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Abstract
The Role of FGF Signaling in the Regulation of Pluripotency and
Neural Crest Formation
Lauren Geary Bowman
The neural crest is a unique, vertebrate specific stem cell population that gives rise to a
diverse set of derivatives in the embryo, including sensory neurons, glial cells, melanocytes, and
craniofacial structures such as cartilage, bone, and connective tissue. Unlike other multipotent
stem cell populations present at this time, neural crest stem cells are not restricted to a specific
germ layer, and they retain their pluripotent potential while other neighboring cells are becoming
further restricted. How neural crest cells evade the push to become lineage restricted, however, is
unclear. Thus, studies of this important cell population will provide insight into the molecular
underpinnings of stem cell potency and advance our understanding of how cell fate decisions are
regulated in the early embryo.
In this thesis, I explore how stem cell attributes are controlled in pluripotent blastula stem
cells and investigate how this relates to the mechanism by which neural crest cells retain their
stemness during embryonic development. I found that FGF signaling is required for proper
blastula-stage gene expression and the appropriate lineage restriction of these cells, and that FGF
signals execute context-dependent effects by differentially activating two different downstream
signaling cascades. For instance, the MAPK cascade is active in blastula stem cells and is
required for the pluripotency of these cells, while the PI3K/Akt cascade is required for the transit
of cells to a subset of lineage restricted cell states. I further discovered that neural crest stem cells
retain high MAPK:low Akt activity, and that this is required for proper establishment of the
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neural crest. In order to address how this differential cascade activation is achieved, I
investigated the role of signaling adaptors and found that levels of the adaptor proteins Sos1 and
Gab1 are critically important for activation of the MAPK and PI3K/Akt signaling cascades.
Additionally, I discovered that Sos1 is required for proper embryonic patterning and is essential
for blastula-stage pluripotency. Together, my findings detail the different roles of FGF signals
throughout early embryonic patterning and demonstrate a novel mechanism by which this
pathway elicits context-specific effects during cell fate determination.
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Chapter 1
General Introduction
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Nothing is as miraculous as the fertilized egg, a single cell that eventually develops into a
fully formed organism. But how can one cell generate so many other specialized cells with such
diversity? And how do these cells each know what they should become? Such questions have
inspired scientists for centuries, but the advent of modern developmental biology and the
discovery of pluripotent stem cells has allowed for these long sought after questions to be
addressed (Solter, 2006).
Pluripotent stem cells of the early embryo have the potential to form any cell type
imaginable; however, this remarkable potential is lost as the embryo matures and cells become
more specialized (Keller, 2005). In vertebrate organisms, a small population of cells, called
neural crest stem cells, maintain this potential later in development, resisting the push to become
further specialized in order to make contributions to various developing structures within the
embryo (Groves & LaBonne, 2014; Prasad et al., 2012). Thus, these cells are an excellent model
to explore cell fate decisions and answer the enigmatic question, how do stem cells resist cell
specialization to maintain their remarkable potential?

The neural crest: an overview
Early during development, embryonic cells organize themselves into discrete tissue
layers to begin the process of cell specialization. Cells can be partitioned into one of three
different germ layers, and each prepares cells for a very different function (Carey, Linney, &
Pedersen, 1995; Lawson, Meneses, & Pedersen, 1991). Neural crest stem cells are unique, as
they are positioned in the ectodermal germ layer, where cells are partitioned to form either skin
or neural tissue, yet they do not become either of these specialized cell types (Figure 1.1) (Le
Douarin & Kalcheim, 1999). Instead, these cells exhibit a stem cell-like state that they maintain
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Figure 1.1 Ectodermal patterning in the Xenopus embryo.
After the completion of gastrulation, the ectodermal germ layer undergoes extensive patterning
in order to generate three distinct cell domains: the epidermis, the neural plate border, and the
neural plate. The neural plate border region is further segmented to give rise to the neural crest
and to the sensory placodes.
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until the completion of neurulation, at which point they delaminate from their position at the
dorsal neural tube through a process known as an epithelial to mesenchymal transition (EMT)
(Figure 1.2) (Acloque, Adams, Fishwick, Bronner-Fraser, & Nieto, 2009; X. Huang et al.,
2004). Upon migrating extensively throughout the embryo, neural crest cells contribute to tissues
of both mesodermal and ectodermal origin, including facial cartilage and bone, muscle, intestinal
neurons, and pigment cells (Acloque et al., 2009; Bronner, 2012; Le Lièvre & Le Douarin, 1975;
Sieber-Blum & Cohen, 1980). Evolutionarily, the emergence of the neural crest aligns with the
evolution of vertebrates, and the diversity in vertebrate body plans is attributed to the vast array
of neural crest derivatives (S. A. Green, Simoes-Costa, & Bronner, 2015; Hall, 2000).
Ultimately, understanding how neural crest cells form and how they initially evade cell
specialization will provide a roadmap for understanding the general processes governing stem
cell behavior.
The regulation of neural crest development
The establishment of the neural crest stem cell state is a complex, highly coordinated
process that relies on the interplay of multiple signaling inputs, transcriptional regulators, and
epigenetic modifiers, with specific parameters necessary for formation to ensue (Figure 1.3)
(Groves & LaBonne, 2014; Green et al., 2015). Only recently has the epigenetic landscape of
neural crest cells begun to be explored, but much evidence exists linking multiple signaling
pathways and transcription factors to the regulation of neural crest development (Betancur,
Jordan, et al., 2010b; Prasad et al., 2012; Simoes-Costa & Bronner, 2015). Beginning at the onset
of gastrulation, a BMP gradient is established through the secretion of specific BMP antagonists,
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Figure 1.2 Positioning of neural crest cells at the dorsal neural tube in chick.
At the onset of neurulation, neural plate border cells are established in between the anterior
neural plate and non-neural ectodermal cells. As neurulation proceeds, a subset of these cells will
give rise to the cranial neural crest, which will be maintained in this state until fusion of the
neural folds. At this point, the neural crest cells will delaminate from their position at the dorsal
neural tube through a process known as an Epithelial to Mesenchymal Transition (EMT),
granting these cells the ability to migrate throughout the developing embryo (Adapted from
Green et al., 2015).
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Figure 1.3 The neural crest gene regulatory network.
Establishment of the neural crest state is mediated by the interplay of Wnt, FGF, Notch, and
BMP signals, which will in turn, initiate a regulatory program within the neural plate border
region of the embryo through their regulation of neural plate border specifiers such as Pax3/7,
Msx1/2, and Zic1/2. The neural plate border specifiers, in cooperation with the same upstream
signals, will upregulate neural crest-specific genes, such as FoxD3, Snail1/2, and SoxE factors,
in a subset of cells. These same factors will later also mediate the lineage restriction of neural
crest cells to their specific derivatives (Adapted from Green et al., 2015).
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such as chordin and noggin, from the dorsal organizer (Barth et al., 1999; J. B. Green, 1994;
Zimmerman, De Jesús-Escobar, & Harland, 1996). Diffusion of these antagonists generates an
intermediate concentration of BMP in the region separating the non-neural ectoderm from the
neural plate, termed the neural plate border, or the region of cells from which the neural crest is
derived from (X. Huang et al., 2004). This intermediate level of BMP creates a zone of
competence for neural crest formation, and the integration of other signals further initiates a
neural crest-specific gene regulatory program in a subset of neural plate border cells. Wnt
signaling is required for proper neural crest marker expression and overexpression of Wnt1 or
Wnt3 is sufficient to expand neural crest marker domains (Saint-Jeannet, He, Varmus, & Dawid,
1997). Further, expressing the appropriate levels of Wnt signal in animal cap explants with
intermediate levels of BMP, which is established through appropriate BMP antagonism by
chordin or noggin, is sufficient to induce neural crest marker expression. Similarly, FGF signals
in combination with BMP antagonism can induce neural crest marker expression in naive
ectodermal cells, albeit to a lesser extent than Wnt signals (LaBonne & Bronner-Fraser, 1998).
Notch signaling is also implicated in neural crest formation, however, its function appears
to be context-dependent. In chick, the Delta-1 ligand is required for proper Slug expression, and
further, the maintenance of BMP4 in the ectoderm (Endo, Osumi, & Wakamatsu, 2002).
However, in Xenopus, microinjection of Hairy2a, a Notch-mediated gene, was found to repress
BMP4 expression to promote intermediate levels of BMP in the neural plate border region
(Glavic, 2003). Despite the disparate mechanisms proposed for the involvement of Notch
signaling in these different models, it's evident that this pathway is intricately linked to the
regulation of BMP signaling.
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The integration of BMP, FGF, Wnt, and Notch signaling pathways in turn initiate a gene
regulatory cascade that leads to the upregulation of specific transcription factors in the neural
plate border region of the ectoderm. Numerous genes are identified as BMP, FGF, and Wnt
inputs and are activated within the neural plate border region, including direct BMP targets
Msx1/2 and TFAP2, as well Pax3/7, Zic1/5, and Dlx (Luo, Matsuo-Takasaki, Thomas, Weeks, &
Sargent, 2002; Monsoro-Burq et al., 2005; Sato, Sasai, & Sasai, 2005; Steventon et al., 2005;
Suzuki, Ueno, & Hemmati-Brivanlou, 1997; Tribulo, Aybar, Nguyen, Mullins, & Mayor, 2003).
Interestingly, the activation and regulation of these genes is extremely interconnected, and
extensive cross-regulation exists among the neural plate border specifiers (Betancur, Jordan, et
al., 2010b). Despite this complexity, Pax3 and Zic1, but not other transcription factor
combinations, are sufficient to establish the neural plate border state and initiate the gene
regulatory cascade that leads to neural crest formation (C.-S. Hong & Saint-Jeannet, 2007;
Monsoro-Burq et al., 2005).
As neurulation proceeds, a suite of neural plate border specifiers coordinate the activation
of neural crest specifier genes in a subset of neural plate border cells, with the remaining cells
fated for the sensory placodes, and ultimately, the sensory organs (Baker & Bronner-Fraser,
2001; Milet et al., 2012; Park & Saint-Jeannet, 2010). Such neural crest specifier genes include
Snail1/2, Ets1, FoxD3, Id3, Myc, Twist, and the SoxE factors, Sox8, Sox9, and Sox10 (Aybar et
al., 2003; Honoré, Aybar, & Mayor, 2003; Hopwood, Pluck, & Gurdon, 1989; Y.-H. Lee et al.,
2004; Light, Vernon, Lasorella, Iavarone, & LaBonne, 2005; N. Sasai, Mizuseki, & Sasai, 2001;
C. Wang et al., 2015). Along with establishing the pre-migratory neural crest state, many of these
factors are implicated in maintaining neural crest cells as multipotent stem cells. For instance,
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misexpression of the Myc target Id3 in Xenopus embryos is sufficient to prolong the neural crest
progenitor state and prevent neural crest cell differentiation (Light et al., 2005).
Although the aforementioned factors are categorized as neural plate border specifiers or
neural crest specifiers because of their temporal expression and initial activation, neural crest
development is characterized by reiterative use of this pool of transcription factors (Taylor &
LaBonne, 2007). For instance, Snail2, which is required for the establishment of the neural crest,
is also an important regulator of the EMT that promotes cell migration, partially through its role
in downregulating E-cadherin expression and upregulating Metalloproteinase expression (Dang
et al., 2011; Nieto, Sargent, Wilkinson, & Cooke, 1994; Simoes-Costa & Bronner, 2015). FoxD3
also exhibits dual functions in both premigratory and migratory cells, and interestingly, has
different enhancers that control its expression during these two stages of neural crest
development (Simões-Costa, McKeown, Tan-Cabugao, Sauka-Spengler, & Bronner, 2012).
FoxD3 is also required for proper neural crest differentiation, as it prevents the adoption of the
melanocyte lineage by inhibiting Mitf, a key activator in the melanocyte gene regulatory circuit,
to promote glial cell formation (Lister et al., 2006; A. J. Thomas & Erickson, 2009). Along with
FoxD3, numerous other neural crest specifiers are shown to maintain expression into migratory
neural crest stages and control neural crest differentiation. These include Ets1, which is required
for proper cardiac neural crest cell migration and differentiation, as well as the SoxE factor,
Sox10, which promotes melanocyte formation through its activation of the critical melanocyte
regulators Mitf and Trp2 (Aoki et al., 2003; Betancur, et al., 2010a; Bondurand et al., 2000; Gao
et al., 2010; Potterf et al., 2001). Thus, neural crest development relies on the reiterative use of
key signals and transcription factors, emphasizing the importance of understanding the temporal
and context-specific role of each of these inputs.
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An alternate model: the retention of blastula-stage potential
According to the traditional model for neural crest formation, the aforementioned
regulatory program mediates the induction of neural crest cells from the neural plate border of
the ectoderm. This inductive event would, in turn, bestow neural crest cells more developmental
potential than the cells from which they were derived, and grant them the ability to give rise to
derivatives of both ectodermal and non-ectodermal origin (Milet et al., 2012; Prasad et al., 2012;
Steventon et al., 2005). This gain in developmental potential, or acquisition of stemness,
fascinated scientists for decades, as it defies Waddington’s model for the progressive restriction
of cells during development (Waddington, 1947; Slack, 2002). Recent findings in the field and
the reinterpretation of past findings allowed scientists to begin challenging the long-standing
model for neural crest formation (Hoppler et al., 2015; Le Douarin & Dupin, 2016).
The emergence of an alternate explanation for how the neural crest forms began with the
finding that blastula stem cells and neural crest stem cells share a multitude of similarities, both
transcriptionally and molecularly. For instance, it was found that blastula stem cells express
many canonical neural crest markers, including Id3, TFAP2, Myc, FoxD3, Ets1, Sox5, and Snail1
(Figure 1.5), and that many of these are also required for proper blastula-stage gene expression
(Buitrago-Delgado et al., 2015; Nordin & LaBonne, 2014). Likewise, some of these "neural
crest" factors, including Myc and FoxD3, are also known to be required for embryonic stem (ES)
cell self renewal (Liu & Labosky, 2008; Varlakhanova et al., 2010). Additional investigations
into the competency of neural crest stem cells led to the discovery that these cells also have the
untapped potential to form endoderm when exposed to Activin-inducing cues in vitro (BuitragoDelgado et al., 2015; Le Douarin & Dupin, 2016). Thus, this discovery provides evidence that,
while not realized in the embryo, the neural crest exhibits the remarkable potential of their
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Figure 1.4 A revised model for neural crest formation.
(A) Historically, the neural crest was considered to arise through an inductive event within
already restricted ectodermal cells, such that cells gained developmental potential to give rise to
the neural crest. (B) An alternate explanation for the genesis of the neural crest is one in which a
subset of cells from the early blastula are set aside and maintained in a pluripotent stem cell state
in order to allow for the neural crest to form (Adapted from Buitrago-Delgado et al., 2015).
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ancestral cells, the pluripotent blastula stem cells. Therefore, an alternate explanation for the
genesis of the neural crest is that a subset of cells evades cell specialization to retain blastulastage potential.
Rethinking the neural crest gene regulatory network
It's possible that our current representation of neural crest formation, beginning with the
activation of neural plate border specifiers and leading to the activation of neural crest specifiers,
is not an accurate portrayal of this process. Instead, it's possible that presumptive neural crest
cells receive instructions as early as the blastula stage to begin the process of neural crest
specification. This hypothesis stems from the discovery that many canonical neural crest factors,
such as Id3 and AP2, are also expressed in the pluripotent animal pole cells of the blastula
(Buitrago-Delgado et al., 2015). Whether the signaling pathways responsible for initiating the
neural crest regulatory circuit are also functioning in the blastula animal pole cells is unclear.
Significant evidence exists linking BMP, Wnt, and FGF signals to roles in patterning of
the ectoderm and the differentiation of neural and neural crest derivatives (Groves & LaBonne,
2014; Patthey & Gunhaga, 2014; Simoes-Costa & Bronner, 2015). However, only recently have
the early roles of these signals been explored. For instance, it was found that the canonical BMP
target genes AP2, Id3, and Vent2 are expressed in blastula animal pole cells, and that perturbing
BMP signaling through use of secreted or non-secreted BMP inhibitors blocks expression of
these genes (Nordin & LaBonne, 2014). Such findings provide motivation to explore whether the
signals canonically considered neural crest inducing signals have been co-opted from the blastula
stem cell regulatory network to mediate neural crest stem cell formation.
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Figure 1.5 Characterization of blastula-stage gene expression.
In situ hybridization for a variety of pluripotency and neural crest factors in Xenopus blastula
embryos (stage 9). Numerous factors canonically considered to be neural crest specifiers (Vent2,
Myc, Id3, TF-AP2, Ets1, FoxD3 and Snail1) are also expressed in the pluripotent cells of the
blastula (Adapted from Buitrago-Delgado et al., 2015).
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The interplay of Wnt and FGF signals in the neural crest
Along with BMP signals, both FGF and Wnt signals are implicated in neural crest
formation, yet their independent roles are less well understood. Both signals emanate from the
paraxial mesoderm, making it difficult to tease apart the individual functions of each pathway
(Christian, McMahon, McMahon, & Moon, 1991; Isaacs, Tannahill, & Slack, 1992). Both Wnts
and FGFs were first implicated in neural crest formation when it was discovered that BMP
antagonism with Wnt or FGF was sufficient to induce neural crest marker expression in Xenopus
animal cap explants (LaBonne et al., 1998). Whether these signals exhibit unique or redundant
functions, however, is not clear, with evidence in support of both hypotheses. Xenopus animal
cap explants can be induced to form neural crest when conjugated to mesodermal tissue; when
FGF signaling is inhibited in these explants, but not Wnt signaling, neural crest fails to form,
suggesting a direct requirement for FGF signals (Monsoro-Burq, 2003). In Xenopus whole
embryos, addition of Wnt8 is sufficient to rescue FGF8 morphant embryos, suggesting that FGF
signals promote neural crest formation indirectly through the propagation of Wnt signals (C.-S.
Hong, Park, & Saint-Jeannet, 2008). A recent study in zebrafish sheds light on the complex
relationship between these two signals, as it was found that inhibiting FGF signals blocks Pax3a,
and that dual inhibition of Wnt signals with FGF inhibition further reduces this expression.
Ultimately, FGF and Wnt signals regulate different Pax3a enhancers, providing evidence for
cooperative and distinct roles for these two signals in mediating neural plate border gene
expression (Garnett et al., 2012).
The importance of FGF signals specifically is further evidenced by recent work in
Xenopus and chick. Exogenous FGF in chick non-neural ectoderm is sufficient to activate neural
crest genes (Yardley & García-Castro, 2012), paralleling earlier work in Xenopus and suggesting
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cross-species conservation (LaBonne et al., 1998). Further, multiple FGF-directed cascades are
implicated in neural crest formation, such as the Stat3 cascade, as FGFR4-mediated Stat3
activation promotes the proliferation and survival of neural crest progenitors (Nichane, Ren, &
Bellefroid, 2010), and the MAPK cascade, as activation is required for proper expression of the
neural plate border marker Pax7 (Stuhlmiller & García-Castro, 2012). Together, these findings
suggest a Wnt-independent role for FGF signaling in mediating neural crest formation and
provide motivation to further define its function in the early Xenopus embryo.
FGF signaling and embryonic patterning
FGF signaling is used reiteratively throughout development, mediating processes as
diverse as mesoderm development, neuroectodermal patterning, embryonic axes determination,
trophectoderm specification, and morphogenetic movements, among others (Amaya et al., 1991;
Chazaud, Yamanaka, Pawson, & Rossant, 2006; Dorey et al., 2010; Hongo et al., 1999;
Partanen, Schwartz, & Rossant, 1998; Slack, Darlington, Heath, & Godsave, 1987; Xu, Kim,
Taira, Sredni, & Kung, 1997; Yang, Dormann, Münsterberg, & Weijer, 2002). Such diversity in
function may be explained, in part, by the sheer complexity of FGF receptor and ligand pairs, as
genes for twenty-two FGF ligands and four FGF receptors have been identified in the
mammalian genome (Ornitz & Itoh, 2015). Extensive characterization of these FGF genes in
Xenopus showcases the diverse and distinct expression patterns that exist, both temporally and
spatially, for each ligand and receptor throughout the developing embryo (Figure 1.6, 1.7)
(Golub et al., 2000; Hongo et al., 1999; Lea, Papalopulu, Amaya, & Dorey, 2009). Analyses of
FGFR gene expression in the developing eye highlights this diversity in expression and its
biological relevance, as all four FGFR genes are expressed simultaneously in this region as it
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Figure 1.6 Characterization of FGFR1-4 expression throughout Xenopus embryo
development. FGFRs are differentially expressed in early gastrula embryos (stage 10.5) and
maintain these unique expression profiles through mid-neurulation (stage 15) (Adapted from Lea
et al., 2009).
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Figure 1.7 Characterization of FGF ligand expression during Xenopus embryonic
development. Numerous FGF ligands (FGF1/2/4/8) are expressed in early gastrula embryos
(stage 10.5) and adopt unique expression profiles as development proceeds. More overlap in
expression is observed after midneurula stages (stage 15) (Adapted from Lea et al., 2009).
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develops, but in distinct cell types; both FGFR1 and FGFR4 are expressed in the cells
surrounding the lens, while FGFR3 is expressed within the lens itself, and FGFR2 in the
surrounding eye epithelium (Lea et al., 2009). This deliberate, varied receptor expression is
particularly interesting, as it suggests that different receptors may differentially transduce FGF
signals to elicit unique cellular responses, prompting more precise studies to be conducted.
Most well studied of the receptors during embryonic development is FGFR1, which was
first characterized in Xenopus for its role in mesoderm formation (Amaya et al., 1991; 1993).
FGF signaling is intricately involved in mesoderm development, as use of a dominant-inhibitory
FGF receptor 1 is sufficient to block both activin- induced and Brachyury-induced mesoderm
formation in Xenopus animal cap explants (Cornell & Kimelman, 1994; LaBonne & Whitman,
1994; Schulte-Merker & Smith, 1995). Further, addition of exogenous FGF ligands to naive
ectodermal explants is sufficient to upregulate the key mesodermal regulator, Brachyury,
(Isaacs, Pownall, & Slack, 1994) and induce commitment to the mesodermal lineage (Isaacs et
al., 1992; Kimelman, Kiyota, Kirschner, Kato, & Kato, 1987; Slack et al., 1987). Such a role for
FGF signaling is widely conserved, as functional FGF signaling is also required for the
expression the Brachyury homologues in chick and in zebrafish (no tail) (Griffin, Patient, &
Holder, 1995; Khot & Ghaskadbi, 2001).
In addition to mesodermal development, FGF signals mediate neural formation and
patterning, exemplifying its repeated use during early development. Interestingly, different FGF8
ligands may be involved in mediating mesodermal versus neural development in Xenopus, with
FGF8b being a potent mesodermal inducer and FGF8a mediating anterior-posterior neural
patterning, providing insight into how neighboring cell populations within the embryo may be
differentially regulated (Fletcher et al., 2006). Although much evidence exists linking FGF
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signaling to neural induction, it has proved to be a complex and intricate relationship. FGF
signals were first implicated when it was discovered that addition of FGF ligands, with or
without BMP suppression, was sufficient to initiate commitment to the neural state and induce
the expression of neuronal markers, and secondly, when blocking FGFR function led to a loss in
definitive neural marker expression (Delaune, Lemaire, & Kodjabachian, 2005; Hardcastle,
Chalmers, & Papalopulu, 2000; Hongo et al., 1999; Kengaku & Okamoto, 1993; Launay,
Fromentoux, Shi, & Boucaut, 1996; Xu et al., 1997). Continued studies aimed at defining the
role of FGF signaling temporally, spatially and in relation to BMP signaling, and provided
evidence that, while anterior neural induction was FGF-independent, there was a clear
requirement for FGF signals during posterior neural induction (Cox & Hemmati-Brivanlou,
1995; Wills et al., 2010).
Thus, FGF signals exhibit a vast array of functions over a relatively short period in
developmental time, founding the question of how FGF signals achieve such context-specific
effects. Moreover, FGF signals don't exhibit one, universal role, but rather mediate cellular
outcomes ranging from maintaining trophoblast stem cell potential to permitting the lineage
restriction of neural progenitors (Adachi et al., 2013; Hongo et al., 1999). Thus, FGF signaling
holds particular promise in mediating the dynamic behavior of neural crest stem cells, which
need to not only be able to maintain their stem cell potential, but also be able to unleash it at the
appropriate time and place in development.
FGF signaling: mediating stemness and differentiation?
It is well established that FGF signaling is intricately involved in the regulation of
embryonic stem (ES) cell pluripotency in cells derived from the inner cell mass of both mouse
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and human embryos (Lanner & Rossant, 2010). Whether this is representative of its role in the
developing embryo, however, is unknown, as little in vivo evidence exists for the role of FGF
signaling in this context. Nevertheless, the disparate role of FGF signaling in mediating the stem
cell potential of pluripotent cells at different time points in development is intriguing (Figure
1.8). For instance, naive mouse embryonic stem cells (mESCs), which are derived from preimplantation embryos (M. J. Evans & Kaufman, 1981), require the suppression of FGF-MAPK
signaling to maintain their pluripotent state (Nichols, Silva, Roode, & Smith, 2009). Activation
of FGF signaling in these cells promotes their exit from self-renewal and is required for their
restriction to mesodermal and neural lineages (Kunath et al., 2007; Stavridis, Lunn, Collins, &
Storey, 2007). This is fundamentally different from what is observed in epiblast stem cells, or
primed-pluripotent stem cells derived from post-implantation mouse embryos, which require
FGF activity for their self-renewal (Brons et al., 2007; Nichols & Smith, 2011; Tesar et al.,
2007). Such evidence highlights the context-dependent nature of FGF signals, which is further
exemplified in the regulation of pluripotency in human ES cells. Despite their similar origin of
derivation as mouse ES cells, human ES cells do not exhibit the morphological characteristics or
have the same cell surface markers as naïve mouse ES cells (Ginis et al., 2004). Instead, human
ES cells exhibit much more similarity to primed mouse ES cells (Hanna et al., 2010; Rossant,
2008), such that they require FGF signals for proper pluripotency gene expression and to
maintain an undifferentiated state; further, FGF-inhibition is sufficient to promote the lineage
restriction of these cells (Dalton et al., 2013; Li et al., 2007; Vallier, Alexander, & Pedersen,
2005). Thus, it's evident that FGF signals have the capacity to regulate cell fate decisions in
support of, and in contradiction to, the maintenance of stem cell pluripotency. How FGF signals
mediate the decision for a naive cell to undergo self-renewal versus commence lineage
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Figure 1.8 FGF signals are differentially required for embryonic stem cell maintenance.
Schematic representation of the established culture conditions required for propagation of mouse
and human embryonic stem (ES) cells. FGF signals promote the transit of mouse ES cells from a
naive to a primed ES cell state, and they are required for the self-renewal of human ES cells
(Adapted from Lanner et al., 2010).
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restriction, as well as its bearing on the developing embryo, it yet to be determined.

Mechanisms by which FGF signals elicit context-dependent effects
A variety of mechanisms are employed by the FGF signaling pathway to grant the
reiterative use of signals throughout embryonic development. Further, these signals can prompt
context-specific responses through a variety of means, including but not limited to, use of
morphogen gradients, varied ligand/receptor pairs, and the means of signal transduction
(Balasubramanian & Zhang, 2016). Frequently during development, a FGF morphogen gradient
is established to generate a field of varied competence or to direct activation of different
regulatory programs that specify different cell fates (Balasubramanian & Zhang, 2016). This is
evidenced by the ability of FGF8 to specify the positional identity of cells within the mouse
neocortex based on their distance from the anterior telencephalon, or the signal source (FukuchiShimogori & Grove, 2001; Sansom & Livesey, 2009), and by FGF signals directing anterior vs.
posterior neural identity in the Xenopus neural tube (Kengaku & Okamoto, 1995). In this case,
signal concentration is interpreted within the neural tube to specify cell identity, in part, through
the differential sensitivity and responsiveness of essential positioning genes, such as the Hox
gene cluster, to signal concentration (Bel-Vialar, Itasaki, & Krumlauf, 2002; Dasen, Liu, &
Jessell, 2003). Signal duration is another means by which varied cellular responses can be
generated in response to an FGF gradient. This is observed during endodermal patterning, in
which the length of time endodermal cells spend conjugated to FGF-secreting mesodermal tissue
determines whether they will turn on genes consistent with the pancreatic, liver, or lung fate,
with lung specification requiring the longest exposure to FGF signals (Shifley et al., 2012).
Ultimately, ill-defined gradients can generate sharply defined boundaries and patterns through
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integration with other signaling pathways (Srinivasan et al., 2014), making them a useful
mechanism to pattern diverse tissues within the embryo.
The presence of such diversity among FGF receptors and ligands across the mammalian
genome suggests that pairing of different ligands and receptors may be another important
mechanism utilized to elicit context-specific effects. Support for such was described during early
lung development, during which both FGF1 and FGF7 ligands promote lung epithelium
proliferation, albeit to varying extents, while only FGF7 promotes epithelial differentiation,
upregulating the lung differentiation markers SP-A and SP-B in cultured mouse lung explants
(Cardoso, Itoh, Nogawa, Mason, & Brody, 1997). It was proposed that, as different receptors
were also present throughout the lung tissue, the differential effects of FGF1 and FGF7 ligands
could be explained by differential receptor-ligand affinities (Cardoso et al., 1997). This
possibility is supported by in vitro evidence, which reveals that specific FGF ligand/receptor
pairs in cultured murine cells increase the mitogenic activity of cells more than others (Ornitz et
al., 1996; Xiuqin Zhang et al., 2006). Further explorations reveal that ligands may in fact have
innate functional differences, as FGF7 and FGF10 can differentially regulate the output of the
same receptor, FGFR2, in cultured HeLa cells. Specifically, FGF7 leads to its transient activation
and rapid degradation, while FGF10 leads to its sustained activation and recycling through the
specific recruitment and activation of a signaling adaptor/PI3K complex (Francavilla et al.,
2013). Such differences are biologically relevant, as FGF7 and FGF10 promote the proliferation
and migration of these cells, respectively, providing a mechanistic explanation for how
differential ligand utilization imparts control over cellular responses.
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FGF signal transduction: an overview
In addition to ligand and receptor mediated control of cellular outcomes is how the signal
is interpreted or transduced, which is potentially the most well understood mechanism by which
FGF signals direct diverse cellular outcomes (Dailey, Ambrosetti, Mansukhani, & Basilico,
2005). Following ligand binding, FGF receptors are activated through receptor dimerization and
trans-autophosphorylation of several key tyrosine residues on the intercellular domain of the
receptor, providing docking sites for signaling adaptors, such as the canonical adaptor FRS2,
which subsequently recruits various other signaling proteins to the membrane and initiates
transduction of the signal (Eswarakumar, Lax, & Schlessinger, 2005; B. Thisse & Thisse, 2005).
It is well established that numerous downstream signaling cascades have the capacity to become
activated downstream of activated FGF receptors, including the Ras/Map Kinase (MAPK)
cascade, Phosphoinositide 3-Kinase (PI3K)/Akt cascade, Stat cascade, and Phospholipase-C
(PLC) cascade (Eswarakumar et al., 2005; Ornitz & Itoh, 2015), providing a multitude of
possibilities for how a signal is transduced (Figure 1.9). Thus, understanding how a specific
cascade is initiated, the mechanism by which the signal is transmitted to the nucleus, and the
range of potential cellular outcomes is critical to understanding the diversity embodied by the
FGF signaling pathway.
While both the Ras/MAPK and PI3K/Akt cascades require a signaling scaffold to be
established at the activated receptor for their recruitment and activation, both PLCg and STAT
proteins have the capacity to interact directly with the active FGFR, (Mohammadi et al., 1991;
Nichane et al., 2010; Vainikka et al., 1992), providing them a much more direct mode of
activation. Despite this similarity, the PLC cascade and STAT cascade exhibit very different
transduction mechanisms, and thus have very different nuclear targets. Upon activation of
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Figure 1.9 Schematic of the FGF receptor and downstream signaling cascades.
Upon activation, FGFRs have the ability to activate numerous different downstream signaling
cascades in order to transduce the FGF signal. These include the PLCg, Stat3, PI3K/Akt, and
Ras/MAPK signaling cascades (Adapted from Brooks et al., 2012).
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PLCg, a cascade of events is initiated that leads to the hydrolysis of Phosphatidylinositol-4,5diphosphate (PIP2) into inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG), prompting
release of intracellular Calcium storages and the activation of Protein Kinase C (PKC) (Figure
1.10) (Kadamur & Ross, 2013; Putney & Tomita, 2012; B. Thisse & Thisse, 2005). The flux of
calcium modulates protein localization and function, making it an important secondary
messenger that coordinates a vast array of cellular processes, including but not limited to, the
process of fertilization, embryonic patterning, cell differentiation, and cell proliferation
(Berridge, Lipp, & Bootman, 2000).
Like PLCg, members of the STAT protein family (Stat1/3/5) are also activated directly
by activated FGFRs (Hart et al., 2000), with evidence supporting interactions between Stat3 and
activated FGFR1 (Y677) (Dudka, Sweet, & Heath, 2010) and FGFR4 (Nichane et al., 2010).
These interactions promote the phosphorylation of STAT proteins at key tyrosine residues, such
as Y705 of Stat3 (Nichane et al., 2010), conferring their activation and allowing their
translocation to the nucleus. Within the nucleus, STATs cooperate with other co-activators and
transcription factors to modulate transcription of genes involved in a diverse set of processes,
including cell growth, survival, and differentiation (Bromberg & Darnell, 2000; Levy & Darnell,
2002; Snyder, Huang, & Zhang, 2008). Interestingly, Stat3 is an important regulator of neural
crest development, with specific levels of FGFR4-mediated Stat3 activation required for proper
neural plate border and neural crest marker expression (Nichane et al., 2010). While perturbing
Stat3 levels disrupts neural crest formation, it also disrupts the progression of these cells through
the cell cycle (Nichane et al., 2010), exemplifying the complex regulatory roles STAT proteins
play during embryonic development.
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Figure 1.10 Graphical depiction of the PLC signaling cascade.
PLCg is recruited to the membrane following FGFR activation, which facilitates the hydrolysis
of its substrate (PIP2) into IP3 and DAG. These moieties function as secondary messengers of to
initiate Ca2+ release and signaling, as well as the activation of a variety of kinases and signaling
modulators (Adapted from Kadamur & Ross, 2013).
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In comparison to the PLCg and STAT signaling cascades, the PI3K/Akt and Ras/MAPK
signaling cascades require extensive protein scaffolds for activation, increasing the overall
complexity of the cascade and the potential modes of regulation (Brewer, Mazot, & Soriano,
2016). These two cascades often require the same adaptor protein(s) to signal, prompting the
question of how this affects cascade utilization, which will be detailed further. In brief, the
PI3K/Akt signaling cascade is initiated upon association of the two PI3K subunits, the regulatory
subunit (p85) and the catalytic subunit (p110), at the membrane, where it is phosphorylated and
activated. It will, in turn, phosphorylate its primary substrate (PIP2) to produce the secondary
messenger (PIP3), ultimately leading to the membrane recruitment, phosphorylation, and
activation of Akt (Hennessy, Smith, Ram, Lu, & Mills, 2005). Activation of this cascade is
intricately involved in mediating cell growth and survival (Brewer et al., 2016; Hennessy et al.,
2005), and it has recently been attributed to mediating the progression from an ectodermal
progenitor to a differentiated cell state in the developing Xenopus embryo (Pegoraro et al., 2015).
This is an interesting role for PI3K/Akt signaling, as it is the first instance of this cascade being
associated with ectodermal patterning, or more specifically, the establishment of the neural crest,
prompting further investigations.
The potentially most well studied FGF-directed cascade is the MAPK signaling cascade.
This cascade is initiated through the membrane recruitment and activation of the small GTPase,
Ras, which is mediated through its interaction with the Guanine nucleotide Exchange Factor
(GEF) Son of Sevenless (SOS) 1/2. Upon activation, Ras recruits the Map Kinase Kinase Kinase
(MAPKKK/Raf) to the membrane, leading to its conformational change and the activation of its
kinase domain. Sequential kinase activations (MAPKK/Mek) eventually leads to MAPK (Erk)
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phosphorylation, promoting its translocation to the nucleus and activation of its target effectors,
which are canonically considered to be members of the ETS family of transcription factors
(Brooks et al., 2012; Eswarakumar et al., 2005; B. Thisse & Thisse, 2005). Interestingly, many
of the previously described functions attributed to FGF signaling during embryonic development,
such as mesoderm formation and neural crest development, also require active Ras/MAPK
signaling (LaBonne & Whitman, 1994; Stuhlmiller & García-Castro, 2012; Whitman & Melton,
1992). Ultimately, having evidence that implicates multiple FGF-directed cascades (STAT,
PI3K/Akt, and Ras/MAPK) in neural crest development prompts the question of whether this
allows for reiterative and context-dependent usage of FGF signals during the regulation of this
dynamic cell population. To address this, a deeper understanding of the roles of these three
cascades during early embryonic development is essential.

