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Abstract

The neural crest is a stem cell population unique to vertebrate embryos that gives rise to 

derivatives from multiple embryonic germ layers. The molecular underpinnings of potency that 

govern neural crest potential are highly conserved with that of pluripotent blastula stem cells, 

suggesting that neural crest cells may have evolved through retention of aspects of the 

pluripotency gene regulatory network (GRN). A striking difference in the regulatory factors 

utilized in pluripotent blastula cells and neural crest cells is the deployment of different sub-

families of Sox transcription factors; SoxB1 factors play central roles in the pluripotency of naïve 

blastula and ES cells, whereas neural crest cells require SoxE function. Here we explore the shared 

and distinct activities of these factors to shed light on the role that this molecular hand-off of Sox 

factor activity plays in the genesis of neural crest and the lineages derived from it. Our findings 

provide evidence that SoxB1 and SoxE factors have both overlapping and distinct activities in 

regulating pluripotency and lineage restriction in the embryo. We hypothesize that SoxE factors 

may transiently replace SoxB1 factors to control pluripotency in neural crest cells, and then poise 

these cells to contribute to glial, chondrogenic and melanocyte lineages at stages when SoxB1 

factors promote neuronal progenitor formation.
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Introduction

The neural crest is a major evolutionary innovation of vertebrates, and acquisition of these 

cells allowed for the generation of many vertebrate-specific features (Hall, 2009; Hall., 

2013; Le Douarin et al., 2008). First described by Wilhelm His 150 years ago, neural crest 

cells are distinguished by their ability to contribute to the vertebrate body plan a diverse 

array of cell types associated with multiple germ layers (His, 1868; Le Douarin et al., 2008). 

Author for correspondence: Robert H. Lurie Comprehensive Cancer Center, Northwestern University, Evanston, Il 60208. 

Competing Interests
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Dev Biol. Author manuscript; available in PMC 2021 April 06.

Published in final edited form as:
Dev Biol. 2018 December 15; 444(2): 50–61. doi:10.1016/j.ydbio.2018.08.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Referred to as the “Zwischenstrang” by His (His, 1868). The evolutionary acquisition of 

these cells allowed for the formation of a myriad of novel structures, including a “new 

head,” to be layered onto the simple chordate body plan (Hall, 2009). Within developing 

embryos, neural crest cells retain broad multi-germ layer potential even as neighboring cells 

become lineage restricted (Prasad et al 2012). Ultimately, neural crest cells give rise to a 

diverse array of derivatives that includes chondrocytes, melanocytes, and neurons and glia of 

the peripheral nervous system (Le Douarin et al., 2008; Taylor and LaBonne, 2007). While 

much has been learned about the signaling pathways and transcriptional responses required 

for formation of the neural crest and the subsequent lineage diversification of these cells, 

how specific factors contribute to the broad developmental potential of neural crest cells 

remains unclear.

A core network of transcriptions factors controls pluripotency in the blastula, including 

members of the Sox (SRY-related high mobility group (HMG)-box) family of transcription 

factors (Takahashi and Yamanaka, 2006). Sox proteins are highly conserved and contain a 

DNA-binding domain known as the HMG-box. Based upon homology within the HMG 

domain and other structural regions of the protein, Sox factors are divided into nine 

subfamilies (Bowles et al., 2000; Julian et al., 2017; Schepers et al., 2002). Two subfamilies 

of particular importance for pluripotency in blastula and neural crest cells are SoxB1 and 

SoxE factors, respectively. SoxB1 factors (Sox1/2/3) are essential regulators of the stem cell 

state in both blastula cells and ES cells (Guth and Wegner, 2008; Sarkar and Hochedlinger, 

2013; Kopp et al., 2008; Boer et al., 2007). SoxB1 proteins are maternally expressed and 

highly enriched in the pluripotent cells (inner cell mass) of the blastula, consistent with a 

role during the early stages of development (Avilion et al., 2003; Buitrago-Delgado et al., 

2015). Additionally, SoxB1 proteins can act as transcriptional activators of genes essential 

for pluripotency. For example, SOX2 functions with OCT4, another core pluripotency factor, 

to initiate a gene regulatory network involved in maintaining a stem cell state (Abdelalim et., 

al 2014; Masui et al., 2007; Takahashi and Yamanaka, 2006). Subsequent to their functions 

in pluripotent blastula cells, expression of SoxB1 factors becomes restricted to the 

prospective neuroectoderm, where they are essential for the establishment of a neural 

progenitor state (Graham et al., 2003; Guth and Wegner, 2008; Rex et al., 1997; Streit et al., 

1997).

