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Abstract:

 Early embryonic development is a multi-step process that is intensively regulated by various signaling pathways. Because of the complexity of the embryo and the interactions between the germ layers, it is very difficult to fully understand how these signals regulate embryo patterning. Recently, pluripotent stem cell lines derived from different developmental stages have provided an in vitro system for investigating molecular mechanisms regulating cell fate decisions. In this review, we summarize the major functions of the BMP, FGF, Nodal and Wnt signaling pathways, which have well-established roles in vertebrate embryogenesis. Then, we highlight recent studies in pluripotent stem cells that have revealed the stage-specific roles of BMP,FGF and Nodal pathways during neural differentiation. These findings enhance our understanding of the stepwise regulation of embryo patterning by particular signaling pathways and provide new insight into the mechanisms underlying early embryonic development.
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1. Introduction

Embryogenesis is a process by which the zygote develops into a complex and organized embryo. During early development in the mouse, the zygote first develops into a blastocyst containing the inner cell mass (ICM) inside the trophectoderm. At embryonic day (E) 4.5, the blastocyst implants in the uterus and the ICM differentiates to form the primitive endoderm and the early epiblast [1]. At E5.5, the early epiblast develops into a columnar epithelial monolayer of pluripotent cells called the late epiblast [2]. At approximately E6.5, gastrulation commences with the formation of the primitive streak in the posterior of the epiblast. Epiblast cells that ingress through the primitive streak form the mesoderm and endoderm. The cells remaining in the anterior of the epiblast form the ectoderm [3]. As development proceeds, the ectoderm, mesoderm and endoderm generate most of the cell types and organs of the adult.

For studies of early development, Xenopus, zebrafish and chick embryos are widely used, as they are easily raised and can be manipulated with various assays. Compared with these species, mice as mammals more closely resemble humans in developmental processes, but mouse embryos are difficult to manipulate, especially after implantation in the uterus. In past years, genetic, molecular and cell transplantation experiments in these animal models have established that the BMP, FGF, Nodal and Wnt signaling pathways play crucial roles in early embryonic patterning. However, there have been inconsistent results obtained from Xenopus, zebrafish and chick, probably caused by species-specific differences or by interference from complex germ-layer interactions. In the mouse embryo, knowledge of the molecular mechanisms governing early embryogenesis is limited due to the small size, complexity and inaccessibility of the early post-implantation embryo. Thus, mechanistic studies require an amenable system with embryonic properties but with the absence of the complexity that exists in vivo. Under these circumstances, pluripotent stem cells derived from different developmental stages have become an in vitro system for investigating the detailed molecular mechanisms through which signaling pathways regulate cell fate decisions. Both human and mouse embryonic stem cells (ESCs) are pluripotent cell lines derived from blastocyst-stage embryos [4–7]. Under appropriate culture conditions, ESCs differentiate into derivatives of all three germ layers, and the differentiation of specific cell types from ESCs is directed by a set of signals similar to that which regulates embryonic development in vivo [8–11]. Recently, another type of pluripotent stem cell, referred to as epiblast stem cells (EpiSCs), was derived from the late epiblast tissue of E5.5 mouse embryos. EpiSCs are molecularly and epigenetically distinct from mouse ESCs, but they share characteristics with human ESCs [12–14]. ESCs, corresponding to the ICM or the early epiblast state, combined with EpiSCs, which represent an in vitro equivalent of the late epiblast, form a novel system for studying the mechanisms of early embryonic development, especially for mechanistic studies at different developmental stages. In this review, we briefly summarize the key functions of the BMP, FGF, Nodal and Wnt signaling pathways in early embryogenesis, and then we discuss recent findings obtained from studies in ESCs and EpiSCs that reveal the stage-specific functions of BMP, FGF and Nodal signals. These findings begin to elucidate the mechanisms underlying different stages of early embryonic development.



