSCs and VSEL stem cells in culture.




5. Will Stem Cell-Derived Oocytes be of Future Value to Human Assisted Reproduction?


With multiple laboratories now confirming the existence and functional characteristics of OSCs in adult human ovaries [73,97,98,99,101], the most important question remains. Can these cells be utilized in some fashion to enhance, prolong or restore fertile potential in women? One possibility, which involves the use of patient-matched OSC mitochondria to invigorate eggs of women with a history of poor egg and embryo quality [102,103]—in a procedure termed autologous germline mitochondrial energy transfer (AUGMENT) [143,144], has recently been reviewed in detail elsewhere [104] and, thus, will not be addressed further here. A second obvious direction for this work, based on the guiding principles of regenerative medicine, involves development and testing of autologous transplantation-based approaches for prolongation or restoration of ovarian function. The in-vivo generation of new oocytes, capable of producing functional eggs, from transplanted OSCs has been conceptually validated by multiple independent groups using rodent models [53,67,72,73,78,80,84,85]. Moreover, preliminary findings from scientists at the National Institutes of Health indicate that comparable outcomes can be achieved with adult female non-human primates [145]. As important as these efforts are, we would like to focus our closing thoughts on what potentially could offer women faced with fertility challenges, due to insults or aging, unprecedented opportunities for having a genetically-matched child. This would arise from the development and use of OSC-based technologies designed to bioengineer reconstituted human ovarian tissue [101] for production of functional eggs from stem cells entirely ex vivo [105,106,107,108].



At a most basic level, three components would be needed for the development and testing of a platform to generate eggs from OSCs in vitro, and then evaluate the functional properties of eggs produced under these conditions. The first is a method to purify OSCs for introduction of a traceable reporter (e.g., green fluorescent protein, GFP); the second is a method to deliver GFP-expressing cells back into an environment that enables their differentiation into oocytes, which then form primordial follicles; the third is a method to grow primordial follicles to small antral stages so that the enclosed cumulus-oocyte complexes can be collected for in-vitro maturation (IVM) of the oocytes to produce metaphase-II eggs. Using adult human ovarian cortical tissue, we have recently established feasibility of the first two components [73], both of which have been independently verified [97]. However, the ability of OSC-derived human oocytes, enclosed within primordial and transitional-primary follicles, to complete maturation to the metaphase-II stage has not yet been shown. Nonetheless, past studies using bovine, non-human primate and human ovarian cortical tissues have reported successful in vitro growth of ‘endogenous’ primordial or primary (unilaminar) follicles to early antral stages, yielding oocytes for IVM [122,146,147,148,149]. Moreover, numerous clinical studies now exist that describe methods for IVM of human germinal vesicle-stage immature oocytes to mature eggs, which then fertilize to produce viable embryos for transfer [150,151,152,153,154,155,156,157]. If these published technologies can be effectively interwoven into a single sequential platform, such an approach should, at least theoretically, enable the generation of eggs from OSCs introduced into ovarian cortical strips or re-aggregated with dispersed ovarian tissue as a suitable microenvironment for growth and differentiation [107,108].



However, two key issues must be taken into consideration here. The first is the source of the ovarian cortical tissue to be used to ‘house’ the purified OSCs for differentiation. Clinically, the use of autologous tissue (viz. patient matched OSCs and ovarian tissue) would be optimal, although ovaries may become unsupportive of OSC differentiation and follicle formation with advancing age [84]. One potential way around this problem would be to specify undifferentiated or pre-granulosa cells from patient-matched iPSCs, analogous to what has been reported using mouse ESC models [158,159] and recently extended to human iPSCs [159], that could be aggregated with OSCs and other ovarian somatic cells to reconstitute autologous ovarian tissue ex vivo. Efforts to parallel these types of experiments with an animal model that does not have limited ovarian tissue availability, such as the bovine model in which OSCs have recently been identified ([93,94]; Woods DC and Tilly JL, unpublished) and primordial follicles have been grown to antral stages ex vivo [147], will probably prove invaluable for troubleshooting each step as the multiple strategies are brought together into a unified platform. Use of cow ovaries may also help address the second key issue, which is related to testing the competency of eggs generated from stem cells entirely outside of the body. While human eggs produced from OSCs in vitro, if established as feasible, can be comparatively evaluated with ‘endogenous’ eggs for various endpoints, such as metabolic profiles, –omics and parthenogenetic potential, bovine eggs produced by stem cell-based technologies could be assessed completely through fertilization, embryonic development and live-birth offspring. Although there is a long road ahead to realizing this type of technological advancement, which may seem like fantasy at present, we should not lose track of the fact that both postnatal oogenesis and reconstitution of the entire life cycle of the female germline in vitro in mammals were viewed as science fiction less than a decade or two ago. Time will tell if current science evolves into tomorrow’s practice [107], but the recent work with OSCs from multiple laboratories is exciting and, we feel, at the forefront of scientific discovery efforts in the field of human reproductive biology and assisted reproductive technologies.







Funding


Research studies conducted by the authors discussed herein were funded by grants from the United States National Institutes of Health (R01-AG012279; R21-HD072280) and the Glenn Foundation for Medical Research.




Acknowledgments


We thank OvaScience, Inc. for technical assistance with the time-lapse videography of human OSCs in culture used to produce the images shown in Figure 2A, and E. Shin, C. Faraci, J.A. MacDonald and D. Navaroli for technical assistance with preparation of Figure 3.




Conflicts of Interest


J.J.M. declares no competing interests. D.C.W. declares interest in intellectual property described in U.S. Patent 8,642,329, U.S. Patent 8,647,869 and U.S. Patent 9,150,830. J.L.T. declares interest in intellectual property described in U.S. Patent 7,195,775, U.S. Patent 7,850,984, U.S. Patent 7,955,846, U.S. Patent 8,642,329, U.S. Patent 8,647,869, U.S. Patent 8,652,840, U.S. Patent 9,150,830 and U.S. Patent 9,267,111.




