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ABSTRACT 

 

Neurogenesis is a tightly controlled developmental process through which neural 

progenitor cells progress to committed neurons. While the SoxB1 transcription factors are 

well characterized to have functions in the induction and maintenance of neural 

progenitors, the involvement of SoxB2 proteins in neurogenesis is not as well understood. 

SoxB2 protein Sox21 has been shown to repress SoxB1 function and promote 

differentiation, yet also be required for maintenance of progenitors, depending on the 

context of the analysis. Previous work from our lab looked to Xenopus to assess the role 

of Sox21 in neurogenesis and resolved that like many Sox proteins, the role of Sox21 is a 

function of the spatiotemporal context and expression levels. Sox21 has been revealed to 

be one of many genes which were retained following the polyploidization event in 

Xenopus laevis evolution, which led us to investigate differences between Sox21.S and 

Sox21.L in gastrula and neurula embryos. Our gain-of-function studies showed that 

Sox21.L is more effective at promoting differentiation in gastrula and has regional sub-

functionalization in neurula embryos. These analyses also demonstrate that sox21 

expression levels are finely controlled via a novel homeolog-specific autonomous 

feedback loop.  

Given all Sox proteins recognize and bind the same DNA sequence, it is accepted that 

cooperation with partner proteins help to dictate their DNA-binding specificity at target 
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gene loci. Here we generated constructs toward building a better understanding of how 

Sox21 physically interacts with various partners, along with how post-translational 

modifications of Sox proteins affect their capacity to interact.  

With these data, we present additional information regarding Sox21 function in 

neurogenesis, including alloallelic spatiotemporal specificity. Additionally, this work 

presents one of the first cases of homeolog-specific semi-autonomous gene regulation 

within Xenopus laevis. Furthermore, we developed additional tools to further investigate 

the homeolog-specific functions of Sox21 across development. 
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Introduction 

Neurogenesis, the creation of neurons, is a developmental process encompassing the 

progression of cells from multipotent neural stem cells to differentiated neurons. This process is 

critical to the proper formation of the central nervous system (CNS), peripheral nervous system 

(PNS), and for regeneration of neural tissue. Research interests have heavily focused on 

neurogenesis as a means to develop therapies allowing recapitulation of the process to replenish 

or replace damaged neural tissues in humans, as we possess very limited regenerative capacity 

(Okano, 2010). For this clinical goal to be feasible, the process of embryonic neurogenesis must 

be more thoroughly understood at all steps, from the efficient induction and maintenance of 

neural stem cells to controlling the balance between symmetric and asymmetric cell proliferation 

during lineage commitment and differentiation to the generation of specific neuronal subtypes.  

To better characterize the molecular coordination of neurogenesis, we focused on the 

SoxB family of transcription factors (TFs), which are subdivided into SoxB1 and SoxB2 

subfamilies. SoxB2 proteins are of particular interest here, as previous literature supports 

conflicting roles in neurogenesis for SoxB2 member Sox21.  SoxB1 proteins, Sox2 and Sox3 are 

well characterized to have roles in neural progenitor cell induction and maintenance. Initial 

reports suggested that Sox21, a SoxB2 protein, countered SoxB1 function, promoting 

differentiation in chick spinal cord (Sandberg et al., 2005), whereas studies in mouse PC12 cell 

and stem cell cultures suggested Sox21 to synergize with SoxB1 function and promote 

maintenance of the progenitor fate (Ohba et al., 2004). Previous work from our lab demonstrated 

that the role of Sox21 in Xenopus laevis primary neurogenesis is concentration-dependent, 

capable of both induction and maintenance of neural progenitor cells (NPCs), and promotion of 

differentiation and maturation of neurons (Whittington et al., 2015).   
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A caveat to Sox function is that these TFs require a partner protein to stably bind 

chromatin and affect the transcriptional state of target genes (Kamachi et al., 2000). Given that 

all Sox proteins possess a highly conserved high-mobility group (HMG) DNA binding domain, 

they recognize and bind the same consensus target sequence 5’- (A/T)(A/T)CAA(A/T)G -3’ 

(Harley et al., 1994). As such, it is widely accepted that their DNA binding specificity is 

dictated, in part, by partner protein interaction and therefore, availability. Select Sox family 

members have had some of their protein interactions characterized, revealing that various 

domains of Sox proteins contribute to interactions with partner proteins (Cox et al., 2010), which 

can consequently influence whether, and how, the Sox protein interacts with the chromatin. 

Here, we investigate Sox21 further within the allotetraploid Xenopus laevis system, to: 1) 

determine whether Sox21.L and Sox21.S homeologs are functionally redundant or display a 

degree of sub-functionalization; and 2) assess how partner proteins influence Sox21 specificity 

and function. 

Xenopus laevis as a unique opportunity to assess evolutionary shift in function 

Though the functional dichotomy of Sox21 in X. laevis largely results from a suite of 

diverse partner proteins which are context specific, another contributing factor is also a caveat of 

X. laevis as a model system- polyploidy. Xenopus laevis is unique, in that the species is 

allotetraploid, effectively possessing two sets of chromosomes, the short (.S), and long (.L). All 

previously published data involving sox21 in X. laevis investigated the role of Sox21.S, and 

therefore we know little about the function of Sox21.L. However, sequence alignment of the 

proteins reveal notable differences, primarily in the C-terminal domain. 
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Allopolyploidy and the selective pressures following gene duplication are phenomena 

that have been studied extensively in Xenopus and Sirulana (formerly Xenopus). Functional 

consequences of increased gene ploidy can vary, as numerous studies demonstrate that there are 

multiple possible fates for duplicated genes, which include functional redundancy, sub- and neo-

functionalization, and gene silencing (Guth & Wegner, 2008; Murato et al., 2007; Session et al., 

2016).  Two consequences of gene duplication are of particular significance here. The first is that 

allopolyploidization can result in novel expression patterns, spatially or temporally, which is 

thought to likely be a consequence of dosage-dependent gene regulation or accumulated 

mutations in cis-regulatory elements, as seen with the six6 homeologs (Session et al., 2016). The 

second consequence of gene duplication is that subgenomes must cooperatively evolve to ensure 

continuity in protein-protein interactions (Session et al., 2016). These possibilities hold particular 

importance with Sox21, as Sox proteins require a partner to efficiently affect transcription of 

target genes, and homeolog-specific expression data indicates differences in temporal expression 

between sox21.L and sox21.S (Session et al., 2016).   

Though the speciation event resulted in Xenopus laevis possessing two complete 

genomes, differential selective pressures have resulted in robust change over time. Interestingly, 

when comparing to X. tropicalis orthologues, the X. laevis S subgenome has been subjected to an 

asymmetrical amount of gene loss, with 31.5% of genes lost whereas only 8.3% were lost from 

the L subgenome (Session et al., 2016). This asymmetrical sequence loss within the S 

subgenome was reported to also hold true for other functional elements. While the trends of loss 

are interesting, the patterns of retention are more pertinent to this work. In particular, genes with 

expression peaking either at the maternal zygotic transition or during neural differentiation were 

retained with higher frequency. Furthermore, the function of the protein products served to 
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influence retention as well, with those involved in DNA binding, critical developmental 

pathways, and cell cycle regulation being retained much more frequently. For example, of the 38 

duplicated genes within the Hox clusters, 37 were retained (Session et al., 2016).   

Many retained X. laevis homeologs have minimal divergence between the .S and .L 

subgenomes, with the majority of differences occurring in non-coding regions (Session et al., 

2016). However, some genes do have subtle differences, while an even smaller number of genes 

have a significant divergence between the .S and .L homeologs despite both being expressed. 

The Sox21 homeologs are highly similar, though Sox21.S lacks a stretch of Alanine in the C-

terminal region, making it more similar to the Danio rerio homeolog, which is presumed to be an 

ancestral version of the protein given the timing of divergence of bony fish relative to 

amphibians in vertebrate evolution (Figure 1a). In contrast, Sox21.L possesses the stretch of 

Alanine in the C-terminal region, making it more similar to the evolutionarily derived homeologs 

possessed by Xenopus tropicalis, Gallus gallus, and Mus musculus. Taken alone, the sequence 

differences may not be of much significance, but in conjunction with expression data, we 

postulate that there is likely some level of sub-functionalization in the context of neurogenesis. 

Considering previous data investigating XtSox21 and XlSox21 function, we hypothesize that 

Sox21.S and Sox21.L have spatiotemporal differences in function, possibly driven by expression 

differences. Here, we analyze the consequences of ectopic homeolog-specific expression to 

determine whether Sox21.S and Sox21.L contribute to distinct functions over the course of 

neurogenesis.  

Neurogenesis in Xenopus laevis 

In early development, neural tissue is induced from ectoderm leading to the cascade of 

events that is neurogenesis. First, the neural plate forms along the dorsal side of the embryo 
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comprised of pluripotent neural progenitor cells (NPCs) which expand the neural plate via 

symmetrical cell division (Rao, 1999). As development progresses, the neural plate will 

gradually fold to form the neural tube which in turn is further organized and specified to give rise 

to the CNS. In Xenopus while the cells of the neural plate are undergoing the morphological 

changes of bending and converging to form the tube, some cells are progressing through a 

hierarchy of gene regulation that will serve to gradually fine tune and determine their cell fates.  

The NPCs initially express high levels of some proteins that function to establish, 

stabilize, and maintain a neural fate resulting in symmetrical division to expand a stable 

progenitor pool (Rogers, Moody, et al., 2009; Streit et al., 1997). Among this initial set of 

proteins that establish neural fate are Sox transcription factors (TFs), namely SoxB1 members 

Sox2 and Sox3 (Bylund et al., 2003; Graham et al., 2003). While the NPCs are initially found 

throughout the entire neural plate, their division and differentiation must be finely controlled. 

Failure to properly regulate the signaling and proliferation can lead to severe phenotypes, such as 

the split axis seen as a result of β-catenin overexpression in Xenopus embryos (Guger & 

Gumbiner, 1995). Tight control is required to ensure that the proper numbers of cells are 

generated, so that: 1) correct numbers of various neural cell types are produced for 2) the 

development of an appropriately sized and proportioned brain and spinal cord, and that 3) a 

population of NPCs will persist throughout development and in adults will largely only be later 

found in ventricular zones throughout the CNS to maintain plasticity for repair or regeneration of 

injured tissues (Ohnuma & Harris, 2003; Stigloher et al., 2008).   

As SoxB1 expression decreases in an NPC, proneural genes coding for basic-helix-loop-

helix (bHLH) proteins accumulate leading to a transition to exit the cell cycle and divide 

asymmetrically, with one daughter cell inheriting factors determining its cell fate (Bertrand et al., 
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2002; Henningfeld et al., 2007). The post-mitotic cells first generated are NeuroD expressing 

neuronal progenitors, which transition into mature neurons as additional proneural factors 

accumulate and transcriptional events instruct the cell to differentiate (Ma et al., 1996).  

