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ABSTRACT 

 
Neural progenitor identity in vertebrates is regulated in part by the three 

members of the SoxB1 subgroup (Sox1, Sox2 and Sox3). In this work we compare and 

contrast the regulation and function of three SoxB1 proteins and a putative partner, 

Oct91, and how the regulation and function of these genes compares or contrasts to 

higher vertebrates.  

Sox3’s zygotic expression begins pan-ectodermally and becomes restricted to 

the neuroectoderm via the interplay of three cis-regulatory modules: an enhancer 

module containing two unidentified forkhead transcription factor binding sites is 

necessary for induction of sox3; a repressor module containing Vent transcription factor 

binding sites inhibits sox3 expression in the non-neural ectoderm; and a second 

enhancer module containing binding sites for mediators of FGF signaling is necessary 

for the maintenance of sox3 in the neuroectoderm. 

Since Sox1, Sox2 and Sox3, the three members of the SoxB1 subgroup, have 

similar expression patterns, protein structures and functions, it has been suggested that 

they have redundant roles in neural development. Here we show that Sox1, Sox2, Sox3, 

and Oct91, the Xenopus homolgue of Oct4, have overlapping and distinct roles in 

inducing neural progenitor identity. In naïve ectoderm using ectodermal explant assays, 
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Sox1, Sox2, Sox3 each induce a unique array neural genes markers but only Sox1 is 

sufficient for neuronal differentiation. Sox2 and Sox3 function independently of each 

other, yet Sox1 induces expression of both sox2 and sox3. While Sox2 induces limited 

neural progenitor markers, Sox3 induces a broad profile of neural progenitor and pro-

neural markers and this may be due to its unique induction of FGF8 expression. Sox3-

VP16, a dominant activator form of Sox3, does induce neuronal differentiation and sox2 

expression, which indicates that Sox3 requires the presence of a co-factor for neuronal 

differentiation. Only a few co-factors of the Sox proteins have been identified and 

therefore their function in combination with a partner has not been tested in early 

development of the nervous system. In naïve ectoderm, Oct91 induce sox1-3 expression 

and induces neuronal differentiation. Sox2 co-injected with Oct91 did not interfere with 

its ability to induce neural markers. However, the addition of Sox1 or Sox3 abolished 

the ability of Oct91 to induce any neural markers even though epidermis was still 

repressed. Together these data indicate that Sox2 and Oct91 function to maintain neural 

progenitor identity. 

Transgenic embryos were generated using a bicistronic expression vector to 

determine if transient overexpression of the SoxB1s delays neuronal differentiation due 

to loss of the mRNA over time. Constitutively-active expression of Sox1 or Sox2 

transgenic embryos represses neuronal differentiation indefinitely while also increasing 

cell proliferation. Constitutively-active Sox3 leads to cell death, which may explain 

why Sox3 is not expressed in neural cancers but Sox2 is found in gliomas. 
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Identifying conserved regulatory and functional elements of SoxB1 and Oct91 

proteins in different organisms gives evidence for a neural transcription code. 

Alternatively, from the differences we can learn how the central nervous systems of 

different species changed over time and may have evolved. I propose a model for 

mammalian evolution in which the signals required to induce and maintain neural 

progenitor populations in lower vertebrates were co-opted in mammals to balance 

against imprinting of the paternal genome, which drives formation of the placental 

tissues thereby allowing the embryo to imbed internally. 
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I. Purpose of Study 

Quis custodiet ipsos custodes? 
Who can watch the watchman? 

 
Satires of Juval 

Translated by (Winstedt, 1899) 
 

To learn how a given tissue is formed, we study the transcription factors that 

regulate cell fate choice, specifically neural fate choice. But who watches the 

watchman? To learn how a cell makes its fate choice, we study the signals that regulate 

the transcription factors that in turn regulate neural fate choice. 

Neural progenitor identity is regulated in part by the three members of the 

SoxB1 subgroup (Sox1, Sox2 and Sox3) (Pevny et al., 1998; Bylund et al., 2003; 

Graham et al., 2003). Since Sox1, Sox2 and Sox3 have similar expression patterns, 

protein structures and functions it has been suggested that they have redundant roles in 

neural development (Collignon et al., 1996; Pevny and Rao, 2003). While these genes 

are necessary for maintenance of neural progenitors, thus far only Sox1 has been shown 

to convert Xenopus naïve ectoderm into neural tissue (Nitta et al., 2006). Furthermore, 

while it is understood that sox genes require cofactors to regulate their target genes in a 

tissue-specific manner (Kamachi et al., 2000; Tanaka et al., 2004), only a few partners 

have been identified and therefore the function of Sox proteins in combination with a 

partner has not been tested in early development of the nervous system.  
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The purpose of this dissertation is to compare and contrast the regulation and 

function of three SoxB1 proteins and a putative partner, Oct91, which are involved in 

neural progenitor identity, and how the regulation and function of these genes compares 

or contrasts to higher vertebrates. Identifying conserved regulatory and functional 

elements of SoxB1 and Oct91 proteins in different organisms gives evidence for a 

neural transcription code. Alternatively, from the differences we can learn how the 

central nervous systems of different species changed over time and may have evolved. 

Sox3 is a SoxB1 protein that is good candidate for studying neural induction 

across species because it is one of the first genes expressed in neuroectoderm in 

response to antagonism of bone morphogenic protein (BMP), and because its regulatory 

region in mouse has already been characterized (Brunelli et al., 2003). In Xenopus, sox3 

expression is dynamic. It is expressed prior to neural induction throughout ectoderm as 

maternal transcripts (Koyano et al., 1997). Following the onset of zygotic transcription 

at the midblastula transition (MBT), sox3 expression is restricted to the neuroectoderm 

by mid-gastrula (stage 11) (Penzel et al., 1997; Rogers et al., 2008). In the first part of 

my research, I have asked two questions about the regulation of sox3. (1) What cis-

modules within the sox3 regulatory region are responsible for its dynamic 

expression? (2) What transcription factors are regulating sox3 within these 

modules? 

I have experimentally determined that sox3’s zygotic expression begins pan-

ectodermally and becomes restricted to the neuroectoderm via the interplay of three cis-
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regulatory modules. An enhancer module containing an unidentified forkhead 

transcription factor binding sites is necessary for induction of sox3. A repressor module 

containing Vent transcription factor binding sites inhibits sox3 expression in the 

nonneural ectoderm. Another enhancer module containing binding sites for mediators of 

FGF signaling is necessary for the maintenance of sox3 in the neuroectoderm. These 

experiments are described in Chapter Two and these data have been published (Rogers 

et al., 2008). These data have provided useful information to guide my experiments into 

the function of the SoxB1 proteins.  

Because the SoxB1 proteins have been characterized as having overlapping and 

necessary roles in regulating neural progenitor identity, we investigated the mechanism 

by which Sox1 is sufficient to induce neural gene expression (Nitta et al., 2006). If each 

of the three SoxB1 proteins are necessary regulators of neural progenitor identity, they 

should also be sufficient to induce some neural gene expression. Previously, their ability 

to induce neuronal differentiation had been tested in naïve ectoderm with ectodermal 

explants, but their ability to inhibit epidermis formation and induce early neural genes 

had not been directly compared. Furthermore, while it is understood that sox genes 

require cofactors to regulate their target genes in a tissue-specific manner (Kamachi et 

al., 2000; Tanaka et al., 2004), overexpression phenotype of Sox proteins in 

combination with a partner has not been tested in the early development of the nervous 

system. Consequently, for the second part of my research, I have hypotheses which 

compare and contrast the function of each SoxB1. (3) Which neural genes are induced 
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by each SoxB1 protein in naïve ectoderm? (4) Do the SoxB1 proteins counteract or 

cooperate with a putative co-factor Oct91? (5) How does constitutively-active 

expression of each SoxB1 affect cell proliferation, neuronal differentiation, and 

maintenance of progenitor markers? 

I have experimentally determined that each SoxB1 protein has both overlapping 

and distinct roles in inducing neural genes. By using ectodermal explants assays, I 

determined which neural genes each SoxB1 could induce in naïve ectoderm. Sox1, 

Sox2 and Sox3 all induce neural progenitor markers, but do not induce expression of 

the neuronal marker n-tubulin (n-tub). However, Sox1 and Sox3 both induce a broad 

profile of progenitor markers while Sox2 induces only sox1 and the anterior neural 

marker eomes.  Sox3-VP16, a dominant activator form of Sox3, does induce n-tub. This 

indicates that Sox3 requires the presence of a co-factor for neuronal differentiation. To 

determine if the addition of a putative partner would change the profile of genes 

induced by each SoxB1, we overexpressed each SoxB1 with Oct91. Oct91 is the 

Xenopus homologue of Oct4. Oct91 alone induces neuron formation as marked by n-tub 

expression, and a broad range of neural markers like Sox1 and Sox3.  Addition of Sox2 

did not interfere with its ability to induce neural markers. However, the addition of 

Sox1 or Sox3 abolishes the ability of Oct91 to induce any neural markers even though 

epi-k was still repressed. These experiments are described in Chapter Three. 

Additionally, I am interested in how neural tissue is induced in different 

organisms, and how similar genes exert different functions in different organisms. In 
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Xenopus, Oct91 and Sox2 function to maintain neural progenitors. The homologues in 

mouse, Sox2 and Oct4, are necessary for maintaining embryonic stem cells (Avilion et 

al., 2003). Without Oct4 and Sox2, cells in the pre-implantation embryo form 

extraembryonic trophectodermal tissue (Nichols et al., 1998; Avilion et al., 2003). 

Additionally, Oct4 overexpression in neural stem cells, which express high levels of 

Sox2, is sufficient to induce pluripotent stem cells (Kim et al., 2009). For the third part 

of my research, I have asked questions about what the differences in expression and 

function of these dual use genes means for evolution. (6) What is an evolutionary 

mechanism that can explain how the genes that govern neural progenitor identity 

in amphibians were exadapted to govern pluripotency in mammals? 

I have proposed a model for mammalian evolution in which the signals required 

to induce and maintain neural progenitor populations in lower vertebrates were co-opted 

in mammals to balance against imprinting of the paternal genome, which drives 

formation of the placental tissues thereby allowing the embryo to imbed internally. 

These concepts are discussed in Chapter Four. 

II. Sox Family 

The Sox (Sry-related HMG-box) family of transcription factors bind to their 

target genes via their high mobility group (HMG) box binding domain to the consensus 

sequence (A/T)(A/T)CAA(A/T)G (Wegner, 1999). The family is composed of 20 genes 

with an HMG box defined by at least 60% similarity to the mammalian testis 

determining factor SRY (sex reversal on the Y chromosome) (Schepers et al., 2002). 
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Sox genes are further subdivided in 8 groups (A, B1, B2, C-H) (Bowles et al., 2000) 

with Sox1, Sox2 and Sox3 in the subgroup SoxB1. It has been proposed that Sry, which 

is on the Y chromosome, is actually a truncated form of Sox3 (Stevanović et al., 1993; 

Foster and Graves, 1994; Pask et al., 2000; Nagai, 2001; Marshall Graves, 2002). This 

is supported by sox3’s location on the X chromosome and strikingly its HMG box in 

mammals has had 0% change per 100 Myr, which indicates that it is indispensable 

(Nagai, 2001). It has been proposed that the Y chromosome is a truncated version of the 

X chromosome (Lahn and Page, 1997). 

III. SoxB1 Expression 

The soxB1s are expressed in the right time and the right place to regulate neural 

fate determination. Sox2 expression follows sox3 in the neural plate at the onset of 

neural induction (Rogers et al., 2008). Sox1 expression is first seen in the anterior 

neural plate near the end of neurulation (Nitta et al., 2006). In contrast in mammals, 

sox2 expression begins in the oocyte and sox3 expression follows with both expressed 

throughout the ectoderm prior to neural induction and restricted to the neural plate at 

gastrulation (Wood and Episkopou, 1999). In amphibians and mammals, Sox1 is 

expressed in response to neural induction in the neural plate (Rex et al., 1997; 

Uchikawa et al., 1999; Wood and Episkopou, 1999; Nitta et al., 2006).  

IV. SoxB1 Function Studies 

SoxB1 gain-of-function studies in Xenopus, chick and mouse have identified 

each gene as having a role in maintaining neural progenitor identity. Overexpression of 
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Sox1, Sox2 or Sox3 maintains cell proliferation, neural progenitor gene expression and 

inhibits neuronal differentiation (Pevny et al., 1998; Bylund et al., 2003; Graham et al., 

2003; Kan et al., 2004; Rogers et al., 2009). Sox1, but not Sox2, overexpression is 

sufficient to convert naïve ectoderm into neural tissue (Mizuseki et al., 1998a; Nitta et 

al., 2006). These data indicate that the SoxB1 have similar roles in maintaining neural 

progenitor identity, but that they may have different capabilities in inducing neural 

markers from naïve ectoderm. 

SoxB1 loss-of-function studies have demonstrated that they have overlapping 

roles in neural progenitor maintenance. While Sox2 is not sufficient for neural 

induction, it is necessary for neural induction. Knockdown of Sox2 prevents neuronal 

differentiation (Kishi et al., 2000). Overexpression of dominant negative Sox3 leads to 

neuronal differentiation (Bylund et al., 2003). Sox3-null mice have craniofacial defects 

and paralysis due to a neural crest migration defect (Rizzoti et al., 2004; Rizzoti and 

Lovell-Badge, 2007). Sox2-null mice do not survive past implantation (Episkopou, 

2005). When one Sox2 allele is mutated, mice suffer from epilepsy, have reduced 

neurons and reduced cell proliferation (Ferri et al., 2004). When both alleles of Sox2 

are inactivated in the mouse developing brain, the animals do not survive past birth 

(Miyagi et al., 2008). Sox1-null mice suffer from epilepsy, have small eyes, and have 

severe neuronal deficits in the forebrain (Malas et al., 2003; Ekonomou et al., 2005). 

These experiments establish SoxB1 proteins as sufficient for regulation of neural 
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progenitor status, but that a loss of either Sox1 or Sox3 can be compensated for because 

the central nervous system is still formed in each mutant. 

V. Oct4, a Sox2 Partner  

Sox transcription factors regulate their target genes by binding to the DNA, and 

by their interactions with other proteins through their transactivation domain (Kamachi 

et al., 2000). In mammals, an identified partner of Sox2 is Oct4. Oct4 (named for its 

octamer binding site ATGCAAAT) is in the Pou (Pit-1 Oct-1/2 Unc-86) class V family 

of transcription factors (Ryan and Rosenfeld, 1997).  Oct4 is necessary for maintenance 

of the inner cell mass (ICM) of the preimplantation embryo, which is the source of 

embryonic stem (ES) cells (Nichols et al., 1998).   In ES cells, Sox2 and Oct4 together 

regulate sox2 and FGF4 expression (Ambrosetti et al., 1997; Tomioka et al., 2002). 

Since Oct4 and Sox2 in ES cells together regulate pluripotency, slight reductions and 

increases in Sox2 levels upset its balance with its co-factor, thereby downregulating 

their target genes and cueing differentiation (Chew et al., 2005; Kopp et al., 2008).  

While in mammals Oct4 maintains pluripotent cells in the inner cell mass 

(ICM), the Xenopus homolgoue of Oct4, Oct91, induces neuronal differentiation in 

Xenopus (Frank and Harland, 1992). Xenopus has the unique feature of having three 

PouV genes: Oct25, Oct60 and Oct91 (Cao et al., 2006). Oct91 is the most similar to 

Oct4 and it can rescue ES cell self renewal in Oct4 knockout ES cells (Morrison and 

Brickman, 2006; Lavial et al., 2007). 
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VI. Current interest in Sox genes 

Since it has been found that Sox2 and Oct4 have a role in reprogramming adult 

cells into into induced pluripotent stem (iPS) cells, there is an interest in identifying 

their mechanism of action. It was originally demonstrated that a combination of Sox2, 

Oct4 and Klf4 together reprogram fibroblasts into iPS cells (Takahashi and Yamanaka, 

2006; Nakagawa et al., 2008), but most recent studies indicate that the addition of only 

Oct4 is required to convert mouse neural stem cells into iPS cells (Kim et al., 2009). 

Neural stem cells bypass the requirement for exogenous Sox2 because they already 

express high levels of Sox2. The functional studies in embryos and in cell lines indicate 

that Sox2 has a pivotal role in both inducing and maintaining pluripotent progenitor 

status.  

VII. Sox genes in human disorders  

Precise regulation of sox gene expression is necessary for proper development 

with both increased and decreased expression linked to a variety of defects. Sox2 

exhibits haploinsufficiency such that a mutation in or deletion of one allele is sufficient 

for abnormalities including severe foregut, eye and genitalia defects and seizures 

(Fantes et al., 2003; Ferri et al., 2004; Williamson et al., 2006; Kelberman et al., 2008). 

The seizures from reduced levels of Sox2 are caused from a deficiency in 

GABAergic neurons (Cavallaro et al., 2008). GABA is the main inhibitory 

neurotransmitter, and reduced numbers of GABAergic neurons lead to increased 

synaptic activity, which causes seizures (Mihalek et al., 1999). GABAergic 
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interneurons are increased from overexpression of Sox2 in the eye (Lin et al., 2009). 