Stat3 signaling in stem cell regulation
Although the STAT family of transcription factors is comprised of six family members,
only Stat1 and Stat3 are expressed during early murine embryogenesis (Duncan, Zhong, Wen, &
Darnell, 1997). Stat3 deficient mice degenerate by E6.5, while deficiencies in other STATs are
permissive for embryonic development (Levy & Darnell, 2002; Takeda et al., 1997). In murine
embryonic stem cell cultures, Stat3 expression and activation is required to maintain cells in an
undifferentiated, stem cell state (Matsuda et al., 1999; Niwa, Burdon, Chambers, & Smith, 1998;
Raz, Lee, Cannizzaro, d'Eustachio, & Levy, 1999). However, FGF signals are not implicated in
mediating Stat3 activation in this context, but rather the Leukemia Inhibitory Factor (LIF)
cytokine, which signals through the LIF receptor-b and gp130 complex (Nicola & Babon, 2015).
Although blastocyst implantation requires functional LIF signaling, LIF-deficient blastocysts are
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viable, and complete embryogenesis when transplanted into wildtype hosts (Stewart et al., 1992).
Gp130 deficient embryos, while embryonically lethal, survive ten or more days longer than
Stat3-deficient embryos, succumbing only at later stages due to cardiac abnormalities (Yoshida
et al., 1996). Thus, Stat3-deficient embryos exhibit a more severe phenotype than what can be
recapitulated by blocking the LIF signaling pathway itself, suggesting a potential non-LIF
mediated role for Stat3 during early embryogenesis (Levy & Darnell, 2002). Whether FGF
signals could be involved in mediating this additional Stat3 function is particularly intriguing and
thus should be further explored.

Stat3 signaling and the regulation of cell fate decisions
Although Stat3 is required for embryonic viability and is implicated in regulating
embryonic stem cell pluripotency, STAT proteins are also intricately involved in regulating
diverse cellular processes later in development. This is evidenced by the characterization of
conditional Stat3 knockout mice, which exhibit defects in skin cell remodeling and wound
healing, as well as in lymphocyte development and mammary gland morphogenesis (Akira,
2000). Genome-wide Chromatin Immunoprecipitation (ChIP) studies in murine embryonic
fibroblast (MEF) cells provide some clarity into how Stat3 may be involved in the regulation of
these processes, as Stat3 binds directly to a heterogeneous set of promoters, including BMP RSmads (Smad9), angiogenesis regulators (Angpt1), immune response regulators (Gbp1), muscle
differentiation regulators (Cdo, Boc), and apoptosis regulators (FasL, TNFR), among others
(Snyder et al., 2008). Thus, gaining insight into the co-factors that direct Stat3 binding may
prove useful in understanding its role in regulating such a variety of processes during early
development.
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The diversity in Stat3 function may also be explained by its ability to be activated by both
chemokines and receptor tyrosine kinases (RTK), such as the FGF receptor (Figure 1.11)
(Brewer et al., 2016; Ihle, 1996; Levy & Darnell, 2002), as the method of activation influences
where Stat3 becomes phosphorylated (G. Huang, Yan, Ye, Tong, & Ying, 2014). The biological
significance of this is evidenced by work in mouse embryonic stem cells, where LIF-mediated
activation of Stat3 promotes phosphorylation at Y705 and the self-renewal of these cells,
whereas FGF-mediated activation promotes phosphorylation at S727, through a MAPKdependent mechanism, which mediates the transit of these cells to a neuronal lineage (G. Huang
et al., 2014); thus, it is essential to distinguish between these two different modes of activation
when considering the various functions of Stat3.
Much evidence exists implicating Stat3 in the regulation of early cell fate decisions and
the differentiation of cells across various lineages, irrespective of its mode of activation (Levy &
Darnell, 2002). Yet, different cell types utilize cytokines over FGF signals, and vice versa, to
facilitate Stat3 activation, making it important to consider this distinction. For instance, cytokinemediated Stat3 activation is required for gliogenesis in the mouse brain, as expression of a
dominant-inhibitory version of Stat3 in cortical precursor cells is sufficient to block activation of
the glial marker GFAP; ultimately, these cells exhibit an inability to transit to the astrocyte
lineage in the absence of functional Stat3 (Bonni et al., 1997). Cytokine, or gp130, mediated
activation of Stat3 is also required for myeloid lineage development, as it promotes the growth
arrest and differentiation of M1 myeloid precursor cells to the macrophage lineage (Minami et
al., 1996). Conversely, FGF-mediated activation of Stat3 is implicated in the regulation of neural
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Figure 1.11 The STAT signaling cascade has many modes of activation.
Activation of the STAT signaling cascade is initiated by Cytokines, receptor tyrosine kinases
(RTK), non-receptor tyrosine kinases, and peptides. In each case, the site of phosphorylation on
Stat1-6 may differ, potentially altering its binding partners in the nucleus, and thus, the outcome
of its activation (Adapted from Levy & Darnell, 2002).
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crest development, where it has a dualistic and curious role in regulating both the potency and
the differentiation of this unique stem cell population (Nichane et al., 2010), as previously
described. Whether the entire functional role of Stat3 in this context can be attributed to its
regulation by FGF signaling, or whether cytokine-mediated activation may also play a role here,
is particularly interesting to consider going forward.
Although Stat3 is the predominate STAT protein studied during embryogenesis due to its
requirement for survival, other FGF-directed STAT family members have also been implicated
in regulating developmental cell fate decisions. For instance, Stat1 is essential for mediating
murine skeletogenesis, fine tuning the size of the osteogenic cell pool (Sahni et al., 1999), and
Stat5 is required in Xenopus embryos for proper blood island formation during primary
erythropoiesis (Schmerer, Torregroza, Pascal, Umbhauer, & Evans, 2006), and both are under
the regulation of FGF signals. Thus, much evidence exists implicating multiple members of the
STAT family of transcription factors, including Stat3, in regulating the morphogenesis of the
developing embryo, at odds with its established role in regulating embryonic stem cell
pluripotency. How STAT proteins, such as Stat3, support cell fate decisions on both ends of the
cell fate spectrum is particularly intriguing and prompts many questions. What are the cofactors
or binding partners of Stat3 that direct its binding in each of these contexts? Does the mode of
Stat3 activation affect this, and if it does, how does this affect the cellular output or response?
PI3K/Akt signaling in stem cell regulation
In addition to Stat3 signaling, PI3K/Akt signaling is also implicated in the regulation of
embryonic stem cell pluripotency and self-renewal (Takahashi, Murakami, & Yamanaka, 2005),
however, the mechanisms by which it functions is less well understood. Unlike FGF signaling
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more generally, which differentially affects the pluripotency of naive mouse embryonic stem
cells (mESCs) and human embryonic stem cells (hESCs) of equivalent derivation
(Brons et al., 2007; Kunath et al., 2007; Nichols & Smith, 2011; Stavridis et al., 2007; Tesar et
al., 2007), PI3K/Akt signaling appears to have a consistent role in regulating the pluripotency of
embryonic stem (ES) cells from both species (Armstrong et al., 2006; Paling, Wheadon, Bone, &
Welham, 2004); albeit, the mechanisms of action are very different. In naive mESCs, PI3K
signaling is required to maintain these cells in an undifferentiated, stem cell state, as treatment
with the PI3K chemical inhibitor LY294 blocks the self-renewal of these cells (Paling et al.,
2004). Interestingly, this is not due to a block in self-renewal cues, as levels of Stat3
phosphorylation at Y705 remained unchanged in these cells. Instead, levels of phosphorylatedErk increased over time, which foster the transit of these cells to a differentiated cell state (Paling
et al., 2004). This suggests a potentially interesting mechanism in which crosstalk or crossregulation between the PI3K cascade and the MAPK signaling cascade regulates early stem cell
decisions, such as whether to retain pluripotency or exit the pluripotent state. This is further
supported by work in hESCs, where PI3K-inhibition through LY294 treatment also leads to a
loss in stem cell maintenance by Day 2-3 of culture and promotes the transit of cells to a lineage
restricted state (Armstrong et al., 2006). In contrast to mESCs, however, the loss of self-renewal
observed in hESCs is accompanied by a decrease in MAPK activity, as detected by declining
levels of phosphorylated-Raf (pRaf), phosphorylated-Erk (pErk), phosphorylated-Mek (pMek),
and phosphorylated c-Myc, a MAPK target and effector (Armstrong et al., 2006). Thus, although
suggesting a conserved role for PI3K signaling in regulating ES cell pluripotency, the
mechanism by which it functions may be very different. Consistent with their functions, high
levels of phosphorylated-Erk and phosphorylated-Akt are detectable in hESCs being maintained
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in an undifferentiated state (Li et al., 2007). Together, these findings provide evidence that an
intricate regulatory relationship likely exists between PI3K/Akt and MAPK signaling in this
context, prompting further investigation.
Recent studies further probing the involvement of PI3K/Akt signaling in regulating stem
cell pluripotency identified a novel role for a specific Akt isoform, Akt3, in this process,
providing valuable insights into another potential mechanism for PI3K-mediated regulation of
mESC pluripotency. Using a targeted shRNA knockdown approach, it was discovered that
inhibiting Akt3 activity, but not Akt1/2 activity, promoted cell cycle arrest and apoptotic cell
death (L. Wang et al., 2017). These findings suggest a novel and specific role for Akt3 in
controlling ESC survival and proliferation, fitting with the canonical role for Akt signaling in
mediating cell survival and growth (Song, Ouyang, & Bao, 2005). This provides another layer of
complexity for how PI3K/Akt signaling may be involved in regulating the embryonic stem cell
state, prompting further investigations to resolve these different roles for PI3K/Akt signaling into
a comprehensive mechanism of its function.
PI3K/Akt signaling and embryonic patterning
Much like other signaling cascades, the PI3K/Akt cascade is used reiteratively throughout
embryonic development, regulating not only cell potency, but also the developmental
progression of cells. This is evidenced by work in Xenopus, where PI3K/Akt signals are
implicated in regulating the transit of naive cells to a neural state, with active PI3K (p110caax)
being sufficient to turn on definitive neural markers such as HoxB9, Otx2, and NCAM in naive
animal cap explants (Peng et al., 2004). More recent work further expands on these findings, and
suggests that functional PI3K/Akt signaling, in addition to ectodermal patterning cues, is
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required more broadly to promote the transition of ectodermal cells from a progenitor state to a
lineage-restricted state. In the absence of Akt activation, cells are arrested in development,
eventually leading to apoptotic cell death (Pegoraro et al., 2015). Although this parallels that
observed in embryonic stem cells, which also undergo a developmental arrest in response to
Akt3 inhibition (L. Wang et al., 2017), such findings suggest a unique role for PI3K/Akt
signaling in promoting the progression of ectodermal progenitors out of a progenitor state. This
is particularly interesting to consider in the context of the neural crest, which also arises from
cells within the developing ectoderm. Do neural crest cells utilize this PI3K/Akt signal, or do
they instead, evade this signal to maintain their progenitor state?
PI3K/Akt signals are also implicated in regulating non-ectodermal cell decisions, as they
are required for proper mesoderm development. This is evidenced by the ability of a dominantnegative PI3K to abolish expression of the mesodermal markers Xbra, Goosecoid, and Mix1 in
Activin-mediated mesoderm induction and Xbra expression in FGF-mediated mesoderm
induction (Carballada, Yasuo, & Lemaire, 2001). However, this is not an independent function of
the PI3K/Akt signaling cascade, as MAPK signals are also required for proper mesoderm
development (Carballada et al., 2001; LaBonne & Whitman, 1994; Umbhauer, Marshall, Mason,
Old, & Smith, 1995). While both FGF-directed cascades are required for the adoption of a
mesodermal state, a clear mechanistic understanding for the involvement of each cascade is
unclear. What are the individual roles of each cascade in mediating this specific cell decision,
and how does this relate to the adoption of other cell states? Addressing such questions will help
reconcile the diverse, yet complicated, roles adopted by the PI3K/Akt signaling cascade during
the regulation of embryonic cell potency and lineage restriction.
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MAPK signaling in stem cell regulation
Much like our understanding of how FGF signals regulate embryonic stem cell
pluripotency, the specific roles of the MAPK cascade are also dependent on the state of the
embryonic stem cells, as this is considered to be the primary cascade activated by FGF signals in
this context (Dalton et al., 2013). Thus, it has been observed that inhibition of the MAPK
cascade is necessary to maintain naive mouse embryonic stem cells (mESCs) in a pluripotent
state (Nichols et al., 2009), with activation of this signal sufficient to drive cells toward a
lineage-restricted state (Kunath et al., 2007). Further, mechanistic studies of how BMP4
promotes the pluripotency of mESC's led to the discovery that addition of BMP ligands
suppresses Erk and MAPK activation (Qi et al., 2004), providing additional evidence for an
antagonistic role for MAPK signals in regulating naive state pluripotency. Thus, standard
methods for mESC culture involve the chemical inhibition of Mek, with the addition of LIF and
GSK3 inhibition (Nichols & Smith, 2011; Ying et al., 2008). However, more recent work has
brought to light a novel and specific role for Erk in the survival and genomic stability of mESCs,
as Erk deficient mESCs exhibit increased cell death due to cell cycle arrest and rapid telomere
shortening (Chen et al., 2015). Such evidence suggests that there are potentially dual roles for the
MAPK cascade in this context, providing motivation to better define a mechanism of action for
this cascade in mESC self-renewal.
In contrast to its defined role in mESCs, MAPK activation promotes the self-renewal and
maintenance of human embryonic stem cells in culture, with Mek inhibition sufficient to elicit a
rapid exit from the pluripotent state and the acquisition of a morphology consistent with a
differentiated cell state (Li et al., 2007). Such a finding parallels what is observed upon inhibition
of the PI3K/Akt cascade in this context (Armstrong et al., 2006), and further evidence links
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activation of both the MAPK and PI3K/Akt cascades to FGF2-mediated activation of FGFR2 in
these cells (Eiselleova et al., 2009). Thus, these findings confirm that an interesting interplay
exists between these signaling cascades in the regulation of hESC pluripotency, but more so,
prompt the questions, what are the individual functions of each cascade, and why are both being
utilized to execute the FGF response?

MAPK signaling in cell fate determination
Much evidence exists implicating the MAPK cascade as an essential mediator carrying
out the FGF response during the development and patterning of many different cell types in the
embryo, including but not limited to, neuro-ectodermal patterning, mesoderm formation, and
neural crest development (Böttcher & Niehrs, 2005). In each context, the MAPK cascade is
responsible for turning on cell type-specific regulators that further orchestrate adoption of the
lineage-restricted state, allowing its reiterative and concurrent use across various cell types in the
developing embryo, which will be further described.
During anteroposterior patterning of the neural plate, FGF-mediated MAPK signals
are required for posterior neural induction, as well as to posteriorize already existing neural
tissue, as evidenced by the inability of FGF signals to turn on the posterior neural markers
HoxB9 and Engrailed2 (En2) in the presence of dominant-inhibitory Ras in Xenopus explants
(Ribisi et al., 2000). Such a role for MAPK signaling in neural induction was further confirmed
in mESCs, where attenuation of MAPK signaling through expression of the phosphatase DUSP6
is sufficient to inhibit expression of the neural progenitor marker Sox3 during FGF-mediated
neural induction, as well as in chick, where a similar effect on Sox3 expression was observed
following treatment of the avian epiblast with the Mek inhibitor PD184352 (Stavridis et al.,
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2007). Together, these findings suggest a conserved role for FGF-directed MAPK signaling in
neuro-ectodermal development, including patterning of the central nervous system (CNS).
Slightly earlier in development, FGF signals are implicated in regulating mesoderm
development, and much evidence exists linking the MAPK cascade to this function. Specifically,
blocking activation of this cascade phenocopies the effects of inhibiting FGF-receptor function,
which is a loss in expression of the mesodermal specifier Brachyury and an inability to form
mesoderm (LaBonne & Whitman, 1994; LaBonne et al., 1995). Further, exogenous activation
through use of constitutively-active forms of Ras or Mek is sufficient to induce mesoderm
formation in naive Xenopus cells (Y. Gotoh, Masuyama, Suzuki, Ueno, & Nishida, 1995;
Umbhauer et al., 1995; Whitman & Melton, 1992), confirming that MAPK activation is not only
required for, but also sufficient for, the establishment of the mesodermal cell lineage. Such
findings are consistent with immunological data for phosphorylated-Erk (pErk), which elucidates
the regions within the Xenopus embryo that have active MAPK signaling and confirms activation
of this cascade within the marginal zone of the embryo, or site of mesoderm formation (Figure
1.12) (Christen & Slack, 1999; Curran & Grainger, 2000; LaBonne & Whitman, 1997).
Interestingly, these studies show that activation of the MAPK signaling cascade begins much
earlier than previously thought, at the early blastula stage, and continues throughout gastrulation,
including in cells surrounding the anterior neural plate (Christen & Slack, 1999; Curran &
Grainger, 2000). The early MAPK activity in the animal pole cells of the primitive blastula is
particularly noteworthy (Curran & Grainger, 2000), as it suggests a possible role for this cascade
in mediating the pluripotent cells localized to this region. Such a hypothesis is fitting with its
well characterized role in mediating embryonic stem cell pluripotency in ES cell cultures
(Lanner & Rossant, 2010). Further, its activation in the anterior of the embryo suggests a
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Figure 1.12 Detection of phosphorylated-Erk throughout Xenopus embryonic development.
Activation of the MAPK cascade, visualized by detection of phosphorylated-Erk (pErk), is
evident as early as blastula stages (stage 9), and heightens in the developing marginal zone
during mesoderm induction. By late gastrula stages, pErk is detected around the anterior neural
plate, and by tadpole stages, pErk is detected in the brachial arches and otic placode (Adapted
from Christen & Slack, 1999).
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potential overlap with the presumptive neural crest (Christen & Slack, 1999), supporting findings
across species that demonstrate a required role for MAPK activation during the establishment of
the neural crest.
While implicated in neural crest formation, a well characterized role for FGF signals is
lacking. However, insight into a potential mechanism for its function is provided by work in
chick, which demonstrates a required role for MAPK signals. Like that observed in the Xenopus
embryo, intermediate levels of phosphorylated-Erk is detected in the neural plate border region
of the chick epiblast, and specific attenuation of this signal through overexpression of the MKP3
phosphatase is sufficient to inhibit expression of the neural plate border marker Pax7 in this
region (Stuhlmiller et al., 2012). These findings are further confirmed by studies in mouse, which
show that conditional knockout mice deficient for Erk exhibit severe neural crest defects,
abnormalities that are exasperated as development proceeds, with affected embryos exhibiting
craniofacial defects, cardiac tract abnormalities, and erroneous thymus and thyroid development
(Newbern et al., 2008). Thus, such results suggest a required role for Erk, and more generally,
MAPK signaling, during neural crest development. However, these findings do not provide a
mechanistic understanding that clearly defines when and how MAPK is involved in this process.
Are the observed defects in Erk deficient mice due to the neural crest not forming, or due to a
loss in neural crest multipotency, such that there's an inability for the proper derivatives to form?
Since the conditional Erk knockout mouse was generated using a Wnt1:Cre line, which initiates
recombination around embryonic day 9.5 (Newbern et al., 2008), or the time of the neural crest
migration (Trainor, 2005), the latter becomes more possible. Considering the complex role
MAPK signaling has in regulating embryonic stem cell potency, it poses the question of whether
MAPK signaling could be similarly regulating the potency of neural crest stem cells.
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What directs cascade activation?
Although it's readily observed that FGF signals have the capacity to activate the PLCg,
STAT, PI3K/Akt, and Ras/MAPK signaling across biological systems and organisms (Ornitz &
Itoh, 2015), a mechanistic understanding of how distinct cascades are activated over others is
only beginning to be elucidated. It's possible that information may be encoded in the FGF
ligand/receptor pair itself, as illustrated by the differential recruitment of PI3K to FGF receptor 2
(FGFR2) in FGF7 versus FGF10 stimulated HELA cells (Francavilla et al., 2013), or that FGF
receptors have the propensity to recruit certain signaling proteins over others, evidenced by
PLCg preferentially binding FGFR1 over FGFR4 in FGF-stimulated murine fibroblast cells
(Vainikka et al., 1992). Despite these interesting observations, whether these mechanisms are
biologically relevant, however, is still to be addressed.
Considering the cross-regulation that exists across signaling pathways, it's also equally
possible that a cell's history plays a role in this decision, such that different environments are
established that preemptively direct how an FGF signal will be interpreted once received. Some
evidence in support of such a proposition is provided by work in Xenopus, during which
transduction of FGF signals in mesoderm induction is directed by the presence of different
signaling modulators downstream of the FGF receptor. Specifically, the presence of the
intracellular modulator Sprouty1/2 permits MAPK activation and allows mesoderm formation to
ensue by blocking activation of the PLC/Ca2+ signaling pathway. Conversely, presence of the
closely related Spred proteins (Spred1/2) blocks FGFR-mediated activation of MAPK, which
blocks mesoderm formation altogether and allows activation of the PLC/Ca2+ signaling cascade.
This activation is responsible for promoting the morphogenetic movements characteristic of
gastrulation, providing a unique mechanism by which cell decisions are controlled (Sivak,
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Petersen, & Amaya, 2005). While it's unclear how the differential expression of the modulators
is achieved, it's very possible that this is through a secondary signaling input.
In addition to intracellular signaling modulators, there exist signaling adaptors that
associate with activated FGF receptors to form a signaling scaffold at the intracellular
membrane. This scaffold facilitates the activation of various signaling cascades, as previously
eluded to, including the Ras/MAPK and PI3K/Akt cascade (Dailey et al., 2005), providing
another means by which to exert control how FGF signals are transduced.
FGF receptors and associated signaling adaptor proteins
A complex array of signaling adaptors are known to associate with active receptor
tyrosine kinase receptors, such as the FGF receptor, either through direct interaction with the
phosphotyrosines of the receptor, or in complex with other direct interactants (Figure 1.13) (N.
Gotoh, 2008). Scaffolding proteins can be readily distinguished and characterized by this trait, as
adaptors with the capacity to bind directly to the receptor canonically have either a
phosphotyrosine binding (PTB) domain or a Src homology (SH2) domain to facilitate this
interaction (N. Gotoh, 2008). This holds true for the FGF receptor substrate (FRS) family of
adaptor proteins, comprised of Frs2 and Frs3, which are among the most well studied scaffolding
proteins with direct receptor binding capabilities.
Structurally, Frs2/3 are highly conserved, containing a N-terminal myristoylation
sequence for plasma membrane targeting, a central PTB domain, and numerous tyrosine residues
at the C-terminus, which function as potential sites of phosphorylation for its scaffolding
function (Figure 1.14) (Eswarakumar et al., 2005). The necessity of Frs2/3 in FGF signal
transduction is made evident through initial work in Xenopus, which shows that Morpholino-
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Figure 1.13 Graphical representation of common adaptor proteins associated with FGFRs.
The phosphotyrosine residues on active FGFRs provide multiple sites for adaptor protein
recruitment. Commonly, the FGFR-scaffolding protein Frs2/3 is recruited to the receptor, which
will subsequently recruit and bind secondary adaptors, such as Grb2. This complex can then
recruit cascade-specific adaptors, such as Sos1/2 or Gab1, to direct cascade activation (Adapted
from Goetz & Mohammadi, 2013).
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Figure 1.14 Schematic depicting the functional domains of Frs2.
Frs2 has a phosphotyrosine binding (PTB) domain for binding to activate FGFRs, as well as
specific Grb2 and Shp2 binding sites to facilitate adaptor complex formation (Adapted from N.
Gotoh, 2008).
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mediated loss of Frs2 is sufficient to block FGF-mediated mesoderm induction in naive animal
cap explants and efficiently blocks MAPK cascade activation (Akagi, Kyun Park, Mood, &
Daar, 2002). The role of Frs2 as a scaffolding protein in this context is evidenced by the
discovery that Frs2-deficient murine fibroblasts are unable to recruit the adaptors Shp2 and Grb2
to the receptor complex upon FGF-stimulation, leading to a loss of their phosphorylation and
thus activity (Hadari, Gotoh, Kouhara, Lax, & Schlessinger, 2001). Without this scaffold at the
membrane, the signal cannot be further transduced, ultimately perturbing activation of both the
MAPK and the PI3K/Akt cascades. Thus, such findings implicate Frs2 as an essential mediator
in the FGF signal transduction pathway; the extent of its function during embryonic development
can be realized by the phenotypes observed in mice deficient for Frs2 function. Embryos
deficient for Frs2, or embryos in which FGFR1 is lacking the Frs2/3 binding site, are inviable,
surviving only until late embryonic stages (Hadari et al., 2001; Hoch & Soriano, 2006). In the
case of the FGFR1 Frs2/3 mutant, its inviability is particularly interesting,
considering other, non-mutated FGF receptors are also present at these stages during
development (Lea et al., 2009). Thus, this suggests that, either a specific functional role for
FGFR1-Frs2/3 is required during early development, or a specific threshold of signaling is
required that is unachievable in the absence of functional signaling through FGFR1.
Following successful binding of Frs2/3 to the phosphotyrosines of active FGFRs,
complex formation is initiated, allowing for the recruitment, binding, and phosphorylation of
secondary adaptor proteins, like Grb2 (Ong et al., 2000), which also has the ability to bind
directly to receptor phosphotyrosines independent of Frs2/3 (McDonald et al., 2013). This is
because, like Frs2/3, Grb2 has a specialized domain for receptor binding, its central SH2 domain,
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which is flanked by two SH3 domains, or the protein-binding domains of Grb2 (Chardin, Cussac,
Maignan, & Ducruix, 1995). It's through Grb2 that, presumably, the direction of signal
transduction is determined, as Grb2 mediates activation of both the MAPK and PI3K/Akt
signaling cascades through its binding to cascade-specific adaptor proteins (Figures 1.15, 1.16).
Following activation of Grb2, Son of Sevenless 1/2 (Sos1/2) can be recruited to the
membrane and will directly bind Grb2, activating the guanine nucleotide exchange factor (GEF)
activity characteristic of SOS family members (Powers et al., 2000). This promotes the
recruitment and activation of the small GTPase Ras, initiating activation of the MAPK cascade,
as previously described (Kouhara et al., 1997). In contrast, Grb2 activation can also promote the
recruitment of the Grb2-associated protein 1 (Gab1), which upon phosphorylation, is implicated
in recruiting and binding the PI3K regulatory subunit, fostering activation of the PI3K cascade
(Holgado-Madruga, Moscatello, Emlet, Dieterich, & Wong, 1997; Ong et al., 2001). This
dichotomous role for Grb2 is particularly intriguing, as it identifies a point of regulation by
which activation of the MAPK versus PI3K cascade can be controlled. (McDonald et al., 2013).
It's important to note, however, this is just one means by which the PI3K cascade is activated, as
much evidence exists implicating Ras as a direct activator of PI3K signaling, as well (Castellano
& Downward, 2010). Nevertheless, it poses an interestingly means to explore the involvement of
different adaptor proteins in the transduction of FGF signals. It also raises the question, what is
directing whether Grb2 interacts with Sos1/2 or Gab1?
MAPK vs. PI3K activation
Although a model in which Sos1/2 and Gab1 compete for Grb2 binding is intriguing,
insignificant evidence exists supporting that such a phenomenon occurs within a biological
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Figure 1.15 Grb2 and Sos1 physically interact to promote Ras/MAPK activation.
Sos1 has many functional domains, including its membrane-binding domains, its allosteric Ras
binding domain, its GEF domain (Cdc25), and its Grb2-binding domain. Upon Grb2 binding,
Sos1 is recruited to the membrane and becomes active, facilitating its activation of the
Ras/MAPK cascade (Adapted from Findlay et al., 2013).
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Figure 1.16 Graphical depiction of Grb2 and Gab1, which physically interact at defined
binding sites. Grb2 is comprised of three functional domains, two protein-binding SH3 domains
and one receptor binding domain (SH2). Gab1 is comprised of two defined domains, a Pleckstrin
homology (PH) domain and a Proline Rich (PR) domain, with a highly unstructured region in
between. Red amino acids indicate the important residues for Grb2-Gab1 interactions (Adapted
from McDonald et al., 2011).
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system. However, more recent work provides evidence that regulation of adaptor proteins is a
tangible means by which to control cascade activation in vivo. For instance, during telencephalon
development of the early embryonic brain, Frs2/3 is required for FGF-mediated PI3K/Akt
activation, but not MAPK activation, and the presence of Frs2/3 in this context directly mediates
the differentiation of telencephalic neurons (Nandi et al., 2017). Thus, these findings suggest that
the presence or absence of a signaling adaptor is sufficient to direct cascade activation, providing
motivation to further explore adaptor protein usage in other cell types and contexts.
In addition to the extrinsic control of cascade activation, the MAPK and PI3K/Akt
cascades also share an intricate regulatory relationship, in which they have multiple, overlapping
nodes of cross-regulation that can elicit both positive and negative effects on the activation of the
reciprocal cascade (Aksamitiene, Kiyatkin, & Kholodenko, 2012). This is evidenced by the
ability of Erk inhibition to also perturb the activation of Akt in murine kidney cells, as this
inhibition impairs Gab1-mediated activation of PI3K at the membrane (Yu, Roshan, Liu, &
Cantley, 2001). Also, by the ability of Mek inhibition or PI3K inhibition to turn on the PI3K
cascade or the MAPK cascade, respectively, in cultured glioblastoma stem cells, identifying a
cross-inhibitory relationship between these two cascades in this context (Sunayama et al., 2010).
While these are specific examples of cross-regulation, it has been shown that these two
cascades can act both cooperatively and antagonistically during the regulation of various
developmental processes. For instance, as previously described, the MAPK and PI3K/Akt
cascades work cooperatively to promote proper mesoderm formation (Carballada et al., 2001), as
well as to regulate cell morphogenetic movements during gastrulation (S. Nie & Chang, 2007).
In contrast, MAPK and PI3K cascades can exert opposing functions on cell fate decisions, as
observed during the regulation of artery versus veinous cell specification from angioblast
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progenitors. In this context, MAPK activation promotes the adoption of an arterial fate while
PI3K activation promotes adoption of a venous fate (C. C. Hong, Peterson, Hong, & Peterson,
2006), providing evidence that cascade utilization can have significant effects on cell fate
decisions. Further, this provides an excellent system to explore the regulation of these cascades,
and ultimately, address how different cascades can be activated within a seemingly uniform
population of progenitors. Together, the culmination of these findings reveals that the
relationship between the MAPK and PI3K signaling cascade is highly context-dependent, and
that further explorations are necessary to understand the complex relationship that exists between
these two signaling cascades throughout embryonic development.
An overview: misregulation of FGF signaling in disease
With the many roles attributed to FGF signaling during embryonic development, it’s
fitting that numerous developmental disorders result due to a misregulation of this signaling
pathway. These include defects in craniofacial development, such as cleft palate and
craniosynostosis, or improper cranial fusion, which are a result of mutations in FGF10/FGFR2 or
in FGFR1-3, respectively. Interestingly, such phenotypes could be due to the required roles for
FGF signals in the developing pharyngeal arches or in neural crest cells (X. Nie, Luukko, &
Kettunen, 2006). Mutations in various FGF ligands are also implicated in the etiology of
numerous developmental disorders, including salivary gland defects, hypogonadism, and kidney
abnormalities (Moosa & Wollnik, 2016). While a clear explanation for these observed defects is
not always apparent, numerous mutations in FGFR1 are also linked to hypogonadism (Miraoui,
Dwyer, & Pitteloud, 2011), suggesting an interesting role for FGF signals in the regulation of the
endocrine system. Further, mutations in FGFR1/3 also cause a variety of renal and urogenital