The major steps within neurogenesis, including proliferative NPCs, immature neurons, 

and mature neurons are easily mapped in X. laevis embryos by monitoring the expression of 

specific TFs sox2, ngn2 and neuroD, and n-tubulin, respectively (Figure 2).   

SoxB in neurogenesis 

Sox (SRY-related HMG box) proteins are a superfamily of TFs that all share a highly 

conserved high-mobility group (HMG) domain (Kamachi & Kondoh, 2013; Kiefer, 2007). This 

HMG domain serves to facilitate DNA binding in the minor groove, resulting in chromatin 

bending, which allows the Sox TF to elicit a transcriptional change (L. H. Pevny & Lovell-

Badge, 1997; Scaffidi & Bianchi, 2001; Stros et al., 2007; Wissmüller et al., 2006). Within 

vertebrates, the Sox family is subclassified into groups, SoxA-SoxH, based largely on the 

homology of the HMG domain (Kamachi & Kondoh, 2013). SoxB and SoxC family members 

Sox2 and Sox3, and Sox11 are known to be involved in neurogenesis. SoxB proteins are highly 

expressed in early neurogenesis, whereas SoxC proteins are largely restricted to post-mitotic 

cells as they differentiate to become neurons (Bergsland et al., 2011; Chen et al., 2015; Masanori 

Uchikawa et al., 2011; Wegner, 2011; Whittington et al., 2015).  

The SoxB subfamily is further broken down to SoxB1 and SoxB2; although they share a 

short highly conserved B-homology domain beyond their highly similar HMG domains, their 

respective functions are generally that of transcriptional activators versus repressors, respectively 

(Kamachi et al., 1995; Masanori Uchikawa et al., 1999a, 2011). SoxB1 proteins Sox2 and Sox3 
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are highly expressed in early neural development and are critical for the induction and 

maintenance of NPCs, inhibiting differentiation until a threshold of proneural factor 

accumulation is reached (Bergsland et al., 2011; Bylund et al., 2003; Graham et al., 2003; 

Rogers, Moody, et al., 2009; Sasai, 2001; Wegner, 2011). Sox2 and Sox3 have highly 

overlapping spatiotemporal expression patterns in the developing Xenopus embryo (Masanori 

Uchikawa et al., 2011), and each can compensate for the loss of the other (Bylund et al., 2003), 

suggesting a functional redundancy in the context of neurogenesis. However, our lab 

demonstrated they activate distinctly different sets of target genes with the co-expression of Oct4 

(Archer et al., 2011). So, while they serve to maintain progenitors in neural development, the 

means through which it is accomplished differs between Sox2 and Sox3. 

While the role of SoxB1 proteins in neurogenesis is well understood, the role of SoxB2 

member Sox21 is not. Early studies suggested that Sox21 counteracts SoxB1 function, driving 

differentiation (Sandberg et al., 2005). Conversely, data from mouse PC12  cells suggest that 

Sox21 synergizes with Sox2, inhibiting differentiation (Ohba et al., 2004). Furthermore, previous 

data from our lab suggest Sox21 is necessary to maintain NPCs in the Sox2+ proliferative state, 

whereas low levels of Sox21 are necessary to promote neuronal differentiation (Figure 1; 

Whittington et al., 2015). While it is not clear how Sox21 performs seemingly contradictory 

functions, we hypothesize it is due to differential interactions with partner proteins across 

different stages of development. 

How interactions between proteins, namely TFs, contribute to the regulation of cell fate 

remains a poorly characterized phenomenon within neurogenesis. Sox proteins are an example of 

TFs requiring partner protein interactions, whether they be homo- or hetero-dimerization, to 

efficiently regulate target genes, lending themselves as ideal candidates to investigate. Although 
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it is known that Sox TFs require a partner protein, little is known regarding the interactomes of 

each Sox protein, and even less known about the functional significance of these protein-protein 

complexes. Sox21 offers a particularly unique opportunity to study not only how partner proteins 

influence TF function, but also how those interactions contribute to cell fate decisions, within the 

process of neurogenesis. Here, we investigate whether Sox21.S and Sox21.L interact with the 

same partner proteins. Moreover, we also generated constructs lacking key domains to explore 

how Sox21.S physically interacts with known partners Sox2, Ngn2, and Gsh2 (Whittington et al., 

2015).  

Partner proteins influence Sox specificity  

The developmental progression of any given cell lineage, including neurogenesis, is 

rigorously controlled by a hierarchy of gene regulation. One of the key layers of instruction is 

that of interactions between TFs and chromatin, resulting in transcriptional change. While 

transcription factors primarily serve to elicit transcriptional variation, some require direct 

interaction with a partner protein or be part of a complex to efficiently bind the chromatin and 

affect the transcriptional state of target genes (Kamachi et al., 1999, 2000). How partner proteins 

serve to dictate the function or specificity of a transcription factor is not well characterized. 

Elucidating how protein-protein interactions contribute to cell lineage specification will offer 

fundamental information not only broadly applicable to embryogenesis, but also to future 

research that aims to guide multipotent cells toward specific cell fates. 

Sox proteins each have characteristic spatiotemporal expression domains and are known 

to execute different functions throughout development. The HMG domain shared by all Sox 

proteins, although slightly varied by Sox subfamily, is highly conserved and recognizes the 

consensus DNA-binding sequence: 5’- (A/T)(A/T)CAA(A/T)G -3’ (R.Harley et al., 1994). Given 
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that all Sox proteins contain the HMG domain which recognizes this same sequence, their 

specificity must be otherwise influenced. One of the variables that influence target specificity for 

Sox proteins are the context-specific partner proteins with which they interact.  

Sox2-Oct4 is one of the best characterized interactions involving a Sox TF, with their 

nonreciprocal and conditional cooperativity being well documented in vitro and in vivo in ESCs 

(Huertas et al., 2020; Li et al., 2019; Liu & Kraus, 2017; Michael et al., 2020). In mouse ESCs, 

Sox2 and Oct4 bind to a canonical DNA motif to activate nanog and fgf4 (Rodda et al., 2005). 

Beyond the Sox2-Oct4 interaction, Sox2 is also known to interact with Brn2 in NPCs to activate 

nestin (Tanaka et al., 2004), or with Pax6 in the lens to activate δ-crystallin (Kamachi et al., 

1995). Furthermore, our lab demonstrated that the cooperative interaction of Sox2 and Oct4 to 

maintain pluripotency in NPCs activates a distinct set of target genes compared to other SoxB1 

proteins (Archer et al., 2011). Taken together, there is mounting evidence that Sox specificity 

and roles in development are largely a function of the partners with which they interact. 

POU family proteins, including Oct4 are known to be promiscuous Sox binding partners, 

and as such, the DNA motif through which they interact have been thoroughly dissected and 

shown to vary slightly, primarily in regard to the number of nucleotides bridging the gap 

between a canonical Sox site and Oct site (Ng et al., 2012). Interestingly, the spacing proved to 

selectively influence which Sox proteins Oct4 interacts with. All assessed Sox proteins interact 

with Oct4 in the presence of a 3-nucleotide spaced motif (CATTGTCggcATGCAAAT.) 

However, Sox2, Sox14, Sox15 and Sox21 interact with the standard motif 

(CATTGTCATGCAAAT) while these same Sox members competed with Oct4 for binding a 

compressed motif (CATTGTATGCAAAT.) Furthermore, Sox4, Sox5, Sox17 and Sox18 

cooperate with Oct4 on both the standard and compressed motifs. Though this study was limited 
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to the Sox-Oct4 interaction, taken together with aforementioned contextual functions of Sox2, it 

effectively demonstrates that Sox-partner interactions and their roles in directing cell fate are 

exceptionally complex. 

It was previously thought that Sox proteins interact with other transcription factors 

largely through their HMG domain (Wilson & Koopman, 2002). However, recent studies 

involving Sox2 demonstrate that the interactions are more intricate, with the domain(s) 

contributing to the interactions varying, depending on the partner involved. These data 

demonstrate that the HMG domain is even slightly inhibitory to certain interactions (Cox et al., 

2010). Therefore, the Sox-Partner interaction may influence additional aspects beyond targeting 

specific DNA sites, such as interfering with the Sox protein’s capacity to bind chromatin. This is 

of particular importance here, as Sox21 is known to interact with multiple partners, so physically 

mapping these Sox21-Partner interactions can help future studies predict consequences of the 

interactions. 

Specific to the work reported herein, Sox21 has been demonstrated to interact with Sox2 

to inhibit neuronal differentiation in mouse embryonic stem cells (Mallanna et al., 2010). Our lab 

also demonstrated that XlSox21.S interacts with Sox2 and Ngn2 (Whittington et al., 2015), 

although the direct functions of these interactions remains unclear. Although XlSox21.S is 

inhibitory to Ngn2 function, helping to maintain neural progenitors, it is not yet known whether 

this inhibition is through the Sox21-Ngn2 interaction itself or if Sox21 represses Ngn2 target 

neuroD with a different partner. Disrupting Xlsox21.S levels via ectopic expression or 

morpholino oligonucleotide-mediated knockdown indicate dosage- and context-dependent roles 

in induction of neural progenitors, progenitor maintenance, yet also a necessity for neuronal 

differentiation. In the work presented herein, I generated a series of deletion constructs to 
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investigate how Sox21 interacts with its various partners, so that future studies can better predict 

how each Sox21-Partner complex interacts with chromatin to regulate the transcription of their 

respective target genes.   
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Figure 1. Sox21 homeolog alignment and temporal expression. (a) Sox21 amino acid sequences 

aligned and shaded relative to their hydrophobicity using Geneious (Hydrophobicity increases 

from Red to Blue.) The high mobility group (HMG) domain is indicated with the green bar, the 

group B homology domain is indicated with a red bar, and the polyalanine stretches characteristic 

of Sox21 are indicated by yellow boxes. (b) Percent identity matrix based on the aligned 

sequences. (c) sox21.S and sox21.L expression profiles based on RNAseq data (Session et al., 

2016). Shaded box to accentuate differential expression in early neural development. 

Abbreviations used: Tr (Takifugu rubripes), Dr (Danio rerio), Xl (Xenopus laevis), Xt (X. 

tropicalis), Gg (Gallus gallus), and Mm (Mus musculus.) 
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Figure 2. Schematic of Sox21 function in neurogenesis to date. Progenitor proteins shown in 

yellow, proneural proteins in purple, and Sox21 function shown in red or green, for functions 

demonstrated in other models or Xenopus, respectively.  
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Introduction  

Neurogenesis, the process by which pluripotent neural stem cells (NSCs) exit the cell 

cycle and differentiate to mature neurons, is intricately controlled in vertebrate embryogenesis by 

a hierarchy of transcription factors. Several involved proteins have been identified, however their 

respective functions often remain poorly characterized (Moody et al., 2013; Rogers, Moody, et 

al., 2009).  

