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ABSTRACT 

During neurogenesis, transcription factors (TFs) regulate each cellular transition from cell 

cycle exit, to neuronal differentiation and eventual maturation, ensuring that the correct number 

and class of neurons are generated. In several neural systems, the Sox TF family are critical to this 

process. This dissertation describes the molecular mechanism of Sox11, a member of the SoxC TF 

subfamily, in Xenopus laevis neurogenesis. The first portion focuses on identifying novel Sox11 

downstream targets using a hormone inducible version of Sox11 coupled with RNA-sequencing. 

Our results demonstrate Sox11 has overlapping and stage-specific downstream targets during 

Xenopus neurogenesis. These targets have roles in a variety of developmental processes, including 

progenitor cell maintenance and neuron maturation.  

The second part of this work involves identifying Sox11 partner proteins and mapping the 

Sox11 interaction domains, using co-immunoprecipitation and Sox11 deletion constructs. Our in 

vitro studies demonstrate that the pro-neural bHLH TF proteins Neurog2 and the Pou class 3 

homeoboc TF Pou3f2 bind to Sox11. However, Xenopus Sox11 does not interact with Neurog1, a 

driver of neuronal cell fate, in the mouse cerebral cortex. We establish that the N-terminus of 

Sox11 is necessary for partner protein binding, while the C-terminus is required to promote mature 

neuron formation. Our data indicate that Sox11 works in a context-dependent manner throughout 

neurogenesis by partnering with two distinct pro-neural proteins to drive target gene expression 

and promote neuron formation.  
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CHAPTER I: THE ROLE AND FUNCTION OF SOX11 IN NEUROGENESIS 

1.1 Introduction 

Neurogenesis relies on precisely coordinated molecular and cellular events to generate the 

appropriate number and subpopulations of neurons. These steps are directed and coordinated by a 

hierarchy of transcription factors (Whalley, 2017). The nervous system forms from decreasing 

transcription factors required for proliferation and increasing specific transcription factors that 

activate pro-neural genes  (Molyneaux et al., 2007). These pro-neural proteins activate another set 

of TFs that promote differentiation and define neuronal identity before leading to the final step of 

maturation. During this process, the appropriate number of neurons with unique expression 

patterns, functions, and morphological differences are generated (Figure 1.1) (Lefebvre et al., 

2007; McConnell, 1995). Thus, transcription factors regulate each of the cellular transitions that 

occur from proliferation to maturation. Importantly, much of our knowledge regarding 

neurogenesis comes from the study of highly conserved transcription factors that play similar roles 

across numerous species (Kamachi and Kondoh, 2013). However, some proteins like the SoxC 

protein, Sox11, have multiple roles throughout neurogenesis, both across numerous species and 

developmental timepoints (Kavyanifar et al., 2018). In order to better understand how Sox11 

functions in multiple contexts of neurogenesis, we used the African clawed frog, Xenopus laevis, 

a well-established model for the study of neurogenesis to identify downstream targets, partner 

proteins, and the function of Sox11 protein domains in the developing neural plate. 

 

The following sections will cover neurogenesis, Sox transcription factor structure and function, 

Sox11 downstream targets, and partner proteins to provide a context for results discovered in this 

dissertation.  
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1.2 Overview of Neurogenesis 

The cellular and molecular programing for neurogenesis, including Sox11 function, begins 

embryonically as early as gastrulation. In the ectoderm of a gastrula embryo, bone morphogenetic 

protein (BMP) signaling induces formation of the epidermis and inhibits formation of regulates on 

the ventral side (Wilson and Hemmati-Brivanlou, 1995; Moreau and Leclerc, 2004) . In Xenopus, 

overlapping expression of VegT, Vg1, Nodal-related and ß-catenin in the dorsal endoderm form 

the Nieuwkoop Center (Agius et al., 2000; Gerhart et al., 1989; Nieuwkoop, 1967; Vonica and 

Gumbiner, 2007). Through this organizer, the development of the dorsal mesoderm is induced to 

generate Spemann’s Organizer, a master regulator of neural induction (Spemann and Mangold, 

1924). Transplantation of the organizer to the ventral side of the embryo generates a secondary 

axis through secretion of BMP antagonists Noggin, Chordin and Follistain, thereby inhibiting 

epidermis and generating neural tissue by default (Piccolo et al., 1996; Spemann and Mangold, 

1924; Storey et al., 1992; Zimmerman et al., 1996). Thus, inhibition of BMP induces ectodermal 

tissue to develop into neural tissue.  

 

Several studies show that inhibition of BMP is sufficient to induce neural tissue from unspecified 

animal ectoderm, but it is not sufficient to induce neural tissue in ventral ectoderm (Hawley et al., 

1995; Rogers et al., 2008; Wilson and Hemmati-Brivanlou, 1995). For example, inhibition of BMP 

signaling by over expression of Smad7 in non-neural ventral ectoderm represses epidermis 

formation, but does not induce ectopic expression of neural markers (Chang and Harland, 2007; 

De Robertis and Kuroda, 2004). This suggests that there are additional factors required for neural 

induction in ectodermal cells. Support for this hypothesis comes from intricate studies conducted 

on Fibroblast growth factor (FGF) and Wingless/Int-1 (Wnt) signaling.  
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In Xenopus FGF receptors (FGFR1-4a) play a critical role in neural induction. FGF receptors are 

expressed prior to neural induction within the ectoderm and restricted to neural tissue. However, 

FGFR2 and FGFR4a are up-regulated as neural induction begins suggesting their role within this 

process (Hongo et al., 1999; Rogers et al., 2009a). Overexpression of dominant negative FGFR1 

inhibits induction of neural tissue marked by ncam and sox2 (Delaune et al., 2005; Launay et al., 

1996; Ribisi et al., 2000). Additionally, disruption of FGF signaling through knockdown of MAP 

kinase, does not affect anterior neural induction (Kuroda et al., 2005; De Robertis and Kuroda, 

2004). A previous review from the Silva lab analyzed the role of FGF signaling in neural induction 

as well (Rogers et al., 2009a). They conclude signaling through FGFR4α is necessary for induction 

of anterior neural tissue, and that through MAP kinase signaling FGFR1 and FGFR2 are required 

for posteriorizing neural tissue (Allen, 2000; Kuroda et al., 2005; Lumsden and Krumlauf, 1996; 

De Robertis and Kuroda, 2004). Importantly, FGF plays a critical role in patterning of the anterior 

posterior axis and functions to reinforce antagonism of BMP (Rogers et al., 2008; Takemoto et al., 

2006; Weisinger et al., 2008; Wilson et al., 2000). Collectively, this data suggest that FGF is 

required for CNS patterning.  

 

As mentioned, Wnt signaling is also key in the process of neural induction. Maternal Wnt signaling 

and the inhibition of Wnt are essential to the formation and patterning seen in neural tissue and the 

developing neural plate (Aubert et al., 2002; Larabell et al., 1997). Inhibitors of Wnt signaling, 

including Frzb, Dkk1, and Wif1 can induce formation of a secondary head (Glinka et al., 1998; 

Hsieh et al., 1999; Hsu et al., 1998; Leyns et al., 1997). Importantly, Wnt stimulation of Frizzled 

receptors lead to stabilization of ß -catenin via Dishevelled, which antagonizes the destabilizing 

effect of glycogen synthetase kinase 3 (GSK3) and Axin (Eisenmann, 2005; Logan and Nusse, 
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2004; Rogers et al., 2009b). Together ß-catentin and TCF transcription factors activate dorsal 

region-specific targets including Siamois and Twin. Thus, early Wnt signaling establishes the 

dorsal-ventral axis in Xenopus through the accumulation of ß-catenin on the dorsal side of the 

embryo (Larabell et al., 1997). Additional studies show that Wnt signaling is also important for 

anterior-posterior patterning. Where overexpression of dominant active ß-catenin in Xenopus 

inhibits expression of neural progenitor makers sox2 and sox3 (Heeg-Truesdell and LaBonne, 

2006). Similarly, in chick, Wnt3a inhibits neutralization of ectoderm by BMP inhibition (Wilson 

et al., 2001). Additional studies in chick demonstrate that Wnt signaling must be inhibited for BMP 

inhibition and FGF signaling to induce neural tissue (Wilson et al., 2001). Important to this work, 

sox11 also plays a role in neural induction. Expression of Noggin or Chordin induces sox11 and, 

along with Nemo Like Kinase (NLK), a serine/threonine kinase, promotes expression of anterior 

neural markers (Hyodo-Miura et al., 2002). In addition to complexing with NLK, sox11 works in 

a regulatory network with foxd5, zic2 and geminin, in the dorsal ectoderm to specify neural 

ectodermal fate (Yan et al., 2009b, 2009a). Thus an intricate network of signaling pathways 

regulate neural induction. 

 

Following neural induction, the dorsal neural plate folds. As development proceeds, the plate will 

fold to form the neural tube, and ultimately gives rise to the entire central nervous system (CNS). 

The neural plate is composed of proliferating neural progenitor cells, which are defined as 

undifferentiated neural ectodermal cells. These cells go on to generate all the neurons and glia of 

the CNS (Götz and Huttner, 2005). Progenitor cells within the neural plate divide symmetrically, 

creating identical daughter cells in order to increase the surfaced area of the presumptive CNS and 

expand the progenitor pool. The proliferative nature of progenitor cells is established and 
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maintained by a variety of transcription factors including FoxD5, Geminin and the SoxB family 

of transcription factors (Brewster et al., 1998; Bylund et al., 2003; Kroll et al., 1998; Yan et al., 

2009a). Most cells will later undergo differentiation, but some will retain their progenitor fate in 

order to contribute to growth of the remaining CNS (McConnell, 1995; Moreau and Leclerc, 2004). 

Proliferating progenitors and differentiating neurons must be balanced in the early embryo in order 

to maintain a progenitor pool for later development.  Sox11 is essential for this step, and critical 

for neural progenitor maintenance through interactions with gemin and zic2 that trigger expression 

of sox2 and sox3 (Yan et al., 2009b). Through an intricate regulatory network, sox11 along with 

geminin, zic2, sox2 and sox3, maintain the proliferative state of progenitor cells in the neural plate 

(Yan et al., 2009a). This balance is necessary for proper organization and function of the CNS, 

where cells must be generated at the correct location and time in order to further develop into 

mature neurons. Accordingly, sox11 expression must be tightly regulated to ensure the balance of 

progenitors and differentiating cells.  

 

Eventually, neural progenitor cells begin asymmetric division in order to produce neuronal 

progenitor cells, which are characterized by increased expression of basic-helix-loop-helix 

(bHLH) proteins, commonly known as pro-neural proteins. bHLH proteins are grouped according 

to their respective bHLH domain and promote cell cycle exit along with inhibition of pro-glia fates 

(Bertrand et al., 2002). In the CNS, neuronal specification begins with the expression of the bHLH 

protein Neurogenin (Ngn). The Ngn family of proteins are essential for neuronal fate specification 

and expressed during neurogenesis (Fode et al., 1998; Ma et al., 1998). Notably, Neurog2 (Ngn2) 

is the first pro-neural protein expressed during primary neurogenesis in Xenopus and the spinal 

cord of other vertebrates and is a critical regulator of neuronal differentiation (Ma et al., 1996). 
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Ngn2 works symbiotically with bHLH repressor Hes1 (Shimojo et al., 2008). As progenitor cells 

divide, Ngn2 and Hes1 continuously repress one another. In order for neuronal progenitors to 

differentiate, Hes1 must be degraded and Ngn2 expression stabilized (Chitnis and Kintner, 1996; 

Chitnis et al., 1995). Stabilization of Ngn2 expression leads to activation of the Delta-Notch 

pathway and the start of lateral inhibition, where increased ngn2 expression activates Delta, the 

ligand for the Notch receptor. Once activated, the Notch signaling pathway is initiated in 

neighboring cells, which will repress pro-neural gene expression in order to preserve neuronal 

progenitor pools. Thus, Delta-Notch signaling coupled with intrinsic regulation of Hes1 and Ngn2 

ensures that the appropriate number of progenitors and differentiating cells is achieved.  

 

As Ngn2 levels increase, a new wave of neural genes, transcription factors, signaling factors and 

cytoskeleton proteins will activate to facilitate the formation of primary neurons, located in three 

distinct horizontal stripes across the embryo (Seo et al., 2007). The stripes consist of medial, 

intermediate and lateral neurons; these subpopulations/subtypes will eventually become motor, 

inter-, and sensory neurons, respectively. In order to facilitate the progression of neuronal 

progenitors to primary neurons, cells must stabilize pro-neural gene expression and undergo cell 

cycle exit. This includes the down regulation of SoxB1 genes and an activation of bHLH protein 

NeuroD1 (Lee, 1996; Lee et al., 1995). NeuroD, MyT1, EbF2, SoxB2, Coe2 and SoxC genes all 

promote differentiation and stabilization of pro-neural fate (Bellefroid et al., 1996; Ma et al., 1996; 

Seo et al., 2007).  

 

Important to this work, Sox11 is highly expressed in post-mitotic neurons and is required to induce 

neuronal differentiation (Li et al., 2012). In chicken spinal cord, Sox11 works downstream of 
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Math3 and NeuroD, two other prominent bHLH proteins, to establish neuronal properties in newly 

born neurons (Bergsland et al., 2006). In Xenopus Sox11 induces and is required for the production 

of neurons. However Sox11 was not identified in a screen for direct targets of Ngn or neuroD (Seo 

et al., 2007)Sox11 binds Ngn1 and Brn2, two pro-neural proteins, to promote formation of early 

born neurons, marked by CTip2 and Tbr1 (Chen et al., 2015). Consequently, these studies in 

multiple organisms demonstrate that Sox11 is critical for neuronal differentiation.  

 

There is an overlap in expression of factors that direct cell cycle exit events and facilitate neuronal 

specification such as pro-neural proteins, in turn, act on cyclin dependent kinase (CDK) inhibitors 

p27, p57 and p19 in order to promote cell cycle exit (Galderisi et al., 2003; Hollyday, 2001; Vernon 

et al., 2003). Once neuronal fate has been established, intrinsic and extrinsic factors that lead to 

changes in cell morphology and formation of synaptic connections required for an individual 

neuron’s specific function. Studies in mouse show that Sox11 plays a critical role in this process 

as well by modulating expression of Tubb3, the gene encoding for neuron-specific beta-tubulin, 

an essential subunit of microtubules in neurons (Chen et al., 2015; Jankowski et al., 2006; Wang 

et al., 2010). Additionally, Sox11 regulates neuron morphology, and dendritic spine 

morphogenesis (Hoshiba et al., 2016). Thus, from gastrulation to specification of the first neuron, 

Sox11 is an essential regulator of neurogenesis (Figure 1.1). In order to better understand how 

Sox11 promotes induction, differentiation, and maturation, it is essential to define the target 

protein interactions of Sox11 at different times in neurogenesis.  
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1.3 Sox Transcription Factors Structure, Function and Interactions  

The SRY-related high mobility group (HMG) box (Sox) proteins are a large family of architectural 

transcriptional regulators that play a critical role in development of numerous bodily systems and, 

in particular, regulate nearly every step of neurogenesis (Bergsland et al., 2006). Sox proteins are 

grouped into subfamilies (A-H) based on protein sequence of a 79 amino acid HMG domain and 

overall protein homology (Weiss, 2001; Wissmüller et al., 2006). All Sox proteins contain an 

HMG domain that is 60% similar between groups and 90% similar within groups (Kamachi et al., 

2000; Wegner, 1999). With the HMG domain, Sox proteins bind the minor groove of DNA and 

complex with partner proteins in order to activate or inhibit downstream targets (Prior and Walter, 

1996; Wilson and Koopman, 2002a). While the canonical Sox DNA binding motif is 

(A/T)(A/T)CAA(A/T)G, alone they bind DNA with relatively low affinity (Kamachi et al., 2000; 

Marshall and Harley, 2001). HMG binding affinity and specificity is increased by partner protein 

interactions (Bernard and Harley, 2010; Kamachi et al., 2000; Wilson and Koopman, 2002a). A 

single Sox protein can play multiple roles in development by interacting with different partners 

(Chen et al., 2015; Whittington et al., 2015). This can easily be seen in the variety of functions 

Sox proteins play throughout development including eye development, testis development, and 

neurogenesis. For example, Sox2 complexes with Pou5f1, Pou3f2 and Ngn2 at various stages in 

development and drives the expression of different genes in multiple developmental processes 

(Chew et al., 2005; Mallanna et al., 2010; Wegner and Stolt, 2005; Whittington et al., 2015). Sox2 

cooperates with Pou5f1 (Oct3/4) to control embryonic stem cell differentiation and later 

complexes with Pou3f2 (Oct7) to promote neural specification (Chew and Gallo, 2009; Tanaka et 

al., 2004; Yuan et al., 1995). 
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Sox proteins play key roles in fate as pioneer transcription factors in order to open closed regions 

of the chromatin to prepare specific target genes for immediate activation or repression (Kamachi 

and Kondoh, 2013; Soufi et al., 2015). In this model, SoxB and SoxC proteins bind to the same 

targets in sequential order allowing for histone modification and recruitment of other transcription 

factors to regulate the progression of neurogenesis. This is most clearly seen in Bergsland et al., 

(2011) where genome-wide binding profiles of Sox2, Sox3, and Sox11 were identified using 

chromatin immunoprecipitation followed by deep sequencing. Authors show that these Sox 

proteins share similar DNA binding profiles. For example, when neuronal genes need to be 

activated, Sox11 binds and associates with active histone and represses Sox3 neural progenitor 

targets, by binding and associating with H3K27me3. Sox3 binds to sites upstream of neuronal 

genes, likely keeping the region poised for activation and also inhibiting Sox11 binding, preventing 

premature neurogenesis. Collectively, Sox proteins can act sequentially to regulate neurogenesis.   