70
abnormalities (Bates, 2011), implicating FGF signals as an essential regulator of kidney
development, as well.
Misregulation of the FGF signaling pathway, and more specifically the Ras/MAPK, is
also directly linked to a variety of cancers, with many cancer-associated mutations found in the
MAPK cascade components Ras and Raf. Specifically, Ras mutations are found in around 20%
of all tumors (Downward, 2003), and a high incidence of b-Raf mutations is seen in malignant
melanomas, around 66% of identified cases (Dhillon, Hagan, Rath, & Kolch, 2007). What makes
these mutations so carcinogenic, and thus detrimental, is when they occur in regions of the gene
that grant Ras or Raf constitutive activity. For Raf, this mutation occurs in the activation loop of
the protein (V600E) (Dhillon et al., 2007), and for Ras, surrounding the GTP binding site,
increasing its affinity for the GTP-bound, and thus active, state (Prior, Lewis, & Mattos, 2012).
Ultimately, this unregulated activity allows for the continued proliferation of cells, a key driver
of tumor formation (E. K. Kim & Choi, 2010). This is exhibited in mouse models of colon
cancer, where the existence of activating K-Ras mutations is sufficient to induce excessive
MAPK-mediated epithelial cell proliferation (Calcagno et al., 2008). This specific K-Ras
mutation is also associated with disease progression, especially in cases of pancreatic cancer,
where 30% of patients at early stages have K-Ras mutations, and 100% patients at late stages
have this mutation (Hezel, Kimmelman, Stanger, Bardeesy, & Depinho, 2006). Thus, designing
cancer therapeutics targeting the Ras/MAPK cascade offers particular promise for the treatment
of a wide variety of devastating cancers (Downward, 2003). However, for effective and optimal
treatment to be devised, an understanding of how the MAPK cascade is regulated in various
contexts is essential.
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Xenopus as a model organism
Xenopus laevis is a powerful model organism, as the embryos result from external
fertilization, are large enough for manipulation, and are available in large quantities, providing a
sufficient sample size for any large-scale experiment. Perturbations of a specific cell type within
the embryo are also possible due to the extensive fate maps that exist (Moody, 1987), and since
left-right symmetry of the organism is established at the two-cell stage, it is possible to
manipulate only one half of the embryo and have the other half serve as an internal control
(Figure 1.17) (Blum et al., 2009). Thus, it's possible to elicit cell-type specific effects within the
embryo. This setup can be used to specifically manipulate blastula animal cap cells or neural
crest cells by injecting a precise region in one cell of a two-cell stage embryo with mRNA for
overexpression or a Morpholino oligo for loss of function. In these experiments, co-injection
with β-galactosidase (β-gal) allows for the injected side of the embryo to be easily distinguished
during and after processing (Figure 1.18).
Xenopus embryos are also conducive to tissue isolation experiments, as the pluripotent
cells of the blastula, or the animal cap, can be easily dissected from the embryo and cultured in
isolation to allow for specific questions to be addressed without confounding signals from the
embryo itself (Figure 1.19). Further, since these cells are naive, exogenous signals can be easily
introduced into the culture media to reprogram these pluripotent cells into the cell type of interest
(Ariizumi et al., 2009). Together, these qualities make Xenopus embryos an excellent system in
which to explore the regulation of early developmental processes using both molecular and
biochemical approaches.
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Figure 1.17 Xenopus as a model organism.
Xenopus laevis reproduces through external fertilization, permitting manipulations as early as the
one-cell stage. Since the left-right axis is established at the two-cell stage, one half of the embryo
can be manipulated while the other half functions as an internal control. These embryos undergo
rapid development, reaching tadpole stages within a few days post-fertilization.
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Figure 1.18 Embryological workflow.
Xenopus embryos are injected into one cell at the two-cell stage and cultured until blastula (stage
9) or neurula (stage 13-17) stages, at which point they are fixed and processed for in situ
hybridization. Digoxigenin-labelled antisense RNA probes are used to detect the mRNA of
interest. Phenotypes are scored qualitatively, and a representative embryo is chosen to depict
results.

74

Figure 1.19 Pluripotent cells of the blastula can be explanted and induced to form many
different cell types. The animal cap of the Xenopus blastula is comprised of pluripotent stem
cells, which can be manually dissected from the embryo and cultured in isolation. In the absence
of exogenous cues, these cells will transit to an epidermal state. By treating with varying levels
of activin, or by perturbing BMP signals, these explants can be reprogrammed to form
mesodermal, endodermal, or neural cells.
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Specific questions to be addressed
FGF signaling is implicated in the regulation of numerous developmental processes,
including neural crest development, yet its precise role in mediating this dynamic cell population
is unclear. Recent work has brought to light the molecular similarities that exist between blastula
stem cells and neural crest stem cells, suggesting the existence of a shared regulatory program
between these two cell states. Thus, the overarching goal of this thesis is to define the role(s) of
FGF signaling during the establishment of the neural crest and to explore how this function
relates to the role of FGF signaling in the pluripotent blastula stem cells.
In Chapter 2 of this thesis, I explore the role of FGF signals in blastula stem cells and
find a required role for this signal in mediating blastula-stage gene expression, as well as for
mediating the proper lineage restriction of these cells to the epidermal cell state. I detail a switch
in cascade utilization as naive cells exit the pluripotent state and transit to a lineage restricted
state, linking MAPK activation to the regulation of pluripotency and PI3K/Akt activation to the
regulation of a subset of lineage restricted states. Further, I provide evidence that specific levels
of MAPK:PI3K activation are required to instruct adoption of a neural crest stem cell state.
Such findings led us to wonder what was mediating this switch in cascade utilization as
cells lose potency. In Chapter 3, I address this question by characterizing the roles of specific
MAPK and PI3K/Akt adaptor proteins and find that perturbation in Sos1/2 or Gab1 affects the
activity of the MAPK and PI3K cascades, respectively. I further demonstrate a novel role for
Sos1 in mediating the pluripotency of blastula cells, presumably through its regulation of the
MAPK signaling cascade. Lastly in chapter 5, I present evidence detailing the genes that are
differentially regulated in response to Mek or PI3K inhibition, providing further insights into
how these cascades are carrying out the functions attributed to them. I also provide a potential
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mechanism for MAPK signaling in the context of neural crest development through studies of
the ETS family member Ets1. Further, I demonstrate the extent of cross-regulation that exists
among signaling inputs in blastula stem cells by detailing the effects of Wnt, BMP, and TGF-b
signals on FGF-mediated cascade activation.
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Chapter 2
FGF mediated MAPK and PI3K/Akt signals
make distinct contributions to pluripotency
and the establishment of neural crest
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Early vertebrate embryos possess cells with the potential to generate all embryonic cell
types. While this pluripotency is progressively lost as cells become lineage restricted, neural
crest cells retain broad developmental potential. Here, I provide novel insights into signals
essential for both pluripotency and neural crest formation in Xenopus. We show that FGF
signaling controls a subset of genes expressed by pluripotent blastula cells and find a striking
switch in the signaling cascades activated by FGF signaling as cells lose pluripotency and
commence lineage restriction. Pluripotent cells display and require MAPK signaling, whereas
PI3K/Akt signals increase as developmental potential is restricted and are required for transit to
certain lineage restricted states. Importantly, retaining a high MAPK/low Akt signaling profile is
essential for establishing neural crest stem cells. These findings shed important light on the
signal-mediated control of pluripotency and the molecular mechanisms governing genesis of
neural crest.

Introduction
The evolutionary transition from simple chordate body plans to complex vertebrate body
plans was driven by the acquisition of the neural crest, a unique stem cell population with broad,
multi-germ layer developmental potential (Le Douarin & Kalcheim, 1999; Hall, 2000; Bronner
& LeDouarin, 2012; Prasad et al., 2012). At gastrula and neurula stages, neural crest cells are
found within the presumptive ectoderm at the neural plate border, and they will ultimately
contribute to ectodermal derivatives, including much of the peripheral nervous system. However,
despite their site of origin, neural crest cells also contribute many mesodermal cell types to the
body plan, including cartilage, bone, and smooth muscle, and also make contributions to
otherwise endodermal organs such as the thyroid (Le Douarin & Kalcheim, 1999). Until recently,
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models for how neural crest cells acquire their remarkably broad potential proposed that
inductive interactions orchestrated by BMP, FGF, and Wnt signals endowed these cells with
greater potency than the cells they were derived from developmentally or evolutionarily (Huang
& Saint-Jeannet, 2004; Taylor & LaBonne, 2007; Prasad et al., 2012; Rogers et al., 2012;
Stuhlmiller & García-Castro, 2012). Such a mechanism conflicts, however, with the generalized
view of embryonic development as a progressive restriction of developmental potential.
We recently demonstrated that much of the regulatory network which controls the
pluripotency of blastula inner cell mass/animal cap cells is shared with neural crest cells,
shedding new light on the origins of the neural crest cells and the evolution of vertebrates
(Buitrago-Delgado et al., 2015). Indeed, we found that factors that have long been considered
neural crest potency factors, such as Snail1 (Taylor & LaBonne, 2007) and Sox5 (Nordin &
LaBonne, 2014), are expressed earlier, in blastula animal pole cells, and are required for their
pluripotency. Together, these findings suggest that neural crest cells arise through retention of
the transcriptional circuitry that controls the pluripotency of the blastula cells they are derived
from, avoiding the lineage restriction that characterizes neighboring cells (Buitrago-Delgado et
al., 2015; Hoppler & Wheeler, 2015; Le Douarin & Dupin, 2016). This revised model raises
fundamental questions about how the cells that will become the neural crest escape lineage
restriction in order to maintain broad developmental potential, and how this relates to signals that
have previously been implicated in the genesis of these stem cells. For example, BMP signaling
has been found to play an essential role in the pluripotency of both blastula stem cells and neural
crest cells (Ying et al., 2003; Kléber et al., 2005; Nordin & LaBonne, 2014), together with Sox5,
which directs the target specificity of BMP R-Smads in both cell types (Nordin & LaBonne,
2014). Further, inhibiting FGF signaling, but not Wnt signaling, leads to a decrease in
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expression of the key pluripotency factor Vent2 (Figure 2.1), providing motivation to further
delineate the roles of the FGF signaling pathway in the retention of pluripotency.
FGF signaling is used reiteratively throughout embryonic development to pattern
multiple tissue types and germ layers. While FGF signaling has a well established role in the
formation of mesoderm, it has also been linked to the formation of the neuroectoderm/neural
plate, as well as to anterio-posterior patterning of the CNS (Slack et al., 1987; Amaya et al.,
1991; Xu et al., 1997; Hongo et al., 1999; Hardcastle et al., 2000; Ribisi et al., 2000; Fletcher et
al., 2006; Dorey and Amaya, 2010; Wills et al., 2010;). While anterior neural induction mediated
by BMP antagonists can occur independent of FGF signaling, FGFs clearly play a role in
posterior neural development (Wills et al., 2010). Importantly, FGF signaling has also been
implicated in the establishment of both neural crest stem cells and the neural plate border region
more generally (Mayor et al., 1997; LaBonne & Bronner-Fraser, 1998; Monsoro-Burq et al.,
2003; Hong et al., 2008; Stuhlmiller & García-Castro, 2012; Yardley et al., 2012). Although the
precise role of FGF signaling in the establishment of these cell populations relative to BMP or
Wnt signals is not fully understood, at least some enhancers for neural plate border genes have
been shown to require FGF signaling (Garnett et al., 2012). Intriguingly, these same genes are
also expressed in pluripotent blastula cells, making it important to re-examine the role of FGFmediated signals at earlier times in Xenopus development, with a focus on understanding their
role in the retention of blastula stage pluripotency proposed to underlie genesis of neural crest
cells. Such studies might also help shed light on the highly context dependent role played by
FGF signaling in the regulation of pluripotency in cultured embryonic stem (ES) cells (Lanner &
Rossant, 2010). Activation of FGF signaling in naïve mouse embryonic stem cells (mESCs)
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Figure 2.1 FGF signaling is required for pluripotency gene expression.
In situ hybridization examining Vent2, Sox3, and Oct25 expression in blastula stage (stage 9)
embryos injected with a BMP inhibitor (Smad7), dominant-negative Wnt8 (dnWnt8), or
dominant-negative FGFR4 (dnFGFR4). Asterisk denotes injected side, marked by staining of the
lineage tracer b-galactosidase (red). Smad7 and dominant-negative FGFR4 blocks expression of
Vent2.
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promotes lineage restriction of these cells (Kunath et al., 2007), whereas FGF activity maintains
primed embryonic stem cells, also known as epiblast stem cells (EpiSCs) in a pluripotent /
undifferentiated state (Brons et al., 2007; Tesar et al., 2007). Given our model that neural crest
cells arise via retention of the attributes of pluripotent blastula cells, we wondered if FGF
signaling might play a role in preventing premature lineage restriction of these cells.
In this study, we investigate the requirement for FGF signaling in the transient
pluripotency of blastula animal pole cells, and the subsequent establishment of the neural crest
state. We find that FGF signaling is essential for normal gene expression in pluripotent blastula
cells, and for the capacity of these cells to respond properly to lineage restriction cues. We
investigate which FGF-dependent signaling cascades mediate these effects, and find a striking
switch in cascade utilization as cells transit from a pluripotent state to a lineage restricted state.
We show that pluripotent blastula cells exhibit high MAPK signaling, whereas cells undergoing
lineage restriction are characterized by increased PI3K/Akt signaling. Finally, we provide
evidence that the balance of FGF-directed MAPK and PI3K/Akt signaling activity plays a role in
the retention of blastula stage potential in neural crest cells.

Results
FGF signaling is required for proper gene expression in pluripotent blastula cells
Because FGF signaling is known to play a role in the establishment of the neural crest
cell population at the neural plate border in Xenopus, and is also linked to the control of
pluripotency in mESCs, we sought to determine if these signals were required in the pluripotent
animal pole cells of blastula stage embryos. Consistent with such a role, FGF receptor 4
(FGFR4) is expressed throughout the animal hemisphere of blastula stage embryos, where the
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pluripotent stem cells reside. By gastrula stages (St. 12), FGFR4 expression is heightened in the
neural plate border region, and by neurula stages (St. 15) is strongly enriched in neural crest
forming regions of the embryo (Figure 2.2a). The expression pattern of FGFR4 at gastrula and
neurula stages has been previously described (Hongo et al., 1999; Golub et al., 2000; Lea et al.,
2009), and its expression in neural crest forming regions at neurula stages has been reported to
overlap with that of Snail2 (Golub et al., 2000) in agreement with our unpublished observations.
To determine whether FGFR4 expression correlates with the stem cell state, I utilized
explants of pluripotent blastula stem cells (“animal caps”). At blastula stages, these explants are
pluripotent and can be induced to give rise to any embryonic cell type. The pluripotency of these
cells is transient in culture, however, as it is in the developing embryo. As explants age from
blastula to gastrula then neurula stages, they lose pluripotency and become lineage restricted; in
the absence of exogenous signals, they will transit to an epidermal state. We therefore examined
expression of FGFR4 in these explants as they aged. We found that at blastula stages, when
explanted cells are pluripotent, they strongly express FGFR4 (Figure 2.2b), however, as these
cells transit to an epidermal state, FGFR4 expression is lost. This expression pattern is consistent
with a role for this receptor in events prior to the onset of lineage restriction. However, although
FGFR4 is the most abundant FGFR in these cells (unpublished data), other FGFRs are also
expressed (Lea et al., 2009) and thus could play roles in control of pluripotency and lineage
restriction.
In order to determine whether FGF signaling plays a role in pluripotency and lineage
restriction in Xenopus, we used a dominant-negative inhibitory receptor to carry out loss of
function studies. We chose a dominant negative strategy because we were interested in the
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Figure 2.2 FGFR4 expression is enriched in blastula stem cells and presumptive neural
crest. (A) In situ hybridization examining FGFR4 expression in wildtype Xenopus embryos
collected at blastula (stage 9, lateral view, animal pole up), late gastrula (stage 12, dorsal view,
anterior up), and mid-neurula (stage 15, dorsal view, anterior up) stages. Expression is seen in
the pluripotent cells of the animal hemisphere at blastula stages and in the neural plate and neural
crest forming regions at gastrula and neurula states. (B) Animal pole explant assay examining
FGFR4 expression. Explants were cultured with sibling embryos and collected at blastula (stage
9), late gastrula (stage 12), and mid-neurula (stage 15) stages.

85
overall role of FGF-mediated signals, rather than role of any specific receptor. While we mainly
deployed a dominant negative FGFR4 for these studies, dominant negative receptors frequently
inhibit the activity of other related receptors and its effects should therefore be interpreted as
effects on FGF signaling in general, not on FGFR4 signaling specifically. Embryos expressing a
dominant-negative FGFR4 (dnFGFR4) were cultured to blastula stages and examined by in situ
hybridization for genes expressed by pluripotent animal pole cells. We found that blocking FGF
signaling led to a significant reduction in the expression of both Vent2 (98%, n=186) and Id3
(96%, n= 84), but did not alter expression of other factors such as Myc or FoxD3 (Figure 2.3).
The requirement for FGF signaling for proper gene expression in pluripotent animal pole cells
suggests an essential role for these signals in controlling the developmental state of these cells.
We similarly found that cells expressing dnFGFR4 were deficient in their ability to give rise to
neural crest cells in whole embryos, as assayed by expression of FoxD3, Sox9 and Snail2 (Figure
2.4a,c). By contrast, we found that expression of a dnFGFR1 did not similarly lead to loss of
neural crest formation, suggesting that these two dominant negative receptors have distinct
activities (Figure 2.4b,c). We thus utilized dnFGFR4 to block FGF signaling for subsequent
experiments, while recognizing that it may block FGF receptors other than FGFR4.

Blocking FGF signaling in pluripotent blastula cells interferes with the adoption of an
epidermal state
Since blocking FGF signaling inhibited expression of Vent2 and Id3 in pluripotent
blastula cells, we hypothesized that FGF signaling might be required for the pluripotency of
these cells, and/or for cells to exit pluripotency and transit to a restricted state. At blastula stages,
when cells are pluripotent, animal pole explants express core pluripotency markers such as
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Figure 2.3 FGF signaling is required for proper blastula stage gene expression.
In situ hybridization examining Vent2, Id3, Myc, and FoxD3 expression in blastula stage (stage
9) embryos injected with dominant-negative FGFR4 (dnFGFR4). Asterisk denotes injected side,
marked by staining of the lineage tracer b-galactosidase (red). Dominant-negative FGFR4 blocks
expression of Vent2 and Id3.
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Figure 2.4 Blocking FGF signaling using dnFGFR4, but not dnFGFR1, leads to a loss in
neural crest gene expression at mid-neurula stages. (A-B). In situ hybridization examining
FoxD3, Sox9, and Snail2 expression in mid-neurula stage (stage 16) embryos injected with
dnFGFR4 (A) or dnFGFR1 (B). Asterisk denotes injected side, marked by staining of the lineage
tracer b-galactosidase (red). Blocking FGF signaling using dnFGFR4 causes a loss of FoxD3,
Sox9, and Snail2 expression. (C) Quantification of effects on FoxD3 expression in embryos
injected with dnFGFR4 or dnFGFR1 scored for loss of neural crest / exclusion of injected cells
from the neural crest, normalized to control injections. (ns, not significant; **p< 0.01)
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Sox2/3, and the Oct4 homologue, Oct60 (pou5F3.3). These genes are subsequently downregulated as explants age and become restricted to an epidermal state. To test the requirement
for FGF signaling in this process, embryos injected with dnFGFR4 were allowed to develop until
blastula stages, when animal cap explants were isolated, and then cultured until sibling embryos
reached blastula (St.9), gastrula (St.11) or neural plate (St.13) stages. We found that explants
blocked for FGF signaling exhibited prolonged, low level expression of Sox3 (95%, n=97)
(Figure 2.7a), and poorly expressed the epidermal marker Epidermal Keratin (EPK) (90%, n=62)
(Figure 2.5), suggesting that FGF signaling was essential for pluripotent blastula cells to transit
to an epidermal state. Since Sox3 expression is characteristic of both pluripotent cells and
neuronal progenitor cells, we investigated whether explants expressing dnFGFR4 were being
retained in a pluripotent state or instead were being biased toward a neuronal progenitor fate. We
found that Stage 13 explants blocked for FGF signaling do not express the pluripotency factor
Oct60 (pou5F3.3), suggesting that they are not retaining pluripotency (Figure 2.6). These
explants do weakly express the definitive neural marker Nrp1 (94%, n=85), suggesting that they
may be biased toward a neuronal progenitor state. However, the explants do not express levels of
either Sox3 or Nrp1 associated with chordin-mediated neural induction, indicating that they are
not adopting a definitive neural state (Figure 2.7a,b). It is possible that, as previously reported,
FGF signals are later involved in the commitment of these cells to a neuronal state in response to
neural-inducing cues (Hongo et al., 1999). Our experiments do not address this question.

89

Figure 2.5 Blocking FGF signaling in pluripotent blastula cells interferes with adoption of
an epidermal state. In situ hybridization examining expression of Epidermal Keratin (EPK) in
animal pole explants injected with dnFGFR4. Explants were cultured alongside sibling embryos
and collected at blastula (stage 9), midgastrula (stage 11), and early neurula (stage 13) stages.
Blocking FGF signaling interferes with EPK expression.
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Figure 2.6 Blocking FGF signaling in blastula cells does not affect exit from a pluripotent
state. In situ hybridization examining expression of Oct60 in animal pole explants injected with
dnFGFR4. Explants were cultured alongside sibling embryos and collected at blastula (stage 9),
midgastrula (stage 11), and early neurula (stage 13) stages. Blocking FGF signaling does not
affect Oct60 expression.
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Figure 2.7 Blocking FGF signaling in pluripotent blastula cells biases cells to a neural state.
(A-B) In situ hybridization examining expression of Sox3 (A) or Nrp1 (B) in animal pole
explants injected with dnFGFR4 or chordin for phenotypic comparison. Explants were cultured
alongside sibling embryos and collected at blastula (stage 9), midgastrula (stage 11), and early
neurula (stage 13) stages. Blocking FGF signaling mildly induces Sox3 and Nrp1 expression.
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Cells progress from a high pERK state to a high pAkt state as they transit from the
pluripotent to the lineage-restricted state
Like other tyrosine kinase receptors, FGF receptors can activate multiple downstream
signaling cascades upon ligand binding, including the Ras/MAPK cascade that leads to Erk
phosphorylation and activation, the PI3K cascade that leads to Akt phosphorylation and
activation, and the Stat3 cascade (Figure 2.8). All of these signaling cascades have previously
been implicated in neural crest development (Stuhlmiller et al., 2012; Pegoraro et al., 2015;
Nichane et al., 2010). Given our findings that FGF signaling plays an essential role in pluripotent
blastula cells, we wished to determine which signaling cascades were activated by FGF signaling
in these cells during the transition from pluripotency to lineage restriction.
To assess the activation of these cascades, we utilized antibodies that detect the
phosphorylated, active, forms of MAPK, Akt, and Stat3. Animal pole explants were isolated at
blastula stages and collected at blastula, gastrula, or early neural plate stages for western
analysis. Unexpectedly, we detected a striking transition in cascade activation as cells transited
from a pluripotent to a lineage-restricted state. Pluripotent cells of blastula-stage explants
exhibited robust phosphorylated-Erk (pErk), which was lost as cells became lineage-restricted
(Figure 2.9). By contrast, pluripotent cells showed low or undetectable phosphorylated-Akt
(pAkt), but activation of this kinase increased as cells lost pluripotency and transited to an
epidermal state. Both the early pErk signal and the later pAkt signal were blocked in explants
expressing dnFGFR4, confirming that both were FGF signaling-dependent (Figure 2.10). We
also detected an early pStat3 signal that was unaffected in explants expressing dnFGFR4,
suggesting that this signal is not FGF-dependent (Figure 2.11a,b) Nevertheless, blocking Stat3
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Figure 2.8 Graphical depiction of the FGF signaling pathway.
A schematic representation of the FGF receptor and select signaling cascades activated
downstream, highlighting the Ras/MAPK (Erk) and PI3K/Akt cascades.
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Figure 2.9 FGF signaling directs the transit from a pluripotent to a lineage restricted state
through regulation of Erk and Akt activation. Western blot of lysates from animal pole
explants cultured alongside sibling embryos and collected at blastula (stage 9), midgastrula
(stage 11), and early neurula (stage 13) stages to examine levels of phosphorylated and
unphosphorylated Erk1/2 and Akt. Pluripotent cells show high pErk, while lineage restricted
cells display high pAkt.
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Figure 2.10 Both MAPK and PI3K/Akt cascade activation requires FGF signals. Western
blot of lysates from animal pole explants injected with dnFGFR4. Explants were cultured
alongside sibling embryos and collected at blastula (stage 9) and early neurula (stage 13) stages
to examine levels of phosphorylated and unphosphorylated Erk1/2 and Akt. Both pErk and pAkt
are blocked by dnFGFR4.
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Figure 2.11 Stat signaling is activated in blastula stem cells by an FGF-independent
mechanism. (A) Western blot of lysates from animal pole explants cultured alongside sibling
embryos and collected at blastula (stage 9), midgastrula (stage 11), and early neurula (stage 13)
stages to examine levels of phosphorylated and unphosphorylated Stat3. Pluripotent cells show
high pStat3. (B) Western blot of lysates from animal pole explants injected with dnFGFR4.
Explants were cultured alongside sibling embryos and collected at blastula (stage 9) and early
neurula (stage 13) stages to examine levels of phosphorylated and unphosphorylated Stat3.
Presence of dnFGFR4 does not affect pStat3 levels.
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function leads to a loss in pluripotency gene expression, suggesting an early requirement for
Stat3 in mediating blastula stage gene expression (Figure 2.12).
Because the above findings implicate both the MAPK and PI3K signaling cascades in
FGF-mediated regulation of pluripotency and lineage restriction, and because these signaling
cascades appear to play temporally distinct roles in this transition, we wished to determine the
contributions that each pathway makes to the developmental potential of these
cells. To address this, we utilized reagents that can block the activation of each pathway. MAPK
signaling was blocked using a chemical inhibitor of the upstream kinase Mek, RDEA119
(Iverson et al., 2009, "Meki") or using a dominant negative form of Raf1 ("dnRaf"). Activation
of Akt signaling was blocked by over-expressing a dominant-negative PI3K subunit (Δp85,
“dnPI3K”) (Carballada et al., 2001; Nie & Chang, 2007) or using a chemical inhibitor of PI3K,
LY294 or Wortmannin ("PI3Ki"). We confirmed that these inhibitors blocked the activation of
its respective cascade without interfering with the other pathway (Figure 2.13a,b). We then
compared the effects of each of these inhibitors to dnFGFR4 in both whole embryos and in
animal pole explants. We found that blocking MAPK signaling using dnRaf also blocked
expression of the pluripotency marker Vent2 (Figure 2.14), while blocking PI3K signaling using
Δp85 did not affect pluripotency gene expression despite blocking Akt activation (Figure
2.15a,b). Further, we found that blocking MAPK signaling phenocopied the effects of blocking
FGF signaling in animal cap explants, preventing cells from transiting to an epidermal state, as
evidenced by a loss of two different epidermal markers EPK (85%, n=56) and Trim29 (100%,
n=25) (Figure 2.16a,b). By contrast, blocking PI3K/Akt signaling with dnPI3K (Figure 2.16a,b)
or an appropriate low dose of the chemical inhibitor LY294 (Figure 2.17 and not shown) had no
effect on EPK or Trim29 expression. These findings reveal a differential requirement for MAPK
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Figure 2.12 Stat3 signaling is required for proper blastula stage gene expression.
In situ hybridization examining Vent2, Sox3, Oct25, Myc, AP2, and Id3 expression in blastula
stage (stage 9) embryos injected with dominant-negative Stat3 (dnStat3). Asterisk denotes
injected side, marked by staining of the lineage tracer b-galactosidase (red). Dominant-negative
Stat3 blocks expression of Vent2, Oct25, AP2, and Id3.
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Figure 2.13 Meki (RDEA119) and PI3Ki (LY294) block activation of the MAPK and Akt
cascades respectively. (A-B) Western blot of lysates from animal pole explants treated with
DMSO, Meki, or PI3Ki. Stage 9 (A) or Stage 13 (B) explants were cultured in vehicle or
inhibitor treated media and collected after 0, 10, or 20 minutes to examine levels of
phosphorylated and unphosphorylated Erk1/2 and Akt. Meki blocks pErk but not pAkt, while
PI3Ki blocks pAkt but not pErk.
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Figure 2.14 MAPK signaling is required for proper blastula stage gene expression.
In situ hybridization examining Vent2, Sox3, Oct25, Myc, AP2, and Id3 expression in blastula
stage (stage 9) embryos injected with dominant-negative Raf (dnRaf). Asterisk denotes injected
side, marked by staining of the lineage tracer b-galactosidase (red). Dominant-negative Raf
blocks expression of Vent2.
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B.