Neural crest cells and pluripotent blastula cells display remarkable similarity in their gene 

expression profiles (Buitrago et al., 2015), and in the signals and epigenetic mechanisms that 

control this gene expression (Geary and LaBonne, 2018; Rao and LaBonne, 2018). Many 

neural crest potency factors are first expressed in naïve blastula cells, including Snail1, Myc, 
Foxd3, Ets1, Ap2, and Vent2 (Buitrago et al., 2015; Ochoa et al., 2012; Bellmeyer et al., 

2003). A striking difference in the gene regulatory networks (GRNs) controlling 

pluripotency in blastula cells versus neural crest cells are the Sox factors deployed. In neural 

crest stem cells the essential Sox factors are the SoxE factors, rather than SoxB1 factors. 

SoxE proteins (Sox 8, 9, 10) play important roles in establishing the neural crest stem cell 

population, and subsequently direct the formation of a subset of neural crest cell lineages 

(Cheung and Briscoe, 2003; Haldin and LaBonne, 2010; Hong and Saint-Jeannet, 2005; Kim 

et al., 2003; Lefebvre et al., 2017; Spokony et al., 2002). For example, Sox9 is required for 

formation of chondrocytes, while Sox10 is essential for melanocyte and glial cell formation 
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(Akiyama et al., 2002; Aoki et al., 2003; Bi et al., 1999; Chen et al., 2001; Haldin and 

LaBonne, 2010; Lee et al., 2011, Mori-Akiyama et al., 2003; Suzuki et al., 2006). While 

distinct roles for SoxE factors in directing these neural crest cell lineage decisions have been 

defined, little is understood about their contributions to maintaining the neural crest stem 

cell state. One hypothesis is that SoxE factors play an analogous role in the neural crest to 

that of SoxB1 factors in naïve blastula cells with to maintain a pluripotent state. However, 

this raises the question of why a hand-off from SoxB1 to SoxE factors is necessary and/or 

advantageous.

Here, we examine the activities of SoxB1 and SoxE factors in the neural crest and 

pluripotent blastula cells of early Xenopus embryos. We demonstrate that SoxB1 and SoxE 

factors exhibit both unique and redundant activities in these cell types. Our findings suggest 

a model in which the essential role of SoxB1 in regulating the blastula stem cell state is 

handed off to SoxE factors which function in part to retain the developmental potential of 

the neural crest.

Results

SoxB1 and SoxE factors are expressed sequentially during Xenopus development

We recently demonstrated that much of the regulatory network that controls the pluripotency 

of blastula stem cells/animal pole cells is shared with neural crest cells, shedding new light 

on the origins of neural crest cells and the evolution of vertebrates (Buitrago-Delgado et al., 

2015). We found that factors that have long been considered neural crest potency factors are 

first expressed in blastula animal pole cells, and are required for the pluripotency of these 

cells; however, a subset of neural crest factors does not show prior expression in pluripotent 

blastula cells. These factors represent true evolutionary novelties whose co-option into the 

neural crest GRN may have played a key role in endowing neural crest cells with the ability 

to transform the vertebrate body plan. Prominent among these factors are the SoxE family 

transcription factors, Sox9 and Sox10.

We compared the expression of SoxB1 and SoxE transcription factors from blastula to late 

neurula stages using in situ hybridization to better understand the transition in their 

expression. The SoxB1 factors Sox2 and Sox3 are robustly expressed in the animal pole 

region of blastula embryos, where pluripotent cells reside (Figure 1A). By contrast, 

expression of the SoxE factors Sox9 and Sox10 cannot be detected until late gastrula or 

early neurula stages respectively, when they mark the neural crest populations at the neural 

plate border (Figure 1B). A third SoxE factor, Sox8, is expressed at low levels in blastula 

stage embryos but is not detectable by the onset of gastrulation. By midgastrula stages (stage 

11) Sox8 expression can be detected in neural crest regions as previously reported (Hong 

and Saint-Jeannett 2005; O’Donnell et al., 2006) as well as in anterior prospective ectoderm 

regions where Sox2 expression has been diminished (Figure 1B). By late gastrula/early 

neurula stages, expression of Sox2 and Sox3 has been restricted to the prospective neural 

plate, marking the transition from their role in pluripotency to their subsequent roles in 

maintaining neuronal progenitor cells. The expression of SoxB1 and SoxE factors overlap at 

late gastrula stages, when both are expressed in neural crest regions of the neural plate 

border; however, by early neurula stages their expression is distinct. At this time SoxE 
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factors mark the neural crest (and in the case of Sox9 and Sox10 also the otic placode), and 

SoxB1 factors mark the neural plate and preplacodal region (Figure 1A, B).