Reduced levels of Sox2 also inhibit taste bud development, which is also dose-

dependent on Sox2 where high levels of Sox2 are necessary for differentiation of taste 

bud cells on the tongue (Okubo et al., 2006). On the other hand, elevated levels of Sox2 

are deleterious as high levels of Sox2 are found in a range of brain tumors (Kong et al., 

2008; Phi et al., 2008).  

Haploinsufficieny is a common trait among the sox genes. Sox8, Sox9 and 

Sox10 also exhibit haploinsufficiency where one mutated allele can cause sex reversal 

or hearing loss and megacolon (Foster et al., 1994; Wagner et al., 1994; Pingault et al., 

1998; Koopman, 2005; Bondurand et al., 2007).  

Both high and low levels of Sox3 can deleteriously affect normal brain function 

and physiology (Woods et al., 2005), and while Sox3 is on the X chromosome, carrier 

females are not excluded from its effects. While females have two copies of the X 

chromosome, only one X is transcriptionally active because the other is silenced during 

development in a process called X-inactivation. Differences in the pattern of X-

inactivation can give variable degrees of severity of mental retardation in both females 

and males with X-linked causes (Wolff et al., 1997; Wolff et al., 1998). Deletions of the 

X chromosome that include sox3 correspond to mental retardation, growth hormone 

deficiencies and seizures (Rousseau et al., 1991; Stevanović et al., 1993; Hamel et al., 

1996; Hol et al., 2000; Laumonnier et al., 2002; Bowl et al., 2005). Elevated levels of 
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Sox3 from gene duplication can also give growth hormone deficiencies and learning 

disabilities (Solomon et al., 2004).  

Sox3 is on the X chromosome at Xq27.1 and has been implicated in X-linked 

mental retardation (Wolff et al., 1997; Laumonnier et al., 2002). FMR1, known as the 

gene that causes fragile X, it located at X27.3. Fragile X is caused by transcriptional 

silencing of FMR1 and it is the leading genetic cause of mental retardation. Silencing of 

FMR1 is not a localized effect and causes delayed replication of its neighboring genes 

up to 400 kb away including sox3 (Hansen et al., 1997).  

Since it is X-linked, mental retardation from fragile X primarily affects males 

and previously it had been thought that carrier women for the premutation were 

unaffected. Now it is known that carrier women too can have clinical disorders 

(Hagerman and Hagerman, 2004; Brouwer et al., 2008). Differences in the pattern of X-

inactivation have variable degrees of severity of mental retardation in females with X-

linked causes (Wolff et al., 1998), including primary ovarian insufficiency and 

neurological deficits ranging from learning disabilities to autism and mood disorders 

(Brouwer et al., 2008; Roberts et al., 2009).  Studies with both female and male 

monozygotic twins have demonstrated that the phenotype is variable (Helderman-van 

den Enden et al., 1999) (Willemsen et al., 2000). In the case of carrier women, the 

pattern of X-inactivation seems to be the cause for the variable phenotype (Willemsen 

et al., 2000). In a case in which two sister’s inherited the same afflicted X chromosome, 

one had learning disabilities when 20% of her cells were using the afflicted X whereas 
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her sister had mental retardation when 50% of her cells were using the afflicted X 

(Wolff et al., 1998).  

Roughly 1 in 4 individuals with fragile X suffers from epilepsy (Sabaratnam et 

al., 2001). This has led to the generation of mice with decreased GABAergic neurons as 

a animal model for fragile X (D'Hulst et al., 2009). It is of note that deficiencies in all 

soxB1 genes can lead to seizures, and the prevailing evidence is that a loss of 

GABAergic interneurons is the root cause of these seizures (Malas et al., 2003) 

(Cavallaro et al., 2008). GABAergic interneurons are the neurons made during adult 

neurogenesis in the cortex (Cameron and Dayer, 2008). Since Sox2 and Sox3 are 

expressed in the adult (Wang et al., 2006), it is likely that these genes have a role in 

adult neurogenesis. 
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neural plate by Vent proteins 

 

Includes material published previously (Rogers et al., 2008). 
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I. Introduction 

By determining how an early neural gene that marks neural progenitors is 

regulated, we can study how neural progenitors are induced and maintained. Here we 

use the regulation of sox3 to model how the nervous system is induced from the 

ectoderm. Sox3 is initially expressed throughout the ectoderm in tissue that will form 

both the epidermis and the nervous system, and after neural induction its expression 

becomes restricted to the neural plate. By identifying what signals regulate the 

restriction of sox3 to the neural plate, we can understand how ectodermal cells are fated 

to become neural tissue versus epidermis. 

The Sox (Sry-related HMG-box) family is composed of 20 genes with an HMG 

box defined by at least 60% similarity to the mammalian testis determining factor SRY 

(Schepers et al., 2002), Sox genes are further subdivided into 8 groups (A, B1, B2, C-

H) (Bowles et al., 2000), with Sox1, Sox2 and Sox3 members of subgroup SoxB1. Sox3 

is located on the X chromosome and in mammals its HMG box in mammals has had 0% 

change per 100 Myr, indicating that it is indispensable (Nagai, 2001). In addition, it has 

been proposed that Sry actually evolved from Sox3 (Stevanović et al., 1993; Foster and 

Graves, 1994; Pask et al., 2000; Nagai, 2001; Marshall Graves, 2002).  

In amphibians, the regulation of sox3 is an ideal model for neural induction 

because it is one of the first genes expressed in neuroectoderm in response to 

antagonism of BMP. Sox3 is expressed in the oocyte as a maternal mRNA (Koyano et 
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al., 1997) and is later expressed zygotically in the developing nervous system 

throughout development (Penzel et al., 1997) and into adulthood (Wang et al., 2006). 

While the soxB1 genes share expression in the neural tube, only sox3 is expressed prior 

to neural induction in Xenopus (Rex et al., 1997; Wood and Episkopou, 1999; Brunelli 

et al., 2003; Pevny and Placzek, 2005; Wang et al., 2006) indicating that it plays a role 

in neural competence. Sox2 is first expressed in the dorsal ectoderm of the gastrula 

embryo in response to neural induction signals (De Robertis et al., 1997; Mizuseki et 

al., 1998a) and sox1 expression begins in late gastrula embryos (Nitta et al., 2006). 

Sox3 has been implicated as an important factor in the maintenance of dividing 

neural progenitors based on its expression pattern and gain- and loss-of-function 

analyses. Sox3 overexpression delays neurogenesis and expands the neural plate while 

its downregulation causes premature exit from the cell cycle and differentiation (Bylund 

et al., 2003; Dee et al., 2008; Rogers et al., 2009). Loss of sox3 expression in 

progenitors in Sox3-null mice results in craniofacial defects and paralysis due to neural 

crest migration defect (Rizzoti et al., 2004; Rizzoti and Lovell-Badge, 2007). In 

humans, deficiencies in Sox3 can cause severe hormone deficiencies, facial anomolies 

and varying degrees of mental retardation (Laumonnier et al., 2002; Solomon et al., 

2004). Sox3 is on the X chromosome so mental retardation due to Sox3 deficits 

primarily affects males, but females can also be afflicted depending on the level of X-

chromosome inactivation of the normal allele (Wolff et al., 1997). Despite the large 

body of work on Sox3’s function, little is know about its regulation. By identifying 
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what is required to regulate expression we can understand what signals are required for 

neural induction. 

Studies of the regulation of geminin in frogs and sox2 in chick reveal that BMP, 

Wnt and FGF signaling are involved in neural induction. Two modules in the geminin 

cis-regulatory region were identified as both necessary and sufficient for neural-specific 

expression with one module activated by β-catenin and another inhibited by Vent 

proteins, which are downstream effector of Wnt and BMP signaling, respectively 

(Taylor et al., 2006). Chicken sox2 is regulated by 11 enhancers that control expression 

in different neural tissues (Uchikawa et al., 2003). Important to this study are two 

enhancers, N-1 and N-2 that are required for expression in the CNS of early embryos. 

N-1 is necessary for anterior neural expression and N-2 is necessary for early neural 

induction signals. Functional analysis of the 460 bp N-1 revealed that it is activated by 

both FGF and Wnt signaling (Takemoto et al., 2006).  

In contrast, little has been reported on the regulation of sox3. Here we examine 

the regulation of the early neural gene sox3 as a means of identifying the neural 

induction pathway in Xenopus. Sox3 expression is dynamic and its expression begins 

pan-ectodermally and becomes restricted to the neuroectoderm via the interplay of three 

cis-regulatory modules. An enhancer module containing two forkhead transcription 

factor binding sites is necessary for induction of sox3. A repressor module containing 

two Vent transcription factor binding sites inhibits sox3 expression in the marginal 
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zone. Another enhancer module containing binding sites for mediators of FGF signaling 

is necessary for the maintenance of sox3 in the neuroectoderm. 

II. Materials and methods 

a. Plasmid construction 

Sox3 regulatory elements were cloned by inverse PCR by E. Casey. The PCR 

fragments were inserted into the plasmid pCR 2.1-TOPO using the TopoTA kit 

(Invitrogen Corporation) and sequenced. To generate Sox3-GFP, a 1.552 kb fragment 

upstream of the ATG was fused to eGFP and the SV40 polyA in pCS2+ in which the 

CMV promoter was removed. In the constructs with a minimal promoter, a 90 bp 

minimal cytoskeletal actin promoter (Mohun et al., 1987) was cloned as a blunt-HindIII 

fragment into the SmaI–HindIII sites of pGL3 (Promega) in which luciferase was 

replaced with eGFP. Internal deletions and binding-site mutations of Sox3-GFP were 

generated by DPN mutagenesis. 

b. Generation of transgenic embryos 

Transgenic embryos were generated as described (Kroll and Amaya, 1996) with 

the following modifications: 250 ng of linearized DNA, 5 µl sperm diluent buffer 

(SDB) and 3.5×104 nuclei/ml sperm nuclei were incubated with 5 µl of metaphase 

oocyte cytoplasm extract until nuclei decondensed (approximately 8 min) (Ishibashi et 

al., 2008). This was diluted in SDB to 70 nuclei/µl and kept at 15 °C until injected into 

oocytes at a flow rate of 0.6 µl/min over approximately 2 seconds. 

c. In situ hybridization 
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Whole-mount in situ hybridization (WISH) to eGFP was performed as described 

(Hemmati-Brivanlou et al., 1990; Harland, 1991) with the following modifications: 

prehybridization for 12 hours, hybridize for 12 hours and staining in BMP purple for 

approximately 70 hours at 4 °C. 

III. Results 

d. A 1.5kb upstream regulatory region in Sox3-GFP drives expression in the 

prospective neuroectoderm 

To determine the mechanism by which the BMP signaling pathway represses the 

induction of neural cell fates, we sought to identify cis-regulatory elements necessary 

for sox3 expression in early gastrulae. Transgenic embryos containing a 1.5 kb Sox3-

GFP reporter construct were generated and analyzed by WISH for GFP mRNA (Figure 

2.1). WISH was used because the level of GFP protein does not accumulate to 

detectable levels by the gastrula stage and is difficult to detect due to the high level of 

background autofluorescence. As expected, there was variability in the expression 

pattern likely due to the site of integration and the transgene copy number. However, 

the majority of transgenic embryos expressed GFP in the patterns shown in Figures 

2.1-4. 

 Strikingly, the 1.5 kb upstream regulatory fragment contains most of the 

information necessary to recapitulate the spatial and temporal expression of sox3. 

Importantly, the onset and restriction of expression to the neuroectoderm occur at the 

same time as endogenous sox3 allowing us to use this Sox3-GFP construct to identify 
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cis-elements that respond to neural induction and that are required for restriction of 

expression to the neuroectoderm. 

The Sox3-GFP pattern recapitulates the endogenous sox3 expression pattern 

with some differences. In stage 10.5 transgenic embryos, Sox3-GFP is expressed 

throughout the ectoderm with higher levels in the dorsal ectoderm (Figure 2.1). By 

stage 12.5, Sox3-GFP expression is restricted to the dorsal neuroectoderm. Unlike 

endogenous sox3, Sox3-GFP is expressed in the ectoderm overlying the notochord and 

in the involuting marginal zone adjacent to the blastopore indicating that a module 

required for restriction of expression is missing. In early tailbud embryos (stage 25), 

Sox3-GFP is expressed throughout the CNS but is missing from the otic placodes. 

Additional regulatory sequences including the 5′ UTR and the 3′ UTR were tested in 

transgenic gastrula and neurula embryos (data not shown) but they did not alter the 

expression pattern, thus demonstrating they are not required for expression.   

e. Region B is necessary but not sufficient for expression and contains an 

enhancer 

To identify cis-elements important for the onset and restriction of sox3 

expression, twenty-one 5′ end- and internal deletions of Sox3-GFP were constructed. 

These constructs referred to as p2–p22 were used to generate transgenic embryos which 

were analyzed at early and late gastrula (stage 10.5, 12–12.5, respectively) and neurula 

(stage 17–20) stages. The average transgenic efficiency, defined by the number of 

normally developed and Sox3-GFP expressing embryos out of the total number of 
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normally developing embryos, for Sox3-GFP was 46% in gastrula and 57% in neurula 

embryos. The total number of embryos (N) and the number of transgenic embryos 

expressing GFP in gastrula and neurula embryos (n) is presented in Tables 1-2. 

Deletion analysis revealed that a regulatory fragment extending to − 746 bp 

upstream of the ATG (p2) was sufficient to drive expression in the ectoderm of early 

gastrula embryos and in the CNS of neurula embryos (Figure 2.2). With a 5′ end-

deletion that extends to -672 bp, fewer embryos expressed GFP and those that did 

maintained a much lower level of expression (p3, Figure 2.2). As expected, constructs 

with regulatory regions extending to -520 bp and -299 bp also showed little expression 

(data not shown). These results indicate that the region between -746 and -672 bp is 

necessary for expression. To confirm this, an internal deletion of this region (p4) was 

generated and tested in transgenic gastrula and neurula embryos. The majority of the p4 

embryos showed no expression with only a few expressing low levels of GFP (Figure 

2.2). This demonstrates that p4, like p3, drives only very weak GFP expression and this 

is due to the loss of an enhancer (A1) between -746 and -672 bp (Figure 2.2B). 

To determine if A1 is sufficient to drive expression in the ectoderm, fragments 

extending from -746 to -630 and -1047 to -630 bp were linked to the CSKA minimal 

promoter and GFP and used to generate transgenic embryos (Figure 2.2A, p11 and 

p12). These transgenic embryos were assayed for expression by WISH but only 10% 

expressed GFP weakly in the ectoderm similar to that seen for p3 and p4 (Table 2). 
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Therefore, the region deleted in p3 and p4 (-746 to -672 bp) is necessary but not 

sufficient for expression. 

Larger internal deletions revealed a module required for repression of 

expression. While the deletion between -746 and -672 (p4) resulted in a loss of 

expression, a larger deletion from -746 to -520 (p5) resulted in expression in the 

ectoderm of gastrula embryos. Furthermore, an even larger deletion from -746 to -299 

(p6) resulted in robust expression throughout the ectoderm in the gastrula and neurula 

embryos (Figure 2.2A). One interpretation of these data is that a repressor module (R1) 

lies between -672 bp and -299 bp and removal of this repressor region abrogates the 

need for the A1 enhancer (Figure 2.2B). This indicates that a second enhancer module 

(A2) is present between -746 and -1550 bp and is required for full expression. 

To further characterize the putative repressor module, R1 (-672 and -463 bp) 

was deleted leaving A1 intact to generate construct p7 (Figure 2.3C). Both p7 and p6 

(A1 and R1 deleted) are expressed throughout the ectoderm and are never restricted to 

the neuroectoderm. While 92% of stage 12, Sox3-GFP embryos express GFP in only 

the dorsal ectoderm, 81% of p7 embryos express GFP throughout the ectodermal tissue 

(Table 1). This supports the hypothesis that the R1 is required for inhibition of sox3 

expression in non-neural ectoderm. 

f. Identification of transcription factor sites required for the regulation of 

Sox3-GFP 
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The upstream regulatory region of sox3 was analyzed to identify conserved 

transcription factor sites. Within A2 is an Elk-1 (Ets-like FGF effector) consensus motif 

conserved between X. laevis (− 1495 bp) and X. tropicalis (− 1274 bp) (Dalton and 

Treisman, 1992). FGF signaling uses ERK-dependent phosphorylated Ets/Elk as its 

intracellular effectors to regulate transcription (Price et al., 1995). FGF signaling in 

higher vertebrates is necessary for both the maintenance of the implanted mammalian 

embryo and for neural induction in chick and mouse (Feldman et al., 1995; Arman et 

al., 1998) (Wilson et al., 2000). In amphibians, there is a controversy over whether it is 

necessary for induction, or if its role is for just anterior/posterior patterning (Holowacz 

and Sokol, 1999; Linker et al., 2009). However, removal of the Elk site via a 200 bp 5′ 

deletion did not reduce expression levels in gastrula stages (p17, 53% expression in 

ectoderm, Figure 2.4, Table 2), but did reduce its expression at stage 17 indicating that 

FGF signaling is necessary for the maintenance, but not induction, of sox3 expression. 