The SRY-related HMG box (SOX) family of TFs contains several proteins known to 

have varying roles in neurogenesis. Sox family members are classified by their shared and highly 

conserved HMG domain, which binds the consensus sequence 5’- (A/T)(A/T)CAA(A/T)G -3’ 

(Harley et al., 1994; Kamachi & Kondoh, 2013; Kiefer, 2007). Subfamily SoxB and SoxC TFs 

are examples of key contributors to neurogenesis which have been identified and are known to 

be heavily involved in, and required, for the proper regulation of neurogenesis (Bylund et al., 

2003; Moody et al., 2013; L. Pevny & Placzek, 2005; Rogers, Moody, et al., 2009), although 

their respective contributions are not entirely understood. However, given the highly conserved 

nature of the shared HMG-domain, it has long been recognized that Sox TFs require a partner 

protein, or to be part of a complex, to effectively bind target chromatin and therefore elicit 

transcriptional responses (Cox et al., 2010; Kondoh & Kamachi, 2010; Wilson & Koopman, 

2002). 

SoxB1 family members, Sox2 and Sox3, partake in the induction and maintenance of 

neural progenitor cells (NPCs) (Archer et al., 2011; Bylund et al., 2003; Graham et al., 2003; 

Lodato et al., 2011; Rogers, Harafuji, et al., 2009; Masanori Uchikawa et al., 1999b). The SoxC 

family member, Sox11, is well known to have roles in neural induction, NPC maintenance, and 
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neural differentiation and maturation (Chen et al., 2015, 2016; Singleton et al., 2020). However, 

the role of SoxB2 member Sox21 is not as clearly defined.  

Sox21 has been reported to have contradictory roles in the progression of neurogenesis 

between different model organisms. Sox21 overexpression counteracts Sox2 and promotes 

neural differentiation in chick spinal cord (Sandberg et al., 2005) yet promotes progression from 

embryonic stem cells to NSCs in mouse embryos (Mallanna et al., 2010). Other studies suggest 

Sox21 gain-of-function inhibits differentiation and promotes NPC maintenance, evidenced by a 

decrease in neural maturation in mouse PC12 cells (Ohba et al., 2004). Furthermore, Sox21 is 

shown to promote NSC induction and inhibit differentiation, yet is required for neuron formation 

in Xenopus laevis (Whittington et al., 2015). It is critical to note that these results stem from 

assessing different stages of development, yet that all data to date imply that Sox21 has multiple 

functions that are context dependent.  

The level of functional complexity demonstrated by Sox21 across evolutionary lineages 

is, in some cases, explained by partner protein specificity, as Sox function is largely dictated by 

their respective partner proteins or complexes (Lodato et al., 2011; Mistri et al., 2015; Tanaka et 

al., 2004). Another confounding factor which may contribute to functional complexity within X. 

laevis is polyploidy. The emergence of X. laevis as a species was the result of a hybridization 

event in which both ancestral genomes were retained. X. laevis is allotetroploid, with 

homologous genes and their respective regulatory elements having gradually evolved to 

accommodate for gene dosage through various means (Van De Peer et al., 2009). While some 

genes may be deleted from a chromosome set (Suzuki, Uno, et al., 2017), others are silenced or 

have otherwise evolved reduced expression levels (Suzuki, Yoshida, et al., 2017), and others 
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have undergone sub- or neo- functionalization (Guth & Wegner, 2008; Session et al., 2016; Van 

De Peer et al., 2009). 

In effort to better understand the broad spectrum of Sox21 roles in X. laevis neurogenesis, 

a newly published genome annotation was explored (Karimi et al., 2018). The new annotation 

revealed sox21 to be one of the many retained homologous genes. Further analyses concluded 

that prior work exploring the role of Sox21 in Xenopus laevis neurogenesis, and the 

consequences of sox21 misexpression was limited to sox21.S (Cunningham et al., 2008; 

Whittington et al., 2015). Here, we focus on exploring notable differences between sox21.L and 

sox21.S, which have resulted in some functional discrepancies, indicating possible sub-

functionalization.  

 

Materials and Methods 

Embryo culturing and manipulations 

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

2000) and staged according to Nieuwkoop and Faber (1994). Embryos were cultured in 1/3x 

MMR, and collected at desired stages.  

Plasmid construction 

  X. laevis sox21.S was isolated and cloned by D. Cunningham (Cunningham et al., 2008). 

G. gallus sox21 was obtained from J. Muhr, and subcloned into the pCS2+ expression vector by 

N. Whittington (Whittington et al., 2015). sox21.S-FLAG and sox2-HA were constructed by N. 

Whittington. sox21.L-FLAG was synthesized on order from Genewiz, and subcloned into pCS2+ 

vector.  
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mRNA and morpholino microinjections 

  Synthetic capped mRNA was synthesized via in vitro transcription using mMessage 

Machine kits (Ambion). The quantities injected for in situ hybridization (ISH) analyses and for 

qRT-PCR analyses were as follows: 500pg Xtsox21, 100pg lacz, 200pg sox21.S, 200pg sox21.L, 

20 or 40ng Sox21.SMO (Gene Tools), 20 or 40ng Sox21.LMO (Gene Tools). All embryos were 

injected at the one- or two-cell stage and 10ng Dextran (Fluorescein, 40,000 MW, Anionic, 

Lysine Fixable; Life Technologies) as a fluorescent tracer, except for morpholino 

oligonucleotide injections, which are tagged with lissamine as a fluorescent tracer.  Embryos 

were cultured until stages 11-15 and either collected and stored at -80oC for further mRNA 

isolation or fixed to be later analyzed by ISH.  

Dexamethasone treatments 

  The synthetic hormone dexamethasone (Dex) (Sigma Cat# D1756), a glucocorticoid 

hormone analog, was added to embryo culture solution to induce Sox21-mGR function. Dex was 

first dissolved in 100% Ethanol to 10mM, and used at a final concentration of 10uM in 

0.3×MMR. Fresh solution was made before induction experiments and stored at 18°C. Embryos 

were placed in Dex solution at the stage of interest until stage 35, with solution changed daily. 

Fixing embryos and X-gal staining 

Embryos were fixed at stages 15, 17, 25, and 36 by submersion in 3.7% formaldehyde in 

1×MEMFA (0.1M MOPS pH7.4, 2mM EGTA, 1mM MgSO4)(Sive et. al, 2000).  Embryos were 

fixed for 1 hour, and then dehydrated in 100% Methanol (MeOH). Embryos injected with lacZ 

were fixed for 30 min then washed 4 times with 1×Phosphate Buffered Saline Solution (PBS). 

Next, embryos were placed in a X-gal staining solution (250μl of 10×PBS, 125μl of 100mM 

potassium ferricyanide, 125μl of 100mM potassium ferrocyanide, 125μl of 20mg/mL X-gal, 5μl 
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of MgCl2, and 1.925mL of H20) at 37°C until staining was visible. Embryos were then washed 4 

times in 1×PBS, placed in fixative for another hour, then dehydrated in 100% MeOH.  All fixed 

embryos were stored at -20°C in 100% MeOH. 

RT-PCR and qRT-PCR 

  RT-PCR was performed as described (Wilson and Hemmati-Brivanlou 1995) with the 

following changes. Total RNA was extracted from 10 whole embryos using Trizol (Sigma.) 

cDNA was generated using random hexamers and Tetro cDNA synthesis kit (Bioline) or High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems.) Following cDNA synthesis, 

PCR was performed using primers for ef1α (XMMR) or odc1 to confirm cDNA production. RT-

minus samples were also assayed to detect potential genomic DNA contamination. 

  qPCR was performed with SensiFAST SYBR Green Mastermix (Bioline) or GreenLink 

No-ROX QPCR Mix (BioLink) in CFX96 system (BioRad). Relative quantification of gene 

expression and fold-change were determined using the ΔΔCt method (Livak and Schmittgen, 

2001). All samples were normalized to levels of reference gene odc1, which was used as the 

loading control, and analyzed relative to untreated or control embryos. All samples were 

analyzed in triplicate and experiments were repeated at least twice.  

In situ hybridization  

 Whole mount in situ hybridization (ISH) was performed as described (Harland, 1991; 

Hemmati-Brivanlou et al., 1990) except RNAse treatments were omitted. Digoxygenin labeled 

mRNA probes were generated for sox3 and n-tubulin using Dig labeling kit (Roche.) 

Digoxygenin labeled probe for six1 was obtained from S. Moody.  
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Co-IPs and western blots 

  In vitro translation (IVT) was performed using the TnT SP6 High-Yield Protein 

Expression System (Promega) to synthesize tagged proteins. A total of 500ng of mRNA was 

incubated in the provided IVT mix at 25°C for two hours then cooled on ice. 66% of this reaction 

was subjected to co-IP while 33% was saved as input.  

  2.5 µl of IVT reaction was diluted 1:20 in 1x SDS sample buffer and loaded onto 12.5% 

Tris-glycine SDS polyacrylamide gels, resolved by electrophoresis, transferred to nitrocellulose, 

and blocked in 5% non-fat dry milk in PBST (PBS+ 0.1% Tween-20) for one hour at room 

temperature. Following PBST rinses, blots were incubated with anti-FLAG HRP (Sigma) 

overnight at 4oC. After PBST washes, blots were incubated with Clarity chemiluminescent ECL 

substrate (Bio-Rad) and imaged using ImaqeQuant LAS-4000 mini digital imager (GE 

Healthcare). 

Results 

Homeolog alignments and temporal expression profiles suggest possible sub-

functionalization  

Alignment of Sox21 protein sequences elucidates two key regions that differ between the 

.S and .L homeologs; two stretches of Alanine, the first of which is shortened in Sox21.S 

whereas the second is absent entirely. Interestingly, alignment also demonstrates Sox21.S better 

aligns to Danio rerio Sox21 which is likely to be an ancestral form given the early evolutionary 

divergence of bony fish relative to amphibians, whereas Sox21.L better aligns with 

evolutionarily derived Sox21 sequence and is highly similar to X. tropicalis Sox21 (Figure1a-b). 

Expression profiles derived from whole-embryo RNAseq data (Figure 1c; Session et al., 2016) 

highlight a similar initial peak in transcription in mid-gastrula stages (stage 10), followed by 
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transcription steeply decreasing through early neurula (stage 12), and sox21.L then being highly 

expressed throughout neurula and early elongating stage embryos (stage 20.) These data 

cumulatively suggest that a difference in function between Sox21.S and Sox21.L is highly likely.  