Premature SoxE activity interferes with proper pluripotency gene expression

The distinct deployment of SoxB1 and SoxE factors in pluripotent blastula cells and neural 

crest respectively suggests that these proteins may have distinct activities that favor their 

function in these different contexts. In particular we were interested in whether exclusion of 

SoxE factors from pluripotent blastula cells was essential to maintain a stem cell state. To 

determine this, mRNA encoding Sox9 or Sox10 was injected in once cell of two cell 

embryos. Injected embryos were cultured to blastula stages when expression of four key 

genes expressed in pluripotent cells, Oct25, Vent2, Id3 and TF-AP2, was examined by in situ 
hybridization. Premature activity of either Sox9 or Sox10 led to strong down-regulation of 

these genes on the injected side of the embryo (Figure 2A, S1A). This result suggested that 

SoxE function at these stages may be incompatible with normal development of pluripotent 

blastula cells. In parallel experiments, Sox2 or Sox3 were expressed in blastula cells at 

protein levels matched to Sox9 and Sox10. While this too led to disruptions in gene 

expression, these changes were less pronounced than those observed in response to 

equivalent levels of Sox9 or Sox10 (Figure 2A, S1A). The changes in blastula gene 

expression in response to up-regulation of SoxB1 factors is consistent with findings in 

mouse and human ES cells, where both increases and decreases in Sox2 activity can lead to 

loss of pluripotency (Kopp et al., 2008; Boer et al., 2007; Yamaguchi et al., 2011; Takahashi 

&Yamanaka, 2006; Thomson et al, 2011). These findings suggest that pluripotent blastula 

cells, while sensitive to changes in the levels of Sox protein activity, are more sensitive to 

increases in the activity of SoxE family transcription factors.

We next asked if the down-regulation of blastula pluripotency genes in response to Sox9 or 

Sox10 was mediated by a specific domain of these SoxE proteins. We use mutant forms of 

these proteins in which either the activation domain or the HMG DNA binding domain had 

been deleted (Figure 2B). These mutant proteins were expressed at levels equivalent to the 

wild type protein as determined by western blot, and their ability to down-regulate Id3 or 

Vent2 expression at blastula stages was compared. We found that mutants lacking the 

activation could still down-regulate Vent2 and Id3 (Figure 2C,D). By contrast, Sox9 and 

Sox10 mutants lacking the HMG domain had no effect on gene expression in pluripotent 

cells. (Figure 2 C, D, S1B), suggesting that the observed down-regulation of pluripotency 

genes by SoxE factors is dependent upon DNA binding.

SoxB1 and SoxE factors have distinct effects on neural crest and epidermis at neurula 
stages.

Given that premature expression of SoxE factors in pluripotent blastula cells disrupts normal 

gene expression, we wished to determine if prolonged expression of SoxB1 factors in the 

cells that will become neural crest has effects distinct from SoxE activity. Importantly, 

however, comparing the effects of SoxB1 and SoxE activity in neural crest cells necessitates 

bypassing their effects on blastula cells. To accomplish this we expressed glucocorticoid 

receptor fusion proteins of both SoxB1 (Sox2 and Sox3) and SoxE factors (Sox9 and 

Sox10). These fusion proteins remain functionally inactive until embryos are treated with 
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dexamethasone, allowing temporal control of their function in the developing embryo. 

Embryos were injected with mRNA encoding these factors in one cell at the two-cell stage. 

Injected embryos were treated with dexamethasone at stage 10 and cultured to neurula 

stages when they were harvested for analysis by in situ hybridization (Figure 3A). 

Interestingly, we found that inducing SoxB1 activity at the neural plate border at these stages 

led to down-regulation of neural crest factors Foxd3 and Snail2 (Figure 3B, S1C). By 

contrast, when SoxE proteins were similarly activated they enhance the expression of these 

neural crest markers (Figure 3B, S1C) consistent with previous results (Aoki et al.,2003; 

Saint-Germain et al., 2004; Taylor and LaBonne, 2005). These findings demonstrate that 

SoxE and SoxB1 activity have very different effects on the expression of neural crest 

markers at the neural plate border that are consistent with the spatiotemporal expression of 

these factors. To determine if these functional differences correlate with developmental 

timing (gastrula/neurula stage ectoderm) or cell type (neural crest) we also compared the 

effects of SoxB1 and SoxE activation on expression of the epidermal marker Epidermal 
keratin. Activation of either SoxB1 or SoxE factors downregulated the expression of this 

epidermal marker (Figure 3 C, S1C) suggesting that in this context, SoxB1 and SoxE factors 

have similar activities.