 

SoxC transcription factor expression & function 

The SoxC subfamily, featured in this work, is composed of three members in mammals and most 

other vertebrates: Sox4, Sox11 and Sox12. SoxC proteins are encoded by a single exon, and they 

share a high degree of conservation in the HMG domain (>80% between vertebrates) and the 

transactivation domain (>60%) (Dy et al., 2008a; Maschhoff et al., 2003). Despite high 

conservation within the subfamily, SoxC proteins differ greatly in their transactivation levels, with 

Sox11 being the most potent transactivator followed by Sox4 and Sox12, respectively (Dy et al., 

2008b; Kuhlbrodt et al., 1998).  
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Collectively, SoxC proteins are critical for neurogenesis, which is evident from their prolonged 

and overlapping expression in neurons across species (Bergsland et al., 2006; Chen et al., 2015; 

Mu et al., 2012). In mammals, SoxC proteins are expressed in post-mitotic neuronal progenitors 

of the CNS and in cranial sensory placodes (Cheung et al., 2000; Dy et al., 2008a). Given their 

overlapping expression, SoxC proteins were originally thought to be functionally redundant. 

Initially identified as critical transcription factors for neuronal survival and differentiation, new 

studies have demonstrated that SoxC proteins control numerous processes in neurogenesis 

including precursor survival, proliferation, fate commitment, axonal growth, dendritic 

morphogenesis, migration and maturation (Balta et al., 2018; Hide et al., 2009; Hoshiba et al., 

2016; Lin et al., 2011; Mu et al., 2012; Wang et al., 2013). While the function of Sox12 has yet to 

be established, the function of Sox4 and Sox11 have been studied extensively. Using conditional 

knock out mice and a combination of gain and loss of function approaches, Chen et al. (2015) 

reveals that Sox4 is expressed in differentiated neurons as well as within the sub-ventricular zone 

of the cerebral cortex, where Sox4 co-localizes with Ngn2, a marker of apical progenitors. Further 

analysis revealed that Sox11 co-localizes with Ngn1 and has a more drastic effect on neuron 

morphology including increased axon length and reduced dendritic spines (Chen et al., 2015; 

Hoshiba et al., 2016). Importantly, loss of Sox4 and Sox11 is embryonically lethal with widespread 

apoptosis in the CNS (Schilham et al., 1996; Sock et al., 2004). However, conditional knockout of 

Sox4 or Sox11 does not increase programmed cell death, but does affect cell cycle exit as seen by 

no change in Ki67 staining and TUNEL assay (Chen et al., 2015). Collectively, this suggests that 

Sox4 and Sox11 work independently to regulate progenitor pools and neuronal differentiation.  
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Sox11 in disease states 

Deficits and misexpression of Sox11 often results in a more severe phenotype than its family 

members (Chen et al., 2015; Dy et al., 2008a; Wiebe et al., 2003). This is likely due to the fact that 

Sox11 is the most potent transactivator within the SoxC family (Dy et al., 2008). Interestingly thus 

far there is no evidence that Sox11 works as a transcriptional repressor.  In addition to being a 

critical factor for neurogenesis, Sox11 is heavily implicated in the propagation of cancer. Higher 

levels of Sox11 correlate with a better prognosis for pediatric medulloblastoma (de Bont et al., 

2008) and glioblastoma (Zhang et al., 2014). Conversely, high levels of Sox11 are associated with 

poor prognosis for astrocytic glioma (Korkolopoulou et al., 2013; Li et al., 2012). However, other 

studies suggest that suppression of Sox11 function may reduce glioma-initiating cells (Chetty et 

al., 2012). Numerous cancer studies show that Sox11 regulates programmed cell death (Adams et 

al., 2008; Su et al., 2014), but this is not observed during normal neural development.  It is 

hypothesized that these varying results are a direct result of Sox11’s ability to target a wide variety 

of cellular and molecular functions and the developing hypothesis that Sox11 function is dependent 

on its partner proteins (Kavyanifar et al., 2018).  

 

In addition to cancer propagation, mutations in Sox11 are associated with Coffin Siris Syndrome 

(CSS), a neurodevelopmental disorder characterized by intellectual disability, microcephaly, 

hypertrichosis, short stature, and feeding difficulties (Tsurusaki et al., 2014). CSS patients have a 

missense mutation within the HMG domain of Sox11 that results in a conformational change in 

Sox11 structure. This conformational change affects Sox11’s ability to bind DNA and activate 

downstream targets. Despite this, Sox11’s prevalence in tumorigenesis and neurodevelopmental 

disorders, the mechanisms by which it regulates cancer remains poorly understood. 
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The data on the role of SoxC proteins in development and disease suggest that Sox11 and Sox4 

work synergistically as opposed to redundantly; however, Sox11 remains the ‘lead’ transcription 

factor in development, having the most significant effect and alterations to development and 

disease states. Despite this there remains little knowledge of the partner proteins or downstream 

targets of Sox11. 

1.4 Sox11 Downstream Targets and Partner Proteins  

The work in this dissertation focuses on the functional mechanism of Sox11 in Xenopus laevis 

neural plate by investigating downstream targets, partner proteins, and interaction domains of 

Sox11.L. While multiple Sox transcription factors, including family members Sox4 and Sox12, 

contribute to neuron specification and are expressed throughout neural development, Sox11, in 

particular, has been shown to drive progenitor pool maintenance, neuronal differentiation, and 

neuron maturation in chicken and mouse spinal cord, mouse cerebral cortex, and Xenopus laevis 

neural plate (Bergsland et al., 2006; Chen et al., 2015, 2016; Wang et al., 2015). Given Sox11’s 

multifaceted role in development, it was necessary to use a model that lends itself to easy 

manipulation in which alterations to neurogenesis can be assayed at early and late stages. The 

African clawed frog, Xenopus laevis, fits this criteria as Sox11 plays critical roles in every major 

step in Xenopus neurogenesis.  

 

Recent work from the Silva and Donoghue laboratories aimed to address the function of Sox11 

using two systems of development, mouse cerebral cortex and Xenopus neural plate. Gain of 

function (GOF) studies, using ex-utero electroporation, conducted in mouse cortex reveal that 

overexpression of Sox11 increases primary neurite length and axon length; this suggests Sox11 

promotes neuronal differentiation. In parallel, overexpression in Xenopus embryos reveals ectopic 
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expression of mature neuron marker tubb2b and pro-neural marker neurog2 (ngn2). Taken 

together, these data emphasize the role of Sox11 throughout neural development and further 

highlight the hypothesis that Sox11 functions to promote neuronal differentiation and maturation 

across species. However, when Sox11 was tested for functional conservation, data show a distinct 

difference in Xenopus compared to mouse neural development. Mouse cortical neurons transfected 

with Xenopus Sox11 did not show increased primary neurite or axon length. In parallel, 

overexpression of mouse Sox11 in Xenopus embryos resulted in no change in expression of ngn2 

or tubb2b. Thus, mouse and Xenopus Sox11 are not functionally interchangeable and promote 

neuron maturation differently (Chen et al., 2016). Importantly, Sox11 is broadly characterized as 

a driver of neural differentiation (Bergsland et al., 2006; Chen et al., 2015). In this work, we aimed 

to establish how Sox11 promotes differentiation in the developing neural plate.  

 

As previously mentioned, Sox transcription factors require partner proteins to properly execute 

their regulatory roles. Few studies have identified partner proteins for Sox11, or investigated the 

hypothesis that Sox11’s diverse function is attributed to various partner proteins. Mouse Sox11 

binds Ngn1, Brn and Tbr2 and transactivation studies reveal that mouse Sox11 can work in 

collaboration with Ngn1 and Brn2 to drive tubb3 expression. (Chen et al., 2015). Analysis from 

chicken spinal cord, hypothesizes that Sox11 along with Sox2 and Sox3 bind similar target genes 

during early development to establish neuronal properties (Bergsland et al., 2011). However, in 

Xenopus neurogenesis, Sox11’s protein partners have not been identified.  

 

Importantly, Sox transcription factor function can change depending on partner protein binding. 

For example, when Sox2 partner partners with Oct3/4, the complex functions to maintain 
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pluripotency in embryonic stem cells (Chew and Gallo, 2009; Yuan et al., 1995). However, when 

Sox2 partners with Pou3f2 it regulates Nestin expression in neural primordial cells (Ferri et al., 

2004b; Tanaka et al., 2004). Thus, partner proteins greatly affect the function and downstream 

targets of Sox factors. Partner proteins can also interact with various domains outside of the HMG 

of Sox transcription factors. For example, Sall4, histone deacetylase 1 and 2 (Hdac1 and Hdac2) 

interact with various domains of Sox2 (Cox et al., 2010). Through overexpression of deletion 

constructs and co-immunoprecipitations, Cox et al (2010) found that Sall4 associated with Sox2 

via the C-terminus and the HMG; Hdac1 associates with the transactivation domain of Sox2 and 

Hdac2 only interacts with the HMG. This suggests that there are regions outside of the HMG 

essential for Sox transcription factor function. 

 

In order to understand Sox11’s lack of functional conservation across species and diverse role in 

neurogenesis, we proposed three aims: 1) Identify Xenopus Sox11 downstream targets in early 

neurogenesis, 2) Identify partner proteins of Xenopus Sox11, and 3) Establish Sox11 domains 

necessary and sufficient for partner protein binding and neuron formation (Figure 1.2). Although 

Sox11 has been studied in numerous systems, no study has investigated Sox11 targets in early 

neural plate formation. Furthermore, partner proteins or essential domains of Sox11 have not been 

identified in Xenopus. Given Sox11’s multiple roles in development, understanding both Sox11 

partner proteins and downstream targets is essential to defining Sox11’s role in specification 

during neurogenesis. 

 

The ease in manipulating genes associated with neurogenesis make Xenopus laevis the ideal model 

for this work. Using well-established methods including whole-mount in situ hybridization and 
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qPCR in parallel with recent whole genome sequencing, allowed us to establish and validate 

downstream targets of Sox11. Xenopus laevis is allotetraploid such that there are four copies of 

each chromosome and two homeologs of most genes designated with S (short) or L (long) version. 

All experiments within Chapter II and Chapter III use Sox11.L. Our results indicate that Sox11 

has stage specific and overlapping downstream targets that are enriched in various functional 

categories. When we compare the downstream targets of Sox11 early in neural development to 

previous data in other species, we see little overlap in genes, but discovered overlap in biological 

processes. This suggests that while Sox11 functions to promote neuron formation across species, 

the genes Sox11 regulates are perhaps species specific. 

 

In addition to uncovering downstream targets of Xenopus Sox11, this work identified partner 

proteins and interaction domains of Xenopus Sox11. We show that Xenopus Pou3f2 and Ngn2 

partner with Sox11. Interestingly, our data reveal that Xenopus Sox11 does not partner with Ngn1, 

a key modulator of neurogenesis as described previously. Additionally, when we examined 

binding between Xenopus Sox11 and mouse Ngn1, we found that Xenopus Sox11 also does not to 

interact with mouse Ngn1, providing support for our hypothesis that while Sox11 function is the 

same across species, to promote neuron formation, its molecular mechanisms across species is not 

conserved. Thus, this work is the first to identify partner proteins for Sox11 in Xenopus or compare 

them to mammalian partners, and the first to identify Sox11 protein interaction domains and 

characterize their contributions to neurogenesis. 
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 1.5 Figures and Tables 

 

Figure 1.1 Summary of Sox11 in neurogenesis. 

Neurogenesis involves common progenitors exiting the cell cycle in order to become 

neuronal progenitors. Over time, neuronal progenitors differentiate into immature neurons that are 

migrating to form proper synaptic connections. Immature neurons will further evolve into mature 

neurons with distinct morphology, expression patterns and functions. Sox11 is essential for each 

step in neurogenesis. Yan et al (2009) and Hyodo-Miura et al (2002) explain the role of sox11 in 

neural induction in Xenopus neural plate. BMP inhibits the regulatory network that sox11 works 

within with foxD5, zic2, and gem to promote neural induction. Similarly, Hyodo-Miura (2002) 

shows that Chordin induces sox11 expression at gastrulation (not shown). From there Sox11 binds 
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NLK and, together, they promote formation of anterior neural cells (Otx2+ and NCAM+ cells). 

During neuronal differentiation, studies conducted in chicken show that Sox11 works downstream 

of Math3 and NeuroD, two bHLH proteins essential for neurogenesis (Bergsland et al., 2006). 

Chen et al (2015) also shows that Sox11 partners with Ngn1 and Brn2 to promote differentiation 

of early neurons (CTip2+ and Tbr1+ neurons). Lastly, in the step of maturation Sox11 works 

upstream of tubb3 in all species and work conducted in mouse cortex shows Sox11 is a regulator 

of dendritic spine morphogenesis and tubulin formation via tubb3 (Hoshiba et al., 2016; Jankowski 

et al., 2006) 
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Figure 1.2 Hypothesis schematic.  

A This work aims to identify the partner proteins (blue) of Sox11 (pink) necessary to activate 

neural specific downstream targets (gray). B This work seeks to characterize domains of Sox11 

necessary for Sox11-protein interactions and neuron formation. We investigated the Sox11 high 

mobility group (HMG, green) domain known to associate with partner proteins (solid black arrow), 

the transactivation domain (TAD, yellow, white arrow question mark), regions which are essential 

to turn on or off downstream targets of Sox11, and the start of the N-terminus and c-terminus 

(black). 
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CHAPTER II: IDENTIFICATION OF SOX11 TARGETS DURING NEUROGENESIS  

2.1 Introduction 

Neurogenesis, the process of generating mature neurons from neural progenitors, relies on intrinsic 

genetic programs and environmental signals to control progenitor cell cycle exit, specification and 

maturation (Kageyama et al., 1997; Kessler and Melton, 1994; Molyneaux et al., 2007). 

Transcription factors play a key role in this process as intrinsic regulators. Following cell cycle 

exit, daughter cells differentiate by increasing expression of pro-neural genes (Kiefer, 2005; Lee 

et al., 1995; Ma et al., 1996). As neurogenesis proceeds, a new wave of transcription factors will 

trigger a shift in cell specification creating immature neurons; these immature neurons will 

experience changes in cellular morphology, form synapses and create defined circuits to generate 

a nervous system with diverse cell types and unique functions (Casanova and Casanova, 2014; 

Kriegstein, 2005; Tan and Shi, 2013). 

 

While numerous genes and signaling pathways are involved in this process, the Sry-related, high 

mobility group (HMG) box (Sox) transcription factor family plays a key role in every step of 

neurogenesis. Composed of 20 members in vertebrates, each Sox transcription factor contains an 

HMG domain that binds DNA and forms complexes with partner proteins in order to regulate the 

expression of downstream targets (Bowles et al., 2000). Interestingly, previous studies indicate 

that SoxB and SoxC proteins work in a context-dependent manner and have distinct functions in 

neurogenesis based on the tissue and the timing of differentiation to regulate neurogenesis. For 

example, Sox21 a member of the SoxB1 subfamily has dose-dependent functions: a high level of 

Sox21 inhibits neuronal differentiation whereas a low level of Sox21 is required for differentiation 

(Whittington et al., 2015). Similarly, Sox2 cooperates with Oct4 to regulate stem cells (Chew and 
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Gallo, 2009; Yuan et al., 1995) and complexes with Pou3f2 (also known as Brn2) to regulate neural 

specification (Tanaka et al., 2004). Interestingly, Sox2 also interacts with Sox21 to promote 

ectodermal cell fate (Mallanna et al., 2010). Thus, to understand Sox function, special interest must 

be paid to the developmental context in which they work.  