The 5’ region from -1.55 to -.75 (p21 and p22) which contains the Elk site, is sufficient 

for expression in the neural tube of stage 17 embryos, but not for expression in gastrula 

stage embryos.  

A1 (green box, Figure 2.3A) contains two adjacent forkhead binding sites 

(FKHD, green text, Figure 2.3A) with core sequences identical to the 7–bp consensus 

site RTAAAYA (Kaufmann et al., 1995). These of these sites were mutated to CGCG 

and GCGC in Sox3-GFP and tested in transgenic embryos (Figure 2.3B). Mutation of 

the distal FKHD site (p13) led to a decrease in expression in neurula embryos (Figure 
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2.3B). Only 13% of the p13 embryos expressed GFP at low levels in the anterior CNS 

compared to 31% of Sox3-GFP embryos expressing high levels of GFP throughout the 

CNS. Mutation of the proximal FKHD site (p14) had no effect; p14 embryos expressed 

high levels of GFP throughout the CNS. Thus, the distal FKHD site is required for 

expression of Sox3-GFP in the CNS. 

Computational analysis of R1 revealed one Vent1 consensus motif (Friedle et 

al., 1998) and one Vent2 half-site (Trindade et al., 1999). Vent1 is a direct target of 

Vent2 (Friedle and Knöchel, 2002) which is a direct target of BMP signaling (Rastegar 

et al., 1999) and both are restricted to the non-neural ectoderm when sox3 is restricted 

to the neuroectoderm (Gawantka et al., 1995; Onichtchouk et al., 1996). Vent proteins 

are good candidates as repressors of sox3 not only because they are restricted to the 

non-neural ectoderm, but also because they have been identified as restricting gemimin 

expression to the neuroectoderm (Taylor et al., 2006).  To determine if these sites are 

important for restriction of sox3 expression, the Vent1 consensus site was mutated to 

generate p8 and the Vent2 consensus site was deleted to generate p9. The sites were 

both altered to generate p10 (Figure 2.3C). While p8 and p9 transgenic embryos 

expressed GFP in the dorsal ectoderm in late gastrula embryos, p10 embryos expressed 

GFP throughout the ectoderm in gastrula and neurula embryos (Figure 2.3C). These 

deletion studies demonstrate that a Vent1 and Vent2 consensus motif are required for 

the restriction of sox3 expression to the neuroectoderm.  
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IV. Discussion 

Deletion analysis in transgenic embryos identified three cis-modules important 

for the regulation of sox3 expression. Through dissection of these modules, we 

uncovered evidence indicating that an unknown forkhead binding protein is involved in 

the induction of sox3 and that two BMP targets, Vent1 and Vent2 (Rastegar et al., 1999; 

Friedle and Knöchel, 2002; Peiffer et al., 2005), restrict expression of sox3 to the 

neuroectoderm. This is confirmed by the finding that Vent1 or Vent2 overexpression in 

whole embryos represses expression of endogenous sox3 and Sox3-GFP in gastrula 

embryos (Rogers et al., 2008).  

Sox3 expression is dynamic; early pan-ectodermal expression is followed by 

gradual restriction to dorsal ectoderm. Our findings, similar to those for the regulation 

of the early neural gene zic1 (Tropepe et al., 2006), suggest that generation of this 

complex pattern requires more than derepression of BMP signaling. Indeed, analysis of 

deletion constructs in transgenic embryos revealed an additional upstream module (A1) 

that is necessary but not sufficient for expression of the sox3 transgene. Mutation of a 

forkhead consensus binding motif within this module decreased expression in neurula 

embryos with the exception of the anterior CNS. Since the mutation of the forkhead 

binding site did not mimic the deletion of the A1 module, we suspect that additional 

elements within or upstream of A1 are required for activity. 

Our analyses of sox3 expression identified a module required for restriction of 

expression to the neuroectoderm in late gastrula and another required for expression in 
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gastrula and neurula embryos. These studies combined reveal that there are at least two 

other modules required to control expression in gastrula embryos: (i) one to restrict 

expression from the marginal zone and (ii) one to respond to FGF signals to maintain 

expression in the neuroectoderm. These studies, when considered in light of previous 

studies of sox2 regulation in chick and sox3 regulation in mouse, indicate that sox3 does 

not share the same mechanism of regulation with sox2 or potentially even across 

species. Sox2 in chick is regulated by multiple enhancers, and FGF and Wnt signaling 

activate expression of sox2 in the neural plate (Uchikawa et al., 2003). Sox3 in mouse is 

regulated by tissue-specific enhancers for different regions along the anterior-posterior 

axis of the neural tube (Brunelli et al., 2003). While conservation of regulatory modules 

is a common way to identify important regulatory domains, the absence of conserved 

transcription factor binding sites for genes with similar expression profiles in different 

species is not unusual (Dermitzakis and Clark, 2002). In fact, there are many other 

genes which have different regulatory codes but maintain the same expression profile 

(Ludwig et al., 2000). The question remains: is there a neural transcription code? It 

would be tempting to say “no” given the distinct regulation of sox2 and sox3 in different 

organisms. Studies of the regulation of additional early neural genes will help to 

elucidate this complex question of neural development. 
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V. Figure legends 

 
Figure 2.1. A 1.5 Kb upstream regulatory region in Sox3-GFP drives expression in 

the prospective neuroectoderm similar to sox3 endogenous expression. (A) WISH 

for endogenous sox3 in untreated embryos (top row) and GFP in Sox3-GFP transgenic 

embryos (bottom row) at early gastrula (st. 10.5), mid-gastrula (st. 11.5), late gastrula 

(st. 12) and neurula stages (st. 25). Gastrulae have dorsal on top, except the insets which 

are lateral views. Neurula embryos are dorsal views. 

 

Figure 2.2. The 74-bp region is necessary, but not sufficient, for expression of 

Sox3-GFP. WISH for gfp expression in gastrula (st. 10.5) and neurula (st. 17-20) 

transgenic embryos containing full-length Sox3-GFP or deletions.  (A) Diagrams of 5’ 

end and internal deletions of the sox3 upstream regulatory region are labeled. The 

region included in the construct is indicated by a bar and deletions by the absence of 

this bar. A red bar denotes no expression of gfp while a green bar marks the constructs 

that drive gfp expression. Numbers indicate the deletion end points. (B) A model 

summarizes the data from the shown constructs. The region between -672 and -746 bp 

(green A1) is required for expression (p2-4, p15-16) except when R1 (repressor 

module) is deleted (p5-6). In the absence of R1, A2 is required for expression (p11-12). 

The total number of embryos with the representative expression pattern and the relative 

levels of expression are in Table 1. 
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Figure 2.3. Identification of transcription factor binding sites required for 

regulation of Sox3-GFP expression. (A) Sequence of regulatory elements and putative 

transcription factor binding sites. The boxed region is the putative activator module A1, 

which is deleted in p4. The remaining sequence is the putative repressor module, R1, 

which is deleted in p7. The entire region in A plus sequences up to -299 are deleted in 

p6. Putative forkhead (FKHD) binding sites are labeled in green and putative Vent1 and 

Vent2 sites are in red. (B) WISH of transgenic embryos (stage 17-20) expressing Sox3-

GFP constructs. Embryos are a dorsal view with anterior to the right. A diagram of the 

upstream regulatory region shown in A is on the left. The numbers in the lower right 

hand corner refer to the number of embryos with the representative expression pattern 

shown over the total number of embryos. (C) WISH of transgenic embryos (stage 12) 

expressing Sox3-GFP constructs. Embryos are a vegetal view with dorsal on top. An 

inverted triangle indicates a deletion and an X indicates that a site has been mutated. 

The total numbers of embryos with the expression pattern are show in Table 1. Putative 

TF sites from panel A are represented schematically in the same colors: green circle, 

Fkhd; red hexagon, Vent1 and 2. 

 

Figure 2.4. An FGF response element in the 5’ region of Sox3-GFP is necessary for 

maintenance of expression. (A) Diagrams of 5’ and 3’ end deletions of the sox3 

upstream regulatory region are labeled. P21 and p22 are linked to the CSKA minimal 

promoter (B) A model summarizing the data. When deleted in p17 and p2, the region 
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between -1.35 and -1.55 (green A2) is required for expression at stage 17, but not for 

expression at stage 10.5. The region between -1.55 and -.75 is sufficient for expression 

after stage 17 (p21-22). The total number of embryos with the representative expression 

patterns and the relative levels of expression are in Table 2. 
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VI. Figures and Tables 

Figure II.1. A 1.5kb upstream regulatory region in Sox3-GFP drives expression in 

the prospective neuroectoderm similar to sox3 endogenous expression. 
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Figure II.2. The 74-bp region is necessary, but not sufficient, for expression of 

Sox3-GFP. 
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Figure II.3. Identification of transcription factor binding sites required for 

regulation of Sox3-GFP expression. 
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Figure II.4. An FGF response element in the 5’ region of Sox3-GFP is necessary 

for maintenance of expression. 



34 

 

Table 1. Expression of GFP constructs during neural induction and neurulation. 

 

Construct Stage N Pan-ectoderm (n) Neuroectoderm (n)

% %

Sox3-GFP 10-10.5 104 77 (30) 23 (9)
11-11.5 138 52 (27) 48 (25)
12 44 8 (2) 92 (23)

p6 12 208 45 (40) 55 (48)
p7 12 51 81 (13) 19 (3)
p8 12 45 45 (10) 55 (12)
p9 12 62 47 (8) 53 (9)
p10 12 36 73 (16) 27 (6)
p10 17-20 71 68 (13) 32 (6)
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Table 2. Levels and patterns of transgene expression used in promoter analysis. 

 

Stage Construct N Expression (n) Relative Intensity
%

Sox3-GFP 286 41 (116) +++
p2 498 22 (108) ++
p3 31 13 (4) +
p4 80 8 (6) +
p5 279 32 (90) ++
p6 410 39 (159) +++
p11 245 9 (21) -
p12 100 12 (12) -
p21 139 3 (4) -
p22 191 5 (10) -

Sox3-GFP 151 31 (47) +++
p2 39 69 (27) +
p3 41 22 (9) -
p4 94 37 (35) -
p6 81 43 (35) +++
p21 178 20 (36) +
p22 170 13 (23) +

Pan-ectoderm (n) Neuroectoderm (n)

% %

12 p17 186 51 (50) 49 (48)
10-10.5 XtSox3 32 92 (11) 8 (1)
11-11.5 28 75 (9) 25 (3)
12 34 86 (6) 14 (1)

Gastrula 10-
12

Neurula 17-
20
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    Chapter III Oct91 and Sox2 maintain neural progenitors in Xenopus 

 

 

Figures 5 and 6 published previously (Rogers et al., 2009). Figure 5A contributed by N. 

Harafuji. Figure 5B bottom row and 6A contributed by C. Rogers. 
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I. Introduction 

Neural progenitor identity is regulated by the three members of the SoxB1 

subgroup (Sox1, Sox2 and Sox3) (Pevny et al., 1998; Bylund et al., 2003; Graham et 

al., 2003). In mouse, Sox2 is also necessary for maintaining embryonic stem cells 

(Avilion et al., 2003). While these proteins are necessary for maintenance of neural 

progenitors, thus far only Sox1 has been shown to convert Xenopus naïve ectoderm into 

neural tissue (Nitta et al., 2006). Furthermore, while it is understood that Sox proteins 

require cofactors to regulate their target genes in a tissue-specific manner (Kamachi et 

al., 2000; Tanaka et al., 2004), the function of Sox proteins in combination with 

partners has not been tested in early development of the nervous system.  

The soxB1 genes are expressed in the ectoderm prior to neural induction. In 

Xenopus, sox3 maternal transcripts are expressed throughout the ectoderm. Following 

the onset of zygotic transcription at the midblastula transition (MBT), sox3 expression 

is restricted to the neural plate by mid-gastrula (stage 11) (Penzel et al., 1997; Rogers et 

al., 2008). Sox2 is expressed in neuroectoderm at the onset of neural induction (Nitta et 

al., 2006). In contrast, mouse sox2 is expressed maternally and sox2 and sox3 are 

expressed throughout the ectoderm prior to gastrulation (Wood and Episkopou, 1999). 

In both frog and mouse, sox1 is first seen in the neuroectoderm at the end of 

gastrulation (Nitta et al., 2006).  

Sox1-3 function to regulate neural progenitor identity by maintaining 

proliferation of the multipotent progenitors while also preventing differentiation. 
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Overexpression of Sox1, Sox2 or Sox3 maintains progenitor cells and inhibits neuronal 

differentiation (Pevny et al., 1998; Bylund et al., 2003; Graham et al., 2003; Rogers et 

al., 2009). Even though they similarly maintain progenitor cells, Sox1-3 have unique 

abilities. Sox1, but not Sox2, overexpression is sufficient to convert naïve ectoderm into 

neural tissue (Mizuseki et al., 1998a; Nitta et al., 2006). While Sox2 is not sufficient for 

neural induction, it is necessary. Knockdown of Sox2 prevents both neural  

specification and neuronal differentiation (Kishi et al., 2000). On the other hand, forced 

repression of Sox3 target genes via overexpression of dominant negative Sox3 leads to 

neuronal differentiation (Bylund et al., 2003). Mouse knockouts for each SoxB1 gene 

also have different phenotypes. Sox3-null mice have craniofacial defects and paralysis 

due to a neural crest migration defect (Rizzoti et al., 2004; Rizzoti and Lovell-Badge, 

2007). Sox2-null mice do not survive past implantation (Episkopou, 2005). Sox1-null 

mice suffer from epilepsy, have small eyes, and have severe neuronal deficits in the 

forebrain (Malas et al., 2003). These experiments establish SoxB1 proteins as sufficient 

for regulation of neural progenitor status, but that a loss of Sox1 or Sox3 individually 

does not prevent brain formation. 

Since Sox1, Sox2 and Sox3 have similar expression patterns, protein structures 

and functions it has been suggested that they have redundant roles in neural 

development (Collignon et al., 1996; Pevny and Rao, 2003). In support of this 

hypothesis, Sox1 can rescue the decrease in cell proliferation in chick spinal cord 

caused by Sox2 inhibition (Graham et al., 2003). Conversely, Sox2 can compensate for 
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loss of Sox1 in telencephalic neurons (Ekonomou et al., 2005). Furthermore, 

neurospheres lacking sox1 have up-regulated levels of sox2 and sox3 (Kan et al., 2007), 

indicating that sox2 and sox3 compensate for the loss of sox1. While they can 

compensate for each other and restore progenitor identity, there is also evidence that 

each SoxB1 protein has a unique role in specific tissues during development.  

There is a growing understanding that Sox proteins require a partner protein or 

co-factor to regulate their target genes (Pevny and Lovell-Badge, 1997; Wegner, 1999; 

Wilson and Koopman, 2002). Sox2 can induce neural tissue in naïve ectoderm only 

with the addition of FGF (Mizuseki et al., 1998a), Sox2 overexpression alone may be 

insufficient to induce neural tissue due to its requirement for a partner protein (Kamachi 

et al., 2000; Nowling et al., 2000). In mouse, Sox2 is expressed in embryonic stem (ES) 

cells and is necessary for their self-renewal, yet both its downregulation and 

overexpression cue differentiation (Chew et al., 2005; Kopp et al., 2008). 

The requirement of a co-activator can explain why both increased and decreased 

levels of Sox2 have a similar effect. Oct4 is a known partner of Sox2 in mammals and is 

required for the proper regulation of the Sox2 target genes (Yuan et al., 1995; 

Ambrosetti et al., 1997; Chew et al., 2005). Overexpression of Sox2 in embryonic stem 

(ES) cell, embryonic carcinoma cells and the developing eye downregulates Sox2:Oct4 

target genes which leads to decreased proliferation and premature differentiation (Boer 

et al., 2007; Kopp et al., 2008; Lin et al., 2009). Sox2 and Oct4 also regulate both sox2 

and FGF4 expression (Tomioka et al., 2002). In mammalian ES cells, the Oct4 
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knockout is never able to express sox2 and the addition of FGF4 is insufficient to rescue 

sox2 expression which leads to differentiation into extraembryonic, or trophectoderm, 

tissue (Feldman et al., 1995; Yuan et al., 1995; Nichols et al., 1998). These data 

indicate that Sox2 expression and regulation of its target genes requires Oct4. A striking 

example of this is when Oct4 is overexpressed in mouse neural stem cells that express 

high levels of Sox2, the cells are converted into induced pluripotent stem (iPS) cells 

(Kim et al., 2009). 

Oct91 is the Xenopus homologue of mammalian Oct4. Xenopus has the unique 

characteristic of having three PouV genes: Oct25, Oct 60 and Oct91 (Ryan and 

Rosenfeld, 1997). While each of these has very similar expression patterns, Oct91 is the 

most likely candidate partner protein because its structure and function most closely 

resemble Oct4 (Lavial et al., 2007), and Oct91 rescues the loss of Oct4 in embryonic 

stem cells (Morrison and Brickman, 2006). 