Increased SoxB1 or SoxE activity interferes with pluripotency

Given the observed down-regulation of key potency genes in pluripotent blastula cells, we 

examined the consequences of SoxE and SoxB1 activation on pluripotency. The animal pole 

cells of blastula stage embryos (state 8-9) are pluripotent, and explants of these cells can 

give rise to all cell derived from all three germ layers given proper instruction (Ariizumi & 

Asashima, 2001). For example, treatment of animal pole cells with activin instructs them to 

adopt a mesoderm or endoderm fate in a dose dependent manner (Asashima et al., 1990a; 

Asashima et al., 1990b; Lamb et al., 1993; Sasai et al., 1995). Using this system, we asked 

whether increased SoxE or SoxB1 activity would interfere with the ability of animal pole 

explants to adopt these fates in response to activin. Embryos were injected with mRNA 

encoding Sox2, Sox3 Sox9, or Sox10 in both cells at the 2-cell stage. Explants were 

manually dissected at blastula stage 8, and cultured with or without activin until early 

gastrula stages (stage 11.5) (Figure 4A). While control explants showed robust expression of 

the mesodermal marker Brachyury in response to low doses of activin, overexpression of 

SoxB1 or SoxE factors interfered with this response (Figure 4B, S1D) Similarly, SoxB1 or 

SoxE overexpression interfered with induction of endoderm in response to high doses of 

activin, as evidenced by loss of Sox17 expression (Figure 4C, S1D). Thus, consistent with 

effects on pluripotency gene expression, up-regulation of Sox activity interfered with the 

functional pluripotency in these cells, and therefore in this context SoxB1 and SoxE factors 

exhibit similar activities.

Both SoxB1 and SoxE1 proteins can maintain pluripotency.

The ability of the core pluripotency factors, including Sox2, to maintain developmental 

potential is concentration dependent (Kopp et al., 2008; Boer et al., 2007; Yamaguchi et al., 

2011), and this may explain the diminished ability of animal pole explants to form 

mesoderm or endoderm when SoxB1 or SoxE factors are overexpressed. To more rigorously 

compare the ability of SoxB1 and SoxE factors to mediate pluripotency we carried out 
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molecular replacement experiments. We used previously characterized translation blocking 

morpholinos targeting Sox2 and Sox3 to deplete the function of SoxB1 in animal pole cells 

(Schlosser et al., 2008). Cells depleted of SoxB1 factors are no longer competent to form 

mesoderm or endoderm in response to activin treatment, as assayed by expression of 

Brachyury and Endodermin (Figure 5A–C), confirming that SoxB1 function is essential for 

pluripotency in blastula stem cells. Interestingly, the ability of these cells to adopt 

mesodermal or endodermal states could be rescued not only by expressing Sox2 or Sox3 but 

also by expressing Sox9 or Sox10 (Figure 5B–C, S1). Thus, although they are not normally 

expressed in pluripotent cells of the blastula, Sox9 and Sox10 do have the ability to maintain 

pluripotency, although they may do so less robustly than SoxB1 factors do.

SoxB1 proteins, but not SoxE proteins, can maintain a neuronal progenitor state.

The ability of SoxE factors to replace SoxB1 factors in maintaining pluripotency raises the 

question of why a hand-off from SoxB1 to SoxE factors as cells progress from blastula stem 

cells to neural crest cells is necessary or advantageous. Given their later expression patterns, 

we hypothesized that these two families of Sox transcription factors might differentially 

poise cells for distinct lineage decisions. For example, subsequent to their roles in 

maintaining pluripotency in blastula stem cells, SoxB1 factors become restricted to the 

neural plate and are essential for formation of neuronal progenitor cells. Thus we wondered 

if SoxE factors could replace the function of SoxB1 factors in promoting a neural progenitor 

state. Animal pole explants can be induced to adopt a neural state in response to the BMP 

antagonist chordin. We first showed that morpholino-mediated depletion of Sox2 and Sox3 

prevented chordin-mediated neural induction (Figure 6A–B). We then compared the ability 

of SoxB1 and SoxE factors to rescue the adoption of a neural state. Explants from morphant 

embryos co-injected mRNA encoding Sox2 or Sox3 expressed the neural marker Sox11 in 

response to Chordin (Figure 6D–F, S1E). By contrast, neither Sox9 nor Sox10 equivalently 

rescued neural induction (Figure 6E–F, S1E). This indicates that SoxB1 factors posses a 

great ability to promote neural progenitor formation than do SoxE factors, consistent with 

their deployment in these cells at neurula stages.

