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ABSTRACT 
 

 During neurogenesis, the Sox transcription factors, maintain a balance of proliferating 

progenitors and differentiating neurons. While a number of studies have demonstrated that 

SoxB1 proteins maintain a progenitor pool, much less is known about the function and 

downstream targets of the SoxC proteins. In this work, we studied the expression and functions 

of the SoxC protein Sox11 during primary neurogenesis in Xenopus laevis. Gain- and loss-of-

function analyses support a role for Sox11 promoting neuronal differentiation. Unexpectedly, 

Sox11 also seems to play a role in controlling the size of the progenitor pool. Using hormone 

inducible Sox11 and RNA-seq, we found that the dual roles of Sox11 are due to the different 

functions of maternal and zygotic Sox11; zygotic Sox11 drives neurogenesis, and maternal 

Sox11 promotes neural progenitors.  

 To determine whether the function of Sox11 is conserved, we compared the function of 

Sox11 in the Xenopus neural plate and the mouse cerebral cortex. Sox11 is expressed in 

differentiated neurons in the mouse cortex and gain- and loss-of-function analyses revealed that 

Sox11 promotes neuronal differentiation, and morphological complexity of axons and dendrites. 

However, surprisingly, frog and mouse Sox11 cannot substitute for one another; a functional 

difference likely reflected in sequence divergence. We also examined post-transcriptional 

regulation of sox11 and discovered the sox11 3’UTR interferes with Sox11 function, potentially 
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via the interaction between the sox11 3’UTR and coding sequence. Future studies will reveal the 

mechanism.  

Using computational analysis, we characterized a class of newly identified non-coding 

RNA: stable intronic sequence RNAs (sisRNAs). It is unclear why the sisRNAs are so unusually 

stable and whether they have biological functions. We comprehensively examined many aspects 

of sisRNAs and found sisRNAs are selected intronic regions with distinct properties, supporting 

sisRNAs have important biological functions.  

With this report we investigated the functions, downstream targets, conservation, and 

post-transcriptional regulation of Sox11 in neurogenesis. Our work provides a comprehensive 

characterization of Sox11 and highlights its importance in neural development. Furthermore, our 

characterization of sisRNAs provides a foundation for future functional studies.  
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CHAPTER I: THE ROLE AND REGULATION OF SOX11 IN NEUROGENESIS 
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Overview of Neurogenesis 

Neurogenesis is the process of generating functional mature neurons from neural progenitors. 

Numerous genes and signaling pathways are involved in this process in order to produce the 

appropriate number of neurons and glia. Neuron formation begins early in development, 

ectoderm of a gastrula embryo is specified to take on the neural or epidermal fate. On the ventral 

side of the embryo, bone morphogenetic protein (BMP) signaling is active and ectoderm is fated 

to become epidermis (Moreau and Leclerc, 2004). On the other hand, on the dorsal side of an 

embryo, BMP signaling is inhibited by BMP antagonists, such as Noggin, Chordin and 

Follistatin, secreted by Spemann’s organizer (Piccolo et al., 1996; Zimmerman et al., 1996). This 

inhibition directs the ectoderm to develop into neural tissue.  

 

The newly derived neural stem cells/progenitors undergo symmetric cell divisions to generate 

two identical daughter cells that will produce enough cells to generate a complete central nervous 

system with the correct number of neurons and glia (Gotz and Huttner, 2005). The proliferative 

status is established and maintained by a variety of transcription factors such as the forkhead 

protein Foxd4L1, Sox family proteins Sox1-3, Geminin, and Zic2 (Brewster et al., 1998; 

Buescher et al., 2002; Bylund et al., 2003; Graham et al., 2003; Kroll et al., 1998; Rogers et al., 

2009; Uchikawa et al., 1999; Yan et al., 2009a). The Notch signaling pathway also plays an 

essential role in this process: Notch and its downstream effector Hes1 inhibit the cell cycle 

inhibitor (p21 and p27) to maintain cells in the cell cycle, and also to inhibit the expression of the 

proneural basic helix-loop-helix (bHLH) gene neurogenin2 and prevent neuronal differentiation 

(Egger et al., 2010; Shimojo et al., 2008; Zhou et al., 2010).  
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Extrinsic and/or intrinsic programs then lead some neural progenitors to commit to become a 

neuron. Neurogenin2 plays a key role in this process (Kiefer et al., 2005; Ma et al., 1996). The 

level of Neurogenin2 oscillates in neural progenitor cells complementary to Hes1(Ali et al., 

2011; Chitnis et al., 1995; Chitnis and Kintner, 1996). In neural progenitors, Neurogenin2 and 

Hes1 continually repress each other. For neural progenitors to differentiate, Hes1 is degraded, 

and the level of Neurogenin2 is stabilized and gradually accumulates, which allows activation of 

Delta, the ligand for the Notch receptor (Chitnis et al., 1995; Chitnis and Kintner, 1996). Delta 

interacts with Notch and activates the Notch signaling pathway in neighboring cells, which in 

turn, represses proneural gene expression in these cells so that they remain undifferentiated. In 

this way, a balanced number of cells differentiate to become neurons (Chitnis et al., 1995; 

Chitnis and Kintner, 1996). The level of Neurogenin2 continues to accumulate and activates 

another very important downstream proneural gene neurod1 (neuroD) (Lee et al., 1995). 

Progenitor genes such as sox1-3 will be down-regulated and a cascade of transcription factors 

will be turned on to direct cells to exit the mitotic cell cycle, and differentiate into specific 

neuronal fates (Kiefer et al., 2005; Lee et al., 1995; Ma et al., 1996). Many other transcription 

factors are involved in this process to promote differentiation, including SoxB2, SoxC, Xash1, 

MyT1, Coe2 and Ebf2 (Bellefroid et al., 1996; Bergsland et al., 2006; Kageyama et al., 1997; Ma 

et al., 1996; Seo et al., 2007; Wegner, 2011). As neurons mature, they express other neuronal 

proteins and their cell morphology becomes more complex. Newly formed neurons then form 

proper synaptic connections to transduce signals required for specific neuronal functions 

(Koleske, 2013; Kriegstein, 2005). 
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Sox protein structure and function 

Sry, the sex-determining gene located on the mammalian Y chromosome, encodes a transcription 

factor (Sekido, 2010) with a HMG (High Mobility Group) box DNA-binding domain (Dailey 

and Basilico, 2001). At least 20 SRY-related proteins have been identified in vertebrates, and 

these Sox proteins are clustered into ten different groups (A- J) based on their sequence 

similarities (Bowles et al., 2000). The HMG domains are approximately 60% similar between 

groups and 90% similar within groups (Kamachi et al., 2000; Wegner, 1999). In some subgroups 

(Sox B, C, and E), the regions flanking the HMG domain are also highly conserved (Wegner, 

1999). In this study, we are particularly interested at Sox11, a member of the SoxC group. The 

SoxC group has three members in mammals and most other vertebrates: Sox4, Sox11 and Sox12. 

The three Sox proteins share a high degree of conservation in both the HMG domain and the C-

terminal region (Dy et al., 2008; Maschhoff et al., 2003): the HMG box is 84% identical between 

vertebrate SoxC proteins (Dy et al., 2008). 

 

Sox proteins are architectural transcription factors that bind to the minor groove of DNA through 

their HMG domain and bend the DNA 70-85º (Connor et al., 1994). The canonical HMG domain 

binding sequence is (A/T)(A/T)CAA(A/T)G (Harley et al., 1994). Sox proteins bind DNA with 

relatively low affinities (Kamachi et al., 2000); binding specificity and increased affinity is 

controlled by partner protein interactions (Bernard and Harley, 2010; Kamachi et al., 2000; 

Wilson and Koopman, 2002). Many of the Sox partner proteins have not been identified, yet the 

most well known Sox partners are POU proteins. Oct4, Brn1, Brn2, Pax6 are among the few 

partners thus far identified for SoxB1 and Sox11 (Archer et al., 2011; Kamachi et al., 2001; 
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Mistri et al., 2015; Tanaka et al., 2004; Yamamoto et al., 2014). There are a few studies 

suggesting that a single Sox protein can have multiple roles through interaction with different 

partners (Chen et al., 2015; Whittington et al., 2015). 

 

Sox proteins are expressed during embryogenesis and play roles in a wide variety of 

developmental processes (Pevny and Lovell-Badge, 1997; Wegner, 1999), including testis 

development, neural induction, neurogenesis, pre-B and T cell development, organ development, 

skeletogenesis, cardiogenesis and cell type specification. SoxB, C, D and E group proteins play 

roles in central and peripheral nervous system development (Haldin and LaBonne, 2010; 

Lefebvre, 2010; Wegner, 2011).  

 

Since sox genes play critical roles in development, mutations in sox genes can lead to serious 

disease. Previous studies have shown that mutations in sry cause sex reversal (Cameron and 

Sinclair, 1997), whereas mutations in the sox E genes, sox9  and sox10, lead to abnormal 

developments of neural crest derived tissues and result in the human congenital disorders 

campomelic dysplasia (Foster et al., 1994; Wagner et al., 1994) and Waardenburg-Shah 

syndrome, respectively (Herbarth et al., 1998; Pingault et al., 1998). 

 

Increased Sox11 expression is associated with various tumors including medulloblastoma, 

gliomas, mantle cell lymphoma, epithelial ovarian tumors, and is considered a prognostic factor 

(Brennan et al., 2009; Hamborg et al., 2012; Lee et al., 2002; Penzo-Mendez, 2010; Weigle et 

al., 2005) 
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Role of sox genes in regulating neurogenesis 

SoxB1, SoxB2 and SoxC group proteins all play roles in neurogenesis. SoxB1 transcription 

factors (Sox1, Sox2 and Sox3) are required to maintain neural progenitor pools (Buescher et al., 

2002; Bylund et al., 2003; Graham et al., 2003; Rogers et al., 2009; Uchikawa et al., 1999). In 

the chick spinal cord, SoxB1 proteins are expressed primarily in progenitors in the ventricular 

zone and are down regulated when progenitors differentiate. SoxB1 proteins maintain neural 

stem cells undifferentiated to inhibit neurogenesis (Bylund et al., 2003). Graham et al. (2003) 

also reported that neural progenitors will exit the cell cycle and delaminate from the ventricular 

zone when Sox2 is knocked down, while gain-of-function of Sox2 inhibits differentiation 

(Graham et al., 2003). In X. laevis, our lab showed that sox3 can increase cell proliferation and 

inhibit epidermal formation to expand the neural plate (Rogers et al., 2009). There are studies 

indicating that the proteins have distinct functions in neurogenesis based on the tissue and the 

timing of differentiation. In the chick spinal cord, the SoxB2 protein, Sox21, counteracts the 

activity of SoxB1 promoting neurogenesis, and the loss of Sox21 function inhibits neurogenesis 

(Sandberg et al., 2005). In contrast, overexpression of Sox21 inhibits NGF induced neuronal 

differentiation in PC12 cells (Ohba et al., 2004) and Sox21 is required for Sox2 to expand and 

reprogram adult stem cells in the intestine (Kuzmichev et al., 2012).  Gain- and loss-of-function 

analyses in Xenopus demonstrated that Sox21 has dose/context dependent functions (Whittington 

et al., 2015); over expression of sox21 enhanced neural progenitor gene expression and inhibited 

neurogenesis by binding to and blocking the activity of Neurogenin2, yet loss of Sox21 disrupted 

neuronal differentiation because of increased cell death.  Thus, Sox21 has more than one 

function in primary neurogenesis, and its function is dose-dependent: a high level of Sox21 
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inhibits neuronal differentiation whereas a low level of Sox21 is required for differentiation. This 

work also suggested that the multiple functions of Sox21 might be due to binding with different 

partner proteins (Whittington et al., 2015). Taken together, the functions of SoxB proteins seem 

to be conserved, but also context dependent.  

 

In addition to SoxB proteins, recently Sox4 and Sox11, members of the SoxC group, are also 

proposed to be necessary for neuronal maturation downstream of the proneural proteins in 

several systems including the chick spinal cord (Bergsland et al., 2006), mouse cortex (Chen et 

al., 2015; Li et al., 2012; Shim et al., 2012) and adult mouse hippocampus (Mu et al., 2012). The 

function of SoxC proteins in driving differentiation is consistent with their expression patterns. 

In human and mouse, the three SoxC genes are co-expressed in post-mitotic neuronal progenitors 

(Dy et al., 2008; Penzo-Mendez, 2010). Sox4 is expressed in different cell types in mouse 

embryos, including neural progenitors (Bergsland et al., 2006; Cheung et al., 2000), hypertrophic 

chondrocytes in the embryonic growth plate (Reppe et al., 2000), endocardial ridges (Schilham et 

al., 1996), and pancreas (Lioubinski et al., 2003). Similarly, sox11 is widely expressed in the 

peripheral and central nervous system in mouse embryos, and in developing organs such as 

pancreas, lung, kidney and mesenchyme (Hargrave et al., 1997; Jay et al., 1995; Sock et al., 

2004). It is worth noting that sox11 is maternally expressed in Xenopus laevis and zebrafish 

(Rimini et al., 1999; Yan et al., 2009b). Sox12 is also expressed in human nervous tissue and 

mesenchyme (Jay et al., 1997). 
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SoxC: functions and downstream targets 

Sox4 and Sox11 have been shown to drive neuronal maturation in chick spinal cord and mouse 

cerebral cortex (Bergsland et al., 2006; Chen et al., 2015; Li et al., 2012). Sox11 was first 

detected in the developing chick spinal cord at Hamburger and Hamilton stage 11 (when 

differentiated neurons begin to appear) and levels increase rapidly over time. Sox11 is then 

detected in the intermediate zone where post-mitotic cells reside and overlaps with the bHLH 

transcription factors NeuroM and Math3. Gain-of-function of Sox11 in the ventricular zone 

caused ectopic expression of the neuron marker Tubb3 detected by antibody Tuj1, while loss-of-

function of Sox11 resulted in a decrease of cells with neuronal identities. These results suggested 

Sox11 is necessary to induce neuronal traits in the chick spinal cord (Bergsland et al., 2006). 

 

Similar to chick, Sox11 also play a role in mouse cerebral cortical development. Li et al. found 

that Sox11 is highly expressed in post-mitotic neurons of the cortex, while expressed at low 

levels in neural progenitors and Sox11 is required to induce neuronal differentiation in the mouse 

cortex (Dy et al., 2008; Li et al., 2012). Thus, Sox11 drives neurogenesis in both the spinal cord 

and cortex.  

 

In addition to chick and mouse, Sox11 also plays essential roles in Xenopus development. Sox11 

is important for neural progenitor maintenance (Yan et al., 2009b), eye (Cizelsky et al., 2013) 

and neural crest development (Uy et al., 2015) in Xenopus laevis.  In the pre-gastrula embryo, 

sox11 along with geminin and zic2, are activated by maternal FoxD4L1, and go on to activate 

sox2 and sox3, Together, these six genes form a regulatory network that keeps the neural plate in 
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a proliferative state (Yan et al., 2009b). In the developing eye, sox4 and sox11 are required for 

retina formation and lamination (Cizelsky et al., 2013). Loss-of-function studies showed that cell 

proliferation and differentiation in the eye field was only mildly affected. However, cell 

apoptosis was significantly increased. In the branchial arches and otic vesicle, Sox4 or Sox11 

function upstream of neurogenin2 and regulate neural crest specification in Xenopus and lamprey 

(Uy et al., 2015). 