Figure 2.15 PI3K signaling is dispensable for proper blastula stage gene expression.
(A) In situ hybridization examining Vent2, Sox3, Oct25, Myc, AP2, and Id3 expression in
blastula stage (stage 9) embryos injected with dominant-negative p85 (Δp85). Asterisk denotes
injected side, marked by staining of the lineage tracer b-galactosidase (red). (B) Western blot of
lysates from animal pole explants injected with Δp85 and collected when sibling embryos
reached early neurula (stage 13) stages to examine levels of phosphorylated and
unphosphorylated Akt. Dominant-negative p85 does not affect blastula stage gene expression
despite affecting levels of phosphorylated Akt (pAkt).
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Figure 2.16 MAPK signaling is required for the adoption of an epidermal state.
Animal pole explant assay examining Epidermal Keratin (EPK) and Trim29 expression in
explants injected with either dnFGFR4 or dominant- negative PI3K (dnPI3K) or treated with
Meki (RDEA119) and collected alongside sibling embryos at early neurula stages (stage 13-14).
Meki treatment phenocopies dnFGFR4.
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Figure 2.17 PI3K inhibition through use of the chemical inhibitor LY294 does not affect
transit to an epidermal state. In situ hybridization examining Epidermal Keratin (EPK)
expression or Western Blot analysis in explants treated with LY294 and collected alongside
sibling embryos at early neurula stages (stage 13-14). LY294 does not affect EPK expression,
but does affect levels of phosphorylated-Akt, when used at the appropriate dose.
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and PI3K/Akt signaling during the transition from a pluripotent to an epidermal state.

PI3K/AKT signaling, but not MAPK signaling, is required for pluripotent blastula cells to
adopt a neural fate
Given the strikingly different responses of pluripotent animal pole cells to blocking
MAPK vs. PI3K/Akt signaling with respect to adopting an epidermal state, we wished to
examine the role these pathways play in adopting an alternative ectoderm-derived state, neuronal
progenitor cells. It is well established that blocking BMP signaling with BMP antagonists such
as Chordin directs cells to form neural plate rather than epidermis (Sasai et al., 1995;
Zimmerman, et al., 1996). We therefore examined the effects of blocking MAPK or PI3K/Akt
on Chordin-mediated neural induction. Chordin expressing animal pole explants, but not control
explants, strongly express the neuronal progenitor markers Sox2 and Sox3 at Stage 13, and the
definitive neural marker Nrp1 at stage 18 (Figures 2.18-2.21). Inhibition of the PI3K/Akt cascade
prevented cells from adopting a neuronal state in response to Chordin, as evidenced by decreased
expression of Sox2 (92%, n=26), Sox3 (100%, n=28), and Nrp1 (96%, n=28) (Figure 2.20).
Similar results were obtained by blocking the PI3K/Akt cascade with the PI3K inhibitors LY294
and Wortmannin (Figure 2.21a,b). By contrast, blocking the MAPK cascade with RDEA119 did
not interfere with expression of Sox3 (93%, n=27) or Nrp1 (100%, n=25), suggesting that this
pathway is not essential for neural fates (Figure 2.18). Similarly, blocking the MAPK cascade
using a dominant-negative Raf1 (dnRaf) did not block Chordin-mediated neural induction
(Figure 2.19). Interestingly, we found that RDEA119 could interfere with Chordin-mediated
Sox2 expression in response to low levels of Chordin (92%, n=26) but not high (Figure 2.18a
and not shown).
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Figure 2.18 MAPK signaling is not required for pluripotent blastula cells to transit to a
neural progenitor state. Animal pole explant assay examining Sox2, Sox3, and Nrp1 expression
in Chordin (Chd) induced animal cap explants treated with Meki (RDEA119). Explants were
cultured alongside sibling embryos and collected at early neurula stages (stage 13) for Sox2/3 or
late neurula stages (stage 18) for Nrp1. Meki treatment does not affect Chordin-mediated neural
induction.
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Figure 2.19 Blocking MAPK activation using dnRaf does not affect transit to a neural state.
Animal pole explant assay examining Sox2, Sox3, and Nrp1 expression in Chordin (Chd)
induced animal cap explants injected with dnRaf. Explants were cultured alongside sibling
embryos and collected at early neurula stages (stage 13) for Sox2/3 or late neurula stages (stage
18) for Nrp1. dnRaf does not affect Chordin-mediated neural induction.
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Figure 2.20 PI3K/Akt signaling is required for pluripotent blastula cells to transit to a
neural progenitor state. Animal pole explant assay examining Sox2, Sox3, and Nrp1 expression
in Chordin (Chd) induced animal cap explants injected with dnPI3K. Explants were cultured
alongside sibling embryos and collected at early neurula stages (stage 13) for Sox2/3 or late
neurula stages (stage 18) for Nrp1. dnPI3K blocks induction of all three neural markers.
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Figure 2.21 Blocking PI3K/Akt activation using PI3Ki (L) (LY294) or PI3Ki (W)
(Wortmannin) phenocopies the effects of dnPI3K on Chordin-mediated neural induction.
(A-B) Animal pole explant assay examining Sox2, Sox3, and Nrp1 expression in Chordin (Chd)
induced animal cap explants treated with PI3Ki (L) (A) or PI3Ki (W) (B). Explants were
cultured alongside sibling embryos and collected at early neurula stages (stage 13) for Sox2/3 or
late neurula stages (stage 18) for Nrp1. PI3Ki (L) and PI3Ki (W) phenocopy the effects of
dnPI3K on Chordin-mediated neural induction.
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MAPK signaling and PI3K/Akt signaling are differentially required for transit to nonectodermal lineages
Pluripotent animal pole cells can adopt mesodermal and endodermal fates, in addition to
ectoderm-derived fates, under appropriate inducing conditions. Given our findings that MAPK
and PI3K/Akt signaling are differentially required for these cells to transit to
epidermal versus neuronal progenitor states, we further investigated the roles of these pathways
in the formation of mesoderm and endoderm. The TGF-beta signaling pathway plays a central
role in the formation of these two germ layers, and the ability of the ligand activin to induce
mesodermal and endodermal states in a dose-dependent manner has been well documented
(Green & Smith, 1990; Thomsen et al., 1990; Hudson et al., 1997). Treatment of control animal
pole explants with low levels of activin is sufficient to promote a mesodermal state, as evidenced
by high levels of Xbra and MyoD. We found that blocking activation of MAPK in these explants
led to a complete loss of this mesodermal gene expression (100%, n=60), as did blocking
PI3K/Akt signaling (98%, n=56), demonstrating that both of these signaling pathways play
essential roles in the adoption of a mesodermal fate (Figure 2.22). This is consistent with
previous findings (Umbhauer et al., 1995; Carballada et al., 2001).
Treating pluripotent animal pole cells with higher doses of activin can induce endoderm
formation, accompanied by expression of the primitive endodermal markers Endodermin and
Sox17. Using two different methods, we found that blocking PI3K/Akt activation had no effect
on activin-mediated induction of Endodermin or Sox17 in this assay, indicating that this
signaling cascade is not essential for transit to an endodermal state (Figures 2.23, 2.24). By
contrast, inhibition of MAPK activation in these explants by RDEA119 or dominant-negative
Raf led to a loss in Endodermin expression (88%, n=58), suggesting an inability to adopt a
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Figure 2.22 MAPK and PI3K/Akt are required for transit of pluripotent cells to a
mesodermal lineage. Animal pole explant assay examining expression of Xbra and MyoD in
explants cultured with or without activin after treatment with Meki (RDEA119) or injection with
dnPI3K. Explants were cultured alongside sibling embryos and collected at midgastrula stages
(stage 11.5) for Xbra expression and midneurula stages (stage 15/16) for MyoD expression.
Blocking either cascade interferes with mesoderm formation.
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proper endodermal fate (Figures 2.23, 2.25). Interestingly, expression of Sox17 was increased
following RDEA119 treatment (100%, n=25), showing differential regulation of these two key
markers of primitive endoderm (Figure 2.23).

Prolonged MAPK activation or premature PI3K/Akt activation alters pluripotency gene
expression and cell competency
A synthesis of the above findings indicates that blastula animal pole cells cannot adopt
epidermal, mesodermal, or endodermal states when MAPK signaling is blocked, and are partially
impaired in transiting to a neuronal progenitor state. We interpret these findings to mean that
MAPK signaling is essential to the pluripotency of these cells. Consistent with this
interpretation, qRT-PCR analysis of blastula stage explants treated with RDEA119 showed a
significant reduction in expression of the pluripotency and blastula stage markers Snail1, FoxD3,
Zic1, and Sox2, compared to control explants (Figure 2.26). By contrast, while inhibition of
PI3K/Akt signaling prevents transit to a neural or mesodermal state, it has no effect on the ability
of pluripotent blastula cells to form endoderm or epidermis. Thus, this signaling pathway
appears to be essential for transit to a subset of restricted states (Figure 2.28b). To further
understand the role of PI3K/Akt signaling in these cells, we examined the changes in gene
expression elicited by treatment of explants aged to stage 13 in the presence of the PI3K inhibitor
LY294 (Figure 2.27). We found that when PI3K/Akt activation was blocked, a diverse set of
lineage markers were up-regulated, including Zic2, Sox3, Sox17, and MyoD, potentially
impeding adoption of certain lineage fates. Importantly, the differential requirements for these
two signaling cascades correlates with their temporal activation in animal pole cells, with high
levels of pErk and low/absent pAkt characterizing pluripotent cells, whereas a transition to high
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Figure 2.23 MAPK and PI3K/Akt differentially alter the transit of pluripotent cells to an
endodermal state. Animal pole explant assay examining expression of Endodermin and Sox17
in explants cultured with or without activin after treatment with Meki (RDEA119) or injection
with dnPI3K. Explants were cultured alongside sibling embryos and collected at midgastrula
stages (stage 11.5). MAPK signaling is required for Endodermin induction.
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Figure 2.24 PI3K/Akt signaling is not required for transit to an endodermal state.
Animal pole explant assay examining expression of Endodermin in explants cultured with or
without activin after treatment with PI3Ki (L) (LY294) or PI3Ki (W) (Wortmannin). Explants
were cultured alongside sibling embryos and collected at midgastrula stages (stage 11.5). PI3K
signaling is not required for Endodermin induction.
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Figure 2.25 MAPK signaling is required for Endodermin expression.
Animal pole explant assay examining expression of Endodermin in explants cultured with or
without activin after injection with dnRaf. Explants were cultured alongside sibling embryos and
collected at midgastrula stages (stage 11.5). MAPK signaling is required for Endodermin
induction.
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Figure 2.26 Blocking MAPK activation differentially alters animal pole explant gene
expression. qRT-PCR analysis of animal cap explants treated with Meki (RDEA119) and
cultured alongside sibling embryos collected at blastula stages (stage 9). Blocking MAPK
activation inhibits Snail1, FoxD3, Zic1, and Sox2 expression. (*p< 0.05; **p< 0.01)
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Figure 2.27 Blocking PI3K activation differentially alters animal pole explant gene
expression. qRT-PCR analysis of animal cap explants treated with PI3Ki (LY294) and cultured
alongside sibling embryos collected at early neurula stages (stage 13). Blocking PI3K activation
increases Zic2, Sox2, Sox3, Sox11, Sox17, and MyoD expression. (*p< 0.05; **p< 0.01)

117

Figure 2.28 Graphic representation of findings.
(A) Schematic representation of MAPK and PI3K/Akt cascade activation in animal cap explants
(staged by sibling embryos) at the blastula stage (stage 9), midgastrula stage (stage 11), and early
neurula stage (stage 13). (B) Diagram summarizing the effects of MAPK or PI3K/Akt inhibition
on the adoption of neural, epidermal, mesodermal, and endodermal states.

118
pAkt and low pErk accompanies lineage restriction (Figure 2.28a). These findings suggest that
prolonged MAPK signaling might interfere with the transition from a pluripotent to a lineagerestricted state. To examine this, we used a constitutively active version of the upstream Mek
kinase (Act-Mek) to activate MAPK (Fukuda et al., 1997) and examined the effects on
expression of the pluripotency marker Sox3 as cells transited from a pluripotent (St.9) to a
lineage restricted (St.13) epidermal state. Prolonged activation of MAPK signaling was sufficient
to maintain Sox3 expression past the time when it would normally be down-regulated as cells
lose pluripotency (92%, n=49), leading to a 2-4 fold increase in Sox3 expression over
developmental time (Figure 2.29a,b). This suggests that prolonged MAPK signaling may delay
the ability of these cells to exit the pluripotent state.
We also examined the effects of prolonged MAPK activity on the ability of blastula
animal pole cells to adopt mesodermal or endodermal fates. We found that activation of the
MAPK cascade alone also caused low-level expression of mesodermal markers (89%, n=28),
consistent with previous reports (LaBonne et al., 1995), and did not interfere with activinmediated mesoderm formation. Interestingly, activating MAPK did interfere with transit to an
endodermal state in response to high activin (81%, n=27) (Figure 2.30b). By contrast, premature
activation of PI3K/Akt activity (achieved by expressing a constitutively active p110 subunit of
PI3K (p110caax) (Carballada et al., 2001; Nie & Chang, 2007)) did not affect the ability of
blastula stem cells to transit to either a mesodermal or endodermal lineage in response to activin
treatment, and indeed caused low-level activation of the mesodermal marker Xbra in the absence
of activin (50%, n=30) (Figure 2.30a).
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Figure 2.29 Prolonged MAPK activation alters the timing of pluripotency gene expression.
(A-B) Animal pole explant assays examining Sox3 expression in animal cap explants injected
with constitutively active Mek (Act-Mek). Explants were cultured alongside sibling embryos and
collected at blastula (stage 9), midgastrula (stage 11), and early neurula (stage 13) stages for in
situ hybridization (A) or qRT-PCR (B). Activating MAPK leads to retained Sox3 expression.
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Figure 2.30 Constitutive-activation of the MAPK cascade perturbs Endodermin expression.
Animal cap explant assay examining Xbra and Endodermin expression in explants cultured with
or without activin after injection with constitutively active PI3K (Act-PI3K) or Act-Mek.
Explants were cultured alongside sibling embryos and collected at midgastrula stages (stage
11.5). Sustained MAPK activity interferes with Endodermin induction. (ns, not significant;
**p< 0.01)
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Reprograming blastula stem cells to a neural crest state leads to prolonged MAPK
activation at the expense of PI3K activity
We recently proposed that neural crest cells arise via retention of the circuitry of
pluripotency possessed by their blastula ancestors (Buitrago-Delgado et al., 2015; Hoppler et al.,
2015). Intriguingly, our current work indicates that the pluripotent state is characterized by high
MAPK activity, and low Akt signaling. This raises the important question of whether FGFmediated activation of MAPK activity may contribute to establishment of the neural crest state in
pluripotent blastula cells, protecting them from lineage restriction, and similarly if activation of
PI3K/Akt might oppose formation of the neural crest. To test this, we first asked if MAPK
activity was required for establishment of the neural crest stem cell population at the neural plate
border. When MAPK activation was blocked by expressing dnRaf, expression of neural crest
markers FoxD3, Sox9 and Snail2 was lost (Figure 2.31a,b). By contrast, blocking PI3K
activation using the inhibitor Wortmannin did not significantly alter neural crest factor
expression, despite completely blocking Akt activation (Figure 2.32a,b).
To further examine the link between establishment of the neural crest state and the
balance between the MAPK and PI3K/Akt cascades, we asked if reprogramming cells to a neural
crest state would alter the activity of these two signaling cascades. Animal pole explants can be
reprogramed to a neural crest state by forced expression of the neural plate border factors Pax3
and Zic1 (Monsoro-Burq et al., 2005; Hong & Saint-Jeannet, 2007). Strikingly, high levels of
pErk activity were maintained in these explants through stages when control explants are
undergoing lineage restriction and adopting an epidermal state (Figure 2.33). Similarly,
reprogramed explants did not exhibit the increase in pAkt characteristic of the lineage-restricted
state. A second means of establishing the neural crest state (Snail2 + Wnt) also replicated these
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Figure 2.31 MAPK activation is required for neural crest factor expression at mid-neurula
stages. (A) In situ hybridization examining FoxD3, Sox9, and Snail2 expression in mid-neurula
stage (stage 15) embryos injected with dnRaf. Asterisk denotes injected side, marked by staining
of the lineage tracer b-galactosidase (red). (B) Western Blot analysis of stage 9 animal cap
explants dissected from dnRaf injected sibling embryos. Blocking MAPK activation causes a
loss of FoxD3, Sox9, and Snail2 expression.
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Figure 2.32 PI3K activation is not required for neural crest factor expression at midneurula stages. (A). In situ hybridization examining FoxD3, Sox9, and Snail2 expression and
(B) Western Blot analysis of mid-neurula stage (stage 15) whole embryos treated with PI3Ki
(Wortmannin). Asterisk denotes injected side, marked by staining of the lineage tracer bgalactosidase (red). Blocking PI3K activation does not affect FoxD3, Sox9, or Snail2 expression.
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Figure 2.33 Reprograming cells to a neural crest state establishes high MAPK and low
PI3K/Akt activity. Western blot of lysates from Pax3-GR/Zic1-GR injected animal pole
explants. Explants were cultured alongside sibling embryos and collected at blastula (stage 9)
and early neurula (stage 13) stages to examine levels of phosphorylated and unphosphorylated
Erk1/2 and Akt. Reprograming to a neural crest state retains the activities of these pathways
characteristic of pluripotent blastula cells.
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results (Figures 2.34). These findings demonstrate that pluripotent blastula cells and neural crest
cells share a common signature with respect to the activity of these two signaling cascades. It's
important to note that no changes in pStat3 levels were observed (Figure 2.35a,b), and that
establishing a neural crest state was also accompanied by sustained expression of FGFR4 (96%,
n=27) (Figure 2.36).
The above findings suggest that FGF signaling, and the differential utilization of MAPK
and PI3K/Akt activation in pluripotent vs. lineage restricted cells, could play a role
in the retention of stem cell attributes underlying the establishment of the neural crest state. We
hypothesized that if this were the case, then either blocking MAPK signaling or prematurely
activating PI3K/Akt might block formation of the neural crest. To test this, we again used
Pax3/Zic1-mediated reprogramming to establish the neural crest state in explants, which leads to
robust expression of the neural crest markers in these cells at stage 18 (Figure 2.37a,b). Notably,
blocking MAPK signaling in these explants with RDEA119 interfered with establishing a neural
crest state, as evidenced by reduced expression of both FoxD3 (88%, n=26) and Sox9 (85%,
n=27) (Figure 2.37a,b). Similar results were found following forced activation of PI3K/Akt using
p110caax (FoxD3: 81%, n=26; Sox9: 81%, n=27). These findings provide strong evidence that
retention of blastula-stage potential in the cells that will ultimately become the neural crest is
controlled, at least in part, by retaining the high MAPK:low PI3K/Akt signaling profile essential
to the pluripotency of blastula animal pole cells.

Discussion
Early embryonic cell fate decisions result from the interplay of a relatively small number
of signaling pathways. Because these signals must be used reiteratively to direct a diverse array
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Figure 2.34 Reprograming cells to a neural crest state using a second means recapitulates
the high MAPK : low PI3K/Akt state. Western blot of lysates from Snail2+Wnt8 injected
animal pole explants. Explants were cultured alongside sibling embryos and collected at blastula
(stage 9) and early neurula (stage 12) stages to examine levels of phosphorylated and
unphosphorylated Erk1/2 and Akt. Reprograming to a neural crest state using Snail2+Wnt8
phenocopies that observed following Pax3-GR/Zic1-GR mediated reprogramming.
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Figure 2.35 Reprograming cells to a neural crest state does not affect Stat3 activation.
Western blot of lysates from Pax3-GR/Zic1-GR (A) or Snail2+Wnt8 (B) injected animal pole
explants. Explants were cultured alongside sibling embryos and collected at blastula (stage 9)
and early neurula (stage 12/13) stages to examine levels of phosphorylated and unphosphorylated
Erk1/2 and Akt. Reprograming cells to a neural crest state does not retain blastula-stage Stat3
activation.
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Figure 2.36 Reprograming to a neural crest state sustains FGFR4 expression.
Animal pole explant assay examining FGFR4 expression in animal cap explants injected with
Pax3-GR/Zic1-GR. Explants were cultured alongside sibling embryos and collected at blastula
(stage 9), midgastrula (stage 12), and midneurula (stage 15) stages. Reprogramming to a neural
crest state causes sustained FGFR4 expression.
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Figure 2.37 Reprograming cells to a neural crest state requires high MAPK and low
PI3K/Akt activity. (A-B) Animal cap explant assay examining Sox9 and FoxD3 expression in
Pax3GR/Zic1-GR injected explants treated with Meki (RDEA119) (A) or co-injected with ActPI3K (B). Explants were cultured alongside sibling embryos and collected at late neurula stages
(stage 18). Blocking MAPK activation or activating PI3K/Akt blocks expression of neural crest
markers.

130
of outcomes, their output must be highly context-specific. Yet, in many cases, the mechanisms
by which this is accomplished remain poorly understood. In this study, we uncover a striking
switch in FGFR effector pathway utilization as cells transit from a pluripotent to a lineagerestricted state, adding important new insights into how FGF signaling regulates developmental
potential. FGF-mediated MAPK activation is prominent in blastula stem cells prior to their exit
from the pluripotent state, but then decreases as cells become lineage restricted. By contrast,
FGF-mediated PI3K/Akt signaling is low in pluripotent cells, but increases dramatically as cells
undergo lineage restriction. Importantly, both signaling cascades are blocked by dnFGFR4,
showing that they are FGF mediated signals. However, although FGFR4 is the predominant FGF
receptor expressed in blastula animal pole cells, it is not the only FGF receptor expressed there.
It is possible that dnFGFR4 is also blocking the activity of other FGF receptors, such as FGFR1,
as dominant negative proteins can sometimes inhibit the activity of related factors. We therefore
interpret our findings using this receptor as demonstrating a role for FGF signaling in general,
and not a specific role for FGFR4. Interesting, however, dnFGFR1 does not interfere with
expression of neural crest markers in the manner that dnFGFR4 does (Figure 2.4).
Given the striking switch in cascade activation as cells move from pluripotency to lineage
restriction, we chose to focus on the roles played by these signaling cascades. We show that
MAPK signaling is essential for the pluripotency of blastula stem cells, whereas PI3K/Akt
signaling appears to play a role in the ability of these cells to adopt a subset of lineage restricted
states. Crosstalk between the MAPK and PI3K/Akt pathways is known to be highly context
dependent, and can be cooperative or antagonistic (Aksamitiene et al., 2012). Indeed, antagonism
between these pathways has been proposed to control the decision by angioblast progenitors to
adopt artery versus venous fates (Hong et al., 2006). It will therefore be of great interest to
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investigate the mechanisms via which the observed switch in pathway utilization is achieved in
blastula stem cells. Our preliminary analysis of the gene expression changes that occur as cells
progress from a pluripotent to a lineage restricted state suggest that this might be mediated, at
least in part, in a change in expression of intracellular adaptor proteins that scaffold the MAPK
vs PI3K cascades (Chapter 3). We cannot rule out, however, that there could be a switch in the
utilization of different FGF receptors that may contribute to the change in pathway utilization.
Further studies may shed light on the very different effects that FGF signaling has on the
pluripotency of naïve vs. primed embryonic stem cell cultures (Brons et al., 2007; Kunath et al.,
2007; Tesar et al., 2007; Hanna et al., 2010; Lanner & Rossant, 2010).
We interpret the findings reported here as evidence that in this system, FGF-mediated
MAPK activity is required for the pluripotency of blastula stem cells. An alternative
interpretation might be that these signals are required for exit from pluripotency. We favor the
first interpretation for a number of reasons including the observation that pMAPK is high when
these cells are pluripotent and down-regulated as they exit pluripotency, and that activating MEK
prolongs the expression of the pluripotency marker Sox3. Moreover, blocking MAPK signaling
does not prevent transit to a neuronal progenitor state, which it might if these signals controlled
exit from pluripotency.
In Xenopus, FGF signaling had previously been implicated in the adoption of both
mesodermal and neural states, and our current work lends new mechanistic insights into these
studies. For example, FGF signaling has been shown to be required for activin-mediated
mesoderm formation, but its contributions to this process remained unclear (LaBonne &
Whitman, 1994). Our findings that FGF-mediated MAPK activation is required for the
pluripotency of blastula animal pole cells provides a long sought explanation for this
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requirement. Our work also sheds light on the role of FGF signaling in neural induction mediated
by BMP-antagonists (Launay et al., 1996; Sasai et al., 1996). It has been shown that blocking
FGF signaling with the tyrosine kinase inhibitor SU5402 does not prevent adoption of a
definitive neural state in response to noggin, even though it can alter Sox2/3 expression (Wills et
al., 2010). We find similar effects when blocking MAPK signaling, with Chordin-mediated Sox2
expression blocked, but not Nrp1 (Figure 2.18). Conversely, we find that blocking the PI3K/Akt
cascade prevents transit to both a neural progenitor and definitive neural state., The latter finding
confirms what has been described previously and attributed to PI3K/Akt regulating GSK3 and
Wnt signaling (Peng et al., 2004). Although we cannot rule out the possibility of cross-talk
between these two signaling pathways, we report an earlier role for PI3K/Akt in mediating
establishment of the neural progenitor state, prompting further exploration into a potential
mechanism for its function during early ectodermal patterning. This could be linked to a recently
described role for Akt in controlling progenitor cell progression (Pegoraro et al., 2015). The later
role for PI3K/Akt signaling is consistent with the findings of Hongo and colleagues that a
dominant negative FGFR4 inhibits commitment of animal cap cells to a neuronal state in
response to neural-inducing cues (Hongo et al., 1999).
FGF signaling has also been previously implicated in the genesis of the neural crest
(LaBonne et al., 1998; Monsoro-Burq et al., 2003; Hong et al., 2008; Nichane et al., 2010;
Garnett et al., 2012), although its role relative to BMP and Wnt signaling has remained unclear.
neural crest stem cells are of central importance to the development and evolution of vertebrates
(Groves & LaBonne, 2014), and thus understanding the signals controlling their remarkable
developmental potential is essential. Our recent work provides evidence that neural crest cells
arise through partial retention of the regulatory network controlling the pluripotency of blastula
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ancestors (Buitrago-Delgado et al., 2015). Thus, it is crucial to re-examine the roles of signals,
such as FGF, which had previously been hypothesized to “induce” developmental potential in
these cells, and ask if they might instead be acting earlier in development to control whether
blastula animal pole cells become lineage restricted or retain pluripotency. Our findings that
FGF-mediated MAPK signaling is required for the pluripotency of blastula animal pole cells
supports such a model.
These findings led us to ask whether the striking change in FGF effector pathway
utilization, from MAPK to PI3K/Akt, as cells transit from a pluripotent to a lineage restricted
state could be important for the establishment of the neural crest population. Specifically, we
wanted to know if the relative levels of MAPK and PI3K/Akt signals displayed by cells could
predict or instruct the neural crest state. Strikingly, we found that cells that had been
reprogrammed to a neural crest state by expression of Pax3 and Zic1 retained high levels of
MAPK activity and low levels of Akt activity even at neurula stages, when control explants had
become lineage restricted and transitioned to a high Akt, low MAPK activity state (Figure 2.34).
We found similar results when using an alternative regimen (Snail2 + Wnt signaling) for
reprograming to a neural crest state (Figure 2.35) indicating that this signaling cascade signature
correlates with the retention of pluripotency.
This correlation suggested that retaining a signature of high MAPK and low PI3K/Akt
activity might be essential to establishing the neural crest stem cell population. We therefore
asked if blocking MAPK activation and/or prematurely activating PI3K/Akt signals would
interfere with reprograming animal pole explants to a neural crest state. Importantly, we found
that the expression of FoxD3 and Sox9, characteristic of the neural crest state established by
Pax3/Zic1, was blocked by either inhibiting MAPK activity or prematurely activating Akt using
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a constitutively active PI3K subunit (Figure 2.37a,b). These data support a model in which
context dependent control of effector pathways activated by FGF signaling in blastula animal
pole cells controls not only the timing of the progression from pluripotency to lineage restriction
of these cells, but also the retention of pluripotency and protection from lineage restriction in the
cells that will become the neural crest. Our findings further suggest that the retention of FGFmediated MAPK signaling in a subset of pluripotent blastula cells may have been an important
step in the acquisition of neural crest cells, and thus in the evolution of vertebrates.
Materials and Methods
Embryological methods
Wildtype Xenopus laevis embryos were collected at the indicated stages and processed for
in situ hybridization using digoxigenin-labelled antisense RNA probes as previously described
(LaBonne et al., 1998). Manipulated whole embryos were microinjected into 1-2 cells at the 2-8
cell stage with mRNA (Ambion, mMessage mMachine SP6 Transcription Kit) as previously
described (Lee et al., 2012) and collected at blastula stages (stage 9) or midneurula stages (stage
15-17) for in situ hybridization. Inhibitor-treated whole embryos were treated with the PI3K
chemical inhibitor Wortmannin (Sigma) at a final concentration of 750nM and collected at early
neurula stages (stage 15) for in situ hybridization. Animal cap explants were manually dissected
from wildtype or manipulated stage 9 embryos and aged to the denoted stage in 1xMMR.
Manipulated embryos used for these animal cap dissections include embryos injected into both
cells at the two-cell stage with the denoted mRNA and embryos treated at the 2-4 cell stage with
a specific chemical inhibitor. For MAPK inhibition (Meki), the highly specific Mek1/2 chemical
inhibitor Refametinib (RDEA119, Selleckchem) was used. Fresh RDEA119 (50-100µM) was
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added to the culture media of explants upon dissection from RDEA119 treated embryos. For
PI3K inhibition (PI3Ki), the chemical inhibitors LY294 (Sigma) and Wortmannin (Sigma) were
added to the culture media of explants dissected from stage 9 embryos. LY294 was used at a
final concentration of 20µM and Wortmannin was used at a final concentration of 100nM. Both
of these inhibitors can have off-target effects when used at higher doses. Pax3-GR and Zic1-GR
explants were dissected from injected embryos treated with 15µM Dexamethasone (Sigma) at
stage 9 as previously described (Buitrago-Delgado et al., 2015). All results are representative of
the most common phenotype from a minimum of three independent experiments.
RNA isolation, cDNA synthesis, and qRT-PCR
RNA isolation, cDNA synthesis, and qPCR was performed as previously described
(Buitrago-Delgado et al., 2015). Primers used include FoxD3, MyoD, ornithine decarboxylase
(ODC), Sox2, Sox3, Sox11, Snail1, Sox17, Zic1, and Zic2 (sequences below). Expression was
normalized to ODC and fold change calculated using ΔΔCT relative to stage 9 or stage 13
control samples. Represented is the mean of three independent biological replicates, with error
bars depicting the standard error of the mean (SEM). An unpaired, two-tailed t-test was used to
determine significance.
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Gene
FoxD3
MyoD
ODC
Sox2
Sox3
Sox11
Sox17
Snail1
Zic1
Zic2

Forward
TCC TCT GAA CTG ACC AGG AA
CTG CTC CGA CGG CAT GAA
TGA AAA CAT GGG TGC CTA CA
TCA CCT CTT CTT CCC ATT CG
CAC AAC TCG GAG ATC AGC AA
GAA CTT CAC CCA GCA GAA CC
GCA AGA TGC TTG GCA AGT CG
AAG TCT CCC ATC AGC CCT TC
CCT GGA TGT GGC AAA GTC TT
AAT CCA CAA GAG GAC TCA CA

Reverse
TGC CGA CAC CCC AAT AAT GT
TCC CAA GTC TCA CGT CAT TG
TGC CAG TGT GGT CTT GAC AT
CGA CAT GTG CAG TCT GCT TT
TCG TCG ATG AAG GGT CTT TT
CCC TCG CTA CAA GAG TCC AA
GCT GAA GTT CTC TAG ACA CA
AGT CTT GCC CCC TTC ATC TT
GTC ACA GCC TTC AAA CTC GC
GTG TGC ACG TGC ATG TGC TT

Activin treatment of animal cap explants
Animal cap explants were isolated from control or manipulated blastula (stage 9) embryos.
Following dissection, explants were cultured with recombinant Activin protein (R&D Systems)
at a final concentration of 20-40ng/mL for mesoderm induction and 100ng/mL for endoderm
induction in 1xMMR supplemented with 0.1% BSA as a carrier. Explants were cultured to
midgastrula and midneurula stages (stage 11.5-16) following mesoderm induction and
midgastrula stages (stage 11.5) following endoderm induction and processed for in situ
hybridization.
Western blot analysis
For western blot analyses, animal cap explants (10-20 explants) or whole embryos (5
embryos) were lysed using a fresh 50mM HEPES lysis buffer containing 5mM EDTA, 2mM
Sodium Orthovanadate, 20mM Sodium Fluoride, 10mM b-Glycerophosphate, 1mM Sodium
Molybdate dihydrate, PhosStop phosphatase inhibitors (Roche), and protease inhibitors
described previously (Lee et al., 2012). Animal cap explants were dissected from either wildtype
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or manipulated blastula (stage 9) embryos and cultured in 1XMMR until the indicated stage and
collected. Stage 9 explants were collected 1-hour post-dissection. For the RDEA119 and LY294
time series, wildtype explants were dissected, cultured for 1-hour in 1X MMR for stage 9
treatment or cultured to stage 13, and subsequently cultured in inhibitor-containing media for the
denoted length of time prior to collection. For Pax3-GR and Zic1-GR explant analysis, both
control and Pax3-GR and Zic1-GR explants were cultured for 1-hour in 1XMMR, treated with
15µM Dexamethasone, and then collected at the indicated stage. SDS-PAGE and Western blot
analysis was used to visualize proteins, which were detected using the following antibodies:
p44/42 MAPK (Erk1/2) (1:2000, Cell Signaling Technology), Phospho-p44/42 (Erk1/2)
(Thr202/Tyr204) XP (1:2000, Cell Signaling Technology), Akt (1:2000, Cell Signaling
Technology), Phospho-Akt (Ser473) XP (1:2000, Cell Signaling Technology), Stat3 C-20
(1:2000, Santa Cruz Biotechnology), Phospho-Stat3 (Tyr705) XP (1:2000, Cell Signaling
Technology), and Actin (1:8000, Sigma-Aldrich). Corresponding secondary antibodies
conjugated to horseradish peroxidase (HRP) and chemiluminescense was used.