SoxE proteins, but not SoxB1 proteins, can promote the neural crest state.

Given these findings, we next tested whether SoxB1 factors could replace SoxE functions in 

establishing a neural crest state. Animal pole cells can be reprogrammed to a neural crest 

state by expression of Wnt8 and Chordin (LaBonne & Bronner-Fraser, 1998, Figure 7A–E). 

Sox10 is required for establishing the neural crest state (Aoki et al., 2003; Honoré et al., 

2003; Taylor & LaBonne, 2005) and morpholino-mediated depletion of Sox10 prevents 

expression of the neural crest markers Sox9, Sox10 and Foxd3 in these explants (Figure 7A, 

B, S2) Co-expression of either Sox9 or Sox10 could rescue the induction of the neural crest 

marker FoxD3 (Figure 7D,E, S1E, S2) in these explants. By contrast Sox2 or Sox3 showed 

little or no ability to rescue Foxd3 expression. These findings suggest that SoxB1 factors 

have only a limited ability to replace SoxE function in promoting formation and 

maintenance of neural crest cells.
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Discussion

One hundred and fifty years after the discovery of the neural crest, the primary 

synapomorphy of vertebrates, by Wilhelm His in 1868, much remains to be learned about 

these cells. The neural crest is distinguished by its retention of stem cell attributes long past 

the time when neighboring cells in the early embryo have undergone lineage restriction, as 

well as by the broad and diverse set of derivatives to which these cells ultimately contribute. 

While there is considerable overlap in the GRNs controlling pluripotency in blastula stem 

cells and neural crest cells (Buitrago et al., 2015), a major difference between these cell 

types is the sub-type of Sox family transcription factors deployed (Figure 1).

A dramatic change in the expression of SoxB1 and SoxE factors is observed as embryos 

progress from early cleavage and blastula stages, a time in development when populations of 

pluripotent cells are present, to neurula stages when significant lineage restriction has 

occurred, and definitive neural crest cells are present. The SoxB1 factors, Sox2 and Sox3, 
are highly expressed in early pluripotent cells, but become restricted to the medial neural 

plate following gastrulation as animal pole cells become progressively lineage restricted 

(Fig. 1A). By contrast, expression of the SoxE factors Sox9 and Sox10 is absent from naïve 

blastula cells but becomes up-regulated at the neural plate border (NPB) by late gastrula 

stages, making the definitive neural crest stem cell population (Fig. 1B). By early neurula 

stages the expression domains of SoxB1 factors and SoxE factors have become mutually 

excusive. This is likely due, at least in part, to the repressive activity of Snail2 on Sox2 
expression (Acloque et al., 2011). The sequential deployment of different sub-families of 

Sox factors is reminiscent of what has been observed for Fox family transcription factors 

(Charney et al., 2017; Xu et al., 2009), suggesting that the SoxB1 to SoxE transition could 

serve as a paradigm for understanding the sequential utilization of related transcription 

factors during development. Furthermore, these findings suggest that with respect to the 

evolution of neural crest, the co-option of SoxE factors into the GRN represents one of the 

true novelties that correlated with or drove the acquisition of this cell type at the base of the 

vertebrates.

Why might it be important to deploy distinct sub-families of Sox transcription factors to 

maintain pluripotency in neural crest cells versus naïve blastula cells? One clue may be 

derived from the cells types that deploy SoxB1 and SoxE factors during later events in 

embryogenesis. By neural plate stages the expression of SoxB1 factors becomes restricted to 

neural progenitor cells where they play an essential role in maintaining the neural progenitor 

state (Bergsland et al., 2011). Neural crest cells retain their broad developmental potential 

through neurulation, and the onset of migration (Light et al., 2011), before ultimately 

differentiating and contributing to a broad set of derivative cell types (Taylor and LaBonne, 

2007; Prasad et al., 2012). At these later stages, SoxE factors function to promote the 

formation of a subset of neural crest derivatives. For example, Sox9 plays a key role in the 

formation of cartilage, whereas Sox10 is essential for the formation of melanocytes and glia 

(Akiyama et al., 2002; Aoki et al., 2003; Britsch et al., 2001, Lee et al., 2011; Taylor and 

LaBonne, 2005). The restricted expression of SoxB1 versus SoxE factors suggests that as 

cells exit from pluripotency, SoxB1 function might be better suited to promote the 

establishment of a neural progenitor state, whereas SoxE function better poises cells to adopt 
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non-neuronal neural crest states such as cartilage, glia and melanocytes. Consistent with 

important sub-functionalization, we find that SoxE factors promote the neural crest cell state 

whereas SoxB1 factors inhibit the formation of neural crest cells (Figure 3B, 7D).