 

There are some studies suggesting Sox4 and Sox11 play redundant roles to regulate neural 

differentiation. Shim et al. showed that double deletion of both Sox11 and Sox4 in mouse 

cerebral cortex resulted in loss of Fezf2 expression, which is essential for corticospinal neuron 

specification (Shim et al., 2012). In double conditional knock out of SoxC (Sox4/Sox11) mice, 

Mu et al. showed that the neurogenesis from adult neural stem cells is prevented. SoxC regulates 

the expression of the neuroblast marker Doublecortin (DCX) to control the neurogenesis from 

adult stem cells (Mu et al., 2012). In these two cases, Sox4 and Sox11 are showed to be 

functionally redundant.  

 

However, Chen et al., studied SoxC genes in mouse cerebral cortex and found that Sox11 and 

Sox4 are actually not redundant in the cortex (Chen et al., 2015). Sox4 and Sox11 are expressed 

in overlapping yet distinct regions. Sox11, together with partner protein Neurogenin1, activate 

downstream target gene neuroD1 in early born neurons. While Sox4, together with Neurogenin2, 

activate down stream target Tbrain2, to maintain intermediate progenitor cell populations. Thus, 
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SoxC proteins, although previously thought to be functionally redundant, can have different 

functions and different downstream targets by binding to different partners. 

 

The functions of Sox11 have been studied in various model organisms, however the downstream 

targets of Sox11 are much less known. ChIP-seq studies revealed Sox2, Sox3, and Sox11 

binding to downstream genes on a genome-wide level (Bergsland et al., 2011).  Sox2, Sox3, and 

Sox11 are known to play important yet different roles in neurogenesis: neural specification vs. 

neural differentiation (Bergsland et al., 2011). But their downstream targets are not yet known. 

Bergsland’s study showed that the bindings of these three different Sox proteins to downstream 

targets are dynamic. They found that the same transcription factor will bind to different targets at 

different developmental stages, while on the other hand, different Sox proteins actually can bind 

a common set of neural genes. In embryonic stem (ES) cells, Sox2 binds neural specific genes 

that are later bound and activated by Sox3 in neural progenitor cells (NPCs). These genes, 

however, are associated with bivalent histone marks in ES cells, and remain inactive until 

activated by Sox3 in NPCs. In NPCs, Sox3 binds and represses genes that are later bound and 

activated by Sox11 in differentiating neurons. Similarly, these genes are also associated with 

bivalent histone marks in NPCs and remain inactive. Thus, Sox proteins can sequentially bind a 

common set of genes to regulate neural development, and the same Sox proteins bind/regulate 

different genes depending on specific developmental stage. Thus, the binding of Sox proteins to 

DNA is context dependent.  
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In this work, we aim to investigate the function and the downstream targets of Sox11 in the 

neural plate. Although Sox11 function in neurogenesis has been studied in a few systems, 

including the spinal cord, embryonic cerebral cortex, and adult neurogenesis, the function of 

Sox11 in the pre-gastrula and gastrula embryo have not been defined. Furthermore, downstream 

targets of Sox11 have not been identified. Xenopus is an ideal model organism for this study 

because gene expression is readily manipulated in Xenopus embryos and the effect on 

neurogenesis is easily assayed in the neural plate using well-established methods including 

whole mount in situ hybridization (WISH) and qRT-PCR. Xenopus laevis has been an excellent 

model organism for developmental biology studies for a few decades since Nieuwkoop’s work in 

1950s (Nieuwkoop and Faber, 1994). It is very interesting that sox11 is maternally expressed in 

Xenopus and zebrafish (Yan et al., 2009a; Yan et al., 2009b) (Rimini et al., 1999). Before the 

mid-blastula transition (MBT), when there is very little zygotic transcription, the embryo 

primarily relies on maternal factors (Heasman, 2006; Houston, 2012). Maternal RNAs and 

proteins help the embryos make essential fate decisions and provide the critical foundation for 

future development (Sheets, 2015). However, the function of maternal Sox11 is not clear yet. We 

aim to study the function of maternal Sox11 using Xenopus. In addition, the Xenopus laevis 

genome has been sequenced, making it possible to perform high-throughput sequencing in this 

traditional and classic model organism. RNA-seq is a popular method to study the full 

transcriptomes from samples from different tissues or different developmental stages for 

differential gene expression analysis (Cloonan et al., 2008; Lister et al., 2008; Marioni et al., 

2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008; Wang et al., 2009). We aim to 
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investigate the down stream targets of Sox11 through RNA-seq in Xenopus laevis. Together 

these studies provide a better understanding of the function of Sox11 in neurogenesis.  

 

Potential regulation of sox11 and other neurogenesis genes  

Not only do transcription factor cascades control progression through neurogenesis, but there is 

also a role for microRNAs (miRNAs), an abundant class of gene regulatory molecules. 

MicroRNAs are small, single-stranded RNA molecules, between 17-25 nucleotides (nts) long, 

predominantly 22 nts in length. Like protein coding genes, most miRNA genes are transcribed by 

RNA polymerase II (Lee et al., 2004), whereas a few miRNAs are transcribed by RNA 

polymerase III (Borchert et al., 2006). miRNAs are non-coding RNAs, and most are encoded by 

genes in an intron of protein-coding host genes, although some miRNAs are transcribed from 

their own promoters (Bartel, 2004). In metazoans, miRNA genes are first transcribed into 

primary miRNAs (up to hundreds of bps in length), which are cleaved by the RNAse III 

endonuclease Drosha (Lee et al., 2002; Zeng and Cullen, 2003) to produce shRNA precursors 

(also called pre-miRNA, normally 60-70 bps long). After they are exported from the nucleus to 

cytoplasm by Ran-GTP and the export receptor Exportin5 (Lund et al., 2004; Yi et al., 2003), 

pre-miRNAs are processed by the RNAse III endonuclease, Dicer, to form a miRNA:miRNA* 

duplex (Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001). The miRNA* strand, 

also called the passenger strand, will be degraded, whereas the miRNA strand, called the guide 

strand, will incorporate into the RNA Induced Silencing Complex (RISC) and regulate target 
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gene expression by target degradation, translational repression or deadenylation (Eulalio et al., 

2008; Fabian et al., 2010). 

 

miRNAs recognize target mRNAs that are reverse complementary to their sequences. For plants, 

the target sequences need to be nearly perfectly reverse complementary to miRNA sequences 

(Jones-Rhoades et al., 2006). For animals, the complementary reverse sequence of the seed, 

which is the first 2-7 nucleotides of the 5’ end of a mature miRNA strand (guide strand), is 

essential for miRNAs to recognize their target genes and are evolutionary conserved (Brennecke 

et al., 2005; Krek et al., 2005; Lewis et al., 2005; Lewis et al., 2003). miRNAs are widely 

expressed, they have been found in animals, plants, and viruses. Hundreds of miRNAs have been 

identified so far: over 700 in human (Griffiths-Jones et al., 2005), ~110 in C. elegans, ~140 in 

Drosophila (Ruby et al., 2006; Ruby et al., 2007), ~210 in X. tropicalis and ~20 in X. laevis 

(Watanabe et al., 2005). The sequences of all these identified miRNAs are available online, and 

several bioinformatics approaches are also available to predict miRNA targets: Target scan 

(Friedman et al., 2009; Grimson et al., 2007; Lewis et al., 2005), miRbase (Griffiths-Jones, 2004; 

Kozomara and Griffiths-Jones, 2011), pictar (Krek et al., 2005; Lall et al., 2006), miranda (Betel 

et al., 2010; Betel et al., 2008), EMBL (Stark et al., 2005) etc. In addition to seed identification 

and conservation across species, these prediction tools also consider other factors important for 

miRNA target recognition, such as the UTR context, site type, predicted pairing stability and site 

accessibility.  
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Through promoting post-transcriptional silencing of genes, miRNAs function as regulation 

factors in a wide range of developmental and pathological processes, including oncogenesis, 

development, immunity, cell proliferation, and cell death (Brennecke et al., 2003; Xu et al., 

2003). Agrawal et al. showed by targeting the homeobox transcription factor Xlim1/Lhx1 that 

miR-30 can regulate the development of kidney in the Xenopus embryo (Agrawal et al., 2009). In 

human, Boissart et al., reported that miR125 targets SMAD4 to regulate the differentiation of 

embryonic stem cells to neural precursors (Boissart et al., 2012). In mouse, Cheng et al. showed 

that miRNA124 plays a role in subventricular stem cell neurogenesis: knock-down of miR124 

maintained subventricular stem cells in a proliferative state, whereas over-expression of miR124 

resulted in precocious formation of neurons (Cheng et al., 2009). They also suggested that 

miRNA124 regulates the progression of neurogenesis in adult mice brain by targeting sox9.  

 

Interestingly, in X. laevis, Liu et al. showed that miR124 promotes proliferation and represses 

neurogenesis by targeting neuroD, an important bHLH transcription factor for neurogenesis (Liu 

et al., 2011). Overexpression of miR124 results in decreased expression of neural marker N-

CAM and n-tubulin, whereas loss of miR124 results in increased expression of N-CAM and n-

tubulin in the forebrain of X. laevis. In addition to miRNA124, some other miRNAs, such as 

miRNA7 and miRNA9, are enriched in neural territories in X. laevis and X. tropicalis. Using 

WISH, Harland’s group detected the expression of multiple miRNAs in X. tropicalis (Walker 

and Harland, 2008). Their results indicated many miRNAs are conserved in expression patterns 

across animal species. For example, microRNA1a-1 is expressed in the Xenopus mesoderm as it 

is in zebrafish and mouse.  
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Because sox11 plays an important role in neurogenesis, we are interested to identify the 

functions and regulations of sox11. Particularly, we want to investigate how sox11 is post-

transcriptionally regulated and whether miRNAs play a role in regulating sox11, which in turn 

would also regulate neurogenesis. 

 

sisRNAs 

miRNAs is a class of non-coding RNAs that play important roles in regulation of neurogenesis 

(Ambros, 2004),(Huttenhofer et al., 2005). Recently, a new class of non-coding RNAs, stable 

intronic sequence RNAs (sisRNAs), has been identified in Xenopus tropicalis (Gardner et al., 

2012; Talhouarne and Gall, 2014). As their name suggests, sisRNAs are derived from introns. 

Introns are genomic regions that interrupt coding sequences, and are removed from the primary 

transcript through splicing (Wahl et al., 2009). The removed introns usually are not stable; in 

most cases, they form a lariat, are debranched and subsequently degraded (Domdey et al., 1984). 

However, sisRNAs identified in the Xenopus tropicalis oocyte nucleus are unusually stable: they 

are detected in Xenopus embryos until at least blastula stage (Gardner et al., 2012). So far, there 

is very little understanding of this newly identified yet abundant class of non-coding RNAs. In 

this study, we aim to characterize sisRNAs, and specifically, compare sisRNAs with genome and 

introns in terms of base pair compositions and genomic locations to identify if there are any 

unique features of sisRNAs. Our study will provide a pioneer characterization and shed light into 

the future functional analysis of sisRNAs. 
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In this study we investigated the functions and the downstream targets of Sox11 in the Xenopus 

neural plate to study the function of Sox11 in the pre-gastrula and gastrula embryo. We also 

investigated how sox11 is post-transcriptionally regulated. These studies provide a better 

understanding of the function of Sox11 in neurogenesis. Furthermore, our characterization of 

sisRNAs provides a foundation for future functional studies.  
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CHAPTER II: SOX11 PLAYS DUAL ROLES TO REGULATE THE PROGRESSION OF 
NEUROGENESIS 
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INTRODUCTION 

Neurogenesis, the process of generating neurons from progenitor cells, is tightly regulated to 

produce sufficient numbers of neurons and glia throughout development (Kageyama and 

Nakanishi, 1997; Kessler and Melton, 1994; Molyneaux et al., 2007). In the formation of the 

brain, neural tube-derived progenitor cells replicate so as to produce enough cells (Kageyama 

and Nakanishi, 1997) and  extrinsic signals or intrinsic programs then direct a subset of neural 

progenitors to commit to become a neuron. As progenitors cease dividing, proneural 

transcription factors initiate cascades of gene expression that activate genes responsible for 

neuronal differentiation (Kiefer et al., 2005; Lee et al., 1995; Ma et al., 1996; Wilkinson et al., 

2013). As neurons mature, their cell morphology becomes more complex, eventually forming 

synapses between one another to send and receive signals within defined circuits (Koleske, 2013; 

Kriegstein, 2005). 

 

The Sox factors play key roles in multiple steps as neural cells progress to their final fate 

(Bergsland et al., 2011). The Sox family of transcription factors is composed of approximately 

20 members in vertebrates, each of which contains a high mobility group (HMG) DNA binding 

domain (Bowles et al., 2000). Based upon sequence homology, 8 subfamilies, A-G, were 

defined. Interestingly, members of a single subfamily tend to subserve the same biological 

functions (Kamachi and Kondoh, 2013). For example, SoxB1 members, Sox1, 2 and 3, maintain 

neural progenitor pools (Buescher et al., 2002; Bylund et al., 2003; Graham et al., 2003; Rogers 

et al., 2009), whereas SoxC members, Sox4, 11 and 12, promote neuronal differentiation 

(Matsuda et al., 2012; Sandberg et al., 2005). 
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The SoxC protein Sox11 acts during neuronal differentiation in several species and regions of the 

nervous system. Sox11 promotes neuronal differentiation in the chick spinal cord and mouse 

hippocampus (Bergsland et al., 2006; Mu et al., 2012), directs neuronal specification in the 

mouse cerebral cortex (Chen et al., 2015; Lai et al., 2008; Shim et al., 2012), and enhances 

axonal growth and survival in mouse sympathetic neurons (Lin et al., 2011; Thein et al., 2010). 

The function of Sox11 in neural plate neurogenesis, where neurogenesis first starts, is not clear. 

sox11 is maternally expressed in Xenopus laevis, and some data suggest that maternal Sox11 has 

different functions from zygotic Sox11 (Yan et al., 2009; unpublished data). However, the 

precise roles of maternal versus zygotic Sox11 remain unknown. In addition, Sox11’s conserved 

role in neurogenesis between species is not well studied.  

 

To define the roles of Sox11 in the formation of the nervous system in the neural plate, we 

examined its expression in the early Xenopus embryo and performed both gain- and loss-of-

function studies and found that Sox11 has roles in both neural induction and neuronal 

differentiation. Because prior studies (Yan et al., 2009b) indicated that maternal Sox11 may have 

a distinct function from zygotic Sox11, we tested the function of sox11 at different 

developmental stages and found that maternal Sox11 maintains neural progenitors and zygotic 

Sox11 drives neural differentiation. With RNA-seq, we identified the downstream targets of 

Sox11 pre and post-MBT. To study which functions of Sox11 are conserved between frog and 

mammals and at different developmental stages, similarities and differences between expression 

and function in frog neural tube development and mouse cerebral cortex formation were studied. 

Expression of Sox11 in the mouse cerebral cortex was examined, revealing dynamic expression 
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in neurons of the differentiated zones, with activation and then inactivation as corticogenesis 

proceeds. In addition, gain- and loss-of-function studies demonstrated that Sox11 promotes 

neuronal differentiation and neurite outgrowth in mouse cerebral cortical neurons. Interestingly, 

while pro-differentiation functions were similar between frog and mouse, the Sox11 orthologs 

could not substitute for one another in experimental paradigms. Bioinformatic analyses of mouse 

and frog Sox11 sequences highlight a single amino acid difference in the HMG domain as well 

as significant variation in the sequences outside of this region. Thus, species-specific differences 

are likely explained by sequence divergence. 

 

MATERIAL AND METHODS 

Frog 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 protocols 13-016-

100085. 

 

Embryos culturing and manipulation 

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

according to the Nieuwkoop & Faber staging system (Nieuwkoop and Faber, 1994). Briefly, 

male frogs were euthanized in 0.05% Benzocaine for at least 30 minutes until no heart beat could 

be visualized and then dissected for testis. Female frogs were injected with 0.5 ml Human 

Chorionic Gonadotropin (HCG) and then incubated at 17 oC incubator over night. Females 
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started to lay eggs roughly 15 hours after priming. 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 following experiments.  