Ectopic Xtsox21 expression ablates eye field and retinal progenitor through action in early 

development 

Initial studies to determine sox21 function in Xenopus laevis utilized a clone from 

Xenopus tropicalis (XtSox21; Fenlon et al., unpublished.) Injection and early overexpression of 

500pg Xtsox21 mRNA (wild type) in X. laevis embryos at the 1 cell stage eliminated the eye 

field in developing embryos (Figure 3b, e, h). To determine if whether there is a temporal aspect 

to this phenotype, Xtsox21-mGR, a hormone inducible version of XtSox21, was injected in 1 cell 

of a 2-cell embryo and induced at different time points- the onset of gastrulation (stage 10), 

neurulation (stage 16), and in the tailbud embryo (stage 25). Stage 36 embryos were then stained 

for expression of the retinal progenitor marker Xrx1 by in situ hybridization. Embryos 

ectopically expressing wild type Xtsox21 (500pg) lack an eye as indicated by the absence of Xrx1 

expression (Figure 4a). Injection of 500 pg of Xtsox21-mGR in the absence of induction by 

dexamethasone had no effect on the eye field (Figure 3c, f, i). Furthermore, induction of 

XtSox21-mGR with dexamethasone as early as stage 10 does not reduce Xrx1 expression, 

indicating that the loss of eye is specific to activity of Xtsox21 in the early embryo prior to the 

onset of gastrulation at stage 10. 

The effect of XtSox21 on the expression of the neural progenitor marker sox3 (Bylund et 

al., 2003) was also analyzed. Wild type Xtsox21 reduced sox3 expression in the lens and 

epibranchial placodes suggesting a role in the induction and maintenance of placodal progenitors 

and exhibited defects in brain organization as indicated by the disrupted ventricles and expanded 
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sox3 expression (Figure 4b). In contrast, embryos injected with Xtsox21-mGR mRNA and 

induced with dexamethasone at stage 16 had normal eye and placodal development. One 

possibility is that XtSox21-mGR is nonfunctional but this is not likely because embryos injected 

with Xtsox21-mGR and inducted with dexamethasone at stage 16 also have disorganized 

ventricles and expanded sox3 expression resulting in a twisted head. To confirm whether 

Xtsox21-mGR produces  functional protein, it is necessary to induce XtSox21-mGR at the 2- or 

4- cell stage to determine if XtSox21-mGR duplicates XtSox21 activity and alters eye and 

epibranchial development. 

Interestingly, X. laevis sox21 is not expressed in the eye and ectopic expression of X. 

laevis sox21.S did not result in visual reduction of the eye field or branchial arches (preliminary 

data)(Cunningham et al., 2008). To determine if there are different functions of Sox21 in X. 

tropicalis and X. laevis, I identified sox21.L from genome version 8.0, and compared its activity 

to Sox21.S here. 

Sox21.L misexpression interferes with neurogenesis 

Our data indicates that gain and loss of Sox21.L function drives developmental changes, 

suggesting that dosage plays a critical role in its function(s.) Embryos with Sox21.L loss-of-

function via morpholino oligonucleotide (MO) injections demonstrate delayed development 

relative to uninjected embryos or embryos injected with Sox21.S MO (preliminary data; not 

shown.) Embryos injected with Sox21.L MO also demonstrate morphological phenotypes 

characterized by a disrupted anterior-posterior axis, and occasionally a split axis (Figure 5c). 

Initial concerns of these issues being driven by morpholino toxicity were alleviated by similar 

phenotypes presenting in embryos modified via CRISPR, in which sox21.L is specifically 

targeted (preliminary data; not shown).  
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Previous data demonstrated injecting high levels of sox21.S mRNA (>500pg) resulted in 

high levels of exogastrulation and embryonic death (unpublished), which led us to reduce the 

injection amount to 200pg sox21.S mRNA. Here, with injection of 200pg sox21.L mRNA, there 

were high levels of exogastrulation relative to uninjected embryos or embryos injected with 

200pg sox21.S mRNA, even though the level of protein expressed via in vitro translation from 

both sox21.S and sox21.L mRNA is the same (Figure 6). However, this effect was not seen in a 

round of injections performed in another lab, which lends three possibilities- 1) the 

exogastrulation was a byproduct of the quality of our frogs and embryos or; 2) the lack of 

exogastrulation when injected in another lab was a result of differences in micromanipulation 

and handling of embryos or; 3) the injections performed in the other lab not exogastrulating was 

simply an outlier. The latter two are more likely here, as even though our embryo quality has not 

been great, the phenotype was consistent across multiple rounds of injection, and specific to 

embryos injected with sox21.L mRNA. Additionally, in vitro translation levels do not necessarily 

show that in vivo translation is equivalent. Therefore, the additional control to quantitate Sox21.S 

and Sox21.L levels from injected embryos and ensure they are translated equally would make the 

results seen here more impactful. Given that gain- or loss- of- function of Sox21.L seemingly 

drives such drastic changes, coupled with previous data regarding Sox21.S misexpression 

(Whittington et al., 2015), we next looked to characterize specific changes in neuronal markers, 

and whether the transcription of the sox21 homeologs were responding to the misexpression of 

their counterparts. 

qRT-PCR analyses support non-overlapping function in early neurula embryos 

To determine whether Sox21.S and Sox21.L have distinct function in neurogenesis, we 

performed gain- or loss-of-function assays, injecting either mRNAs or translation blocking 
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morpholino oligonucleotides (MO) for sox21.S or sox21.L, or both into one-cell embryos to 

analyze the expression of sox2 (NPC marker; Bylund et al., 2003), myt1 and neuroD (proneural 

genes; Bellefroid et al., 1996; Lee et al., 1995) , six1 (pre-placodal; Pandur & Moody, 2000) and 

n-tubulin (neuronal; Chitnis et al., 1995) at stages 11 and 15 via qRT-PCR. Our data indicate 

Sox21.S and Sox21.L, while seemingly largely redundant in function, have some degree of 

specificity. Late gastrula embryos injected with sox21.L mRNA injection at the one-cell stage 

revealed no significant change in sox2 (Figure 7a), but myt1 and six1 levels are significantly 

increased (~3-fold) relative to embryos injected with sox21.S mRNA (Figure 7b-c; blue bars), 

suggesting that Sox21.L is prematurely driving neurogenesis and placode development. 

Furthermore, both myt1 and six1 levels were increased further (~5-fold) when subjected to 

sox21.S and sox21.L together, demonstrating that while exogenous sox21.L mRNA is sufficient 

to drive their increased expression, there is a dose-dependent response to general Sox21 levels. 

Sox21 loss-of-function further corroborated this role, as sox2 transcription is upregulated with 

the loss of either Sox21 homeolog (Figure 6d). However, though sox2 is elevated with loss of 

Sox21, immature neuronal markers myt1, neuroD, and six1 are also upregulated, and at a much 

higher scale than in the gain-of-function assays (Figure 7e-g). Therefore, high levels of Sox21 

are sufficient to drive differentiation, but some level of Sox21 necessary to efficiently maintain a 

progenitor state.  

Interestingly, sox2 expression levels are higher in Sox21.L loss-of-function relative to 

Sox21.S (Figure 7d; blue bar). This, coupled with Sox21.L gain-of-function increasing neuronal 

markers more effectively may indicate Sox21.S to be more effective at inhibiting differentiation 

and Sox21.L more effective at counteracting SoxB1 function and driving neural lineage 

progression in early development. Importantly, both of these seemingly contradictory roles in 
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neurogenesis are supported by previous work, with Sox21 synergizing with SoxB to maintain 

progenitors in a number of contexts yet countering SoxB1 function to drive differentiation in 

others.  

qRT-PCR analyses in mid-neurula embryos suggest functional redundancy 

 We next analyzed mid-neurula stage embryos subjected to sox21 mRNA and MO 

injections to assess whether the aforementioned functions were specific to the context of 

developmental time. As expected, progression of neuronal lineage was still increased, evidenced 

by myt1, neuroD, and six1 upregulation in response to ectopic sox21. However, the degree of 

upregulation were now statistically similar between sox21.S and sox21.L overexpression (Figure 

8b, c, e). Furthermore, both sox2 and n-tubulin levels were decreased in response to increased 

sox21.L mRNA relative to increased sox21.S mRNA (Figure 8a, d; blue bars and green bars, 

respectively).  Therefore, both Sox21 homeologs are sufficient to promote the transition from 

progenitor to post-mitotic neuronal cells at this timepoint, though cells are seemingly unable to 

progress further to mature neurons. Similarly, Sox21 loss-of-function at mid-neurula stages also 

led to increased myt1, neuroD, and six1 levels, yet no significant change in sox2 levels (Figure 

8f-h, j). Levels of n-tubulin were also specifically decreased in response to loss of Sox21.L, 

further supporting that Sox21 is necessary for maturation (Figure 8i).  

To better investigate the homeolog function(s) across time, hormone inducible constructs 

for sox21.S and sox21.L should be generated and used to pinpoint time-specific functions. This 

will also help avoid gene expression changes which are a byproduct of the accumulation of 

earlier effects. We are likely seeing downstream effects here, with sox2 and n-tubulin being 

significantly decreased in mid-neurula embryos injected with sox21.L mRNA relative to those 

injected with sox21.S mRNA, since the late gastrula embryos already demonstrated a significant 
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increase in differentiation. One possibility is that this premature differentiation in the late 

gastrula depleted the progenitor pool, which developed into immature neurons that failed to 

mature. However, hormone inducible constructs would help to investigate whether the decreases 

in sox2 and n-tubulin at mid-neurula stages were a direct effect of Sox21 or a byproduct of 

accumulated function. 

Homeolog specific transcriptional responses present a feedback mechanism to control 

sox21 levels 

The work presented herein, and previously published from our lab (Whittington et al., 

2015) consistently demonstrate that Sox21 gain- and loss- of-function could both yield 

drastically similar results, alluding to dosage of gene expression needing to be finely controlled. 

As such, it has been postulated that sox21 expression is controlled, in part, by an autonomous 

feedback loop. We next examined whether endogenous sox21 transcription responded to the 

addition of ectopic sox21. To discriminate between endogenous transcripts and injected mRNA, 

primer sets were designed to target the 3’ UTR, which is missing from the injected mRNA 

construct. At early neurula stages sox21.S transcription is downregulated regardless of the 

perturbation. Though the level of decrease varies, the loss of Sox21.L via MO specifically 

decreased sox21.S compared to the loss of Sox21.S (Figure 9a; dark blue bar). However, sox21.L 

expression specifically decreased in response to exogenous sox21.L mRNA while being 

upregulated in response to the loss of any Sox21 via MO (Figure 9b). Together, these data 

suggest that a dynamic feedback loop exists to finely regulate the levels of sox21 expression in 

early development and ensure that sox21.L specifically is expressed at these stages. In mid-

neurula embryos, both homeologs are upregulated regardless of the perturbation. However, 

sox21.L upregulation is specifically lower in response to sox21.L overexpression compared to 
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sox21.S overexpression (Figure 9d; light blue bar), though it is further upregulated in response to 

loss of Sox21.L compared to Sox21.S (Figure 9d, dark blue bar). Together, these data further 

support that the levels of sox21.L must be finely regulated through neurogenesis.  