References


	



Everett, N.B. The present status of the germ-cell problem in vertebrates. Biol. Rev. Camb. Philos. Soc. 1945, 20, 45–55. [Google Scholar] [CrossRef]

	



Waldeyer-Hartz, W. Eierstock und Ei; Engelmann: Leipzig, Germany, 1870. [Google Scholar]

	



Morris, M.A. Pregnancy following removal of both ovaries and tubes. Boston Med. Surg. J. 1901, 144, 86–87. [Google Scholar] [CrossRef]

	



Arai, H. On the postnatal development of the ovary (albino rat), with especial reference to the number of ova. Am. J. Anat. 1920, 27, 405–462. [Google Scholar] [CrossRef]

	



Allen, E. Ovogenesis during sexual maturity. Am. J. Anat. 1923, 31, 439–482. [Google Scholar] [CrossRef]

	



Davenport, C.B. Regeneration of ovaries in mice. J. Exp. Zool. 1925, 42, 1–12. [Google Scholar] [CrossRef]

	



Butcher, E.O. The origin of the definitive ova in the white rat (Mus norvegicus albinus). Anat. Rec. 1927, 37, 13–29. [Google Scholar] [CrossRef]

	



Parkes, A.S.; Fielding, U.; Brambell, W.R. Ovarian regeneration in the mouse after complete double ovariectomy. Proc. R. Soc. Lond. Ser. B 1927, 101, 328–354. [Google Scholar] [CrossRef]

	



Pallot, O. Apropos de la régénération ovarienne et des modifications périodiques de l’épithelium vaginal chez le rat blanc. Comp. Rend. Soc. Biol. 1928, 99, 1333–1334. [Google Scholar]

	



Schwarz, O.H.; Young, C.C., Jr.; Crouse, J.C. Ovogenesis in the adult human ovary. Am. J. Obstet. Gynecol. 1949, 58, 54–64. [Google Scholar] [CrossRef]

	



Zuckerman, S. The number of oocytes in the mature ovary. Rec. Prog. Horm. Res. 1951, 6, 63–108. [Google Scholar]

	



Franchi, L.L.; Mandl, A.M.; Zuckerman, S. The development of the ovary and the process of oogenesis. In The Ovary; Zuckerman, S., Ed.; Academic Press: New York, NY, USA, 1962; pp. 1–88. [Google Scholar]

	



Zuckerman, S. Beyond the Ivory Tower. The Frontiers of Public and Private Science; Taplinger: New York, NY, USA, 1971; pp. 22–34. [Google Scholar]

	



Pearl, R.; Schoppe, W.F. Studies on the physiology of reproduction in the domestic fowl. J. Exp. Zool. 1921, 34, 101–118. [Google Scholar] [CrossRef]

	



Pansky, B.; Mossman, H.W. The regenerative capacity of the rabbit ovary. Anat. Rec. 1953, 116, 19–40. [Google Scholar] [CrossRef] [PubMed]

	



Vermande-Van Eck, G.J. Neo-ovogenesis in the adult monkey. Consequences of atresia of ovocytes. Anat. Rec. 1956, 125, 207–224. [Google Scholar] [CrossRef] [PubMed]

	



Artem’eva, N.S. Regenerative capacity of the rat ovary after compensatory hypertrophy. Bull. Exp. Biol. Med. 1961, 51, 76–81. [Google Scholar] [CrossRef]

	



King, R.C.; Rubinson, A.C.; Smith, R.F. Oogenesis in adult Drosophila melanogaster. Growth 1956, 20, 121–157. [Google Scholar] [PubMed]

	



Lin, H.; Spradling, A.C. Germline stem cell division and egg chamber development in transplanted Drosophila germaria. Dev. Biol. 1993, 159, 142–152. [Google Scholar] [CrossRef] [PubMed]

	



Bhat, K.M.; Schedl, P. Establishment of stem cell identity in the Drosophila germline. Dev. Dyn. 1997, 210, 371–382. [Google Scholar] [CrossRef]

	



Deng, W.; Lin, H. Asymmetric germ cell division and oocyte determination during Drosophila oogenesis. Int. Rev. Cytol. 2001, 203, 93–138. [Google Scholar] [PubMed]

	



Schulze, C. Morphological characteristics of the spermatogonial stem cells in man. Cell Tissue Res. 1979, 198, 191–199. [Google Scholar] [CrossRef]

	



Lin, H. The stem-cell niche theory: Lessons from flies. Nat. Genet. 2002, 3, 931–940. [Google Scholar] [CrossRef]

	



Brinster, R.L. Male germline stem cells: From mice to men. Science 2007, 316, 404–405. [Google Scholar] [CrossRef] [PubMed]

	



Matunis, E.L.; Stine, R.R.; de Cuevas, M. Recent advances in Drosophila male germline stem cell biology. Spermatogenesis 2012, 2, 137–144. [Google Scholar] [CrossRef] [PubMed]

	



Greenspan, L.J.; de Cuevas, M.; Matunis, E. Genetics of gonadal stem cell renewal. Annu. Rev. Cell Dev. Biol. 2015, 31, 291–315. [Google Scholar] [CrossRef] [PubMed]

	



Kirilly, D.; Xie, T. The Drosophila ovary: An active stem cell community. Cell Res. 2007, 17, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, R.; Xuan, Y.; Li, X.; Xi, R. Age-related changes of germline stem cell activity, niche signaling activity and egg production in Drosophila. Aging Cell 2008, 7, 344–354. [Google Scholar] [CrossRef] [PubMed]

	



Tworzydlo, W.; Kloc, M.; Bilinski, S.M. Female germline stem cell niches of earwigs are structurally simple and different from those of Drosophila melanogaster. J. Morphol. 2010, 271, 634–640. [Google Scholar] [PubMed]

	



Underwood, J.L.; Hestand, R.S., III; Thompson, B.Z. Gonad regeneration in grass carp following bilateral gonadectomy. Prog. Fish-Cult. 1986, 48, 54–56. [Google Scholar] [CrossRef]

	



Kersten, C.A.; Krisfalusi, M.; Parsons, J.E.; Cloud, J.G. Gonadal regeneration in masculinized female or steroid-treated rainbow trout (Oncorhynchus mykiss). J. Exp. Zool. 2001, 290, 396–401. [Google Scholar] [CrossRef]

	



Draper, B.W.; McCallum, C.M.; Moens, C.B. nanos1 is required to maintain oocyte production in adult zebrafish. Dev. Biol. 2007, 305, 589–598. [Google Scholar] [CrossRef]

	



Nakamura, S.; Kobayashi, K.; Nishimura, T.; Higashijima, S.; Tanaka, M. Identification of germline stem cells in the ovary of the teleost medaka. Science 2010, 328, 1561–1563. [Google Scholar] [CrossRef]

	



Nakamura, S.; Kobayashi, K.; Nishimura, T.; Tanaka, M. Ovarian germline stem cells in the teleost fish, medaka (Oryzias latipes). Int. J. Biol. Sci. 2011, 7, 403–409. [Google Scholar] [CrossRef] [PubMed]

	