 

RT-PCR 

For analysis of frog sox11 expression, total RNA was isolated from eggs, and embryos at stages 

(st) 6, 9, 12, 17, 21, 25, 28, 30, 32 and 45 as previously described (Wilson and Hemmati-

Brivanlou, 1995). cDNA was synthesized using random hexamers and MMLV reverse 

transcriptase (Fisher). Primers specific to sox11a (There are two forms of sox11 in Xenopus 

laevis: sox11a and sox11b. They are 93% identical.) and ODC, as an internal control, were used 

for endpoint PCR.  

 

qRT-PCR 

Total RNA was isolated from eggs, or embryos stage (st) 7, 9, 11, 12, 14 and 17 using TRIzol® 

Reagent (Life technologies) as previously described (Amin et al., 2014). cDNA was synthesized 

using random hexamers and Tetro cDNA Synthesis Kit (Bioline). qPCR was performed with 

SensiFAST™ SYBR® No-ROX Kit (Bioline). Using sox11 Forward Primer: 5’ – 

TAAGGACCTGGATTCCTTCAGCGA – 3’; sox11 Reverse Primer: 5’ – 

TCAATACGTGAACACCAGGTCGGA – 3’, levels of sox11, sox3 (Whittington et al., 2015), 

and n-tubulin (Klisch et al., 2006) expression were normalized to amplification of the internal 
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control, ornithine decarboxylase (ODC) (Kiyota et al., 2008). For analysis of sox11, expression 

in Xenopus sox11a and b, which are 93% identical, was assessed. All samples were analyzed in 

triplicate and experiments were repeated at least twice. 

 

Frog microinjection 

Embryos were injected with synthesized capped mRNAs or Morpholino in one cell of two-cell 

stage embryos to over-express or knock down sox11. 1200 pg sox11 RNA and 300 pg lacZ RNA 

(tracer) were used to over-express sox11. 60 ng Sox11 morpholino1 and morpholino2 (GENE 

TOOLS, LLC) were used to knock down Sox11. For the rescue experiment, 1200 pg sox11mt 

RNA was injected into the same cell injected with morpholinos. For GR-induced experiment, 

embryos were injected with 1200 pg GR-sox11 into one cell at two-cell stage, and induced with 

Dex at either stage 6, stage11, or not induced. Embryos were cultured until neurula stage and 

fixed, and β-galactosidase activity was visualized with X-gal (Research Organics) to identify the   

injected side for following whole mount in situ hybridization experiment. 

 

mRNAs used for injections were made in vitro using mMESSAGE mMACHINE® Transcription 

Kit (Life Technologies). Morpholinos used to knock down Sox11 levels were a generous gift 

from Dr. Sally Moody. sox11mt plasmid was generated as described (Braman et al., 1996) with 

primers listed in Table II-1.  

 

In situ hybridization 
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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 for sox3 (Penzel et al., 1997), ngn2 (Ma et al., 1996), n-tubulin (Richter et 

al., 1988), sox11 and N-CAM (Kintner and Melton, 1987) from plasmids produced by the Silva 

laboratory. 

 

In vitro translation assay 

TNT® SP6 High-Yield Wheat Germ Protein Expression System (Promega) and S35 labeled 

Methionine was used to perform in vitro translation assay.1 µg of mRNA was incubated with or 

without indicated morpholinos and sox11mt RNA in the in vitro translation system at 30oC for 2 

hours. Protein products were denatured at 90oC for 10 minutes and separated on Tris-glycine 

polyacrylamide gel. Cyclone Plus Storage Phosphor System (Perkin Elmer) was used to visualize 

the gel. Morpholinos were confirmed to block wild type sox11 protein translation.  

 

Embryos preparation for RNA-seq 

Embryos were injected with 1200 pg GR-sox11 RNA at one-cell stage. At st. 9 or st. 11.5, 

embryos were incubated with 10 µm Dex and 20 µg/ml cycloheximide (CHX) to induce GR-

Sox11 and also block protein translation for 2.5 hours (Saritas-Yildirim and Silva, 2014). 

Embryos were then frozen immediately in -80 oC freezer. Each set contained 10 embryos.  
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Total RNA was isolated from 10 embryos using TRIzol® Reagent (Life Technologies) as 

previously described (Amin et al., 2014). RNA qualities were tested and then sent to University 

of Rochester Genomics Center for sequencing.  

 

RNA quality control 

RNA integrity was tested by Agilent 2100 Bioanalyzer system and Agilent RNA 6000 Pico kit. 

RNA was diluted to 4000 pg/ul for optimal results. RNA purity was tested by Nanodrop ND-

1000 spectrophotometer. Only RNA with RIN number over 7 and 260/280 number over 2.00 

were considered for subsequent RNA-seq experiments.  

 

Sequencing and sequence analysis 

The RNA was fragmented, and a cDNA library was generated following the protocol in the 

Illumina TruSeq RNA sample preparation guide. One hundred and twenty five bases were read 

from each end (125 bps X 2) using the Illumina HiSeq 2500 sequencer. Reads 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 are downloaded from 

Xenbase database (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 new assembled transcripts from each sample are also included 

for further analysis. The differentially expressed genes are identified by edgeR version 3.13.4 
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using exactTest with tag wise dispersion (Robinson et al., 2010). Sequence alignments were 

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

 

Searching Sox binding sites and comparing to the Sox11 binding in vivo in mouse 

To search the X. laevis genome for Sox binding sites, all the position weight matrices (PWMs) 

with keyword sox are selected.  The PWMs were collected from TRANSFAC databases (Matys 

et al., 2006) in which 935 PWMS are provided. Among them, 8 SOX PWMs, named SOX_01 

(CTTTGAA), SOX_Q6 (CTCTTTGTTACGA), SOX2_Q6 (AACCCC(A/T)TTGTT(A/T)TGC), 

SOX4_01 (AACAAAGG), SOX5_01 (TTAACAATAC), SOX9_B1 

(CGAGAACAATGGG(A/G)), SOX9_Q4 ((A/C)AACAAAGGGC), SOX10_Q6 

(CTTTGT(C/G)) were identified for motif searching. The Sox binding sites were searched using 

MAST in MEME suite (Bailey et al., 2009) and MAST was run with default parameters. The 

identified binding sites and potential Sox11 targeted genes were compared to the Sox11 binding 

regions identified by ChIP-seq in vivo in mouse, and the ChIP-seq peaks were extracted from 

Bergsland M. et. al (Bergsland et al., 2011). 

 

Mouse Animal Usage 

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

Georgetown University's Institutional Animal Care and Use Committee protocols 12-018-

100035. To obtain mouse cerebral cortical tissue samples and cells, timed CD1 wild type 

pregnant females mice were euthanized. Brains or cerebral cortex of embryos, presumably equal 
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amounts of both sexes, were dissected and either dissociated for cell culture or fixed, frozen, and 

sectioned for staining.  

 

RT-PCR in Mouse 

For analysis of mouse Sox11 expression, total RNA was isolated from cerebral cortical tissue of 

embryonic day (E) 10.5, 12.5, 14.5, 16.5, 18.5, and postnatal day (P) 0, 5 and 10 mice (in vivo) 

or differentiated cortical cultures at days in vitro (DIV) 1, 2, 3, 5, 8, 10 and 13 using the Tri-

Reagent Kit (Sigma). cDNA was synthesized using the First Strand cDNA Synthesis Kit 

(Invitrogen). Primers specific to Sox11 and U6, as an internal control, were used for endpoint 

PCR.  

 

Immunohistochemistry in Mouse 

Immunohistochemistry was performed with sections mounted on microscope slides or neurons 

on coverslips as previously described (Clifford et al., 2014). Samples were incubated with 

blocking solution (5% donkey serum, 0.1% lysine, 1% glycine, 1% BSA, 0.4% Triton X-100 in 

PBS) for 1 h at room temperature and then incubated with the following primary antibodies and 

dilutions: anti-Sox11 (1:1500, from Sock laboratory, (Hoser et al., 2008)), anti-Tubb3 Tuj1 

(1:1000, Covance), anti-SMI-312 (1:500, Covance) and with Hoechst stain (1:10,000, Life 

Technologies) followed by washes and incubation with species-appropriate Alexa Fluor 

secondary antibody (Invitrogen). 
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In situ hybridization in Mouse 

For mouse, E14.5, E17.5 and P10 samples were collected, and in situ hybridization for Sox11 

(vector to generate mouse probe was a gift from Veronique Lefebvre) was performed as 

previously described (Clifford et al., 2014).  

 

Function Analyses in Mouse 

For mouse, expression vectors for mouse Sox11 GOF (gift from (Lefebvre, 2010)) or shRNA 

constructs specific for Sox11 LOF (Chen et al., 2015) (1.5 µg/µl each) and CMV-eYFP (0.5 

µg/µl) were delivered to the dorsal cerebral cortex via ex utero electroporation (Chen et al., 

2015). Cultures of differentiated cerebral cortical neurons or organotypic slices were created as 

previously described (Chen et al., 2015; De Simoni and Yu, 2006). Upon harvest, samples were 

fixed with 4% paraformaldehyde for immunocytochemistry. YFP+ transfected cells were imaged, 

and neurite and axon lengths were measured. 45-60 neurons or 4-6 slices from 3 experiments 

were analyzed for each condition. 

 

Cross-species Functional Analysis 

For cross-species experiments, mouse or frog Sox11 expression plasmids were transfected into 

HEK293 cells, expression was confirmed by immunohistochemistry using anti-Sox11 antibody 

(anti-mouse Sox11, 1:1500, gift from Sock laboratory (Hoser et al., 2008) or anti-frog Sox11, 

1:500, Everest Biotech). 
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RESULTS 

sox11 is maternally deposited and expressed highly in neural tissue 

To characterize the expression of sox11 in frog neural development, whole mount in situ 

hybridization (WISH) of Xenopus laevis embryos at discrete stages was performed (Figure II-

1A) (Chen et al., 2016). At the early gastrula stage when neural tissue is newly specified (st. 

10.5), sox11 is expressed throughout the ectoderm. By the end of gastrulation (st. 12.5), sox11 is 

expressed primarily in the anterior neural plate. In the mid-to-late neurula stages (st. 15, st. 18), 

expression is also detected in the neural tube and intermediate and posterior placodes. At the tail 

bud stages (st. 25 and st. 30), when the brain is comprised of distinct regions, sox11 continues to 

be strongly expressed in the forebrain, midbrain, hindbrain, and the eye but is at low levels in the 

spinal cord. sox11 is also expressed at the branchial arches. At the tadpole stage, sox11 continued 

to be expressed at high levels in the brain and the posterior the spinal cord (data not shown). This 

expression pattern of sox11 is consistent with previous studies (Cizelsky et al., 2013; Uy et al., 

2015; Yanai et al., 2011)  

 

To chart expression over developmental time, RT-PCR was performed. sox11 is present  in the 

egg, and persistent in all stages studied, including st. 6, st. 9, st. 12, st. 17, st. 21, st. 25, st. 28, st. 

30, st. 32 and st. 45 (Figure II-1B). To study the dynamic expression in a more precise way, and 

also compare the expression of markers of progenitor cells, sox3, and of neurons, n-tubulin, 

quantitative RT-PCR was used (Figure II-1C) (Chen et al., 2016). sox3 is maternally deposited 

and decreases over time as progenitors transition to differentiated cells. In contrast, n-tubulin, a 
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marker of neurons, increases at st.14, continues to rise, and peaks at st. 17 or later as neuronal 

differentiation occurs (Figure II-1C). On this backdrop, sox11 levels are high early in 

development, peak at the end of gastrulation (st. 12) and then decrease.  

 

sox11 expands neural progenitors and neuronal differentiation markers 

We next sought to characterize Sox11’s function during frog primary neurogenesis using gain-

of-function approaches. Overexpression of sox11 was done by microinjection of sox11 mRNA 

and a LacZ tracer into one cell of two-cell Xenopus embryos. Embryos were cultured and 

collected during the neurula stage, and assayed for neural gene expression by WISH. 

Overexpression of sox11 expanded expression of the pan neural marker N-CAM, the proneural 

gene neurogenin2 (ngn2), and the neuronal marker n-tubulin, consistent with Sox11 promoting 

neural differentiation (Figure II-2C, E, F) (Chen et al., 2016). Surprisingly, sox3, a marker of 

neural progenitors, was also expanded when sox11 was overexpressed, a result that is consistent 

with the idea that Sox11 promotes both neural induction and neuronal differentiation in frogs 

(Figure II-2A) (Yan et al., 2009a) (Chen et al., 2016). The expression of zic2, a marker of lateral 

neural plate and border, was increased (Figure II-2D), whereas the expression of the epidermis 

marker k81 (epik) was decreased upon overexpression of sox11 (Figure II-2B). As expected, mis-

expression of sox11 induces neurons, however, surprisingly, mis-expression of sox11 also 

induces the expression of neural progenitors in non-neural territories indicating the ability to 

drive a fate change. 
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Sox11 is required for neuron formation 

We performed loss-of-function analysis by microinjection of sox11 lissamine - tagged 

morpholino (Gift from Dr. Sally Moody) into one cell of two-cell Xenopus embryos (Figure II-

3). Resultant embryos were cultured until neurula stage and analyzed by WISH. Two different 

morpholinos (one targets the start codon of sox11, the other targeting the 5’UTR of sox11) were 

used to knock down Sox11 levels. Since morpholinos can have off target effects such as non-

specific cell death, we performed a rescue experiment using a mutated form of sox11 (sox11mt) 

not recognized by our morpholino. In vitro translation results indicate that sox11 morpholino 

blocks wild type sox11 translation, but sox11mt was translated in the presence of the morpholino 

(Figure II-3) (Chen et al., 2016). Titration of sox11mt RNA revealed that 1200 pg was most 

effective at rescuing the morphant phenotype (Figure II-4). 

 

Loss-of-function analyses revealed that the expressions of pan neural N-CAM, proneural ngn2, 

neuroD, and neuron marker n-tubulin were all decreased, while the expression of neural 

progenitor marker sox3 and lateral neural plate and border cell marker zic2 were expanded. The 

expression domain of epik, which marks non-neural epidermis, was pushed laterally such that the 

area of the neural plate and border zone were larger. This is consistent with impairment of 

neuronal differentiation in Sox11 morphant embryos (Figure II-5) (Chen et al., 2016). To 

confirm that loss-of-function phenotypes were specific for Sox11, rescue experiments using a 

MO-insensitive form of sox11 (sox11mt) was performed (Figure II-5) (Chen et al., 2016). sox11mt 

RNA rescued the shifts in sox3, ngn2, neuroD, n-tubulin, delta-1, zic2, ncam and epik expression 

that were observed in the loss-of-function paradigm (Figure II-5).  



 

31 
 

In addition, we noticed that the gap between the neural plate and epidermis (area not stained by 

sox3 or epik), where neural crest cells reside, was shifted and expanded when Sox11 was 

knocked down (Figure II-6). Consistent with this, expression of neural crest maker snai2 was 

increased and shifted (Figure II-6). This is consistent with published data suggesting that Sox11 

plays a role in neural crest specification (Uy et al., 2014).  