Neuronal markers in mid-neurula embryos suggest regional sub-functionalization 

Our gain and loss of function data for sox21.L and Xtsox21 overexpression data indicate 

sox21.L is likely involved with the establishment of placodes. To assess this, we injected (1) 

sox21.S, (2) sox21.L, (3) sox21.S and sox21.L mRNAs, (4) Sox21.S MO, (5) Sox21.L MO, or (6) 

Sox21.S and Sox21.L MOs unilaterally in two-cell embryos and analyzed the expression of 

genes indicating NPCs (sox3), preplacodal (six1), and neuronal (n-tubulin) cells in mid-neurula 

stage embryos by in situ hybridization (Figure 10.) Little to no change in the sox3+ neural plate is 

apparent in response to sox21 perturbation. However, there was a slight decrease in anterior 

staining in the preplacodal region when sox21.L is overexpressed individually or in combination 

with sox21.S (n=8/26 and n=3/18, respectively; Figure 10a i-iii). Conversely, sox21.L 

overexpression resulted in a larger expression domain for the preplacodal marker six1 (n=8/20, 

Figure 10b i-iii), indicating sox21.L may be involved in the establishment of placodal 

progenitors. n-tubulin staining interestingly shows a specific loss of the population of trigeminal 

neurons with sox21.L overexpression by itself or in combination (n=10/17 n=9/15, respectively; 

Figure 10c i-iii). Together, these data support a regional sub-functionalization of Sox21.L.  

Discussion 

 SoxB transcription factors (TFs) play critical roles in orchestrating neurogenesis. The role 

of SoxB1 TFs have been the focus of research studies, while the functions of SoxB2 TFs in 

neurogenesis require further investigation. The SoxB2 member Sox21 was first reported to drive 

differentiation by countering SoxB1 activity in lens cells (M Uchikawa et al., 1999) and chick 
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spinal cord (Sandberg et al., 2005). However, studies in mouse cells and stem cell lines implicate 

Sox21 in maintaining progenitor populations (Kuzmichev et al., 2012) and inhibiting 

differentiation (Ohba et al., 2004). These initial studies assessed function in different 

developmental contexts, which could have been a reason for seemingly contradictory roles. 

Nevertheless, Whittington (et al. 2015) from our lab investigated the role of Sox21 in Xenopus 

neurogenesis and demonstrated its function to be context- and dose- dependent, with high levels 

of Sox21 synergizing with Noggin to induce sox2 expression and neuroectoderm formation. 

However, we also found that Sox21 is required for maturation of differentiated cells 

(Whittington et al., 2015). Since these initial studies, an updated annotation of the Xenopus laevis 

genome revealed sox21 to be among the retained duplicated genes (Karimi et al., 2018). 

Therefore, here, we set out to analyze differences between the previously studied sox21.S and 

newly revealed sox21.L to determine if they were functionally redundant or played unique roles 

at different times in development.  

 In this study, we found two key stretches of Alanines that differ between Sox21.S and 

Sox21.L protein sequences, the first being shorter in Sox21.S, and the second stretch being 

entirely absent in Sox21.S (Figure 1a). This analysis also revealed that Sox21.L aligns more 

closely to evolutionarily derived Sox21 present in Xenopus tropicalis (XtSox21), chick and 

mouse whereas Sox21.S better aligns with Danio rerio Sox21 which is presumed to be an 

ancestral version of the protein. Expression data based on RNA-seq demonstrates drastically 

different expression levels, with sox21.L being more abundant in neurula stage embryos (Figure 

1c; Session et al., 2016). Overexpression of XtSox21 in X. laevis embryos inhibits eye field 

(Figure 3b, e, h; Figure 4a) and select placodal development (Figure 4b), whereas the 



 32 

overexpression of Sox21.S did not yield similar results (data not shown). Taken together, these 

data indicate a likely divergence in Sox21.S and Sox21.L function.   

 We analyzed the effect of perturbation of Sox21 levels in gastrula and neurula embryos. 

Analyses in gastrula embryos support the hypothesis that Sox21 counters SoxB1 function to 

drive differentiation; sox2 expression is increased in response to knock down of Sox21 (Figure 

7d), but unchanged in response to sox21 overexpression (Figure 7a). Additionally, sox3 

expression in anterior preplacodal domains is decreased in response to exogenous sox21.L but 

not sox21.S (Figure 10a). Sox21.L gain of function supports an early role in driving 

differentiation, evidenced by an increase in myt1 and six1 in mid-gastrula (Figure 7a-c, light blue 

bars) and an expansion in the six1 expression domain (Figure 10b). While these effects were also 

seen in mid-neurula embryos, the changes in expression levels were now statistically similar 

between Sox21.S and Sox21.L gain of function (Figure 8b, c, e) indicating functional 

redundancy in this context. Importantly, mid neurula stage embryos had strongly decreased sox2 

and n-tubulin levels in response to sox21.L mRNA injection relative to sox21.S (Figure 8a, d) 

further supporting a role in driving differentiation and blocking progression to a mature neuron. 

However, these decreases may be a cumulative byproduct of sox21.L injection driving 

differentiation starting at an earlier stage and future work should utilize hormone inducible 

constructs to assess whether these are direct or indirect effects.  

 When Sox21 levels are reduced, progenitor and proneural markers increase in the 

gastrula embryo indicating that the progenitor pool is expanded and thus there are more cells 

differentiating (Figure 7d-g). In neurula embryos, proneural markers are still expanded in 

response to loss of Sox21, though sox2 levels are slightly reduced, indicating that Sox21 is 

necessary to inhibit differentiation and maintain progenitors (Figure 8f-h, j). These results 
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indicate that Sox21 controls the levels of Sox2 and potentially the number of Sox2+ progenitor 

cells. With sox21 overexpression, sox2 levels are decreased in neurulae and proneural markers 

are increased but neuron marker n-tubulin is also decreased (Figure 8a-e). Surprisingly, n-tubulin 

is also decreased with Sox21 knock down (Figure 8i). This again supports two roles for Sox21- 

one controlling progenitor levels by promoting differentiation and a second promoting 

progression to a mature neuron when at low levels. 

We next assessed how the endogenous expression of sox21.S and sox21.L responds to 

perturbations in Sox21 levels. Our lab has previously postulated that an autonomous feedback 

loop may exist to fine tune sox21 expression, and we demonstrate here that sox21.L expression is 

more rigorously maintained in gastrulae, as transcription decreases in response to exogenous 

sox21.L or sox21.S and sox21.L mRNA together, whereas loss of any Sox21 drove increased 

sox21.L transcription (Figure 9b.) However, in mid-neurula, sox21.L transcription is specifically 

lower in response to exogenous sox21.L relative to sox21.S (Figure 9d, light blue bar), yet higher 

in response to loss of Sox21.L relative to loss of Sox21.S (Figure 9d, dark blue bar). This is not 

only a first demonstration of an autonomous feedback loop regulating sox21 expression, but to 

our knowledge, is the first example of an autonomous homeolog-specific feedback loop in 

Xenopus laevis. 

While the results presented here are promising, it is important to note that only limited 

conclusions can be drawn, as it is currently unknown whether the morpholinos are targeting their 

respective homeologs with equal efficacy. In the absence of antibodies to detect endogenous 

Sox21 levels in response to these translation blocking MOs, we can only test MO specificity and 

efficacy in vitro. To do this we must generate constructs that have a small section of 5’ UTR and 



 34 

assay for the level of Flag-tagged protein in the presence and absence of the MOs. This assumes 

that these results will translate and be true for endogenous Sox21 in vivo. 

The results presented here demonstrate a case for spatial and temporal sub-

functionalization of sox21 homeologs in Xenopus laevis. However, future research should 

explore with more scrutiny. There were numerous limitations to the study at hand which may 

have skewed detection of meaningful changes such as qRT-PCR from whole embryos opposed 

to ectodermal explants. Moreover, the evidence for homeolog-specific transcriptional responses 

to perturbation in Sox21 levels makes attributing function to Sox21.S or Sox21.L individually, so 

more thorough experiments should be planned, such that stringent statistical analyses can aide in 

better characterizing the complicated nature of the relationships and functions of each homeolog.  

Future efforts should focus on the generation of genetic line with homeolog-specific 

epitope tags, as this will prove to be an invaluable tool to the progression of this project. All 

current data investigating the role of Sox21 in Xenopus has relied on the addition of exogenous 

mRNA or MOs. Having a genetic line of Xenopus to be able to detect and assess the functions of 

physiologically relevant levels of Sox21.S and Sox21.L would help immensely to push this work 

forward. Specifically, it would streamline the identification and validation of not only novel 

partner proteins via Mass Spectrometry and Co-Immunoprecipitation, but also target genes via 

Chromatin Immunoprecipitation. 
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Figure 3. Overexpression of Xtsox21 inhibits eye development, whereas Xtsox21-mGR (-Dex) 

has no effect. Embryos were injected with 500ρg of Xtsox21 or Xtsox21-mGR, and 100ρg lacZ 

mRNA as tracer at the 1-cell stage. Uninjected, Xtsox21 injected, and Xtsox21-mGR injected 

embryos are shown at stage 17 (dorsal view with anterior to the top, neurula, a-c), stage 25 (tailbud, 

d-f), and stage 36 (late tailbud, g-i.) At stage 17, there were no morphological changes in Xtsox21 

and Xtsox21-mGR injected embryos compared to uninjected controls (a, b, c).  At stage 25, 

Xtsox21 embryos featured a reduced eye primordia (black arrow in e) phenotype compared to 

uninjected controls (arrow in d), while Xtsox21-mGR embryos retained their eye primordia (f).  

At stage 36, Xtsox21 injected embryos showed either loss of eye (n=19/24 ) or reduced eye (n= 

4/24) (h), whereas Xtsox21-mGR embryos showed no morphological changes compared to 

uninjected controls (n=27) (i).   
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Figure 4. Xtsox21 overexpression in Xenopus laevis embryos prior to gastrulation inhibits 

formation of the eye and select placodal structures. (a) in situ hybridization for Xrx1 in embryos 

injected with Xtsox21 or Xtsox21-mGR mRNA (500pg + 100pg lacz) and treated with Dex at 

indicated stages. Uninjected controls showed normal Xrx1 expression in the retina (column 1).  