Interestingly, during neural differentiation of embryonic stem cell cultures, SoxB1 factors 

take part in an additional relay event (Wegner, 2011). Following SoxB1-mediated 

maintenance of the neural progenitor state, SoxC family transcription factors (Sox4/11/12) 

function to promote neural differentiation (Bergsland et al., 2006; Bergsland et al., 2011; 

Hoser et al., 2008). It has been proposed that in this context Sox2 functions as a pioneer 

factor to both activate pluripotency genes and poises neural precursor genes. As cells assume 

a neuronal progenitor state, Sox3 replaces Sox2 occupancy of neural progenitor genes and 

poises neuronal differentiation genes for later expression. Finally, during neuronal 

differentiation, the SoxC protein, Sox11, replaces Sox2/3 and promotes expression of neural 

differentiation targets, including Lhx2, Pax2, and Tubb3 (Bergsland et al., 2011). Our results 

show that the SoxB1 factors, Sox2 and Sox3, can rescue chordin-mediated neural induction 

to a much greater degree than can Sox9 and Sox10 (Fig. 6E, F). By contrast SoxE factors 

can rescue Wnt/chordin-mediated neural crest induction more potently than can SoxB1 

factors (Fig. 7D, E). We hypothesize that SoxB1 and SoxE factors can occupy an 

overlapping set of regulatory elements on target genes, and may assemble distinct regulatory 

complexes in some contexts. Precedence for this is found in the regulation of neural crest 

derived oligodendrocytes, where both Sox10 and Sox2 can bind the regulatory elements for 

myelin binding protein, but with different transcriptional outputs (Hoffmann et al., 2014). 

Going forward it will be important to examine the dynamics of SoxB1 and SoxE protein 

occupancy across the genome as cells progress from a naïve blastula to a neuronal 

progenitor or neural crest state.

Sox factors are a highly versatile family of transcription factors that play multiple reiterative 

roles at different stages during development (Akiyama et al., 2002; Kim et al., 2003; Sarkar 

and Hochedlinger, 2013). Post-translational modification can further contribute to the 

functional versatility of these factors, for example SoxE proteins can functions as activators 

or repressors depending upon whether they have been modified by Sumoylation (Lee et al., 

2012; Taylor and LaBonne 2005). SUMOylated SoxE factors recruit transcriptional 

repressors to inhibit genes important for melanogenesis, including Dct (Lee et al., 2012). 

SoxE function can also be tuned by context dependent interactions with the SoxD factor, 

Sox5, which enhances SoxE-mediated activation of cartilage genes such as Col2a1, but 

inhibits SoxE mediated activation of melanocyte and glial specific genes (Lefebvre et al., 

1998; Nordin & LaBonne, 2014; Stolt et al., 2006; Stolt et al., 2008). Thus, multiple distinct 

mechanisms could contribute to tuning SoxB1 function for pluripotency and neuronal 

progenitor functions, and SoxE factors for neural crest progenitors and glial, melanocyte and 

cartilage fates.

Consistent with other studies, we found that levels of Sox proteins expressed were an 

important determinant of their function. In mouse and human ES cells, either increased or 

decreased Sox2 expression leads to loss of pluripotency (Kopp et al., 2008; Boer et al., 2007; 

Yamaguchi et al., 2011; Takahashi &Yamanaka, 2006; Thomson et al, 2011). Similarly we 

found that increased levels of Sox2 or Sox3 could inhibit gene expression in pluripotent 
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blastula cells, although these cells appeared more sensitive to increases in SoxE expression 

(Figure 2A). Interestingly, whereas SoxB1 factors inhibited expression of neural crest 

markers and SoxE factors promoted this expression, both inhibited expression of epidermal 
keratin (Figure 3B,C). There remains much to be learned about the distinct and overlapping 

regulatory activities of these two classes of Sox Factors, and how their differential 

deployment contributes to pluripotency and lineage restriction decisions in the early embryo.

Understanding the mechanisms underlying the evolution of gene regulatory networks is a 

subject of great interest and importance. Evolution of these networks has been facilitated by 

gene and genome duplications that increased the number and type of network components 

that could be deployed. The Sox superfamily has proven particularly ‘evolutionarily pliable,’ 

having undergone multiple rounds of duplication, divergence, sub-functionalization and neo-

functionalization (Guth and Wegner, 2008; Heenan et al., 2016; Tai et al., 2016). In contrast 

to most neural crest potency factors (including Snail1, Myc, Foxd3, Ets1, Ap2, and Vent2), 

Sox9 and Sox10 are not first expressed in pluripotent naïve blastula cells. SoxE expression 

commences in definitive neural crest cells at the neural plate border only once SoxB1 factors 

have become restricted to the neural progenitor pool. Our findings suggest a model in which 

the essential role of SoxB1 in regulating the blastula stem cell state is handed off to SoxE 

factors which function in part to retain the developmental potential of the neural crest. We 

hypothesize that this switch in Sox factor deployment facilitates the subsequent lineage 

restriction of neural crest cells to non-neural cell types including cartilage, melanocytes and 

glia.