White, Y.A.R.; Woods, D.C.; Wood, A.W. A transgenic zebrafish model of targeted oocyte ablation and de novo oogenesis. Dev. Dyn. 2011, 240, 1929–1937. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Woods, D.C.; Tilly, J.L. An evolutionary perspective on adult female germline stem cell function from flies to humans. Semin. Reprod. Med. 2013, 31, 24–32. [Google Scholar] [PubMed]

	



Johnson, J.; Canning, J.; Kaneko, T.; Pru, J.K.; Tilly, J.L. Germline stem cells and follicular renewal in the postnatal mammalian ovary. Nature 2004, 428, 145–150. [Google Scholar] [CrossRef] [PubMed]

	



Bazer, F. Strong science challenges conventional wisdom: New perspectives on ovarian biology. Reprod. Biol. Endocrinol. 2004, 2, 28. [Google Scholar] [CrossRef] [PubMed]

	



Byskov, A.G.; Faddy, M.J.; Lemmen, J.G.; Andersen, C.Y. Eggs forever? Differentiation 2005, 73, 438–446. [Google Scholar] [CrossRef]

	



Skaznik-Wikiel, M.; Tilly, J.C.; Lee, H.-J.; Niikura, Y.; Kaneko-Tarui, T.; Johnson, J.; Tilly, J.L. Serious doubts over “Eggs Forever?”. Differentiation 2007, 75, 93–99. [Google Scholar] [CrossRef]

	



Johnson, J.; Bagley, J.; Skaznik-Wikiel, M.; Lee, H.-J.; Adams, G.B.; Niikura, Y.; Tschudy, K.S.; Tilly, J.C.; Cortes, M.L.; Forkert, R.; et al. Oocyte generation in adult mammalian ovaries by putative germ cells derived from bone marrow and peripheral blood. Cell 2005, 122, 303–315. [Google Scholar] [CrossRef]

	



Telfer, E.E.; Gosden, R.G.; Byskov, A.G.; Spears, N.; Albertini, D.; Andersen, C.Y.; Anderson, R.; Braw-Tal, R.; Clarke, H.; Gougeon, A.; et al. On regenerating the ovary and generating controversy. Cell 2005, 122, 821–822. [Google Scholar] [CrossRef]

	



Johnson, J.; Skaznik-Wikiel, M.; Lee, H.-J.; Niikura, Y.; Tilly, J.C.; Tilly, J.L. Setting the record straight on data supporting postnatal oogenesis in female mammals. Cell Cycle 2005, 4, 1471–1477. [Google Scholar]

	



Eggan, K.; Jurga, S.; Gosden, R.; Min, I.M.; Wagers, A. Ovulated oocytes in adult mice derive from non-circulating germ cells. Nature 2006, 441, 1109–1114. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.-J.; Selesniemi, K.; Niikura, Y.; Niikura, T.; Klein, R.; Dombkowski, D.M.; Tilly, J.L. Bone marrow transplantation generates immature oocytes and rescues long-term fertility in a preclinical mouse model of chemotherapy-induced premature ovarian failure. J. Clin. Oncol. 2007, 25, 3198–3204. [Google Scholar] [CrossRef]

	



Selesniemi, K.; Lee, H.-J.; Niikura, T.; Tilly, J.L. Young adult donor bone marrow infusions into female mice postpone age-related reproductive failure and improve offspring survival. Aging 2008, 1, 49–57. [Google Scholar] [CrossRef][Green Version]

	



Niikura, Y.; Niikura, T.; Wang, N.; Satirapod, C.; Tilly, J.L. Systemic signals in aged males exert potent rejuvenating effects on the ovarian follicle reserve in mammalian females. Aging 2010, 2, 999–1003. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kerr, J.B.; Duckett, R.; Myers, M.; Britt, K.L.; Mladenovska, T.; Findlay, J.K. Quantification of healthy follicles in the neonatal and adult mouse ovary: Evidence for maintenance of primordial follicle supply. Reproduction 2006, 132, 95–109. [Google Scholar] [CrossRef] [PubMed]

	



Niikura, Y.; Niikura, T.; Tilly, J.L. Aged mouse ovaries possess rare premeiotic germ cells that can generate oocytes following transplantation into a young host environment. Aging 2009, 1, 971–978. [Google Scholar] [CrossRef][Green Version]

	



Liu, Y.; Wu, C.; Lyu, Q.; Yang, D.; Albertini, D.F.; Keefe, D.L.; Liu, L. Germline stem cells and neo-oogenesis in the adult human ovary. Dev. Biol. 2007, 306, 112–120. [Google Scholar] [CrossRef][Green Version]

	



Tilly, J.L.; Johnson, J. Recent arguments against germ cell renewal in the adult human ovary. Is an absence of marker gene expression really acceptable evidence of an absence of oogenesis? Cell Cycle 2007, 6, 879–883. [Google Scholar] [CrossRef] [PubMed]

	



Tilly, J.L.; Niikura, Y.; Rueda, B.R. The current status of evidence for and against postnatal oogenesis in mammals: A case of ovarian optimism versus pessimism? Biol. Reprod. 2009, 80, 2–12. [Google Scholar] [CrossRef] [PubMed]

	



Zou, K.; Yuan, Z.; Yang, Z.; Luo, H.; Sun, K.; Zhou, L.; Xiang, J.; Shi, L.; Yu, Q.; Zhang, Y.; et al. Production of offspring from a germline stem cell line derived from neonatal ovaries. Nat. Cell Biol. 2009, 11, 631–636. [Google Scholar] [CrossRef]

	



Tilly, J.L.; Telfer, E.E. Purification of germline stem cells from adult mammalian ovaries: A step closer towards control of the female biological clock? Mol. Hum. Reprod. 2009, 15, 393–398. [Google Scholar] [CrossRef] [PubMed]

	



De Felici, M. Germ stem cells in the mammalian adult ovary: Considerations by a fan of primordial germ cells. Mol. Hum. Reprod. 2010, 16, 632–636. [Google Scholar] [CrossRef] [PubMed]

	



Woods, D.C.; Telfer, E.E.; Tilly, J.L. Oocyte family trees: Old branches or new stems? PLoS Genet. 2012, 8, e1002848. [Google Scholar] [CrossRef] [PubMed]

	



Gougeon, A.; Notarianni, E. There is no neo-oogenesis in the adult mammalian ovary. J. Turk. Ger. Gynecol. Assoc. 2011, 12, 270–273. [Google Scholar] [CrossRef] [PubMed]

	