In this work, we have sought to delineate the overlapping and distinct roles for 

each SoxB1 protein by comparing the gene expression profile induced by each, to 

determine the extent to which each cooperates with Oct91, and to examine the 

consequences of constitutively-active SoxB1 proteins. Sox2 and Sox3 repress epidermis 

and induce sox1 and the anterior neural marker eomes while Sox3 also induces neural 

progenitor markers gem and msi1, proneural markers ngnr-1 and neural crest marker 

slug. Sox3 activates all these genes independently of sox2 expression. Sox1 induces 

both sox2 and sox3 expression. Additionally, Noggin and Sox3 induce FGF8 and sox1 
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expression in gastrula stage ectodermal explants. Oct91 alone induces neuronal 

differentiation. Overexpression of each SoxB1 with Oct91 did not alter the ability of 

Oct91 to induce expression of progenitor markers, but blocked induction of n-tub. In 

contrast, addition of Sox3 blocked the ability of Oct91 to induce any neural markers 

even though epi-k is repressed. In whole embryos, co-injection of each SoxB1 with 

Oct91 prolongs the inhibition of n-tub and induces posterior protrusions. Constitutively-

active Sox1 and Sox2 in transgenic embryos generated using a bicistronic expression 

vector represses anterior development and n-tub expression while increasing cell 

proliferation. Constitutively-active Sox3, however leads to increased apoptosis. 

Altogether, these data indicate that Sox1 and Sox3, not Sox2, are sufficient for neural 

induction and expression of proneural markers, but this induction is insufficient for 

neuronal differentiation. Sox2 cooperates with Oct91 to maintain a neural progenitor 

identity, whereas Sox1 and Sox3 counteract Oct91 in ectodermal explants. We provide 

evidence for both overlapping and distinct functions of Sox1-3, for neural development 

requiring precise levels of Sox2 and Sox3. 

II. Materials and Methods 

a. Embryo culturing and manipulations 

Xenopus laevis embryos were obtained using standard methods (Sive et al., 2000) 

and staged according to (Nieuwkoop and Faber, 1994). Ectodermal explants were 

isolated from stage 8–9 embryos and cultured in 75% Normal Amphibian Medium 
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(Slack and Forman, 1980). Explants were collected at stages 12 and 22 based on 

untreated sibling embryos. 

b. Plasmid Construction 

The bicistronic TMmCherry:2A:NLSeGFP vector was obtained from Dr. Mike 

Parsons. It was cloned into pEF6/V5-HIS TOPO TA Expression Plasmid (Invitrogen). 

To exchange the mCherry for the SoxB1 genes, the BamHI site upstream of 2A was 

mutated to an EcoRI site via site-directed mutagenesis with the following primer 

sequence: forward 5’-AGCTGTACAAGCAATTCGGAGCCACG-3’, reverse primer is 

reverse complement of forward primer (mutated nucleotides are underlined). Following 

mutagenesis, mCherry was removed by double digestion with SpeI and EcoRI. SoxB1s 

were inserted by PCR amplification which added SpeI to 5’ and EcoRI to 3’. Sox1was 

amplified using primers forward 5’-

GGACTAGTTGAATGTACAGCATGATGATGGA-3’ and reverse 5’- 

CGGAATTCGATGTGTGTCAGTGGCATGGT-3’. Sox2 was amplified using primers 

forward 5’- GGACTAGTATGTACAGCATGATGGAGACCG-3’ and reverse 5’- 

CGGAATTCCATGTGCGACAGAGGCAGCGT-3’. Sox3 was amplified using primers 

forward 5’-GGACTAGTATGTATAGCATGTTGGACACC-3’ and reverse 5’- 

CGGAATTCTTATATGTGAGTGAGCGGTA-3’. SoxB1s were cloned in frame 

starting with the ATG and ending prior to the stop codon.  

c. Primary Xenopus cell cultures and transfection 
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Primary cultures of Xenopus fibroblast cells were derived and cultured from stage 

30 embryos using standard procedures (Rafferty, 1969; Kanamori and Brown, 1993; 

Goswami et al., 2003). The eyes, gut, skin and tail of the embryos were removed and 

the remaining tissue was surface-sterilized with gentamycin/ampicillin,  homogenized 

with 70% trypsin solution (Gibco), and cultured in 70% Leibovitz’s L-15 (Invitrogen). 

Transfection with Fugene HD (Roche) was performed following the manufacturer’s 

directions and optimized to a ratio of 11 µl Fugene HD to 2 µg DNA. 

d. mRNA synthesis and microinjection 

Synthetic capped mRNAs were made by in vitro transcription using mMessage 

mMachine kits (Ambion). Amounts injected for whole embryo overexpression were as 

follows: 400pg of sox3-GR (Kishi et al., 2000),  500 pg of sox1 (gift from T. Grammer 

and R. Harland), 500 pg of sox2 (Mizuseki et al., 1998a), 500 pg of sox3 ((Hardcastle 

and Papalopulu, 2000) as received from R. Grainger), 500 or 1000 pg of oct91 (Frank 

and Harland, 1992), 600 pg of each bicistronic SoxB1, 300 pg of eGFP (Clonetech), and 

300 pg of lacZ. Amounts injected for explant analysis were as follows: 25 pg noggin 

(Knecht et al., 1995), 200 pg sox3-VP16 (Zhang et al., 2003), 500 pg for Low dose, 800 

pg for High dose of SoxB1 genes, 1000 pg for High dose of oct91, and for co-injections 

each are injected at the low dose. 

e. Generation of transgenic embryos 

Transgenic embryos were generated as originally described by  (Kroll and 

Amaya, 1996) with the following modifications: 250 ng of linearized DNA, 5 µl sperm 
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diluent buffer (SDB) and 3.5 × 104 nuclei/ml were incubated with 5 µl of metaphase 

oocyte cytoplasm extract until nuclei decondense (approximately 8 min) (for 

comprehensive methods see (Ishibashi et al., 2008)). This was diluted in SDB to 70 

nuclei/µl with 520 µl of SDB and kept at 15 °C until injected into oocytes at a flow rate 

of 0.6 µl/min over approximately 2 s. 

f. Whole-mount in situ hybridization and β-galactosidase assay 

Whole-mount in situ hybridization (WISH) was performed as described 

(Hemmati-Brivanlou et al., 1990; Harland, 1991) with the following modifications: 

proteinase K, paraformaldehyde and acetic anhydride treatments were not done. For 

lineage tracing, β-galactosidase activity was visualized with X-gal (Research Organics). 

For in situ probes, we used n-tubulin (Richter et al., 1988) and epi-keratin (Jonas et al., 

1985). 

g. Reverse Transcription PCR 

RT-PCR was performed as described (Wilson and Hemmati-Brivanlou, 1995). 

Total RNA was extracted from 10 ectodermal explants and cDNA was generated using 

random hexamer primers and reverse transcriptase (Bioline). See Table 3 for primer list 

and PCR conditions.  

h. Immunohistochemistry  

Immunohistochemistry was performed as described (Kyuno et al., 2003) with the 

following modifications: incubated with primary notochord anti-Tor70 (1:5) (Bolce et 

al., 1992) or somite anti-12/101 antibodies (1:500) (Kintner and Brockes, 1984); 
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secondary antibody peroxidase-conjugated goat, anti-rabbit IgG (1:300 

Upstate/Millipore) as described (Brivanlou and Harland, 1989; Dent et al., 1989); 

peroxidase visualized with DAB Chromogen tablets (Dako). Proliferating cells were 

detected with anti-phospho-Histone H3 (Ser10) antibody (Upstate/Millipore). 

i. Terminal transferase assay 

Embryos were injected with 25 pg of Sox2:2A:GFP pr Sox3:2A:GFP DNA. 

Whole mount TUNEL assay was performed after (Hensey and Gautier, 1998) with the 

following modifications: TdT enzyme (NEB), BMB blocking agent (Roche). Labeled 

cells were visualized by WISH as described. 

III. Results 

a. Sox2 and Sox3 expand expression of early neural markers and delay the 

expression of proneural and neuronal markers. 

Previously, maternal sox3 was identified as having a role in axis formation by 

ventralizing the embryo through inhibition of Xenopus nodal (Xnr5) activity when 

overexpressed equatorially (Zhang et al., 2003). To define the function of Sox3 during 

early neural development, we injected sox3 mRNA into the animal pole of half of a 

two-cell stage embryo, and analyzed the expression of the early neural genes sox2, 

geminin, soxD and zicR1 which, like sox3, are known to be induced in response to BMP 

antagonists (Mizuseki et al., 1998a; Mizuseki et al., 1998b; Taylor et al., 2006; Tropepe 

et al., 2006; Rogers et al., 2008). Overexpression of sox2 or sox3 expanded the neural 
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plate, as indicated by expanded expression of sox2 (n=42/71), geminin (n=37/44) , soxD 

(n=28/28), and zicR1 (n=126/155) in neurula embryos (Figure 3.1).  

To determine the effect on neuronal differentiation, embryos were collected at 

early neurula stages when neuronal differentiation is initiated (Bellefroid et al., 1996) 

and at tailbud when primary neurogenesis is complete. Overexpression of sox3 inhibited 

the expression of the pan-neuronal and proneural markers n-tubulin (n=88/92) and 

ngnr-1 (n=30/32) in stage 14 neurula embryos (Figure 3.1B). However, in tailbud 

embryos, n-tub and ngnr-1 expression was expanded (Figure 3.1B, n-tub n=109/125, 

ngnr-1, n=95/126) indicating that neuronal differentiation was delayed. While 

overexpression of sox2 also expanded the boundary of cells expressing n-tub (n=24/32), 

ngnr-1 was unaltered (n=32/36). 

To rule out the possibility that these responses to overexpression were due to 

alternations in axis formation in the blastula, we injected mRNA coding for a hormone 

inducible form of Sox3 (Sox3-GR) and activated this protein after the mid-blastula 

transition (MBT) at stage 9.5 with dexamethasone (Dex). Sox3-GR expanded 

expression of sox2, geminin,  and soxD in neurula stage embryos similarly to Sox3 and 

delayed and expanded expression of n-tub and ngnr-1. Both Sox2 and Sox3 inhibited 

foration of the trigeminal placode in both stages studied (Figure 3.2, Sox2: n-tub 

n=21/53, ngnr-1 n=31/53; Sox3: n-tub n=72/179, ngnr-1 n=28/42). 

b. Overexpression of Oct91 and SoxB1 proteins expand the neural plate at 

the expense of epidermis formation and form posterior protrusions 
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Since we demonstrated that Sox2 and Sox3 expand the neural plate by increasing 

cell proliferation and inhibiting neurogenesis (Rogers et al., 2009), we tested whether 

the other SoxB1 protein, Sox1, also expands the neural tube and examined the effect of 

overexpression of Oct91, a putative partner protein of Sox2. To compare the function of 

Sox1, Sox2 and Sox3, we generated a bicistronic expression system using the 2A 

oligopeptide from the picornavirus foot-and-mouth disease virus (FMDV) (de Felipe 

and Ryan, 2004). The 2A oligopeptide mediates intraribosomal cleavage such that two 

proteins are generated from a single transcript and the 2A peptide is maintained as a tag 

on the first protein (Figure 3.3A). 2A-mediated cleavage gives consistent levels of the 

polycistronic proteins, unlike other systems such as intraribosomal entry sites (IRES), 

which bias toward the first protein (de Felipe, 2004). To ensure the functionality of the 

system in Xenopus, we transfected Xenopus cells with a fluorescent bicistronic 

expression vector containing a constitutively-active EF1α promoter linked to mCherry 

with a plasma-membrane localization signal, 2A, and eGFP with a nuclear localization 

signal. In transfected cells, both red fluorescence and nuclear green fluorescence were 

detected (Figure 3.3B). We also injected the bicistronic mRNA into one blastomere at 

the two-cell stage and visualized the nuclear-localized GFP in whole embryos (Figure 

3.3C). For use in our gain of function studies we replaced the mCherry with each of the 

soxB1 genes (Figure 3.3I). mRNA coding for each protein was injected into one 

blastomere at the two-cell stage with GFP as a lineage tracer, thereby leaving one half 

of the embryo as a untreated control. 
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Sox1 and Oct91 both expanded the neural tube similarly to Sox2 and Sox3 

(Figure 3.4A). To determine if the bicistronic forms of the SoxB1s retain their ability to 

expand the neural tube, we injected mRNA of each into one blastomere of a two-cell 

stage embryo. The bicistronic forms of Sox1, Sox2 and Sox3 all expand the neural plate 

on the injected side, and like Sox2 and Sox3, bicistronic Sox2 and Sox3 inhibit 

epidermal formation as marked by decreased epi-keratin (epi-k) expression in stage 20 

embryos (Figure 3.5) (Rogers et al., 2009). Furthermore, Oct91, Sox1 and Sox3 are 

both able to repress epi-k in the lateral and ventral tissues that are discontinuous from 

the expanded neural tube. 

Since it had been previously shown that Sox2 overexpression was insufficient to 

induce neural markers in ectodermal explants, and that ES cell progenitor maintenance 

is dependent on the cooperation of Sox2 and Oct4 (Tomioka et al., 2002), we 

hypothesized that SoxB1s in combination with Oct91 would inhibit neuronal 

differentiation more effectively than each SoxB1 alone. Previously, we demonstrated 

that  Sox2 and Sox3 repress n-tub expression at stage 14, however, by stage 23, n-tub 

expression is expanded (Rogers et al., 2009).  The recovery from inhibition by Sox1, 

Sox2 and Sox3 overexpression was first detected at stage 15, whereas overexpression of 

Oct91 inhibited n-tub expression at stage 15 (Figure 3.6A). Oct91 also expanded n-tub 

similarly to the SoxB1 genes by stage 23.  At stages 15 and 23, embryos co-injected 

with Oct91 and SoxB1 phenocopied the embryos overexpressing Oct91 alone with n-

tub inhibited at stage 15 and expnded at stage 23 (Figure 3.6B).  However, by stage 30, 
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the phenotype of co-injected embryos was distinct from the SoxB1 or Oct91 injected 

embryos due to posterior protrusions. Using immunohistochemistry, we showed that the 

extra tissue does not contain muscle or notochord tissue and consequently is not a 

second axis or tail (Figure 3.7). To rule out the possibility that the increased total 

amount of mRNA was the cause of the posterior protrusions, we injected two times the 

amount of oct91 mRNA (Figure 3.6B, top row). A higher concentration of Oct91 could 

not recapitulate the posterior protrusions, indicating that Oct91 synergized with the 

SoxB1s to both prolong the inhibition of n-tub and to form posterior protrusions. An 

anterior injection causes laterally displaced and ectopic neurons as well as a slight 

thickening of tissue by stage 30 (Figure 3.8). These data indicate that Oct91 behaves 

similarly to the SoxB1s, but that it delays neurogenesis for longer than the SoxB1s, and 

that overexpression of Oct91 with each SoxB1 prolongs the inhibition of n-tub. 

c. SoxB1s and Pou91 are sufficient to induce neural tissue in naïve ectoderm   

Previous studies suggested that Sox2 alone was insufficient for neural induction 

in ectodermal explants and FGF signaling was required to induce neural tissue as 

marked by n-tub expression (Mizuseki et al., 1998a). However, it is possible that the 

SoxB1 proteins are sufficient to induce neural markers in ectoderm in the presence of 

their partner proteins without exogenous FGF.  

To address whether the SoxB1s require a partner to induce neural markers in 

ectoderm, ectodermal explants were isolated from embryos injected both blastomeres of 

the two-cell stage with mRNA coding for each soxB1 alone, oct91, sox2 with sox3 or 
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sox3-VP16, cultured until early tailbud, and assayed by RT-PCR (Figure 3.9). GFP was 

also co-injected as a lineage tracer, and only the explants ubiquitously positive for GFP 

were collected for analysis. Neural induction is marked by expression of the early 

neural genes sox2, sox3, geminin (gem), zicr-1 and the neural progenitor marker 

musashi1 (msi1, also known as neural related protein-1 or nrp-1). Pro-neural genes 

such as ngnr-1 also mark neural tissue, while differentiated neurons are detected by 

expression of post-mitotic neuronal markers such as n-tub, neural border cells are 

marked by the neural crest marker slug, and uninjected caps form epidermis as revealed 

by epi-k expression. Eomesodermin (eomes) is a T-box transcription factor that induces 

mesoderm (Conlon et al., 2001) and also marks anterior neural tissue (Ryan et al., 

1998). Noggin, which is a secreted protein that inhibits BMP, induces all neural markers 

tested and inhibits epidermal formation (Smith et al., 1993).  