Material and Methods

Embryological methods.

Collection, manipulation and in situ hybridization of Xenopus embryos were performed as 

previously described (Bellmeyer et al. 2003) using digoxigenin-labeled RNA probes 

detected with BM Purple AP Substrate (Roche). mRNA for microinjection was synthesized 

in vitro from linearized plasmid templates using the SP6 Message Machine kit (Ambion). β-

galactosidase mRNA was co-injected as lineage tracer and was detected with Red-Gal 

substrate (Research Organics). All results shown are representative of at least three 

biological replicates of independent experiments. Explants of naïve ectoderm were manually 

dissected from the animal pole of blastula (stage 8-9) embryos previously injected at two-

cell stage with the indicated mRNA or morpholino. Explants were cultured at room 

temperature in 1X MMR on agar coated dishes until the indicated stage, and fixed in 

formaldehyde for 40 minutes before being processed for in situ hybridization. For Activin 

treatment of animal pole explants of naïve ectoderm were manually dissected from animal 

pole of blastula (stage 8-9) embryos previously injected with mRNA or morpholino. Injected 

explants were culture in 1X MMR. Activin prepared from R&D Systems Human/Mouse/Rat 

Activin A Recombinant Protein concentrated to an effective stock concentration of 20 μg/ml. 

Explants were treated with Activin at the stage indicated in 1X MMR supplemented with 

0.1% BSA as carrier. Concentrations of 20ng/μl or 200 ng/μl were used to induce mesoderm 

or endoderm respectively. Explants were cultured at room temperature in 1X MMR on agar 
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coated dishes until the indicated stage, samples were fixed in formaldehyde for 40 minutes 

before being processed of in situ hybridization.

Dexamethasone treatment of whole embryos.

Embryos were injected with Sox2-GRcMT, Sox3-GRcMT, Sox9-GRcMT, Sox10-GRcMT at 

two-cell stage and cultured in 0.1X MMR. Embryos were induced with a solution of 0.1X 

MMR with 4μg/ml Dexamethasone (Sigma) at stage 10 to bypass blastula stages. Embryos 

were cultured at room temperature until stage 15 (neurula) and, fixed in formaldehyde for 1 

hour before being processed for in situ hybridization.

Western blot analysis.

For western blot, five embryos per injection condition were collected at stage 10 and lysed 

1% NP-40 supplemented with a protease inhibitor cocktail (Roche), phenylmethylsulfonyl 

fluoride, aprotinin, and leupeptin. Proteins were detected using a primary antibody against 

epitope tag: Myc 1:3000 (9E10, Santa Cruz Biotechnology), and a secondary antibody 

conjugated to Horseradish peroxidase (HRP) and detected by chemiluminescence (GE 

Healthcare). Alternately, a goat anti-mouse IgG IRDye secondary was used at 1:20,000 and 

samples were detected via Li-COR Odyssey Imaging Systems.

DNA constructs

The morpholino antisense oligonucleotides against the 5’UTR and coding region of 

Xenopus Sox2 (5’- GCGGAGCTACATGTCGTACTACCTC-3’), Sox3 (5’-

ACTTCGAGGTTTACATATCGTACAA-3’) (Gene Tools) were previously described and 

validated (Schlosser et al., 2008). Embryos were injected with 5ng of each morpholino to 

inhibit Sox2 and Sox3 expression. The morpholino targeting Sox10 (5’-

AGCTTTGGTCATCACTCATGGTGCC- 3’), as described in (Taylor & LaBonne, 2005) 

was used to inhibit Sox10 expression (10ng). For rescue experiments, mRNA encoding 

epitope tagged forms of Sox2, Sox3, Sox9, or Sox10 was injected together with mRNA 

encoding lineage tracer β-gal. Animal caps were dissected and cultured to the indicated 

stage and fixed for 40 minutes in formaldehyde prior to in situ hybridization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of SoxB1 and SoxE factors in Xenopus embryos.
(A) In situ hybridization examining Sox2 and Sox3 expression in wildtype Xenopus 
embryos collected between blastula and late neurula stages. (B) In situ hybridization 

examining Sox8, Sox9, and Sox10 expression in wildtype Xenopus embryos collected 

between blastula and late neurula stages.
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Figure 2. SoxE factors interferance with pluripotency gene expression depends upon DNA-
binding capabilities.
(A) In situ hybridization examining Vent2, Oct25, Id3, and TF-AP2 in blastula stage (stage 