 

Sox11, a member of the SoxC subfamily, has been shown by us and others, to control multiple 

steps in neurogenesis. In early stages at the onset of grasulation, Sox11 maintains neural 

progenitors by working in a regulatory network with Geminin and Zic2 to activate sox2 and sox3 

gene expression (Uy et al., 2015). In the developing neural plate, overexpression of Sox11 

increases expression of pro-neural, pan neural, and mature neuron marker genes (Chen et al., 

2016). During neuronal differentiation, Sox11 regulates immature neuron formation through 

interactions with Neurog1 (Ngn1) to activate NeuroD (Bergsland et al., 2006; Chen et al., 2015). 

Lastly, Sox11 regulates expression of neuron specific cytoskeletal proteins to orchestrate neuron 

maturation (Hoshiba et al., 2016; Jankowski et al., 2009). Collectively, these data demonstrate that 

Sox11 is a critical regulator of neurogenesis at various developmental stages; it plays a role in the 

specification of progenitors, promotes immature neuron formation and drives mature neuron 

formation. We know that, during neuron maturation, Sox11 targets include dcx, tubb3, map2, and 

neuroD (Chen et al., 2015; Mu et al., 2012; Vegliante et al., 2013). These targets provide insight 

into how Sox11 promotes neuronal differentiation, while downstream targets such as tubb3 and 

map2, reveal that Sox11 directly affects neuron morphology and maturation (Hoshiba et al., 2016; 

Jankowski et al., 2009). However, these known targets do not to explain how Sox11 promotes 

progenitor pool formation early in development. Thus, in order to fully understand how Sox11 
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orchestrates neurogenesis and plays discrete roles at various developmental time points, it is 

essential to identify the early downstream targets of Sox11.  

 

In this study, we investigated the hypothesis that Sox11 plays various roles in Xenopus laevis 

neurogenesis and uses stage-specific downstream targets to regulate neuron formation. To test this, 

we used a hormone-inducible version of Sox11 to activate Sox11 at two time points in order to 

establish that Sox11 has stage-specific roles during Xenopus neurogenesis. We induced Sox11 

overexpression before and after the mid-blastula transition and found that maternal and zygotic 

Sox11 have distinct functions at each time point. Pre-MBT expressed Sox11 promotes neural 

progenitor formation, whereas post-MBT Sox11 drives neuron formation. These data support our 

previously published findings that Sox11 is expressed prior to MBT (Chen et al., 2016). To 

complement this assay and further investigate the molecular mechanism underlying Sox11 

function, we overexpressed our hormone-inducible Sox11, and blocked protein synthesis and 

performed RNA-sequencing and gene-ontology analysis to identify direct downstream targets of 

Sox11 just prior to gastrulation (stage 9) and in the early neural ectoderm (stage 11.5). This 

approach has been used numerous times to identify direct downstream targets of regulatory 

proteins (Kolm and Sive, 1995; Riddiford and Schlosser, 2016; Seo et al., 2007). Transcriptome 

reads of the whole embryo were then analyzed and compared to uninduced control in order to 

verify directly activated genes (Jin, 2016). Gene-ontology analysis reveals that Sox11 has stage-

specific downstream targets that are enriched in differential functional categories. We also 

uncovered targets of Sox11 that were upregulated at both stages, supporting our hypothesis that 

Sox11 plays multiple roles during neurogenesis. This study is the first to identify direct 
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downstream targets of Sox11 in Xenopus neurogenesis and characterize the various roles Sox11 

plays throughout neurogenesis.  

 

2.2 Materials and Methods 

Animal usage  

Frog use and care was in accordance with federal and institutional guidelines, particularly 

Georgetown University's Institutional Animal Care and Use Committee protocol 13-016-100085. 

 

Embryo culturing and manipulation  

Xenopus laevis embryos were obtained using a standard in vitro fertilization method (Sive et al., 

2000) and staged according to the Nieuwkoop and Faber staging system (1994). Briefly, male 

frogs were euthanized in 0.05% Benzocaine for at least 30 minutes until the righting response was 

lost and a heartbeat was not detectable and then testis were dissected. Female frogs were injected 

with 0.5 ml Human Chorionic Gonadotropin (HCG) and then incubated at 17oC in an incubator 

overnight. Females started to lay eggs roughly 15 hours after injection. Eggs were squeezed from 

the female frogs by mimicking the action of male frogs and collected. A piece of testis was cut and 

mashed to release sperm and then mixed with eggs to fertilize in vitro. Embryos were treated with 

2% cysteine solution to remove the jelly coat and then subjected to the following experiments. 

 

Frog microinjection  

Embryos were injected with 1200 pg GR-sox11.l mRNA into one cell at the two-cell stage, and 

induced with dexamethasone (DEX) at either stage 6, stage11, or not induced. Embryos were 

cultured until stage 15 (neurula) and fixed, and β-galactosidase activity was visualized with X-gal 
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(Research Organics) to identify the injected side for following whole mount in situ hybridization 

experiment. mRNAs used for injections were synthesized in vitro by the mMESSAGE 

mMACHINE® Transcription Kit (Life Technologies), using standard protocols. 

 

Whole mount in situ hybridization  

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

Hemmati-Brivanlou et al., 1990) with these changes: length of pre-hybridization step was 

increased to overnight and the RNAse treatment step was eliminated. Digoxygenin labeled 

antisense RNA probes were generated for sox3 and n-tubulin (also known as tubb2b). 

 

Hormone inducible assays with embryos and RNA preparation for RNA-seq  

1200 pg GR-sox11.l mRNA in injected into a one cell embryo. mRNA is immediately translated 

and remains in the cytosol until activity is triggered by adding 10 mM dexamethasone (DEX) to 

recruit GR-sox11.l  to the nucleus by a conformational change in the human glucocorticoid receptor 

conformation. At stage (st.) 9 or st. 11.5, embryos were incubated either in 20 mg/ml 

cycloheximide (CHX) alone to block protein translation or DEX and 20 mg/ml cycloheximide 

(CHX) to induce GR-Sox11 (Saritas-Yildirim and Silva, 2014). Sets of 10 embryos were then 

frozen rapidly. Total RNA was isolated using TRIzol® Reagent (Life Technologies) as previously 

described (Amin et al., 2014). RNA qualities were analyzed for purity and then sent to University 

of Rochester Genomics Center for sequencing. RNA integrity was tested by Agilent 2100 

Bioanalyzer system and Agilent RNA 6000 Pico kit. RNA was diluted to 4 ng/ul. RNA purity was 

tested by Nanodrop ND-1000 spectrophotometer. Only RNA with high integrity number over 7 
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and 260/280 number ratio over 2.00 were considered for subsequent RNA-seq experiments (Table 

2.1). Injections were performed by Dr. Jing Jin in the Silva lab.  

 

Sequencing and sequence analysis  

This analysis was conducted as previously described in Jin 2016. The RNA was fragmented, and 

a cDNA library was generated following the protocol in the Illumina TruSeq RNA sample 

preparation guide. 125 bases were read from each end (125 bps * 2) using the Illumina HiSeq 2500 

sequencer (542,946,964 total reads). Reads (427,615,547 mapped) were aligned to the Xenopus 

laevis genome (assembly version X. laevis J-Strain 9.1) using the TopHat version 2.0.13 and 

Bowtie version 2.2.3 sequence alignment programs (Langmead et al., 2009; Trapnell et al., 2009). 

Both the genome sequences and gene annotation data set were downloaded from Xenbase 

(http://www.xenbase.org/). The Cufflinks program version 2.2.1 (Trapnell et al., 2010) was used 

to generate FPKM values for each gene locus. Besides the gene locus downloaded from Xenbase, 

the newly assembled transcripts (4122 new transcripts) from each sample were also included for 

further analysis. The differentially expressed genes were identified by edgeR version 3.13.4 using 

exact Test with tag wise dispersion (Robinson et al., 2010). Sequence alignments were examined 

in UCSC Genome Browser (Rosenbloom et al., 2015).  

 

Gene Ontology analysis  

Gene Ontology (GO) was performed using DAVID (The Database for Annotation, Visualization 

and Integrated Discovery) and PANTHER (Ashburner et al., 2000; Carbon et al., 2019; Mi et al., 

2019). We used human libraries for comparison. For DAVID analysis, genes were unfiltered by 
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fold change and GO terms with p-values < 0.01 were considered as significantly enriched GO. 

Analysis using PANTHER focused on a subset of genes with a fold-change greater that 2. 

 

2.3 Results and Discussion 

Early Sox11 regulates progenitor pools, whereas zygotic Sox11 promotes neuron formation 

Our previous paper showed that Sox11 is expressed pre-MBT and post-MBT and regulates neural 

progenitors and mature neurons in the Xenopus neural plate (Chen et al., 2016). These data are 

consistent with other observations that Sox11 promotes neural differentiation and expands neural 

progenitor domains (Bergsland et al., 2006; Yan et al., 2009b, 2009a). Given these dual functions 

and expression profiles, we hypothesized that Sox11 has different functions during neurogenesis. 

To test this, we generated a hormone inducible version of Sox11.L, allowing us to direct 

overexpression at specific stages.  

 

Injecting mRNA of Sox11.L fused to the domain of the glucocorticoid receptor (GR), we induced 

Sox11 access to the nucleus at st. 6, prior to the onset of zygotic transcription (pre-MBT), or st. 

11, prior to the onset of neurogenesis (post-MBT). Embryos were collected at st. 15 (neurula) and 

assayed by WISH with neural progenitor markers sox3 and mature neuron marker n-tubulin (also 

known as tubb2b). We found that when exogenous Sox11 is induced at different developmental 

stages, there are distinct phenotypes (Figure 2.1). When Sox11 expression is induced at st. 6, both 

expression of sox3 (66%) and n-tubulin (71%) are increased (Figure 2.1). However, when the 

embryos are induced at st. 9 (or st. 11), only n-tubulin expression (73%) is increased. sox3 

expression was not affected (73%). When embryos injected with GR-Sox11 were not induced with 

DEX, there was no change in sox3 (70%) or n-tubulin (69%). The same results were obtained when 
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induced at st. 9 and at st. 11.5 (data not shown). Taken together, these data suggest Sox11 has stage 

specific functions. Pre-MBT Sox1l works to promote neural progenitors, whereas zygotic Sox11 

promotes neuron formation. 

 

Identify different targets of Sox11 via RNA-seq 

Given that overexpression of Sox11 at different developmental stages results in different 

phenotypes, we hypothesized that Sox11 has stage specific downstream targets to fulfill its various 

roles in neurogenesis. To investigate this, we identified the blastula and gastrula targets of Sox11 

using RNA-seq (Jin, 2016). GR-sox11 mRNA was injected into one-cell embryos and induced 

with DEX at two different stages: st. 9, just after zygotic transcription begins, and at st. 11.5, when 

neurogenesis begins. In addition to DEX treatment, embryos were co-treated with the protein 

synthesis inhibitor CHX in order to identify genes directly regulated by Sox11 protein (Figure 

2.2A). Since de novo protein synthesis is blocked by CHX, any change seen in transcriptional level 

detected by RNA-seq in the presence of CHX and DEX is due to the direct binding of GR-Sox11 

and subsequent activation of transcription. As a control, embryos incubated with CHX but not 

DEX were assayed (Figure 2.2A). Total RNA was isolated from embryos and sent for sequencing 

(Table 2.1).  

 

Using this approach, we identified 331 target genes at st. 9, 521 target genes at st. 11.5, and 148 

target genes that were upregulated at both stages that satisfied criteria for differential expression 

(log2 fold change [FC] ≥ 2; FPKM ≥ 1; FC < 0.5 in control, Figure 2.2B) (Jin, 2016).  
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Sox11 development-dependent targets are enriched in distinct functional categories 

Two types of GO analyses were performed to identify the potential functions of Sox11 downstream 

targets. In the first analysis using DAVID, we focused on the biological processes of upregulated 

genes. We found that st. 9 specific targets (331 genes) were enriched in cell fate commitment, 

neuron differentiation, and tube development. St. 11.5 specific target (521 genes) were enriched 

in transcription regulator activity, developmental protein and cell fate commitment. Targets 

common to st. 9 and st. 11.5 (148 genes) were enriched in transcription factor activity. Thus, Sox11 

stage specific targets are enriched in different functional categories, supporting that Sox11 

performs different roles in neural development at different time points (Jin, 2016). 

 

We next focused on upregulated genes are direct targets of Sox11. To accomplish this, we searched 

for Sox binding sites upstream of each gene (data not shown). Genes with less than two Sox 

binding sites roughly 1.5kb upstream were removed, and the remaining genes were analyzed again 

using PANTHER (Ashburner et al., 2000; Carbon et al., 2019; Mi et al., 2019). Analysis revealed 

73 genes fit these criteria at st. 9 and 45 genes at st. 11.5 (Table 2.3, Table 2.4). We also identified 

13 genes upregulated at both st. 9 and st. 11.5 (Table 2.5).  

 

We first compared upregulated genes from st. 9 and st. 11.5 and grouped them by various organ 

systems in the embryo (Figure 2.3). Targets were grouped into central nervous system (CNS, 

blue), cardiovascular (pink), cytoskeletal or extracellular matrix (green) and multiple systems 

(blue) for genes involved in more than 2 systems, sensory (orange), and excretory. We found that 

Sox11 targets are enriched in different biological systems. At st. 9 Sox11 regulates a variety of 
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targets most enriched in CNS, sensory systems, and multiple systems. By st. 11.5, the number of 

Sox11 targets are associated with cytoskeletal/ECM are increased and CNS increased.  

 

We then examined the molecular function (Figure 2.4), cellular component, and biological process 

of each target (Figure 2.5-2.7). The molecular function results were grouped into five broad 

categories: Binding (blue), Receptors (green), Enzymatic or Signaling (purple), Cytoskeletal 

(yellow), Extracellular Matrix (gray) or unknown (black). We found 25% of genes upregulated at 

st. 9 were associated with DNA or protein binding whereas 21% of genes were associated with 

receptors and enzymatic activity (Figure 2.4, top graph). Additionally, 8% of our upregulated 

genes at st. 9 were associated with the cytoskeleton and only 5% were associated with extracellular 

matrix or secreted proteins (Figure 2.4, top graph). Unfortunately, we did not identify a molecular 

function for 25% of the st. 9 genes.  

 

There was a shift in the molecular function of st. 11.5 targets. Genes associated with binding 

increased to 71% (Figure 2.4, middle graph). Targets genes grouped as receptors and enzymatic 

signaling molecules made up only 11% of st. 11.5 targets (Figure 2.4, middle), and there were no 

cytoskeletal or extracellular matrix associated genes. Additionally, most of the genes upregulated 

at both st. 9 and st. 11.5 were associated with binding (76%), as seen in stage 9-specific and stage 

11.5-specific targets (Figure 2.4, bottom graph). Thus, Sox11 regulates a complex network of 

DNA/RNA binding molecules. Collectively, our GO-analysis by molecular function suggests that 

Sox11 regulates expression of transcription factors and/or adaptor proteins needed during 

gastrulation, and over developmental time there is an increase in the number of transcription 

factors that it regulates. Molecular function data also suggest that early in development Sox11 has 
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a wider net of downstream targets than at st. 11.5. Targets upregulated at st. 9 are associated with 

a wider variety of molecular and biological processes in comparison to targets upregulated at st. 

11.5. 

 

The cellular component and biological process for all aforementioned stages also were examined. 

In Figure 2.5, the functional GO terms on the y-axis and the corresponding number of genes that 

register in each category on the x-axis for Sox11 targets at st. 9 are shown. Most genes at st. 9 were 

associated with the cell or membrane category in terms of localization, and 21 genes are involved 

in cellular processing. Important to this study, st. 9 targets are associated with cell proliferation, 

supporting our original hypothesis. Lastly, with respect to st. 9 target genes, most are associated 

with multicellular organism, system or anatomical structure development. Taken together, the GO-

analysis of st. 9 targets suggests that Sox11 plays a universal role in embryogenesis and cellular 

signaling during gastrulation.  

 

In Figure 2.6, the cellular components and biological process of Sox11 target genes at st. 11.5 are 

characterized. Interestingly, most genes are located within organelles and are classified as 

biological regulation, metabolic process, or cellular process (Figure 2.6). In addition to isolating 

general biological process information, a large number of genes upregulated at st. 11.5 that 

associate with the CNS were revealed. A new set of GO analysis was performed on these genes, 

which showed that Sox11 targets at st. 11.5 are most enriched in inner ear morphogenesis, glia 

differentiation, and neuronal differentiation (Figure 2.7). These data are supported by previous 

studies that have characterized Sox11 function in the same processes (Cizelsky et al., 2013; 
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Gnedeva and Hudspeth, 2015; Kuhlbrodt et al., 1998). Thus, our GO-analysis of Sox11 targets at 

st. 11.5 show a specification of Sox11 function during gastrula.  