DNA constructs
The truncated Xenopus laevis FGFR4 (AB007036) construct used (dnFGFR4) was cloned
into a pCS2 vector from dnFGFR4-cs108, a kind gift from R. Harland (University of California,
Berkeley). The dominant-negative PI3K subunit (dnPI3K, or Δp85) and constitutively-active
PI3K subunit (Act-PI3K, or p110caax) was a gift from Chenbei Chang (University of Alabama),
and constitutively-activate Mek (Act-Mek) was a gift from Ira Daar (National Cancer Institute,
Maryland). Dominant-negative Raf (dnRaf) was generated by quick change mutagenesis (hRaf
S621A) and subcloned into pCS2. Dominant-negative Stat3 (dnStat3) was received from E.
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Bellefroid (Université Libre de Bruxelles) and subcloned into a pCS2 vector. All constructs
received and cloned were confirmed by sequencing.
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Chapter 3
Signal adaptor mediated control of MAPK
and PI3K/Akt activation during early
embryonic patterning
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Fibroblast growth factors are part of a large family of secreted proteins that activate
membrane-bound tyrosine kinase receptors. Upon ligand binding, neighboring monomeric FGF
receptors dimerize and undergo transactivation, leading to the phosphorylation of intracellular
tyrosine residues and promoting the activation of one or more downstream signaling pathways,
including the Ras/MAPK, PI3K/Akt, Stat3, and PLC cascades (Ornitz & Itoh, 2015). FGF
signals are used reiteratively throughout embryonic development to mediate a diverse set of
processes, yet how this signaling pathway executes such a vast array of functions and elicits
context-specific effects is not well understood (Dorey et al., 2010). We've recently uncovered a
novel role for FGF signals in mediating both the pluripotent state and commencement of lineage
restriction during early Xenopus embryonic development, finding that differential utilization of
downstream signaling cascades mediates the transition between these opposing cell states
(Chapter 2). Thus, this provides an excellent system in which to explore how cascade activation
is controlled downstream of activated FGF receptors during early embryogenesis.
Introduction
Embryonic development is characterized by the progressive loss of developmental
potential, with cells becoming restricted to a specific germ layer upon the onset of gastrulation,
and ultimately to a specific cell type as development proceeds. Neural crest stem cells, however,
are an exception to this generalized view of development, as they arise within the ectodermal
domain but have the potential to give rise to derivatives across embryonic germ layers, making
contributions to a variety of complex structures, including the craniofacial skeleton and
peripheral nervous system (Le Douarin & Kalcheim, 1999). Until recently, neural crest cells
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were considered to arise though an inductive event within the ectoderm, in which neural crest
precursor cells gained developmental potential to allow for the neural crest to form
(Milet et al., 2012; Prasad et al., 2012). A more parsimonious view of neural crest formation is
one in which neural crest precursors maintain the potential of their ancestral cells, the pluripotent
cells of the blastula, to ultimately bestow neural crest cells with their multipotent potential.
We've recently provided evidence in support of such, demonstrating that part of the molecular
circuitry controlling blastula-stage pluripotency is also conserved in neural crest stem cells, as
expression of many pluripotency genes and canonical neural crest genes, such as Snail1, Myc,
and FoxD3, are shared between these two cell states (Buitrago-Delgado, Nordin, Rao, Geary, &
LaBonne, 2015; Hoppler & Wheeler, 2015; Le Douarin & Dupin, 2016). We've also
demonstrated that many of the signals implicated in neural crest formation are functioning much
earlier in blastula stem cells, such as BMP signals, which rely on the co-factor Sox5 to regulate
both blastula stem cell and neural crest cell competency (Nordin & LaBonne, 2014), and FGF
signals, which direct neural crest formation through precise levels of MAPK and PI3K/Akt
activation (Chapter 2). We report that a High MAPK:Low Akt activation profile, reminiscent of
the activation profile in blastula stem cells, is necessary for the establishment of the neural crest
(Figures 2.33, 2.34), providing evidence that neural crest cells leveraged both the gene regulatory
and signaling networks of their ancestral cells to ascertain their remarkable potential. Further,
this discovery suggests that activation of the MAPK cascade versus the PI3K/Akt cascade in
naive embryonic cells is a highly coordinated process, yet how this differential cascade
activation is achieved is unclear.
One means by which FGF-mediated cascade activation is directed is through differential
recruitment and usage of intracellular adaptor proteins at the phosphotyrosines of activated FGF
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receptors (B. Thisse & Thisse, 2005). Through use of an inducible FGFR system, we obtained
preliminary evidence that changes in the intracellular environment may mediate the switch in
cascade utilization observed during early embryonic patterning. FGFR1/4 receptor mutants,
which have the extracellular domain removed and a dimerizable domain inserted at the terminus
of the intracellular domain, can be temporally activated in the absence of ligand through
administration of the homodimerizing agent (B/B) (Figure 3.1). Using this system in naive
animal cap explants, differential activation of the MAPK and PI3K/Akt cascades can be achieved
downstream of inducible FGFR4 (iFGFR4) by treating with the B/B homodimerizer at different
time points in development (Figure 3.2). Further, presence of the dimerization domain on
iFGFR4 does not impede adaptor protein recruitment or transduction of the signal, as forced
dimerization in animal cap explants sustains activation of the MAPK cascade past pluripotent
stages (stage 9) and phenocopies the effects of constitutively active Mek (Act-Mek) on
pluripotency gene expression (Figures 3.2, 3.3; Chapter 2, Figure 2.30). This supports a model
in which cascade activation is regulated intrinsically and is not a result of differential utilization
of FGF ligands or receptors, providing motivation to further explore the adaptor complexes
frequently associated with active FGF receptors.
FGF receptor complexes contain multiple classes of signaling adaptors, including those
with a phosphotyrosine binding (PTB) domain, which facilitates direct binding with the FGF
receptor, and those that do not contain this binding motif, which must scaffold with other
docking proteins in order to be positioned at the membrane (Figure 3.4) (Pawson & Scott, 1997).
The FGF Receptor Substrate (FRS) family of signaling adaptors, comprised of Frs2 and Frs3, are
implicated as essential scaffolding units downstream of the FGF receptor, as they are able to
directly interact with phosphotyrosines through their PTB domain and also recruit secondary
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Figure 3.1 Diagram of iFGFR inducible system and workflow.
The inducible dimerization system utilizes mutant FGF receptors, where the extracellular domain
is removed, and a DmrB Dimerization domain is fused to the terminus of the intracellular
domain. Addition of the B/B homodimerizing agent leads to the forced dimerization of the
dimerization domains and promotes activation of FGF-mediated signal transduction cascades.
The B/B homodimerizing agent can be added to the culture media of aging animal cap explants
at specific stages of the lineage restriction process in order to assay the temporal effects of forced
dimerization on MAPK and PI3K/Akt activation.

144

Figure 3.2 Forced dimerization of iFGFR4 activates both the MAPK and PI3K/Akt
cascades in a temporally-defined manner. Western blot of lysates from animal pole explants
injected with iFGFR4 or iFGFR1 and treated with the B/B homodimerizing agent when sibling
embryos reached blastula (stage 9) or midgastrula (stage 11) stages. Explants were collected at
blastula (stage 9) and early neurula (stage 13) stages to examine levels of phosphorylated and
unphosphorylated Erk1/2 and Akt. Force dimerization of iFGFR4 at blastula (stage 9) stages
sustains pErk at the expense of pAkt. Forced iFGFR4 dimerization at midgastrula (stage 11)
stages sustains pErk while permitting PI3K/Akt activation (pAkt).
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Figure 3.3 Forced dimerization of iFGFR4 phenocopies the effects of MAPK activation on
the timing of pluripotency gene expression. Animal pole explant assays examining Sox3
expression in animal cap explants injected iFGFR4 and treated with the B/B homodimerizing
agent at blastula (stage 9) stages. Explants were collected at blastula (stage 9), midgastrula (stage
11), and early neurula (stage 13) stages for in situ hybridization. Forced activation of iFGFR4
leads to retained Sox3 expression, phenocopying the effects of MAPK activation.
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Figure 3.4 Diagram of the FGF signaling pathway and associated signaling complex. A
schematic representation of the FGF receptor and select downstream signaling adaptors that
mediate activation of the Ras/MAPK (Erk) and PI3K/Akt cascades.
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adaptors, such as Grb2 or Shp2, through their specialized protein docking sites (Figure 3.5) (Kim
et al., 2015; Ong et al., 2000). Much effort is directed at understanding the individual functions
of Frs2 and Frs3, as the expression patterns for these proteins during Xenopus embryonic
development shows broad regions of overlapping expression, as well as regions of discreet
opposition, with Frs3, but not Frs2, expressed in the animal pole cells of the blastula (stage 9)
(Figure 3.6). Such expression profiles suggest the existence of both unique and overlapping
functions for these proteins, which is evident with Frs2 being required for proper MAPK
activation during mesoderm development in Xenopus (Akagi, Kyun Park, Mood, & Daar, 2002),
and Frs3 being required for proper MAPK activation in the lens placode during eye development
(Kim et al., 2015). Interestingly, in naive Xenopus animal cap explants, blocking Frs3 expression
through Morpholino-mediated knockdown sustains activation of the MAPK cascade and perturbs
PI3K/Akt activation as cells exit the pluripotent state (Figure 3.7), suggesting that Frs3 is
required to regulate the ratio of MAPK:PI3K/Akt in this context. Further, it's possible that by
disrupting Frs3 function, we are disrupting the levels of adaptor proteins in the signaling
complex at the receptor.
Frs2/3 docking proteins frequently recruit the secondary adaptor protein Grb2 to the
membrane in order to incite complex formation at the active FGF receptor (Gotoh, 2008). Grb2
is a central plater that further propagates the FGF response by recruiting the guanine nucleotide
exchange factors Sos1/2 and/or the Grb2-Associated Binding (GAB) protein Gab1 to the
membrane. The main functional domains of Sos1/2 include the Cdc25 guanine nucleotide
exchange (GEF) domain, which is responsible for activating the small GTPase Ras, numerous
membrane binding domains, and an allosteric Ras binding domain (REM domain), which
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Figure 3.5 Schematic of the Frs2 protein domains.
Frs2 is comprised of an N-terminal myristoylation domain and a phosphotyrosine binding (PTB)
domain. Specific residues on Frs2 (red) are identified as important interaction sites for the
adaptor proteins Grb2 and Shp2 (Adapted from Kim et al., 2015).
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Figure 3.6 Frs2/3 are expressed in similar regions throughout Xenopus embryonic
development. In situ hybridization examining Frs2/3 expression in wildtype Xenopus embryos
collected at blastula (stage 9), early neurula (stage 13), late neurula (stage 18), and tadpole (stage
28) stages. Frs2 is expressed beginning at late neurula stages surrounding the neural plate, and is
expressed in cranial structures at tadpole stages. Frs3 expression is detected in the pluripotent
cells of the animal hemisphere at blastula stages, in the neural plate and surrounding tissues at
neurula stages, and in cranial structures at tadpole stages.
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Figure 3.7 The proper ratio of MAPK:PI3K/Akt activation is dependent on functional
Frs3. Western blot of lysates from animal pole explants injected with dnFrs3. Explants were
cultured alongside sibling embryos and collected at blastula (stage 9) and early neurula (stage
13) stages to examine levels of phosphorylated and unphosphorylated Erk1/2 and Akt. Low
levels of pErk are maintained and pAkt is blocked by dnFrs3.
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together, foster MAPK cascade activation (Figure 3.8) (Findlay et al., 2013; Sondermann, Nagar,
Bar-Sagi, & Kuriyan, 2005). In comparison, Gab1 is comprised of a Pleckstrin Homology (PH)
domain for phosphoinositide binding, as well as an uncharacterized domain, where conserved
residues for binding to the PI3K regulatory subunit p85 have been identified (Figure 3.9)
(McDonald, Seldeen, Deegan, Bhat, & Farooq, 2011; Nakaoka & Komuro, 2013). Thus, Grb2
can function as an essential node directing MAPK versus PI3K/Akt cascade activation by
differentially recruiting and/or binding Sos1/2 or Gab1 (Chardin, Cussac, Maignan, & Ducruix,
1995; Corbalan-Garcia, Yang, Degenhardt, & Bar-Sagi, 1996; Egan et al., 1993; Ong et al.,
2001). While each of these adaptors interact at distinct, non-overlapping regions of Grb2 (Figure
3.10) (Egan et al., 1993; Lowenstein et al., 1992; McDonald et al., 2011; Yang, Van Aelst, &
Bar-Sagi, 1995), allosteric inhibition is proposed to prevent binding of both adaptors
simultaneously, thus preventing dual activation of both cascades by a Grb2-dependent
mechanism (McDonald et al., 2013). Whether this allostery exists in a biological context, and
whether it mediates cascade activation during the regulation of early cell fate decisions, is yet to
be explored. Nevertheless, specific levels of Grb2 is required for proper cascade activation in
aging Xenopus animal cap explants, as misexpression of Grb2 or its mutant variants perturbs
activation of both the MAPK and PI3K/Akt cascades (Figure 3.11). Thus, we wondered whether
specific levels of adaptor proteins were utilized to regulate MAPK versus PI3K/Akt activation,
and whether this determined access to Grb2 binding.
In this study, we explore and subsequently perturb the relative expression levels of Grb2
associated proteins, Sos1/2 and Gab1, to test their role in mediating MAPK versus PI3K/Akt
activation. We assess whether specific levels of these adaptors are required for the early cell fate
decisions found to be regulated by these cascades (Chapter 2), and find that Sos1 is required for
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Figure 3.8 Diagrammatic representation of the functional domains of Sos1.
The Sos1 protein is comprised of numerous membrane binding domains at the N-terminus,
including the Histone Domains and DH/PH domains, a Ras Exchange Motif (REM), which is an
allosteric Ras binding site, a Cdc25 domain, which provides the GDP catalysis function, and a
Grb2 binding site (PxxP) at the C-terminus (Adapted from Sondermann et al., 2005).
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Figure 3.9 Schematic of the Gab1 protein.
Gab1 is composed of a Pleckstrin Homology (PH) domain and an uncharacterized region, where
numerous sites of protein-protein interaction have been identified. These include binding sites
for Grb2 (Red Triangle), SHP2 (Purple-P), and the PI3K regulatory subunit p85 (Green-P)
(Adapted from Nakaoka & Komuro, 2013).
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Figure 3.10 Depiction of Sos1/2 and Gab1 binding to Grb2.
Grb2 is comprised of three main domains, an N-terminal SH3 (nSH3) domain, a C-terminal SH3
domain (cSH3), and a central SH2 domain. Sos1/2 is proposed to bind mainly to nSH3, with the
Grb2 residues P49 and G215 critical for binding. Mutations in these residues (red asterisks)
blocks the association between Sos1 and Grb2 (Egan et al., 1993). Gab1 is proposed to bind
mainly to the cSH2 domain, with the Grb2 residue E186 critical for binding. Likewise, mutating
this reside (red asterisk) perturbs the Grb2-Gab1 interaction (Adapted from McDonald et al.,
2011).
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Figure 3.11 Both MAPK and PI3K/Akt cascade activation requires specific levels of Grb2.
Western blot of lysates from animal pole explants injected with either Grb2 or a Grb2 mutant
deficient for Sos1 or Gab1 binding. Explants were cultured alongside sibling embryos and
collected at blastula (stage 9) and early neurula (stage 13) stages to examine levels of
phosphorylated and unphosphorylated Erk1/2 and Akt. Both pErk and pAkt are blocked, to
varying extents, by misexpressing Grb2 or a Grb2 mutant.
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MAPK activation in naive animal cap explants and for proper neural crest formation. In contrast,
Gab1, despite being required for PI3K/Akt activation in aging animal cap explants, is
dispensable for the patterning of ectodermal or mesodermal cell types. We further demonstrate a
required role for Sos1 in mediating blastula stem cell competency, as cells deficient for Sos1 fail
to respond to lineage restriction cues and are biased to a neuroprogenitor state. Thus, we identify
a novel role for Sos1 in regulating blastula-stage potential and the establishment of the neural
crest, lending insights into the adaptor-mediated control of cell fate decisions in the early
embryo.

Results
Sos1 and Gab1 are differentially expressed and temporally interact with Grb2
We've previously uncovered that the blastula stem cell state is characterized by high
MAPK:low Akt activity, and that the lineage restriction of these cells is accompanied by
attenuation of the MAPK cascade and activation of the PI3K/Akt cascade (Chapter 2). Because
Sos1 is linked to MAPK activation and Gab1 to PI3K/Akt activation, we sought to determine
whether the differential recruitment of these factors to Grb2 mediated the observed switch in
cascade utilization during the lineage restriction of blastula stem cells. To test this, we used an
animal cap assay in which explants were cultured alongside sibling embryos and collected at
midgastrula (stage 11) or neural plate (stage 13) stages to quantify the levels of Sos1, Gab1, or
Grb2 expression at different time points in the lineage restriction process. Consistent with the
timing of MAPK activation, we find that expression of Sos1 diminishes over developmental time
and as cells exit the pluripotent state (Figure 3.12). While the same is true for the central adaptor
protein, Grb2, expression of Gab1 is sustained at as cells undergo lineage restriction, temporally
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Figure 3.12 Expression levels of Sos1/2 and Grb2 decrease over developmental time. Animal
pole explant assay examining Grb2, Sos1/2, and Gab1 expression in explants aged in culture.
Explants were cultured alongside sibling embryos and collected at midgastrula (stage 11) and
early neurula (stage 13) stages for qRT-PCR. Levels of Sos1/2 and Grb2 decrease over time,
while Gab1 levels remain constant (**p< 0.01, ns = not significant).

158
aligning with activation of the PI3K/Akt cascade. Considering that Grb2 levels are also changing
over developmental time, we wondered whether specific adaptor protein ratios were important in
the regulation of cascade activation. Before addressing this, we first wanted to confirm that Grb2
interacts with both Sos1 and Gab1 in our context, and second, to explore whether these
interactions were stage dependent. Using a co-immunoprecipitation assay in animal cap explants
collected at blastula (stage 9), gastrula (stage 11), or neural plate (stage 13) stages, we find that,
while the Gab1-Grb2 interaction is constitutive, the Sos1-Grb2 interaction is temporally
restricted (Figure 3.13), suggesting an interesting means of regulation. Together, these findings
confirm that both Sos1 and Gab1 have the capacity to interact with Grb2, but more so, indicate
that a specific intracellular environment is required to permit the Sos1-Grb2 interaction.
Sos1 and Gab1 are required for MAPK and PI3K/Akt activation respectively
Considering the differential expression levels of Grb2, Sos1, and Gab1 during the
progression of pluripotent blastula cells to a restricted cell state, we wondered if the relative
levels of these adaptors determined whether the MAPK cascade or PI3K/Akt cascade was
initiated. To begin to address this, we utilized morpholino oligos, which were injected into one or
four cells of an 8-cell embryo, to individually target and deplete expression of Sos1, Sos2, or
Gab1, and find that we can specifically and efficiently block expression of each adaptor protein
using this approach (Figures 3.14, 3.15, 3.16). We next asked whether depletion of Sos1/2 or
Gab1 affected activation of the MAPK or PI3K/Akt cascades during the lineage restriction of
blastula stem cells. Remarkably, we find that depletion of Sos1, but not Sos2, blocks activation
of the MAPK cascade, while knockdown of either Sos adaptor leads to an increase in PI3K/Akt
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Figure 3.13 Grb2 immunoprecipitates with Sos1 and Gab1 in aging animal cap explants.
Co-immunoprecipitation (IP) assay examining the Grb2-Sos1 and Grb2-Gab1 interactions in
animal cap explants collected when sibling embryos reached blastula (stage 9), midgastrula
(stage 11), and early neurula (stage 13) stages. Grb2 temporally interacts with Sos1, while the
Grb2-Gab1 interaction is constitutive.

160

Figure 3.14 Sos1 Morpholino efficiently blocks Sos1 protein translation.
Western blot analysis of lysates from whole embryos injected with Sos1 mRNA with or without
the Sos1 or Sos2 Morpholinos (MO). The Sos1 MO, but not Sos2 MO, efficiently blocks Sos1
protein production.
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Figure 3.15 Sos2 Morpholino efficiently blocks Sos2 protein translation.
Western blot analysis of lysates from whole embryos injected with Sos2 mRNA with or without
the Sos1 or Sos2 Morpholinos (MO). The Sos2 MO, but not Sos1 MO, efficiently blocks Sos2
protein production.
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Figure 3.16 Gab1 Morpholino efficiently blocks Gab1 protein translation.
Western blot analysis of lysates from whole embryos injected with Gab1 mRNA with or without
the Gab1 Morpholino (MO). Gab1 MO efficiently blocks Gab1 protein production.
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cascade activation (Figure 3.17). Likewise, exogenous expression of Sos1 or constitutivelyactive Sos1 (caSos1) sustains activation of the MAPK cascade at the expense of PI3K/Akt
activation, implicating Sos1 as an important regulator of MAPK activation in blastula stem cells
(Figure 3.18).
Because perturbations in Sos1 led to inverse effects on MAPK versus PI3K/Akt activity,
we wondered whether activation of these cascades was mutually exclusive, and further, whether
allosteric inhibition through Grb2 was at play. To begin to test this, and to explore whether levels
of Gab1 were equally as important to cascade activation, we assayed the effects of Gab1
perturbations on PI3K/Akt activity. Notably, we find that misexpression of Gab1 leads to
premature activation of the PI3K/Akt cascade but does not affect MAPK activation (Figure
3.19). In comparison, we find that loss of Gab1 inhibits PI3K/Akt activation, and that this is
accompanied by sustained MAPK activation, albeit at a low level (Figure 3.20). Together, these
findings suggest that specific levels of Sos1 and Gab1 are required for proper MAPK and
PI3K/Akt activation, and that a deviation in these levels is sufficient to skew activation toward
one cascade over the other.
Sos1, but not Gab1, is required for neural crest formation
Because levels of Sos1 and Gab1 are important for directing MAPK versus PI3K/Akt
activation, and since establishment of the neural crest state requires High MAPK:Low Akt
activity (Figure 2.37), we wondered if perturbing levels of Sos1 or Gab1 would alter neural crest
formation. Remarkably, we find that depleting Sos1 blocks establishment of the neural crest
state, while misexpressing Sos1 or caSos1 is sufficient to expand the neural crest domain
(Figures 3.21, 3.22). These affects are specific to the neural crest, as no changes in epidermal or
neural progenitor marker expression are observed following Sos1 misexpression (Figure 3.23).
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Figure 3.17 Sos1 MO blocks MAPK activation and increases PI3K/Akt activation.
Western blot of lysates from animal pole explants injected with Sos1 MO or Sos2 MO and
collected when sibling embryos reached blastula (stage 9) and early neurula (stage 13) stages to
examine levels of phosphorylated and unphosphorylated Erk1/2 and Akt. Sos1 MO blocks
MAPK activation, while Sos1 or Sos2 MO increases levels of phosphorylated Akt. (ns, not
significant, ** p<0.01).
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Figure 3.18 Misexpression of Sos1 sustains MAPK activation at the expense of PI3K/Akt
activation. Western blot of lysates from animal pole explants injected with Sos1 or
constitutively-active Sos1 (caSos1) and collected when sibling embryos reached blastula (stage
9) and early neurula (stage 13) stages to examine levels of phosphorylated and unphosphorylated
Erk1/2 and Akt. Sos1 and caSos1 misexpression sustain pErk levels at the expense of pAkt.
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Figure 3.19 Gab1 misexpression prematurely activates the PI3K/Akt cascade.
Western blot of lysates from animal pole explants injected with Gab1 and collected when sibling
embryos reached blastula (stage 9) and early neurula (stage 13) stages to examine levels of
phosphorylated and unphosphorylated Erk1/2 and Akt. Gab1 misexpression leads to early
detection of pAkt.
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Figure 3.20 Gab1 MO blocks PI3K/Akt activation and sustains MAPK activation at low
levels. Western blot of lysates from animal pole explants injected with Gab1 MO and collected
when sibling embryos reached blastula (stage 9) and early neurula (stage 13) stages to examine
levels of phosphorylated and unphosphorylated Erk1/2 and Akt. Gab1 MO leads to a decrease in
both pErk and pAkt levels.
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Figure 3.21 Sos1 is required for neural crest marker expression.
In situ hybridization of embryos injected with Sos1 MO or Sos2 MO and collected at midneurula
stages (stage 15) to assay effects on neural crest marker expression. Sos1 knockdown inhibits
FoxD3 and Snail2 expression. Presence of the lineage tracer β-galactosidase (red) and asterisk
marks the injected side.
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Figure 3.22 Sos1 misexpression expands the neural crest domain.
In situ hybridization of embryos injected with Sos1 or caSos1 and collected at midneurula (stage
15) stages to assay effects on neural crest marker expression. Misexpression of Sos1 or caSos1
expands FoxD3 and Snail2 expression. The injected side is marked by the presence of the lineage
tracer β-galactosidase (red) and an asterisk.
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Figure 3.23 Misexpression of Sos1 does not affect epidermal or neural formation.
In situ hybridization of embryos injected with Sos1 or caSos1 and collected at early neurula
(stage 13) stages to assay effects on epidermal and neural marker expression. Misexpression of
Sos1 or caSos1 does not affect EPK or Sox2/3 expression. The injected side is marked by the
presence of the lineage tracer β-galactosidase (red) and an asterisk.
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Moreover, the loss of neural crest formation elicited by Sos1 depletion can be rescued by
misexpression of Sos1 or caSos1 (Figure 3.24), confirming a required and specific role for Sos1
in the establishment of the neural crest state. In contrast, Gab1 is dispensable for neural crest
formation, as no significant effects are observed upon depleting or increasing the levels of Gab1.
However, elevating the levels of Gab1 is sufficient to nullify the effects of caSos1 and limit its
ability to expand the neural crest domain (Figure 3.25), suggesting that, much like MAPK and
PI3K/Akt activity, specific levels of Sos1:Gab1 may be important for proper neural crest
formation.

Sos1 is required for proper embryonic patterning
Given that depletion of Sos1 prevents the establishment of the neural crest state, we
wondered whether this was a specific effect on neural crest formation, or whether this was a
secondary effect caused by a decrease in the neural crest progenitor pool. To test this, we asked
whether depletion of Sos1 affected establishment of the neural plate border, or the cells from
which the neural crest is derived from, and find that indeed, loss of Sos1 leads to a decrease in
expression of the neural plate border markers Pax3 and Msx1 (Figure 3.26a). Since the neural
plate border gives rise to both neural crest cells and sensory placodal cells, we wondered whether
placode formation was similarly disrupted. As predicted, we find that Sos1 knockdown blocks
expression of the placodal markers Six1 and Foxi1c (Figure 3.26b).
With the neural plate border progenitor pool lost upon Sos1 depletion, we sought to
determine whether this was due to overall defects in ectodermal patterning. Upon completion of
gastrulation, the embryonic ectoderm is subdivided into three broad domains, the future
epidermis, the neural plate border, and the neural plate. Interestingly, we find that embryos
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Figure 3.24 Sos1 misexpression rescues the effects of Sos1 knockdown on FoxD3
expression. In situ hybridization of embryos injected with Sos1 MO alone or with misexpressed
Sos1/caSos1. Embryos were collected at midneurula stages (stage 15) to assay effects on FoxD3
expression. Misexpression of Sos1 or caSos1 partially rescues the effects of Sos1 knockdown on
FoxD3 expression. The injected side is marked by the presence of the lineage tracer βgalactosidase (red) and an asterisk.
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Figure 3.25 Gab1 misexpression has context-specific effects on neural crest marker
expression. In situ hybridization of embryos injected with Gab1 alone or with caSos1 and
collected at midneurula stages (stage 15) to assay effects on neural crest marker expression.
Misexpression of Gab1 does not affect expression of FoxD3 or Snail2, but does limit the neural
crest domain in a caSos1 background. Presence of the lineage tracer β-galactosidase (red) and
asterisk marks the injected side.
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Figure 3.26 Sos1 is required for neural plate border and placode formation.
In situ hybridization of embryos injected with Sos1 MO or Sos2 MO and collected at early
neurula stages (stage 13) or midneurula stages (stage 15) to assay effects on neural plate border
or placodal marker expression, respectively. Sos1 knockdown inhibits Pax3, Msx1, Six1, and
Foxi1c expression. Presence of the lineage tracer β-galactosidase (red) and asterisk marks the
injected side.
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depleted for Sos1 show a decrease in expression of the epidermal markers EPK and Trim29
(Figure 3.27a), and that this is accompanied by a widening of the neural plate, as evidenced by
expanded expression of the neural progenitor markers Sox2/3 (Figure 3.27b). This increase in the
neural progenitor pool, however, does not translate into a larger proportion of committed
neuronal cells, as a decrease in the neuronal marker Nrp1 is observed. Thus, these findings
suggest that Sos1 plays an essential role in the patterning of the embryonic ectoderm, ultimately
promoting establishment of the neural plate border, and in turn, the neural crest. It's important to
note that this is a specific role for Sos1, as Sos2 depletion does not affect epidermal or neural
plate border formation, and only mildly expands expression of the neural progenitor marker Sox3
(Figure 3.27b). To this end, we find that Sos1, but not Sos2, is required for mesoderm formation
(Figure 3.28), further implicating Sos1 as the functional Sos adaptor mediating the development
of both ectodermal and non-ectodermal germ layers in the developing embryo.
Although specific levels of Gab1 are not required for proper neural crest formation, we
sought to explore whether Gab1 was involved in other aspects of germ layer patterning, as
PI3K/Akt activation is known to be important for transit to neural progenitor and mesodermal
lineages (Geary & LaBonne, 2018). While we find that Gab1 is required for proper PI3K/Akt
activation during the transit of blastula stem cells to an epidermal state (Figure 3.20), we find
that it is not required for formation of the epidermis during ectodermal patterning. Further, we
find that Gab1 knockdown does not affect transit to the neural or neural plate border lineage
(Figure 3.29), nor does it affect adoption of a mesodermal state (Figure 3.30). These findings
suggest that, while Gab1 appears to mediate cascade activation in blastula stem cells, it is not
required for cells to properly adopt ectodermal or mesodermal cell states. Whether this is
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B.