2. BMP Signaling

The bone morphogenetic proteins (BMPs) are members of the transforming growth factor β (TGF-β) cytokine superfamily. BMP signaling has been shown to play a central role in ectodermal cell fate decisions. Using ectodermal explants (also called animal caps) from Xenopus blastula-stage embryos, researchers have shown that activation of the BMP pathway in ectoderm leads to the acquisition of an epidermal fate, whereas inhibition of BMP signaling by antagonists that are secreted by the Spemann organizer leads to a neural fate [15,16]. These results suggested that the ectoderm has a natural “default” tendency to differentiate into neural tissues unless it is instructed by BMP to become epidermis [17]. Since the “default model” was proposed, there has been debate concerning whether BMP inhibition is adequate for neural induction, because opposing results have been obtained with different assays in the chick. Initially, it was shown that grafts of cells expressing BMP4 or BMP7 failed to inhibit neural plate formation [18]. However, in epiblast explants from chick embryos, BMP4 showed a capacity to inhibit neural fate and promote an epidermal fate [19]. Furthermore, electroporation of BMP4 into the prospective neural plate inhibits the expression of the definitive neural markers (Sox2 and late Sox3), but it does not affect the pre-neural marker (early expression of Sox3). Therefore, BMP inhibition is probably required only as a late step during neural induction [20].

Other data relevant to the default model come from experiments showing that BMP antagonists are unable to induce neural character in the epidermal or extra-embryonic ectoderm of chick embryos [20–22]. Moreover, single or double BMP antagonist (chordin and noggin) mouse mutants show relatively little change in the initial size of the neural plate [23–25]. These results suggest that BMP inhibition is not sufficient to induce neural cells. The default model was not confirmed in mice until the generation of BMP receptor (Bmpr1a) knockout mice. Bmpr1a is the only type I BMP receptor expressed in the epiblast of implanted mouse embryos [26]. Knockout of Bmpr1a in mouse embryos, which completely inhibits BMP activity, was found to lead to premature neural differentiation of the epiblast accompanied by suppression of mesodermal fate [27]. Therefore, BMP inhibition is essential for neural differentiation in mice. However, the possibility that some other signals participate in neural induction cannot be excluded. That BMP inhibits neural differentiation continually in the epiblast rather than at a specific time point has been proposed [27].

The discrepancies of the data obtained from chick and mouse raise important questions, including whether there is a time point during which the BMP signal inhibits neural induction and what mechanisms are involved in this process. These questions are difficult to answer using only in vivo studies. Recently, some findings in pluripotent stem cells have shed light on these issues. In mouse ESCs, it was confirmed that BMP4 significantly inhibits neural differentiation, as it does in vivo [28]. Moreover, the addition of a BMP antagonist was found to result in an obvious increase in the number of neural cells [29]. Therefore, the ESC neural differentiation system is an amenable model in which to study the functions and mechanisms of BMP signaling. BMPs have been implicated in maintaining the pluripotency of mouse ESCs through inducing the expression of inhibitor of differentiation (Id) genes to specifically block neural differentiation [30]. In addition to their roles in pluripotency maintenance, BMPs also induce mesodermal and epidermal differentiation in mouse ESCs [31–35]. The dual role of the BMP signal, to maintain ESC pluripotency and to induce non-neural differentiation, seems inconsistent. Recently, our studies in mouse ESCs and EpiSCs revealed that BMP signaling plays distinct roles during different stages of ESC neural differentiation [36]. We first found that cells at a specific period during mouse ESC neural differentiation mimic the late epiblast state and can be maintained as ESC-derived epiblast stem cells (ESD-EpiSCs). Thus, the ESC neural induction process can be divided into two stages: from ESCs to ESD-EpiSCs and from ESD-EpiSCs to neural progenitor cells. Using this system, it was revealed that BMP4 maintains ESC pluripotency by preventing cells from differentiating into late epiblast-like cells rather than by directly blocking ESC neural commitment. When the cells have been committed to becoming late epiblast cells, BMP4 cannot maintain their pluripotency, but it acts to inhibit neural induction by promoting mesodermal, epidermal and trophectodermal differentiation. Therefore, the late epiblast stage is the critical time point during which BMP4 switches its function from maintaining ESC pluripotency to promoting ESD-EpiSC non-neural differentiation.