 

Overexpression of sox11 at different developmental stages has different effects on 

neurogenesis 

Gain of Sox11 function analysis showed that sox11 expanded expression of neural progenitors as 

marked by sox3 and neurons as marked by n-tubulin. Loss of Sox11 resulted in a decrease of 

neuron marker n-tubulin and a slight increase of neural progenitor marker sox3. The loss-of-

function data are consistent with previous observations that Sox11 functions to promote the 

progression of neurogenesis in chick spinal cord (Bergsland et al., 2006). However, our gain-of-

function results revealed that Sox11 not only promotes neural differentiation, but also expands 

the neural progenitor domain. Our finding is not totally unexpected, as there are a few previous 

studies that suggest that Sox11 promotes both neural induction and neuronal differentiation (Yan 

et al., 2009a; Yan et al., 2009b). 

 

In Xenopus, sox11 is maternally and zygotically expressed. Knocking down Sox11 levels with a 

morpholino affects expression of zygotic Sox11 protein but does not alter maternally deposited 

Sox11. However, overexpression of sox11 by injecting RNA at two-cell stage increases Sox11 

levels in the pre and post-MBT embryo. Since both progenitor and neuron levels are altered by 
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gain-of- function studies, we proposed that maternal Sox11 has a different function than zygotic 

Sox11. We predicted that zygotic Sox11 promotes differentiation and increases the expression of 

mature neurons, and maternal Sox11 functions to promote neural commitment or maintenance of 

neural progenitors.  

 

To test this hypothesis, we linked the human Glucocorticoid receptor (GR) to sox11 to create a 

hormone inducible form of sox11. In the absence of a synthetic ligand, Dexamethasone (Dex), 

the fusion protein GR-Sox11 complexes with the heat shock protein 90 (HSP90) and a variety of 

other proteins (Pratt et al., 2006), and is trapped in the cytoplasm. At selected stages, when 

embryos are treated with Dex, Dex binds GR-Sox11 and releases it from HSP90 allowing it to 

enter the nucleus, bind to specific DNA recognized by Sox11, and activate gene transcription. 

Thus, by inducing embryos injected with GR-Sox11 at selected developmental stages, we 

analyzed the phenotype after the start of zygotic transcription in order to distinguish the maternal 

and zygotic functions of Sox11. 

 

The GR-sox11 construct was injected into one cell of two-cell stage embryo and induced with 

Dex (1 µM) early at st. 6, prior to the onset of zygotic transcription, or at st. 11, prior to the onset 

of neurogenesis. Embryos were cultured and collected during neurula stage, and then assayed by 

WISH with neural progenitor markers sox3 and neuron marker n-tubulin. When embryos were 

injected with sox11 RNA, as previously shown (Figure II-2A, F), both expression of sox3 (60%) 

and n-tubulin (78%) were increased. Very interestingly, embryos induced at different stages 

generate different phenotypes (Figure II-7). When embryos injected with GR-sox11 were 
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induced at st. 6, both expression of sox3 (66%) and n-tubulin (71%) were increased (Figure II-7). 

But when the embryos are induced later at st.11, only expression of n-tubulin (73%) was 

increased, while sox3 (65%) expression was not affected (Figure II-7). When the GR-sox11 

embryos were not induced with Dex, there was no change in sox3 (70%) or n-tubulin (69%). 

 

Identify different targets of Sox11 via RNA-seq 

Our data indicate that maternal and zygotic Sox11 have different functions: zygotic Sox11 

promotes neural differentiation and increases the expression of mature neurons; maternal Sox11 

mRNA/protein maintains neural progenitors. To further investigate this, we identified the pre- 

and post-MBT targets of Sox11 and compared these to Chip-seq identified targets of Sox11 in 

mouse ES cells (Bergsland et al., 2011).  In mouse ES cells, Sox11 and Sox3 bind to a common 

set of targets: in NPCs, Sox3 binds but inactivates genes that are later bound and activated by 

Sox11 in neurons. In other words, Sox3 and Sox11 sequentially bind and regulate the 

transcription of similar genes to orchestrate neural development. ChIP-seq is a powerful way to 

identify the interaction between transcription factors and their targets, however, the method has 

its limitations: it identifies interactions between transcription factors and gene targets but does 

not indicate whether active/repressive regulation occurs. RNA-seq, on the other hand, identifies 

changes at global RNA levels, but the changes may not be direct or due to a single factor. To 

solve this problem, we used GR-sox11 in combination with the protein synthesis inhibitor 

cycloheximide (CHX). Since de novo protein synthesis is blocked, any change 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. In this way we utilized RNA-seq to identify 
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the direct downstream targets of Sox11, and then compare those with targets identified by ChIP-

seq to gain a comprehensive understanding of the function of Sox11.  

 

To this end, we injected GR-sox11 mRNA into one-cell stage embryos and induced with Dex at 

two different stages: earlier at st. 9 (when zygotic transcription begins) and later at st. 11.5 (when 

neurogenesis begins); and incubated these embryos with CHX to inhibit protein synthesis. 

Embryos incubated with CHX but not Dex were used as controls. Embryos were cultured and 

collected 2.5 hours after treatment. Total RNA was isolated from embryos (Amin et al., 2014). 

and only RNA samples with both high integrity and purity (Table II-2) were sent to the 

University of Rochester Genomics Center for library construction and sequencing (12 samples 

total, triplicates for each condition).  

 

After the reads were mapped, we evaluated the quality of the RNA-seq data using two separate 

approaches. First, we uploaded the alignments of the RNA-seq reads, both the raw bam files with 

reads direction and connection and the reads coverage information, to the UCSC genome 

browser, and explored the different gene loci manually to identify discrepancies. As shown in 

Figure II-8, the triplicates for each condition, named as stage 9/11.5 without DEX (ST9 /11.5 

CTR) or with DEX treatment (ST9/11.5 DEX), have high consistency for the gene 

locus neurog3.L, indicating the high quality of the RNA-seq data. Second, we calculated the 

correlation of counts of mapped reads per gene (whole gene datasets, ~57,000 transcripts) 

between every two samples among all the 12 samples (Table II-3). The triplicates show high 

similarity among each condition (most of the Rs >0.99), while the correlation between the 
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samples from different conditions is much less, again demonstrating the high quality of the 

RNA-seq data. To identify the differentially expressed (DE) genes after DEX treatment in stage 

9 and 11.5 samples, we ran the Cufflinks program (Trapnell et al., 2010) to generate FPKM 

values for each gene locus to normalize the RNA-seq data. Then, we identified the DE genes by 

edgeR using exactTest with tag wise dispersion (Robinson et al., 2010). A number of DE genes 

were identified at stage 9 (Figure II-9A, B) and stage 11.5 (Figure II-9C, D). We then compared 

the DE genes between stage 9 and stage 11.5 (Figure II-10), and 3 groups of DE genes were 

identified: 1) Stage 9 specific Sox11 potential target genes (for full list see Table II-4); 2) Stage 

11.5 specific Sox11 potential targets (Table II-5); and 3) Sox11 potential targets at both stages 

(Table II-6). For example, prdm12 is a stage 9 specific Sox11 potential target; nkx2-2.L is a 

stage 11.5 specific potential target; and neurog3.L is a potential target at both stages. Thus, we 

are able to identify the potential targets of Sox11 at different stages via RNA-seq and will 

validate these targets using qPCR. 

Sox11 and Neurogenin work in a reciprocal matter  

Neurogenin2 is an extremely important player in driving neurogenesis. To better understand the 

role of Sox11 in neurogenesis, and how sox11 is regulated, it is important to know the 

relationship between Sox11 and Neurogenin2. So far, the relationship between Sox11 and 

Neurogenin2 is controversial and not clear. Bergsland et al showed that over expression of sox11 

in the chick spinal cord did not change the proneural protein Ngn2, while conversely over 

expression of ngn2 increases the expression of Sox11 protein (Bergsland et al., 2006). Thus they 

concluded sox11 is downstream of the proneural bHLH transcription factor neurogenin2. 
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However, we performed similar experiments in Xenopus laevis, and found that overexpression of 

neurogenin2 increases expression of sox11 and overexpression of sox11 increases expression of 

neurogenin2 (Figure II-12), indicating that neurogenin2 and sox11 work in a reciprocal manner. 

Moreover, when we knocked down Sox11 in X. laevis with a sox11 MO, we observed a decrease 

of neurogenin2 expression, suggesting that perturbation of Sox11 affects levels of neurogenin2 

(Figure II-5).  

 

To investigate if the relationship between neurogenin2 and sox11 is direct, we searched for Sox 

and bHLH E-box binding sites in the regulatory regions of sox11 and neurogenin2 (Figure II-

13). We identified an E-box binding site 300bp upstream of sox11 gene (Figure II-13) and two 

Sox binding sites upstream of neurogenin2; 25 bp and 1.5 kb upstream (Figure II-13). Further 

experiments will be needed to test if they do directly regulate each other.  

 

Interestingly, neurogenin3 levels are increased in Dex treated samples at both st. 9 and st. 11.5 as 

compared to uninduced samples (Figure II-11A), indicating that ngn3 is a direct downstream 

target of Sox11 at both st. 9 and st. 11.5. To determine if there are Sox binding sites in the 

promoter region of ngn3, we searched the X. laevis genome, with all the position weight matrices 

(PWMs) for Sox target genes. As expected, there are several Sox binding sites in the promoter 

region of ngn3 (Figure II-11A) and when we re-evaluated the Sox11 ChIP-seq data in mouse ES 

cells, we found that Sox11 binding was identified in the neurog3 promoter regions (Figure II-

11C), supporting data that ngn3 is Sox11 direct target. We also found that nkx2.2 levels increase 

when GR- Sox11 is induced at st. 11.5, there are Sox binding sites in the nkx2.2 promoter 
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regions (Figure II-11B), and that Sox11 binds to this site in mouse ES cells (Figure II-11D), 

indicating that nkx2.2 is also a direct target of Sox11. 

 

A Role for Sox11 in Mouse Cerebral Corticogenesis 

To investigate whether the function of Sox11 is conserved across species, expression of Sox11 in 

the mouse cerebral cortex was examined. In situ hybridization and immunohistochemistry for 

Sox11 was performed to characterize localization at different developmental ages (Figure II-14 

A-D) (Chen et al., 2016). Sox11 is preferentially expressed in the subplate, marginal zone, and 

cortical plate at E14.5 and E17.5 (Figure II-14A, B) (Chen et al., 2016). Postnatally (P10), Sox11 

levels are not detected (Figure II-14C) (Chen et al., 2016). Cortical embryonic expression 

followed by postnatal down-regulation was confirmed by RT-PCR analysis of embryonic 

cortical samples (Figure II-14E) (Chen et al., 2016). Sox11 was first detectable at E14.5, peaked 

at E16.5, decreased to low levels at E18.5, and was not detectable at P10 (Figure II-14E) (Chen 

et al., 2016).  

 

In addition to regulated expression in intact cerebral cortex, Sox11 is also selectively expressed 

in cultured primary cortical neurons (Figure II-14D, F) (Chen et al., 2016). In many ways, the 

differentiation of cortical neurons grown in culture mimics the developmental progression of 

neurons in the cortex; newly plated cells from the E14.5 cerebral cortex gradually differentiate in 

culture, becoming more and more mature. Using immunohistochemistry for Sox11 and the 

neuron-specific anti-Tubb3 antibody (TuJ1), Sox11 was not detectable one day after plating (1 

Day in vitro, 1DIV) (Figure II-14F) (Chen et al., 2016), but was expressed in TuJ1+ cells by 
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3DIV (Figure II-14D) (Chen et al., 2016). RT-PCR analysis revealed that Sox11 expression was 

low at 1DIV, high at 4DIV and 7DIV, and low again at 11DIV (Figure II-14F) (Chen et al., 

2016). Thus, the same time course of activation and inactivation of Sox11 observed in the 

cerebral cortex in vivo (Figure II-14E) (Chen et al., 2016) occurs in cortical cultures grown in 

vitro (Figure II-14F) (Chen et al., 2016). Together, these observations demonstrate that Sox11 

expression parallels neuronal differentiation in the mouse cerebral cortex. 

 

To examine the function of Sox11 in mouse cortical development, ex utero electroporation 

(EUE) was used to transfect cortical cells with a GFP plasmid and either a control plasmid, a 

Sox11 expression vector (gain-of-function, GOF), or a Sox11 shRNA vector (loss-of-function, 

LOF). Following EUE, cortical cells were dissociated and grown under conditions that promote 

neuronal differentiation. At 2DIV, cultures were stained with TuJ1 to identify neurons and the 

characteristics of GFP+ transfected cells were examined (Figure II-15A-C) (Chen et al., 2016). 

Compared to control transfected cells, a greater proportion of the GFP+ Sox11GOF cells also 

expressed Tubb3 and a smaller proportion of GFP+ Sox11LOF cells were TuJ1+ (Figure II-15D) 

(Chen et al., 2016), consistent with Sox11 acting to promote neuronal differentiation. In addition, 

compared to control cultures, the maturity of transfected cells depended upon Sox11; at 2DIV, 

the length of a neuron’s longest neurite tended to be longer in Sox11GOF and shorter in 

Sox11LOF neurons than control transfected cells, respectively (Figure II-15E, F) (Chen et al., 

2016). In contrast, at 2DIV, levels of Sox11 did not affect the number of primary neurites 

(Figure II-15G) (Chen et al., 2016). By 5DIV, staining with the axon-specific antisera SMI-312 
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revealed that Sox11GOF neurons had longer axons, while Sox11LOF neurons had shorter axons 

compared with control transfected cells (Figure II-15H, I) (Chen et al., 2016).  

 

Previous expression data demonstrated that Sox11 levels decrease as mouse corticogenesis 

proceeds. To examine the consequences of elevated and protracted Sox11 expression, Sox11 

GOF was examined in 11DIV cortical neuronal cultures (Figure II-16A) (Chen et al., 2016) 

using Sholl analysis to assess the complexity of neuronal morphology (Figure II-16B) (Chen et 

al., 2016). This analysis revealed that long-term elevation of Sox11 resulted in decreased 

dendritic branching and complexity compared to control neurons (Figure II-16C) (Chen et al., 

2016), indicating that tight regulation of Sox11 is required for the proper differentiation of 

neurons. 

 

Morphological changes associated with extended Sox11 expression were also observed in 

organotypic slice cultures, a paradigm capable of maintaining the anatomical organization of the 

cerebral cortex in vitro. In this experimental approach, embryonic cerebral cortices were 

transfected with control or Sox11 GOF vectors using EUE and the resultant brains were sliced, 

with the slices maintained in culture (Figure II-16D) (Chen et al., 2016). After 7DIV, which is 

equivalent to P1 or P2 in vivo, there was extensive evidence of transfected cells throughout the 

cerebral cortical wall, including considerable staining within the cortical plate and robust axonal 

projections present in control-transfected slices (Figure II-16D, E) (Chen et al., 2016). In 

contrast, elevated and prolonged Sox11 expression resulted in a greater proportion of transfected 

cells in the ventricular and intermediate zones, fewer transfected cells within the cortical plate, 



 

40 
 

and fewer labeled axonal projections (Figure II-16D, E) (Chen et al., 2016). In addition, analysis 

of neuronal morphology of cells within the cortical plate revealed that dendritic branching was 

generally more disorganized in Sox11GOF than control-transfected cells (Figure II-16F) (Chen 

et al., 2016). Together, these data demonstrate that elevated and sustained Sox11 expression 

interferes with proper neuronal maturation, with potential deficits in both migration and 

differentiation. 

 

A comparison of xSox11 and mSox11 revealed that the functions of two proteins could not 

compensate for each other 

Taken together, results from frog and mouse indicate that Sox11 is a regulator of neuronal 

maturation. To determine whether functional redundancy exists between mouse and frog Sox11, 

mouse cortical cultures were transfected with the Xenopus laevis sox11 (xSox11) GOF vector 

(Figure II-17A, C) (Chen et al., 2016). Unlike transfection of mouse cortical neurons with mus 

musculus Sox11 (mSox11), which resulted in both longer neurites at 3DIV and longer axons at 

6DIV, mouse cortical cells transfected with xSox11GOF were no different from control-

transfected neurons (Figure II-17B, D) (Chen et al., 2016).  Similarly, while injection of Xenopus 

embryos with xsox11 mRNA resulted in expanded expression of sox3, ngn2, and n-tubulin at st. 