Overexpression of Xtsox21 resulted in the reduced expression of Xrx1 on the injected side (I) 

(n=59/68) (column 3) compared to their uninjected side (U) (column 2).  All Xtsox21-mGR 

embryos showed normal Xrx1 expression on both their injected and uninjected sides (n=56) 

(column 4 and 5). (b) in situ hybridization for sox3 in embryos injected with Xtsox21 or Xtsox21-

mGR mRNA (500pg + 100pg lacz) and treated with Dex at stage 16-17. Uninjected controls 

showed normal sox3 expression in the lens (*), branchial arches (arrows), and throughout the brain 

(arrow head) (column 1).  Overexpression of Xtsox21 resulted in reduced expression of sox3 in 

the lens and epibranchial placodes on the injected side () compared to their uninjected side 

(n=37/50) (column 2).  Xtsox21 embryos also featured severely irregular brains that tended to twist 

away from the longitudinal axis (dotted line) towards the injected side and appeared to have brain 

tissue expansion on the injected side.  Xtsox21-mGR embryos (column 3) showed normal 

expression of sox3 in the lens, and reduced expression in the epibranchial placodes on the injected 

side compared to their uninjected side.  Xtsox21-mGR embryos also featured brains that tended to 

twist toward the injected side and had less-severe irregularities (15/24). 
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Figure 5. sox21.L gain-of-function delays development and loss-of-function decreases 

survival and leads to truncated axis. (a) Sequence surrounding the start site of sox21.S and .L 

and sox21 morpholino oligonucleotide sequences specific for sox21.S (MO2) and sox21.L (LMO). 

(b) Embryo survival over time with 20 or 40ng of Sox21.S MO or Sox21.L MO. (c) sox21.L 

mRNA injection (left) results in high frequency of exogastrulation, whereas sox21.L MO injection 

(right) results in a truncated phenotype seemingly affecting the anterior-posterior axis, with 

varying severity. Colors within sequences denote the following: red- SNPs from old genome 

annotation to current, green- start codon, purple- Mismatch between mmMO and sox21LMO, 

yellow- Mismatch between mmMO and both sox21MO2 and sox21LMO, blue- SNPs between 

sox21.L and sox21.S. 
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Figure 6. Protein expression from sox21.S and sox21.L mRNA. (a) Western blot to detect 

Sox21.S-FLAG and Sox21.L-FLAG protein from in vitro translation. (b) Relative quantitation of 

bands using ImageJ. Green and Blue encompassing Sox21.S and Sox21.L bands and 

quantifications, respectively. Grey boxes encompass ladder and no template control lanes. 
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Figure 7. Homeolog specific sox21 misexpression support a functional distinction of sox21 

homeologs in the regulation of early neural development (Stage 11.) Quantitative RT-PCR 

analysis of sox2, myt1, neuroD, six1, and n-tubulin expression in late gastrula- early neurula stage 

embryos injected with either sox21.S, sox21.L, or sox21.S and sox21.L mRNA together (a-c), or 

Sox21.S MO, Sox21.L MO, or Sox21.S and Sox21.L MOs together (d-g.) Level of significance 

based on Students t-test denoted * p<0.05, ** p<0.01; indicators within or below bars are compared 

relative to control, indicators on brackets compare indicated bars. 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 



 45 

 

 

 

 



 46 

Figure 8. Homeolog specific sox21 misexpression demonstrate a functional redundancy of 

sox21 homeologs in mid-neurula (Stage 15.) Quantitative RT-PCR analysis of sox2, myt1, 

neuroD, six1, and n-tubulin expression in mid- neurula stage embryos injected with either sox21.S, 

sox21.L, or sox21.S and sox21.L mRNA together (a-c), or Sox21.S MO, Sox21.L MO, or Sox21.S 

and Sox21.L MOs together (d-g.) Level of significance based on Students t-test denoted * p<0.05, 

** p<0.01; indicators within or below bars are compared relative to control, indicators on brackets 

compare indicated bars. 
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Figure 9. Specific analyses of endogenous transcripts in embryos subjected to sox21 

misexpression reveal a negative feedback loop in early development. Quantitative RT-PCR 

analysis of sox21.S and sox21.L expression in late gastrula-early neurula (a, b) or mid-neurula (c, 

d) stage embryos injected with sox21.S, sox21.L, or sox21.S and sox21.L mRNAs, or Sox21.S MO, 

Sox21.L MO, or Sox21.S and Sox21.L MOs. Level of significance denoted * p<0.05, ** p<0.01; 

indicators within or below bars are compared relative to control, indicators on brackets compare 

indicated bars. 
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Figure 10. in situ hybridization for neurogenesis markers supports regional sub-

functionalization of sox21.L. (a) in situ hybridization for sox3, with representative unaltered 

embryo (ai), counts of changes seen within each treatment pool (aii), and highlighted decreased 

pre-placodal staining marked by * (aiii.) (b) in situ hybridization for six1, with representative 

unaltered embryo (bi), counts of changes seen within each treatment pool (bii), and highlighted 

expanded staining marked by * (biii.) (c) in situ hybridization for ntub, with representative 

unaltered embryo (ci), counts of changes seen within each treatment pool (cii), and highlighted 

lack of trigeminal neuron staining marked by * (ciii.) 
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Chapter III: 

Sox21 Function Is Specified by Interactions with Partner Proteins 
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Introduction  

 Throughout embryonic development, the various 20 vertebrate Sox family transcription 

factors (TFs) perform vital regulatory roles primarily centered around the capacity for the highly-

conserved high-mobility group (HMG) domain to bind and bend chromatin and influence the 

transcriptional state of target genes (Kamachi & Kondoh, 2013; Kiefer, 2007). Although the Sox 

family is divided into subfamilies based on the sequence homology of the HMG DNA binding 

domain, the HMG domain still recognizes and binds a similar DNA motif across all subfamilies 

(Harley et al., 1994). Given that all Sox TFs recognize the same motif, their specificity is largely 

influenced in a context dependent manner. Varying expression levels of Sox TFs across 

development and between cell types supports the notion of their roles being a function of dosage 

and spatiotemporal availability. However, it is known that Sox proteins require a partner(s) to 

stably bind and bend chromatin. Partner proteins often share similar limitations in spatiotemporal 

expression throughout development, and as such, help drive the function of Sox TFs to be highly 

specific in their binding and regulation of downstream target genes (Kamachi et al., 2000).  

 Given its role in the induction and maintenance of stem-ness in varying tissues the SoxB1 

member, Sox2, is one of the most thoroughly characterized Sox TFs both in regard to its 

interactome and functions. Throughout development, Sox2 is known to have critical roles in the 

maintenance of embryonic stem cells , eye development (Kamachi et al., 1995; Taranova et al., 

2006), and the establishment of the central nervous system (Graham et al., 2003; Mizuseki et al., 

1998), along with others. Importantly, each of these roles seemingly requires the involvement of 

a varying array of partner proteins. One of the better characterized interactions is between Sox2 

and Oct4, which is shown to regulate a cascade of factors in stem cell maintenance, but also is 

capable of inducing pluripotency in lineage restricted cells (Ng et al., 2012; Takahashi & 
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Yamanaka, 2006). The SoxB2 member, Sox21, has been shown to be a target of the Sox2-Oct4 

complex, and also interacts with Sox2 to promote a transition from embryonic stem cell to the 

ectodermal lineage in mouse (Mallanna et al., 2010). Therefore, there is precedent for Sox-

partner complexes themselves activating additional partners, which can consequently shift Sox 

function in that tissue over time.  

 Additionally, the Sox2-Oct4 dimer is present and critical in neural tissue serving to 

establish and maintain neural progenitor pools in frogs (Archer et al., 2011). As proneural factors 

accumulate, Sox2 interacts with other partners to further define the lineage progression. A 

complex of Sox2-Brn2 activates nestin in neural primordial cells (Tanaka et al., 2004), whereas 

Sox2-Pax6 interaction activates δ-crystallin in lens tissue (Kamachi et al., 2001). These events 

occur near simultaneously in the frame of development, demonstrating that Sox TF functions are 

largely directed by the presence of time- and tissue- specific partner proteins. Therefore, to best 

determine the specific functions of any Sox TF in development, we must characterize the 

partners with which it interacts.  

 Sox21 has not been thoroughly studied with regards to its protein interactome or target 

genes. Initial studies in cell lines and in vitro analyses have identified some interaction partners, 

with Sox21-YB-1 complex promoting neurite growth in mouse PC12 cells (Ohba et al., 2004), or 

Sox2-Sox21 function in mouse ESCs serving to promote differentiation (Mallanna et al., 2010), 

and Drosophila homolog Dichaete complexing with Ind to repress the proneural gene achaete 

(Zhao et al., 2007). Studies in stem cells (Kuzmichev et al., 2012) and cancer cells show that 

Sox21 and Sox2 are expressed simultaneously lending the possibility of interaction, although a 

physical interaction was not demonstrated. Previous work with Sox21.S in our lab sought to 

characterize its role in Xenopus laevis neurogenesis and determined that like many Sox TFs, the 
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role was a function of dosage and spatiotemporal expression. However, this work characterized 

the first in vivo reports of Sox21 interaction in the context of development, with Sox21.S-Sox2 

complex promoting neural commitment and NPC maintenance, and Sox21.S-Ngn2 complex 

inhibiting neuronal differentiation (Whittington et al., 2015).  

 Beyond the interactions with varying partner proteins, post-translational modifications 

(PTMs) of SoxB TFs are poorly studied. However in mouse, the phosphorylation status of Sox2 

altered function, from driving the self-renewing maintenance of NPCs to promoting 

differentiation (Lim et al., 2017). The phosphorylation site is conserved within X. laevis Sox2, so 

given that Sox2 is a known partner of Sox21 in Xenopus, we investigated whether the 

phosphorylation status of Sox2 could drive functional change in Xenopus neurogenesis. Toward 

this goal, phosphomutant Sox2 constructs were generated to mimic a constitutively 

phosphorylated Sox2 and a phospho-dead Sox2 to assess whether these PTMs influence whether 

Sox2 and Sox21 interact. 

Importantly, the manner through which a Sox TF interacts with a partner can vary. 