Notarianni, E. Reinterpretation of evidence advanced for neo-oogenesis in mammals, in terms of a finite oocyte reserve. J. Ovarian Res. 2011, 4, 1. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Oatley, J.M.; Hunt, P.A. Of mice and (wo)men: Purified oogonial stem cells from mouse and human ovaries. Biol. Reprod. 2012, 86, 196. [Google Scholar] [CrossRef]

	



Woods, D.C.; White, Y.A.R.; Tilly, J.L. Purification of oogonial stem cells from adult mouse and human ovaries: An assessment of the literature and a view towards the future. Reprod. Sci. 2013, 20, 7–15. [Google Scholar] [CrossRef]

	



Zhang, H.; Zheng, W.; Shen, Y.; Adhikari, D.; Ueno, H.; Liu, K. Experimental evidence showing that no mitotically active female germline progenitors exist in postnatal mouse ovaries. Proc. Natl. Acad. Sci. USA 2012, 109, 12580–12585. [Google Scholar] [CrossRef][Green Version]

	



Yuan, J.; Zhang, D.; Wang, L.; Liu, M.; Mao, J.; Yin, Y.; Ye, X.; Liu, N.; Han, J.; Gao, Y.; et al. No evidence for neo-oogenesis may link to ovarian senescence in adult monkey. Stem Cells 2013, 31, 2536–2550. [Google Scholar] [CrossRef]

	



Lei, L.; Spradling, A.C. Female mice lack adult germ-line stem cells but sustain oogenesis using stable primordial follicles. Proc. Natl. Acad. Sci. USA 2013, 110, 8585–8590. [Google Scholar] [CrossRef][Green Version]

	



Hernandez, S.F.; Vahidi, N.A.; Park, S.; Weitzel, R.P.; Tisdale, J.; Rueda, B.R.; Wolff, E.F. Characterization of extracellular DDX4- or Ddx4-positive ovarian cells. Nat. Med. 2015, 21, 1114–1116. [Google Scholar] [CrossRef]

	



Zhang, H.; Panula, S.; Petropoulos, S.; Edsgärd, D.; Busayavalasa, K.; Liu, L.; Li, X.; Risal, S.; Shen, Y.; Shao, J.; et al. Adult human and mouse ovaries lack DDX4-expressing functional oogonial stem cells. Nat. Med. 2015, 21, 1116–1118. [Google Scholar] [CrossRef][Green Version]

	



Park, E.S.; Tilly, J.L. Use of DEAD-box polypeptide 4 (Ddx4) gene promoter-driven fluorescent reporter mice to identify mitotically active germ cells in postnatal mouse ovaries. Mol. Hum. Reprod. 2015, 21, 58–65. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Wu, J. Production of offspring from a germline stem cell line derived from prepubertal ovaries of germline reporter mice. Mol. Hum. Reprod. 2016, 22, 457–464. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Woods, D.C.; Tilly, J.L. Isolation, characterization and propagation of mitotically active germ cells from adult mouse and human ovaries. Nat. Protoc. 2013, 8, 966–988. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Woods, D.C.; Tilly, J.L. Reply to adult human and mouse ovaries lack DDX4-expressing functional oogonial stem cells. Nat. Med. 2015, 21, 1118–1121. [Google Scholar] [CrossRef]

	



Pacchiarotti, J.; Maki, C.; Ramos, T.; Marh, J.; Howerton, K.; Wong, J.; Pham, J.; Anorve, S.; Chow, Y.C.; Izadyar, F. Differentiation potential of germ line stem cells derived from the postnatal mouse ovary. Differentiation 2010, 79, 159–170. [Google Scholar] [CrossRef]

	



Wang, N.; Tilly, J.L. Epigenetic status determines germ cell meiotic commitment in embryonic and postnatal mammalian gonads. Cell Cycle 2010, 9, 339–349. [Google Scholar] [CrossRef][Green Version]

	



Zhang, Y.; Yang, Z.; Yang, Y.; Wang, S.; Shi, L.; Xie, W.; Sun, K.; Zou, K.; Wang, L.; Xiong, J.; et al. Production of transgenic mice by random recombination of targeted genes in female germline stem cells. J. Mol. Cell Biol. 2011, 3, 132–141. [Google Scholar] [CrossRef]

	



White, Y.A.R.; Woods, D.C.; Takai, Y.; Ishihara, O.; Seki, H.; Tilly, J.L. Oocyte formation by mitotically active germ cells purified from ovaries of reproductive-age women. Nat. Med. 2012, 18, 413–421. [Google Scholar] [CrossRef][Green Version]

	



Imudia, A.N.; Wang, N.; Tanaka, Y.; White, Y.A.; Woods, D.C.; Tilly, J.L. Comparative gene expression profiling of adult mouse ovary-derived oogonial stem cells supports a distinct cellular identity. Fertil. Steril. 2013, 100, 1451–1458. [Google Scholar] [CrossRef] [PubMed]

	



Park, E.S.; Woods, D.C.; Tilly, J.L. Bone morphogenetic protein 4 (BMP4) promotes mammalian oogonial stem cell differentiation via SMAD1/5/8 signaling. Fertil. Steril. 2013, 100, 1468–1475. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Jiang, M.; Bi, H.; Chen, X.; He, L.; Li, X.; Wu, J. Conversion of female germline stem cells from neonatal and prepubertal mice into pluripotent stem cells. J. Mol. Cell Biol. 2014, 6, 166–171. [Google Scholar] [CrossRef] [PubMed]

	



Xie, W.; Wang, H.; Wu, J. Similar morphological and molecular signatures shared by female and male germline stem cells. Sci. Rep. 2014, 4, 5580. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Wang, L.; Kang, J.X.; Xie, W.; Li, X.; Wu, C.; Xu, B.; Wu, J. Production of fat-1 transgenic rats using a post-natal female germline stem cell line. Mol. Hum. Reprod. 2014, 20, 271–281. [Google Scholar] [CrossRef] [PubMed]

	



Khosravi-Farsani, S.; Amidi, F.; Roudkenar, M.H.; Sobhani, A. Isolation and enrichment of mouse female germ line stem cells. Cell J. 2015, 16, 406–415. [Google Scholar] [PubMed]

	



Xiong, J.; Lu, Z.; Wu, M.; Zhang, J.; Cheng, J.; Luo, A.; Shen, W.; Fang, L.; Zhou, S.; Wang, S. Intraovarian transplantation of female germline stem cells rescues ovarian function in chemotherapy injured ovaries. PLoS ONE 2015, 10, e0139824. [Google Scholar] [CrossRef] [PubMed]

	