 

Lastly, a GO-analysis was performed on the 13 genes upregulated at both st. 9 and st. 11.5, which 

showed that the overlapping Sox11 targets are found within the cell or extracellular region (Figure 

2.8). Additionally, when grouped by biological process, overlapping targets are most enriched in 

biological regulation, cell proliferation, and localization (Figure 2.8). Given the low number of 

target genes upregulated at both st. 9 and st. 11.5, it is difficult to draw any conclusions from these 

GO-analysis data, but it does add an interesting twist to our hypothesis. Sox11 regulates both stage-

specific and overlapping genes in Xenopus neurogenesis. Thus, further experiments need to be 

conducted to examine how Sox11 targets shift during the course of neurogenesis.  

 

Discussion 

In this paper, we utilized overexpression of GR-constructs and subsequent treatment with DEX 

and CHX to identify direct targets of transcription factors in Xenopus development (Kolm and 

Sive, 1995; Seo et al., 2007; Taverner et al., 2005). We took advantage of this methodology and 

asked: Does Sox11 have stage-specific functions during Xenopus neurogenesis? Further, we also 

asked: what downstream targets facilitate Sox11’s function during neurogenesis? Addressing these 

questions sheds light on the underlying mechanism of Sox11 function. 

 

Our data show that, early, Sox11 works to promote  progenitor formation, where stage-specific 

overexpression of Sox11 increases sox3 expression. Post-MBT, however, Sox11 is unable to 

upregulate sox3 expression but increases expression of mature neurons. These data complement 
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our previously published finding identifying Sox11 as expressed early in cleavage stage embryos 

(Chen et al., 2016). This suggests that Sox11 has stage specific functions. Importantly, this is not 

the first time Sox11 has been shown to have various functions in CNS development. Work in 

chicken spinal cord demonstrates that Sox11 works in parallel with Math3 and NeuroM to regulate 

neuron maturation (Bergsland et al., 2006) and also works synergistically with Sox2 and Sox3 to 

regulate neurogenesis (Bergsland et al., 2011; Yan et al., 2009b). Even in mammalian 

development, Sox11 is essential for formation of the cortico-spinal pathway, formation of 

progenitors and development of axons in the retina (Hoshiba et al., 2016; Jankowski et al., 2006; 

Wang et al., 2015). However, how Sox11 accomplishes these various tasks remains unclear. In 

order to address this in Xenopus development, we used a GR-fusion construct to selectively induce 

sox11 overexpression and performed RNA-seq. We expanded upon experiments conducted in Jin 

(2016), and were able to establish that Sox11 has different downstream targets at different 

developmental stages, which is likely responsible for its numerous functions during neurogenesis. 

 

We narrowed down our downstream targets of Sox11 by identifying those genes with two or more 

Sox binding sites upstream, In order to narrow our direct target list even further, we will also 

identify Pou binding sites in proximity to our Sox sites. Additionally, quantitative PCR must be 

done to validate upregulation of Sox11 targets. Here, we identified 73 and 45 putative direct Sox11 

downstream targets at st. 9 and st. 11.5, respectively. GO-analysis revealed that these targets vary 

in molecular function from transcription factors to G protein-coupled protein receptors. With 

qPCR, we also validated stage-specific and overlapping targets of Sox11. Much to our surprise, 

there are downstream targets of Sox11 that are upregulated at both st. 9 and st. 11.5, suggesting 

that Sox11 has an overlapping function during development as well as stage-specific roles. 
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Importantly, our GO-analysis revealed Sox11 targets that are enriched in various functional 

categories including inner ear morphogenesis. Since at st. 11.5, there is no inner ear within the 

Xenopus embryo, these genes have unidentified roles in early development. The regulatory 

networks used in the inner ear morphogenesis, may also be used at different developmental times. 

 

Our data indicate that Sox11 regulates expression of various pro-neural targets. Of particular 

interest to us are the neurogenin (ngn) genes pulled out as direct targets of Sox11, ngn1 and ngn3. 

The relationship between Sox11 and Ngn is complex. Previous work from our lab demonstrated 

that Sox11 works upstream of Neurog2 (Ngn2) as overexpression or knockdown data demonstrate 

loss of Ngn (unpublished). However, Bregsland et al. (2006) studies indicate that Sox11 works 

downstream of Ngn2 to regulate neuronal specification. In addition, previous work in the mouse 

cerebral cortex showed that Sox11 partners with Ngn1 and Ngn2 to regulate targets such as tubb3 

and neuroD (Chen et al., 2015). Our data add a layer of complexity to this puzzle by suggesting 

that early in development, Sox11 triggers ngn expression in the developing embryo. When taken 

together, these data suggest that Sox11 and Ngn may work in a context-dependent manner to 

orchestrate neurogenesis or regulate the expression of one another.  

 

This is not the first time Sox11 has been postulated to work in a context-dependent manner. Our 

previous work offered insight into this hypothesis by investigating how the function of Sox11 in 

neurogenesis changes over the course of evolution (Chen et al., 2016). While Sox11 was shown to 

promote neuron maturation in both mouse cerebral cortical neurons and Xenopus embryos, they 

were unable to phenocopy each other. This suggests that the function of Sox11 may have expanded 

over time to fulfill requirements of the six-layer cortex versus the formation of the neural plate. 



 33 

When comparing target genes of Sox11 during mouse neural development to genes identified here, 

we see that while Sox11 regulates genes of similar biological process in both organisms: cell fate 

commitment, neuronal differentiation and inner ear morphogenesis. However, among the gene 

targets themselves, few are overlapping. This analysis, in part, explains Xenopus and mouse 

Sox11’s inability to phenocopy across species. Importantly, expanding our analysis to include 

Sox11 targets at other neurula stages is a critical next step and could include performing chromatin 

immunoprecipitation (ChIP) sequencing to specifically identify direct Sox11 targets. Additionally, 

HiSeq to identify chromatin structure and identifying the 3-D crystal  structure of Sox11.L could 

provide valuable information how Sox11 interacts with partner proteins to regulate downstream 

targets. 

 

Collectively, our data support a hypothesis in which Sox11 works in a context-dependent manner 

throughout neurogenesis and across species. In order to better understand this context, Sox11 

targets at later stages of development, including mid- and late neurula, need to be identified. While 

downstream targets represent one aspect of Sox11’s mechanism in development, partner proteins 

play a critical role in Sox function as well. Previous work in mouse cerebral cortex, reveals that 

Sox11 partners with Ngn1, Ngn2 and Brn2. However, partners for Sox11 in Xenopus and in early 

stages of development have yet to be identified. Future work will investigate Sox11 partner 

proteins along with the downstream targets identified here to further establish how Sox11 works 

in a context-dependent manner.  
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2.4 Figures and Tables 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Sox11 has distinct roles in the blastula and neurula embryo. 

As explained in Jing (2016), embryos were injected with sox11 or GR-sox11 mRNA. GR-sox11 

embryos were untreated (U) or induced (I) with DEX at the blastula (st. 6) or the gastrula (st. 11) 

stage and collected at the neurula stage (st. 15). Embryos were then analyzed via whole-mount in 

situ hybridization (WISH) for sox3 and tubb2b (n-tub). Embryos were split into two groups and 

analyzed for either sox3 or n-tubulin. 60% of sox-11 injected embryos (35/58 embryos) exhibited 
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expanded sox3 expression and 78% (46/59 embryos) showed increased n-tub expression.  

Similarly, when GR-sox11 embryos were induced at stage 6, both the expression of sox3 (66%, 

23/35 embryos) and n-tub (71%, 22/31 embryos) were increased. However, when embryos were 

induced at stage 11, only n-tub expression (73%, 29/40 embryos) was increased. There was no 

change in sox3 (70%, 23/33 embryos) or n-tub (69%, 24/35 embryos) expression in uninduced 

embryos.  
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Figure 2.2 Downstream targets of Sox11 in blastula or gastrula embryos. 

A Experimental pipeline. B Scatter plot highlights the general similarities and specific outliers 

between GR-Sox11 embryos that are uninduced (U) and DEX-induced at the blastula (st. 9) and 

gastrula (st. 11.5).  The genes with a statistically significant (p<0.01) difference in expression are 

in red (st. 9), green (st. 11.5), and blue (both stages) with others in grey. Analysis of scatter plot 

followed methodologies explained in (Jin, 2016).  
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Figure 2.3 Sox11 downstream targets function in different developmental systems.  

Analysis of Sox11 targets at Stage 9 (top) and 11.5 (bottom) grouped by central nervous system 

(CNS, blight blue), Cardiovascular System (pink), Cytoskeletal/ECM (green), Multiple Systems 
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(teal), Sensory Systems (orange), and Excretory (yellow). Data indicate the Sox11 targets are 

enriched in different developmental systems at both stages.  
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Figure 2.4 Molecular function of Sox11 targets. 

Pie charts showing enrichment of molecular function terms using PANTHER after GR-sox11 

overexpression. The area of the pie chart represents the total number of functional terms contained 
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in the analysis, with each slice representing the percentage of genes against this total. Molecular 

functions shown can be broadly divided into five categories: Blue slices are related to binding 

functions (Stage 9: 24.66%, Stage 11.5: 71.1%, Both: 69.23%). Green represents receptors and 

transmembrane proteins (Stage 9: 20.55%, Stage 11.5: 11.11%, Both: 15.38%). Purple shows 

enzyme activity (Stage 9: 16.44%, Stage 11.5: 11.11%, Both: 7.69%); yellow shows cytoskeletal 

genes (Stage 9: 8.22%) extracellular matrix and secreted proteins (Stage 9: 54.11%, Stage 11.5: 

4.4%) are in gray and black conveys unknown genes (Stage 9: 24.66%, Both: 7.69%).  
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Figure 2.5 Cellular component and biological processes of Sox11 targets at stage 9. 

Graphs were generated with PANTHER GO-Analysis. Direct targets of Xenopus Sox11 were 

compared to human genome and grouped based on cellular component (top), general biological 

process using GO-SLIM from PANTHER (middle), and specific biological process (bottom).  
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Figure 2.6 Cellular component and biological processes of Sox11 targets at stage 11.5. 

Graphs were generated with PANTHER GO-Analysis. Direct targets of Xenopus Sox11 were 

compared to human genome and grouped based on cellular component (top), general biological 

process using GO-SLIM from PANTHER (middle), and specific biological process (bottom).  
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Figure 2.7 Central nervous system biological processes of Sox11 targets at stage 11.5. 

Graphs were generated with PANTHER GO-Analysis against human target genes. Graph of CNS 

Biological processes versus number of hit for differentially expressed genes at Stage 11.5 with 

example genes to the right of the graph.  
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Figure 2.8 Cellular component and general biological processes of Sox11 targets. 

Graphs were generated with PANTHER GO-Analysis against human target genes. Graph of 

cellular component versus number of hits (top) and general biological processes verses number of 

hits (bottom) for differentially expressed genes at Stage 9 and 11.5. 
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Table 2.1 Description of RNA-seq samples. 
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Table 2.2 Sox11 target genes at Stage 9.  

Accession # Gene Name Fold Change 

NM_001096261 slc35a3.L 25.23 
XM_018232699.1 PR domain zinc finger protein 12 20.02 
XM_018226485.1 hamp2.L 14.16 
NM_001096911.1 c1ql4.S 13.21 
XM_018241639.1 posterior protein-like 10.96 
XM_018227739.1 fez1.S 9.64 
XM_018260127.1 ifitm10-like.S 8.96 
XM_018234789.1 matn4.L 7.9 
NM_001093207.1 scn3b.L 6.61 
NM_001091112.1 socs3.L 6.42 
NM_001093594.1 mmp3.L 6.21 
NM_001087305.2 socs3.S 6.19 
XM_018257668.1 dmrta1.L 6.02 
XM_018253729.1 c3.L 5.33 
XM_018239027.1 posterior protein-like 5.08 
XM_018235116.1 monocarboxylate transporter 4-like 5.03 

XM_018264059.1 gpr116.L/adhesion G protein-
coupled receptor F5-like 4.98 

XM_018239025.1 protein NYNRIN-like 4.98 

XM_018229768.1 cis-aconitate decarboxylase-like 4.79 

XM_018250128.1 hoxc3.S 4.5 

NM_001095238.1 tgfbi.L 4.2 

XM_018240473.1 rrad.1 4.1 

XM_018252574.1 fezf1.L 3.92 

XM_018235010.1 
lck-interacting transmembrane 

adapter 1-like 
3.87 



 47 

Table 2.2 Sox11 target genes at Stage 9 (continued).  
 

Accession # Gene Name Fold Change 
NM_001094445.1 mxra7-like.L 3.81 

NM_001096084.1 
probable alpha-ketoglutarate-
dependent hypophosphite 
dioxygenase-like 

3.77 

NM_001095522.1 fucolectin.S x-epilectin.s 3.76 
XR_001932926.1 ndufa8.S 3.68 
NM_001135077.1 a2ml1.L 3.67 
BC064682.1 post.L 3.65 
NM_001101759.1 nr2f5.S 3.64 
NM_001085867.2 wt1.L 3.61 
NM_001091928.1 lrat.L 3.47 
XM_018226512.1 ldlrad2.S 3.39 
NM_001091601.1 myh6.S 3.12 
XM_018259424.1 myosin-6 2.98 
XM_018253357.1 adamts7-like.L 2.93 
XM_018246735.1 fam167b.L 2.89 

XM_018243618.1 phospholipid phosphatase-related 
protein type 3-like 2.89 

XM_018226419.1 fam83e-like.L 2.84 
XM_018233255.1 tnf.S 2.84 
XM_018243941.1 sall2.S 2.83 

NM_001095528.1 LOC496380/pendrin-like anion 
exchanger 2.82 

NM_001086186.1 slc7a8.S 2.81 
NM_001088299.2 myb.L 2.81 
XM_018267536.1 egfr.L 2.8 
NM_001086762.1 kcnk6.L 2.78 
NM_001090075.1 col3a1.S 2.78 
NM_001088443.1 acod1.L 2.7 

NM_001097911.1 LOC100496061-like.L/ras-related 
protein Rab-32-like 2.69 

XM_018244440.1 LOC108707266 2.68 
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Table 2.2 Sox11 target genes at Stage 9 (continued).  
 

Accession # Gene Name Fold Change 
XM_018230659.1 syt16.L 2.59 
NM_001085886.1 kcp.L 2.56 
XM_018229969.1 pou4f1.2.L 2.56 
XM_018252561.1 cftr.L 2.49 

XM_018233194.1 LOC100487156.S/coiled-coil 
domain-containing protein 105-like 2.4 

XM_018235168.1 cd40.L 2.36 
XM_018229554.1 crb2.L 2.35 
XM_018230123.1 rgl2.L 2.34 
XM_018249651.1 rai2.S 2.34 
XM_018235706.1 tubulin alpha-1A chain 2.33 
XM_018239686.1 gal3st4-like.2.L 2.32 
XM_018239336.1 LOC100492299.S 2.31 
XM_018243901.1 LOC100486385.S 2.28 
NM_001092020 trim29.S 2.25 
XM_018260843.1 LOC101732938.S 2.19 
XM_018238524.1 itgb4.S 2.15 
XM_018261362.1 rhodopsin-like 2.12 
NM_001094975.1 kctd12.L 2.12 

XM_018252313.1 sodium-coupled monocarboxylate 
transporter 1 2.11 

NM_001101781.1 post.L 2.09 
XM_018243244.1 glrb.S 2.04 
NM_001085737.1 nrl.S 2.04 
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Table 2.3 Sox11 target genes at Stage 11.5. 

Accession # Gene Name Fold Change 

XM_018262853.1 nkx2-2.L 180.73 

NM_001087019.1 nr2f2.L 16.85 

XM_018267856.1 mc5r.L 15.47 

XM_018234954.1 tfap2c.L 10.45 

XM_018252589.1 metabotropic glutamate 
receptor 8 6.9 

XM_018230125.1 tapbp.L 6.39 

XM_018225461.1 neurog3.L 5.92 

NM_001110719.1 insm1.L 4.71 

NM_001088154.1 lhx3.L 4.26 

XM_018226035.1 dvl1.L 4.02 

XM_018226433.1 dual specificity protein 
phosphatase 8-like 3.94 

NM_001087809.1 gsc.S 3.76 

XM_018258282.1 dab1.L 3.45 

XM_018255300.1 rgma.S 3.34 

NM_001092525.1 ascl1.S 3.23 

XM_018252019.1 neurog1.L 3.13 

XM_018252117.1 dock2.L 2.99 

XM_018250141.1 hoxc12.S 2.98 

XM_018264181.1 prdm6.L 2.94 

NM_001088198.1 nkx2-3.S 2.79 

NM_001110719.1 insm1.L 2.78 

XM_018265298.1 olig3.S 2.69 

XM_018243015.1 tnip2.S 2.68 

XM_018243248.1 lrat.S 2.64 

NM_001087212.1 cxcr4.S 2.59 
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Table 2.3 Sox11 target genes at Stage 11.5 (continued). 
 