Figure 3.27 Sos1 knockdown expands the neural progenitor domain at the expense of the
epidermis. In situ hybridization of embryos injected with Sos1 MO or Sos2 MO and collected
at early neurula (stage 13) or late neurula (stage 18) stages to assay effects on (A) Epidermal or
(B) Neural formation. Sos1 knockdown blocks expression of the epidermal markers Epidermal
Keratin (EPK) and Trim29, leads to an expansion in Sox2/3 expression, and inhibits expression
of the definitive neural marker Nrp1. Sos2 depletion only mildly expands expression of Sox3.
The injected side is marked by the presence of the lineage tracer β-galactosidase (red) and an
asterisk.

177

Figure 3.28 Sos1 knockdown blocks mesoderm formation.
In situ hybridization of embryos injected with Sos1 MO or Sos MO into the presumptive
mesoderm and collected at midgastrula stages (stage 10.5) to assay effects on mesodermal
marker expression. Sos1 depletion inhibits expression of Xbra. The injected side is marked by
the presence of the lineage tracer β-galactosidase (red) and an asterisk.
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Figure 3.29 Gab1 knockdown does not affect ectodermal patterning.
In situ hybridization of embryos injected with Gab1 MO and collected at early neurula stages
(stage 13) to assay effects on epidermal, neural plate border, and neural plate marker expression.
Gab1 knockdown does not affect ectodermal marker expression. Presence of the lineage tracer βgalactosidase (red) and asterisk marks the injected side.
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Figure 3.30 Gab1 knockdown does not affect mesodermal development.
In situ hybridization of embryos injected with Gab1 MO into the presumptive mesoderm and
collected at midgastrula (stage 10.5) and late neurula (stage 18) stages to assay effects on
mesodermal marker expression. Gab1 depletion does not affect expression of the mesodermal
progenitor marker Xbra or the muscle progenitor marker MyoD. Presence of the lineage tracer βgalactosidase (red) and asterisk marks the injected side.
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because there exists a Gab1-independent mechanism for PI3K/Akt activation, or because other
Gab related proteins, such as Gab2, compensate for a loss in Gab1, is unclear.

Sos1 is as essential regulator of the blastula stem cell state
A synthesis of the above findings suggests that, while both Sos1 and Gab1 are required
for proper MAPK and PI3K/Akt activity, levels of Sos1 are critically important for the proper
adoption of ectodermal and mesodermal cell states (Figure 3.31). Because epidermal and neural
plate border regions fail to form in the absence of Sos1, and instead, cells default to a neural
state, we wondered whether this was because of an earlier role for Sos1 in mediating blastulastage potential. To address this, we first asked whether Sos1 was required for the proper lineage
restriction of blastula stem cells. Notably, we find that depletion of Sos1 partially blocks transit
to an epidermal cell state, which can be further blocked upon simultaneous knockdown of Sos2
(Figure 3.32). We wondered whether this loss in epidermal formation was due to cells being
trapped in a pluripotent state, or whether it was a result of aberrant lineage restriction. To test
this, we assessed the effects of Sos1 depletion on expression of the pluripotency marker Sox3, as
this factor is strongly expressed in blastula animal pole cells and is downregulated as cells exit
the pluripotent state. Interestingly, we find that loss of Sos1 leads to sustained expression of Sox3
(Figure 3.33), which may represent the retention of pluripotency gene expression, or may be
indicative of aberrant restriction to a neural progenitor state. To further resolve these findings,
we quantified expression levels of the definitive neural marker Olig2 and the pluripotency
marker Oct91 following Sos1 depletion, and to our surprise, find sustained expression of both
factors (Figure 3.34), suggesting an overall disruption in gene expression as cells exit the
pluripotent state.
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Figure 3.31 Summary of findings.
Depiction of the effects of Sos1, Sos2, or Gab1 knockdown on embryonic patterning. Sos1
depletion blocks epidermal, mesodermal, and neural plate border (NPB)/neural crest (NC)
formation, and permits adoption of a neural progenitor state.
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Figure 3.32 Sos1 is required for the transit of blastula stem cells to an epidermal state.
In situ hybridization examining expression of EPK in animal pole explants injected with
Sos1MO and collected when sibling embryos reached blastula (stage 9), midgastrula (stage 11),
and early neurula (stage 13) stages or with Sos1 MO+ Sos2 MO and collected at early neurula
(stage 13) stages. Blocking Sos1 mildly inhibits EPK expression while Sos1/2 depletion blocks
transit to an epidermal state
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Figure 3.33 Sos1 depletion leads to sustained Sox3 expression.
In situ hybridization examining expression of Sox3 in animal pole explants injected with Sos1
MO. Explants were cultured alongside sibling embryos and collected at blastula (stage 9),
midgastrula (stage 11), and early neurula (stage 13) stages. Blocking Sos1 function mildly
induces Sox3 expression.
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Figure 3.34 Sos1 depletion leads to aberrant gene expression in aging animal cap explants.
qRT-PCR analysis of animal cap explants injected with Sos1 MO. Explants were cultured
alongside sibling embryos and collected at blastula (stage 9), midgastrula (stage 11), and early
neurula (stage 13) stages. Sos1 depletion downregulates EPK expression and increases Sox3,
Olig2, and Oct91 expression.
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Considering that FGF-mediated MAPK activation is also known to be required for the
proper lineage restriction of blastula stem cells (Chapter 2), we sought to determine whether this
was through a Sos1-dependent mechanism. Using a constitutively-active version of Sos1 in the
background of FGF receptor-inhibition, we find that Sos1 functions downstream of active
FGFRs, such as FGFR4, to direct cascade activation, as caSos1 rescues the effects of dnFGFR4
on epidermal formation (Figure 3.35). With Sos1 implicated as an essential activator of the
MAPK cascade, and because we find that it is required for proper MAPK activation in blastula
stem cells, we next asked whether its main functional role in this context was to, in fact, activate
the MAPK cascade. Remarkably, we find that exogenous activation of the MAPK cascade using
activated-Mek (Act-Mek) is sufficient to rescue the effects of Sos1/2 depletion on the transit of
blastula stem cells to an epidermal state (Figure 3.36), indicating that Sos1 is required in this
context to orchestrate FGFR-mediated MAPK activation.
We've previously demonstrated that MAPK activity controls the timing of pluripotency
gene expression, with sustained MAPK activation sufficient to retain expression of the
pluripotency factor Sox3 in animal cap explants past the time in which it would otherwise be
downregulated (Figure 2.29). With Sos1 mediating MAPK activity in this context, we
hypothesized that the analogous perturbation in Sos1 might similarly affect pluripotency gene
expression. Notably, we find that misexpression of caSos1 alone does not affect the timing of
Sox3 expression, but when misexpressed in a background of Gab1 depletion, we find that
explants sustain expression of this factor (Figure 3.37). Such a discovery suggests that the levels
of Sos1:Gab1 may be critically important for the proper regulation of pluripotency gene
expression.
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Figure 3.35 Constitutively-active Sos1 rescues the effects of FGF-inhibition on epidermal
formation. Animal pole explant assay examining EPK expression in explants injected with
either dnFGFR4 alone or in combination with caSos1 and collected alongside sibling embryos at
early neurula stages (stage 13). Constitutively-active Sos1 rescues the effects of dnFGFR4 on
EPK expression.
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Figure 3.36 Constitutively-active Mek rescues the effects of Sos1/2 depletion on epidermal
formation. Animal pole explant assay examining EPK expression in explants injected with
either Sos1/2 MO alone or in combination with Act-Mek. Explants were cultured alongside
sibling embryos and collected at early neurula stages (stage 13). Activation of the MAPK
cascade rescues the effects of Sos1/2 depletion on EPK expression.
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Figure 3.37 Constitutively-active Sos1 alters the timing of pluripotency gene expression in
Gab1-depleted animal cap explants. In situ hybridization examining expression of Sox3 in
animal pole explants injected with caSos1 alone or in combination with Gab1 MO. Explants
were cultured alongside sibling embryos and collected at blastula (stage 9), midgastrula (stage
11), and early neurula (stage 13) stages. Gab1 depletion alongside caSos1 misexpression mildly
sustains Sox3 expression.
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Sos1 is required for the competency of blastula stem cells
Considering the required role for Sos1 in mediating the transit of naive blastula cells to
the appropriate ectodermal lineage, we sought to explore whether Sos1 was also required for the
adoption of non-ectodermal cell types. Blastula animal pole cells are pluripotent, and will transit
to mesodermal or endodermal lineages in response to varying levels of Activin (Green & Smith,
1990; Thomsen et al., 1990), which is evidenced by their strong expression of the mesodermal
markers Xbra and MyoD and endodermal markers Endodermin and Sox17. We find that cells
deficient for Sos1 fail to adopt a mesodermal (Figure 3.38a) or an endodermal (Figure 3.38b)
state in response to Activin, demonstrating a required role for Sos1 in mediating the competency
of blastula stem cells. Interestingly, we find that, while cells deficient in Sos1 fail to turn on the
lineage marker Endodermin in response to endoderm-inducing cues, they display heightened
expression of the progenitor marker Sox17, phenocopying the effects of MAPK inhibition
(Chapter 2, Figure 2.23). A synthesis of the above findings demonstrates that blastula stem cells
are unable to properly transit to an epidermal, mesodermal, or endodermal state in the absence of
Sos1, and are instead biased to a neural state. These findings implicate Sos1 as an essential
regulator of blastula-stage pluripotency.
Blastula animal pole cells can be reprogrammed to a neural crest stem cell state through
exogenous, stoichiometric expression of the neural plate border factors Pax3 and Zic1
(Hong & Saint-Jeannet, 2007; Monsoro-Burq et al., 2005). Using this assay, we can directly ask
whether specific levels of Sos1 are required for the establishment of the neural crest stem cell
state. Using Pax3/Zic1 mediated reprogramming in animal cap explants, we detect strong
expression of the neural crest markers FoxD3 and Sox9. Upon depletion of Sos1, reprogrammed
explants fail to express either of these markers (Figure 3.39), indicating that specific levels of
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Figure 3.38 Sos1 is required for the adoption of mesodermal and endodermal cell states.
Animal pole explant assay examining expression of (A) Xbra and MyoD or (B) Endodermin and
Sox17 in explants cultured with or without activin after injection with Sos1 MO. Explants were
cultured alongside sibling embryos and collected at midgastrula stages (stage 11.5) for Xbra,
Endodermin, and Sox17 expression and late neurula (stage 18) stages for MyoD expression. Sos1
is required for Xbra, MyoD, and Endodermin expression.
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Figure 3.39 Reprograming cells to a neural crest state requires Sos1.
Animal cap explant assay examining FoxD3 and Sox9 expression in Pax3GR/Zic1-GR injected
explants co-injected with Sos1 MO. Explants were cultured alongside sibling embryos and
collected at late neurula stages (stage 18). Sos1 depletion blocks expression of neural crest
markers.
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Sos1 are directly required for the establishment of the neural crest stem cell state, much like
levels of MAPK activation. Since PI3K/Akt activity is known to antagonize neural crest
formation (Chapter 2), we wondered whether retaining Gab1 at a low expression level was
equally as important for the establishment of the neural crest stem cell state. We find, however,
that Gab1 misexpression in animal cap explants does not impede Pax3/Zic1 mediated
reprogramming (Figure 3.40), indicating that the neural crest forms irrespective of Gab1 levels.
Ultimately, we reveal an essential role for Sos1 in the regulation of blastula-stage potential and
the development of the neural crest and identify a novel mechanism by which MAPK versus
PI3K/Akt activation is controlled in the developing embryo (Figure 3.41).

Discussion
FGF signals regulate a diverse set of processes during early embryonic development, yet
how context-specific effects are achieved is not well understood. Numerous different signaling
cascades are known to be active downstream of activated FGF receptors, which provide an
unique avenue by which diversity in cellular responses can be achieved. However, a mechanistic
understanding of how differential cascade activation is controlled during early embryogenesis,
including the specific molecular players orchestrating this process, is less clear. In this study, we
uncover that activation of the MAPK and PI3K/Akt signaling cascades during the lineage
restriction of blastula stem cells requires specific levels of the signaling adaptors Sos1 and Gab1.
Interestingly, we find that, despite being required for PI3K/Akt activation, Gab1 is dispensable
for ectodermal and mesodermal development, while Sos1 is essential for the establishment of
both ectodermal and non-ectodermal derivatives, as aberrant embryonic patterning occurs upon
Sos1 depletion. We further uncover a novel role for Sos1 in regulating blastula-stage
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Figure 3.40 Misexpression of Gab1 does not affect the reprograming of animal pole cells to
a neural crest state. Animal cap explant assay examining FoxD3 expression in Pax3GR/Zic1GR injected explants co-injected with Gab1. Explants were cultured alongside sibling embryos
and collected at late neurula stages (stage 18). Gab1 misexpression does not affect FoxD3
expression.
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Figure 3.41 Model for adaptor-mediated control of MAPK and PI3K/Akt signals.
A schematic depicting the role of the signaling adaptors Sos1 and Gab1 in the regulation of FGFmediated MAPK and PI3K/Akt activation. Sos1 directs MAPK activation while Gab1 directs
PI3K/Akt activation in a context-specific manner.
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pluripotency, as naive embryonic cells are unable to respond to lineage inducing cues, and
instead, default to a neural progenitor state, in the absence of Sos1. These findings are consistent
with that observed following MAPK attenuation, making us wonder whether Sos1, as predicted,
was functioning upstream of MAPK to promote its activation, and we find this to be the case.
Together, our work provides insight into how levels of Sos1:Gab1 mediate early cell fate
decisions and, ultimately, implicates Sos1 as a novel pluripotency factor mediating MAPK
activation during the regulation of stem cell potential.
While Sos1 is expressed ubiquitously throughout early development, it is not the only Sos
adaptor present during this time. In mouse, it has been shown that Sos1 and Sos2 are both widely
expressed, and at similar levels, and we find this to be the case in our system as well (Bowtell,
Fu, Simon, & Senior, 1992; unpublished data). Thus, it is a curious result that depletion of Sos1
alone is sufficient to elicit such strong and detrimental effects on the developing embryo, and
that depletion of Sos2 only minimally affects ectodermal development. Nevertheless, our
findings parallel that observed during mouse development, where depletion of Sos1 leads to
embryonic lethality, with embryos exhibiting severe cardiac and vascular defects by midgestation (Wang et al., 1997). While these two proteins share significant homology
(hSos1/hSos2, 70% identical) significant evidence exists suggesting that they've evolved unique
functional roles in the developing embryo (Nielsen, Papageorge, Vass, Willumsen, & Lowy,
1997). For instance, Sos1 is implicated in long-term MAPK activation and Sos2 in short-term
MAPK activation during placental development, suggesting an interesting mechanism by which
signal length can be determined (Qian et al., 2000). These observed differences in function may
be a result of Sos1 being more stable at the protein-level than its counterpart, as it's been shown
that Sos2 has a greater likelihood of being poly-ubiquitinated and degraded in murine cultured
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cells (Nielsen et al., 1997). Whether any of these mechanisms are at play during embryonic
patterning to fine-tune MAPK activation is particularly intriguing and warrants further
investigation.
Specific levels of MAPK:Akt are required for the proper establishment of the neural crest
stem cell state, and we find this to be true for levels of adaptor proteins, as well. We demonstrate
that depletion of Sos1 prevents neural crest formation, while misexpression of Sos1 or caSos1 is
sufficient to expand the neural crest domain (Figures 3.22, 3.39). However, overexpression of
Gab1 is sufficient to block the caSos1-mediated expansion of neural crest markers (3.24),
suggesting that levels of Sos1 and Gab1 are important in regulating the size of the neural crest
cell pool. It's particularly interesting to note that, while Gab1 overexpression limits the neural
crest domain in the background of Sos1 misexpression, it does not affect the neural crest cell
population in wildtype embryos or during the reprogramming of animal cap explants. Thus, we
interpret these findings to mean that specific levels of Sos1 are required for proper neural crest
formation, and that levels of Gab1 are important in a context-specific manner.
Because Gab1 is required for PI3K/Akt activation in animal cap explants as they transit
to an epidermal state, but not required for the processes attributed to PI3K/Akt signaling during
embryonic development, such as neural or mesodermal formation (Geary & LaBonne, 2018), we
propose that an alternate, or potentially compensatory, mechanism may be in place to direct
PI3K/Akt activation in these contexts. For instance, a second Gab family protein, Gab2, also has
binding sites for the regulatory PI3K subunit (p85) and is shown to immunoprecipitate with p85
in murine hematopoietic cells (Sattler et al., 2002). Thus, it's possible that dual knockdown of
both Gab family members may better attenuate PI3K/Akt signaling during embryonic patterning.
However, while adaptor-mediated control of PI3K activation is common, it is not the only means
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by which this cascade becomes activated. Ras-mediated activation of the PI3K/Akt cascade has
been noted in numerous contexts (Castellano & Downward, 2010), indicating that Ras may also
have an important role in directing both MAPK versus PI3K/Akt activation in this context. In
contrast to adaptor-mediated activation, Ras interacts with the catalytic subunit of PI3K (p110),
identifying a unique mechanism of PI3K/Akt activation (Castellano et al., 2013). Whether the
mode of activation affects the minutiae of the signal transduction or the cellular response is not
entirely clear, but provides an interesting avenue to explore.
Our findings clearly demonstrate that levels of Sos1 are critically important for FGFmediated MAPK cascade activation, and for the regulation of blastula-stage pluripotency and
establishment of the neural crest. However, it is unclear how levels of Sos1 are being regulated,
and further, what's regulating the levels of other adaptors, such as Grb2 or Gab1, in this context.
We've demonstrated that both Sos1 and Grb2 mRNA levels decrease as animal cap explants exit
the pluripotent state (Figure 3.12), but whether this is representative of their protein levels during
this time is unknown. Thus, further explorations into the relative levels of endogenous Sos1,
Grb2, and Gab1 may provide valuable insight into whether specific adaptor ratios are important
for cell fate decisions.
Although levels of Sos1 are an important aspect of MAPK regulation, our findings
suggest that it is not the only important part. We demonstrate that the Grb2-Sos1 interaction is
stage dependent (Figure 3.13), such that an interaction is not permitted until the commencement
of lineage restriction in our artificial explant system. While these findings are a result of
misexpressed, epitope-tagged proteins, they provide valuable insight and evidence of a changing
intracellular environment as blastula stem cells exit the pluripotent state. Further, it supports the
hypothesis that key elements required for the Grb2-Sos1 interaction are either changing in levels
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or localization over developmental time, such that an environment once unsuitable for this
interaction, eventually permits it.
The culmination of our work provides evidence that specific levels of adaptor proteins
are intricately involved in directing cascade activation in both blastula stem cells and neural crest
stem cells. Moreover, our findings suggest that Sos1 functions as an intermediary between the
FGF receptor and the MAPK cascade to control the competency of blastula stem cells and to
promote the retention of this potency in the cells that will eventually become the neural crest.
Thus, our work provides further mechanistic and evolutionary insights into the genesis of the
neural crest and advances our understanding of this remarkable stem cell population.

Material and Methods
Embryological methods
Wildtype Xenopus laevis embryos were collected at the indicated stages and processed for
in situ hybridization as previously described (LaBonne & Bronner-Fraser, 1998). Manipulated
whole embryos were microinjected into 1 cell at the 2 cell stage with mRNA (Ambion,
mMessage mMachine SP6 Transcription Kit) as previously described (Lee et al., 2012) or in 1
cell at the 8-cell stage with Morpholino oligos and collected at early gastrula (stage 10.5), early
neurula (stage 13), or midneurula stages (stage 15-17) for in situ hybridization. Animal cap
explants were manually dissected from wildtype or manipulated stage 9 embryos and aged to the
denoted stage in 1xMMR. Manipulated embryos used for these animal cap dissections include
embryos injected into 2 cells at the two-cell stage with the denoted mRNA and embryos injected
into 4 cells at the eight-cell stage with the denoted morpholino oligo. Pax3-GR and Zic1-GR
explants were dissected from injected embryos treated with 15µM Dexamethasone (Sigma) at
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stage 9 as previously described (Buitrago-Delgado et al., 2015) and cultured under these
conditions until late neurula (stage 18) stages. All results are representative of a minimum of two
independent experiments.

Inducible FGFR1/4 system methods
The inducible HA-tagged FGFR1/4 (iFGFR1/4) constructs were a kind gift from Harv
Isaacs (University of York, UK) and were used in conjunction with a chemical B/B
Homodimerizer (Takara/Clontech, Catalogue #635058). For animal cap explant analyses, RNA
for iFGFR1/4 was injected into whole embryos at a concentration of ~100pg, animal cap
explants were excised, and the B/B homodimerizer (1mM stock) was added to the culture media
of explants when sibling embryos reached blastula (stage 9) or midgastrula (stage 11) stages at a
final concentration of 1µM. Addition of EtOH was used as a vehicle control. Explants were
collected at the indicated stages and processed for in situ hybridization or Western Blot analyses.

RNA isolation, CDNA synthesis, and qRT-PCR
RNA isolation, cDNA synthesis, and qPCR was performed as previously described
(Buitrago-Delgado et al., 2015). Primers used include Grb2, Sos1, Sos2, Gab1, ornithine
decarboxylase (ODC), Sox3, xk81a1 (EPK), Olig2S, and Oct91 (sequences below). Expression
was normalized to ODC and fold change calculated using ΔΔCT relative to control samples.
Represented is the mean of three independent biological replicates, with error bars depicting the
standard error of the mean (SEM). An unpaired, two-tailed t-test was used to determine
significance.

200
Gene
Grb2
Sos1
Sos2
Gab1
ODC
Sox3
xk81a1 (EPK)
Olig2S
Oct91

Forward
GCCTTTTTGATTCGGGAGAG
AATGCAAGTTCCTCCACCAG
GAACTGCAAACAACCGCCTA
CCCACCAGTCGATCGTAATC
TGAAAACATGGGTGCCTACA
CACAACTCGGAGATCAGCAA
TTGGTGCTGGGTCTAAAGATT
ACACAAGGAAAGGGGACGA
GAGGAGGAAGCCCCAAAT

Reverse
TCCCGTAGGACCTTGAAGTG
AGGGCTGTCCAAATGCTTC
GTGCCAGATGAGGACAGATG
GGCGTCTGCATTAATTCCTC
TGCCAGTGTGGTCTTGACAT
TCGTCGATGAAGGGTCTTTT
TTTGCAGAGTCACTGTAGCATT
AGAGTCCATGGGGGAGAGAG
AGCACTCCTAGTGCGTAGCC

Western blot analysis
Western blot analyses were conducted using lysates from either animal cap explants or
whole embryos. For animal cap experiments, explants (10-20) were dissected from either
wildtype or manipulated blastula (stage 9) embryos and cultured in 1XMMR until the indicated
stage and collected. Stage 9 explants were collected 1-hour post-dissection. Explants were then
lysed using a fresh 50mM HEPES lysis buffer containing 5mM EDTA, 2mM Sodium
Orthovanadate, 20mM Sodium Fluoride, 10mM b-Glycerophosphate, 1mM Sodium Molybdate
dihydrate, PhosStop phosphatase inhibitors (Roche), and protease inhibitors described previously
(Lee et al., 2012). For whole embryos experiments, manipulated embryos (5) were collected and
lysed using a standard 1% NP-40 lysis buffer plus protease inhibitors (Lee et al., 2012). SDSPAGE and Western blot analysis was used to visualize proteins, which were detected using the
following antibodies: p44/42 MAPK (Erk1/2) (1:2000, Cell Signaling Technology), Phosphop44/42 (Erk1/2) (Thr202/Tyr204) XP (1:2000, Cell Signaling Technology), Akt (1:2000, Cell
Signaling Technology), Phospho-Akt (Ser473) XP (1:2000, Cell Signaling Technology), c-Myc
9E10 (1:2000, Santa Cruz Biotechnology), and Actin (1:8000, Sigma-Aldrich). Corresponding
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secondary antibodies conjugated to either horseradish peroxidase (HRP), IRDye 680, or IRDye
800 were used alongside chemiluminescense or Li-Cor Odyssey CLx imaging, respectively, for
protein detection.

Co-Immunoprecipitation
Immunoprecipitation experiments were conducted in animal explants collected when
sibling embryos reached blastula (stage 9), gastrula (stage 11), or midneurula (stage 13) stages as
previously described (Ochoa, Salvador, & LaBonne, 2012). Explants were lysed in 1xPBS/1%
NP-40. Lysates were then incubated on ice with Flag antibodies (Sigma-Aldrich) and
subsequently incubated with Protein A Sepharose beads (Sigma-Aldrich). A SDS-PAGE gel was
used to resolve proteins, and Western Blot analyses were used to detect (Myc-tagged) proteins
pulled down through this assay. Depicted Immunoprecipitation experiments are representative of
at least two independent experiments.

Activin treatment of animal cap explants
Animal cap explants were isolated from control or manipulated blastula (stage 9) embryos.
Following dissection, explants were cultured with recombinant Activin protein (R&D Systems)
at a final concentration of 20-40ng/mL for mesoderm induction and 100ng/mL for endoderm
induction in 1xMMR supplemented with 0.1% BSA as a carrier. Explants were cultured to
midgastrula and late neurula stages (stage 11.5-18) following mesoderm induction and
midgastrula stages (stage 11.5) following endoderm induction and processed for in situ
hybridization.
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DNA constructs and Morpholino oligos
Dominant-negative FRS3 (dnFRS3-6F) was a kind gift from Chang-Yeol Yeo
(University of Seoul, Korea). Human Sos1 (hSos1) was subcloned from HA-Sos1 (Addgene
32920) into a C-terminally tagged Myc pCS2 vector. Constitutively-active Sos1 (caSos1) was
generated by quick change mutagenesis (hSos1 E108K). Xenopus laevis Gab1 (xlGab1S), Grb2
(xlGrb2S), and the N-terminal fragments of Sos1 (xlSos1S) and Sos2 (xlSos2S, xlSos2L) were
subcloned into a C-terminally tagged Myc pCS2 vector. Grb2 mutants were generated by
quickchange mutagenesis: Grb2-Sos1 mutant (P49L, P49L/G215R) and Grb2-Gab1 mutant
(E186A). All constructs received and cloned were confirmed by sequencing. The morpholino
oligos used were as follows: Gab1 (AAACAAGTCGCTTTATCCGTCTCCT), Sos1
(GGCAACAAATGATCCATAAGGTTGG), and Sos2
(TCCCGGAATCACTGGGTGACTTGAA).
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Chapter 4
General Discussion
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Neural crest cells are a unique, multipotent stem cell population with the potential to give
rise to cells across embryonic germ layers. Evidence from neural crest cell labeling experiments
detail the various cell types neural crest cells give rise to in vivo, which includes cells of both
ectodermal and mesodermal origins, like sensory neurons, pigment cells, smooth muscle cells,
and facial cartilage and bone (Bronner-Fraser & Fraser, 1989; Le Lièvre & Le Douarin, 1975;
Sieber-Blum & Cohen, 1980). Recent work in vitro demonstrates that neural crest cells also have
the potential to respond to endoderm-inducing cues (Buitrago-Delgado, Nordin, Rao, Geary, &
LaBonne, 2015), suggesting that neural crest cells have more potential than what is realized in
the embryo. Determining how neural crest cells acquire such potential is of utmost importance,
as it provides essential insights into how stem cell potency is controlled in a developmental
context. Further, it aids in our understanding of vertebrate evolution, as the acquisition of the
neural crest allowed for momentous advances in the chordate body plan, such as larger jaw
structures and craniums, as well as more elaborate brain structures and pigmentation schemes
(Green, Simoes-Costa, & Bronner, 2015).
Previously, it was well accepted that neural crest cells arose through an inductive event
within a subset of ectodermal cells, which bestowed them with de novo stem cell potential. Such
an unconventional phenomenon directly contradicts Waddington's landscape for embryonic
development, which is founded in the progressive restriction of cells over developmental time
(Waddington, 1947). More recent evidence challenges this classical view of neural crest
development, as neural crest cells and blastula stem cells exhibit overlapping gene regulatory
networks, such that neural crest factors like Snail2 and Sox5 are also required for proper
blastula-stage gene expression and stem cell competency

205
(Buitrago-Delgado et al., 2015; Nordin & LaBonne, 2014). Such findings support a model in
which the cells that will eventually become the neural crest do not gain developmental potential,
but rather never lose it (Figure 4.1) (Hoppler & Wheeler, 2015). While this model is more fitting
with our generalized view of development, it also raises many questions. How are a subset of
cells being maintained in a stem cell state over developmental time and evading the push to
become lineage restricted? Further, what are the molecular players that are protecting the
stemness of these cells? My dissertation aims to bridge the gap between our classical
understanding of neural crest formation with our more recent view of how neural crest cells
attain their remarkable potential. My work lends insight into these questions by elaborating on
the role of various developmental signaling pathways in this context. Specifically, I demonstrate
that FGF signals aid in the regulation of neural crest formation by mediating the establishment
and maintenance of stem cell potency as early as the blastula stage.
FGF signaling is required in both blastula stem cells and neural crest cells
Much of our understanding of the signal-mediated control of stem cell potency is derived
from work in mouse and human embryonic stem (ES) cells and is founded in the unique culture
conditions each requires for efficient self-renewal (Figure 4.2). Further, mouse embryonic stem
cells can be propagated in two, bistable pluripotent states, each of which requires very different
culture conditions, posing the question of whether this recapitulates what occurs in a developing
embryo. FGF signaling is intricately involved in the regulation of stem cell potential in both
mouse and human embryonic stem cell cultures and is implicated in mediating both naive and
primed pluripotent states; however, it's role is very dynamic, and in some cases, elicits

206

Figure 4.1 Graphical representation of Waddington's Landscape and the proposed models
for neural crest formation. Waddington's model of development is characterized by the
progressive restriction of cells and ultimately loss of developmental potential. The new model for
neural crest formation parsimoniously fits in with Waddington's landscape, as cells are retained
in a high potential, pluripotent state and do not dynamically lose and regain potential (Adapted
from Hoppler & Wheeler, 2015).
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Figure 4.2 FGF signals differentially mediate the embryonic stem cell state.
FGF signals promote the differentiation of cultured mouse embryonic stem cells, and thus this
pathway is actively inhibited to maintain these cells in a pluripotent state. In contrast, human
embryonic stem cells and primed mouse embryonic stem cells require functional FGF signaling
for their self-renewal, and thus exogenous FGF ligands are added to the media of cultured cells.
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opposing effects on cell potency (Lanner & Rossant, 2010). Thus, our explorations in Xenopus
allow us to gain insight into how our understanding of FGF signaling from ES cell culture work
relates to that observed in the developing embryo.
In Chapter 2, I demonstrate that functional FGF signaling is required for proper
pluripotency gene expression, such that expression of a dominant-negative FGFR4 (dnFGFR4) is
sufficient to block expression of both Vent2, which is functionally equivalent to Nanog (Scerbo
et al., 2012), and Id3 in pluripotent animal pole cells. Such findings are in line with that observed
during the regulation of human embryonic stem cells (hESC), where FGF signals, in cooperation
with TGF-b signals, are implicated in mediating cell potency through the regulation of Nanog
expression (Xu et al., 2008). Considering this, it would be interesting to explore whether a
similar mechanism is at play in the Xenopus embryo, as little is known about how, or if, TGFb signals are involved in the regulation of blastula-stage potential. Further, whether there exists a
role for TGF-b signals in the regulation of neural crest cell potency is another interesting avenue,
as inactivating mutations in the TGF receptor type II (TbRII) gene within neural crest cells
perturbs their proper differentiation, generating phenotypes in mice consistent with DiGeorge
syndrome, a neurocristopathy characterized by severe craniofacial, parathyroid, and cardiac
defects (Wurdak et al., 2005). Whether, in the absence of TGF-b signaling, neural crest cells lack
the competence to respond to differentiation cues is unclear, but is an interesting hypothesis to
explore.
In addition to a role in regulating blastula-stage potential, I also demonstrate that
signaling through FGF receptor 4 (FGFR4) is required for proper neural crest formation.
Notably, cells expressing dominant-negative FGFR4 (dnFGFR4) are purposefully excluded from
neural crest forming regions of the embryo, and in embryos where dnFGFR4-containing cells are
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incompletely excluded, a significant reduction in neural crest cell formation is observed. Such
evidence suggests that the developing embryo has a compensatory mechanism for neural crest
formation, through which faulty cells are eliminated to allow for replacement by more competent
cells. Understanding how such a phenomenon occurs is an exciting avenue, one that warrants
further exploration. Interestingly, however, we find this phenomenon to be specific to dnFGFR4
expressing cells, as expression of dnFGFR1 does not affect neural crest cell formation. Such
findings suggest a specific role for FGFR4 in this context, but dominant-negatives are known to
be promiscuous, so exploring the necessity of FGFR4 using targeted knockdown is essential.
Levels of MAPK and PI3K/Akt activation direct cell fate decisions
After discovering the unique roles for FGF signaling in regulating both blastula-stage
gene expression and neural crest formation, we wondered whether there was a conserved
mechanism at play that was shared between both stem cell populations. Before addressing this,
we wanted to delve deeper into how FGF signals were mediating the pluripotent stem cell state.
Numerous different signaling pathways are activated downstream of FGF receptors, making us
wonder which one was transducing the signal in this context. Using phospho-specific antibodies
as a readout for MAPK, PI3K/Akt, or Stat3 activation, I found that the MAPK and Stat3
cascades are active in explanted pluripotent animal pole cells, and that, as these cells exit the
pluripotent state, they in turn activate the PI3K/Akt cascade. I further demonstrate that MAPK
and PI3K/Akt activation, but not Stat3 activation, is reliant on functional FGF signaling, and that
the MAPK and PI3K/Akt cascades are required for stem cell maintenance and lineage restriction,
respectively. Together, these findings demonstrate that differential cascade utilization is a
mechanism by which FGF signals generate diverse cellular outcomes. One representation of
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these findings is that activation of the MAPK cascade and PI3K/Akt cascade is mutually
exclusive, creating a toggle-like switch that either permits or antagonizes the retention of
pluripotency. An alternate representation of these findings is one in which levels of MAPK and
PI3K/Akt activity are integrated, such that varying ratios of activation direct different cellular
outcomes. We favor the latter, as we demonstrate that specific levels of MAPK:Akt activation
are required for proper establishment of the neural crest stem cell state. If we attenuate MAPK
signaling or activate PI3K/Akt signaling during reprogramming, the neural crest fails to form.
Using our current assay, however, it is difficult to untangle whether this switch in cascade
activation acts as an on/off switch for pluripotency, or whether it represents a signaling
continuum that gradually favors an exit from the pluripotent state. In order to better address this,
MAPK and PI3K/Akt activation must be considered at the single cell level. Are individual cells
activating either the MAPK or the PI3K/Akt cascade at any single snapshot in time?
Alternatively, are both cascades simultaneously active, with levels being skewed one way or the
other as development proceeds? Moreover, considering our findings which specifically implicate
FGFR4 in neural crest formation, it would be interesting to explore how presence of different
FGF receptors in a single cell may affect levels of cascade activation.