15, there was no change in the expression of these genes when mSox11 mRNA was expressed in 

frog embryos (Figure II-17E) (Chen et al., 2016).  Thus, mouse and frog Sox11 are not 

functionally interchangeable in these assays.  
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To understand differences in mouse and frog Sox11, a bioinfomatic comparison of the Sox11 

protein sequences of mouse, frog, and the evolutionary intermediate, chick, was performed 

(Figure II-18) (Chen et al., 2016). This analysis revealed that the frog sequence is 69.81% 

identical to chick and 68.18% identical to mouse, whereas the chick sequence is 75.8% identical 

to mouse. Although there is considerable difference in sequence throughout the proteins, it is 

notable that there is near perfect conservation within the HMG domain between species. One 

exception exists, however, a single amino acid change in the HMG domain; the basic, polar 

amino acid lysine in chick and mouse Sox11 is substituted for with asparagine, a neutral, polar 

amino acid in both frog Sox11- a and b. This difference in sequence might explain the lack of 

functional redundancy between mouse and frog. 

 

DISCUSSION 

The formation of a functional nervous system requires coordinated regulation of gene expression 

in order to designate cellular identity. While molecules that support specific functions, including 

patterning of the early nervous system, control of cell proliferation within germinal zones, 

regulation of differentiation of neurons and glia, have been identified, molecular control of 

transitions from one state to another, such as the shift of a progenitor cell into a neuron, require 

examination. Previous data suggest that Sox11 is involved in neuronal differentiation (Bergsland 

et al., 2011; Bergsland et al., 2006; Chen et al., 2015; Cizelsky et al., 2013; Mu et al., 2012; Uy 

et al., 2015), but these data did not indicate at which stage in neural development Sox11 acts. 
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Furthermore, previous data suggest Sox11 plays a role in neural induction and progenitor 

maintenance in addition to promoting differentiation (Yan et al., 2009a; Yan et al., 2009b), but 

how Sox11 turns on different downstream targets to play dual functions are unknown. In 

addition, comparison of Sox11 function between evolutionarily discrete nervous systems, so as 

to identify similarities and differences between species, had not been undertaken. Thus, 

characterizing the molecules that underlie cellular transitions in the nervous system, particularly 

the role of transcriptional regulators such as Sox proteins, is a critical undertaking. 

 

We found that in Xenopus laevis, sox11 is maternally encoded initially, is highly expressed in 

developing neural tube, and then broadly present in the tadpole brain. As expected, GOF and 

LOF experiments support a role for Sox11 in promoting neuronal differentiation. Unexpectedly, 

Sox11 also seems to act in the induction or maintenance of neural progenitors. A single 

transcription factor controlling both the expansion of dividing precursors and the production of 

post-mitotic neurons is unique.  

 

We then used a hormone-inducible form of sox11 to overexpress sox11 at different 

developmental stages to dissect out different functions of Sox11, and found that  

maternal Sox11 maintains neural progenitors and zygotic Sox11 drives neural differentiation. To 

investigate how Sox11 plays different roles in neural development, we performed RNA-seq to 

identify the downstream targets of Sox11 at two different developmental stages: stage 9 and 

stage 11.5. We identified differentially expressed (DE) genes, which are potential downstream 

targets of Sox11 at both stages. We compared the target genes at the two stages and identified a 
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number of stage-specific targets that could explain the different functions of Sox11. Further 

qPCR validation will be needed to confirm the targets of Sox11.  

 

Our studies of mouse Sox11 function demonstrate that during mouse cerebral cortical 

development, Sox11 is expressed within embryonic compartments that contain differentiated 

neurons. In addition to the anticipated pro-differentiation role for Sox11, GOF and LOF studies 

reveal a novel function: promotion of morphological complexity of both axons and dendrites. 

Results from these studies also highlighted the importance of the time-dependent activation and 

inactivation observed in cortical neurons; when Sox11 expression is artificially elevated and 

maintained, neuronal morphology is significantly simpler compared of wild type neurons with 

Sox11 inactivation. Thus, in mouse cerebral cortex, Sox11 promotes neuronal differentiation and 

influences neuronal shape in a time-dependent manner. Taken together, we identified unexpected 

roles for Sox11 in both frog and mouse. 

 

Unusually, frog and mouse Sox11 did not mimic one another in GOF studies involving the 

expression of one species' Sox11 in the other species' assay system (i.e. developing embryos for 

frogs and cultures of cortical neurons for mice). Comparison of mouse and frog Sox11 revealed 

extensive sequence differences between these two orthologs. While there is significant sequence 

divergence throughout the extent of these proteins, a single amino acid change in the HMG 

domain between mouse and frog Sox11 is notable, as the HMG motif is usually tightly conserved 

between species (Mollaaghababa and Pavan, 2003). In frog, the amino acid at position 91 is 

neutral residue asparagine, whereas in mouse is basic residue lysine.  It is possible that this single 
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amino acid difference may be responsible for functional differences. Taken together, sequence 

differences between mouse and frog Sox11 may explain the lack of functional reciprocity 

between these proteins. 

 

The creation of the embryonic frog brain represents a more straightforward process while the 

formation of the mouse cerebral cortex epitomizes the complexity of nervous system 

development. Our data demonstrate that Sox11 acts in both these developmental processes by 

promoting neuronal differentiation. Other roles were also revealed; frog Sox11 enhances neural 

progenitor pool expansion and mouse Sox11 controls neuronal morphology. These findings are 

consistent with previous studies that show that frog Sox11 acts with FoxD4L1 to maintain the 

neural plate in a proliferative state in Xenopus and that mouse Sox11 regulates axonal growth of 

embryonic sensory neurons (Lin et al., 2011; Yan et al., 2009a; Yan et al., 2009b). On a 

molecular level, our result demonstrates that frog Sox11 interacts reciprocally with the proneural 

protein Ngn2, a key regulator of commitment of progenitors to the neuronal fate. This is in 

contrast to Sox11 in the chick spinal cord, which acts downstream of this same regulator of 

neuronal specification (Bergsland et al., 2006). Similar to chick, mouse Sox11 expression is also 

preceded by Ngn2 expression (Chen et al., 2015); however, whether the two proteins act in the 

same pathway in this organism is unknown. Our data illustrate that between frog, chick, and 

mouse, Sox11 shows differences in activity in the context of Ngn2, suggesting that for different 

organisms Sox11 acts at distinct times in the time course of neuronal development. Ultimately, 

by shedding light on the similarities and differences in Sox11 between frog and mouse, our 
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investigation offers insight into the potential roles of Sox11, and how those roles changed over 

the course of evolution. 
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Figure II - 1 sox11 is maternally deposit and expressed at high level during neurogenesis. 

A 

 
 

B 

 
C 
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A. Whole mount in situ hybridization (WISH) of sox11 in frog embryos at st. 10.5 (vegetal 

view), 12.5, 15 and 18 (dorsal view, anterior to the top), 25 (lateral view, anterior to the left), 30 

(lateral view, anterior to the left) reveals sox11 is expressed in the presumptive CNS. Filled 

arrowhead marks ectoderm. Open arrowhead marks anterior neural plate. Asterisk marks 

intermediate and posterior placodes. Arrow marks branchial arches. F: forebrain; M: midbrain; 

H: hindbrain; E: eye; SC: spinal cord; BA: branchial arches. B. End point RT- PCR of sox11 

expression during frog development reveals sox11 is expressed throughout early embryonic 

development. C. Quantitative PCR of sox3, n-tubulin, and sox11 expression during frog 

development reveals sox11 levels are high early in development, peak at the end of gastrulation 

and then decrease.  
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Figure II - 2 Overexpression of sox11 expands neural progenitors and neuronal 

differentiation markers. 

 

A-F. WISH of stage15 embryos injected on the right side with sox11 RNA and tracer lacZ. 

Photos shown are dorsal view of embryos, along the anterior-posterior axis. Over-expression of 

sox11 increases neural progenitor marker sox3 (A) while the expression domain of epidermis 

marker epik (B) was pushed outside. The expression of pan neural marker ncam (C) was 

expanded, and zic2 (D), which marks lateral neural plate and border cells, was expanded. 

Expressions of proneural gene ngn2 (E) and neuron marker n-tubulin (F) were increased.  
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Figure II - 3 Sox11 morpholinos block wild type sox11 translation but not sox11mt. 

A

 
B 

 
C 

 
A-B. Design of sox11mt. Five silent mutations were introduced to sox11 sequence so that the 

sequence is no longer complementary to Sox11 MOs. C. Sox11 MO1 and Sox11 MO2 both 

block sox11 protein synthesis, but not sox11mt. Sox11 MO1 and Sox11 MO2 blocked protein 

synthesis from sox11 mRNA. Addition of sox11mt restored protein synthesis. Sox2 MO did not 

affect sox11 protein synthesis.  
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Figure II - 4 Titration of sox11mut to rescue morphant phenotypes. 

A 

 
B

 
A. WISH of neurula stage embryos injected on the right side with Sox11 MOs ½ (Sox11 MO1+ 

Sox11 MO2) + 1200 pg sox11mut. Embryos were injected in one cell at 2-cell stage and collected 

at st. 15 and WISH for neuron marker n-tubulin. Sox11 MOs injection alone decreased n-tubulin 

expression. 800 or 1000 pg sox11mut RNA was not able to rescue the morphant phenotypes (data 

not shown) and 1200 pg sox11mut RNA was able to rescue the morphant phenotypes. B. 1200 pg 

sox11m RNA was able to rescue the morphant phenotypes.  
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Figure II - 5 Sox11 is required for neuron formation. 
A 

 
B 

 
WISH of st. 15 embryos injected on the right side with Sox11 morpholinos alone (top) or Sox11 

morpholinos and sox11mt RNA (bottom). A. When Sox11 is knocked down, expression of sox3 

was increased, expressions of ngn2, neuroD, and n-tubulin were decreased and all LOF 

phenotypes were reversed when sox11mt was expressed. B. When Sox11 is reduced, expression 

of delta and zic2 was expanded, N-CAM was decreased, and expression domain of epik was 

pushed outside. All LOF phenotypes were reversed when sox11mt was expressed. 
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Figure II - 6 Loss of Sox11 affects neural crest expression. 

 
WISH of stage 15 embryos. Photos shown are dorsal view of embryo. Embryos were injected on 

the right side at two-cell stage with Sox11 morpholinos. Expressions of epik, sox3 and snai2 

were analyzed. When Sox11 is knocked down, the expression of neural progenitor marker sox3 

is increased, while the border of expression of the epidermis marker epik was moved laterally. 

The gap between sox3 and epik expression, which corresponds to neural crest cells, was also 

increased. Expression of neural crest cell marker snai2 was shifted and increased.  
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Figure II - 7 Overexpression of sox11 at different stages has different phenotypes. 

 
Embryos were injected with hormone inducible GR-sox11 RNA in one cell at two-cell stage and 

induced with Dex at stage 6, stage 11 or not induced. Embryos injected with sox11 RNA were 

used as control. Embryos were collected at neurula stage and WISH of sox3 and n-tubulin was 

performed. When embryos were injected with sox11 RNA, both expression of sox3 (60%, 35 in 

58 embryos) and n-tubulin (78%, 46 in 59 embryos) were increased. Induced embryos at 

different stages have different phenotypes. When embryos injected with GR-sox11 were induced 

at stage 6, both expression of sox3 (66%, 23 in 35 embryos) and n-tubulin (71%, 22 in 31 

embryos) were increased. But when embryos were induced at stage 11, only expression of n-

tubulin (73%, 29 in 40 embryos) was increased. No change of sox3 (70%, 23 in 33 embryos) or 

n-tubulin (69%, 24 in 35 embryos) was observed when the embryos were not induced. 
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Figure II - 8 Screenshots of UCSC Genome browser shows the consistent RNA-seq data for 

the 12 samples at the neurog3.L locus. 

 
The tracts in the screenshot are: gene locus (neurog3.L); RNA-seq reads coverage for all 3 

replicates in stage 9 and 11.5, with/without DEX treatment. The reads coverage are highly 

consistent in the replicates in different stages and DEX treatment, indicating the high quality of 

RNA-seq data.   
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Figure II - 9 Identification of differentially expressed (DE) genes after DEX treatment at stage 

9 and 11.5. 
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A. Scatter plots highlight the general similarities and specific outliers between the condition 

without (CTR) and with (DEX) treatment at stage 9 of GR-sox11 injected embryos. The 

significant genes (p<0.05) are in red, others in grey. The gene expression is calculated by RPKM 

(Reads Per Kilobase of transcript per Million mapped reads). B. Volcano plots reveal genes that 

differ significantly between the condition of without (CTR) and with (DEX) addition of DEX at 

stage 9. C-D. Similar to A-B, but at stage 11.5. 
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Figure II - 10 Comparison of differentially expressed (DE-Specific) genes at stage 9 and 11.5. 

 
Scatter plots of fold change of gene expression after DEX treatment in stage 9 versus stage 11.5. 

The significant differentially expressed genes are marked by different colors: red for stage 9 

only, green for stage 11.5 only, blue for both stages, and grey for other genes. Some selected 

genes (e.g. nkx2-2.L, neurog3.L etc) are labeled in the figure.   
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Figure II - 11 Both neurog3.L and nkx2-2.L (differentially expressed genes) have Sox binding 

sites in their promoter regions and Sox11 binding sites were also identified in mouse. 

 
 

A 

B 

C 

D 
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A-B. Different Sox binding sites (blue vertical rectangle) (Matys et al., 2006) are predicted by 

MAST in promoter regions of Xenopus laevis  (A) neurog3.L and (B) nkx2-2 loci. C-D. Sox11 

binding sites were identified by ChIP-seq peaks (Bergsland et al., 2011) for locus (C) neurog3.L 

and (D) nkx2-2 in mouse ES cells. 
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Figure II - 12 sox11 and neurogenin2 work in a reciprocal matter. 

 
WISH of stage 15 embryos. Images are dorsal view of embryos, along the anterior-posterior axis. 

Injected side is on the right. Top row embryos were injected with neurogenin2 and lacZ tracer 

(cyan). Bottom row embryos were injected with sox11 and lacZ tracer (cyan). Over-expression 

of neurogenin2 increases expression of sox11 (21/21), and over-expression of sox11 increases 

expression of neurogenin2 (22/32).  
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Figure II - 13 Analysis of sox11 and neurogenin2 regulatory regions. 

 

Regulatory regions of sox11 (top) and neurogenin2 (bottom). 5 kb upstream and downstream of 

the sox11a coding sequence were analyzed for Ebox binding sites (Bertrand et al., 2002). There 

is an Ebox-Q6 binding site present 300 bp upstream of sox11 gene. 5kb upstream and 

downstream of the neurogenin2 coding sequence were analyzed for Sox binding sites. There are 

two Sox binding sites, 25 bp and 1.5 Kb upstream of neurogenin2.    
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Figure II - 14 Sox11 is expressed in differentiated neurons in vivo and in vitro and is 

dynamically expressed during mouse corticogenesis. 