Sox2 and Sox3 repressed epidermis and induced sox1 and the anterior neural 

marker eomes while Sox3 induced progenitor markers gem and msi1, proneural markers 

ngnr-1 and neural crest as marked by slug expression (Figure 3.9). Sox3 activated all 

these genes independently of sox2 expression. The neuronal marker n-tub is not induced 

by either gene. Additionally, Noggin and Sox3 induced FGF8 and sox1 expression in 

gastrula stage ectodermal explants (Figure 3.11), but the induction of these two genes 

by Sox3 was not maintained in tailbud stage explants. These data indicate that Sox3, but 

not Sox2, is sufficient for neural induction, but that this induction is insufficient for 

neuronal differentiation. 
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To determine the extent to which Sox2 and Sox3 either counteract or cooperate 

with Oct91, we co-injected mRNA coding for both proteins with Oct91. Oct91 alone 

induces neuronal differentiation as marked by NCAM expression in ectodermal explants 

(Snir et al., 2006), and Oct91 also induced gem, sox3, sox2, sox1, eomes, msi1 and n-tub 

(Figure 3.9). Addition of Sox2 did not alter the ability of Oct91 to induce expression of 

progenitor markers, but blocked induction of n-tub. In contrast, Sox3 blocked the ability 

of Oct91 to induce any neural markers even though epi-k was still repressed. One 

interpretation for these data is that Sox2 cooperates with Oct91 to maintain a neural 

progenitor identity, whereas Sox3 and Oct91 counteract each other in ectodermal 

explants.  

To determine if co-injections of Sox2 and Sox3 could recapitulate the Oct91 

overexpression phenotype, we tested whether co-injection of both Sox2 and Sox3 could 

lead to n-tub expression. Overexpression of Sox2 with Sox3 lead to a similar phenotype 

as a high concentration of Sox3, in which ngnr-1 and msi1 expressions are reduced 

when compared to the low dose of Sox3 (Figures 3.9).  

We previously showed that Sox3 activates sox2 in whole embryos (Rogers et al., 

2009), however in ectodermal explants it does not. One hypothesis is that it can activate 

sox2 in the whole embryo because its partner protein is present. If SoxB1 proteins 

require a partner protein for their function, a VP16 dominant active version of the 

transcription factor will override the requirement for a partner protein to be present to 

activate transcription of its target genes (Emami and Carey, 1992; Wu et al., 1994). To 
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determine the extent to which Sox3 requires a partner protein to induce neuronal 

differentiation by activating its target genes, we injected a dominant activator form of 

Sox3, sox3-VP16. In contrast to Sox3, Sox3-VP16 is sufficient to induce sox2 and 

consequently neuronal differentiation as marked by n-tub expression (Figure 3.9). Thus 

in these ectodermal explants, Sox3 may be missing its partner and therefore cannot 

activate sox2 expression. 

Although sox1 is expressed after the onset of neural induction, it was previously 

shown to be sufficient to induce neural markers in late stage explants (stage 32) (Nitta 

et al., 2006). To determine the effect of Sox1 on early neural markers in tailbud 

ectoderm explants (stage 22) and if it cooperates with or counteracts Oct91, ectodermal 

explants were isolated from embryos injected in both blastomeres at the two-cell stage 

with mRNA coding for sox1, oct91, or oct91 plus sox1. Individually, Sox1 or Oct91 

induced expression of sox3, sox2 and msi1, however together they activated only sox2  

(Figure 3.10). Taken together, these results suggest that Sox1 and Sox3 are sufficient 

for neural induction as marked by early neural and neural progenitor markers, and all 

three SoxB1 proteins counteract neuronal differentiation caused by Oct91.  

d. Constitutively-active Sox1 and Sox2 retard anterior development and 

repress neuronal differentiation 

Overexpression of each SoxB1 in whole embryos inhibits n-tub expression at 

the onset of neurogenesis but n-tub expression rebounds and is expanded in tailbud 
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embryos (Figure 3.1, 3.6) (Rogers et al., 2009). One explanation of this rebound is that 

by stage 15, mRNA levels decline and the larger progenitor pool begins to differentiate.  

To determine the effect of constitutive soxB1 gene expression on whole embryo 

development, we generated transgenic embryos using the bicistronic vector shown in 

Figure 3.3. The average transgenic efficiency (TE) as determined by in situ 

hybridization for GFP of reporter constructs in our hands is approximately 50% (Rogers 

et al., 2008). With these constructs, however, our TE as determined by GFP 

fluorescence was 8% (50/603). While a low percentage of transgenic embryos was 

generated, a consistent phenotype was visible in neurula embryos expressing 

Sox1:2A:GFP and Sox2:2A:GFP. These embryos develop slower than the non-GFP-

expressing sibling embryos generated from sperm nuclei injections, and have a smaller 

cement gland (Figure 3.12). By tailbud stages, however, the heads of GFP-positive 

embryos fail to form fully (16/17 for Sox1; 31/33 for Sox2) and as the embryos age, 

they began to shed their epidermis.  

To determine the effect of constitutively active Sox1 and Sox2 on neuronal 

differentiation, WISH for the neuronal marker n-tub was performed on Sox1:2A:GFP 

and Sox2:2A:GFP transgenic embryos (Figure 3.13A-C). While ectopic neurons can be 

seen in Sox1 and Sox2 transgenic embryos, these embryos lack n-tub in the midline of 

the posterior tube, but did express n-tub in the head (10/12). In embryos with 

unincorporated plasmid and interspersed spots of GFP expression, n-tub was 

moderately expanded with few ectopic neurons (2/12).  
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Since neuronal differentiation is reduced in these transgenic embryos, we next 

asked if neural progenitor markers were expanded. Since Sox1 can activate expression 

of both sox2 and sox3 in explants, we expected it to expand expression of sox2. In 

transgenic embryos, however, Sox1:2A:GFP transgenic tailbud embryos had reduced 

sox2 expression (Figure 3.13D-F). To address if Sox2:2A:GFP transgenic embryos had 

increased proliferation of progenitors, we performed immunohistochemistry for 

phosphorylated histone H3 (pH3) because previously we demonstrated that Sox3 

overexpression increased cell proliferation (Rogers et al., 2009). Sox2:2A:GFP 

transgenic embryos (n=5) had a higher density of pH3 positive cells (an average of 45 

pH3 positive cells per 1.2 mm2 area) compared to non-GFP sibling embryos generated 

from sperm nuclei injections (average of 10 positive cells, n=5) (Figure 3.13G-I’).  

Embryos were generated with sperm nuclei transfer using the Sox3:2A:GFP 

bicistronic expression vector (n=631), however no GFP-positive embryos were 

generated. Since we were able to in vitro transcribe mRNA that generated a phenotype, 

we hypothesized that the cells positive for both GFP and Sox3 did not survive. To 

determine if cell death was the cause for a lack of GFP-positive embryos, we injected 

25 pg of Sox3:2A:GFP DNA into the zygote (Figure 3.14). As a control, we also 

injected 25 pg of Sox2:2A:GFP DNA. In the Sox2:2A:GFP injected embryos, GFP-

positive cells were visible by late gastrula (data not shown). The Sox3:2A:GFP injected 

embryos, however, did not have GFP positive cells and instead formed large fluid-filled 

cavities that were optically clear and positive for GFP fluorescence (data not shown). 
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To determine if this edema was caused by cell death, we used terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. At stages 11 

and 25, there was a five-fold increase in the number of Sox3:2A:GFP embryos that had 

low (20 TUNEL positive cells per dorsal half) to high (50 positive cells) levels of 

apoptosis compared to Sox2:2A:GFP embryos. Therefore, constitutive-active Sox3 led 

to increased cell death. 

IV. Discussion 

a. Sox1, Sox2 and Sox3 have overlapping and distinct roles in neural 

induction 

In this report, we sought to understand the role of Oct91 and SoxB1 proteins in 

neurogenesis by comparing the profile of neural genes expressed in response to each. 

While each inhibits neurogenesis, they achieve this through both overlapping and 

distinct mechanisms. Sox2 inhibits epidermis formation, but does not activate any 

neural genes except sox1, while Sox3 induces a wide range of neural progenitor and 

neural markers without inducing sox2, and Sox1 is capable of inducing both sox2 and 

sox3. 

In whole embryo experiments, overexpresion of Sox1, Sox2, Sox3 or Oct91 

expands the neural plate, inhibits epidermis formation, and inhibits neurogenesis in 

neurula embryos only to induce ectopic neurons by tailbud stages. This shared function 

supports prior work in the chick spinal cord, which showed that Sox1 rescues the 

decrease in neural progenitors caused by overexpresion of dominant negative Sox2 
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(Graham et al., 2003). Furthermore, in Sox1-null neurospheres sox2 and sox3 levels are 

up-regulated to presumably compensate for the loss of Sox1 (Kan et al., 2007). 

Altogether these data indicate that the SoxB1s are key regulators of neural progenitor 

formation, and that function is redundant.  

Although SoxB1 proteins are known to be necessary regulators of neural 

progenitor status, their target genes have not been identified or directly compared. Our 

studies indicate that the phenotype caused by each SoxB1 alone are indistinguishable 

from the others, however they arrive at these phenotypes through distinct mechanisms 

that at times overlap.  

By using ectodermal explants assays, we determined that Sox1, Sox2 and Sox3 

all induce neural progenitor markers, but do not induce expression of the neuronal 

marker n-tub. However, Sox1 and Sox3 both induce a broad profile of progenitor 

markers while Sox2 induces only sox1 and the anterior neural marker eomes. Sox2 

overexpression with Sox3 does not counteract Sox3’s ability to induce progenitor 

markers nor does it cooperate with Sox3 to induce neuron formation. Sox2 

overexpression does induce sox1 expression, yet the genes induced by Sox1 are not 

induced. This indicates that cell fate determination is dependent on precise levels of the 

Sox genes. This observation is supported by prior work that found cell fate 

determination to be very sensitive to Sox2 levels (Kopp et al., 2008). Even slight 

decreases in Sox2 levels can have profound effects on brain development (Ferri et al., 

2004; Williamson et al., 2006). This is also supported by our studies in which a 
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different profile of genes were induced from two different concentrations of sox3. Even 

high levels of Sox3 cannot lead to the induction of neuronal markers, however Sox3-

VP16, the dominant activator form of Sox3, does induce n-tub. This supports our prior 

work which demonstrated that Sox3 is capable of directly activating sox2 expression in 

whole embryos (Rogers et al., 2009). Together, these data indicate that Sox3 requires 

the presence of a co-factor for neuronal differentiation.  

To determine if the addition of a putative partner would change the profile of 

genes induced by each SoxB1, we overexpressed each SoxB1 with Oct91, the Xenopus 

homologue of Oct4. Oct91 alone induces neuron formation as marked by n-tub 

expression (Snir et al., 2006). Here we show that Oct91 also induces neural progenitor, 

pro-neural and neural crest marker expression.  Addition of Sox2 did not interfere with 

this ability to induce neural markers, but it did not enhance this ability either. 

Surprisingly, the addition of Sox1 or Sox3 interfered with the ability of Oct91 to induce 

any neural markers even though epi-k was still repressed. As epidermis was still 

inhibited, it indicated that either very low levels of each protein are needed to repress 

epi-k, or that Oct91 does partner with Sox3 to repress epi-k but that another protein 

must interact with Sox3 to induce neural tissue. 

b. Sox in FGF pathway 

In ectodermal explants, Oct91 induces neuronal markers whereas Sox2 and 

Sox3 do not. It was therefore unexpected that in whole embryos overexpression of 

Oct91would inhibit neurogenesis for longer than the SoxB1 genes. Furthermore, when 
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Oct91 is co-injected with each SoxB1, the inhibition of n-tub is prolonged past stage 15. 

This combined effort to delay neurogenesis is recapitulated by the ectodermal explant 

data. When Oct91 is co-injected with each of the SoxB1s, n-tub is not induced.  

In late tailbud embryos, Oct91 synergizes with the SoxB1 genes to induce 

formation of posterior protrusions. Induction of FGF8 could account for the posterior 

protrusions. A similar phenotype of tail-like posterior protrusions is seen from 

overexpression of EphA4 receptor (Park et al., 2004), which when overexpressed 

induces expression of FGF4, FGF8 and FGF receptors FGFR1 and FGFR4a. 

Interestingly, FGF4, a known target of Sox2 and Oct4 in mammals, was not induced 

(data not shown).  

c. Implications for evolution: swapped timing of sox2 and sox3, and the 

evolution of placental mammals require de novo regulation of eomes 

The comparison of disparate roles that Sox2 and Oct4 have in mammals and 

amphibians has implications regarding the divergence from amphibians to mammals. 

Sox2 functions to maintain cells as progenitors by preventing differentiation into 

epidermis and neurons. Our data indicate that Sox3, in contrast, pushes cells along their 

path towards neuronal identity by inducing pro-neural gene expression that is sufficient 

for neural induction. This is a significant finding because it explains in part how Sox2 

functions to induce pluripotent stem cells from mammalian fibroblasts (Eminli et al., 

2008; Nakagawa et al., 2008; Zhao and Daley, 2008; Trounson, 2009). In mammals, 

Sox2 expression precedes Sox3 expression and behaves as a master regulator of stem 
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cell status. In contrast, in lower vertebrates such as Xenopus, sox3 expression precedes 

sox2. Since sox3 is a maternal gene and expressed prior to sox2, one would expect Sox3 

to have a role in neural competence and specifying neural progenitor identify. We found 

this not to be the case. This indicates that in mammals and amphibians the roles of Sox2 

and Sox3 are similar but their timing of expression is reversed, and this early expression 

of sox2 in mammals lead  it to be the master regulatory protein of stem cell identity – 

not just of neural progenitor identity (Avilion et al., 2003).  

In mammals, Sox2 and Oct4 have gained an expanded role in controlling 

pluripotency over their previous role of maintaining neural multipotency in amphibians. 

In mammals, Sox2 and Oct4 expression determine which tissue will form the ICM 

rather than becoming trophectoderm (extraembryonic tissue) (Pesce et al., 1998; Pesce 

and Schöler, 2001). The ICM is a source of stem cells and forms the embryo, whereas 

the extraembryonic tissue forms the placenta. Loss of either Oct4 or Sox2 is lethal and 

results in formation of trophectoderm only (Nichols et al., 1998; Niwa et al., 2000; 

Avilion et al., 2003), while Eomes in mammals is necessary for trophectoderm and 

mesoderm formation (Russ et al., 2000).   

The T-box transcription factor Eomes is important for mesoderm differentiation 

in both Xenopus (Ryan et al., 1996) and mouse (Russ et al., 2000) and also has a role in 

Xenopus neural development. Our ectodermal explant assays revealed that Sox3 induces 

eomes expression as we predicted because eomes and sox3 expression overlaps in 

dividing neural progenitors in the telencephalon (Ryan et al., 1998; Brox et al., 2004).   
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Therefore, Eomes is expressed at the right place and at the right time to be a target of 

Sox3.  Even though we expected Sox3 to induce eomes expression, it was surprising 

that Sox2, and Oct91 also induced eomes expression since they are required for 

different cell lineages in the mammalian early embryo for the ICM versus 

trophectoderm fate choice. This finding indicates that after amphibian evolution, Eomes 

acquired de novo expression to play a role in placenta fate determination. Therefore, 

Oct91 and Sox2 have a role in neural progenitor multipotency in amphibians, and 

mammals they acquired the novel function of inducing and maintaining ES cell 

pluripotency. While the regulatory mechanisms for ICM machinery are in place in 

lower vertebrates (albeit out of order), the pro-implantation placental regulatory 

mechanisms are not.  

d. Constitutively-active Sox1 and Sox2 reduces anterior development 

Here we use the 2A bicstronic expression system in transgenic embryos to study 

the function of a gene. Constitutive levels of Sox1 and Sox2 from transgene expression 

in transgenic embryos cause reduced anterior development. Since goosecoid 

knockdown causes reduced anterior development (Sander et al., 2007), and knockdown 

of Sox3 expands and diffuses goosecoid in the organizer by repressing Nodal (Zhang et 

al., 2004),  high levels of SoxB1 proteins may inhbit the formation of the organizer by 

repressing goosecoid. Alternatively, Sox1 and Sox2 may interfere with formation of the 

organizer by inhibiting Wnt singaling in blastula embryos as both inhibit β-catenin-

mediated signaling (Kan et al., 2004; Kelberman et al., 2008). 
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e. Sox3 in tumor suppressor pathway 

It was surprising that we were not able to generate any GFP positive embryos 

using Sox3:2A:GFP, but we were able to generate transgenic embryos from the 

Sox1:2A:GFP and Sox2:2A:GFP bicistronic constructs, albeit with low efficiency. 

Continued ubiquitous expression of Sox3 is lethal because we found that injecting 

Sox3:2A:GFP DNA into fertilized embryos caused cell death. We have observed that 

embryos cannot tolerate high levels of Sox3 mRNA, which is why we inject 400 pg into 

whole embryos and up to 800 pg for ectdoermal explants. Why is it that the embryos 

cannot tolerate high levels of Sox3, while they can tolerate high levels of Sox1 and 

Sox2?  One possibility is that high levels of Sox3, but not Sox1 or Sox2, activate the 

tumor suppressor pathway. These observations indicate that high levels of Sox3 repress 

proliferation, while lower levels can induce proliferation. That high levels of Sox3 can 

have a different effect from lower levels is supported by our data. We have shown that 

high concentrations of Sox3 induce a different gene expression profile compared to 

lower concentrations. In support of this, even though both Sox2 and Sox3 are expressed 

in the adult brain, only Sox2 is found in brain tumors (Dong et al., 2004; Wang et al., 

2006);  Sox2 is elevated in gliomas and down-regulating sox2 expression inhibits tumor 

formation (Gangemi et al., 2009). However, while there are not published reports of 

Sox3 being up-regulated in any neural cancers, sox1, sox2 and sox3 are expressed in 

lung cancer cells (Güre et al., 2000; Vural et al., 2005) and sox3 is also upregulated in 

lymphomas (Kim et al., 2003).  Constitutively-active Sox3 is sufficient to cause 
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cancerous transformation in chick embryonic fibroblasts (Xia et al., 2000). 