Accession # Gene Name Fold Change 

XM_018263337.1 pdss2.L 2.54 

NM_001086361.1 pax2.L 2.52 

XM_018247249.1 sox21-like.2.L 2.51 

NM_001137582.1 cdh20.L 2.5 

NM_001095627.2 hes5.1.S 2.36 

NM_001127780.1 zic4.L 2.25 

XM_018263176.1 tmem200a.L 2.21 

XM_018247216.1 fgf14.L 2.2 

NM_001087454.1 tph1.L 2.19 

NM_001085657.1 zic5.S 2.18 

XM_018250709.1 nr2f2.S 2.17 

XM_018265102.1 insm1.S 2.16 

XM_018265737.1 ptx3.S 2.14 

XM_018243769.1 klf4.L 2.14 

NM_001094059.1 cnih2.L 2.13 

FJ468558.1 nodal6.L 2.11 

XM_018265102.1 insm1.S 2.07 

XM_018255444.1 fam214a.S 2.01 

NM_001086342.1 mmp11.L 2.01 

XM_018239489.1 sia2.S 2.01 
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Table 2.4 Sox11 target genes at Stage 9 and 11.5. 

Accession # Gene Name Fold Change 
Stage 9 

Fold Change 
Stage 11.5 

XM_018268050.1 vxn 15.63 37.51 
XM_018248735.1 olig4.S 8.01 30.68 
NM_001173998.1 lhx2.S 2.47 14.29 
XM_018225461.1 neurog3.L 2.3 5.92 
XM_018229970.1 ednrb2.L 10.56 5.23 
NM_001094059.1 cnih2.S 2.56 5.03 
XM_018258964.1 sema3b.L 5.61 4.72 
XM_018226350.1 fut2.L 3.74 4.46 
XM_018225859.1 il10ra.L 3.57 3.43 
XR_001936194.1 LOC108719272 3.53 3.2 
NM_001091454 dmrta1.S 20.25 2.75 
XM_018236232.1 mstn.1.L 6.43 2.75 
XM_018246734.1 olig4.L 2.07 2.72 
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CHAPTER III: SOX11 FUNCTIONAL DOMAINS AND PARTNER PROTEINS  

3.1 Introduction  

The Sry-related HMG box (Sox) family of transcription factors play critical regulatory roles in the 

development of vertebrates and invertebrates (Phochanukul and Russell, 2010; Sarkar and 

Hochedlinger, 2013). All Sox proteins contain a high mobility group (HMG) domain that binds 

both partner proteins and DNA in order to alter expression of downstream target genes (Kiefer, 

2007; Kondoh and Kamachi, 2010). Sox transcription factors are grouped into eight subfamilies 

(A-H), based on sequence homology and functional similarity. The SoxB and SoxC subfamily of 

proteins play essential roles in orchestrating neurogenesis in the central nervous system (CNS). 

SoxB1 proteins drive neural progenitor specification and maintenance and SoxC proteins promote 

differentiation and neuron maturation (Bergsland et al., 2011; Hyodo-Miura et al., 2002; Reiprich 

and Wegner, 2014). Both SoxB and SoxC proteins have multiple, and sometimes opposing, roles 

during neurogenesis. For example, the SoxB2 protein, Sox21, inhibits neuronal differentiation 

when overexpressed but is also required at low levels for differentiation (Whittington et al., 2015). 

Similarly, the SoxB1 protein Sox2, is implicated in embryonic stem cell specification and 

maintenance, neural progenitor cell competency, and neuron maintenance (Ferri et al., 2004a; 

Kopp et al., 2008; Taranova et al., 2006). Thus, functional studies in numerous organisms 

demonstrate that Sox proteins perform unique functions in different neural cell types and at various 

times during neurogenesis. 

 

Across subfamilies, the HMG domain of Sox proteins is more than 50% identical, resulting in all 

Sox proteins binding a similar DNA motif with low affinity (Wegner, 1999).  Interactions with 

partner proteins are required to facilitate specific and high affinity binding of Sox proteins to DNA 
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regulatory regions. The most commonly identified partners of Sox proteins in neurogenesis are 

Pou and E-Box proteins (Kamachi et al., 2000; Kuhlbrodt et al., 1998; Wilson and Koopman, 

2002b). For example, Sox2 complexes with Pou5f1, Pou3f2 and Ngn2 at various stages in 

development and drives the expression of different genes in multiple developmental processes 

(Chew et al., 2005; Mallanna et al., 2010; Wegner and Stolt, 2005; Whittington et al., 2015). Sox2 

cooperates with Pou5f1 (Oct3/4) to control embryonic stem cell differentiation and later 

complexes with Pou3f2 (Oct7) to promote neural specification (Chew and Gallo, 2009; Tanaka et 

al., 2004; Yuan et al., 1995). Sox proteins can also form homo- and hetero-dimers; Sox2 interacts 

with Sox21 to promote ectodermal cell fate in stem cells (Mallanna et al., 2010). Additionally, 

Sox2 and Sox21 each bind Ngn2 to promote or inhibit neural differentiation, respectively 

(Whittington et al., 2015; Zhao et al., 2015). These data indicate that identifying and characterizing 

partner protein interactions is essential to understanding the regulation of Sox protein function.  

 

Sox proteins use various domains to complex with partner proteins. While many transcriptional 

partner proteins interact with the Sox HMG domain (Botquin et al., 1998; De Santa Barbara et al., 

1998; Wilson and Koopman, 2002a; Wissmüller et al., 2006; Yuan et al., 1995, 2001), some 

interact with multiple domains or a domain outside of the HMG. Sall4 interacts with the C-

terminus, N-terminus and HMG domain of Sox2 in embryonic stem cells. Others, like HDAC1, 

interact with only the C-terminus of Sox2 (Cox et al., 2010). It has been proposed that protein 

interactions with domains outside of the HMG serve to stabilize binding of other transcriptional 

partner proteins (Bowles et al., 2000; Wilson and Koopman, 2002a). The reliance on partner 

proteins for specificity allow for two levels of regulation of Sox protein function:  availability of 

partner proteins within a given cell or tissue type and the relative affinity of partner protein 
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interactions. Through identification of both Sox-partner proteins and interaction domains, we can 

reveal how Sox proteins precisely control gene networks during neurogenesis.  

 

In this study, we identify partner proteins and the interaction and functional domains of the SoxC 

protein, Sox11, during neurogenesis. Work from our lab and others, has shown that Sox11 is 

involved in neural induction, and neuron differentiation and maturation (Bergsland et al., 2006; 

Chen et al., 2015; Jankowski et al., 2006; Uy et al., 2015). We recently characterized Sox11 

expression and function in the Xenopus neural plate and mouse cerebral cortex (Chen et al., 2016). 

sox11 expression is found throughout the developing neural plate and cerebral cortex, and 

promotes neuronal maturation in both mouse cortical development and Xenopus neurogenesis. 

Interestingly, we also found that Sox11 is not functionally interchangeable between these two 

species unlike many other Sox transcription factors (Carl and Russell, 2015; Chen et al., 2016). 

This suggests that Sox11 is essential for neuron formation across species, but the molecular 

mechanism underlying Sox11 its neural function is not conserved.  

 

To investigate this conundrum and to better understand how Xenopus Sox11 drives neurogenesis, 

we used an open access single-cell sequencing database to characterize expression of Sox11 and 

potential partner proteins Neurog1 (Ngn1), Neurog2 (Ngn2), and Pou3f2. We found that sox11+ 

and pou3f2+ cells are localized to the anterior neural plate, whereas sox11+ and ngn+ cells are found 

in early neurons. We also establish that Xenopus Sox11 interacts with Ngn2 and Pou3f2 (also 

known as Brn2), known partners of Sox11 in mouse cerebral cortex (Chen et al., 2015), but does 

not interact with Ngn1. We went on to identify the domains of Sox11 needed for both partner 

protein binding and formation of neural progenitors and mature neurons. Collectively, our data 
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show that the first 46 amino acids in the N-terminus of Sox11 is required for robust interaction 

with Ngn2 and Pou3f2 and formation of neural progenitors in posterior placodes, whereas the 

HMG domain of Sox11 is required for both partner protein binding and Sox11 function. 

Additionally, the C-terminus and transcription activation domain of Sox11 are necessary for 

formation of neurons in the developing neural plate. These data suggest that Sox11 has species-

specific partner proteins to facilitate neuron formation, and that Xenopus Sox11 interacts with 

different partners to promote numerous functions in various regions of the developing neural plate. 

These are the first partner proteins identified for Xenopus Sox11, and the first characterization of 

Sox11 protein interaction domains and their contribution to neurogenesis. 

 

3.2 Materials and Methods 

Identifying cells using Xenopus time series database  

Single cell transcriptome measurements were from the Xenopus Jamboree database 

(kleintools.hms.harvard.edu). Cells in the following categories were analyzed: Neural Plate (Stage 

12), Anterior Neural Plate (Stage 13 and 14), Chordal Neural Plate, called posterior neural plate, 

(Stage 13 and 14), and Early Neuron (Stage 13 and 14). Data represent individual cells counts 

generated from Jamboree.  

 

Plasmids  

pCS2+ (used as control in HEK experiments), mNgn2-MYC (gift from Qiang Lu), Pou3f2-HA, 

Ngn1-HA (HA versions generated by GeneWiz), Ngn2-MYC (gift from Sally Moody), mSox11-

FLAG (gift from Maria Donoghue) and Sox11.L-FLAG plasmids were used. Sox11-FLAG 

mutants were created by site-directed mutagenesis via polymerase chain reaction with 2XPfu DNA 
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polymerase (Agilent). Primers can be found in Table 3.1. Each plasmid expressed the correct sized 

protein as determined by immunoprecipitation (IP) and western blot (WB) analysis (Figure 3.1 -

3.2). 

 

In vitro translation (IVT) assay  

TNT® SP6 High-Yield Wheat Germ Protein Expression System (Promega) was used to perform 

in vitro translation assays. Protein products were denatured at 100oC for 10 minutes and separated 

on SDS-PAGE gels. Antibodies for anti-FLAG-HRP (Sigma, A8592, mouse monoclonal 1:2500), 

anti-HA-HRP (Roche, 12013819001, rat monoclonal 1:2500), anti-cMyc-HRP (Abcam, ab19312, 

rabbit polyclonal 1:2500), were used to confirm expression. 

 

Frog and mouse animal usage 

All frog use and care was in accordance with federal and institutional guidelines, particularly 

Georgetown University's Institutional Animal Care and Use Committee protocol 13-016- 100085.  

 

Embryos culturing and manipulation  

Xenopus laevis embryos were obtained using standard methods (Sive et al., 2000, 2007).  and 

staged according to the Nieuwkoop & Faber staging system (1994). Briefly, male frogs were 

euthanized in 0.05% Benzocaine for at least 30 minutes until no heart beat could be visualized. 

Their spinal cord was severed and males were dissected for testis. Female frogs were injected with 

0.5 ml Human Chorionic Gonadotropin (HCG) and then incubated at 17oC incubator overnight. 

Females started to lay eggs roughly 15 hours after priming. Eggs were squeezed from female frogs 

by mimicking the action of male frogs and collected. A piece of testis was cut and mashed to 
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release sperm and then mixed with eggs to fertilize in vitro. Embryos were treated with 2% cysteine 

solution to remove the jelly coat and then subjected to following experiments. 

 

Frog microinjection  

mRNA used for injections were synthesized in vitro using the mMACHINE® Transcription Kit 

(Life Technologies). Embryos were injected with mRNA (1.2ng) and 1:5 Dextran (tracer, 

ThermoFisher) in one cell of two-cell stage embryos to over-express sox11 or sox11 deletion 

constructs. Embryos were cultured until neurula stage (st. 14) in 1/3 MMR at 17 oC and fixed in 

Bouin’s fixative. Embryos were visualized under 488 wavelength fluorescence to identify the 

injected side following whole mount in situ hybridization experiment. 

 

Whole mount in situ hybridization  

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

Hemmati-Brivanlou et al., 1990) with these changes: length of pre-hybridization step was 

increased to overnight and the RNAse treatment step was eliminated. Digoxygenin labeled probes 

were generated from plasmids produced by the Silva laboratory. 

 

HEK293 cells maintenance and transfection  

HEK293 cells were grown in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin, and maintained at 37 degrees Celsius with 

5% CO2 in a humidified environment. Cells were passaged at ~70% confluency by brief 

trypsinization at room temperature, followed by serum inactivation and plating in fresh growth 

media. HEK cells were transfected at 50-60% confluency in complete growth medium, using X-
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tremeGENE (Roche), according to manufacturer’s instructions. For one well of a 6-well dish, 2µg 

total DNA was transfected at 1:1 DNA:reagent ratio, where 0.5 µg of control plus 1.5µg/well of 

either Xenopus or mouse Sox11-FLAG, and/or Ngn1 expression plasmids was added to total 2 µg. 

Transfection cocktail was added directly to the well and left until cell lysis. 

 

Co-immunoprecipitation for HEK293 lysate  

Transfected HEK cells were lysed in cold immunoprecipitation buffer (1% NP-40, 50 mM Tris-

HCl, pH 8.0, 150 mM NaCl) with protease inhibitors (Roche), and centrifuged for 10 minutes at 

3,000 rpm at 4°C. Supernatant was collected and measured via Bradford Protein Assay (Bio-Rad). 

200µg total protein were used in co-IP assays and 5µl of lysate was used as input. For co-

immunoprecipitation, Dyna Protein G magnetic beads (ThermoFisher) were washed in IP buffer 

and incubated with primary antibody (rabbit anti-HA, anti-Myc, CST or mouse anti-, Sigma)  or 

normal IgG as control (mouse IgG, rabbit IgG, ThermoFisher)  at 1:100 dilution for ≥1hr, then 

rinsed in IP buffer. 200µg total protein was incubated with prepared magnetics beads in IP buffer 

overnight at 4°C. Samples were washed in cold IP buffer before being eluted in 2X Laemmli 

sample buffer with DTT, boiled, and separated via SDS-PAGE on 12% pre-cast gels (Bio-Rad).  

 

Co-immunoprecipitation for in vitro translated protein  

In vitro translation (IVT) with 500 ng of mRNA was performed using the TnT SP6 High-Yield 

Protein Expression System (Promega) to synthesize tagged proteins. 66% (20µl) of this reaction 

was subjected to co-IP was while 33% (10µl) was saved as input. co-IP for IVT was performed as 

previously described with the following changes (Whittington et al., 2015). For each co-IP, 10 µl 

reaction mix was mixed with 290µl IP buffer (1% NP-40, 50 mM Tris-HCl, pH 8.0, 150 mM NaCl) 
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containing protease inhibitor cocktail tablet (Roche) and 2 µg/ml of anti-FLAG (Sigma A8592, 

mouse monoclonal), anti-HA (Cell Signaling, C29F4, rabbit monoclonal), or anti-MYC (Cell 

Signaling, D84C12, rabbit monoclonal) and incubated for one hour on ice. 25µl Dyna Protein G 

magnetic beads (ThermoFisher) were added and the reaction was incubated at 4°C overnight on 

an orbital mixer. The next day, beads were washed three times in cold IP buffer. Buffer was 

removed and resuspended in 2X SDS sample buffer with DTT and boiled at 100°C for 10 minutes. 

12 µl of IP sample and 2.5 µl of input (also boiled in 2X Laemmli Sample buffer with DTT) were 

separated via SDS-PAGE on 12% pre-cast gels (Bio-Rad).  

 

Western blots  

Western blots were performed using the Bio-Rad Mini TransBlot and TransBlot-Turbo Transfer 

System, with the Bio-Rad PVDF Transfer Kit. Briefly, samples were loaded onto 12% Tris-glycine 

SDS polyacrylamide gels (Bio-Rad), resolved by electrophoresis, transferred to PDVF, and 

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

temperature. Following block, blots were incubated with blots were incubated with anti-FLAG-

HRP (Sigma, A8592, mouse monoclonal 1:2500), anti-HA-HRP (Roche, 12013819001, rat 

monoclonal 1:2500),  anti-myc-HRP (Abcam, ab19312, rabbit polyclonal 1:2500) anti-beta actin 

(Sigma, A2228, mouse monoclonal, 1:5000) primary antibodies overnight at 4oC, washed three 

times with TBST, then incubated with Pierce ECL Plus chemiluminescent substrate 

(ThermoFisher) and imaged using ImaqeQuant LAS-4000 mini digital imager (GE Healthcare) 

and visualized for no more than 5 minutes.  
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3.3 Results and Discussion 

Sox11 and potential partners are co-expressed in distinct cell types of the neural plate. 