9) embryos injected unilaterally with Sox2, Sox3, Sox9 or Sox10. (B) Schematic of Sox9 

and Sox9 protein domains. (C) In situ hybridization examining Vent2 and Id3 expression in 

blastula stage (stage 9) embryos injected unilaterally with wildtype or mutant forms of Sox9. 

(D) In situ hybridization examining Vent2 and Id3 expression in blastula stage (stage 9) 

embryos injected unilaterally with wildtype or mutant forms of Sox10. Asterisk (*) denotes 

injected side of the embryo as marked by staining of the lineage tracer β-galactosidase (red).
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Figure 3. Inducing SoxB1 and SoxE protein activities at gastrulation leads to differential effects 
on neural crest formation, but similar effects on the ectoderm.
(A) Schematic of experimental overview. (B) In situ hybridization assaying expression of 

neural crest factors Snai2, FoxD3, and Sox10 in neurula (stage 15) embryos injected with 

inducible Sox2, Sox3, Sox9, or Sox10 constructs. (C) In situ hybridization assaying the 

expression of epidermal factor EPK in neurula (stage 15) embryos injected with inducible 

Sox2, Sox3, Sox9, or Sox10 constructs. Asterisk (*) denotes injected side of the embryo as 

marked by staining of the lineage tracer β-galactosidase (red).
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Figure 4. Overexpression of SoxB1 or SoxE factors impairs the formation of mesoderm and 
endoderm in animal pole explant assays.
(A) Schematic of experimental overview. (B) In situ hybridization examining Brachyury 
expression in animal pole explants injected with Sox2, Sox3, Sox9 or Sox10 mRNA and 

cultured with or without a low dose of activin. (C) In situ hybridization examining Sox17 
expression in animal pole explants injected with Sox2, Sox3, Sox9 or Sox10 mRNA and 

cultured with or without a high dose of activin.
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Figure 5. SoxB1 and SoxE factors can both restore potential to animal pole explants following 
morpholino-mediated depletion of Sox2 and Sox3.
(A) Schematic of experimental overview. (B) In situ hybridization examining Brachyury 
expression in animal pole explants injected with Sox2 and Sox3 morpholino and either 

Sox2, Sox3, Sox9 or Sox10 mRNA that were cultured with or without a low dose of activin. 

(C) In situ hybridization examining Endodermin expression in animal pole explants injected 

with Sox2 and Sox3 morpholino and either Sox2, Sox3, Sox9 or Sox10 that were cultured 

with or without a high dose of activin.
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Figure 6. SoxE factors cannot fully replace the function of SoxB1 factors in animal pole explants 
induced to a neuronal lineage
(A) Schematic of experimental overview for knockdown experiments. (B) In situ 
hybridization examining Sox2 expression in animal pole explants injected with Sox2 and 

Sox3 morpholino and chordin. (C) In situ hybridization examining Sox3 expression in 

animal pole explants injected with Sox2 and Sox3 morpholino and chordin. (D) Schematic 

of experimental overview for rescue experiments. (E) In situ hybridization examining Sox11 
expression in animal pole explants injected with Sox2 and Sox3 morpholino, chordin, and 

either Sox2 or Sox9 mRNA. (F) In situ hybridization examining Sox11 expression in animal 
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pole explants co-injected with Sox2 and Sox3 morpholino, chordin, and either Sox3 or 

Sox10.
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Figure 7. SoxB1 factors cannot replace the function of SoxE factors in animal pole explants 
induced to a neural crest state.
(A) Schematic of experimental overview for knockdown experiments. (B) In situ 
hybridization examining Sox9, Sox10, or FoxD3 expression in animal pole explants injected 

with Sox10 morpholino, Wnt8, and chordin. (C) Schematic of experimental overview for 

rescue experiments. (D) In situ hybridization examining FoxD3 expression in animal pole 

explants injected with Sox10 morpholino, Wnt8, chordin, and either Sox2 or Sox9 mRNA. 

Buitrago-Delgado et al. Page 22

Dev Biol. Author manuscript; available in PMC 2021 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) In situ hybridization examining FoxD3 expression in animal pole explants injected with 

Sox10 morpholino, Wnt8, chordin, and either Sox3 or Sox10.
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