Furthermore, sox3 is regulated by both oncogenes and tumor suppressors. Specifically, 

the human sox3 promoter contains binding sites for the tumor suppressor USF and the 

oncogene Sp1 (Kovacevic Grujicic et al., 2005). Altogether these reports indicate that 

Sox3 has oncogenic potential, that Sox3 is regulated by at least two independent tumor-

suppressor pathways, and that only in non-neural tissues Sox3 can override its tumor-

suppressor mechanisms. Another early neural gene that has a duplicitous role in cancer 

and can behave as either an oncogene or tumor suppressor is the early neural gene 

geminin (Montanari et al., 2006). Geminin’s expression pattern and function are similar 

to Sox3 (Kroll et al., 1998).  

f. Precise levels of Sox2 and Sox3 are necessary for proper neural 

development 

RT-PCR analysis of explants in which Sox1, Sox2 or Sox3 were overexpressed 

demonstrates that different level of the protein dramatically alter the responding gene 

expression profile. For example, even though Oct91 overexpression induces expression 

of sox1, sox2, sox3 and n-tub expression, elevated levels of each SoxB1 in combination 

with Oct91 repress n-tub expression. Furthermore, although Sox1 induces expression of 

both sox2 and sox3 and both Sox2 and Sox3 can induce sox1, overexpression of Sox2 or 

Sox3 inhibits the expression of the target genes induced by Sox1 alone. These data 

indicate that specific levels of the SoxB1s are required for expression of different 

subsets of target genes. These data are supported by human diseases caused by slight 
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variations in Sox2 and Sox3 levels. Mutation of a single allele of Sox2 is sufficient to 

cause severe eye, urogenital, and esophageal defects and seizures (Fantes et al., 2003; 

Ferri et al., 2004; Williamson et al., 2006) whereas Sox2-null mice do not develop past 

implantation (Episkopou, 2005). High levels of Sox2 are found in a range of brain 

tumors (Kong et al., 2008; Phi et al., 2008). Both high and low levels of Sox3 can 

deleteriously affect normal brain function and physiology (Woods et al., 2005) whereas 

decreased levels of Sox3 from chromosome deletions lead to mental retardation, growth 

hormone deficiencies and seizures (Rousseau et al., 1991; Stevanović et al., 1993; 

Hamel et al., 1996; Hol et al., 2000; Laumonnier et al., 2002; Bowl et al., 2005). 

Elevated levels of Sox3 from gene duplication can also give growth hormone 

deficiencies and learning disabilities (Solomon et al., 2004). Finally, haploinsufficiency 

is a common trait within the Sox family. Sox8, Sox9 and Sox10 also exhibit 

haploinsufficiency where one mutated allele can cause sex reversal or hearing loss and 

megacolon  (Wagner et al., 1994); (Foster et al., 1994; Pingault et al., 1998) (Koopman, 

2005; Bondurand et al., 2007). 

In summary, we demonstrate that while each SoxB1 inhibits neuronal 

differentiation and epidermis formation, they each have different roles in maintaining 

progenitor identity. For neuronal differentiation, Sox3 requires the presence of a partner 

protein. Oct91, a putative partner for the SoxB1 gene is the Xenopus homologue of 

Oct4, and Sox2 did not interfere with its ability to induce neural markers. However, the 

addition of Sox1 or Sox3 abolishes the ability of Oct91 to induce any neural markers. 
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Constitutively-active expression of Sox1 or Sox2 represses anterior development and 

neuronal differentation, but does not expand neural progenitor markers even though cell 

proliferation is increased. Constitutively-active Sox3 expression results in cell death. 

Taken together, these data indicate that precise levels of SoxB1 genes are required for 

proper neural development. 
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V. Figure legends 

Figure 3.1. Sox3 expands the expression of early neural markers and delays the 

expression of proneural and neuronal markers.  (A) WISH of neurula embryos 

(stage 17) for early neural markers indicated in lower right corner. (B) WISH of stage 

14 neurula embryos and stage 23 tailbud embryos for the pan-neuronal marker: n-tub 

and pro-neural marker: neurogeninr-1 (ngn). Embryos are injected with sox2 or sox3 

(400 or 500 pg) and lacZ (100 pg) mRNA in on blastomere of a two-cell stage embryo. 

Images are a dorsal view with anterior to the bottom and the injected side on the right 

marked by a black asterisk in the first panel. 

 

Figure 3.2. Sox3-GR induced after MBT expands neural progenitors and delays 

neurogenesis. (A) WISH of sox2 (n = 22/30), gem (n = 31/35), and soxD (n = 12/17) as 

indicated in the bottom right corner. Dorsal view of st. 17 embryos with anterior to the 

bottom. (B) WISH of n-tub (st. 14 n = 88/92; st. 23 n = 109/125), ngn (st. 14, n = 30/32; 

st 23 n = 95/126) (dorsal view with anterior to the bottom) and neuroD (lateral view of 

head with anterior to the right). One-cell of a two-cell embryo was injected with sox3-

GR (400 pg) and lacz (100 pg) mRNA and incubated with Dex at stage 9. Asterisk 

indicates injected side. 
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Figure 3.3. A constitutively-active bicistronic vector generates two proteins from a 

single transcript in Xenopus.  (A) A diagram for the bicistronic 2A vector shows that a 

single transcript forms two proteins. mCherry (pink) contains a plasma membrane 

localization signal (PmLS, white) and GFP contains nuclear localization signal (NLS, 

black). (B-E) Xenopus embryonic fibroblast cell transfected with the bicistronic system 

with mCherry in the plasma membrane (C) and GFP in the nucleus (D). (F-H) In vitro 

transcribed mRNA injected into 1 of 2 cells is visible under a dissecting fluorescent 

microscope in a neurula stage 17 embryo. (I) Bicistronic constructs used for the 

generation of transgenic embryos. Each SoxB1 (purple) is upstream of the 18 amino 

acid 2A viral sequence (blue) followed by nuclear localizing GFP (green) and poly-A 

signal (brown) and expression is controlled by the constitutively-active Eflα promoter 

(orange).  The T7 promoter (gray) is used for in vitro translation (see methods). Asterisk 

marks injected side. Diagram not to scale.  

 

Figure 3.4. Oct91 and Sox1 expand the neural tube and repress epidermal 

formation similarly to Sox2 and Sox3. (A) Bright field and fluorescent microscopy of 

stage 17 embryos injected with Sox1, Sox2, Sox3 or Oct91 co-injected with GFP 

mRNA into one blastomere of the two-cell staged embryo. (B) Bright field and 

fluorescent microscopy of stage 17 embryos injected with bicistronic sox1:2A:GFP, 

sox2:2A:GFP and sox3:2A:GFP mRNA. All views are dorsal with anterior to the left 
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with exception B top row which are anterior views. Brackets in A-B compare the 

relative width of the neural tube of the uninjected to the injected side. 

Figure 3.5. Oct91 and Sox2 repress epidermal formation similarly to Sox2 and 

Sox3. (A-E) WISH for epidermis marker epi-k expression in embryos injected in half 

the embryo at the two-cell stage with mRNA encoding for bicistronic SoxB1 and LacZ, 

or Oct91 and GFP. Uninjected (UI) lateral views are compared to the injected side and 

the dorsal views. (A) Control treatment with mRNA encoding for dual fluorescent 

proteins.  

 

Figure 3.6. Oct91 and the SoxB1s synergize to prolong n-tub inhibition and to 

induce posterior protrusions. (A-K) WISH for n-tub in embryos injected in 1 of 4 

cells with LacZ and oct91, sox1, sox2, or sox3 mRNA. Asterisk in top row marks the 

injected side. Arrowhead marks laterally displaced neurons.  Ectopic neurons are seen at 

both stage 23 and 30 in all treatments.  (M-V) WISH for n-tub in embryos injected 

ventrally at 1 of 4 cells with oct91 alone or in combination with sox1, sox2 or sox3, and 

LacZ. Ectopic neurons are seen by stage 23 in all treatments. SoxB1s co-injection with 

oct91 results in posterior protrusions at the injection site by stage 30. 

 

Figure 3.7. Co-injection of SoxB1s with Oct91 results in posterior protrusions that 

are not second tails and do not contain notochord or muscle tissue. 

Immunohistochemistry for somites with anti12/101 (A-C) and notochord with 
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anitTor70 (D-F) in embryos injected at 1 of 4 cells with a mixture of lacZ, oct91 and 

sox1, sox2 or sox3. The extra posterior tissue at the injection sites do not have ectopic 

staining of either marker. Embryos stained for Tor70 have been cleared with BB:BA. 

Asterisk marks injected side.  

 

Figure 3.8. Alternative phenotype from anterior injections result in expanded 

boundary of n-tub expression. Embryos from the same experiment as in Figure 10 

that have a different phenotype other than the represented embryos in Figure 10.  (A) 

WISH for n-tub in embryos injected in 1 of 4 cells with LacZ and oct91, sox1, sox2, or 

sox3 mRNA. Ectopic neurons are seen at both stage 23 and 30 in all treatments. (B) 

WISH for n-tub in embryos injected with oct91 alone or in combination with sox1, sox2 

or sox3, and LacZ. Embryos have ectopic neurons and thickened tissue in the anterior. 

 

Figure 3.9. Sox2, Sox3 and Oct91 induce unique arrays of neural genes in 

ectodermal explants. (A) Diagram of ectodermal explant assay. mRNA is injected into 

2 of 2 cells. Prior to gastrulation, the ectoderm is removed. Cultured explants that are 

ubiquitous for GFP are collected and processed by RT-PCR.  (B) RT-PCR analysis of 

stage 22 whole embryo (WE) or ectodermal explants from embryos injected with 

noggin, sox2 or sox3, or uninjected (UI). The genes induced by Sox2 and Sox3 are 

mutually exclusive, with the exception of eomes. Sox2 Low (L) and High (H) dose had 

same effect so only High dose is shown.  (C) RT-PCR analysis of stage 22 ectodermal 
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explants from embryos injected with oct91 (Low or High dose), oct91 with sox2 or 

sox3, sox2 (S2) with sox3 (S3), or sox3-VP16. (D) Sox3 and Sox3-VP16 diagram of the 

20 amino acids removed from the C-terminus and replaced with VP16 (Diagram 

adapted from (Kamachi et al., 2000)). 

 

Figure 3.10. Sox1 induces markers of neural progenitors counteracts Oct91-

mediated neuron formation. RT-PCR analysis of stage 22 whole embryo (WE) 

ectodermal explants from uninjected (UI) embryos, embryos injected with noggin, sox1, 

oct91, or oct91 plus sox1. GFP was injected in all treatments as a lineage tracer.  

 

Figure 3.11. Sox3 induces neural genes and FGF8 in gastrula explants independent 

of sox2. RT-PCR on stage 12 ecotdermal explants injected with noggin, sox2 or sox3, 

sox2 plus sox3 or the caps remained uninjected (UI). A whole embryo (WE) control is 

also shown.  Sox3 induces a wide range of neural-induction associated genes excluding 

sox2. In the co-injected caps, each gene is at its low level for a total amount of RNA 

equal to the high dose. The caps are negative for bra and therefore do not have 

mesoderm contamination. 

 

Figure 3.12. Constitutively-active Sox1 in transgenic embryos represses anterior 

development. Bright field, GFP fluorescence and merged images of transgenic embryos 

generated with bicistronic form of Sox1:2A:GFP (A-G)  and Sox2:2A:GFP (H-N) (see 
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Figure 1). At neurula stages, fluorescence is visible in normally-developing transgenic 

Sox1:2A:GFP (A-C) and Sox2:2A:GFP embryos (H-J). (D,K) A stage 30 sibling 

embryo generated from sperm nuclei transfer serves as a staging control. At tailbud 

stages, Sox1:2A:GFP (E-G) and Sox2:2A:GFP (L-N) transgenic embryos have small 

heads or no head. Arrowheads indicate missing epidermis.   

 

Figure 3.13. Sox1:2A:GFP and Sox2:2A:GFP transgenic embryos continue to 

repress n-tub and Sox2:2A:GFP have increased proliferation. (A-C)WISH for n-

tub. (A) A stage 30 sibling embryo generated from sperm nuclei transfer serves as a 

staging control. N-tub expression is delayed in transgenic (B) Sox1:2A:GFP and (C) 

Sox2:2A:GFP transgenic embryo embryos with reduced heads. (D-F) WISH for sox2 in 

stage 30 transgenic Sox1:2A:GFP embryos. Sox2 is not expanded in embryos with 

small heads or absent heads. A non-transgenic sibling embryo is shown (D). (G-I) 

Immunohistochemistry for phosphorylated histone H3 immunohistochemistry in 

Sox2:2A:GFP transgenic embryos. Embryos are shown at the same magnification. 

Hatched box indicates magnified view. (G’-I’) pH3 positive cells have been counted in 

the magnified views. 

 

Figure 3.14. Sox3:2A:GFP DNA leads to a five-fold increase in cell death. (A-F) 

TUNEL staining in (A) uninjected embryos or injected with bicistronic (B, E) 

Sox2:2A:GFP or (C, F) Sox3:2A:GFP plasmid DNA at 1 of 1 cell stage.  (A-C) Stage 
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11 embryos are animal pole views. (D-F) Stage 20 embryos are lateral views with 

anterior to the left. Numbers of embryos with the represented phenotype are in the 

lower right corner. (G) Percentages of embryos with relatively high (more than 50 cells 

positive), low or no staining. 
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VI.  Figures and Tables 

Figure III.1. Sox3 expands the expression of early neural markers and delays the 

expression of proneural and neuronal markers. 
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Figure III.2. Sox3-GR induced after MBT expands neural progenitors and delays 

neurogenesis. 
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Figure III.3. A constitutively-active bicistronic vector generates two proteins from 

a single transcript in Xenopus. 
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Figure III.4. Oct91 and Sox1 expand the neural tube and repress epidermal 

formation similarly to Sox2 and Sox3. 
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Figure III.5. Oct91 and Sox2 repress epidermal formation similarly to Sox2 and 

Sox3. 
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Figure III.6. Oct91 and the SoxB1s synergize to prolong n-tub inhibition and to 

induce posterior protrusions. 
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Figure III.7. Co-injection of SoxB1s with Oct91 results in posterior protrusions 

that are not second tails and do not contain notochord or muscle tissue. 
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Figure III.8. Alternative phenotype from anterior injections result in expanded 

boundary of n-tub expression. 
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Figure III.9. Sox2, Sox3 and Oct91 induce unique arrays of neural genes in 

ectodermal explants. 
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Figure III.10. Sox1 induces markers of neural progenitors counteracts Oct91-

mediated neuron formation. 
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Figure III.11. Sox3 induces neural genes and FGF8 in gastrula explants 

independent of sox2. 
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Figure III.12. Constitutively-active Sox1 in transgenic embryos represses anterior 

development. 
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Figure III.13. Sox1:2A:GFP and Sox2:2A:GFP transgenic embryos continue to 

repress n-tub and Sox2:2A:GFP have increased proliferation. 
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Figure III.14. Sox3:2A:GFP DNA leads to a five-fold increase in cell death. 
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Table 3. Primer sets used for RT-PCR. 