Guo, K.; Li, C.-H.; Wang, X.-Y.; He, D.-J.; Zheng, P. Germ stem cells are active in postnatal mouse ovary under physiological conditions. Mol. Hum. Reprod. 2016, 22, 316–328. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lu, Z.; Wu, M.; Zhang, J.; Xiong, J.; Cheng, J.; Shen, W.; Luo, A.; Fang, L.; Wang, S. Improvement in isolation and identification of mouse oogonial stem cells. Stem Cells Int. 2016, 2016, 2749461. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.L.; Wu, J.; Wang, J.; Shen, T.; Li, H.; Lu, J.; Gu, Y.; Kang, Y.; Wong, C.H.; Ngan, C.Y.; et al. Integrative epigenomic analysis reveals unique epigenetic signatures involved in unipotency of mouse female germline stem cells. Genome Biol. 2016, 17, 162. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wang, N.; Satirapod, C.; Ohguchi, Y.; Park, E.-S.; Woods, D.C.; Tilly, J.L. Genetic studies in mice directly link oocytes produced during adulthood to ovarian function and natural fertility. Sci. Rep. 2017, 7, 10011. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wu, C.; Xu, B.; Li, X.; Ma, W.; Zhang, P.; Wu, J. Tracing and characterizing the development of transplanted female germline stem cells in vivo. Mol. Ther. 2017, 25, 1408–1419. [Google Scholar] [CrossRef] [PubMed]

	



Ye, H.; Zheng, T.; Hu, C.; Pan, Z.; Huang, J.; Li, J.; Li, W.; Zheng, Y. The Hippo signaling pathway regulates ovarian function via the proliferation of ovarian germline stem cells. Cell. Physiol. Biochem. 2017, 41, 1051–1062. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Y.; Wu, J.; Yang, W.; Xia, C.; Shi, X.; Li, H.; Sun, J.; Shao, Z.; Wu, J.; Zhao, X. STAT3 is required for proliferation and exerts a cell type-specific binding preference in mouse female germline stem cells. Mol. Omics 2018, 14, 95–102. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Gong, X.; Tian, G.G.; Hou, C.; Zhu, X.; Pei, X.; Wang, Y.; Wu, J. Long noncoding RNA growth arrest-specific 5 promotes proliferation and survival of female germline stem cells in vitro. Gene 2018, 653, 14–21. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Xiong, J.; Ma, L.; Lu, Z.; Qin, X.; Luo, A.; Zhang, J.; Xie, H.; Shen, W.; Wang, S. Enrichment of female germline stem cells from mouse ovaries using the differential adhesion method. Cell. Physiol. Biochem. 2018, 46, 2114–2126. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Yao, X.; Tang, F.; Wei, Y.; Hua, J.; Peng, S. Characterization of female germline stem cells from adult mouse ovaries and the role of rapamycin on them. Cytotechnol. 2018, 70, 843–854. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.Y.; Yang, Y.; Xia, Q.; Song, H.F.; Wei, R.; Wang, J.J.; Zou, K. Cadherin 22 participates in the self-renewal of mouse female germline stem cells via interaction with JAK2 and ß-catenin. Cell. Mol. Life Sci. 2018, 75, 1241–1253. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Tian, G.G.; Yu, B.; Yang, Y.; Wu, J. Effects of bisphenol A on ovarian follicular development and female germline stem cells. Arch. Toxicol. 2018, 92, 1581–1591. [Google Scholar] [CrossRef]

	



Dunlop, C.E.; Bayne, R.A.; McLaughlin, M.; Telfer, E.E.; Anderson, R.A. Isolation, purification, and culture of oogonial stem cells from adult human and bovine ovarian cortex. Lancet 2014, 383, S45. [Google Scholar] [CrossRef]

	



de Souza, G.B.; Costa, J.; da Cunha, E.V.; Passos, J.; Ribeiro, R.P.; Saraiva, M.; van den Hurk, R.; Silva, J. Bovine ovarian stem cells differentiate into germ cells and oocyte-like structures after culture in vitro. Reprod. Domest. Anim. 2017, 52, 243–250. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, T.-S.; Johnson, J.; White, Y.; St. John, J.C. The molecular characterization of porcine egg precursor cells. Oncotarget 2017, 8, 63484–63505. [Google Scholar] [CrossRef] [PubMed]

	



Hou, L.; Wang, J.; Li, X.; Wang, H.; Liu, G.; Xu, B.; Mei, X.; Hua, X.; Wu, J. Characteristics of female germline stem cells from porcine ovaries at sexual maturity. Cell Transplant. 2018, 27, 1195–1202. [Google Scholar] [CrossRef] [PubMed]

	



Ding, X.; Liu, G.; Xu, B.; Wu, C.; Hui, N.; Ni, X.; Wang, J.; Du, M.; Teng, X.; Wu, J. Human GV oocytes generated by mitotically active germ cells obtained from follicular aspirates. Sci. Rep. 2016, 6, 28218. [Google Scholar] [CrossRef] [PubMed]

	



Clarkson, Y.L.; McLaughlin, M.; Waterfall, M.; Dunlop, C.E.; Skehel, P.A.; Anderson, R.A.; Telfer, E.E. Initial characterisation of adult human ovarian cell populations isolated by DDX4 expression and aldehyde dehydrogenase activity. Sci. Rep. 2018, 8, 6953. [Google Scholar] [CrossRef] [PubMed]

	



Silvestris, E.; Cafforio, P.; D’Oronzo, S.; Felici, C.; Silvestris, F.; Loverro, G. In vitro differentiation of human oocyte-like cells from oogonial stem cells: Single-cell isolation and molecular characterization. Hum. Reprod. 2018, 33, 464–473. [Google Scholar] [CrossRef] [PubMed]

	



Silvestris, E.; D’Oronzo, S.; Cafforio, P.; D’Amato, G.; Loverno, G. Perspective in infertility: The ovarian stem cells. J. Ovarian Res. 2015, 8, 55. [Google Scholar] [CrossRef]

	



Bothun, A.; Gao, Y.; Takai, Y.; Ishihara, O.; Seki, H.; Karger, B.; Tilly, J.L.; Woods, D.C. Quantitative proteomic profiling of the human ovary from early to mid-gestation reveals protein expression dynamics of oogenesis and folliculogenesis. Stem Cells Dev. 2018, 27, 723–735. [Google Scholar] [CrossRef]

	