STAT signaling in the retention of pluripotency
Although I demonstrate that Stat3 activation in pluripotent blastula cells is not reliant on
FGF signaling, it's importance should not be discounted. Stat3 expression and activation is
required in mouse ES cells for their proper self-renewal, albeit by a LIF-dependent mechanism,
suggesting a critical role for STAT signaling in mediating stem cell pluripotency (Matsuda et al.,
1999; Niwa, Burdon, Chambers, & Smith, 1998; Raz, Lee, Cannizzaro, d'Eustachio, & Levy,
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1999). Whether this mechanism is conserved during Xenopus embryonic development is unclear,
but our detection of phosphorylated Y705 Stat3 in pluripotent animal pole cells would support
such a role. However, phosphorylation at this site is not detected in explants reprogrammed to a
neural crest stem cell state, demonstrating that not all nodes in the blastula-stage pluripotency
regulatory network were adopted into the neural crest regulatory network. It's important to note,
however, that Stat3 signaling has been previously implicated in neural crest formation, where it
promotes the proliferation and survival of neural crest progenitors (Nichane, Ren, & Bellefroid,
2010). Thus, while we do not detect phosphorylated Stat3 at Y705 in these cells, it's possible that
Stat3 is being activated by an alternate means, as Stat3 is frequently activated by receptor
tyrosine kinases, like the FGF receptor, through direct binding and receptor-mediated
phosphorylation. To this end, Stat3 was shown to immunoprecipitate with the intracellular
domain of FGFR4 in Xenopus whole embryos (Nichane et al., 2010), although the site of Stat3
phosphorylation in this context is unknown.
In mouse ES cells, an alternate, MAPK-mediated phosphorylation site on Stat3 has been
mapped to S727, and phosphorylation at this site is required for the proper transit of ES cells to
the neural progenitor state (Huang, Yan, Ye, Tong, & Ying, 2014). Thus, these findings pose the
question of whether a similar mechanism is at play during the transit of blastula stem cells to a
neural crest stem cell state. It possible that there is a switch in the mode of Stat3 activation, but
that the functional role of Stat3 between these two cell types remains conserved. Exploring
whether MAPK-mediated activation of Stat3 is required for blastula-stage potency, or more
likely, during the establishment of the neural crest stem cell state provides will thus be an
interesting avenue to pursue going forward.
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To conclude, further explorations are necessary to delineate the different means by which
Stat3 may become activated in our context. Nevertheless, a unique mechanism exists
downstream of the FGF receptor that mediates MAPK versus PI3K/Akt activation in blastula
animal pole cells over developmental time, which will be further considered.
Sos1 and Gab1 direct cascade activation
How cascade activation is directed downstream of the FGF receptor is particularly
interesting considering the clear, temporally-defined manner by which MAPK and PI3K/Akt is
activated during the lineage restriction of blastula animal pole cells (Figure 2.9). I demonstrate
that activation of both cascades is blocked by expression of dnFGFR4, and that forced
dimerization of FGFR4 through use of an inducible iFGFR4 system is sufficient to activate both
cascades (Figure 3.2). Thus, these findings would suggest that the intracellular environment may
be changing over developmental time to permit activation of one cascade over another. While we
favor this hypothesis, we cannot eliminate the possibility that specific FGF receptor-ligand pairs
may favor activation of the MAPK or PI3K/Akt cascade in the embryo, such that levels of these
receptors/ligands are changing over developmental time. Preliminary analyses from our RNAsequencing datasets does not show obvious changes in levels of specific receptors or ligands that
would fit with this alternate hypothesis, however, more detailed analyses should be conducted.
Specifically, it will be important to consider protein levels, as well as protein localization, to best
address this question, as FGF receptors are frequently recycled from the cellular membrane to
attenuate signaling (Auciello, Cunningham, Tatar, Heath, & Rappoport, 2013). Thus, while
extracellular mediated control of cascade activation is a possibility, we focused our studies on
intracellular mediated mechanisms.
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One means by which cascade activation can be directed is through use of specific
signaling adaptors proteins at the FGFR intracellular domain. Numerous scaffolding proteins are
known to interact directly with the phosphotyrosines of active FGF receptors, and in the case of
MAPK and PI3K/Akt activation, members of the FRS family (Frs2/3) function as central players
(Ong et al., 2000). Other key members of the signaling scaffold include Grb2, Sos1/2, and Gab1,
where Grb2 functions as last signaling intermediary before the divergence of the two cascades
(Findlay et al., 2013; McDonald, Seldeen, Deegan, Bhat, & Farooq, 2011). Thus, we focused our
efforts on this important node in the scaffolding complex, hypothesizing that differential binding
of Sos1/2 or Gab1 to Grb2 may direct activation of the MAPK or PI3K/Akt cascade,
respectively. This hypothesis is founded from in vitro work which demonstrates that Grb2 cannot
interact with both Sos1/2 and Gab1 simultaneously, despite their unique binding sites, because of
allosteric inhibition (McDonald et al., 2013). Thus, we wondered whether Sos1/2 and Gab1
competed for Grb2 binding, hypothesizing that levels of these adaptors were changing over
developmental time to mediate cascade activation.
In Chapter 3, I demonstrated that mRNA levels of Sos1/2 decrease as cells undergo
lineage restriction, while levels of Gab1 stay relatively constant. While this is intriguing, it will
be important to assess levels of these factors at the protein level, as mRNA levels of the central
adaptor Grb2 also decrease overtime, making it difficult to decipher how ratios of these factors
are changing. Nevertheless, we find that Sos1, but not Sos2, is required for proper MAPK
activation in the pluripotent cells of the blastula, and that Gab1 is subsequently required for
PI3K/Akt activation (Figures 3.17, 3.20), identifying these adaptors as essential regulators of
cascade activation. It's particularly interesting that Sos2 is not required for MAPK activation in
this context, as it shares the same functional role as Sos1. Thus, our context provides an
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interesting system in which to further tease apart the similarities and differences between Sos1
and Sos2. Is it important that Sos1, and not Sos2, regulates Ras/MAPK activation in these cells?
Evidence exists demonstrating that Sos2 interacts with Grb2 with a greater affinity than the
Sos1/Grb2 interaction (Yang, Van Aelst, & Bar-Sagi, 1995), which may be detrimental to the
system if there is a Grb2 competition model in place. Further, Sos1 is also shown to be more
stable in cultured cells than Sos2, which is known to become poly-ubiquinated and degraded as a
mechanism to control MAPK signal length (Nielsen, Papageorge, Vass, Willumsen, & Lowy,
1997), making it possible that signal length is another contributing reason for why Sos1 is
preferentially utilized. Thus, it will be important to further expand upon the functional role of
Sos2 in our context.
Sos1 as a pluripotency factor
Like that observed in ES cells, we find a required role for MAPK activity in the
regulation of blastula-stage pluripotency, and we further extend this to a requirement in the
retention of potential in neural crest stem cells, as well (Chapter 2). If Sos1 is functioning as the
intermediary between FGFR activation and MAPK activation, we would predict that Sos1 is also
an essential mediator of cell pluripotency. We find this to be the case, as I demonstrate that Sos1
is required for proper embryonic patterning, and that a depletion in Sos1 disrupts neural crest,
placodal, and epidermal formation with cells defaulting to a neural progenitor state. I further
demonstrate that these effects are due to an earlier requirement for Sos1 in the pluripotent
blastula cells. In the absence of Sos1, pluripotent cells lose their competency to respond to
mesodermal, endodermal, or epidermal lineage restriction cues (Figure 3.39). Remarkably, the
phenotypes associated with Sos1 depletion replicate that observed following MAPK inhibition,
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including the inability to fully transit to an endodermal state, despite cells more strongly
expressing the endodermal progenitor marker Sox17. This phenotype is particularly interesting as
its entirely MAPK-specific, with no other examples of such present in the literature. Thus, it
provides motivation to explore the role of MAPK signaling in endodermal lineage decisions.
While Sos1 once again appears to be the important Sos factor in the regulation of
blastula-stage potential, it would be interesting to also explore the involvement of Sos2 here.
This is because, upon depletion of Sos1 alone, we see that cells only partially transit to an
epidermal lineage, and that upon simultaneous loss of Sos2, a complete loss of epidermal marker
expression is observed (Figure 3.33). This finding is particularly interesting, as it raises many
questions. Is Sos2 functioning in parallel to Sos1 in blastula stem cells? Or can Sos2 compensate
for the loss of Sos1? While it's difficult to decipher between these two possibilities, the
culmination of our data would support the latter. Specifically, we find that Sos2 depletion alone
does not affect MAPK activation in pluripotent blastula cells, but that it has an additive effect
when depleted in addition to Sos1. Thus, going forward, it will be interesting to perturb levels of
both Sos adaptors in combination to see whether ratios of Sos1:Sos2 has specific biological
relevance.
Exploring the involvement of Gab1 and Grb2
Together, our findings implicate Sos1 and Gab1 as essential regulators of MAPK and
PI3K/Akt activation, respectively. While I've demonstrated that Sos1 is essential for executing
the MAPK response during embryonic development, how Gab1 is involved in less clear. Thus,
further explorations will be essential in order to tease apart whether Gab1-mediated activation of
PI3K/Akt is the most important means by which this cascade is activated. Our findings would
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suggest this to not be the case, as Gab1 is not required for the processes known to be regulated
by PI3K/Akt during embryonic patterning (Chapter 2,3). Thus, further explorations into the
requirement of alternate Gab proteins, like Gab2/3, or Gab-independent modes of activation,
such as Ras-mediated activation, are warranted.
While levels of Sos1 and Gab1 are important for directing cascade activation, it is
important to relate these findings back to the central adaptor protein Grb2 in order to more
completely define a mechanism of action. I demonstrate that Grb2 overexpression perturbs
activation of both MAPK and PI3K/Akt, likely because it is acting as a sponge, and that
mutations in Sos1 or Gab1 binding sites on Grb2 further perturbs cascade activation (Chapter 3).
However, these experiments proved difficult to interpret because of how they were conducted.
Going forward, it will be important to first deplete endogenous Grb2 levels before expressing the
Grb2 mutants at close to endogenous levels. Using this approach, it will be possible to ask, is
Grb2 required for Sos1/MAPK or Gab1/PI3K activation?
While we hypothesize that Grb2 is required for both MAPK and PI3K/Akt activation, this
may not be the case. The PI3K regulatory subunit p85 is known to interact directly with FGFRs
in the absence of Gab1 or Grb2 (Salazar et al., 2009). Further, it's also possible that a different
scaffolding adaptor may be used by Gab1, considering that levels of Grb2 are dropping over
developmental time in aging animal cap explants while Gab1 levels remain constant (Figure
3.12). Thus, it will be important to test the involvement and necessity of Grb2 in this context
through co-immunopreciptation experiments, ideally with endogenous protein antibodies. Using
this approach, it would also be possible to address whether Grb2 interacts with the intracellular
domain of FGFR4, and whether this interaction persists throughout the time points we're
interested in, or whether it's temporally restricted. Further, the use of endogenous antibodies will
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also provide more concrete evidence as to whether, in vivo, Grb2 interacts with Sos1/2 or Gab1
in a temporal and mutually exclusive manner, as predicted. Although I demonstrate that Grb2 has
the capacity to interact with both adaptors, and that the Grb2/Sos1 interaction is temporally
restricted (Figure 3.13), interpretations are limited because the experimental approach relies on
overexpressed proteins. Nevertheless, these findings suggest that a specific cellular environment
is required to permit the Grb2/Sos1 interaction, which warrants more thorough investigation.
Together, the summation of this work provides motivation to further explore the signaling
components implicated in regulating MAPK versus PI3K/Akt activation, as it will provide a
more complete mechanistic understanding of how differential cascade activation is achieved
downstream of active FGFRs.
Cell fate decisions and signaling levels
My work clearly demonstrates that levels of signals and signaling adaptors are an
important regulatory mechanism mediating early cell fate decisions. While we've resolved many
unanswered questions in the field, many remain to be addressed. In the case of cascade
activation, one outstanding question is how are levels of MAPK:Akt eliciting cell changes? And
what are the molecular players that are internalizing these levels to carry out the intended cellular
response? While some of our preliminary work lends insight into which genes may be regulated
by each cascade (Chapter 5), more direct studies are necessary.
In the case of adaptor protein levels, an important follow up question becomes, what is
controlling the levels of these adaptors? Our preliminary work suggests that other developmental
signaling pathways, such as BMP or Wnt signals, may be involved, as perturbing the levels of
these pathways alters the timing and intensity of cascade activation (Appendix 2). Thus, a new
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avenue of study going forward would be explore the role of signal integration in mediating cell
fate decisions.

Concluding Remarks
Through my thesis work, I've uncovered a required role for FGF signaling in mediating
blastula-stage pluripotency and permitting the retention of this potential during neural crest
formation through its differential activation of downstream signaling cascades. Further, I
demonstrate that high MAPK:low Akt activity characterizes and is required for blastula stage
pluripotency, and that neural crest stem cells retain this blastula stage signature. The logical next
steps here would include being able to visualize MAPK and PI3K/Akt activity at a higher
resolution and in a more temporally defined manner. This is because, since my work is a
population study and my readout for activity is total phosphorylated proteins levels, I am only
able to visualize the average across all cells. However, we know from unpublished studies that
varying levels of phosphorylated Erk (pErk) is evident as early as in the pluripotent stem cells of
the Xenopus blastula, suggesting that, even at this stage, all cells may not be equipotent. Thus, it
would be extremely interesting to track, in real time, MAPK activity as the embryo develops. Is
it possible that specific levels of MAPK activity predispose cells to maintain their stemness, and
is it these cells that the neural crest will ultimately arise from? Using this method, it may be
possible to sort MAPK-active cells, and through use of RNA-sequencing technology, explore the
changes in gene expression at different time points as cells transit from a pluripotent blastula cell
to a neural crest stem cell. Such insight would be useful as we continue to explore the similarities
and differences between the regulatory networks mediating the potency of both stem cell
populations.
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Through exploration of the components comprising the intracellular FGF signaling
scaffold, I've demonstrated that specific levels of Sos1 and Gab1 are required for proper cascade
activation. With the advancement of single-cell technologies, it will be useful to implement this
approach to better quantify the levels of each adaptor. Such insight will allow for more thorough
analyses on how the ratios of Sos1:Sos2, Sos1/2:Gab1, as well as adaptor levels:FGFR4, among
others, affect cascade activation and, ultimately, cell fate decisions.
In conclusion, we have begun to understand many important nodes that are conserved
between the blastula stem cell and neural crest stem cell regulatory networks, making it possible
to begin connecting these nodes. How do alterations in FGF signaling, or more specifically,
changes in MAPK or PI3K/Akt activity, affect the epigenetic state known to be important for
neural crest formation? How are BMP signals and FGF signals cooperating to mediate stem cell
pluripotency? Questions such as these will advance our understanding of neural crest formation
by creating a developmental and an evolutionary roadmap for the origins and the genesis of the
neural crest.
Significance of Thesis work
My thesis work provides essential insights into how neural crest stem cells retain their
remarkable potential while neighboring cells are undergoing lineage restriction, as well as
contributes to our fundamental knowledge of how FGF signals can be differentially transduced
to direct cell fate decisions.. Such a discovery allowed us to re-evalulate and reinterpret previous
work in the field that demonstrated a required role for FGF signals in activin-mediated
mesodermal development (LaBonne et al., 1995), neural crest development (Stulmiller & GarciaCastro, 2012), and neural development (Wills et al., 2010), among others, as these findings may
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be due to an earlier functional role for FGF signaling in mediating stem cell potency. Thus, my
work lends insights that are broadly applicable to the field of stem cell biology, as it's possible
that differential utilization of signaling cascades mediates the transition from a naive to a primed
pluripotent state. If this is the case, it would help reconcile the conflicting reports on the role of
FGF signals in regulation of pluripotency across species and pluripotent states. Whether this
switch in cascade activation is also involved in the regulation of other stem cell populations is an
interesting avenue to further pursue.
My initial explorations into the role of various signaling adaptors in mediating MAPK
versus PI3K/Akt cascade activation yielded very interesting results, as I learned that specific
levels of Sos1 and Gab1 are critical for proper cascade activation. It's possible that this
mechanism is broadly applicable to other cell types and contexts, as these cascades are used
reiteratively throughout development. I've also found that Sos1, but not Sos2, is required during
early embryonic patterning, with Sos1 functioning as an essential pluripotency regulator.
Considering the high level of sequence conservation for Sos1 across species, it's highly likely
that this function for Sos1 is evolutionarily conserved. Thus, our work provides necessary
mechanistic insights into how MAPK activity may be controlled in mouse and human embryonic
stem cells. Ultimately, this novel discovery contributes to our understanding of how stem cell
potency is controlled during development and provides another avenue in which to explore the
molecular players that regulate stem cell behavior.
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Appendix 1
Ets1 is an essential regulator of neural crest
development
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ETS transcription factors as effectors for MAPK signaling in the neural crest
Our recent findings implicating the MAPK cascade in the regulation of pluripotency in
both blastula animal pole cells and neural crest cells (Chapter 2, Figures 2.30, 2.37) provides
motivation to further define a mechanism for its function, as the downstream targets of MAPK
signaling in these contexts is unknown. In other systems and contexts, members of the E26
transformation-specific (ETS) family of transcription factors are conventionally considered
nuclear effectors for the MAPK response, with phosphorylation of these proteins sufficient to
alter their transactivational capabilities (Figure 5.1) (Foulds et al., 2004; Sharrocks, 2001). When
examining the conserved domains within the ETS family, such as Ets1, it’s apparent that
phospho-regulation is a critical component regulating these factors, as forty percent have an
evolutionarily conserved Pointed (PNT) domain to foster kinase binding (Figure 5.2) (Sharrocks,
2001). Within this eighty amino acid domain is a docking site designed specifically for MAPK
(Seidel & Graves, 2002), providing additional evidence for the intricate evolutionally
relationship between ETS family proteins and MAPK signaling. Interestingly, a number of ETS
proteins are implicated in neural crest formation, migration, and differentiation, yet when they
are active and how they are regulated remains elusive (Meyer et al., 1997; Paratore et al., 2002;
Remy & Baltzinger, 2000). Thus, characterization of the ETS factors present and functional
during neural crest development will provide useful insight into how MAPK activation may be
translated into a transcriptional and cellular response during early Xenopus development.
Using in situ hybridization in wildtype Xenopus embryo, we found that the three ETS
factors previously implicated in neural crest development (Ets1, Ets2, and Etv1) all exhibited
unique expression profiles, with Ets1 and Ets2 expressed throughout all stages of neural crest
development (Figure 5.3, 5.4). The expression of Ets1 is most consistent with it having a critical

247

Figure 5.1 Graphical representation of the Ras/MAPK cascade and its effectors.
Activation of the Ras/MAPK cascade leads to the phosphorylation and translocation of Erk to the
nucleus, where it will phosphorylate target effectors, such as members of the ETS family of
transcription factors. This phosphorylation event leads to changes in transcription factor function
and ultimately changes in gene expression.
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Figure 5.2 Schematic of Xenopus Ets1.
Schematic representation of the Pointed domain (PNT) and ETS DNA binding domain (ETS) for
the Xenopus laevis Ets1 protein. Predicted MAPK target residues (red) are based on the iGPS 1.0
phospho-predictor algorithm.
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Figure 5.3 Spatiotemporal expression of ETS factors Ets2 and Etv1.
In situ hybridization of wildtype embryos probing for Ets2 and Etv1 from midneurula stages
(stage 15) to the neural crest migratory stage (stage 25) or derivative stage (stage 32). Ets2 is
expressed broadly in the anterior embryo and continues to be expressed in two of the three neural
crest migratory streams. Etv1 is expressed in the neural plate at midneurula stages (stage 15) and
has expression overlapping the presumptive neural crest at premigratory neural crest stages. By
tadpole stages, Etv1 is expressed in the tailbud and in cranial neural crest derivatives.
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Figure 5.4 Spatiotemporal expression profile of ETS factor Ets1.
In situ hybridization of wildtype embryos probing for Ets1 from blastula stages (stage 9) to the
formation of neural crest derivatives (st. 32). At stage 9, Ets1 is expressed in the animal pole of
the blastula, and by stage 13/15, Ets1 is expressed in the neural plate border/neural crest. This
specific expression is maintained in premigratory neural crest cells (stage 19) and continues as
neural crest cells undergo migration. Ets1 is also expressed in cranial neural crest derivatives.

251
role throughout neural crest development, as its expression gradually resolves to the neural plate
border and neural crest region over developmental time (Figure 5.5), along with the blood islands
(Figure 5.6), despite its broader expression early on. Intriguingly, Ets1 is expressed maternally
(Figure 5.7), as well as in the pluripotent cells of the Xenopus blastula (Figure 5.4), suggesting a
potentially earlier role for this factor than at the onset of gastrulation. Further, the shared
expression of this factor between both the pluripotent animal pole cells and the neural crest cells
poses the possibility that Ets1 may carry out the MAPK response in both cell types, providing
further support for a neural crest regulatory network that was evolutionarily co-opted from the
blastula stem cells.
The roles of Ets1 during early embryonic development and ectodermal patterning
To begin testing this hypothesis, we first wanted to address whether Ets1 was required for
proper blastula-stage gene expression. Using morpholino-mediated knockdown of Ets1, we find
that a deficiency in Ets1 does not affect blastula stage gene expression (Figure 5.8) despite
efficiency blocking the translation of Ets1 (Figure 5.9). However, considering Ets1 is maternally
expressed (Figure 5.7), it's possible that sufficient protein is already present prior to our
manipulations, and that Ets1 is still having an important role. Our findings from Ets1
overexpression support such a hypothesis, as too much Ets1 protein in these cells leads to a loss
in Vent2, Id3, and AP2 expression (Figure 5.10). To further test whether Ets1 may regulate the
competency of blastula stem cells, we utilized an animal cap assay to test the ability of these
cells to respond to external signaling cues following perturbations in Ets1. Interestingly, we find
that Est1 gain-of-function, but not loss-of-function, prevents the ability of these naive cells to
respond to the mesoderm-inducing cue Activin,
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Figure 5.5 Time series of Ets1 expression during the neurulation of Xenopus embryos.
In situ hybridization of embryos collected every twenty minutes for an Ets1 expression time
course. Ets1 is expressed broadly surrounding the neural plate at early neurula stages (stage 13)
and gradually resolves to the neural crest by premigratory neural crest stages (stage 19).
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Figure 5.6 Ets1 is expressed in the blood islands of the developing embryo.
In situ hybridization for Ets1 in Xenopus embryos developing from early neurula (stage 14) to
late neurula (stage 19) stages. Ets1 is strongly expressed in the developing blood islands.
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Figure 5.7 Ets1 is maternally expressed.
In situ hybridization for Ets1 in 4-16 cell embryos. Ets1 transcripts are present in 4-16 cell
embryos, suggesting maternal deposition.
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Figure 5.8 Ets1 is not required for blastula-stage gene expression.
In situ hybridization examining Oct25, Sox3, Vent2, Myc, AP2, and Id3 expression in Ets1
Morpholino injected embryos. Ets1 loss-of-function does not affect expression of canonical
pluripotency factors or neural crest factors also expressed in the blastula. Presence of the lineage
tracer β-galactosidase (red) and asterisk marks the injected side.

256

Figure 5.9 Ets1 Morpholino efficiently blocks translation of Ets1 protein.
Western blot analysis of lysates from embryos injected with N-terminal or C-terminal Flagtagged Ets1 mRNA with or without the Ets1 Morpholino (MO). The Ets1 Morpholino both
specifically blocks (Lane 3) and efficiently blocks (Lane 5) the translation of Ets1.
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Figure 5.10 Ets1 overexpression perturbs proper blastula stage gene expression.
In situ hybridization of blastula stage embryos injected with Ets1. Overexpression of Ets1 leads
to a loss in expression of the pluripotency factor Vent2, as well as a decrease in expression of the
neural crest associated factors AP2 and Id3. Presence of the lineage tracer β-galactosidase (red)
and asterisk marks the injected side.
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providing further evidence that specific levels of Ets1 are required for proper regulation of the
blastula stem cell state (Figure 5.11).
We next asked whether Ets1 also had a role in regulating the development of neural crest
cells, and once again utilized a Morpholino-mediated knockdown approach to test the necessity
of Ets1 during patterning of the embryonic ectoderm. We find that a deficiency in Ets1 disrupts
the proper establishment of the neural crest (Figure 5.12), but interestingly, that this is not due to
a loss in the neural crest progenitor pool, as we observe expanded expression of the neural plate
border markers Pax3, Msx1 and Zic1. Such findings suggest that, in the absence of Ets1, cells are
unable to exit the neural crest progenitor state. We also observe defects in epidermal and neural
formation following Ets1 depletion, suggesting an overall inability to properly pattern the
ectoderm without functional Ets1. Interestingly, we see similar results upon Ets1 overexpression
(Figure 5.13), suggesting that specific levels of Ets1 are required for its proper function, or that a
specific post-translational modification is required, one that is not present when overexpressed.
The latter hypothesis is particularly promising, since, like other ETS family members, Ets1 can
be post-translationally phosphorylated (Yang et al., 1996).
The phosphorylation-dependent roles of Ets1 during ectodermal patterning
Using a specific phospho-acrylamide, we show this to be true, as overactivation of the
Ras/MAPK cascade is sufficient to hyperphosphorylate Ets1 and lead to its shift in protein size
(Figure 5.14a). To further probe the potential phosphorylation-dependent role of Ets1,
phosphorylation mutants were generated for the critical MAPK phosphoacceptor residues on
Ets1. In mouse, this is threonine (T38) and serine 41 (S41) (McIntosh et al., 2009), which are
conserved as T36 and S39 in Xenopus (Figure 5.14b). These sites were mutated to Alanine to
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Figure 5.11 Ets1 overexpression inhibits animal pole cells from responding to mesoderminducing cues. Animal pole explant assaying examining Xbra expression in explants treated
with or without Activin after injection with Ets1 Morpholino or Ets1. Ets1 misexpression, but not
Ets1 knockdown, affects the ability of animal pole cells to respond to mesoderm-inducing
signals.
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Figure 5.12 Ets1 knockdown affects ectodermal patterning of the developing embryo.
In situ hybridization of embryos injected with Ets1 morpholino and collected at early neurula
stages (stage 13) to assay effects on epidermal, neural plate border, and neural plate marker
expression, and midneurula stages (stage 15) to assay effects on neural crest marker expression.
Ets1 knockdown leads to a loss in EPK expression, expanded Sox3 expression, and a loss in
expression of the neural crest markers FoxD3 and Sox10. Presence of the lineage tracer βgalactosidase (red) and asterisk marks the injected side.
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Figure 5.13 Ets1 misexpression perturbs proper ectodermal patterning.
In situ hybridization of Ets1 injected embryos collected at early neurula stages (stage 13) to
assay effects on epidermal, neural plate border, and neural plate marker expression, and
midneurula stages (stage 15) to assay effects on neural crest marker expression. Ets1
misexpression leads to a decrease in EPK expression, expanded Sox3 expression, and a decrease
in expression of all neural plate border and neural crest markers. Presence of the lineage tracer βgalactosidase (red) and asterisk marks the injected side.
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A.

B.