Based on this model, the molecular basis of the distinct functions of BMP4 was further investigated [36]. Ids, the direct downstream targets of BMP, were found to inhibit the conversion of ESCs into ESD-EpiSCs during the first stage, and to reduce ESD-EpiSC self-renewal, inhibit neural specification and promote mesodermal and trophectodermal differentiation during the second stage. FGF-Erk signaling was also found to be involved in the functions of BMP signaling during different stages. In ESCs, FGF-Erk activity was found to be reduced by short-term treatment with BMP4, whereas in ESD-EpiSCs, FGF-Erk activity increased during long-term treatment with BMP4. Therefore, BMP might perform its stage-specific roles by interfering with the FGF-Erk pathway.

Due to the complexity of embryogenesis, the BMP signal may have divergent roles at other time points during the multi-step developmental process. For instance, BMP specifically induces an epidermal fate in ectoderm, which has been demonstrated in Xenopus. However, the ectoderm stage is usually overlooked during early embryonic development in chick and mouse because of its difficult accessibility and lack of markers. To confirm the default model of neural induction from ectoderm and the function of BMP during this process, an in vitro model of ectodermal cells needs to be established. We have recently identified ectoderm-like cells that form during mouse EpiSC neural and epidermal differentiation [37], and the signaling pathways involved in ectodermal cell commitment and neural differentiation are currently being investigated.



3. FGF Signaling

The studies reviewed above indicate a central role for BMP signaling in both the maintenance of mouse ESC pluripotency and neural inhibition. Data from different species show that the signaling of fibroblast growth factors (FGFs) also plays an important role during early embryogenesis through both BMP-dependent and -independent mechanisms. In Xenopus, it has been demonstrated that in addition to inhibition of BMP, pre-gastrula FGF signaling is also required in the ectoderm for the emergence of neural fates [38]. In chick embryos, the function of FGF in neural induction has been studied in detail. It was shown that inhibition of FGF signaling blocks neural induction [21]. Moreover, FGF initiates the onset of neural differentiation and suppresses BMP expression in the epiblast before gastrulation [19,21,39]. At later stages of embryogenesis, the major functions of FGF signaling are to induce mesoderm and to regulate movement during gastrulation [40,41]. FGFs control the specification and maintenance of mesoderm by regulating T box transcription factors in Xenopus [42,43], zebrafish [44,45] and mouse [46,47]. Thus, FGF signaling initiates the onset of neural differentiation in the epiblast before gastrulation, and it induces mesoderm formation and regulates gastrulation movements during later stages.

However, an important role for FGF signaling in neural induction has not been conclusively demonstrated in mice. Mutation of Fgf4 or Fgfr2 results in peri-implantation lethality [48,49], which suggests that FGF signaling is required very early during embryogenesis. Because of this early lethality, it is difficult to determine the role of FGF signaling in neural induction. Fgf8 and Fgfr1 are also expressed in the blastocyst, but they appear to function later. Both Fgf8 mutants and Fgfr1 mutants die at late gastrulation with impaired axis formation and mesoderm specification [50,51]. In Fgf8−/− embryos, patterning of the prospective neuroectoderm is greatly perturbed and the range of anterior neuroectoderm markers is widely expanded [46]. Another study showed that inhibition of FGF signaling in E5.5-E6.5 mouse embryos leads to a drastic increase in the proportion of embryos displaying ectopic expression of the neural marker Hesx1 [27]. Therefore, a positive effect of FGF in neural induction is not supported by the data from mouse embryos. Rather, FGF signaling negatively regulates the specification of neuroectoderm cell fate in post-implantation mouse embryos.