Our previous overexpression studies demonstrated that even though Xenopus Sox11 and mouse 

Sox11 (mSox11) promote neural differentiation in their respective species, neither promotes 

differentiation in the other species. One possibility is that Sox11 and mSox11 utilize different 

partner proteins and therefore different mechanisms to promote differentiation. Therefore, we 

asked if Sox11 and mSox11 interact with the same partner proteins, and focused on three proteins 

that bind to mSox11 in the mouse cortex, Ngn1, Ngn2, and Pou3f2 (Chen et al., 2015).  

 

To determine if the Xenopus orthologues of Ngn1, Ngn2, and Pou3f2 are co-expressed with Sox11 

in the developing neural plate, we screened an open access database, Jamboree, that contains a 

time series of single cell transcriptome measurements during Xenopus development (Briggs et al., 

2018). Our analysis focused on cells in the neural plate marked by sox2 and sox3, the anterior 

neural plate marked by nkx2 and fezf1, the posterior neural plate marked by vgll3, and early neurons 

marked by n-tubulin, myt1, and prph1 (Briggs et al., 2018). Using this database, we identified cells 

positive for sox11 and either ngn or pou3f2. Due to low sequencing depth, we could not distinguish 

between ngn1, ngn2 or ngn3. Thus, for the data presented here, we grouped all ngn+ cells together.  

 

We identified 2,106 sox11+ cells in the neural plate at stage 12 (late gastrula). At early neurula 

(stage 13 and 14) there are 924 sox11+ cells in the anterior neural plate and 1,112 sox11+ cells in 

posterior neural plate (Figure 3.3A, Table 3.2). In addition, at stage 14, there are 505 sox11+ cells 

in early neurons (Figure 3.3A, Table 3.2). We examined the number of cells that are sox11+, 

sox11+ and ngn+, or sox11+ and pou3f2+, and found that the number of cells co-expressing sox11, 
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ngn or pou3f2 is high at every developmental stage. Of those, only 12 cells in the neural plate and 

24 cells in early neurons are positive for all three, sox11+, ngn+, and pou3f2+.  

 

We show that a majority of ngn+ cells are sox11+ (Figure 3.3B, Table 3.3); 319 of the 341 ngn+ 

cells, in the neural plate are sox11+, by stage 13/14 all 29 ngn+ cells in the anterior neural plate are 

sox11+, and 39 of the 44 ngn+ cells in the posterior neural plate are sox11+ (Figure 3.3B, Table 

3.3). The number of ngn+  cells peaks in early neurons at stage 14;  413 of the 458 ngn+  cells are 

sox11+. Although there are far fewer pou3f2+ cells in late gastrula and early neurula embryos, the 

majority are also sox11+ (Figure 3.3C, Table 3.4). The highest number of pou3f2+ cells are in the 

anterior neural plate (108 cells) and 98 are sox11+. Thus, sox11 and potential partner proteins are 

co-expressed in distinct domains of the neural plate (Figure 3.3D, Table 3.5). We also confirmed 

co-expression by performing whole mount in situ hybridization (WISH) analysis of stage 12 (late 

gastrula) and stage 14 (neurula) Xenopus embryos demonstrating that sox11 expression overlaps 

with ngn2 and pou3f2 (Figure 3.4). In line with our WISH data, previous research shows pou3f2 

expression is not detectable at stage 12 by WISH due to low transcript levels, but is visible at stage 

14 in the anterior neural plate (Cosse-Etchepare et al., 2018).  

 

Collectively, these data suggest that sox11 and ngn are co-expressed in the correct place and time 

to promote neuronal differentiation in late gastrula and early neuron formation in neurula Xenopus 

embryos (Figure 3.3D). Furthermore, sox11 and pou3f2 also are co-expressed in the correct place 

and time to establish the anterior neural plate in early neurula embryos.  
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Sox11 partners with Ngn2 and Pou3f2 but not Ngn1. 

To examine the interactions of Sox11 and potential partner proteins, we generated epitope-tagged 

expression plasmids: Sox11-FLAG, Pou3f2-HA, Ngn1-HA, and Ngn2-MYC. We performed in 

vitro translation (IVT) followed by co-immunoprecipitation (co-IP) and western blot analysis 

(WB) to assay for interactions between Sox11-FLAG and either Pou3f2-HA, Ngn1-HA, or Ngn2-

MYC. We show that Sox11-FLAG interacts with both Pou3f2-HA and Ngn2-MYC (Figure 3.5A-

B), but not with Ngn1-HA (Figure 3.5C). This was surprising because in mouse cerebral cortex, 

mouse Ngn1 (mNgn1) is the preferred partner of mouse Sox11 (mSox11), based on the abundance 

of the co-immunoprecipitated proteins (Chen et al., 2015). To establish if Sox11 interacts with 

mNgn1, we performed co-IP and WB in HEK293 cells. We show that Sox11 does not interact with 

mNgn1 (Figure 3.6A), but mSox11 does (Figure 3.6B). This suggests that Sox11 has species-

specific partner proteins to drive neural differentiation.  

 

Sox11 n-terminus is necessary for protein-protein interactions  

To investigate which domains of Sox11 are necessary for partner protein binding, we generated 

constructs that express modified Sox11-FLAG protein: ΔN46-Sox11-FLAG that removes 46 

amino acids upstream of the HMG domain, ΔHMG-Sox11-FLAG that removes the entire 72 amino 

acid HMG domain, and the ΔCterm-Sox11-FLAG that removes 265 amino acids and contains only 

the N-terminus and HMG of Sox11 (Figure 3.2 and 3.7A).  

 

To map the protein interaction domains, we performed co-IP of the modified Sox11 proteins and 

Ngn2 and Pou3f2 using FLAG, HA or MYC antibodies and analyzed samples by WB. 

Interestingly, the loss of the Sox11 C-terminus does not affect binding of either Pou3f2-HA or 
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Ngn2-MYC (Figure 3.7B-C), and suggests that the C-terminus is not necessary for Sox11 

interactions with these two proteins. We next examined how the loss of the N46 Sox11 domain 

altered interactions with Pou3f2-HA and Ngn2-MYC. Our results show that removal of the N46 

domain significantly weakens the interaction with both partners (Figure 3.7D-E). Lastly, removal 

of the HMG domain prohibits interaction with either partner protein (Figure 3.7F-G). These data 

reveal that the 46 amino acid N-terminus of Sox11 is required for strong partner protein 

interactions and the HMG domain is necessary for partner protein binding.  

 

Sox11 c-terminus controls mature neuron formation 

Our previous work demonstrated that overexpression of Sox11 increases mature neurons marked 

by n-tubulin (n-tub), and increases neural progenitors marked by sox3 (Chen et al., 2016). 

Furthermore, we showed that loss of Sox11 reduces mature neurons and increases sox3 (Chen et 

al., 2016). To determine the functional significance of Sox11 domains, we analyzed the effect of 

our mutant Sox11 constructs on neurogenesis (Figure 3.8). To do this, we injected mRNA from 

each construct in one cell of a two-cell blastomere embryo, allowed embryos to develop to neurula 

stage, and assayed by WISH for changes in n-tub and sox3. For domains that are necessary for 

Sox11 function, we expect to see no change or a decrease in n-tub and/or sox3 similar to our Sox11 

knockout data, and for domains that are not necessary for Sox11 function, we expect to see an 

increase in n-tub and/or sox3 in line with our previously published data. 

 

Our data reveal that with overexpression of Δcterm-Sox11, sox3 expression remained the same, 

but n-tub expression was reduced. This result indicates that the ΔCterm-Sox11 functions as a 

dominant negative and like the MO (Chen et al., 2016) and reduces mature neuron formation. 
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Overexpression of Δn46-Sox11 leads to ectopic expression of n-tub in the neural plate and loss of 

sox3 expression in placodes (Figure 3.7). These data show that the 46 N-terminal amino acids are 

not required for promotion of neural differentiation but are required for  placode development. 

Here the ΔN46-sox11 interferes with placode formation and thus functions as a dominant negative.   

 

Next, we overexpressed Δhmg-Sox11. Our data show that there is no difference for either n-tub or 

sox3 expression, which we predicted given that Sox transcription factors cannot bind DNA or 

complex with partners when the HMG is removed (Weiss, 2001). We also investigated the role of 

the 48 amino acid transactivation domain (TAD) located in the C-terminus of Sox11 (Dy et al., 

2008a; Wiebe et al., 2003). We generated a Δtad-Sox11 mutant and assayed its ability to produce 

protein (Figure 3.9) and performed the same overexpression experiments analyzing n-tub and sox3 

(Figure 3.8). We found that without the TAD, Sox11 shows a slight decrease in n-tub and no 

change in sox3 expression. This result is in line with previous studies that show the TAD is 

essential for Sox11 function in vitro (Dy et al., 2008b). Importantly, this is the first in vivo 

functional characterization of domains of Sox11 to determine their contribution to neurogenesis. 

Together, our data show that the HMG domain is necessary for Sox11 function during neuron 

formation. Additionally, our data reveal that the N46 domain of Sox11 is necessary for 

development of neural progenitors in the placodes, and that the C-terminus of Sox11, including 

the TAD, is necessary for mature neuron formation.   

 

Sox11 is enriched in posterior placodes. 

Overexpression of Δn46-Sox11 reduced progenitor cells in the posterior placodes. These data 

suggest Sox11 works with a partner protein that is unable to bind Sox11 when the N46 domain is 
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removed. To identify potential partner proteins, we analyzed sox11 expression in posterior 

placodal cells (marked by pax8 and six1) using the single-cell sequencing database (Briggs et al., 

2018). We found 487 sox11+ cells out of 618 total cells (Figure 3.10). Thus, sox11 is highly 

expressed in posterior placodal cells, as previously described (Brugmann et al., 2004; Moody and 

LaMantia, 2015; Riddiford and Schlosser, 2016). We also examined genes that were upregulated 

in sox11+ cells within the posterior placodes, and found neither ngn or pou3f2 expression. Thus, 

sox11 likely works with a placodal specific partner protein to orchestrate sensory domain 

formation. 

 

Discussion 

Sox transcription factors cooperate with region-specific partner proteins to regulate down-stream 

targets and orchestrate neurogenesis. To identify and characterize Sox11-partner protein 

interactions essential to neurogenesis, we tested whether Sox11 partner proteins are conserved 

between mouse and Xenopus and identified the domains of Sox11 necessary for protein interaction 

and function. Previous studies identified Ngn1, Ngn2, and Pou3f2 as binding partners of Sox11 in 

mouse cerebral cortex and in COS9 cells (Chen et al., 2015; Nowling et al., 2000). We aimed to 

establish if these interactions also occur in the developing Xenopus neural plate. Our co-expression 

analysis, using a single cell sequencing database (Briggs et al., 2018), revealed that Sox11 is 

expressed in the same cells as Ngn1, Ngn2 and Pou3f2 at different times in early neural 

development. sox11 and ngn are co-expressed predominantly in early neurons, and sox11 and 

pou3f2 cells are abundant in the anterior neural plate (Figure 3.3-4). Thus, Sox11 and these 

candidate partner proteins are expressed at the same time and place to interact. Through a series 

of co-IP experiments, we show that Sox11 interacts with Ngn2 and Pou3f2, but not Ngn1 (Figure 
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3.5). Importantly, the role of Ngn2 in neurogenesis has been well characterized and complements 

Sox11 function; Ngn2 governs formation of the first neurons generated in the CNS (Ma et al., 

1996), and Sox11 drives the formation of early born neurons (Kavyanifar et al., 2018). Thus, our 

data support the relationship between Sox11 and Ngn2 as essential regulators of early neuron 

formation. 

 

We also show that Sox11 interacts with Pou3f2 (also known as Brn2 or Oct7), however, this 

relationship is not well defined in Xenopus neural plate development. Pou3f2 is robustly expressed 

in stage 14 neurulae but is not detectable in stage 12 gastrulae (Figure 3.4) (Cosse-Etchepare et 

al., 2018).  In rat neural progenitor cells, Pou3f2 co-localizes with progenitor cell markers and is 

downregulated upon differentiation (Kim et al., 2008). However, in mouse cerebral cortex, Pou3f2 

expression is restricted to upper layer neurons, and loss of both Pou3f2 and family member Pou3f1 

results in a decrease in neuronal migration, layer production and neurogenesis (Cook and Sturm, 

2008; Dominguez et al., 2013; Sugitani et al., 2002). Thus, Pou3f2 plays critical, but disparate, 

roles in neurogenesis. Despite this, few studies have investigated the relationship between Sox11 

and Pou3f2. Previous reporter gene studies show that Pou3f2 inhibits mouse Sox11 transactivation 

(Chen et al., 2015). Since neural differentiation is delayed in the anterior neural plate where pou3f2 

and Sox11 are co-expressed, our data supports the idea that Pou3f2 antagonizes the ability of Sox11 

to promote neurogenesis (Figure 3.3) (Papalopulu and Kintner, 1996). Collectively, these data 

suggest Pou3f2 inhibits Sox11 function to delay neuronal differentiation.  

 

Our studies reveal that Sox11 does not interact with either Xenopus or mouse Ngn1, suggesting 

that the partner proteins of Sox11 vary across species (Figure 3.6). This was a surprise since mouse 
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Ngn1 is the preferred partner for Sox11 in mouse cortical cells, whereas Sox4, another SoxC 

subfamily member, preferentially complexes with Ngn2 (Chen et al., 2015). One interesting 

possibility is that Sox11 and Sox4 evolved to interact with different Ngn proteins to allow for the 

expansion of the mammalian cortex. Sox4 has been partially characterized in Xenopus but only in 

the eye (Cizelsky et al., 2013). Thus, future studies on the role of Sox4 in the neural plate and 

neural tube of Xenopus could address these questions. A second possibility is that post-

translational modification (PTM) or a mediator protein in neural tissue is required for Ngn1 to 

interact with Sox11. There is precedent for PTMs of mouse Sox11 in developing mouse retina and 

hippocampus (Balta et al., 2018; Chang et al., 2017). To our knowledge, no studies have 

investigated PTMs of Sox11 or Ngn1 during neurogenesis. Importantly, our studies were 

conducted in vitro and did not allow for PTMs of either protein. Mediator proteins have been 

shown to complex with Ngn1 and other Sox proteins to stabilize protein-protein reactions and alter 

function (Wilson and Koopman, 2002a). Specifically, when Ngn1 complexes with CBP/p300, it 

facilitates an interaction with Smad1 to inhibit glial cell differentiation and promote neurogenesis 

(Sun et al., 2001). Additionally, Sox2 and Sox6 have been shown to use co-activators and co-

repressors (Engelen et al., 2011; Murakami et al., 2001; Nowling et al., 2000), and Sox4 has been 

shown to require both cytokine interaction and PDZ class proteins to regulate receptor expression 

(Geijsen et al., 2001). These possibilities can be explored in future studies.  

 

In addition to identifying partner proteins of Sox11, we identified some functional interaction 

domains. We show that the HMG domain of Sox11 is necessary for partner protein binding, and 

the first 46 amino acids of the N-terminus (N46) are essential for strong partner interactions 

(Figure 3.7). The HMG domain has been shown to be essential for protein interaction in other Sox 
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proteins. For example, SoxE proteins (Sox8, Sox9, Sox10) require the C-terminal tail of the HMG 

to complex with partners (Marshall and Harley, 2001; Wiß-mü et al 2013). However, in other 

cases, domains outside of the HMG are required for partner protein interactions. The B-homology 

domain and C-terminus of Sox2 is required for partner interactions in stem cells (Cox et al., 2010) 

and Sox18 binds to MEF2C in endothelial cells through its C-terminal domain (Hosking et al., 

2001). Thus, similar to other Sox proteins, Sox11 uses a domain outside of the HMG to complex 

with partners, and this likely contributes to its binding specificity (Wilson and Koopman, 2002b).  

 

Our previous work demonstrated that overexpression of Sox11 increases both mature neurons, and 

neural progenitors (Chen et al., 2016). Additionally, we showed that knockdown using a 

morpholino (MO) of Sox11 results in a decrease in mature neurons, and leads to an increase in 

neural progenitors, potentially due to progenitors proliferating rather than differentiating. 