Figure 5.14 Ets1 is hyperphosphorylated upon exogenous Ras/MAPK cascade activation.
(A) Western blot from lysates of embryos injected with Ets1, in addition to constitutively-active
Ras (V16-Ras) or dominant-negative Ras (DN-Ras) using specialized Phos-Tag acrylamide. Ets1
is phosphorylated in the embryo upon exogenous Ras/MAPK activation. (B) Schematic of
Xenopus Ets1 with MAPK phosphoacceptor sites depicted with a red asterisk on the diagram and
in red text in the amino acid sequence.
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generate a unphosphorylatable version of the protein, and to Glutamate/Aspartate to generate a
phosphomimetic version of the protein.
Using these mutants, we asked whether Ets1's role during neural crest formation, and
more generally, ectodermal patterning, was phosphorylation-dependent. Ultimately, we find that
the phosphorylation state of Ets1 at these sites is important for its function, as phospho-mimetic
Ets1 (T36D/S39D) inhibits expression of the epidermal marker EPK more strongly than other
Ets1 mutants and strongly inhibits establishment of the neural state (Figures 5.15, 5.16). This in
comparison to the unphosphorylatable version of the protein (T36A/S39A), which phenocopies
the effects of wildtype Ets1 overexpression on ectodermal patterning (Figure 5.15, 5.16). Of
particular interest is the effects on neural plate border and neural crest formation, where, despite
seeing a loss in expression of neural plate border markers (Figure 5.17), phospho-mimetic Ets1
(T36D/S39D) leads to increased expression of the neural crest markers Snail1 and Snail2 in
significantly more embryos than the other Ets1 conditions (Figure 5.18), suggesting an
interesting role for phosphorylated-Ets1 specifically in the establishment of the neural crest state.
Together, these findings provide evidence of a phosphorylation-dependent role for Ets1 during
patterning of the embryonic ectoderm, and ultimately, the establishment of the neural crest state,
providing motivation to further explore this function in the context of MAPK-activation.
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Figure 5.15 Phosphomimetic Ets1 more strongly inhibits transit to an epidermal lineage.
In situ hybridization of Ets1 mutant injected embryos collected at early neurula stages (stage 13)
to assay effects on epidermal formation in whole embryos and in animal cap explants. At high
concentrations, misexpression of all Ets1 variants inhibits EPK expression. When misexpressed
at lower doses, only phosphomimetic Ets1 (T36D/S39D) inhibits EPK expression. Presence of
the lineage tracer β-galactosidase (red) and asterisk marks the injected side.
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Figure 5.16 Phosphomimetic Ets1 inhibits neural plate formation.
In situ hybridization of Ets1 mutant injected embryos collected at early neurula stages (stage 13)
to assay effects on neural plate formation. Misexpression of phosphomimetic Ets1 (T36D/S39D,
T36E/S39E) strongly inhibits Sox3 expression, while non-phosphorylated forms expand Sox3
expression. The loss in Sox3 expression resulting from phosphomimetic Ets1 misexpression is
not due to cells being forced to differentiate, as no change in expression of the definitive neural
marker n-tubulin is observed. Presence of the lineage tracer β-galactosidase (red) and asterisk
marks the injected side.
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Figure 5.17 Ets1 mutant overexpression inhibits neural plate border marker expression.
In situ hybridization of Ets1 mutant injected embryos collected at early neurula stages (stage 13)
to assay effects on neural plate border formation. Misexpression of any of the Ets1 variants
inhibits expression of the neural plate border marker Msx1. Presence of the lineage tracer βgalactosidase (red) and asterisk marks the injected side.
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Figure 5.18. Misexpression of phosphomimetic Ets1 increases the percentage of embryos
with expanded neural crest marker expression. In situ hybridization of Ets1 mutant injected
embryos collected at midneurula stages (stage 15-16) to assay effects on neural crest formation.
Misexpression of Ets1 or unphosphorylatable Ets1 (T36A/S39A) inhibits Snail1/2 expression,
while misexpression of phosphomimetic Ets1 (T36E/S39E) leads to expanded Snail1/2
expression in significantly more embryos. Presence of the lineage tracer β-galactosidase (red)
and asterisk marks the injected side.
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Appendix 2
Crosstalk between FGF signaling and other
developmental signaling pathways
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Integration of TGF-Beta/BMP, Wnt, and FGF signals during early Xenopus development
A small set of signaling pathways are responsible for patterning the entirety of the early
embryo, a remarkable feat considering the complexity and diversity of tissues involved. Included
in this repertoire are TGF-b, BMP, Wnt, and FGF signals, which together, coordinate the
establishment of dorsal-ventral polarity, anterior-posterior identity, as well as establishment of
the three primary germ layers (Figure 5.19) (Christian & Moon, 1993; Cox & HemmatiBrivanlou, 1995; Harland & Gerhart, 1997; Heasman et al., 1994; Kimelman, Kiyota, Kirschner,
Kato, & Kato, 1987). The cooperativity between these signals is evident in the signaling profiles
established for each pathway, where detection of signaling cofactors or phosphorylated effectors
show unique, but overlapping, regions of activity during early Xenopus development (Schohl &
Fagotto, 2002). Specifically, it was found that pSmad1 (TGF-b), pSmad2 (BMP), b-catenin
(Wnt), and pErk (MAPK) are all present in the pluripotent cells of blastula, and that this overlap
is maintained to varying extents throughout neurula stages (Schohl & Fagotto, 2002).
Considering our recent findings, where FGF-mediated cascade activation switches as pluripotent
blastula cells exit the pluripotent state and commence lineage restriction, we wondered whether
integration of TGF-b, BMP, or Wnt signals at these stages may have a role in regulating this
transition. Is it possible that one or more of these signals alters the intracellular environment,
affecting how FGF signals are interpreted?
Such a hypothesis is founded on previous findings from studies of embryonic patterning
in Xenopus, which emphasize the significant effects pathway integration has on signal
transduction and ultimately, cell fate decisions. For instance, the regulation of epidermal versus
neural induction relies on the crosstalk between MAPK signaling and BMP signaling, with
MAPK-mediated phosphorylation of the BMP cofactor Smad1 linker region sufficient to block
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Figure 5.19 Schematic of canonical developmental signaling pathways.
A schematic representation of the Wnt, FGF, BMP, Hedgehog, and Notch signaling pathways
(Adapted from Rochais, Mesbah, & Kelly, 2009).
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the transduction of BMP signals, allowing for neural induction to ensue (Pera et al., 2003).
Although not specifically linked to MAPK signaling, a similar mechanism is observed during
mesodermal formation, where phosphorylation in the linker region of the TGF-b cofactor Smad1
leads to a loss in competence to mesoderm-inducing TGF-b signals (Grimm & Gurdon, 2002),
further highlighting the necessity of signal integration during embryogenesis.
FGF signaling and TGF-Beta signaling Crosstalk
To begin to understand whether a reciprocal relationship exists between TGF-b family
members and FGF signaling during embryonic patterning, and whether BMP or TGF-b signals
have a role in directing MAPK versus PI3K/Akt activation during the lineage restriction of
blastula stem cells, I sought to determine when BMP signaling was active in these cells. Using an
animal cap assay system and a phospho-specific antibody for the BMP co-factor Smad1/5, we
found, as predicted, that levels of BMP signaling gradually increased as blastula stem cells
restricted to an epidermal state, and more interestingly, that this activation was dependent on
active MAPK signaling (Figure 5.20). We next asked whether the reverse was also true, that
concurrently, BMP signals were regulating the effects of FGF signals. Remarkably, we find that,
when BMP signaling is perturbed, activation of the MAPK and PI3K/Akt is subsequently
disrupted. Specifically, we find that activation of the BMP signaling pathway through addition of
BMP4 leads to sustained MAPK activation, while blocking BMP signaling through use of the
BMP antagonist Chordin (Chd) blocks MAPK activation, and instead, promotes activation of the
PI3K/Akt cascade (Figure 5.21). Thus, this shift in cascade activation provides promising
evidence that how a FGF signal is transduced can be guided by external cues. However, we
cannot rule out the possibility that the observed changes in cascade activation are actually due
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Figure 5.20 Activation of BMP signaling increases as cells transit from a pluripotent to a
lineage restricted state. Western blot of lysates from animal pole explants cultured with sibling
embryos and collected at blastula (stage 9), midgastrula (stage 11), and early neurula (stage 13)
stages to examine levels of phosphorylated Smad1/5 in the presence or absence of dnRas.
Detection of pSmad1/5 increases as lineage restriction proceeds and is blocked by dnRas.
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Figure 5.21 Perturbations in BMP signaling affect MAPK and PI3K/Akt activation.
Western blot of lysates from animal pole explants injected with BMP4 or the BMP antagonist
Chordin (Chd). Explants were cultured with sibling embryos and collected at blastula (stage 9)
and early neurula (stage 13) stages to examine levels of phosphorylated and unphosphorylated
Erk1/2 and Akt. Addition of BMP4 sustains MAPK activation, while addition of Chd blocks
MAPK activation and prematurely activates PI3K/Akt.

274
to a change in cell fate, and thus are not a result of crosstalk with the BMP signaling pathway. In
order to better understand the relationship between these signaling pathways, we sought to
explore whether BMP signals directly affected the expression of FGF receptor 4 (FGFR4), as we
noticed that BMP signal activation inversely correlated with wildtype FGFR4 expression in
aging animal cap explants (Figure 5.20, 5.22). To address this, we once again perturbed BMP
signaling, and then assayed the effects on endogenous FGFR4 expression. As predicted,
misexpressing BMP4 led to a significant reduction in FGFR4 expression, while inhibiting the
pathway through misexpression of Chd sustained FGFR4 expression (Figure 5.22). Together,
these findings suggest that an intricate, and reciprocal, regulatory relationship exists between the
BMP and FGF signaling pathways, and it warrants further investigation.
Considering the cross-regulatory relationship between the BMP and FGF signals, we
wondered whether this was unique to BMP signaling, or whether other signaling pathways
shown to be active in these cells also mediated how FGF signals were transduced. To address
this, we first asked whether addition of the TGF-b ligand and mesodermal-inducing cue Activin
could similarly perturb activation of the MAPK or PI3K/Akt cascade. To our surprise, addition
of Activin sustained activation of the MAPK cascade, much like addition of BMP4 (Figures
5.21, 5.23). Since addition of these two ligands directs cells to two, very different cell states, it's
not as likely that the observed changes in cascade activation are due to changes in cell fate.
Instead, the observed shift in MAPK activation upon addition of TGF-b or BMP signals is more
likely due to changes in the intracellular environment, which are promoting activation of this
cascade past the time when it would normally be downregulated. How TGF-b family members
participate in the regulation of FGF signal transduction is unknown, providing an interesting
avenue to pursue.
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Figure 5.22 Modulating BMP signaling affects FGFR4 expression.
Animal pole explant assay examining FGFR4 expression in animal cap explants injected with
BMP4 or the BMP antagonist Chordin (Chd). Explants were cultured with sibling embryos and
collected at blastula (stage 9), midgastrula (stage 12), and midneurula (stage 15) stages. BMP4
diminishes FGFR4 expression while BMP antagonism sustains it.
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Figure 5.23 Activation of the TGF-Beta pathway sustains MAPK activation.
Western blot of lysates from animal pole explants injected with the TGF-b ligand Activin.
Explants were cultured with sibling embryos and collected at blastula (stage 9) and early neurula
(stage 13) stages to examine levels of phosphorylated and unphosphorylated Erk1/2 and Akt.
Treatment with Activin sustains MAPK activation.
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FGF signaling and Wnt signaling crosstalk
In addition to TGF-b signaling pathways, FGF signals are also intricately involved in the
regulation of Wnt signals in various contexts, including during bone formation, and most
notably, during neural crest development (Ambrosetti, Holmes, Mansukhani, & Basilico, 2008;
Hong, Park, & Saint-Jeannet, 2008). Although the mechanism varies in each context, during
neural crest formation, one role for FGF signaling is to regulate expression of the Wnt ligand
Wnt8, allowing it to control when and where Wnt signaling is active (Hong et al., 2008).
Indication of a reciprocal relationship, where Wnt signals regulate FGF signal transduction, is
also evident throughout embryogenesis, including during facial and forebrain development,
where Wnt signaling directly regulates FGF8 expression specifically within the anterior neural
ridge and frontonasal ectoderm (Wang, Song, & Zhou, 2011). With this in mind, we wondered
whether Wnt signaling may be involved in regulating FGF signaling in our context. To address
this, we used a variety of methods to perturb Wnt signaling, each of which providing valuable
insight, and assayed the effects on MAPK and PI3K/Akt activation. Through misexpression of
Wnt8 or Db-catenin (Dbcat), a stable form of b-catenin without the GSK3 regulatory site, we
found that upregulating Wnt signaling prematurely activates PI3K/Akt and sustains activation of
MAPK, suggesting an overall increase in FGF activity (Figures 5.24, 5.25). Conversely, when
we block Wnt signaling through GSK3 misexpression, we find a complete inability to activate
either FGF-directed cascade (Figure 5.24), suggesting that functional Wnt signaling is required
for FGF signals to be properly transduced. Since GSK3 can have functions independent of Wnt
signaling, we misexpressed a dominant-negative Wnt8 ligand, which nonproductively binds to
its receptor, to more specifically block Wnt signaling in this assay. Interestingly, we find that
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Figure 5.24 Perturbations in Wnt signaling affect MAPK and PI3K/Akt activation.
Western blot of lysates from animal pole explants injected with Wnt8 or GSK3. Explants were
cultured with sibling embryos and collected at blastula (stage 9) and early neurula (stage 13)
stages to examine levels of phosphorylated and unphosphorylated Erk1/2 and Akt. Activation of
Wnt signaling sustains MAPK activation, while addition of GSK3 blocks both MAPK and
PI3K/Akt activation.
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Figure 5.25 Modulating Wnt signaling perturbs MAPK and PI3K/Akt activation.
Western blot of lysates from animal pole explants injected with a stable b-catenin (Dbcat) or
dnWnt8. Explants were cultured with sibling embryos and collected at blastula (stage 9) and
early neurula (stage 13) stages to examine levels of phosphorylated and unphosphorylated Erk1/2
and Akt. Activation of Wnt signaling sustains MAPK activation, while blocking Wnt signaling
through dnWnt8 blocks both MAPK activation.
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dnWnt8 misexpression does not block MAPK activation as efficiently as GSK3, nor does it
affect PI3K/Akt activation (Figure 5.25). These intriguing results provide multiple possible
interpretations, including a potential GSK3-specific mode of regulation; yet, in consideration of
the observed effects upon exogenous Wnt activation, it’s probable that Wnt signals have a role in
regulating FGF signal transduction during the lineage restriction of blastula stem cells. Further
analyses confirm such a hypothesis, as Wnt8 misexpression is sufficient to sustain FGFR4
expression in these cells (5.26), suggesting an interesting relationship in which Wnt signals have
the capacity to propagate the FGF response through regulation of receptor levels.
The culmination of these findings supports a model in which multiple signaling pathways
are intricately intertwined into a web of cross-regulation, with successful patterning reliant on
their successful coordination. Considering the redundancy naturally built into biological systems
and their resilience to slight deviances, it's only fitting that such an important part of
embryogenesis takes full advantage of signal crosstalk and cross regulation. While these findings
are promising, we recognize that they do not prove direct regulation between pathways. Future
investigations are warranted in order to provide a mechanistic explanation for how TGF-b, BMP,
Wnt, and FGF signals cooperate to regulate early cell fate decisions in the developing embryo.
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Figure 5.26 Activating Wnt signaling sustains FGFR4 expression.
Animal pole explant assay examining FGFR4 expression in animal cap explants injected with
Wnt8 or GSK3. Explants were cultured with sibling embryos and collected at blastula (stage 9),
midgastrula (stage 12), and midneurula (stage 15) stages. Wnt8 sustains FGFR4 expression.
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Appendix 3
RNA-Sequencing datasets from RDEA119 or
LY294 treated animal cap explants
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The effects of MAPK or PI3K loss-of-function on aging animal cap explants
The pluripotency of blastula-stage animal pole cells is transient, and naive cells will
ultimately become restricted to a specific germ layer and cell type over developmental time. This
holds true for animal pole cells dissected from the embryo, with cells spontaneously exiting the
pluripotent state and transiting to an epidermal state in the absence of exogenous signals.
Through our studies of FGF signaling, we found that FGF-directed cascade activation switches
during this restriction process, with the MAPK cascade active in pluripotent cells and the
PI3K/Akt cascade active in cells as they transit to an epidermal state. Through a loss-of-function
approach, we further demonstrate that MAPK is essential for stem cell pluripotency and that
PI3K/Akt activation is required for transit to a subset of lineage restricted states (Chapter 2,
Figure 2.28). However, what becomes of these naive cells in the absence of MAPK or PI3K/Akt
activation was unclear to us. Do naive cells, in the absence of MAPK activation, undergo
aberrant lineage restriction? And in the absence of PI3K/Akt activation, are cells permitted to
stay in a pluripotent state? These findings also made us wonder how the MAPK cascade
regulated stem cell potential, as well as how the PI3K/Akt cascade was involved in mediating the
transit of cells to some, but not all, lineages. Thus, we devised a RNA-Sequencing (RNA-Seq)
approach using animal cap explants blocked for MAPK or PI3K activation in order to begin
addressing these intriguing questions and gain insight into the potential mechanisms of action for
each cascade.
Briefly, this approach takes advantage of two different chemical inhibitors, RDEA119
(Selleckchem) to block Mek (MAPKK) activation and LY294 (Sigma-Aldrich) to block PI3K
activation, which were used to treat dissected animal cap explants as they age in culture.
Explants were collected when sibling embryos reached blastula (stage 9) and midneurula (stage
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13) stages to assess the effects of MAPK or PI3K inhibition on the transcriptional output of cells
through RNA-Seq analyses (Figure 5.27). Data was generated through multiplexed, 75 basepair
single-end Illumina sequencing and was processed using STAR to align to the Xenopus 9.1
genome, Python to calculate read counts, and DESeq2 to identify significantly differentially
expressed genes. Since the MAPK cascade is highly active in pluripotent cells, analyses at
blastula (stage 9) stages will provide insight into the potential genes regulated by this cascade,
while analyses at midneurula (stage 13) stages will detail what cells become in the absence of
MAPK activation. Conversely, since PI3K/Akt cascade activation is not detectable at blastula
(stage 9) stages and increases over developmental time, analyses at midneurula (stage 13) stages
will be more telling of how this cascade may mediate the process of lineage restriction.
Consistently across datasets, we obtain upwards of 1.5 million reads mapped to 45,000
genes. Although a high percentage of reads are mapped to annotated genes, some are mapped to
unannotated genes, which are excluded from detailed analyses. To begin, we first considered the
RDEA119 (Mek inhibition) datasets, which surprisingly, had relatively few significantly
differentially expressed genes at stage 9, around one-hundred. Of these ~100 genes, 75% were
downregulated and 25% upregulated in response to Mek inhibition (Figure 5.28), and in general,
we find interesting trends within these categories. For instance, numerous signaling modulators
(Sprouty1/2, PFKB3, Wnt11b, Vegt) are downregulated in these cells, while cell cycle regulators
(CyclinE2, CDKnx) are upregulated. We also find that neural crest/stem cell markers (Zic1,
Snail1, AP2, and Id3) are proportionally disregulated. To gain further insight into the effects of
Mek inhibition on these cells, we further segmented the dataset to look at the top 100 most
significantly differentially expressed genes, and subsequently pulled out the top 10 most
upregulated or downregulated genes (Figure 5.29). Within this small sample of highly
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Figure 5.27 Graphical representation of RNA-Sequencing Workflow
Animal pole cells were dissected from whole embryos that were treated with DMSO (Vehicle
control) or with RDEA119 (Mek Inhibitor). For LY294 (PI3K inhibitor) experiments, wildtype
whole embryos were used for animal cap dissections. Animal cap explants were cultured in
inhibitor-containing media until sibling embryos reach blastula (stage 9) or midneurula (stage
13) stages and collected for RNA isolation and Illumina RNA-Sequencing.
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Figure 5.28 Diagrammatic representation of differential gene expression at stage 9
following RDEA119 treatment. Upwards of 100 genes are significantly differentially expressed
in stage 9 animal cap explants following MAPK attenuation, with ~75% downregulated and
~25% upregulated compared to control samples. Genes of interest that are differentially
expressed include signaling regulators, neural plate border (NPB)/Neural crest (NC) factors, cell
cycle regulators, among others. Mek inhibition disrupts proper blastula-stage gene expression.
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Figure 5.29 List of most differentially upregulated or downregulated genes from top 100
significant genes at stage 9 following Mek inhibition. The most significantly upregulated or
downregulated genes when compared to control samples include signaling modulators
(DUSP1/5), RNA binding proteins (Mex3b), transcription factors (Foxd4, Crx), Keratins
(Krt5.7), and metabolic regulators (Sp5l, Lpar6, S1pr5, Stard13). Mek inhibition globally
disrupts blastula-stage gene expression.
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differentially expressed genes, we demonstrate that cell cycle regulators like Cdknx, as well as
neural crest factors Id3 and TF-AP2, are among the most significantly differentially expressed
upregulated genes, along with other transcription factors (Crx), keratins (Krt5.7), and metabolic
regulators (S1pr5, Stard13). In comparison, the signaling modulators DUSP1/5, as well as other
RNA binding proteins (Mex3b), transcription factors (Foxd4), and metabolic regulators (Sp5l,
Lpar6) are among the most signficantly downregulated genes.
In our stage 13 RDEA119 (Mek inhibition) dataset, we find around 1500 differentially
expressed genes, with nearly 50% of genes upregulated and 50% downregulated following
MAPK attenuation (Figure 5.30). Since our goal with this dataset was to understand how
blocking MAPK activation ultimately affected cell fate decisions, we once again segmented the
data into the top 100 most significantly differentially expressed genes. Notably, we find that
numerous transcription factors (Otx2, Prdm1, Cebpd), metabolic regulators (Cyp1a1), and ECM
proteins (Olfm4) are upregulated, and that many transcription factors (Myc, Pou2f3, and Gata5)
and heat shock proteins (Hsph1, Hspa5) are downregulated (Figure 5.31). Together, these
findings suggest that the failure of animal pole cells to adopt the proper lineage is not due to
them transiting an alternate cell type. Instead, cells appear to be in a confused, disregulated state
that does not permit proper lineage restriction.
We next explored our LY294 datasets (PI3K inhibition) to gain insight into how
PI3K/Akt signaling mediated the lineage restricted of animal pole cells. Although we did not
find this cascade to be active in pluripotent (stage 9) explants, we do find that addition of LY294
leads to ~400 significantly differentially expressed genes at this stage. Whether this due to low,
undetectable levels of PI3K/Akt signaling that is blocked by LY294, or due to off target effects
of this chemical inhibitor is unknown, but should be considered. Nevertheless, we find that, of
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Figure 5.30 Diagrammatic representation of differential gene expression at stage 13
following RDEA119 treatment. Upwards of 1500 genes are significantly differentially
expressed in stage 13 animal cap explants following MAPK attenuation, with ~50%
downregulated and ~50% upregulated when compared to control samples.
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Figure 5.31 List of most differentially upregulated or downregulated genes from top 100
significant genes at stage 13 following Mek inhibition. When compared to control samples, the
most significantly upregulated or downregulated genes include transcription factors (Otx2,
Prdm1, Cebpd, Myc, Pou2f3, Gata5), metabolic regulators (Cyp1a1), ECM proteins (Olfm4) and
heat shock proteins (Hsph1, Hspa5). Animal cap explants blocked for MAPK signaling fail to
adopt a proper transcripitional program.
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these ~400 significantly differentially expressed genes, a vast majority are downregulated
(Figure 5.32). Further analyses show that, of the most significantly downregulated genes, a
majority are known transcription factors, such as Crx, Hes3.1,Ventx1, and Msx1 (Figure 5.33).
Although potentially interesting, these findings are difficult to interpret as previously noted.
Thus, we focused our efforts on mining the stage 13 LY294 (PI3K inhibition) dataset.
Like that observed following Mek inhibition, we find upwards of 1500 significantly
differentially expressed genes at stage 13 following PI3K inhibition, evenly split between
downregulated and upregulated genes (Figure 5.34). Further, we find that unique categories of
genes are represented in the upregulated versus downregulated gene segments. For instance,
numerous transcription factors indicative of different embryonic germ layers and cell types are
upregulated following PI3K inhibition, including markers for neural (Sox2/3, Sox11,
Neurogenin, Olig2/3), Mesodermal (MyoD), Endodermal (Otx2, Sox17), neural crest (Zic1/2,
FoxD3) cell states (Figure 3.34). Such findings suggest that, in the absence of PI3K/Akt
activation, cells fail to appropriately restrict to any of these lineages, and instead, erroneously
turn on genes of all lineages. An alternate interpretation of these findings is that the cells are
maintaining blastula-stage gene expression, as factors like Sox2/3, Sox11, Zic1/2, and FoxD3,
which mark specific progenitor populations, are also expressed in the pluripotent cells of the
blastula. Thus, further investigations are warranted to understand which cell type these markers
are representing. Analyses of the top 100 most significantly differentially expressed genes
identify Zic1/2, Sox3, and Sox11 as among the most highly upregulated genes, providing
evidence in support of the latter interpretation, in which cells are sustaining blastula-stage gene
expression in the absence of PI3K activation. Among the most significantly downregulated
genes, we find signaling modulators (Bmper, Rasal1, Ppl, and Ag1), metabolic regulators (Itpr3),
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Figure 5.32 Diagrammatic representation of differential gene expression at stage 9
following LY294 treatment. Treatment with LY294 at stage 9 causes ~400 genes to be
significantly differentially expressed in experimental explants when compared to control
explants. A majority of these differentially expressed genes are upregulated. LY294 treatments
disrupts blastula-stage gene expression.
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Figure 5.33 List of most differentially upregulated or downregulated genes from top 100
significant genes at stage 9 following PI3K inhibition. Analysis of the top 100 significantly
differentially expressed genes shows that, of the most upregulated or downregulated genes, a
vast majority are downregulated. This includes the transcription factors Crx, Hes3.1,Ventx1, and
Msx1.
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Figure 5.34 Diagrammatic representation of differential gene expression at stage 13
following LY294 treatment. Upwards of 1500 genes are significantly differentially expressed in
stage 13 animal cap explants following PI3K inhibition, with ~50% downregulated and ~50%
upregulated compared to control samples. Genes of interest include markers for each lineage
restricted state (Neural, Mesodermal, Endodermal, Neural Plate Border (NPB)/Neural Crest
(NC)). Asterisk denotes factors that are also expressed in animal pole cells of the blastula and
may be indicative of blastula-state gene expression. PI3K inhibition leads to increased
expression of multiple lineage markers.
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and transcription factors (Foxj1), indicating that PI3K attenuation leads to a widespread
disruption in gene expression (Figure 3.35). Together, our findings reveal a potential novel role
for PI3K signaling, such that PI3K activation suppresses blastula-stage gene expression in order
to allow for the upregulation of lineage-specific genes. Such a model agrees with previously
reported findings, where PI3K activation is coupled with secondary patterning cues to promote
the proper transit of naive cells to ectodermal cell states (Pegoraro et al., 2015).
Thus, our RNA-Seq analyses have provided a foundation in which to further explore, at
the mechanistic level, how the interplay of MAPK and PI3K/Akt signals mediate cell
pluripotency and lineage restriction. Further exploration into the specific genes that we've
identified as disregulated following MAPK or PI3K inhibition will be essential to more fully
understand the roles of each cascade during early embryogenesis.
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Figure 5.35 List of most differentially upregulated or downregulated genes from top 100
significant genes at stage 13 following PI3K inhibition. When compared to control samples,
the most significantly upregulated or downregulated genes include signaling modulators (Bmper,
Rasal1, Ppl, and Ag1), metabolic regulators (Itpr3), and transcription factors (Foxj1). PI3K
inhibition globally disrupts gene expression in stage 13 animal cap explants.
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Appendix 4
List of received and cloned constructs
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Location
oa1
oa2
oa4
oa6
oa7
oa8
ob1
ob2
ob4
ob5
ob6
ob7
ob8
ob9
oc3
oc2
oa3
oc5
oc6
od2
od1
oc8
og9
oc9
oc7
od3
oi8
oi7
oh8
oh4
oh5
pa1
pa2
oh9
oi1
pa5
pa6
oh6
oh7
ob3
oi9
pa3
pa4
oa9
oc1
oi4
oi5
oi6
oi2
oi3

Construct
NLSMt-EnR-Ets1
NLSMt-Gal-EnR
nMT-Ets1a
caStat3-CTC-GR
Stat3GR
dnStat3YF-cMT
dnfgfr4
dnfgfr4a
XFD
S6Kinase
eFGF
MtENR-ETS1
XemaUTR
KD-Mek
dnRaf-S621A
caRaf-S259A
mycUTR
Ets2b probe
Ets1b probe
FL-Ets1a
FL-Ets2b
FL-Elk3
FL-Gab1
FL-Ets2a
FL-Etv1
FL-Ets1b
MKP3 (DUSP6)
Dusp5
caFGFR4a-C345Y
FGFR4a
FGFR4a probe
delta-p85
p110caax
xtFGF8a
xtFGF8b
Act-Mek
WT Mek
iFGFR1
iFGFR4
dnFGFR4-cs2
cerberus probe
Pax3-noGR
Zic1-noGR
dnStat3YF-GR
dnRaf-S621A
dnFRS3-2F
dnFRS3-4F
dnFRS3-6F
FL-Frs2
FL-Frs3

Vector
cs2
cs2
cs2
cs2
cs2
cs2
cs108
sp64t
sp64t
from CL
from CL
pGemT

pGemT
pGemT
pGemT

Cut/Transcribe
KpnI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
AscI, SP6
SalI, SP6
EcoRI, Sp6

Notes

EcoRI, T3
KpnI, SP6
SalI, T7
EcoRI, SP6
EcoRI, SP6
EcoRI, SP6
SalI, T7
NdeI, T7
NcoI, SP6
Open Biosystems clone, full length
Open Biosystems clone, full length
Open Biosystems clone, full length
Open Biosystems clone, full length
Open Biosystems clone, full length
Open Biosystems clone, full length
Open Biosystems clone, full length

Sp64t
Sp64t
Sp64t
SP64T
pBS
pBS RN3
pcs
cs108
cs108
SP64T
SP64T
pcs2
pBSK
cs2
cs2
cs2
cs2
pcsx
pcsx
pcsx
pCMVsport6
pCMVsport6

EcoRI, Sp6
EcoRI, Sp6
AvaI, SP6
AvaI, SP6
KpnI, T3
SfiI, T3
KpnI, SP6
ascI, SP6
ascI, SP6
EcoRI, Sp6
EcoRI, Sp6
NotI, SP6
NotI, SP6
NotI, SP6
EcoRI, T7
NotI, SP6
Acc651, SP6
NotI, SP6
NotI, SP6
BspEI, Sp6
BspEI, Sp6
BspEI, Sp6

B/B inducible FGFR
B/B inducible FGFR

Open Biosystems clone, full length
Open Biosystems clone, full length
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pa7
pa8
od4
od5
od8
oe2
oe1
od9
od7
oe3
oe4
od6
oc4
oe5
oe6
oe7
oe8
of2
of3
of1
oe9
of9
og1
og2
og3
og4
of4
of5
of6
of7
of8
oh1
oh2
oa5
og5
og6
og7
og8
oh3
pa9
pb1
pb2
pb3

FL-Taz
FL-Yap
nMT-Ets2b
cFT-Ets2b
nFT-Ets2b
cMT-Ets2b
cMT-Ets1b
nMT-Ets1b
nFT-Ets1b
Mt-dnEts1
NLSMt-dnEts1
cFTEts1b
dnStat3YF-noGR
nMtEts1b T36A
S39A
nMtEts1b T36D
S39D
nMtEts1b T36E S39E
nMtEts1b T36E S40E
nMtEts1b T36D
S39/40D
nMtEts1b T36A
S39/40A
nMtEts1b T36A
S40A
nMtEts1b T36D
S40D
cFTEts2b T72A
cFTEts2b T72E
nMTEts2b T72A
nMTEts2b T72D
nMTEts2b T72E
nMTEts1b T36A
nMTEts1b T36D
nMTEts1b T36E
cFTEts1b T36A
cFTEts1b T36D
FL-xlGrb2S
FL-mmSOS2
NLS nMT pcs2
cMTEts1b+5'UTR
cMTEts1a+5'UTR
HA-hSos1 (addgene)
HA-hSos2 (addgene)
OptoRaf
nFT-Grb2
nFT-Grb2 P49L
(Sos1 binding mutant)
nFT-Grb2 P49L,
G215R (Sos1 binding
mutant)
nFT-Grb2

Open Biosystems clone, full length
Open Biosystems clone, full length
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2

NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6

cs2

NotI, SP6

cs2
cs2
cs2

NotI, SP6
NotI, SP6
NotI, SP6

cs2

NotI, SP6

cs2

NotI, SP6

cs2

NotI, SP6

cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
cs2
pCMVSport6

NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
NotI, SP6
Dharmacon clone, full length
(X. laevis, S alloallele)
Dharmacon clone, full length (mouse)

pCMVSport6
cs2
cs2

NotI, SP6
NotI, SP6

cs2
cs2

NotI, SP6
NotI, SP6

cs2

NotI, SP6

cs2

NotI, SP6
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pb4
pb5
pb6
pb7
pb8
pb9
pc1
pc2
pc3
pc4
pc5
pc6
pc7
pc8

E186A (Gab1 binding
mutant)
nFT-Grb2 E89K
(random control
mutation)
Myristoylated-Grb2
cMT-Gab1
cMTGab1-3F
(dnGab1)
cMTGab1+5'UTR
cMT-hSos1
cMT-hSos1 E108K
(caSos1)
cMT-hSos1 W729E
(dnSos1)
cMT-xlSos1 (Nterm)
+5'UTR
cMT-xlSos2S
(Nterm) +5'UTR
cMT-xlSos2L
(Nterm) +5'UTR
Grb2 (probe)
xlSos1 (probe)
xlGab1 (probe)

cs2

NotI, SP6

cs2
cs2
cs2

NotI, SP6
NotI, SP6
NotI, SP6

cs2
cs2
cs2

NotI, SP6
NotI, SP6
NotI, SP6

cs2

NotI, SP6

cs2

NotI, SP6

cs2

NotI, SP6

cs2

NotI, SP6

pGemT
pBSK
pGemT

SpeI, T7
XbaI, T3
NcoI, SP6
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