Studies demonstrate that Sox2 utilizes varying domains to interact with different partners (Lim et 

al., 2017). Therefore, mapping regions contributing to protein-protein interactions can serve as a 

method to better understand the specific function of any given Sox-Partner complex. Herein, we 

sought to map regions of Sox21.S which contribute to its interaction with Sox2, Ngn2, and the 

Xenopus Ind homolog Gsx2 (Illes et al., 2009). Toward this effort, we generated a series of 

epitope tagged deletion constructs to assess in vitro and in vivo interactions through Co-

Immunoprecipitation (Co-IP) analyses.  
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Materials and Methods 

Plasmid construction 

  X. laevis sox21.S was isolated and cloned by D. Cunningham (Cunningham et al., 2008).. 

sox21.S-FLAG and sox2-HA were constructed by N. Whittington (Whittington et al., 2015). 

sox2S33D-HA and sox2S33A-HA were constructed using the original sox2-HA plasmid, and 

utilizing DPN mutagenesis using primer sets:  

sox2-S33A FWD 5’-CAACCAGAATAAGAACGCCCCGGACCGAGTG-3’ 

sox2-S33A REV 5’-CACTCGGTCCGGGGCGTTCTTATTCTGGTTG-3’ 

sox2-S33D FWD 5’-CAACCAGAATAAGAACGACCCGGACCGAGTG-3’ 

sox2-S33D REV 5’-CACTCGGTCCGGGTCGTTCTTATTCTGGTTG-3’  

sox21.SNterm-FLAG, sox21.S-Cterm-FLAG, and sox21.L-FLAG were synthesized by Genewiz, 

and subcloned into pCS2+ vectors. sox21.SΔHMG-FLAG, sox21.SCterm-FLAG, and sox21.S-

HMG-FLAG were synthesized by Eurofins, and subcloned into pCS2+ vectors. 

Co-IPs and western blots 

  In vitro translation (IVT) was performed using the TnT SP6 High-Yield Protein 

Expression System (Promega) to synthesize tagged proteins. A total of 500ng of mRNA were 

incubated in the provided IVT mix at 25°C for two hours then cooled on ice. 66% of this reaction 

was subjected to co-IP while 33% was saved as input.  

  Co-immunoprecipitation (co-IP) was performed according to (Singh et al., 2013). For 

each co-IP reaction, 10 µl of reaction mix (66%) were mixed with 650 µl cold TNSG lysis buffer 

(20 mM Tris pH 8, 137 mM NaCl, 10% glycerol, 1% NP-40) containing a protease inhibitor 

cocktail tablet (Roche) and 2 µg/ml of mouse M2 anti-FLAG antibody (Sigma) and incubated for 

one hour on ice. Next, 25 µl of Protein A/G agarose beads (Santa Cruz) were added and the 
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reaction was incubated at 4°C overnight on an orbital mixer. Following this, beads were briefly 

pelleted at 4°C and washed three times in ice-cold TNSG buffer (without protease inhibitor 

cocktail.) Buffer was decanted and beads resuspended in 50 µl of 1X SDS sample buffer and 

boiled at 100°C for 5 minutes. 12 µl of IP sample and 2.5 µl of input (also prepared in 6X SDS 

sample buffer) were loaded onto 12.5% Tris-glycine SDS polyacrylamide gels, resolved by 

electrophoresis, transferred to nitrocellulose, and blocked in 5% non-fat dry milk in PBST (PBS+ 

0.1% Tween-20) for one hour at room temperature. Following PBST rinses, blots were incubated 

with anti-FLAG-HRP (Sigma) primary antibodies overnight at 4oC. After PBST washes, blots 

were incubated with Clarity chemiluminescent ECL substrate (Bio-Rad) and imaged using 

ImaqeQuant LAS-4000 mini digital imager (GE Healthcare.) 

Results 

Generation of deletion constructs 

  In alignment with prior studies mapping Sox2-Partner interactions (Cox et al., 2010), five 

Sox21.S deletion constructs were designed to initially test broad regions for their involvement in 

Sox21-Partner interactions through co-IP (Figure 11). A western blot from in vitro translated 

protein shows all constructs successfully synthesized protein of the correct size (Figure 12). 

However, the efficiency of the protein synthesis across templates varied. As such, normalization 

and optimization will need to be worked out.  

  To determine which Sox21.S domains facilitate partner interactions, we co-expressed 

each construct with Sox2-HA, and immunoprecipitated Sox2. In doing so, Sox2-HA successfully 

co-precipitated Sox21.S-FLAG (Figure 13; red box), though no deletion constructs co-

precipitated. However, in this preliminary experiment, Sox21.SCterm-FLAG failed to produce 
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protein. Therefore, it is possible that the Sox2-Sox21 interaction requires the C-terminus of 

Sox21. 

Preparing to assess influence of post-translational modifications on Sox-partner interaction 

  Recent studies identifying post-translational modifications (PTMs) influencing Sox2 

function in mouse (Lim et al., 2017) led us to question how PTMs influence whether Sox-Partner 

interactions occur. Given that no studies to date have examined Sox21 PTMs, we assessed 

whether the same phosphorylation and cleavage sites in Sox2 are conserved in Xenopus. Indeed, 

both sites are conserved and we therefore set out to generate phosphomutant versions of Xenopus 

Sox2. Using DPN mutagenesis, sox2S33A-HA and sox2S33D-HA were generated as phospho-

dead and constitutively phosphorylated variants of Sox2, respectively. Both constructs 

successfully synthesized protein of the appropriate size (Figure 14).  

Future Directions 

 Here, I have demonstrated the successful creation of tools to assess functional domains of 

Sox21 for partner interactions, and whether post-translational modifications of partners may 

influence interactions. Future studies utilizing these tools are necessary to characterize how 

Sox21 interacts with known partners. The series of deletion constructs generated here are 

specific to Sox21.S, though similar constructs specific to Sox21.L should be generated as well, to 

investigate whether the homeologs interact with known partners in a differential manner. 

Specifically, the potential interactions of Sox21 deletion constructs and known partners should 

first be assessed in vitro, then validating the findings in vivo following the workflow laid out in 

Figure 11.  

 It is currently unknown if PTMs of partner proteins affect interactions and it is not well 

understood how PTMs of Sox proteins influence their interaction profile. Therefore investigating 
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whether Sox2 phosphomutants influence the Sox21-Sox2 interaction will address both facets of 

this knowledge gap. Thus, the Sox2 phosphomutants should first be assessed for interactions in 

vitro with full length Sox21.S and Sox21.L. In vivo validation of any interactions seen using the 

genetic line discussed in Chapter II will also ensure levels of Sox21 homeologs are 

physiologically relevant.  
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Figure 11. Experimental flow to map Sox-partner interactions. (a) sox21.S deletion construct 

mRNAs are co-expressed with mRNA for known partner protein in one-cell embryos. (b) Embryos 

are developed to desired stages, protein isolated, and Sox21-partner complexes are Co-

immunoprecipitated and analyzed via polyacrylamide gel electrophoresis (c.) 
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Figure 12. sox21.S deletion constructs make protein of the correct size via in vitro translation. 

α-FLAG western blot detects bands of expected sizes for proteins synthesized from respective 

deletion constructs.    
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Figure 13. Sox21.S-Sox2 interaction may depend on Sox21 C-terminus. Fluorescent detection 

of in vitro translated (IVT) Sox2 (α-HA HRP; Roche) and Sox21.S constructs (α-FLAG HRP; 

Sigma) in sample inputs (top.) Co-Immunoprecipitation of IVT Sox2-HA protein with FLAG-

tagged Sox21.S variants (bottom.) Sox21.S-FLAG successfully precipitated with Sox2-HA (red 

box), but not with deletion constructs.  
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Figure 14. Sox2 phosphomutants successfully make protein via in vitro translation. α-HA 

(Roche) western blot to detect in vitro translated Sox2-HA, Sox2S33D-HA, and Sox2S33A-HA 

protein.  
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Chapter IV: 

Establishing CRISPR as a Tool  
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Introduction  

Xenopus has been a useful and efficient model organism for developmental biology and 

beyond, helping to disentangle mechanisms driving various human diseases. With the rapid 

development of targeted genetic editing technologies such as Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)/Cas9, disease modeling and general loss-of-function 

analyses are becoming more precise and insightful (Tandon et al., 2016). Other technologies 

such as zinc finger or transcription activator-like effector nucleases rely on the successful 

delivery of two enzyme units to function as dimers to achieve double-strand breaks (Segal & 

Meckler, 2013). Conversely, CRISPR/Cas9 mediated genome modification is a potent technique 

to manipulate developmental systems, utilizing a monomeric enzyme with two domains of 

endonuclease activity, such that appropriate delivery of the Cas enzyme can break both strands 

of DNA (Jinek et al., 2012).  

CRISPR/Cas systems require dual-RNA based guidance to find and cleave target 

sequences in their native bacteria, with the first RNA serving to guide specificity while the 

second complexes with the Cas enzyme to allow efficient endonuclease activity (Jinek et al., 

2012). Production of a single guide RNA (sgRNA) with both features has proven to still yield 

efficient targeting and activity, which opened the possibility of CRISPR/Cas to be broadly 

utilized as an RNA-programmable genome editing approach. Since the initial introduction of 

CRISPR/Cas mediated gene editing, it has undergone thorough adaptive radiation, being 

modified to suit nearly any needed application from the traditional gene knockdown or knockout, 

to very precise nucleotide editing to model disease mutations, to introductions of foreign 

sequences for epitope tagging, among many others (Aslan et al., 2017; Bhattacharya et al., 2015; 

Gagnon et al., 2014; Guo et al., 2014; Rossi et al., 2015; Tandon et al., 2016). 
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Initially validated in Xenopus by inducing albinism through targeting tyrosinase (Blitz et 

al., 2013) or slc45a2 (Shigeta et al., 2016) in X. tropicalis embryos, or simultaneous targeting of 

tyra and tyrb in X. laevis embryos (Wang et al., 2015), it has since been optimized for precise 

editing, and even insertion of sequence. In X. laevis oocytes, CRISPR/Cas9 even proved capable 

of inserting epitope tags in an homeolog-specific manner through homology-directed repair 

(HDR; (Aslan et al., 2017).) Impressively, the utilization of HDR has allowed for the insertion of 

long sequences, to even rescue albinism in both X. tropicalis and X. laevis (Nakayama et al., 

2020). Beyond guided insertion events, targeted injections from 8-cell embryos have 

successfully induced albinism restricted to the eye via targeting slc45a2 in the left D1 

blastomere, or disrupting kidney development targeting lhx1 in the V2 blastomere (DeLay et al., 

2018), demonstrating that CRISPR/Cas can be utilized to target specific tissue within reason. 

The utilization of CRISPR/Cas for blastomere targeted disruption also bypasses potential 

complications from other loss-of-function approaches, as it does not affect any maternally 

deposited materials, ergo circumventing potential embryonic lethality or severe complications 

that may otherwise result if a particular gene is ectopically repressed by other means.   