Together, these data establish Sox11 as a critical protein during early neurogenesis. Our analysis 

of the functional significance of domains in the Sox11 protein revealed embryo phenotypes that 

support roles for protein domains outside of the HMG in protein interaction. Overexpression of 

ΔCterm-Sox11 mimics the knockdown phenotype: decreased neuron formation as marked by n-

tub expression (Chen et al., 2016). This is likely due to ΔCterm-Sox11 functioning as a dominant 

negative by binding partner proteins in the developing neural plate (Figure 3.7) and preventing 

endogenous Sox11 from interacting with these proteins. Since ΔCterm-Sox11 lacks the TAD, it is 

unable to activate target genes. Interestingly, overexpression of ΔCterm-Sox11 does not affect 

neural progenitors in the same way as Sox11 knockdown. The reasons for this are unclear, but 

since the increase in progenitors is slight in the Sox11 knockdown embryo, this could simply be 

due to Cterm-Sox11 being less effective than the MO. Additionally, we show that excess ΔN46-
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Sox11 functions similarly to overexpression of Sox11 in embryos and causes an increase in mature 

neurons. Our binding studies showed that ΔN46-Sox11 interacts with partner proteins (Ngn2), and 

since it has an intact C-terminus and TAD, can still activate Sox11 downstream targets. We also 

show that overexpression of ΔN46-Sox11 decreases neural progenitors in the placodes (Figure 

3.8). To further investigate this result, we used the single cell sequencing database (Briggs et al., 

2018). We identified posterior placodal cells as those expressing pax8, six1, and sox9 and found 

487 sox11+ cells out of 618 total cells, supporting the role for Sox11 in placodal development as 

previously described (Moody and Lamantia, 2015; Saint-Jeannet and Moody, 2014). We also 

confirmed that neither pou3f2 nor ngn is expressed in posterior placode. Thus, Sox11 likely works 

with an unknown placodal partner protein to regulate posterior placodal development. Together, 

these data show that the C-terminus of Sox11 is essential for neuron formation, and that further 

work must be done to elucidate Sox11 partner proteins in placodal progenitors.     

 

The overexpression studies reported herein demonstrate that ΔHMG-Sox11 has no detectable 

effect on mature neurons or neural progenitors, whereas overexpression of ΔTAD-Sox11 shows a 

slight decrease in mature neurons and no change in neural progenitors (Figure 3.8). These results 

are consistent with previous studies that demonstrate the importance of the HMG and TAD 

domains in other Sox proteins. Numerous studies have shown that the HMG domain is essential 

to both DNA and partner protein binding (Bernard and Harley, 2010; Weiss, 2001). Additionally, 

our data underscore the significance of the serine-rich TAD of Sox proteins. Importantly, the TAD 

of Sox11 was first shown to be essential in COS9 cells (Dy et al., 2008a; Kuhlbrodt et al., 1998). 

Sox11 is known as the most potent transactivator of the SoxC family, and has even been shown to 

be more potent than Sox2 (Wiebe et al., 2003).  
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In conclusion, here we uncover several critical features of Sox11, a protein necessary for 

neurogenesis. First, sox11 is co-expressed with pou3f2 and ngn2 in the anterior neural plate and 

early neurons, respectively. Second, Sox11 partner proteins are not conserved across species 

leading to the enticing possibility that changes in SoxC proteins evolved to enable expansion of 

the cortex in mammals. Third, the HMG domain and the first 46 amino acids in the N-terminus 

are necessary for robust partner protein interactions, whereas the C-terminus plays no role in the 

binding of Pou3f2 or Ngn2. Lastly, we show that the C-terminus of Sox11, and specifically, the 

TAD is required for promoting neuron formation and progenitors, and the N46 domain of Sox11 

is essential in posterior placode development. To our knowledge, these are the first partner proteins 

identified for Xenopus Sox11 and the first identification of Sox11 domains essential for protein 

interactions and neuron formation in the developing neural plate.  
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3.4 Figures and Tables 

Figure 3.1 Partner protein expression plasmids.  

Immunoprecipitation (IP) of Pou3f2-HA, Ngn2-MYC, and Ngn1-HA, mSox11-FLAG, and 

mNgn1-MYC using either FLAG (red), HA (green), or MYC (blue) antibodies. Samples were 

analyzed using WB with either anti-FLAG-HRP, anti-HA-HRP anti-MYC-HRP. Inputs were run 

as control. Each box represents an individual blot. Molecular weight (kda) is indicated on the right. 
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Figure 3.2 Expression of Sox11 deletion constructs. 

Immunoprecipitation (IP) of ΔCterm-Sox11-FLAG, ΔN46-Sox11-FLAG or ΔHMG-Sox11-

FLAG. Proteins were immunoprecipitated using FLAG (red). Samples were analyzed by WB with 

anti-FLAG-HRP. Inputs were run as a control. Molecular weight (kDa) is indicated on the left.  
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Figure 3.3 Sox11 and potential partners are co-expressed in distinct cell types. 

A. Total number of cells that are sox11+ (black) or sox11- (gray) within the neural plate (NP) at 

stage 12, the anterior neural plate (ANP), posterior neural plate (PNP) and early neurons (EN). B-
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C. Number of cells across developmental stages that are ngn+ (dark gray), ngn+ and sox11+ 

(magenta) or pou3f2+ (light gray) and pou3f2+ and sox11+ (teal). D. Number of sox11+ (black) 

sox11+ and ngn+ (magenta), sox11+ and pou3f2+ (teal) cells grouped together. 
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Figure 3.4 Expression of sox11, pou3f2, and ngn2 in Xenopus embryos.  

Whole-mount in situ hybridization (WISH) of sox11, pou3f2, and ngn2 at Stage 12 (late gastrula) 

and Stage 14 (neurula). 

.  
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Figure 3.5 Xenopus Sox11 interacts with Pou3f2 and Ngn2, but not Ngn1. 

A-C Immunoprecipitation (IP) Sox11-FLAG with Pou3f2-HA (A), Ngn2-MYC (B) or Ngn1-HA (C) 

from in vitro translated proteins. Proteins were immunoprecipitated using either FLAG (red), HA (green) 

or MYC (blue) antibodies. Samples were analyzed by western blot (WB) indicated on the right with 

FLAG-HRP, MYC-HRP or HA-HRP. Inputs were run as control.  

  

` 
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Figure 3.6 Sox11 does not interact with mNgn1 

A-B Immunoprecipitation (IP) of Sox11-FLAG (A), mouse Sox11-FLAG (mSox11-FLAG, B), 

with mouse Ngn1-MYC (mNgn1-MYC) using either FLAG (red) or MYC (blue) antibodies in 

HEK293 cells. Samples were analyzed using western blot (WB) with either anti-FLAG-HRP or 

anti-MYC-HRP. Inputs, actin, and IgG (IP Control) were run as control.  
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Figure 3.7 Sox11 n-term is sufficient for function. 

A. Schematic of Sox11 domains including HMG domain (yellow), transactivation domain (orange) 

and FLAG tag (red) along with Sox11 deletion constructs. ΔN46-Sox11-FLAG that removes 46 

amino acids upstream of the HMG domain, ΔHMG-Sox11-FLAG that removes the 72 amino acid 

HMG domain, and the ΔCterm-Sox11-FLAG that removes 265 amino acids and contains only the 

N-terminus and HMG domain. C-G. Immunoprecipitation (IP) of ΔCterm-Sox11-FLAG, ΔN46-
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Sox11-FLAG or ΔHMG-Sox11-FLAG with Pou3f2-HA or Ngn2-MYC. Proteins were 

immunoprecipitated using either FLAG (red), HA (green), or MYC (blue) antibodies. Samples 

were analyzed by WB with anti-FLAG-HRP, anti-HA-HRP, or anti-MYC-HRP. Inputs were run 

as a control. Molecular weight (kDa) is indicated on the left. 
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Figure 3.8  Sox11 c-terminus controls mature neuron formation. 

WISH of neurula (stage 15) embryos injected in one of two cells (dorsal view, along anterior-

posterior axis) with Dextran (green) and either Δcterm-Sox11, Δn46-Sox11, Δhmg-Sox11, or Δtad-

Sox11 mRNA. Embryos were then analyzed for expression of n-tubulin for mature neurons or sox3 

for neural progenitors. Asterisk shows reduction in placodal progenitors. Numbers in the upper 

right of each image denote the number of embryos with the phenotype over the total of embryos 

analyzed. 
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Figure 3.9 ΔTAD-Sox11-FLAG makes protein. 

A. Schematic of ΔTAD-Sox11-FLAG B. Immunoprecipitation (IP) of ΔTAD-Sox11-FLAG. 

Protein was immunoprecipitated using FLAG (red) antibodies and analyzed by western blot (WB) 

with anti-FLAG-HRP. Inputs were run as a control. Molecular weight (kda) is indicated on the 

right. Each box represents an individual blot and blots were imaged for no more than 5 minutes. 
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Figure 3.10 Number of sox11+ cells in posterior placode area. 

Total number of cells that are sox11+ (black) or sox11- (gray) in the posterior placodal area (618 

cells total).  
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Table 3.1 Primers for Sox11 deletion constructs 

 

  

Construc
t 

Forward Reverse 

∆N46-
Sox11-
FLAG 

5’TCCCATCGATGCGCCACCGGG 
3’ 

5’ CCCGGTGGCGCATCGATGGGA 
3’ 

∆Cterm-
Sox11-
FLAG 

5’ 
ACGTCTCCCTCTGACTAGAACTA

TA 3’ 

5’ 
TATAGTTCTAGTCAGAGGGAGAC

GT 3’ 
∆HMG-
Sox11-
FLAG 

5’ 
GGCCACCGGGCCCAGGAAAAAG 

3’ 

5’ CTTTTTCCTGGGCCCGGTGGCC 
3’ 

∆TAD-
Sox11-
FLAG 

5’ 
ACGTCTCCCTCGACTACAAAGAC 

3’ 

5’ 
GTCTTTGTAGTCGAGGGAGACGT 

3’  
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Table 3.2 Number of sox11+ and sox11- cells in the neural plate. 

Region sox11+ sox11- Total by Region 

Neural Plate 2106 322 2428 

Anterior Neural Plate 924 223 1147 

Posterior Neural Plate 1112 341 1453 

Early Neuron 505 80 585 

Total  4647 966  
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Table 3.3 Number sox11+ and sox11+ngn+ of cells  

Region ngn+ sox11+ ngn+ Total by Region 

Neural Plate 22 319 341 

Anterior Neural Plate 0 23 23 

Posterior Neural Plate 7 61 68 

Early Neuron 45 413 458 

Total  74 816  
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Table 3.4 Number of sox11+ and sox11+ pou3f2+ cells 

Region pou3f2+ sox11+ pou3f2+ Total by Region 

Neural Plate 4 59 63 

Anterior Neural Plate 10 98 108 

Posterior Neural Plate 9 43 52 

Early Neuron 2 32 34 

Total  25 232  

  

  



 87 

 

Table 3.5 Number of sox11+, sox11+ and ngn+ or sox11+ and pou3f2+ cells in the neural plate 

Region sox11+ sox11+ ngn+ sox11+ pou3f2+ Total by Region 

Neural Plate 1728 319 59 2106 

Anterior Neural 
Plate 803 23 98 924 

Posterior Neural 
Plate 1008 61 43 1112 

Early Neuron 60 413 32 505 

Total  3599 816 232  
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CHAPTER IV: CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Summary of Results and Overall Conclusions 

The goal of this dissertation was to define the molecular mechanism underlying Sox11 function 

during neurogenesis. We revealed the players associated with Sox11’s mechanisms by identifying 

downstream targets and partner proteins of Sox11. Further, we established the domains within 

Sox11 necessary and sufficient for partner protein binding and promoting neural progenitor and 

mature neuron formation. In the first chapter, we reviewed the multifaceted role of Sox11 in 

neurogenesis. Several studies emphasized the regulatory and functional role of Sox11 in progenitor 

cell maintenance, neural induction, differentiation and neuronal maturation (Bergsland et al., 2006; 

Chen et al., 2015, 2016; Hoshiba et al., 2016; Hyodo-Miura et al., 2002; Jankowski et al., 2006; 

Yan et al., 2009b, 2009a). Our review highlighted that Sox-partner protein interactions are 

responsible for specification of Sox function, and that unique downstream targets at different 

stages outline the different functions of Sox11. Through investigating both Sox11 downstream 

targets and partner protein interactions, we established that much like other Sox proteins, Sox11 

works in a variety of cells, tissue and regions during development (Figure 1.1). Collectively, our 

analyses of Sox11.L in Xenopus support previous studies classifying Sox11 as a promoter of 

differentiation and a potent transactivator. 

 

The inspiration for this dissertation came from three key studies. The first was the study on the 

role of Sox21, a member of the SoxB1 family, in primary Xenopus neurogenesis (Whittington et 

al., 2015). This study showed that Sox21 works in a context- and dose-dependent manner to 

orchestrate both maintenance of progenitor pools and neuronal differentiation. This study also 

highlighted the importance of Sox21 partner protein interactions in the developing neural plate. 
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Given this, we hypothesized that Sox11 uses multiple partner proteins to alter the genes regulated 

and thus, works in a context-dependent manner to orchestrate neurogenesis. This hypothesis was 

further supported by a second study by Chen et al. (2016), a collaborative paper from the Silva and 

Donoghue labs. Using a combination of gain- and loss-of function studies, the study revealed that 

Sox11 works across species to promote neuronal differentiation and maturation. Surprisingly, 

however, they uncovered that Sox11 is not interchangeable between Xenopus and mouse, 

suggesting that Sox11 function may have expanded over evolution to facilitate development of the 

six-layer cortex. Based on this fact and our knowledge of Sox protein function, we hypothesized 

that the diverse function of Sox11 was driven by stage- and species-specific downstream targets 

and partner proteins (Figure 1.2). Lastly, our experimental approach was inspired by a study 

focused on Sox2 protein interactions (Cox et al., 2010), which showed that Sox2 uses domains 

outside of the HMG to complex with various partner proteins and control stem cell fate. Thus, we 

generated deletion constructs of Xenopus Sox11 to identify the domains were necessary and 

sufficient for both protein binding and neuron formation (Figure 1.2). Collectively the data 

presented here reinforces previous findings from these key manuscripts.  Within this dissertation, 

we establish the downstream targets, partner proteins, and domains of Sox11 needed to complete 

various tasks during neurogenesis.   

 

To address our overarching hypothesis that diverse Sox11 function is due to stage-specific 

downstream targets and a change in partner proteins, we performed a series of overexpression and 

RNA-sequencing experiments. First, we developed a hormone inducible version of Sox11 (GR-

Sox11) that allows us to control sox11 overexpression in embryos. We used the GR-Sox11 

construct to manipulate Sox11 expression pre- and post- mid blastula transition (MBT) and 
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determined that Sox11 has stage-specific function. Overexpression of Sox11 pre-MBT revealed 

that Sox11 regulates neural progenitors, but overexpression of Sox11 post-MBT shows that Sox11 

regulates mature neuron formation (Figure 2.1). To investigate the underlying mechanism of these 

phenotypes, we overexpressed the GR-Sox11 construct at stage 9, when zygotic transcription 

begins, and stage 11.5, when neurogenesis begins, and performed RNA-sequencing to identify 

downstream targets of Sox11. We identified 331 target genes at stage 9 and 521 target genes at 

stage 11.5, and 148 target genes at both stages that were upregulated. Thus, Sox11 has both 

overlapping and stage-specific downstream targets. Importantly, these findings support our 

hypothesis that diverse Sox11 function is attributed to stage-specific targets. However, we 

unexpectedly found ‘universal’ or overlapping Sox11 targets. Using gene ontology (GO) analysis, 

we discovered that these differentially expressed genes were upregulated in various functional 

categories. Whereas stage 9 targets were enriched for cell fate commitment and neuron 

differentiation, stage 11.5 targets were enriched for transcriptional regulator activity and 

developmental proteins. Targets overlapping stages 9 and 11.5 were mostly enriched for 

transcription factor activity and inner ear morphogenesis. We performed a second GO-analysis. 

This time focusing only on genes with > 2-fold change as compared to control embryos and at 

least two upstream Sox binding sites as compared to control embryos. Analysis revealed 73 genes 

fit these criteria at stage 9 and 45 genes at stage 11.5. Interestingly, we identified 13 genes 

upregulated at both stage 9 and stage 11 (Table 2.3-2.5). Our molecular function analysis revealed 

that stage 9 Sox11 targets play a variety of roles from DNA/RNA binding to Enzymatic Signaling 

(Figure 2.4). Analysis of Sox11 targets at stage 11.5 showed that, as development proceeds, Sox11 

targets shift in molecular function, where most targets are related to DNA, RNA and/or protein 

binding. Additionally, overlapping Sox11 targets, present at both stage 9 and 11 are mostly 
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DNA/protein binding molecules. These data emphasize the transcriptional control necessary for 

neurogenesis discussed in Chapter I, where proteins activate new cascades of transcription factors 

to propagate the development of the nervous system. We also briefly examined Sox11 targets 

across species. Using previous literature, we compared Sox11 targets identified in mouse, chicken, 

and stem cells to our Xenopus Sox11 list. Surprisingly, we found little overlap between Sox11 

target genes across species. This suggests that Sox11 may have species-specific targets and 

provides more support to the findings of the Chen et al. (2016) that hypothesized that Sox11 

function may have expanded over evolution to support development of a six-layer cortex. Overall, 

the data from the second chapter of this dissertation identified and categorized Sox11 targets at 

two distinct developmental stages: gastrulation and the start of neurogenesis. Further, data 

supported our hypothesis that diverse Sox11 function is due in part to stage specific downstream 

targets (Figure 4.1).  