Thus, the function of FGF signaling in the pre-implantation mouse embryo needs to be elaborated. The answer to this question may explain the neural induction effect of FGF observed in Xenopus and chick. Recently, the early roles of FGF signaling have become increasingly understood using mouse pluripotent stem cells. In 2007, Stavridis et al. found that inhibition of FGF/Erk during mouse ESC differentiation abolished neuronal induction with no reduction in levels of the pluripotency marker Nanog [52]. Kunath et al. further showed that mouse ESCs lacking Fgf4 or Erk2 and those treated with FGFR inhibitors not only resist neural induction, but also fail to undergo mesodermal differentiation even when BMP4 is added. Moreover, Erk2-null ESCs retain their expression of the pluripotency markers Oct4, Nanog and Rex1 when differentiated in adherent culture [53]. Therefore, when FGF signaling is inhibited, ESCs are deficient in the ability to commit to multiple lineages and stay in an undifferentiated state. These findings indicate that the FGF-Erk pathway primes ESCs for differentiation into a transitional stage that is analogous to the late epiblast state. It is possible that FGF signaling does not directly induce neural specification at the early stage of development but instead promotes ESCs to exit from self-renewal and enter a state in which they are more prepared for differentiation.

Subsequently, Ying et al. found that FGF-Erk inhibitors, in combination with the inhibition of glycogen synthase kinase 3 (GSK3; which promotes cellular growth and viability), keep mouse ESCs in an undifferentiated state called the “ground state” [54]. Based on this finding, it was predicted that it should be possible to capture true ESCs from epiblasts of other species by blocking the FGF-Erk and GSK3 pathways [55]. Following this line of reasoning, germline-competent rat ESCs have been successfully generated by combining LIF with FGF-Erk and GSK3 inhibition [56,57]. Recently, human ESCs with biological and epigenetic characteristics similar to those of mouse ESCs were created by ectopic induction of Oct4, Klf4 and Klf2 combined with LIF and inhibition of the FGF-Erk and GSK3 pathways [58]. These data suggested that inhibition of FGF signaling blocks the transition of ESCs to a differentiation state. However, there was no direct evidence to suggest that this transition state is the late epiblast state. With the derivation of EpiSCs from mouse ESCs, this question could be resolved. In our recent report, we showed that either FGF4 or FGF2 can significantly increase the number of ESD-EpiSC colonies derived from differentiated ESC aggregates and that inhibition of FGF-Erk activity dramatically reduces the number of ESD-EpiSCs. Moreover, FGF2 partially counteracts the BMP4-induced reduction in ESD-EpiSC colony numbers [36]. These results strongly suggest an important role for FGF in the derivation of EpiSCs from ESCs. Recently, another group also reported the creation of an ESC-based system for isolating epiblast cells that are similar to EpiSCs, through which they confirmed that FGF signaling is crucial for priming ESCs to differentiate into the late epiblast state [59].

In addition to the early roles of FGF, the subsequent functions of FGF signaling starting from the late epiblast stage are being investigated in EpiSCs. First, as in human ESCs, FGF2 is required to maintain EpiSC pluripotency [12,13]. However, the mechanism through which FGF2 stabilizes the pluripotent state is different between these two cell types [60]. In human ESCs, FGF signaling in cooperation with SMAD2/3 signaling mediates NANOG expression, thereby actively promoting ESC self-renewal. In EpiSCs, however, FGF2 fails to regulate NANOG expression. Rather, it supports the epiblast state by inhibiting neuroectodermal induction, particularly by blocking Pax6 expression [60]. Blockage of FGF signaling in EpiSCs promotes rapid neural induction and subsequent neurogenesis [59]. These results are consistent with previous findings in mutant mice that FGF negatively regulates the specification of neuroectodermal cell fate in post-implantation mouse embryos [27,46,50,51,61,62].

In summary, FGF signaling plays distinct roles during different developmental stages. FGF signaling is crucial for priming ESCs to differentiate into the late epiblast state. It then acts to inhibit the subsequent transition to neuroectoderm. This conclusion is distinct from the notion that neural differentiation is promoted by FGF signaling. In the future, it will be interesting to determine the exact functions of divergent FGF ligands during commitment to the three germ layers from the epiblast and to elucidate the molecular mechanisms underlying these processes using EpiSCs.