 
Wild type cerebral cortex hybridized with antisense probes specific for Sox11 at E14.5 (A), 

E17.5 (B) and P10 (C), with expression visualized using BM Purple. Sox11 is expressed in the 

cortical plate (CP) at E14.5 and E17.5. There is no detectable expression of Sox11 at P10. D. In 

cultured cortical neurons examined after 3 days in vitro (3DIV), expression of Sox11 is localized 

to cells that are TuJ1+ (arrowheads) and absent from TuJ1- cells (arrow). E-F. Profile of Sox11 

expression during cortical development in vivo (E) and in vitro (F) reveals undetectable levels 

early (E10.5-E12.5 and 1DIV), activation (E14.5-E18.5 and 4DIV), and inactivation (P0-P21 and 

11DIV). CP: cortical plate; VZ: ventricular zone; SVZ: sub-ventricular zone; IZ: intermediate 

zone. Scale bar: 60µm (A, B); 130µm (C); 25µm (D). 
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Figure II - 15 Function of mSox11 in the cerebral cortex: Perturbation of Sox11 shifts 
proportions of neurons and alters neuronal morphology of mouse cortical neurons in vitro.  
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A-C. A representative image of cortical neurons transfected with GFP (green), grown for 2DIV, 

and stained with TuJ1 (red) and Hoechst (blue) (A). GFP+ transfected cells are either TuJ1+ 

neurons (B, arrowhead) or TuJ1- cells (C, arrow). D. The proportion of transfected cells that are 

TuJ1+ is greater in Sox11GOF and lower in Sox11LOF, compared to appropriate control 

cultures. E-G. Cells transfected with control (top), Sox11GOF (bottom left), or Sox11LOF 

(bottom right), stained for GFP and labeled with Hoechst, and imaged at 2DIV (E). The average 

length of the longest neurite is longer in Sox11GOF and shorter in Sox11LOF compared to 

controls (F) whereas there is no difference in the number of primary neurites (G). H-I. GFP+ 

cells transfected with control vectors (left and third from left), Sox11GOF (second from left), or 

Sox11LOF (right) were harvested at 5 DIV and stained with SMI-312 (red) to mark axons (H). 

Average axon length was longer in Sox11GOF and shorter in Sox11LOF compared to control 

cells (I). Scale bar: 60µm (A); 24µm (B, C); 12µm (E); 52µm (I). 
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Figure II - 16 Misexpression of Sox11 in mouse cortical neurons interferes with dendritic 

extent in vitro and localization and shape of neurons in vivo.
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A-C. Images of primary cortical neurons expressing GFP alone (left) or GFP and Sox11 (right) 

(A). A schematic of Sholl analysis of a cortical neuron in which neurite crossings for each ring 

are quantified (B). Overexpression of Sox11 (gray) reduced the complexity of dendritic 

branching of cortical neurons in vitro compared to control neurons (black) (C). D. Organotypic 

slice cultures of cortex transfected at E14.5 with GFP alone (top) or GFP and Sox11 (bottom) 

and imaged at 7DIV. GFP+ cells have extended an axon tract in control (arrow) while in 

Sox11GOF, axons were diffuse (arrowheads). E. Distribution of GFP+ cells in cortical 

embryonic zones is different in Sox11GOF compared to control; Sox11GOF cells tend to remain 

closer to the lateral ventricle, in the VZ and IZ, than control-transfected cells. F. Representative 

traces of neurons from control (left) and Sox11GOF (right) CP reveals that neurons are less 

orderly when Sox11 expression is maintained. Scale bar: 30µm (A); 63µm (D). 
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Figure II - 17 mSox11 does not mimic xSox11 function in Xenopus neural development and 

xSox11 does not mimic mSox11 in mouse corticogenesis.
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A-D. Primary cortical neurons expressing GFP alone (left), GFP and Mus musculus Sox11 

(mGOF, middle), and GFP and Xenopus sox11 (xGOF, right) and analyzed at 3DIV (A, B) and 

6DIV (C, D) revealed increases in the longest neurite (B) and axon (D) when mouse Sox11 but 

not frog sox11 was expressed. E. WISH of st. 15 embryos (dorsal view, along with the anterior-

posterior axis) injected at the two-cell stage with either frog (top) or mouse (bottom) sox11 and 

lacZ tracer (blue). xGOF elevated levels of sox3, ngn2, and n-tubulin, while mGOF had no 

effect. Scale bar: 32µm (A); 84µm (C). 
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Figure II - 18 Sequence comparisons of mSox11 and xSox11 revealed a single amino acid 

difference in the HMG domain. 

 
Alignment of frog, chicken, and mouse Sox11 protein sequences. (Frog sequence shown here is 

Sox11a sequence: Sox11a and Sox11b share 93% identity, and the single amino acid difference 

observed between frog Sox11a and other species is also present in Sox11b sequence.)  Discrete 

protein domains are shaded: blue is the HMG box, red is the nuclear localization signal; green is 

the acid-rich region; grey marks the one amino acid difference in the HMG box. (* = Identical 

amino acid residues; : = Different but highly conserved amino acid residues; . = Different but 

somewhat similar amino acid residues; blank = dissimilar amino acid residues or gap.)  
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Table II - 1 Morpholinos and primers sequences  

Morpholino sequences: 

Sox11 Morpholino 1 5’ – TGTCCATGTCTGCTCGCTGCACCAT Lissamine – 3’ 

Sox11 Morpholino 2 5’ – GTGTCACTGCAACGCGGGACTACTT – 3’ 
 
 
Primers used in site directed mutagenesis to make sox11mt 

sox11 point 
mutation 

F: 5’ – CATCGATATGGTCCAACGTGCTGATATGGACAGCAGC – 3’ 

R: 5’ – GCTGCTGTCCATATCAGCACGTTGGACCATATCGATG – 3’ 
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Table II - 2 Description of the RNA-seq Samples 

Name_Tag CONTENT RIN 
number 260/280 C 

(ng/ul) 
CHX_01_ST9_CTR_REP.01 CHX CTRL ST9  8 2.07 775.7 
CHX_01_ST9_CTR_REP.02 CHX CTRL ST9  7.9 2.03 853.4 
CHX_01_ST9_CTR_REP.03 CHX CTRL ST9  8.6 2.04 930.8 
CHX_02_ST9_DEX_REP.01 CHX DEX ST9  7.4 2.06 770 
CHX_02_ST9_DEX_REP.02 CHX DEX ST9  7.2 2.08 759.6 
CHX_02_ST9_DEX_REP.03 CHX DEX ST9  8.7 2.03 780.2 
CHX_03_ST11.5_CTR_REP.01 CHX CTRL ST11.5  8.2 2.01 940.9 
CHX_03_ST11.5_CTR_REP.02 CHX CTRL ST11.5  7.8 2.01 583.06 
CHX_03_ST11.5_CTR_REP.03 CHX CTRL ST11.5  7.2 2.01 771.6 
CHX_04_ST11.5_DEX_REP.01 CHX DEX ST11.5  7 2.01 578.8 
CHX_04_ST11.5_DEX_REP.02 CHX DEX ST11.5  7 2.02 829.51 
CHX_04_ST11.5_DEX_REP.03 CHX DEX st11.5  8 2.03 626.4 
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Table II - 3 Pearson Correlation of mapped reads for all genes in 12 samples 
 

  
ST9 CTR ST9 DEX ST11.5 CTR ST11.5 DEX 

    Rep.1 Rep.2 Rep.3 Rep.1 Rep.2 Rep.3 Rep.1 Rep.2 Rep.3 Rep.1 Rep.2 Rep.3 

ST
9 

 C
T

R
 Rep.1 1.000 0.999 0.987 0.997 0.997 0.988 0.717 0.711 0.650 0.725 0.713 0.688 

Rep.2 0.999 1.000 0.988 0.997 0.997 0.989 0.726 0.721 0.659 0.734 0.722 0.697 

Rep.3 0.987 0.988 1.000 0.988 0.985 0.998 0.727 0.723 0.667 0.735 0.723 0.705 

ST
9 

 D
E

X
 Rep.1 0.997 0.997 0.988 1.000 0.999 0.987 0.724 0.719 0.662 0.734 0.722 0.699 

Rep.2 0.997 0.997 0.985 0.999 1.000 0.985 0.719 0.713 0.651 0.729 0.716 0.694 

Rep.3 0.988 0.989 0.998 0.987 0.985 1.000 0.734 0.729 0.673 0.741 0.730 0.710 

ST
11

.5
C

T
R

 

Rep.1 0.717 0.726 0.727 0.724 0.719 0.734 1.000 0.998 0.924 0.997 0.998 0.966 

Rep.2 0.711 0.721 0.723 0.719 0.713 0.729 0.998 1.000 0.929 0.996 0.998 0.973 

Rep.3 0.650 0.659 0.667 0.662 0.651 0.673 0.924 0.929 1.000 0.921 0.926 0.945 

ST
11

.5
 D

E
X

 

Rep.1 0.725 0.734 0.735 0.734 0.729 0.741 0.997 0.996 0.921 1.000 0.998 0.969 

Rep.2 0.713 0.722 0.723 0.722 0.716 0.730 0.998 0.998 0.926 0.998 1.000 0.970 

Rep.3 0.688 0.697 0.705 0.699 0.694 0.710 0.966 0.973 0.945 0.969 0.970 1.000 
 
  



 

73 
 

Table II - 4 The potential Sox11 target genes in Stage 9 but not Stage 11.5 (p value < 0.05 for stage 9) 
 

               Stage 9           Stage 11.5 

gene_id gene name locus 
#Sox 
Sites 

RPKM 
CTR 

RPKM 
DEX     PValue 

RPKM 
CTR 

RPKM 
DEX PValue 

XLOC_042359 trim29.S 
chr7S:53424720-
53456811 15 0.07 0.21 5.36E-13 1.70 1.98 2.68E-01 

XLOC_041624 
LOC101731
902.S 

chr7S:48923222-
48979151 5 0.01 0.06 2.73E-12 0.00 0.00 2.02E-01 

XLOC_037510 
Xelaev1803
3722m.g 

chr6S:91954408-
91960250 28 0.01 0.12 6.07E-12 5.45 6.52 2.65E-01 

XLOC_022228 kcp.L 
chr3L:77869525-
77926073 11 0.02 0.09 5.21E-10 0.33 0.47 5.86E-02 

XLOC_013734 
LOC100486
385.S 

chr1S:114644339-
114649610 8 0.20 0.66 3.42E-09 8.55 10.11 2.92E-01 

XLOC_028188 
ifitm10-
like.S 

chr4S:7733620-
7737966 20 0.03 0.34 3.66E-09 0.16 0.12 5.39E-01 

XLOC_039180 scn3b.L 
chr7L:60342537-
60358128 13 0.01 0.05 1.49E-08 0.09 0.11 4.15E-01 

XLOC_047220 
LOC100487
355-like.S 

chr8S:41968015-
42051439 11 0.02 0.05 2.32E-07 0.45 0.55 2.21E-01 

XLOC_018144 rai2.S 
chr2S:78362773-
78397999 6 0.02 0.06 4.92E-07 0.15 0.21 1.06E-01 

XLOC_036898 - 
chr6L:115750926-
115753432 30 0.01 0.13 5.52E-07 7.75 9.70 2.21E-01 

XLOC_034956 egfr.L 
chr6L:54798269-
54939558 17 0.01 0.05 8.56E-07 0.04 0.05 2.65E-01 

XLOC_039908 a2ml1 
chr7L:5378270-
5420414 13 0.02 0.08 6.85E-06 22.50 27.99 1.46E-01 

XLOC_017831 plxna2.S 
chr2S:40727171-
40934739 11 0.00 0.01 1.03E-05 0.06 0.06 7.99E-01 

XLOC_001366 - 
Scaffold19:6818675-
6820086 12 2.03 4.39 1.20E-05 26.11 34.06 8.73E-02 

XLOC_021039 
adamts7-
like.L 

chr3L:109412857-
109490036 27 0.00 0.02 1.43E-05 0.07 0.08 3.25E-01 

XLOC_040375 robo3.L 
chr7L:69033420-
69142978 25 0.02 0.04 1.71E-05 0.35 0.42 1.25E-01 

XLOC_042827 - 
chr7S:84059842-
84060374 34 0.40 2.26 2.95E-05 0.41 0.25 4.14E-01 

XLOC_050655 post.L 
chr9_10L:117435997
-117437636 12 4.34 9.02 3.48E-05 70.03 87.57 1.66E-01 

XLOC_035448 grhl2.L 
chr6L:132435252-
132484389 20 0.07 0.14 6.71E-05 1.38 1.78 1.34E-01 

XLOC_000254 
Xelaev1800
0128m.g 

Scaffold1114:292-
1470 5 11.64 18.14 7.51E-05 156.91 186.83 8.60E-02 

XLOC_012828 sema6a.S 
chr1S:143527695-
143643977 5 0.13 0.20 7.83E-05 0.78 0.84 4.52E-01 

XLOC_009269 sema6a.L 
chr1L:173023957-
173139660 14 0.04 0.10 9.14E-05 0.71 0.83 4.02E-01 

XLOC_025311 - 
chr3S:39901703-
39903134 12 0.22 0.91 0.000111 0.00 0.02 5.11E-01 

XLOC_017426 - 
chr2L:119634098-
119635253 22 0.13 0.00 1.19E-04 1.57 1.88 4.79E-01 

XLOC_043255 pou4f1.2.L 
chr8L:44010166-
44012884 9 0.24 0.84 1.35E-04 1.83 2.69 1.94E-01 

XLOC_018031 
Xelaev1801
5119m.g 

chr2S:64958631-
64986527 21 0.03 0.09 0.000147 2.22 3.01 8.86E-02 
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XLOC_037531 
Xelaev1803
3755m.g 

chr6S:95180137-
95181612 21 0.25 1.16 0.000153 0.17 0.27 3.10E-01 

XLOC_016441 stk40.L 
chr2L:84067326-
84091184 16 0.53 0.88 2.05E-04 1.56 1.79 2.67E-01 

XLOC_028919 fam19a4.S 
chr4S:115428124-
115559280 12 0.14 0.20 0.000228 0.97 0.95 9.64E-01 

XLOC_037499 
LOC100145
479.S 

chr6S:89954587-
90007712 6 0.10 0.22 0.000262 0.07 0.07 9.06E-01 

XLOC_038186 
Xetrov9001
6672m.S 

chr6S:85336741-
85345928 17 0.59 1.26 2.62E-04 0.04 0.04 1.00E+00 

XLOC_046185 
Xelaev1804
1660m.g 

chr8S:33739528-
33747732 10 0.01 0.30 0.000273 3.17 3.29 9.33E-01 

XLOC_010347 akap2.L 
chr1L:106200117-
106229073 16 1.34 1.88 2.88E-04 4.27 4.42 6.18E-01 

XLOC_033786 slc16a10.S 
chr5S:59628480-
59674512 12 0.04 0.09 0.00042 0.29 0.32 6.67E-01 

XLOC_025723 
Xelaev1802
2178m.g 

chr4L:23891748-
23909350 15 0.43 1.04 5.26E-04 8.78 11.08 3.07E-01 

XLOC_044575 
Xelaev1803
8969m.g 

chr8L:44846608-
44847373 17 13.87 33.64 0.000534 448.68 680.06 8.64E-02 

XLOC_020097 - 
chr2S:120518199-
120519828 18 0.07 0.26 0.000548 1.18 1.09 8.19E-01 

XLOC_003233 - 
Scaffold265813:0-
120 0 0.16 1.86 0.000551 12.49 16.12 4.91E-01 

XLOC_013311 glrb.S 
chr1S:42296754-
42373114 15 0.01 0.02 0.000619 0.00 0.00 2.01E-01 

XLOC_026539 
Xetrov9001
2668m.L 

chr4L:124571751-
124855836 9 0.00 0.01 0.000935 0.00 0.01 4.25E-01 

XLOC_028821 sema3f.S 
chr4S:99264994-
99344847 5 0.32 0.45 0.000936 1.03 1.20 1.01E-01 