Fakih, M.H.; El Shmoury, M.; Szeptycki, J.; dela Cruz, D.B.; Lux, C.; Verjee, S.; Burgess, C.M.; Cohn, G.M.; Casper, R.F. The AUGMENTSM treatment: Physician reported outcomes of the initial global patient experience. JFIV Reprod. Med. Genet. 2015, 3, 154. [Google Scholar] [CrossRef]

	



Oktay, K.; Baltaci, V.; Sonmezer, M.; Turan, V.; Unsal, E.; Baltaci, A.; Aktuna, S.; Moy, F. Oogonial precursor cell derived autologous mitochondria injection (AMI) to improve outcomes in women with multiple IVF failures due to low oocyte quality: A clinical translation. Reprod. Sci. 2015, 22, 1612–1617. [Google Scholar] [CrossRef]

	



Woods, D.C.; Tilly, J.L. Autologous germline mitochondrial energy transfer (AUGMENT) in human assisted reproduction. Semin. Reprod. Med. 2015, 33, 410–421. [Google Scholar] [CrossRef] [PubMed]

	



Grieve, K.M.; McLaughlin, M.; Dunlop, C.E.; Telfer, E.E.; Anderson, R.A. The controversial existence and functional potential of oogonial stem cells. Maturitas 2015, 83, 278–281. [Google Scholar] [CrossRef] [PubMed]

	



Woods, D.C.; Tilly, J.L. The next (re)generation of human ovarian biology and female fertility: Is current science tomorrows practice? Fertil. Steril. 2012, 98, 3–10. [Google Scholar] [CrossRef] [PubMed]

	



Woods, D.C.; Tilly, J.L. Germline stem cells in adult mammalian ovaries. In Ten Critical Topics in Reproductive Medicine; Sanders, S., Ed.; Science/AAAS: Washington, DC, USA, 2013; pp. 10–12. [Google Scholar]

	



Truman, A.M.; Tilly, J.L.; Woods, D.C. Ovarian regeneration: The potential for stem cell contribution in the postnatal ovary to sustained endocrine function. Mol. Cell. Endocrinol. 2017, 445, 74–84. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Fujiwara, Y.; Komiya, T.; Kawabata, H.; Sato, M.; Fujimoto, H.; Furusawa, M.; Noce, T. Isolation of a DEAD-family protein gene that encodes a murine homolog of Drosophila vasa and its specific expression in germ cell lineage. Proc. Natl. Acad. Sci. USA 1994, 91, 12258–12262. [Google Scholar] [CrossRef] [PubMed]

	



Toyooka, Y.; Tsunekawa, N.; Takahashi, Y.; Matsui, Y.; Satoh, M.; Noce, T. Expression and intracellular localization of mouse Vasa-homologue protein during germ cell development. Mech. Dev. 2000, 93, 139–149. [Google Scholar] [CrossRef]

	



Castrillon, D.H.; Quade, B.J.; Wang, T.Y.; Quigley, C.; Crum, C.P. The human VASA gene is specifically expressed in the germ lineage. Proc. Natl. Acad. Sci. USA 2000, 97, 9585–9590. [Google Scholar] [CrossRef] [PubMed]

	



Navaroli, D.M.; Tilly, J.L.; Woods, D.C. Isolation of mammalian oogonial stem cells by antibody-based fluorescence-activated cell sorting. Meth. Mol. Biol. 2016, 1457, 253–268. [Google Scholar]

	



Crisan, M.; Dzierak, E. The many faces of hematopoietic stem cell heterogeneity. Development 2016, 143, 4571–4581. [Google Scholar] [CrossRef][Green Version]

	



MacDonald, J.A.; Takai, Y.; Ishihara, O.; Seki, H.; Woods, D.C.; Tilly, J.L. Extracellular matrix signaling activates differentiation of adult ovary-derived oogonial stem cells in a species-specific manner. Fertil. Steril. 2019. in press. [Google Scholar] [CrossRef]

	



Gosden, R.G.; Clarke, H.; Miller, D. Female gametogenesis. In Reproductive Medicine. Molecular, Cellular and Genetic Fundamentals; Fauser, B.C.J.M., Ed.; Parthenon Publishing: New York, NY, USA, 2003; pp. 365–380. [Google Scholar]

	



West, F.D.; Mumaw, J.L.; Gallegos-Cardenas, A.; Young, A.; Stice, S.L. Human haploid cells differentiated from meiotic competent clonal germ cell lines that originated from embryonic stem cells. Stem Cells Dev. 2011, 20, 1079–1088. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, K.; Ogushi, S.; Kurimoto, K.; Shimamoto, S.; Ohta, H.; Saitou, M. Offspring from oocytes derived from in vitro primordial germ cell-like cells in mice. Science 2012, 338, 971–975. [Google Scholar] [CrossRef] [PubMed]

	



Hikabe, O.; Hamazaki, N.; Nagamatsu, G.; Obata, Y.; Hirao, Y.; Hamada, N.; Shimamoto, S.; Imamura, T.; Nakashima, K.; Saitou, M.; et al. Reconstitution in vitro of the entire cycle of the mouse female germ line. Nature 2016, 539, 299–303. [Google Scholar] [CrossRef] [PubMed]

	



Panula, S.; Medrano, J.V.; Kee, K.; Bergström, R.; Nguyen, H.N.; Byers, B.; Wilson, K.D.; Wu, J.C.; Simon, C.; Hovatta, O.; et al. Human germ cell differentiation from fetal- and adult-derived induced pluripotent stem cells. Hum. Mol. Genet. 2011, 20, 752–762. [Google Scholar] [PubMed]

	



Yamashiro, C.; Sasaki, K.; Yabuta, Y.; Kojima, Y.; Nakamura, T.; Okamoto, I.; Yokobayashi, S.; Murase, Y.; Ishikura, Y.; Shirane, K.; et al. Generation of human oogonia from induced pluripotent stem cells. Science 2018, 362, 356–360. [Google Scholar] [CrossRef] [PubMed]

	



Jung, D.; Xiong, J.; Ye, M.; Qin, X.; Li, L.; Cheng, S.; Luo, M.; Peng, J.; Dong, J.; Tang, F.; et al. In vitro differentiation of human embryonic stem cells into ovarian follicle-like cells. Nat. Commun. 2017, 8, 15680. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



McLaughlin, M.; Albertini, D.F.; Wallace, W.H.B.; Anderson, R.A.; Telfer, E.E. Metaphase II oocytes from human unilaminar follicles grown in a multi-step culture system. Mol. Hum. Reprod. 2018, 24, 135–142. [Google Scholar] [CrossRef][Green Version]

	



Smitz, J.E.; Gilchrist, R.B. Are human oocytes from stem cells next? Nat. Biotechnol. 2016, 34, 1247–1248. [Google Scholar] [CrossRef]