4. Nodal Signaling

Nodal, a member of the TGF-β family, plays central roles in early embryo patterning during the induction of mesoderm and endoderm and the specification of left-right asymmetry. In some cases, Nodal signaling is also referred to as “Activin/Nodal” signaling because another TGF-β family member, Activin, binds to the same receptors as Nodal (with the exception of the coreceptor Cripto) and triggers similar intracellular events [63].

The roles of Nodal signaling are evolutionarily conserved and have been well established using molecular genetic studies in various animal models. In Xenopus, Activin and Xnrs (Xenopus homologues of Nodal) function as mesoderm inducers in whole embryos and explanted animal caps [64–66]. Inhibition of Nodal signaling was found to block the formation of mesoderm and endoderm [67–69]. Genetic studies in zebrafish and mouse have also provided strong evidence that Nodal signaling is essential for mesendoderm formation. Zebrafish that are double mutants for Cyclops and Squint, the orthologs of Nodal, lack head and trunk mesoderm and fail to form the germ-ring, an organizer analogous to the mouse primitive streak [70]. Similarly, mice lacking Nodal lose the primitive streak and most mesoderm [71]. In addition, Nodal signaling is essential for the formation and patterning of the anterior visceral endoderm (AVE) in post-implantation mouse embryos [72]. AVE produces the Nodal antagonists Lefty1 and Cerberus-1 (Cer1) to limit the extension of primitive streaks and to maintain the correct patterning of the epiblast [73]. Although additional signals such as BMP and FGF are also involved in gastrulation, genetic evidence suggests that Nodal signals are core players in the formation of the primitive streak and in epiblast patterning.

Nodal signals may also act as anti-differentiation signals to maintain epiblast proliferation. Analysis of Nodal mutants and embryo explants suggests that Nodal signaling within the epiblast is essential for maintaining pluripotency determinants such as Oct4 and Nanog and for preventing precocious neuroectoderm differentiation [74,75]. In vitro studies have also confirmed that Nodal signaling is required for the maintenance of undifferentiated human ESCs and mouse EpiSCs [12,76]. Activin/Nodal signaling through SMAD2/3 activation is required to sustain the self-renewal of these pluripotent stem cells. It has been shown that SMAD2/3 binds to the NANOG promoter and thereby activates NANOG gene transcription in human ESCs [77,78] and mouse EpiSCs [60]. These results are consistent with findings in mouse embryos that Nodal is required to maintain epiblast pluripotency. Moreover, in vitro studies have revealed the corresponding molecular mechanism underlying this function.

In mouse ESCs, EpiSCs and human ESCs, Activin/Nodal signaling is also known to drive differentiation toward mesendoderm [14,79–81]. The functions of Activin/Nodal signaling in pluripotency maintenance and mesendoderm induction seem contradictory. Recently, Chng et al. provided an explanation for how Activin/Nodal signaling maintains pluripotency without inducing mesendoderm in human ESCs and mouse EpiSCs [82]. They found that Smad-interacting protein 1 (SIP1) has an essential role in the promotion of neuroectoderm differentiation and the suppression of mesendodermal genes induced by Activin/Nodal signaling. In turn, Activin/Nodal signaling cooperates with NANOG, OCT4 and SOX2 to control the expression of SIP1 in human ESCs, thereby limiting the neuroectoderm promoting effects of SIP1. Therefore, SIP1 limits the mesendoderm inducing effects of Activin/Nodal signaling without inhibiting the pluripotency maintaining effects exerted by SMAD2/3. This conclusion was confirmed in mouse EpiSCs, implying that these mechanisms are conserved in different species and may operate in vivo during mammalian development [82]. Overall, there are still many unresolved questions about how Activin/Nodal signaling switches its function from pluripotency maintenance to mesendoderm induction. Future studies should focus on revealing the full molecular cascades by which Nodal signaling controls these cell-fate choices.