XLOC_001556 
LOC100497
556.1 

Scaffold20:5084101-
5102219 5 0.09 0.04 9.55E-04 0.42 0.47 5.74E-01 

XLOC_010175 fbn3.L 
chr1L:87834095-
87968828 9 0.07 0.11 0.000975 0.72 0.74 7.47E-01 

XLOC_022097 fezf1.L 
chr3L:61181611-
61185567 20 0.29 1.41 1.04E-03 0.14 0.25 2.54E-01 

XLOC_036904 - 
chr6L:119151885-
119152407 10 0.04 0.35 1.25E-03 2.03 3.55 8.38E-02 

XLOC_047889 - 
chr8S:35740275-
35743204 1 1.06 1.63 1.27E-03 56.27 62.35 3.19E-01 

XLOC_048450 slc16a3 
chr9_10L:24379636-
24382075 15 0.04 0.25 1.35E-03 9.88 11.97 6.18E-01 

XLOC_017479 - 
chr2L:139861032-
139864177 20 0.14 0.33 0.001367 5.91 5.58 8.34E-01 

XLOC_027194 lrrc36.L 
chr4L:63372558-
63386380 10 0.07 0.16 0.001584 0.60 0.54 6.56E-01 

XLOC_014314 - 
chr1S:97552896-
97553383 11 0.09 0.62 0.001766 3.34 4.07 6.20E-01 

XLOC_013301 
Xelaev1800
9182m.g 

chr1S:40216644-
40248943 23 0.17 0.32 0.001895 0.85 1.13 1.31E-01 

XLOC_044595 mospd1.L 
chr8L:47477127-
47498449 18 0.07 0.14 1.92E-03 0.79 0.96 3.23E-01 

XLOC_012893 
arhgef28-
like.S 

chr1S:155542612-
155686307 6 0.01 0.01 1.98E-03 0.02 0.02 5.93E-01 

XLOC_051646 
slc4a10-
like.S 

chr9_10S:56608782-
56697375 2 0.16 0.28 0.00198 0.16 0.21 8.38E-02 

XLOC_018486 
Xelaev1801
6049m.g 

chr2S:129564835-
129593149 12 0.46 1.13 2.18E-03 20.08 23.39 0.431743 
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XLOC_043315 rtn2.L 
chr8L:49430216-
49453326 23 0.05 0.09 2.19E-03 0.61 0.72 0.336354 

XLOC_050866 - 
chr9_10L:51707672-
51709569 13 0.73 1.66 2.27E-03 3.84 5.48 0.14429 

XLOC_007060 - Scaffold77683:0-287 0 7.64 18.25 2.44E-03 272.62 388.04 0.180759 

XLOC_011535 - 
chr1L:79680403-
79682544 24 0.01 0.09 0.002663 0.73 1.10 0.303906 

XLOC_020030 - 
chr2S:76868702-
76870078 21 0.00 0.08 0.002946 0.73 0.93 0.562477 

XLOC_048784 
Xetrov9002
4521m.L 

chr9_10L:51697325-
51702414 18 0.06 0.19 3.00E-03 0.03 0.04 0.659177 

XLOC_035134 tubb2b.L 
chr6L:85886579-
85908301 13 3.85 6.17 0.003047 15.71 20.49 0.078484 

XLOC_014684 
Xelaev1801
1585m.g 

chr2L:26022748-
26023309 6 1.25 2.61 0.003056 21.71 24.88 0.470449 

XLOC_049551 
LOC100492
840-like.L 

chr9_10L:3784767-
3794238 10 0.00 0.02 0.003082 0.47 0.63 0.267255 

XLOC_036132 
Xelaev1803
1449m.g 

chr6L:73325023-
73325801 13 0.18 0.51 3.11E-03 10.68 15.10 0.087264 

XLOC_008435 
Xelaev1800
6061m.g 

chr1L:87644257-
87647692 17 0.60 1.01 0.003136 6.91 6.87 0.969321 

XLOC_020653 cftr.L 
chr3L:59817730-
59892129 15 0.01 0.02 3.17E-03 0.01 0.01 1 

XLOC_038256 slco5a1.S 
chr6S:96985201-
97047585 22 0.10 0.18 0.003222 0.43 0.50 0.420181 

XLOC_047614 
Xelaev1804
2732m.g 

chr8S:90991605-
91001416 6 0.20 0.09 3.33E-03 13.32 14.35 0.547457 

XLOC_019952 - 
chr2S:45701086-
45704374 17 0.35 0.68 3.63E-03 13.42 14.82 0.583689 

XLOC_037597 
MGC89520.
S 

chr6S:106683903-
106735805 15 0.01 0.02 0.003748 0.04 0.07 0.085431 

XLOC_011610 - 
chr1L:99062848-
99064408 14 0.18 0.52 0.004002 0.55 0.59 0.842519 

XLOC_002311 
Xelaev1800
1505m.g 

Scaffold22:3003201-
3007414 14 0.08 0.23 0.004093 0.83 1.12 0.228127 

XLOC_047625 nr2f5.S 
chr8S:91499312-
91516715 9 0.01 0.03 0.004228 0.05 0.10 0.136993 

XLOC_037938 tril.S 
chr6S:34818540-
34830234 16 0.42 0.65 4.27E-03 3.23 3.81 0.216398 

XLOC_043247 itm2a.L 
chr8L:43442676-
43453784 22 4.27 5.56 4.32E-03 7.17 8.04 0.178769 

XLOC_010368 
Xelaev1800
6570m.g 

chr1L:108690903-
108696098 4 1.07 1.77 0.004332 17.64 23.78 0.062413 

XLOC_040468 
Xelaev1803
5553m.g 

chr7L:80105650-
80256295 17 0.02 0.03 0.004501 0.08 0.10 0.224312 

XLOC_034823 hepacam2.L 
chr6L:29511579-
29549382 25 0.01 0.03 0.004571 0.07 0.07 0.816765 

XLOC_024578 
Xelaev1802
0222m.g 

chr3S:24062435-
24065052 21 0.21 0.50 0.004721 2.64 3.00 0.542682 

XLOC_029930 - 
chr4S:32823996-
32825475 9 0.06 0.20 0.005217 0.86 1.03 0.536614 

XLOC_004456 - 
Scaffold35594:10-
572 1 0.83 1.94 0.0053 8.13 11.26 0.187995 

XLOC_025312 - 
chr3S:39903703-
39907171 17 0.40 1.57 0.00545 0.10 0.18 0.261153 

XLOC_043357 pbx2.L 
chr8L:51634806-
51653766 4 4.49 5.62 0.005462 18.56 19.86 0.3281 
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XLOC_035808 spag6.L 
chr6L:23629421-
23731100 13 0.01 0.00 0.005544 0.02 0.02 0.923138 

XLOC_014843 plxna2.L 
chr2L:51572047-
51768339 19 0.01 0.02 0.005608 0.04 0.04 0.783938 

XLOC_034834 dlx6.L 
chr6L:31406909-
31412423 12 0.95 0.61 0.005669 2.95 2.79 0.793127 

XLOC_041713 dhrs3.S 
chr7S:64435911-
64459599 5 1.76 2.47 5.98E-03 7.74 8.27 0.515959 

XLOC_031727 
Xelaev1802
7269m.g 

chr5L:86128862-
86130311 13 1.49 2.40 0.006145 21.94 28.65 0.075264 

XLOC_044498 
Xetrov9002
0448m.L 

chr8L:30031723-
30057612 6 0.00 0.00 6.59E-03 0.08 0.10 0.418857 

XLOC_011990 klb.S 
chr1S:25081796-
25103116 4 0.05 0.02 6.64E-03 0.07 0.09 0.583993 

XLOC_006929 
Xelaev1800
4262m.g 

Scaffold74:713352-
717341 9 0.08 0.00 0.006807 9.23 9.13 0.992616 

XLOC_025921 foxc2.L 
chr4L:50235292-
50237794 15 0.44 0.26 0.006925 55.18 55.08 0.933696 

XLOC_016252 
Xelaev1801
2057m.g 

chr2L:56950560-
56976413 13 0.41 0.74 0.007132 4.81 5.23 0.650841 

XLOC_046479 zic3.S 
chr8S:75801709-
75805776 12 3.03 4.41 0.00721 61.83 74.89 0.1337 

XLOC_031824 gmnc-like.L 
chr5L:100757852-
100762065 11 5.27 7.68 7.52E-03 7.47 9.72 0.051424 

XLOC_015355 ankrd10.L 
chr2L:115936332-
115955916 20 0.35 0.51 0.007545 2.52 2.79 0.400746 

XLOC_032536 - 
chr5L:129204434-
129206000 14 0.82 1.36 0.007784 14.34 18.84 0.080143 

XLOC_034438 - 
chr5S:78652234-
78655071 19 0.08 0.20 0.007902 1.44 1.57 0.685172 

XLOC_034478 - 
chr5S:105841599-
105843959 14 0.08 0.32 0.008112 0.69 0.89 0.576872 

XLOC_023626 
LOC100490
587.S 

chr3S:21153340-
21166943 23 0.38 0.68 0.008326 3.61 4.38 0.34745 

XLOC_019644 krt5.7.S 
chr2S:130773973-
130780874 1 1.27 0.89 0.00839 157.76 132.01 0.191765 

XLOC_019682 medag.S 
chr2S:137168409-
137178931 18 0.02 0.00 0.008602 0.19 0.14 0.429408 

XLOC_023530 mrps35.S 
chr3S:9907976-
9921510 8 0.09 0.25 0.008692 0.21 0.33 0.219623 

XLOC_019198 aim1l.S 
chr2S:62894012-
62926659 9 0.13 0.19 0.008748 1.73 2.01 0.256136 

XLOC_040471 
LOC100498
550-like.L 

chr7L:81389148-
81449961 18 0.06 0.03 0.008812 0.06 0.09 0.060654 

XLOC_019573 myo1a.S 
chr2S:121736929-
121792494 11 0.01 0.01 0.009425 0.06 0.06 0.879258 

XLOC_024444 
Xetrov9000
7113m.S 

chr3S:9105586-
9164744 14 0.00 0.01 0.009482 0.03 0.03 0.633637 

XLOC_009924 fhdc1.L 
chr1L:48317399-
48363125 11 2.13 2.73 0.009881 1.09 1.25 0.130378 

XLOC_020524 n4bp3.L 
chr3L:40644357-
40681488 8 0.19 0.28 0.010251 1.71 1.78 0.689045 

XLOC_007365 - Scaffold8450:0-1025 3 18.13 24.43 0.010713 25.82 30.32 0.142533 

XLOC_020762 
LOC101733
157.L 

chr3L:77948826-
78032248 15 0.01 0.03 1.08E-02 0.03 0.05 0.056081 

XLOC_042679 - 
chr7S:15409117-
15411879 19 0.04 0.00 0.011323 0.75 0.88 0.55392 
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XLOC_012527 foxd4l1.1.S 
chr1S:104549631-
104551446 13 1.69 2.63 0.011424 68.89 86.54 0.132151 

XLOC_011645 - 
chr1L:110476599-
110477582 15 0.01 0.11 0.0115 0.87 1.20 0.466893 

XLOC_034979 ccdc129.L 
chr6L:59683028-
59754210 10 0.00 0.01 1.16E-02 0.20 0.19 0.892199 

XLOC_026827 syt8.L 
chr4L:16230535-
16247804 6 0.07 0.10 0.011649 2.40 2.95 0.119659 

XLOC_014208 - 
chr1S:29695799-
29696858 8 0.07 0.00 0.011962 1.49 1.99 0.31933 

XLOC_025807 
Xetrov9001
1231m.L 

chr4L:30872764-
30952421 7 0.02 0.03 0.011967 0.04 0.06 0.053925 

XLOC_029797 
Xelaev1802
5987m.g 

chr4S:113236841-
113239145 15 0.18 0.42 0.011995 3.93 4.93 0.421491 

XLOC_034962 gli3.L 
chr6L:55740876-
55888873 3 0.13 0.18 1.21E-02 0.33 0.38 0.178845 

XLOC_007702 
Xelaev1800
4694m.g 

Scaffold96:36906-
81530 6 0.06 0.13 1.22E-02 1.47 1.56 0.738803 

XLOC_008701 
Xetrov9001
4299m.L 

chr1L:108690903-
108696098 21 0.75 1.35 0.012347 10.66 13.35 0.26707 

XLOC_000572 - 
Scaffold128115:0-
183 0 0.15 0.79 0.01262 17.92 19.00 0.80326 

XLOC_037851 
kiaa1217-
like.S 

chr6S:18606659-
18686126 14 0.01 0.01 0.012635 0.69 0.69 0.932221 

XLOC_004702 - 
Scaffold37822:31-
544 2 0.49 1.13 0.013028 3.61 3.48 0.938493 

XLOC_025096 dpysl3.S 
chr3S:101251735-
101345546 7 0.02 0.03 1.34E-02 0.10 0.11 0.651545 

XLOC_008153 fam198b.L 
chr1L:46160212-
46185671 5 0.08 0.14 1.37E-02 0.24 0.30 0.310614 

XLOC_016008 - 
chr2L:24498538-
24504901 19 0.06 0.14 0.013736 1.29 1.48 0.548226 

XLOC_028429 tubb3.S 
chr4S:40414674-
40422796 22 0.11 0.23 0.014141 0.59 0.70 0.492996 

XLOC_029971 - 
chr4S:66376135-
66378048 14 0.09 0.22 0.014483 0.96 1.34 0.21185 

XLOC_006049 - 
Scaffold5626:288-
1219 2 0.56 1.22 1.45E-02 2.46 3.01 0.475271 

XLOC_025052 egr1.S 
chr3S:96971486-
96974714 11 0.09 0.19 0.014523 19.64 19.11 0.947428 

XLOC_026849 
Xetrov9001
0607m.L 

chr4L:19058787-
19080790 13 0.10 0.19 1.45E-02 0.57 0.76 0.27113 

XLOC_014367 - 
chr1S:123269401-
123270007 18 0.64 1.21 1.47E-02 17.33 20.63 0.314557 

XLOC_029915 - 
chr4S:26547630-
26548989 4 0.01 0.09 0.014761 3.10 3.56 0.655476 

XLOC_040833 
Xelaev1803
6325m.g 

chr7L:118044555-
118046452 7 0.01 0.18 0.01478 16.76 14.09 0.795134 

XLOC_051208 
Xetrov9002
9818m.S 

chr9_10S:15095922-
15104631 20 0.60 1.00 1.48E-02 2.97 3.84 0.195525 

XLOC_007116 - Scaffold78456:0-285 0 0.94 0.32 0.014877 10.20 9.67 0.882779 

XLOC_033597 rin2.S 
chr5S:29289349-
29395289 15 0.02 0.04 0.015036 0.23 0.27 0.386269 

XLOC_045949 six6.S 
chr8S:7736096-
7740274 8 0.06 0.14 0.015523 0.44 0.42 0.942111 

XLOC_044426 
LOC100496
061-like.L 

chr8L:21821889-
21825842 3 0.01 0.05 0.015906 2.37 2.52 0.779113 
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XLOC_041022 - 
chr7L:31112312-
31112595 0 0.53 0.09 0.015998 4.21 3.61 0.692502 

XLOC_005443 - 
Scaffold4668:841-
1325 0 0.04 0.26 0.016171 3.74 3.52 0.908122 

XLOC_002995 - 
Scaffold24518:12-
688 3 0.12 0.36 0.016365 9.62 9.60 0.968126 

XLOC_042218 
Xelaev1803
7086m.g 

chr7S:27714881-
27868410 12 0.23 0.32 0.01692 0.24 0.30 0.09793 

XLOC_049812 cd40.L 
chr9_10L:29894786-
29920687 14 0.01 0.03 0.016992 0.05 0.06 0.624925 