Importantly, with microinjection of fertilized embryos being the canonical delivery 

method for the CRIPSR/Cas9 reagents in Xenopus embryos, the resulting F0 embryos are largely 

mosaic in their edits (Aslan et al., 2017). However, this can be addressed through the delivery of 

the reagents into harvested oocytes and utilizing the oocyte host transfer (OHT) approach to 

retrieve the manipulated oocytes as eggs. CRISPR/Cas9 utilization has been primarily utilized in 

the diploid Xenopus models, such as X. tropicalis, with fewer studies focusing on X. laevis due to 

the added complexity of their allotetraploidy. Here, we further support CRISPR/Cas9 as a 

feasible editing tool within the allotetraploid Xenopus laevis, utilizing sgRNAs targeting sox21.L 
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for editing to knockdown expression levels. Further, we discuss utilizing CRISPR/Cas9 to 

generate the tools necessary to best determine the function of Sox21.S and Sox21.L in 

neurogenesis. 

Materials and Methods 

Microinjections 

Embryos were injected with sgRNA alone, Cas9 protein alone, or a cocktail of both that is pre-

treated to allow Cas9 to complex with sgRNA and improve targeting efficiency. Concentrations 

used were 750pg sgRNA and 1500ng Cas9 protein. For injections of both, the mixture was 

incubated at room temperature for 15minutes to allow ample time for the enzyme and sgRNA to 

form complexes.  

gDNA isolation 

Genomic DNA was isolated from embryos using Promega Wizard DNA Purification kit in pools 

of 2 embryos. 

RNA isolation and cDNA synthesis 

RNA was isolated from pools of 10 embryos using Sigma Trizol reagent, and subsequent cDNA 

synthesis using BioLine SensiFast kit.  

T7EI endonuclease assay 

Purified gDNA was used for PCR amplification; primers utilized were (5’-3’) sox21L_DSP_F 

ggactggacattgtccttatcc, sox21L_DSP_R tgaggaagatgtgatctctgcc, with the resulting amplicon 

being 719 base pairs and the targeted cleavage site at base 174. PCR product was denatured at 

95oC for 3minutes, and slowly reannealed by decreasing temperature 1oC every 45seconds to 
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4oC. The mixture was then incubated with T7EI (5U/reaction) and NEB Buffer 2 at 37oC for 

30minutes. Reactions run on 2% agarose gel to separate bands.  

Results  

To determine whether CRISPR/Cas9 editing would be a feasible methodology to employ 

in our lab, we set out to target sox21.L. We demonstrate that CRISPR/Cas9 editing is effective 

with sgRNA T1, which targets immediately prior to the transcriptional start site (Figure 15a-b) 

Amplifying the target region via PCR (719bp amplicon) and subsequent T7EI assay 

demonstrates ample mismatches at the target site, resulting in cleavage products of (~165bp and 

~554bp; Figure 16a). However, the WT band is also still present in all experimental samples, 

indicating non-edited sox21.L was still present, meaning potentially two things: (1) that mosaic 

editing occurred, which is expected since the embryos were injected at the one-cell stage, or (2) 

that the editing may only be effectively targeting one of the two sox21.L alleles. However, 

without single-cell resolution, we cannot resolve the second possibility. Sequencing analysis of 

PCR amplicons confirms efficient targeting by the robust disruption in sequence uniformity 

following the target site (Figure 16b).  

Expression analysis via qPCR of stage 34 embryos demonstrate a small reduction of 

sox21.L expression relative to uninjected embryos (Figure 17). Interestingly, the same embryos 

show an increase in sox21.S expression, lending further support that the homeologs may be 

involved in an autonomous self-regulating feedback loop.  

Discussion 

Here we demonstrate via T7EI assays and sequence analyses that CRISPR/Cas9 mediated 

genome editing can effectively target sox21.L within the Xenopus laevis system. Similar to mid-

neurula embryos with Sox21.L MO (Chapter I, Figure 9c), loss of Sox21.L influenced a 
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significant increase in sox21.S expression, highlighting that future work on sox21 homeolog 

function needs to further address this feedback loop to be able to properly disentangle each 

homeolog’s respective roles in neurogenesis.  

The CRISPR modified embryos here were not assessed for mosaicism, but this concern 

must be addressed. Dealing with mosaicism means not only unaltered cells and those with 

modified genomes, but also variable resulting mutations throughout the embryo (Aslan et al., 

2017). Previous research has shown dosage optimization as a semi-effective method to reduce 

mosaicism, though it does not eliminate the problem.  Oocyte Host Transfer (OHT) is a 

methodology that has been adapted to circumvent these issues, utilizing oocytes to manipulate a 

single genome copy, followed by placing them in a host female to be laid, and later fertilized, 

resulting in a heterozygous pool of F0 embryos (Aslan et al., 2017). Beyond the possibility of 

utilizing OHT to generate non-mosaic heterozygous F0 embryos, advancements with 

CRISPR/Cas9 in Xenopus has shown promise for generating transgenic lines with endogenously 

epitope-tagged proteins. This will prove especially useful for studies on Sox21 function, as all 

relevant data previously collected in Xenopus relied on overexpression of epitope-tagged mRNA 

sequence.  
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Figure 15. Determining a target site, and experimental flow for CRISPR/Cas9 injections.  

(a) sox21.L coding sequence with sgRNA target site and T7E1 assay primer locations. (b) Specific 

Xlsox21.L sgT1 sequence (blue) and PAM site (green). (c) Diagram of CRISPR/Cas9 injection 

cocktail preparation. Target sequence depicted in blue, PAM site depicted in green, and universal 

Cas9 recognition hairpin sequence in orange.  
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Figure 16. CRISPR/Cas9 successfully targets and edits Xlsox21.L. (a) T7EI assay results on 

2% agarose gel. Lanes: 1 NEB 1kb Ladder, 2 WT Embryo, 3-6 Injected with 1500ng Cas9 protein, 

750pg sox21.L sgT1. Arrows indicate the following: 500bp band in ladder (black), wild type or 

nondegraded sox21.L amplicon (719bp; green), fragmented sox21.L amplicon (roughly 560bp and 

160bp; blue and orange, respectively.) (b) Sequencing results highlighting the regions immediately 

flanking the sox21.L sgT1 target site (highlighted yellow.) 
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Figure 17. CRISPR/Cas9 editing successfully reduces sox21.L levels. qRT-PCR analyses for 

sox21.L and sox21.S in stage 34 F0 CRISPant embryos. Embryos were collected and processed in 

pools of 10.  
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Chapter V:  

Conclusions and Future Directions 
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 The work presented in this dissertation demonstrate that Sox21 function is complex. 

Initial Xenopus Sox21 work in our lab aimed to clarify a function when numerous prior studies in 

other systems debated whether Sox21 served to counter SoxB1 function to drive neuronal 

differentiation or inhibited differentiation to aide in progenitor maintenance. Whittington et al. 

(2015) demonstrated that Sox21 function is complex, being context and dosage dependent. The 

revelation that sox21 is among the genes retained and both homeologs maintained expression 

following the polyploidization event in Xenopus laevis evolution added yet another layer of 

difficulty in the pursuit of elucidating Sox21 function.  

 We used gain- and loss- of function assays to demonstrate that Sox21 serves to both 

maintain progenitors and drive neuronal differentiation and is also required at low levels for 

neuron maturation, though the functions are contextually dependent (Figure 18). Analyses in 

gastrula embryos support the hypothesis that Sox21 counters SoxB1 function to drive 

differentiation as sox2 expression is increased in response to knock down of Sox21, but 

unchanged in response to sox21 overexpression. Additionally, sox3 expression in anterior 

preplacodal domains is decreased in response to exogenous sox21.L but not sox21.S. In contrast, 

proneural genes myt1 and neuroD are also upregulated in gastrula stage loss of function analyses, 

supporting that Sox21 is required for progenitor maintenance. Sox21.L gain of function supports 

that Sox21.L is sufficient at to drive differentiation, evidenced by an increase in myt1 and six1 

levels in gastrula embryos and an expansion in the six1 expression domain in neurula embryos. 

Therefore, while this work supports much of our earlier analyses of Sox21.S function in Xenopus 

laevis, we now demonstrate that there is spatiotemporal sub-functionalization between Sox21.S 

and Sox21.L (Figure 18).  
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Furthermore, we demonstrate a semi-autonomous Sox21 feedback loop which controls 

transcription in a homeolog-specific manner.However, the conclusions drawn from the data 

presented here are limited, as further controls and experiments must be completed, as discussed 

in Chapter II. Validating the morpholino efficacy, that Xtsox21-mGR produces functional 

protein, and the generation of a genetic line of endogenously epitope-tagged homeologs are all 

components that will strengthen the work presented here, and allow this project to continue to 

progress. 

 As Sox proteins are known to partner proteins to guide their DNA-binding specificity, 

our lab has identified and validated some Sox21 partners in Xenopus- Sox2, Gsx2, and Ngn2 

(Whittington et al., 2015). However, the functional significance of these interactions is not well 

understood. We have postulated that Sox21 binds with Ngn2 to inhibit Ngn2 function from 

promoting neuroD expression, although this has not yet been directly verified. Toward attaining 

a better understanding of how Sox21 physically interacts with partners, we generated various 

Sox21.S deletion constructs and have confirmed appropriately sized protein production via in 

vitro translation. Mapping how Sox21 physically interacts with partners can help in future 

studies to predict the function of the Sox21-Partner complex. For example, if the Sox21 C-

terminal transcriptional effector domain is shown to be involved in an interaction, it indicates 

that that interaction serves to de-repress a target gene(s) by preventing Sox21 from eliciting 

transcriptional change. Similarly, if a partner is specifically only interacting with the HMG-

domain, then it is likely to be a promiscuous Sox partner but may also act as a competitive 

inhibitor, preventing the HMG-domain from stably binding to chromatin. Given that Sox21.L is 

now identified, the possibility that Sox21.S and Sox21.L directly interact should be assessed via 

co-immunoprecipitation, as homodimerization has not been previously reported for Sox21.  
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 Herein we also demonstrate the viability of CRISPR/Cas9 mediated genome editing as a 

tool in our lab. Using this tool, and the rapid advancements surrounding it, the generation of 

genetic lines of frogs with endogenously tagged proteins should be strongly considered, so that 

future analyses can better assess the function of endogenous levels of Sox21 opposed to relying 

on exogenous overexpression. This is important because Sox21 function has been continually 

demonstrated to vary as a consequence of dosage. Homeolog-specific endogenous tagged Sox21 

would serve as an invaluable tool, as general co-immunoprecipitations across development could 

identify meaningful novel partner proteins, and chromatin immunoprecipitation could be used to 

identify specific target genes.  
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Figure 18. Current schematic of Sox21 function in Xenopus neurogenesis. Progenitor genes 

shown in yellow, proneural genes in purple, and Sox21.S function shown in green and Sox21.L in 

blue, for functions demonstrated in Xenopus in the work presented here. Bold and underlining are 

indicative of increased gene expression in the context, while grey highlighting is indicative of a 

decrease. 
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