	



Cohen, I.G.; Daley, G.Q.; Adashi, E.Y. Disruptive reproductive technologies. Sci. Transl. Med. 2017, 9, eaag2959. [Google Scholar] [CrossRef][Green Version]

	



Stewart, J.B.; Larsson, N.-G. Keeping mtDNA in shape between generations. PLoS Genet. 2014, 10, e1004670. [Google Scholar] [CrossRef]

	



Stewart, J.B.; Chinnery, P.F. The dynamics of mitochondrial DNA heteroplasmy: Implications for human health and disease. Nat. Rev. Genet. 2015, 16, 530–542. [Google Scholar] [CrossRef] [PubMed]

	



Woods, D.C.; Khrapko, K.; Tilly, J.L. Influence of maternal aging on mitochondrial heterogeneity, inheritance, and function in oocytes and preimplantation embryos. Genes 2018, 9, 265. [Google Scholar] [CrossRef] [PubMed]

	



Bhartiya, D.; Patel, H.; Parte, S. Improved understanding of very small embryonic-like stem cells in adult mammalian ovary. Hum. Reprod. 2018, 33, 978–979. [Google Scholar] [CrossRef] [PubMed]

	



Kucia, M.; Reca, R.; Campbell, F.R.; Zuba-Surma, E.; Majka, M.; Ratajczak, J.; Ratajczak, M.Z. A population of very small embryonic-like (VSEL) CXCR4+SSEA4+Oct-4+ stem cells identified in adult bone marrow. Leukemia 2006, 20, 857–869. [Google Scholar] [CrossRef] [PubMed]

	



Heider, A.; Danova-Alt, R.; Egger, D.; Cross, M.; Alt, R. Murine and human very small embryonic-like cells: A perspective. Cytometry A 2013, 83, 72–75. [Google Scholar] [CrossRef]

	



Miyanishi, M.; Mori, Y.; Seita, J.; Chen, J.Y.; Karten, S.; Chan, C.K.F.; Nakauchi, H.; Weissman, I.L. Do pluripotent stem cells exist in mice as very small embryonic-like cells? Stem Cell Rep. 2013, 1, 198–208. [Google Scholar] [CrossRef]

	



Havens, A.M.; Sun, H.; Shiozawa, Y.; Jung, Y.; Wang, J.; Mishra, A.; Jiang, Y.; O’Neill, D.W.; Krebsbach, P.H.; Rodgerson, D.O.; et al. Human and murine very small embryonic-like cells represent multipotent tissue progenitors, in vitro and in vivo. Stem Cells Dev. 2014, 23, 689–701. [Google Scholar] [CrossRef]

	



Kim, Y.; Jeong, J.; Kang, H.; Lim, J.; Heo, J.; Ratajczak, J.; Ratajczak, M.Z.; Shin, D.M. The molecular nature of very small embryonic-like stem cells in adult tissues. Int. J. Stem Cells 2014, 7, 55–62. [Google Scholar] [CrossRef]

	



Virant-Klun, I.; Zech, N.; Rozman, P.; Vogler, A.; Cvjeticanin, B.; Klemenc, P.; Malicev, E.; Meden-Vrtovec, H. Putative stem cells with an embryonic character isolated from the ovarian surface epithelium of women with no naturally present follicles or oocytes. Differentiation 2008, 76, 843–856. [Google Scholar] [CrossRef]

	



Gong, S.P.; Lee, S.T.; Lee, E.J.; Kim, D.Y.; Lee, G.; Chi, S.G.; Ryu, B.K.; Lee, C.H.; Yum, K.E.; Lee, H.J.; et al. Embryonic stem cell-like cells established by culture of adult ovarian cells in mice. Fertil. Steril. 2010, 93, 2594–2601. [Google Scholar] [CrossRef]

	



Parte, S.; Bhartiya, D.; Telang, J.; Daithankar, V.; Salvi, V.; Zaveri, K.; Hinduja, I. Detection, characterization, and spontaneous differentiation in vitro of very small embryonic-like putative stem cells in adult mammalian ovary. Stem Cells Dev. 2011, 20, 1451–1464. [Google Scholar] [CrossRef] [PubMed]

	



Bhartiya, D.; Patel, H. Ovarian stem cells—Resolving controversies. J. Assist. Reprod. Genet. 2018, 35, 393–398. [Google Scholar] [CrossRef] [PubMed]

	



Patel, H.; Bhartiya, D.; Parte, S.; Gunjal, P.; Yedurkar, S.; Bhatt, M. Follicle-stimulating hormone modulates ovarian stem cells through alternatively spliced receptor variant FSH-R3. J. Ovarian Res. 2013, 6, 52. [Google Scholar] [CrossRef] [PubMed]

	



Bhartiya, D.; Unni, S.; Parte, S.; Anand, S. Very small embryonic-like cells: Implications in reproductive biology. Biomed. Res. Int. 2013, 2013, 682326. [Google Scholar] [CrossRef] [PubMed]

	



Brinster, R.L.; Zimmermann, J.W. Spermatogenesis following male germ-cell transplantation. Proc. Natl. Acad. Sci. USA 1994, 91, 11298–11302. [Google Scholar] [CrossRef] [PubMed]

	



Brinster, R.L.; Avarbock, M.R. Germline transmission of donor haplotype following spermatogonial transplantation. Proc. Natl. Acad. Sci. USA 1994, 91, 11303–11307. [Google Scholar] [CrossRef] [PubMed]

	



Kanatsu-Shinohara, M.; Morimoto, H.; Shinohara, T. Fertility of male germline stem cells following spermatogonial transplantation in infertile mouse models. Biol. Reprod. 2016, 94, 112. [Google Scholar] [CrossRef] [PubMed]

	



Tilly, J.L.; Woods, D.C. Compositions and Methods for Autologous Germline Mitochondrial Energy Transfer. U.S. Patent 8,642,329, 4 February 2014. [Google Scholar]

	



Tilly, J.L.; Woods, D.C. Compositions and Methods for Autologous Germline Mitochondrial Energy Transfer. U.S. Patent 8,647,869, 11 February 2014. [Google Scholar]

	



Park, S.; Yu, J.; Marquis, K.; DeCherney, A.H.; Wolff, E.F. Egg from ovarian-derived stem cells develops into embryo after intracytoplasmic sperm injection. Reprod. Sci. 2016, 23, 264A. [Google Scholar]

	