 

 

Primer Name Sequence 5' to 3' Tm Degrees C Cycles Source

Brachyury F TGCCACAAAGTCCAGCAGAACC 66.28 56 29 (Domingos et al., 2001)

R CACCGAGAAGGAGCTGAAGGTTAG 66.28

Ef1! F CCTGAACCACCCAGGCCAGATTGGTG 70.9 63 29 XMMR *

R GAGGGTAGTCAGAGAAGCTCTCCACG 69.32

Eomesodermin F GCAGAGGTTCTACCTATC 57.62 55 29 (Schohl et al., 2003)

R CATTGCTTGAGGTGCTAGG 60.16

Epidermal keratin F CACCAGAACACAGAGTAC 57.62 55 28 XMMR *

R CAACCTTCCCATCAACCA 57.62

FGF4 F CGGGTTTCATATCCAGGTTTTAC 60.99 62 29 {Park, 2004, p03383}

(eFGF) R GCGTTATAGTTGTTGGGCAGAAG 62.77

FGF8 F CACCTCCATCCTGGGCTATCTG 66.4 64 27 (Park et al., 2004)

(bFGF) R GATTAACTTGGCGTGTGGGTC 62.57

Geminin F GCTGGACATGTACAGTACA 58 57 28 XMMR *

R TCACCTCACATAAAGGCTGG 60.4

Musashi1 F GGGTTTCTTGGAACAAGC 57.62 55 26 (Katada et al. 2006)

(Nrp-1) R ACTGTGCAGGAACACAAG 57.62

Neurogeninr-1 F GGATGGTGCTGCTACCGTGCGAGTACC 72.2 61 28 (Mizuseki et al. 1998)

R CAAGCGCAGAGTTCAGGTTGTGCATGC 69.16

N-tubulin F ACACGGCATTGATCCTACAG 60.4 58 29 (Good et al., 1989)

R AGCTCCTTCGGTGTAATGAC 60.4

Slug F TCCCGCACTGAAAATGCCACGATC 66.28 61 29 (Mizuseki et al., 1998)

R CCGTCCTAAAGATGAAGGGTATCCTG 66.17

Sox1 F TCCAGCCAACAGCAGCAC 62.18 55 31 (Nitta et a l., 2006)

R CTGTCCTGCTTCAGAGAG 59.9

Sox2 F CTTACATGAACGGCTCGCC 62.32 58 28 (Rogers et al., 2009)

R CCCCAGGTAGGTACATGC 62.18

Sox3 F AGGAGTAAGCCCGGTGGCTAGCA 61 25

R ATGTAGGCATTTTGGGCAGAGGTCA

ZicR1 F ATGAACATGGCTGCCCACCAT 62.57 55 27 (Sasai et al., 2001)

R CACTCTGATGTGGTTGATCAG 60.61

            *Xenopus Molecular Marker Resource (http://www.xenbase.org/xenbase/original/WWW/Marker_pages/primers.html)
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    Chapter IV Neural induction signals were co-opted to maintain stem cells to 

balance against paternally-imprinted extraembryonic tissue 

formation 
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I. Introduction 

In mammals, the first fate choice of the cells of the pre-implantation embryo is 

the choice between extraembryonic trophectoderm, which will form the placenta and 

amniotic sac, and the inner cell mass (ICM), which will form the embryo proper. 

Governing this first fate choice is a balance between paternally and maternally 

imprinted genes. It is the paternally imprinted genes, contributed from the sperm, that 

drive trophectoderm formation (Fowden et al., 2006). The maternal genes maintain cells 

within the ICM. Without these genes, the paternally imprinted genes drive all the cells 

of the embryo to become extraembryonic tissue, or trophectoderm, which results in a 

hydatidiform mole pregnancy (Zhang et al., 2008). No fetus is formed. If the levels of 

genes expressed by the paternal genome are higher than normal and the maternal genes 

are absent, then the mole can become invasive leading to gestational trophoblastic 

disease (Morgan and Lurain, 2008). The implantation becomes overly aggressive 

leading to tumors, which can metastasize. 

 Sox2 and Oct4 are two key genes that control embryonic stem (ES) cell and 

ICM maintenance in mammals and have roles in maintaining neural progenitors in in all 

vertebrates tested. We propose that the function of these two genes expanded from 

amphibians to mammals. In pre-mammals, for example fish, amphibians and birds, 

Sox2 and Oct4 are required for the specification and maintenance of neural progenitors 

whereas in mammals, they function to maintain progenitors, and they are required for 

the specification and maintenance of pluripotent ICM cells. The use of Oct4 and Sox2 
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to maintain pluripotency in mammals rather than to direct the fate of cells in amphibians 

could be considered an exadaptation that results in the maintenance of embryonic stem 

cells and the concurrent development of placental cells. Through sexual conflict, the 

mechanism to specify ectoderm to neural tissue is used to distinguish between 

pluripotent stem cells and the trophectoderm, balancing the drive of the mother to 

protect herself and that of the father to gain the most possible resources from the 

mother. 

 How is it that genes used for specifying neural fates in lower vertebrates are now 

used by mammals to direct a broader range of potency?  We propose a model in which 

the directors of neural stem cell fate broadened their function to direct pluripotency in 

response to sperm imprinting, thus driving the evolution of the mammalian embryo to 

implant.   

II. Neural Induction and Stem Cell Maintenance 

In amphibians, the neural default model states that BMP inhibition is sufficient 

for neural induction (Hemmati-Brivanlou and Melton, 1997) (Figure 4.1).  BMP 

inhibition allows maternal signals to induce the expression of genes that regulate neural 

induction such as Sox2 and Oct91, the homologue of mouse Oct4. In chick however, 

both BMP inhibition and instructive FGF signaling are required for neural induction 

(Linker and Stern, 2004).   

In mouse, the first cell fate choice is specification of the outer cells of the 

blastula to form trophectoderm so that the embryo can implant in the uterine lining and 
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the inner cells to form the ICM, or embryo proper. Oct4, Sox2 and FGF maintain the 

ICM while the paternal genome is imprinted to drive trophectdoderm formation (Figure 

4.2).   In this preimplantion embryo, BMP is quiescent and yet the ICM is pluripotent 

(Varga and Wrana, 2005). For neural induction, the stem cell regulators must be 

inhibited (Vallier et al., 2005). Similarly, in mouse Oct4, Sox2 and FGF function to 

prime the ectodermal cells to form neural tissue. However, they are also used prior to 

neural induction to maintain the ICM. 

We know that Sox2 and Oct4 control the specification of the pluripotent ICM 

because of recent studies on generation of induced pluripotent stem (iPS) cells. Four 

factors were identified that are sufficient to reprogram mouse fibroblasts into iPS cells – 

Sox2, Oct4, c-Myc and Klf4 (Takahashi and Yamanaka, 2006).  This was a surprise 

because c-Myc and Klf4 (Krupple like factor, inhibits Wnt-signaling) were not thought 

to be major players in stem cell self-renewal, and because Nanog, a marker for ES cells, 

was not required.  Human fibroblasts can similarly be reprogrammed into iPS cells with 

Sox2, Oct4, Nanog and Lin28 (Yu et al., 2007). 

It was later determined that only three of these factors, Sox2, Oct4, and Klf4, 

were required to induce iPS cells from both human and mouse fibroblasts (Nakagawa et 

al., 2008).  While the addition of c-Myc increases the success rate of the induction, it is 

not actually necessary and its exclusion drastically reduces the number of tumors in 

chimeras.  These three genes function to regulate “stemness” and prevent 

differentiation.  
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Sox2 and Oct4 not only promote stemness but are also required for formation of 

the embryo. Sox2 and Oct4 interact to activate expression of stem cell marker genes 

resulting in self-renewal (Babaie et al., 2007).  Oct4 is necessary in stem cells for the 

expression of Sox2 and FGF, and the three form a feedback loop that is required for ES 

cell formation (Yuan et al., 1995).  Lack of either Oct4 or Sox2 in mammalian embryos 

causes cells to differentiate into extraembryonic trophectoderm (Avilion et al., 2003). 

While these genes clearly have a role in inducing and maintaining ES cells, they also 

predispose cells to adopt a neural fate.  Sox2 upregulation in ES cells primes them to 

differentiate into neural lineages once they are induced to differentiate (Zhao et al., 

2004). Continuous Oct4 overexpression for 5 days similarly biases ES cells to adopt a 

neural fate when they are cultured to accelerate differentiation (Shimozaki et al., 2003).  

However, for neuronal differentiation, Oct4 is progressively repressed and its gene is 

silenced (Akamatsu et al., 2009). Furthermore, overexpression of Oct4 in neural stem 

cells, which express high levels of Sox2, is sufficient to induce pluripotency (Kim et al., 

2009). Thus, it is the expression of Oct4 and Sox2 that principally control the fate of ES 

cells and neural stem cells. These proteins used for specifying neural fates in lower 

vertebrates are now used by mammals to direct a broader range of potency. 

III. Sexual Conflict and Implantation 

 Mammalian evolution is characterized by the extent to which the offspring 

develop internally. Mammals are comprised of therian, which give live birth, and 

monotremes, which are egg-laying mammals (platypus). Therian mammals are further 



92 

subdivived into euterhian, placental mammals, and metatherian or marsupials. 

Imprinting was a major driving force in driving mammalian speciation and internal 

development (Hunter, 2007). The host defense hypothesis seeks to explain the origins of 

imprinting. According the host defense hypothesis, imprinting began when foreign 

DNA inserted into the genome was silenced. In monotremes, there is no evidence of 

imprinting, however silenced transposons of viral origin have been found in the 

platypus genome (Pask et al., 2000).  Furthermore, marsupials like lower vertebrates, 

have histone modification and limited evidence of imprinting that correlates with 

regions imprinted in eutherian genes (Renfree et al., 2008). These data indicate that 

there was a strong evolutionary pressure to increase the levels of imprinting during the 

evolution of eutherian mammals. 

 The question of what drove the evolution of genomic imprinting to a more 

prominent level and role in eutherian mammals has been debated with a range of 

theories. The kinship theory is the prevailing theory of genomic imprinting, in which 

allocation of maternal resources is a battlefield between paternally imprinted genes 

which seek to extract resources and maternally imprinted genes which limit growth to 

protect the maternal resources (Moore and Haig, 1991).  This sexual conflict is a genetic 

tug of war with each side trying to protect their resources and interests to ultimately 

increase their fecundity. This genetic tug of war creates a rapidly evolving environment 

for speciation (Hunter, 2007). 
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When either side imbalances the status quo, it leads to syndromes that 

dramatically affect development or even cause collapse of development.  Some 

examples of this sexual conflict in humans are preeclampsia and Prader-Willi and 

Angelman syndromes (PWS/AS).  Preeclampsia is when pregnancy induces severely 

high blood pressure as a way to increase blood flow to the placenta (Haig, 1993).  On 

the other hand, loss of paternally imprinted genes on chromosome 15 (PWS/AS gene 

cluster) results in failure to thrive and poor suckling response in infants (Ubeda, 2008).  

Post-weaning, however, these children have a voracious appetite leading to severe 

obesity.  Humans have biparental care, and Ubeda further argues that fathers have a 

more prominent role in feeding the young post weaning.  Paternally imprinted genes on 

chromosome 15 push resource allocation towards the maternal side, and loss of that 

imprinting then skews towards a larger paternal investment post weaning. 

For gestation to occur inside the female, the embryo had to evolve the ability to 

implant. Placenta formation is driven by genes paternally imprinted from the sperm’s 

contribution (Fowden et al., 2006). When the maternal signals are missing due to 

chromosome abnormalities from advanced maternal age, the sperm imprinting directs 

development of all the embryonic tissue to form placenta tissue exclusively, termed a 

hydatidiform mole in which no fetus is formed.  If the levels of genes expressed by 

sperm imprinting are elevated (such as two sperm fertilizing one severely 

chromosomally-deficient egg) and the maternal genes are absent, then the mole can 

become invasive leading to gestational trophoblastic disease.  Wilkins and Haig propose 



94 

“that imprinting evolved to protect females from the ravages of [gestational] 

trophoblastic disease,” which they term the ovarian time bomb hypothesis (Wilkins and 

Haig, 2003).   

First, the host defense hypothesis posits that imprinting arose as a mechanism to 

silence foreign DNA.  Host defense theory gave pre-mammals the ability to imprint 

genes to take more maternal resources.  Then, the kinship theory explains how maternal 

and paternal imprinting battle over resources, which enabled the sperm to drive 

implantation.  When the balance between paternal and maternal resources is upset in 

favor of implantation and the maternal genes are not pushing against implantation 

forces, gestational trophoblastic disease results.  This leads to the ovarian time bomb 

hypothesis.  Take together, all hypothesis of the evolution of imprinting show different 

facets of the evolutionary process, and each illustrates a necessary step in mammalian 

evolution. 

IV. Neural Inductive Signals as Protection  

 How did the maternal genome fight back during this sexual conflict against 

sperm imprinting?  What did the egg have in its gene arsenal to retool/repurpose that 

would be strong enough to protect its interests?  The egg had the maternally expressed 

genes that are used for neural fate determination.  

Amphibians express sox3 maternally whereas mice express sox2 maternally. In 

amphibians, we have demonstrated that Sox3 is a more potent neural specifier 
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compared to Sox2, whereas Sox2 is more potent at maintaining an early-staged neural 

progenitor (Chapter 3).   

Sox2 swapped places with Sox3 at some point during evolution and Sox2 came 

to the forefront of neural induction in higher vertebrates.  In doing so, Sox2 was 

positioned to broaden its function to include maintaining pluripotent identity of the 

ICM. These maternally imprinted genes, Sox2, along with Oct4, balance against sperm 

imprinting which directs placental formation.  By pushing against placental formation, 

these genes protect some embryonic cells from becoming trophectoderm thereby 

allowing for the development of the ICM and subsequent fetus.  

 Sox2 and Sox3 are at the nexus of mammalian evolution.   Therefore it is not 

surprising that Sox3’s position on the X chromosome has been maintained during 

evolution while other Sox genes are not syntenic (Schepers et al., 2002).  Furthermore, 

its DNA binding domain has not changed during the last 100 million years while ten 

other Sox genes diverged (Nagai, 2001). 
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V. Figure legends 

Figure 4.1. Comparison of neural induction models from frog, chick and mouse. In 

frog, BMP induces epidermis. Inhibition of BMP signaling via organizer proteins 

Noggin or Chordin is sufficient for neural induction (Zhao et al., 2008). Noggin also 

induces FGF, and whether or not FGF signaling is required for neural induction is 

debated. In chick, BMP also induces epidermis and Henson’s node secretes BMP 

antagonists. Additionally, FGF signaling inhibits BMP signaling and is also required for 

neural induction. In mouse, the inner cell mass (ICM) is established prior to formation 

of the ectoderm. The inner cell mass contains FGF signaling but is BMP quiescent. The 

inner cell mass is composed of pluripotent cells which express the embryonic stem (ES) 

cell regulatory proteins Oct4 and Sox2, which induce FGF expression. Cells of the 

inner cell mass are biased toward a neural fate due to endogenous sox2 expression. For 

neural fate commitment, Oct4 is inhibited by Lefty and Cerberus. BMP signaling is 

required for epidermal fate. 

 

Figure 4.2. Oct4, Sox2 and FGF maintain the ICM while the paternal genome is 

imprinted to drive trophectdoderm formation. In the pre-implantation mammalian 

embryo, paternally-imprinted genes from the sperm’s contribution control 

trophectoderm. The maternally expressed Sox2 and Oct4 proteins regulate expression of 

each other, and together regulate FGF4 and the embryonic stem cell and inner cell mass 
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(ICM) marker gene Nanog. Sox2 and Oct4 at the same time inhibit trophectoderm 

formation.
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VI. Figures 

Figure IV.1. Comparison of neural induction models from frog, chick and mouse. 
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Figure IV.2. Oct4, Sox2 and FGF maintain the ICM while the paternal genome is 

imprinted to drive trophectoderm formation. 

 



100 

 

 

 

 

 

 

 

    Chapter V General Conclusions and Additional Questions 
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I. Summary of Results 

For my dissertation, I have examined many questions about the role of four 

genes in neural induction in the amphibian Xenopus laevis. Even though the SoxB1 

proteins were known to maintain neural progenitor identity, it was proposed that they 

were insufficient to induce neural markers in naïve ectoderm (Mizuseki et al., 1998a). 

Furthermore, since all of the SoxB1 proteins maintain neural progenitor identity and 

have overlapping expression (Collignon et al., 1996), it has been proposed that they are 

redundant. However, this was not directly tested by comparing their function by 

overexpression or analyzing their function with a putative co-factor. Additionally, the 

SoxB1 proteins function across species has not been compared or discussed in terms of 

the evolution of neural induction. 

Initially, I focused on the regulation of the early neural gene Sox3 to identify the 

signals required for neural induction. The two questions I asked were: (1) What cis-

modules within the sox3 regulatory region are responsible for its dynamic 

expression? (2) What transcription factors are regulating sox3 within these 

modules? I have experimentally determined that sox3’s zygotic expression begins pan-

ectodermally and becomes restricted to the neuroectoderm via the interplay of three cis-

regulatory modules. An enhancer module containing an unidentified forkhead 

transcription factor binding sites is necessary for induction of sox3. A repressor module 

containing Vent transcription factor binding sites inhibits sox3 expression in the 
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marginal zone. Another enhancer module containing binding sites for mediators of FGF 

signaling is necessary for the maintenance of sox3 in the neuroectoderm.  

Because the SoxB1 proteins have overlapping and necessary roles in regulating 

neural progenitor identity, we investigated the extent to which each gene could inhibit 

epidermis formation while activating early neural and proneural gene expression. 