 

In Chapter III, we sought to identify partner proteins of Xenopus Sox11 and establish the domains 

necessary for protein binding and promoting neural progenitors and mature neurons. We show that 

Sox11 interacts with Neurog2 (Ngn2) and Pou3f2 (also known as Brn2 or Oct7) using in vitro 

translation (IVT) and co-immunoprecipitation (co-IP) (Figure 3.5). Importantly, the role of Ngn2 

in neurogenesis has been well characterized, and complements Sox11 function. At the initial stage 

of development, Ngn2 in combination with Hes1 governs formation of the first neurons generated 

in the brain (Ma et al., 1996), while at later stages, Sox11 with Ngn2 is responsible for establishing 

neuronal properties in progenitors and early born neurons (Chen et al., 2015; Kavyanifar et al., 

2018). Thus, our data support the relationship between Xenopus Sox11 and Ngn2 as essential 

regulators of early neuron formation.  
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The relationship between Sox11 and Pou3f2 is less clear. Previous work shows that Pou3f2 is 

canonically associated with cortical deep layer neurons (Dominguez et al., 2013). Studies in stem 

cells and mouse cortex suggest that Pou3f2 is essential for early born neurons, specifically those 

in layer II/III of cortex (Chen et al., 2015; Dominguez et al., 2013). In Xenopus development, little 

is known about the role of Pou3f2 in neural plate patterning or differentiation. Our analysis of 

single cell sequencing data coupled with whole-mount in situ hybridization (WISH) showed that 

most cells co-expressing sox11 and pou3f2, are found in the anterior neural plate (Figure 3.3-4). 

Since neural differentiation is delayed in the anterior neural plate, our data supports the idea that 

Pou3f2 antagonizes the ability of Sox11 to promote neurogenesis (Papalopulu and Kintner, 1996). 

Collectively, these data suggest Pou3f2 inhibits Sox11 function to delay neuronal differentiation.  

 

We also defined Sox11’s role with Neurogenin (Ngn) proteins. Our IVT assay shows that Sox11 

interacts with Ngn2 but not Ngn1. Previous work has indicated that for mouse Sox11, Ngn1 is the 

preferred partner protein (Chen et al., 2015). Here, however, we uncovered that this is not the case 

for Xenopus Sox11. Thus, Sox11 may have species-specific partner proteins. Further analysis of 

the relationship between Sox11 and Ngn2, show that these proteins work synergistically to 

promote neurogenesis, where overexpression of sox11 increases ngn2 expression and vice versa 

(Jing Jin, unpublished). Given the role of Ngn2 in neuron specification, it is not surprising that it 

cooperates with Sox11 in some context. Further analysis of Sox11 partner proteins using the single 

cell RNAseq database from Briggs et al. (2018) shows that cells that co-express ngn and sox11 are 

classified as early neurons at stage 14 (Figure 3.3). Thus, Sox11 and Ngn2 guide early neuron 

formation. Taken together, these data support our hypothesis that partner proteins guide Sox11 

function in the developing neural plate.  
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In parallel with our partner protein identification studies, we used Sox11 deletion constructs to 

identify the domains necessary and sufficient for Sox11 function during neurogenesis (Figure 3.8). 

Our analysis revealed that the C-terminus of Sox11 is not necessary for partner protein binding, 

and that the 46 amino acids upstream of the HMG are sufficient to weakly bind Pou3f2 and Ngn2. 

Unsurprisingly, the HMG domain of Sox11 is necessary for partner binding. Thus, like Sox2, 

Sox11 uses its N-terminus to complex with partner proteins.  

 

We further defined the role of Sox11 domains by performing gain and loss of function studies in 

embryos. Importantly, we see here that the C-terminus of Sox11 is necessary for promoting 

neuronal differentiation (Figure 3.8). When the C-terminus of Sox11 is removed, there is a 

decrease in n-tubulin expression. This suggests that progenitor cells are unable to become mature 

neurons. Further experiments overexpressing a transactivation domain (TAD) deletion construct 

of Sox11 show a similar phenotype, suggesting that the TAD (located within the C-terminus of 

Sox11) is necessary for promoting neuron formation. These data are supported by previous studies 

that establish the TAD as essential for activation of Sox11 targets as well as responsible for Sox11 

potency in activating targets (Dy et al., 2008b; Kuhlbrodt et al., 1998; Wiebe et al., 2003). 

Additionally, our data examining the effect of Sox11 deletion constructs on sox3 positive 

progenitors, reveal that each domain of Sox11 is essential for function in progenitors. Interestingly, 

we found that the N46 domain of Sox11 is important for development of posterior placodes. In 

sum, the data from Chapter III support our hypothesis that diverse Sox11 function is attributed to 

changes in partner proteins and partner protein interactions. We were also able to identify the 
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function of Sox11 N46 domain, HMG, C-terminus and TAD as critical features of this protein 

(Figure 4.2).  

 

Collectively, our data showing stage specific and species specific Sox11 targets, coupled with 

species and context dependent partner proteins emphasize the importance of Sox11 throughout 

development. Our findings highlight the context dependent manner in which Sox11 works in to 

promote neuron formation.  

 

4.2 Limitations and Future Directions 

This dissertation first aimed to identify downstream targets of Sox11 in early neurogenesis. We 

showed that maternal and zygotic Sox11 promote progenitor pools and neuron formation, 

respectively using GR-Sox11 (Figure 2.1). These data are supported by other studies investigating 

the role of Sox11 in neural induction and differentiation (Bergsland et al., 2006; Yan et al., 2009b), 

and suggest that Sox11 has stage-specific functions. Our data lead us to a similar conclusion 

regarding Sox11 downstream targets and functions; however, we only examined Sox11 targets at 

two stages. First, we examined targets at stage 9, at the onset of zygotic transcription, and later, at 

stage 11.5, when neurogenesis begins. Extending our RNA-sequencing results to include mid- to 

late-neurula stages would be an effective method to confirm Sox11 targets overlap and differ 

across all stages. It would also be interesting to confirm our Sox11 targets by knocking down sox11 

expression, and performing RNA-sequencing.  

 

We also aimed to identify partner proteins of Xenopus Sox11 using a candidate approach, in which 

we combed through literature to identify known Sox11 partners in other species. Importantly, the 
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assays within this dissertation were done in vitro. While we can confidently say Sox11 interacts 

with Pou3f2 and Ngn2 in these conditions, in vivo studies would demonstrate that these 

interactions occur at different stages in development. Our data indicate that Xenopus Sox11 does 

not interact with Xenopus or mouse Ngn1, a surprising result, given the importance of Ngn1 in 

neurogenesis and previous literature showing that Ngn1 and Sox11 bind in dorsal mouse cortex 

(Chen et al., 2015). These data could be an artifact of our in vitro studies. Previous studies have 

shown that post-translational modifications of Ngn proteins affect binding and function (Hindley 

et al., 2012). We did not hyper- or hypo-phosphorylate any of our partner proteins or Sox11 to 

assay how post-translational modifications might affect Sox11-protein binding. Although accurate 

and specific antibodies to Xenopus proteins are difficult to come by, immunoprecipitating for 

Sox11 and performing mass spectrometry would address these limitations. Additionally, HiSeq 

and identifying the 3-D structure of Sox11.L could provide valuable information how Sox11 

interacts with partner proteins to regulate downstream targets. 

 

We also used the single-cell RNA sequencing database provided by Briggs et al., (2018) to support 

our Sox11-Ngn2 and Sox11-Pou3f2 results (Figure 3.3). However, the Ngn single-cell sequencing 

analyses were shallow. Authors were not able to differentiate between ngn1, ngn2 or ngn3 positive 

cells, thus in our interpretation, we grouped all three ngns together. Further single cell RNA 

sequencing or high-resolution imaging would be a reasonable way to show that partner proteins of 

Sox11 are expressed within the same cells.  

 

We also sought to identify domains of Sox11 essential for partner protein binding and promoting 

neuron formation. While we were able to establish the 46 amino acids upstream of the HMG (N46) 
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as necessary and sufficient for Sox11-partner binding, we did not further dissect or profile N46. 

Performing point mutations or swapping the 46N with a different Sox protein would allow us to 

further characterize the essentiality of this domain to Sox11-partner protein binding and function. 

With respect to the C-terminus and transactivation domain (TAD) of Sox11, our data indicate the 

TAD is necessary for promoting Sox11 function. Removal of the TAD results in a slight decrease 

in mature neurons and no change sox3 positive progenitors. In order to truly understand the 

mechanism of Sox11 function during neuron formation, knocking down endogenous Sox11 via 

Crisper-Cas9 then overexpressing our constructs would provide clarity to our results. 

 

Lastly, this dissertation aimed to understand how Sox11 function differs across species. While 

several connections were made, there are remaining gaps in our understanding of Sox11 function 

across developing systems. Our RNA-sequencing data reveals that Sox11 downstream targets 

overlap in biological process, but not individual genes. The interpretation of these results, while 

solid, is still incomplete. There is no exhaustive list of Sox11 downstream targets across all species, 

and unfortunately, the only way to rectify this would be to perform RNA-sequencing in every 

animal model where Sox11 function is essential.  

 

Our data also shows that Xenopus Sox11 does not interact with mouse or Xenopus Ngn1, 

suggesting that in addition to species-specific downstream targets, Sox11 also has species-specific 

partner proteins. Performing the above-mentioned mass spectrometry experiment along with 

chromatin immunoprecipitation and sequencing would further support that hypothesis. It would 

also be interesting to understand if and how non-conserved domains of Sox11 function in other 
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species. This could be done by generating deletion constructs of mouse Sox11 and performing 

similar gain and loss of function experiments as seen here.  

 

Future studies investigating the role of Sox11 in neurogenesis should involve transactivation 

assays using the Sox11 target genes identified via RNA-sequencing and partner proteins identified 

via co-immunoprecipitations. Additionally, identifying more partners and targets will allow us to 

fully characterize the role of Sox11 during neurogenesis and further define its relationship with 

Ngn and Pou proteins. Importantly, mass spectrometry and chromatin immunoprecipitation 

sequencing will be invaluable to understanding the context dependent manner in which Sox11 

works. Furthermore, future work that compares the functional domains, partner proteins and 

temporal and spatial expression of Sox11.s to Sox11.L (used here) will be invaluable. Collectively, 

the results of this dissertation provide many interesting pieces of data that open up new lines of 

inquiry regarding Sox11 function and mechanism of action. Much more work will be required to 

provide a full and complete understanding of how Sox11 plays many diverse roles in neurogenesis.  

 

4.3 Perspectives 

The findings presented here reflect a deep analysis of one protein’s mechanism and function 

throughout neurogenesis. While it is easy to attribute the cellular and molecular diversity seen in 

the central nervous systems to the function of one molecule, or even one family of molecules, it is 

essential to connect these findings with our overall comprehension of neurogenesis. The following 

sections will focus on how the results and conclusions presented here shape our understanding of 

context-dependent transcriptional regulation and how understanding neurogenesis across species 

informs our knowledge of neuroscience research.   
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Context-dependent transcriptional regulation 

As mentioned in previous chapters, transcription factor function and regulation are critical 

components to neurogenesis, where cascades of one transcription factor family trigger activation 

or repression of another family, in order to ensure the correct number of subtype of neurons and 

glia are generated. While this work focused mostly on neuronal development, the role of glial cells 

is quite critical to the results presented here. Sox11 function and expression has most often been 

studied in neurons, despite interesting data suggesting that it’s highly expressed and enriched in 

oligodendrocytes lineage cells (Kuhlbrodt et al., 1998). Important to the fundamental questions 

asked in this work, understanding how Sox11 functions in the context of glial biology is essential 

to generating a complete picture to the mechanism of action of Sox11.  

 

In a broader sense, the role of Sox11 in neurogenesis represents a small piece of a complex puzzle. 

While we know Sox11 interacts with essential pro-neural proteins, those studies represent a small 

fraction of the neural plate and cerebral cortex. The work presented here focuses on Xenopus neural 

plate formation, but disregards the diverse cell populations seen in the cerebral cortex or placodes. 

Further, studies that aim to characterize the function of Sox11 in the developing cortex are 

restricted to excitatory neurons (Chen et al., 2015). Even fewer studies have examined the role of 

Sox11 in subcortical structures, such as the hippocampus, where Sox11 expression is high (Mu et 

al., 2012; Wang et al., 2013). In addition to this lack of analysis in known cortical and subcortical 

cell populations, new neural and non-neural cells have been characterized and classified, 

emphasizing that diversity within the nervous system is greater than initially proposed. Thus, on a 

larger scale understanding context-dependent function requires more information on the types of 
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neural and non-neural cells within the brain. Insights can be made by asking similar questions to 

those proposed in this dissertation: What are the downstream targets of Sox11 in oligodendrocytes? 

Which partner proteins complex with Sox11 to facilitate hippocampal neurogenesis? Additionally, 

exploring avenues not examined in this work would benefit these studies. For example, looking at 

transcriptional or post-transcriptional regulation of Sox11 or post-translational modifications that 

occur across developmental times and in specific cell populations. 

 

Neurogenesis across species 

The scientific premise behind this work was to understand how Sox11 functions in multiple 

contexts of development. In investigating this, we found support for the hypothesis that Sox11 

appears to have both species-specific targets and partner proteins. Many transcription factors in 

the Sox family have been associated with “context-dependent” functions throughout development, 

but rarely do studies examine context across multiple model organisms. This could be in part 

because the task is costly, but could also speak to a faulty fundamental assumption made in 

research. Often, conserved protein equates to conserved protein function, and thus conserved 

mechanism of action. We show within this work that that is not the case, even in the highly 

conserved Sox transcription factor family.  

 

While much research progress has been made in the field of neurogenesis by pulling information 

from various species, it is essential to understand the limitations of each model organism. A review 

comparing invertebrate and vertebrate neurogenesis suggests that the themes of neurogenesis are 

the same (Salzberg and Bellen, 1996). While the hallmark of neurogenesis is that the process is 

stereotyped across species, studies have emphasized context-dependent pro-neural functions of 
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several bHLH proteins (Kiefer, 2005, 2007), microRNAs (Jovičić et al., 2013; De Pietri Tonelli et 

al., 2008), and Sox transcription factors (Adachi et al., 2013; Wegner, 2011). As “context-

dependent” mechanisms continue to be discovered in neuroscience research, more attention must 

be paid to the unique cellular and molecular signals seen in each model organism.   

 

Concluding remarks 

Overall, this dissertation provides evidence that Sox11 works in a context-dependent manner to 

regulate neurogenesis, through a network of downstream targets and partner proteins. Importantly, 

our fundamental understanding of transcription factor (TF) influences in early neurogenesis stems 

from studies conducted in non-mammalian models. Assumptions are often made that conserved 

protein equals conserved function in higher-order species. Here, we demonstrate that even highly 

conserved TFs do not exert the same mechanism of function across species. Thus, it is necessary 

to investigate divergence in TF function between species to better understand how neural 

development shifts over evolutionary time. The results presented here inform not only studies in 

neurogenesis but have implications in the evolution of transcription factor function. 
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4.4 Figures and Tables 

 

Figure 4.1 Identified Sox11 downstream targets  

Using RNA-sequencing, we identified stage specific and overlapping downstream targets of Sox11 

listed by stage under the gray box. Downstream targets were verified via qPCR. Gene ontology 

(GO) analysis revealed that Sox11 regulates genes associated with cellular processes, anatomical 

structure and multicellular organism development at stage 9. By stage 11.5, Sox11 governs the 

expressions of genes associated with metabolic process, adhesion and developmental processes. 

Importantly, at stage 11.5 Sox11 begins regulating expression of central nervous system genes 

including those associated with spinal cord, gliogenesis, and neurogenesis. Genes upregulated at 

both stage 9 and 11.5 are associated with cell proliferation and biological regulation. Using a 

candidate approach we identified Pou3f2 and Ngn2 as partners of Sox11. Using single-cell RNA 
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sequencing data, we establish that sox11 and pou3f2 positive cells are predominately found in the 

anterior neural plate and sox11 and ngn positive cells are found in early neurons.  
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Figure 4.2 Partner proteins and domains of Sox11 necessary for binding 

Using a candidate approach and in vitro translation assays we identified both Pou3f2 and Neurog2 

(Ngn2) as partner proteins of Sox11. We also established the HMG domain as necessary for 

binding (dark black line) and discovered the first 46 amino acids of Sox11 are necessary for strong 

Sox11-Partner interactions (dashed line). We additionally showed that Sox11 does not interact 

with Neurog1 (not shown). Using whole-mount in situ hybridization, we also reveal that the N46 

domain of Sox11 is necessary for placodal progenitors and that the C-terminus is necessary for 

promoting mature neurons.  
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