Telfer, E.E.; McLaughlin, M.; Ding, C.; Thong, K.J. A two-step serum-free culture system supports development of human oocytes from primordial follicles in the presence of activin. Hum. Reprod. 2008, 23, 1151–1158. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



McLaughlin, M.; Telfer, E.E. Oocyte development in bovine primordial follicles is promoted by activin and FSH within a two-step serum-free culture system. Reproduction 2010, 139, 971–978. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Xu, M.; Fazleabas, A.; Shikanov, A.; Jackson, E.; Barrett, S.L.; Hirshfield-Cytron, J.; Kiesewetter, S.E.; Shea, L.D.; Woodruff, T.K. In vitro oocyte maturation and preantral follicle culture from the luteal-phase baboon ovary produce mature oocytes. Biol. Reprod. 2011, 84, 689–697. [Google Scholar] [CrossRef] [PubMed]

	



Telfer, E.E.; McLaughlin, M. Strategies to support human oocyte development in vitro. Int. J. Dev. Biol. 2012, 56, 901–907. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Trounson, A.; Wood, C.; Kausche, A. In vitro maturation and the fertilization and developmental competence of oocytes recovered from untreated polycystic ovarian patients. Fertil. Steril. 1994, 62, 353–362. [Google Scholar] [CrossRef]

	



Cha, K.Y.; Koo, J.J.; Ko, J.J.; Choi, D.H.; Han, S.Y.; Yoon, T.K. Pregnancy after in vitro fertilization of human follicular oocytes collected from nonstimulated cycles, their culture in vitro and their transfer in a donor oocyte program. Fertil. Steril. 1991, 55, 109–113. [Google Scholar] [CrossRef]

	



Cha, K.Y.; Chian, R.C. Maturation in vitro of immature human oocytes for clinical use. Hum. Reprod. Update 1998, 4, 103–120. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kim, B.K.; Lee, S.C.; Kim, K.J.; Han, C.H.; Kim, J.H. In-vitro maturation, fertilization, and development of human germinal vesicle oocytes collected from stimulated cycles. Fertil. Steril. 2000, 74, 1153–1158. [Google Scholar] [CrossRef]

	



Son, W.Y.; Chung, J.T.; Demirtas, E.; Holzer, H.; Sylvestre, C.; Buckett, W.; Chian, R.C.; Tan, S.L. Comparison of in-vitro maturation cycles with and without in-vivo matured oocytes retrieved. Reprod. Biomed. Online 2008, 17, 59–67. [Google Scholar] [CrossRef]

	



Oktay, K.; Buyuk, E.; Rodriguez-Wallberg, K.A.; Sahin, G. In vitro maturation improves oocyte or embryo cryopreservation outcome in breast cancer patients undergoing ovarian stimulation for fertility preservation. Reprod. Biomed. Online 2010, 20, 634–638. [Google Scholar] [CrossRef] [PubMed]

	



Fadini, R.; Dal Canto, M.; Mignini Renzini, M.; Milani, R.; Fruscio, R.; Cantù, M.G.; Brambillasca, F.; Coticchio, G. Embryo transfer following in vitro maturation and cryopreservation of oocytes recovered from antral follicles during conservative surgery for ovarian cancer. J. Assist. Reprod. Genet. 2012, 29, 779–781. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chang, E.M.; Song, H.S.; Lee, D.R.; Lee, W.S.; Yoon, T.K. In vitro maturation of human oocytes: Its role in infertility treatment and new possibilities. Clin. Exp. Reprod. Med. 2014, 41, 41–46. [Google Scholar] [CrossRef] [PubMed]

	



Woods, D.C.; White, Y.A.R.; Niikura, Y.; Kiatpongsan, S.; Lee, H.J.; Tilly, J.L. Embryonic stem cell derived granulosa cells participate in follicle formation in vitro and in vivo. Reprod. Sci. 2013, 20, 524–535. [Google Scholar] [CrossRef] [PubMed]

	



Lipskind, S.; Lindsey, J.S.; Gerami-Naini, B. An embryonic and induced pluripotent stem cell model for ovarian granulosa cell development and steroidogenesis. Reprod. Sci. 2018, 25, 712–726. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 08 00093 g001 550]





Figure 1. Oocytes formed during adult life in mice contribute directly to offspring production. Schematic representation of an inducible genetic lineage-tracing model to ‘mark’ new oocytes formed during the doxycycline (dox) induction phase, which specifically activates a triple-transgenic Cre-loxP–based reporter system tied to stimulated by retinoic acid gene 8 (Stra8) expression in pre-meiotic germ cells (viz. OSCs) committing to meiosis followed by de novo oogenesis. Portions of this figure were adapted with permission from Wang et al. [84]. 
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Figure 2. In vitro oogenesis from human OSCs. (A) Time lapse images of human OSCs in culture, with a typical OSC (blue arrow) followed as it undergoes progressive differentiation into an IVD oocyte (oocyte-like cell). (B) Numbers of IVD oocytes formed in human OSC cultures over time post-passage. (C) Expression analysis of germ cell (DDX4) and oocyte (KIT oncogene or KIT; Y-box protein 2 or YBX2, also referred to as MSY2 or CONTRIN; LIM homeobox protein 8 or LHX8) marker genes, as well as of β-actin expression as a loading control, in IVD oocytes collected from human OSC cultures (–RT, PCR analysis performed on the RNA template without reverse transcription, as a control to rule out genomic DNA amplification). (D) Representative images of human IVD oocytes by light microscopy (two left panels; scale bar, 50-µm), and by immunofluorescence microscopy for the presence of DDX4, KIT, YBX2 and LHX8 proteins. Portions of this figure were adapted with permission from White et al. [73]. 
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Figure 3. Mouse VSEL stem cells do not express externalized Ddx4. (A) To identify VSEL stem cells by FACS, size gates were initially set for 2–10 µm using calibrated beads. (B, C) Following dead cell exclusion, bone marrow-derived VSEL stem cells were identified in the 2–10 µm size gate as Lin−/Sca1+/CD45− events, first by gating Lin−/Sca1+ cells followed by exclusion of CD45+ cells from this subpopulation (for additional details, see [129]). (D) Further analysis of the VSEL stem cell population shown in panel C using C-terminal-directed Ddx4 antibodies demonstrates that VSEL stem cells do not express externalized Ddx4 (ecDdx4−). (E) As a positive control for the VSEL stem cell analysis shown in panel D, parallel sorting of dispersed ovaries identifies viable ecDdx4+ cells, which represent OSCs (for additional details, see [68,73,112]). D.C. Woods and J.L. Tilly, unpublished data. 
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