Previously in Xenopus, it was reported that Sox2 is insufficient for neural induction 

(Mizuseki et al., 1998a) while Sox1 can induce neuronal differentiation (Nitta et al., 

2006). Furthermore, while it is understood that Sox proteins require cofactors to 

regulate their target genes in a tissue-specific manner (Kamachi et al., 2000; Tanaka et 

al., 2004), the overexpression phenotype of Sox proteins in combination with a partner 

has not been tested in the early development of the nervous system. Consequently, for 

the second part of my research, I have asked questions which compare and contrast the 

function of each SoxB1. (3) Which neural genes are induced by each SoxB1 

protein? (4) Do the SoxB1 proteins counteract or cooperate with a putative co-

factor Oct91? (5) How does constitutively-active expression of each SoxB1 affect 

cell proliferation, neuronal differentiation, and maintenance of progenitor 

markers? I have experimentally determined that while each SoxB1 inhibits neuronal 

differentiation and epidermis formation, they each have different roles in maintaining 

progenitor identity. Sox2 induces expression of sox1, the anterior neural marker eomes, 

and in gastrula stages the neural crest marker slug. Sox3 induces pro-neural ngnr-1, 

slug, and the neural progenitor marker msi1. These data indicate that Sox2 and Sox3 
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have different roles in the timing of neural progenitors. Sox2 maintains a more basal 

neural progenitor compared to Sox3, which can induce pro-neural genes. Additionally, 

Sox3 in gastrula stage ectodermal explants can induce FGF8 expression. Oct91 is 

sufficient to induce neuronal differentiation as marked by n-tub expression. Addition of 

Sox2 did not alter the ability of Oct91 to induce expression of progenitor markers, but 

blocked induction of n-tub. In contrast, addition of Sox3 blocked the ability of Oct91 to 

induce any neural markers even though epi-k was still repressed. Constitutively-active 

forms of each SoxB1 in transgenic embryos continue to repress neuron differentiation 

and have increased cell proliferation. 

In addition to the regulation and function of Sox genes, I have been interested in 

comparing how these genes differ among different organisms. While similarities 

identify mechanisms that have been conserved during evolution, conversely their 

differences indicate in which ways different species have diverged. By comparing 

signals that lower vertebrates use for neural induction, with how those same signals are 

used differently in mammals, we can understand how mammals evolved from their 

predecessor. For the third part of my research, I have asked questions about what the 

differences in expression and function of these dual use genes means for evolution. (6) 

What is an evolutionary mechanism that can explain how the genes that govern 

neural progenitor identity in amphibians were exadapted to govern pluripotency 

in mammals? I have proposed a model for mammalian evolution in which the signals 

required to induce and maintain neural progenitor populations in lower vertebrates were 
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co-opted by mammals to govern a broader range of cell fates. In amphibians, Sox2 and 

Oct4 maintain neural progenitors – multipotency; in mammals, Sox2 and Oct4 maintain 

cells of the inner cell mass – pluripotency. These genes gained a broader role in 

maintaining progenitor identity to balance against placental formation, which allows for 

the embryo to implant and is governed by paternal imprinting.  

II. Additional Questions for Further Study 

a. What forkhead transcription factor is activating sox3 expression via 

enhancer A1? 

Rationale 

In transgenic embryos, we identified a putative forkhead binding site that is 

involved in the induction of sox3. Only five of the over 30 identified forkhead winged 

helix (Fox) transcription factors in Xenopus (Kaestner et al., 2000; Pohl and Knochel, 

2005) are maternally-expressed with their expression restricted to neural tissues. Of 

these, three seem to be likely candidates: FoxD1, FoxD5, and FoxM1. 

 FoxD1 and FoxD5 can induce neural tissue in ectodermal explants, however they 

seem to function as transcriptional repressors (Mariani and Harland, 1998; Sullivan et 

al., 2001). FoxM1 is required for cell proliferation in the neural plate and for neuronal 

differentiation (Ueno et al., 2008); however, knockdown of FoxM1 did not repress sox2 

expression. FoxM1 and Sox3 are expressed together in mouse neural progenitor cells 

(Karsten et al., 2003). FoxM1 is the most likely candidate activator of the A2 enhancer 

in the sox3 regulatory region. 
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Methods 

Candidate regulators of sox3 can be screened using Dual Luciferase assay 

(Promega) (Casey et al., 1999). Since the candidate Fox genes are already expressed in 

the ectoderm, they will be tested in vegetal injections. However, sox3 is repressed by 

the vegetally-expressed Vent proteins. Therefore, we can inject p10, in which the Vent 

sites are mutated in the sox3 regulatory region, that is driving firefly luciferase with 

CMV-renilla luciferase DNA and mRNA coding for the candidate Fox protein. By 

normalizing firefly luciferase with the Renilla luciferase, we can determine the extent to 

which each candidate Fox protein activates sox3-luciferase expression.  

Further identification of candidate activators of sox3 via electrophoresis mobility 

shift assays (EMSA) (Kamachi et al., 2001). Radiolabeled DNA probes of the sox3 

regulatory region can be incubated with in vitro translated Fox proteins and those 

probes that are bound with protein will be heavier and shift higher when visualized by 

gel electrophoresis. We can determine if the Fox genes binding to the sox3 regulatory 

region is specific to the A1 enhancer by using p4, A1-deleted sox3 regulatory region, as 

the DNA probe. If the binding is specific to the A1 enhancer, a shift will not occur with 

p4 as the probe.  

b. Is FGF-signaling required for Sox3 or Oct91-mediated neural induction? 

Rationale 

We have demonstrated that both Sox3 and Oct91 are sufficient for neural 

induction and that they also induce FGF8 expression. We have also demonstrated that 
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sox3 requires FGF for maintenance, but not induction, of its expression (Rogers et al., 

2008). Furthermore, to induce ectopic sox2 expression in ventral tissues requires both 

BMP inhibition and exogenous FGF (Linker et al., 2009). Sox3 induces sox2 expression 

directly, but requires the presence of a co-factor. It is consequently possible that Sox3 

mediates neural induction by activating FGF signaling. 

 Methods 

To determine if Sox3 or Oct91-mediated neural induction requires FGF signaling, 

we can overexpress Sox3 or Oct91 with dominant-negative FGF receptor (Amaya et al., 

1991) in ectodermal explants and assay for gene expression via RT-PCR. Alternatively, 

we can inhibit the intercellular effectors of FGF signaling with the MEK inhibitor 

(U0126, Promega). SU5402 inhibits the tyrosine kinase activity of FGFR1, which in 

turn inhibits ERK phosphorylation and is therefore is a more specific inhibitor of FGF 

signaling as it more upstream in the phosphorylation cascade (Calbiochem). Sox3 

induces expression of gem, msi1, eomes, ngnr-1 and slug. Oct91 induces gem, sox1-3, 

msi1, eomes, and n-tub. If FGF is required for neural induction, in the presence of the 

inhibitor these neural genes will not be induced.  

c. Are SoxB1 genes in lower deuterostomes sufficient for neural induction 

and/or repression of epidermis in Xenopus? 

Rationale 

 Sox2 and Sox3 share 60% identity, yet one is sufficient for neural induction and 

the other is not. Another organism in the chordate phylum, the urochordate Ciona 
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intestinalis, has only one SoxB1 gene, as does another organism in the echinoderm 

phylum, the purple sea urchin Strongylocentrotus purpuratus. A third organism in the 

hemichordate phylum, amphioxus Branchiostoma floridae, contains three SoxB1 genes 

named BfSoxB1a-c. SpSoxB1 and BfSoxB1c are most similar to Sox2 whereas 

CiSoxB1 and the other amphioxus genes are more divergent (Meulemans and Bronner-

Fraser, 2007). Is CiSoxB1 similar to Sox2 and does it repress epi-k and not induce other 

genes, or is it more like Sox3 and is sufficient for neural induction, or is it more like 

Sox1 and sufficient for neuronal differentiation? Alternatively, it could have no effect. 

 Methods 

The function of CiSoxB1, SpSoxB1 and BfSoxB1c on ectodermal fates can be 

tested using ectodermal explants. We can inject mRNA coding for the Sox protein into 

both blastomeres of  two-cell staged embryos, dissect the cap between stages 8-9, 

culture until uninjected sibling embryos reach stage 22, then freeze and assay for gene 

expression via RT-PCR. While neural genes may be not be induced, epidermis 

formation may be repressed as detected via epi-k expression. If epidermis formation is 

repressed, but neural induction does not occur, it indicates that the SoxB1 genes in 

superphylum deuterostomes have a conserved role in inhibiting epidermis, but that 

neural induction mechanisms are have diverged within the different phylums.  

d. After SoxB1 overexpression induces neural tissue in ectoderm, does its loss 

correlate with neuronal differentiation? 

Rationale 
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In ectodermal explants, Sox3 is sufficient for neural induction, but not neuronal 

differentiation whereas the dominant-active form Sox3-VP16 is sufficient for n-tub 

expression. We interpret these data to indicate that Sox3 requires a co-factor to mediate 

neuronal differentiation. While Sox2 is able to repress epi-k expression in ectodermal 

explants, it is not able to induce expression of any neural markers aside from sox1 and 

eomes. SoxB1s inhibit pro-neural genes, and pro-neural genes inhibit SoxB1s to 

mediate neuronal differentiation. Neuronal differentiation does not occur in cells that 

have high levels of SoxB1 expression. Sox1 mediates neuronal differentiation in 

ectodermal explants when very low levels of mRNA were injected and the caps were 

cultured until late tailbud stage (Nitta et al., 2006). This indicates that when the 

overexpressed mRNA and protein have degraded, the cells then differentiate.  

Methods 

To test if a loss of the exogenous SoxB1 leads to neuronal differentiation, we can 

inject a much lower amount of sox3, 50 or 100 pg instead of the original 400pg, and 

collect for RT-PCR at a later stage (st. 30 instead of st. 22). If loss of the exogenous 

signal is necessary for neuronal differentiation, n-tub expression will be detected via 

RT-PCR. 

Alternatively, to force a premature downregulation of the exogenous SoxB1s, we 

can inject a hormone-inducible form glucocorticoid receptor (GR). In the absence of a 

cortisol steriod hormone, Sox3-GR remains sequestered in the cytoplasm to heat shock 

proteins. The addition of Dexamethasone (Dex) frees the GR and allows for it to 
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translocate to the nucleus. We can place the embryos in 1 µM Dex immediately 

following injection of the mRNA into the embryos and culture the caps in Dex until 

stage 12. At stage 12 the Dex can be removed by washing in fresh media. The embryos 

can then be cultured in the absence of Dex until stage 20 or later and then assayed for 

gene expression by RT-PCR. 

e. Is Sox2 overexpression inducing gliogenesis and forming astrocytes or 

oligodendrocytes?  

Rationale 

Sox2 overexpression resulted in no neural gene induction aside from sox1 and 

eomes in tailbud explants and also in slug expression in gastrula explants. If the cells are 

not on a neuronal path, it could be because they are adopting a glial cell fate. Sox2 

overexpression in the developing eye leads to gliogenesis and an increase in Müller 

glial cells  (Lin et al., 2009). Sox2 is expressed at high levels in human glioblastoma 

tumors (Phi et al., 2008), and downregulation of sox2 in the tumors stops their 

proliferation (Gangemi et al., 2009). Gliogenesis occurs in cells that do not express 

proneural bHLH genes, and the proteins that promote glial fate inhibit proneural genes 

(Vetter and Moore, 2001; Sölter et al., 2006). Gliogenesis results in astrocytes or 

oligodendrocytes.  

Additionally, Sox2 overexpression induces GABAergic neuron differentiation 

(Lin et al., 2009). Animals with reduced levels of either Sox1 or Sox2 suffer from 

seizures caused by a deficiency in GABAergic neurons (Malas et al., 2003; Cavallaro et 
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al., 2008). GABA is the main inhibitory neurotransmitter, and reduced numbers of 

GABAergic neurons leads to hyperactivity, which causes seizures (Panganiban and 

Rubenstein, 2002). GABAergic interneurons are the neurons made during adult 

neurogenesis in the cortex (Cameron and Dayer, 2008), and both Sox2 and Sox3 are 

expressed in adults (Wang et al., 2006). 

Methods 

To date no Xenopus RT-PCR primers for astrocyte glial fibrillary acidic protein 

(GFAP) have been published. While it is feasible to design PCR primers to GFAP, 

immunohistochemistry can be done on ectodermal explants (Kroll et al., 1998) and 

rabbit polyclonal anti-GFAP antibodies have been used in Xenopus diluted 1:500 

(Dako, Denmark) (Huang et al., 2005).  Alternatively, instead of forming astroyctes, 

Sox2 could be promoting oligodendrocyte maturation, which can be detected by olig1-4 

expression via RT-PCR (Bronchain et al., 2007). 

 A third alternative could be to look at genes expressed earlier during astrocyte or 

oligodendrocyte formation. Astrocyte differentiation is governed by Hes proteins while 

oligodendrocyte is goverened by Mash1 (known as Xash1 in Xenopus) (Sugimori et al., 

2007).  

During oligodendrocyte development, Mash1 is expressed prior to ngnr-1 and would 

further indicate that Sox2 overexpression is maintaining a more basal progentior 

identity (Cau et al., 1997). In Xenopus, Xash5 is expressed prior to Xash1(Brown et al., 
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1998), and Xash1 overexpression in ectodermal explants is sufficient to induce n-tub 

expression (Talikka et al., 2002). 

During astrocyte development, in mouse, Id1 together with Hes1/Hes5 regulates 

GFAP expression (Sugimori et al., 2007). Hes1, also known as hairy-1 in Xenopus, is 

able to induce neural tissue in Xenopus ectodermal explants (Umbhauer et al., 2001). 

Xenopus Hes5, also known as Esr1, regulates Xath5 expression and Esr1 expression can 

be detected via in situ hybridiation (Schneider et al., 2001).  

In forebrain, Mash1 induces Dlx2, which in turn regulates GABAergic neurons. 

GABA is synthesized from glutamic acid by the enzyme glutamic acid decarboxylase. 

Since it is not a polypeptide, GABA is detected via antibody staining.   

f. Is exogenous Sox3 DNA causing apoptosis via p53?  

Rationale 

Sox3:2A:GFP DNA injected into zygotes caused an increase in cell death. 

Elevated levels of Sox3 may be activating the tumor suppressor pathway which leads to 

p53-dependent apoptosis. While both Sox2 and Sox3 are present in the adult brain, only 

Sox2 is found in CNS tumors (Dong et al., 2004; Wang et al., 2006). Elevated levels of 

Sox3 is found in lung cancers (Güre et al., 2000; Vural et al., 2005) and lymphomas 

(Kim et al., 2003). In the context of the nervous system, Sox3 may be a potent tumor 

suppressor gene.  

 Methods 
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 Twenty five picograms of either Sox2:2A:GFP or Sox3:2A:GFP DNA can be 

injected into one blastomere of the two cell stage with 300 pg of β-galactosidase lineage 

tracer. To determine if sox3 DNA is causing apoptosis via p53, embryos can be fixed at 

stages 12 and 25 and assayed for p53 via immunohistochemistry (Bessard et al., 1998). 

If a correlation between Sox3 DNA injection and p53 upregulation is found, we can 

determine if the cell death is dependent on p53 function. P53 can be inhibited with 5 

µM pifithrin-α (Villiard et al., 2007). Embryos injected with DNA and treated with 

pifithrin-α can be assayed by TUNEL to determine if the cell death is p53 dependent. If 

cell death from sox3 DNA is p53 dependent, then the presence of the inhibitor will not 

lead to high levels of TUNEL positive cells.  

 Since consistent levels of sox3 overexpression from exogenous DNA, rather 

than transient mRNA injection, led to increased cell death, we can control sox3 

expression by inserting the conditional Sox3-GR form into the bicistronic vector. GFP 

expression will be visible even with the Sox3-GR protein sequestered in the cytoplasm. 

Once GFP is visible, we can add 1 µM Dex to the culture media and assay for cell death 

via TUNEL. 

g. Oct91’s role in eye development 

Rationale 

We have preliminary data indicating that Oct91 overexpression can induce 

formation of a third eye in the dorsal anterior midline (Figure 5.1). Previously, 

induction of a third eye has been induced by frizzled 3 (Xfz3) overexpression 
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(Rasmussen et al., 2001).  In Xenopus, frizzled is required for normal sox2 expression in 

the optic placode and retinal neuron formation (Van Raay et al., 2005). These data 

indicate that frizzled may be regulating sox2 indirectly by directly regulating Oct91. In 

mouse, Oct1 is a cofactor for Sox2-mediated eye development where loss of each alone 

in the eye does not deleteriously effect lens formation but the two mutants together 

synergize to disrupt lens formation (Donner et al., 2007). Sox2 and Oct1 activate Pax6 

expression directly. In medaka fish, Sox3 overexpression is sufficient to induce ectopic 

eye or result in reduced eye or loss of eye (Köster et al., 2000). 

Methods 

First, the putative eye must be characterized. Oct91 can be injected into half of the 

two-cell embryo and in situ hybridization can be performed for Pax6 expression in 

stage 30-42 embyros. Also, immunohistochemistry on sections of putative lens with 

anti-Pax6 and anti-rhodopsin antibodies can be performed (Rasmussen et al., 2001). An 

expansion of Pax6 or Xrx would also indicate ectopic eye tissue.  

To determine where in the pathway Oct91 is acting upstream or downstream of 

Frizzled, we can overexpress Oct91 and assay for Xfz3 expression, and also overexpress 

Xfz3and assay for increased Oct91 expression. Oct91 overexpression did not appear to 

expand sox2 expression (data not shown).  
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III. Figures and Legends 

 
 

 
Figure V.1. Oct91 induces formation of a third eye in the anterior dorsal midline. 

(A) Oct91 injected into 1 of 2 cells reduces the developing eye in 67% of embryos 

(40/60). (B) In 15% (9/60) of embryos injected with Oct91 developed a third eye-like 

structures in the anterior dorsal midline. 
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