5. Wnt Signaling

Wnt signaling is mediated by blocking the activity of glycogen synthase kinase 3β (GSK3β), which promotes β-catenin degradation. Inhibition of Gsk3β activity thus stabilizes β-catenin, which activates the Wnt pathway. Wnt signaling plays multiple roles during early embryonic development. In both Xenopus and chick embryos, Wnt signaling represses neural fate and induces epidermal fate by attenuating the responsiveness of epiblast cells to FGF signaling [83–86]. In addition, Wnt signaling is required for primitive streak formation in chick and mouse embryos [87,88]. Conversely, a study in Xenopus found that Wnt signaling promotes neural development in ectoderm through inhibition of BMP4 expression [89]. Furthermore, Xiro1, a downstream target of the Wnt pathway, was shown to repress BMP4 expression [90]. These contradictory findings might be due to the different developmental stages during which the experiments were conducted. At early stages of development, Wnt signaling is activated on the dorsal side of the embryo, where it represses the activity of BMP signaling and specifies the dorsal character. Consequently, cells on the dorsal side give rise to neural cells [89]. However, at the blastula/early gastrula stages, Wnt signaling may suppress the generation of neural cells [86]. Therefore, it becomes necessary to inhibit Wnt signaling for normal neural cell development at later stages [91].

The functions and mechanisms of Wnt signaling have also been investigated in mouse ESCs. In agreement with observations in vivo, Wnt signaling is required for mesoderm differentiation in mouse ESCs. It has been shown that inhibition of endogenous Wnt signals in mouse ESCs prevents the expression of primitive streak-, endoderm- and mesoderm-associated genes and abrogates the functional development of mature mesodermal lineages [92]. However, β-catenin alone is not sufficient to promote primitive streak-associated gene expression, indicating that Wnt/β-catenin may cooperate with other signals to regulate germ layer induction. Another study in mouse ESCs showed that Wnt and Nodal signaling are required to act together for the formation of mesendodermal cells [10]. In summary, Wnt signaling cooperates with other signaling pathways to regulate mesoderm and endoderm differentiation in mouse ESCs.

Recently, Sato et al. showed that Wnt activation stimulated by 6-bromoindirubin-3′-oxime (BIO), a specific pharmacological inhibitor of GSK3, sustains the expression of the pluripotent state-specific transcription factors Oct4, Rex1 and Nanog in mouse and human ESCs [93]. In addition, Doble et al. reported that overexpression of stabilized β-catenin in mouse ESCs inhibits neuronal differentiation and delays loss of pluripotency; moreover, β-catenin forms a complex with Oct4 and enhances Oct4 activity [94]. Therefore, Wnt/β-catenin signaling plays a role, in part through its interaction with Oct4, in the maintenance of pluripotency. However, Wnt signaling alone is not sufficient to maintain the ground state of mouse ESCs. Ying et al. showed that blockage of GSK3 in mouse ESCs enhances growth capacity and suppresses neural differentiation, but it also promotes non-neural differentiation. To block differentiation of ESCs into the cells that make up the three germ lineages, the combination of a GSK3 inhibitor and an FGF-Erk inhibitor is necessary [54].

At present, no published data fully elucidate the functions of Wnt signaling in EpiSC differentiation. Considering the multiple roles of Wnt signaling in early embryonic development, we speculate that Wnt signaling may play distinct roles at different stages of development, similarly to the BMP, FGF and Nodal pathways. Further investigation into the functions of Wnt and its crosstalk with other signaling pathways is needed, especially in EpiSCs.



6. Outlook

The BMP, FGF, Nodal and Wnt signaling pathways play important roles during embryogenesis. However, the mechanisms underlying cell fate decisions during vertebrate embryogenesis are complex. ESCs and EpiSCs provide in vitro systems for investigating the complex mechanisms through which signaling pathways play distinct roles during different developmental stages. Recently, published data [95] and our unpublished results suggest that it may be possible to derive ectodermal cells directly from mouse ESCs and EpiSCs. Ectodermal cells would work as a unique in vitro tool to study the mechanisms involved in ectoderm commitment and in neural and epithelial differentiation during embryonic development. Studies in pluripotent stem cells that correspond to different developmental stages would provide a foundation for efforts to guide the differentiation of pluripotent stem cells along selected developmental pathways for potential therapeutic use.
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