XLOC_029288 cdh1.S 
chr4S:41911878-
41960709 14 0.84 1.03 1.76E-02 4.87 4.92 0.805403 

XLOC_051757 col3a1.S 
chr9_10S:75220079-
75279913 5 

0.0009
23 

0.0034
87 0.01764 

0.0465
88 

0.0425
18 0.809629 

XLOC_020434 
LOC101733
581.L 

chr3L:28848406-
28886109 19 

0.0007
28 

0.0037
83 0.017935 

0.0366
06 

0.0253
03 0.336663 

XLOC_015417 kctd12.L 
chr2L:126096148-
126100612 18 

0.0181
89 

0.0567
14 0.018156 

0.2182
39 

0.3421
81 0.133408 

XLOC_051957 
Xetrov9002
3039m.S 

chr9_10S:101555114
-101561141 4 

0.1098
78 

0.2000
72 0.018163 

0.1285
93 

0.2015
22 0.080032 

XLOC_004323 - 
Scaffold34064:11-
590 1 

4.4677
79 

8.1576
42 0.018339 

3.3114
65 

4.0885
89 0.41438 

XLOC_008372 
Xelaev1800
5924m.g 

chr1L:80138021-
80142560 10 

0.8069
72 

1.2398
72 0.018414 

3.4269
64 

3.2238
86 0.788254 

XLOC_008904 mmp14.L 
chr1L:138443414-
138467865 15 

0.1713
31 

0.2604
29 0.018515 1.1317 

1.1606
12 0.834164 

XLOC_049603 
Xelaev1804
3340m.g 

chr9_10L:6266898-
6273521 6 

0.1990
26 

0.3840
95 0.018628 

7.7798
03 

7.9994
83 0.869918 

XLOC_033532 vash2.S 
chr5S:17076957-
17115746 29 

0.0639
52 

0.1017
12 0.019072 

0.8088
8 

1.0741
98 0.108531 

XLOC_037163 skida1.S 
chr6S:19834025-
19837812 22 

0.6128
49 1.1742 0.019416 

5.2829
81 

8.3760
55 0.076694 

XLOC_014403 - 
chr1S:141089173-
141090800 11 

0.4032
45 

0.7596
15 0.019829 

5.1583
35 

5.4083
92 0.803984 

XLOC_046681 mcl1.S 
chr8S:90609771-
90620168 17 

10.948
4 

13.802
82 0.019987 

7.9949
87 

7.8096
67 0.904621 

XLOC_047321 
Xelaev1804
2072m.g 

chr8S:55561682-
55563790 7 

0.0130
12 

0.0654
21 0.020004 

0.6535
32 

0.9133
94 0.257203 

XLOC_030845 fam124b.L 
chr5L:121710880-
121723547 10 

0.0124
18 

0.0315
46 0.02016 

0.2053
52 

0.2227
52 0.758303 

XLOC_028570 
LOC101732
938.S 

chr4S:64976242-
64994936 25 

0.0034
49 

0.0110
08 0.020236 

0.4036
8 

0.5236
7 0.286769 

XLOC_012498 
slc44a1-
like.S 

chr1S:97191480-
97251769 17 

0.0243
39 

0.0105
76 0.020825 

0.0131
97 

0.0108
05 0.650714 

XLOC_021892 afap1l1.L 
chr3L:33731549-
33772203 14 

0.0482
71 

0.0814
54 0.020901 

0.4624
69 

0.6042
28 0.182406 

XLOC_022800 rab3d.L 
chr3L:132678863-
132697846 7 

0.0264
95 

0.0133
92 0.020904 

0.8851
58 

0.7471
27 0.393011 

XLOC_028020 - 
chr4L:107076870-
107082221 14 

0.2203
37 

0.3753
32 0.021267 

1.0564
59 

1.2608
08 0.37625 

XLOC_039253 trim29.L 
chr7L:72244585-
72277408 21 

0.6200
36 

0.7792
2 0.021405 

7.5790
14 

7.0905
54 0.568311 

XLOC_036084 irx2.L 
chr6L:65747039-
65752804 11 

3.2706
32 

4.6598
74 0.021467 

16.734
34 

21.906
9 0.065282 

XLOC_042305 draxin.S 
chr7S:44077157-
44121913 15 

0.1120
41 

0.1753
81 0.021569 

0.9240
72 

1.2509
16 0.097765 

XLOC_021289 c3.L 
chr3L:134274194-
134300164 15 

0.0031
54 

0.0199
68 0.021949 

9.4887
98 

7.6523
39 0.768989 
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XLOC_035442 gdf6.L 
chr6L:131473392-
131497122 14 

0.0587
26 

0.0966
15 0.021953 

0.8131
6 

0.8610
5 0.72117 

XLOC_016807 
Xelaev1801
3307m.g 

chr2L:136722363-
136727703 22 

0.0668
37 

0.1327
5 0.022158 

0.3316
68 

0.2718
58 0.483416 

XLOC_022221 - 
chr3L:77703089-
77706896 16 

0.0242
83 

0.0643
44 0.022201 

5.5346
1 

4.9011
35 0.59961 

XLOC_017414 - 
chr2L:105221970-
105223768 16 0 

0.0334
57 0.022293 

0.9011
69 

1.2397
14 0.27764 

XLOC_021636 
Xetrov9002
6715m.L 

chr3L:2765813-
2795504 4 

2.4755
17 

1.2217
66 0.022401 

26.185
78 

29.437
8 0.608887 

XLOC_039510 isoc2.L 
chr7L:100842863-
100913591 14 

0.0627
39 

0.0987
44 0.022443 

0.0940
3 

0.1026
15 0.622467 

XLOC_021955 
Xelaev1801
7365m.g 

chr3L:41576104-
41594898 20 

1.2082
29 

1.5710
96 0.022536 

52.214
54 

53.883
27 0.652429 

XLOC_002094 - 
Scaffold21:2887963-
2890445 14 

0.0652
83 

0.1617
01 0.022553 

2.6546
26 

3.0591
74 0.578367 

XLOC_050904 - 
chr9_10L:71213722-
71216033 16 

0.6006
38 

1.2757
03 0.02256 

0.3303
68 

0.5002
36 0.240874 

XLOC_005729 - Scaffold50648:0-434 0 
6.6554

55 
13.635

88 0.022598 
0.7207

57 
0.4724

21 0.388091 

XLOC_003063 rrad.1 
Scaffold25:2106705-
2110337 9 

0.0077
5 

0.0395
5 0.022633 

0.2717
34 

0.4219
48 0.250963 

XLOC_031509 unc93a.L 
chr5L:53334136-
53349879 19 

0.7883
48 

1.2231
42 0.022739 

0.4644
05 

0.4995
76 0.679234 

XLOC_028396 
LOC100487
055-like.S 

chr4S:32828306-
32838934 23 

0.0838
8 

0.1300
27 0.022824 

2.0237
85 

2.4806
68 0.136417 

XLOC_026515 
LOC100494
547.L 

chr4L:122150784-
122156726 11 

0.0983
62 

0.2396
99 0.022848 

7.6404
99 

8.6887
52 0.682595 

XLOC_027784 
LOC100488
689.L 

chr4L:137917388-
137960884 21 

0.1738
55 

0.2308
69 0.022914 

0.8612
36 

1.0510
22 0.075984 

XLOC_021954 
LOC100488
353.L 

chr3L:41550620-
41573629 7 

0.0040
49 

0.0125
92 0.022967 

0.0840
11 

0.0860
61 0.943958 

XLOC_030912 
LOC100498
622.L 

chr5L:128247068-
128260940 15 

0.0567
06 

0.1098
33 0.023165 

0.3043
18 

0.3358
13 0.697311 

XLOC_024562 pdlim2.S 
chr3S:22717643-
22732266 19 

0.0386
31 

0.0843
89 0.023225 

0.0997
34 

0.1621
72 0.126224 

XLOC_004034 
Xelaev1800
2554m.g 

Scaffold317:15025-
16924 14 

0.4341
43 

1.6082
15 0.02342 

338.67
95 

287.37
89 0.772982 

XLOC_044320 nr6a1.L 
chr8L:10132292-
10178337 16 

0.2364
87 

0.3189
27 0.023715 

5.9029
51 

6.1313
57 0.693171 

XLOC_031057 ptk2b.L 
chr5L:154181918-
154277418 8 

0.0071
35 

0.0119
51 0.023822 

0.1842
21 

0.1869
84 0.886033 

XLOC_050231 
Xetrov9002
4189m.L 

chr9_10L:69162100-
69209887 13 

0.0075
99 

0.0147
99 0.023877 

0.5589
2 

0.5618
29 0.938648 

XLOC_004927 
Xelaev1800
3045m.g 

Scaffold40:1610802-
1613951 24 

3.1187
91 

1.7726
55 0.024197 

9.3044
99 

8.3574
51 0.691529 

XLOC_017741 
Xelaev1801
4457m.g 

chr2S:28568389-
28575019 11 

0.0470
56 0 0.024291 

1.1741
77 

1.4970
61 0.451076 

XLOC_016823 tuba1b.L 
chr2L:137411232-
137414891 40 

1.0812
18 

1.6809
08 0.024364 

2.2243
18 

3.1262
84 0.068055 

XLOC_001235 
Xelaev1800
0553m.g 

Scaffold19:1743350-
1749382 4 

0.0128
6 

0.0410
24 0.024545 

1.5140
56 

1.5349
61 0.931763 

XLOC_017416 - 
chr2L:107906005-
107906588 18 

0.1872
58 

0.4901
7 0.024696 

3.6366
62 

3.3170
58 0.793469 

XLOC_033236 awat1.S 
chr5S:106097300-
106123734 6 

0.0211
01 

0.0063
53 0.025611 

0.0389
41 

0.0634
27 0.292466 

XLOC_006471 - Scaffold64663:3-296 0 
1.1015

62 
0.4404

47 0.025746 
5.6601

46 
5.0382

95 0.747425 
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Table II - 5 The potential Sox11 target genes in Stage 11.5 but not Stage 9 (p value < 0.05 for stage 11.5) 

 

        Satge 9 Stage 11.5 

gene_id gene name locus 
#Sox 
Sites 

RPKM 
CTR 

RPKM 
DEX     PValue 

RPKM 
CTR 

RPKM   
DEX         PValue 

XLOC_015391 sox21-like.2.L 
chr2L:121941432-
121945534 13 7.85 10.45 7.04E-02 4.67 16.39 1.20E-14 

XLOC_030303 nkx2-2.L 
chr5L:34615786-
34617892 14 0.08 0.19 9.46E-02 0.01 2.09 2.50E-13 

XLOC_052567 cxcr4.S 
chr9_10S:48478393-
48482165 36 27.50 38.97 6.30E-02 25.58 91.80 3.36E-11 

XLOC_047003 dlc.S 
chr8S:26042385-
26054245 18 0.93 1.17 1.39E-01 0.48 1.26 3.65E-09 

XLOC_005016 - Scaffold4102:0-1405 2 40.33 54.92 1.31E-01 11.01 33.01 1.70E-07 

XLOC_042204 nkx2-3.S 
chr7S:25681715-
25686650 10 0.17 0.17 9.70E-01 0.71 2.68 1.80E-07 

XLOC_015166 mycl.L 
chr2L:88894939-
88905473 16 19.60 22.48 1.75E-01 16.20 26.55 9.70E-07 

XLOC_039622 ccndx.L 
chr7L:113575892-
113583018 6 3.21 3.78 3.65E-01 0.62 1.59 1.09E-06 

XLOC_040168 ddit4.L 
chr7L:36131339-
36133189 21 90.22 96.65 5.08E-01 58.86 98.60 1.17E-06 

XLOC_011872 not.S 
chr1S:2711157-
2713404 12 153.77 179.89 0.181385 81.27 144.05 1.25E-06 

XLOC_009691 not.L 
chr1L:7590824-
7593268 12 143.89 159.63 0.388412 52.78 91.66 6.46E-06 

XLOC_015464 grasp.L 
chr2L:135913075-
135946804 13 2.10 2.64 0.097335 1.06 1.98 7.11E-06 

XLOC_029177 irx3.S 
chr4S:24064058-
24067887 17 1.24 1.32 0.71003 5.94 11.19 7.75E-06 

XLOC_034928 pomgnt2.L 
chr6L:49195397-
49211001 11 1.11 1.26 3.67E-01 1.15 2.17 8.04E-06 

XLOC_016795 lpar6.L 
chr2L:135689685-
135693077 15 12.76 15.43 0.145289 7.18 12.81 1.06E-05 

XLOC_044979 dact1.L 
chr8L:80107511-
80113103 4 19.24 19.93 0.763316 32.41 55.72 1.13E-05 

XLOC_031269 lbh.L 
chr5L:18825925-
18839680 16 4.35 4.60 0.608359 1.41 2.30 1.90E-05 

XLOC_043651 
Xelaev18039840
m.g 

chr8L:81149264-
81152345 16 37.22 45.36 9.05E-02 79.06 128.94 2.33E-05 

XLOC_045439 ankrd35.L 
chr8L:116381020-
116396440 5 7.41 7.83 0.597386 5.20 8.13 2.78E-05 

XLOC_049663 znf217.L 
chr9_10L:12157320-
12166650 12 28.84 31.76 0.292997 46.53 68.19 2.97E-05 

XLOC_015946 ets2.L 
chr2L:11087085-
11097944 16 7.60 9.26 5.31E-02 11.27 17.11 3.40E-05 

XLOC_000259 - Scaffold11161:15-939 3 7.78 11.72 5.98E-02 6.11 15.12 3.82E-05 

XLOC_044881 gsc.L 
chr8L:65960647-
65963676 6 18.84 21.91 0.541723 3.80 10.85 3.89E-05 

XLOC_019627 hoxc12.S 
chr2S:128909288-
128911911 15 0.45 0.73 1.40E-01 0.30 1.21 4.15E-05 

XLOC_025729 rassf7.L 
chr4L:24168910-
24182632 8 5.91 6.84 1.45E-01 8.80 13.22 4.23E-05 

XLOC_001265 
Xelaev18000621
m.g 

Scaffold19:6051434-
6051656 8 0.12 0.28 0.378846 2.23 7.60 5.93E-05 
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XLOC_003384 - 
Scaffold278:28099-
29867 16 3.11 3.03 0.926467 0.12 0.00 6.43E-05 

XLOC_001390 - 
Scaffold19234:335-
789 3 11.26 10.26 7.28E-01 0.79 0.08 7.71E-05 

XLOC_010578 
Xelaev18007016
m.g 

chr1L:137708346-
137731624 23 5.65 5.64 0.993257 1.67 1.00 8.88E-05 

XLOC_021849 dock2.L 
chr3L:25618838-
25932883 15 0.00 0.00 0.386042 0.00 0.01 9.43E-05 

XLOC_033224 
Xelaev18029838
m.g 

chr5S:103413949-
103414210 17 52.80 56.77 9.15E-01 2021.69 92.06 1.11E-04 

XLOC_026377 
Xelaev18023577
m.g 

chr4L:109652979-
109657937 19 0.88 0.91 0.873109 5.81 14.58 1.11E-04 

XLOC_049711 myt1.L 
chr9_10L:17602864-
17639144 24 0.84 1.01 1.93E-01 2.05 3.55 1.13E-04 

XLOC_046013 gsc.S 
chr8S:19972487-
19977213 2 6.95 8.42 0.616446 1.73 8.22 1.14E-04 

XLOC_004293 zfp36l1.1 
Scaffold34:517832-
521892 10 11.43 12.53 3.11E-01 18.79 26.52 1.18E-04 

XLOC_011652 - 
chr1L:111311945-
111313595 19 2.80 4.05 0.125136 0.54 1.54 1.19E-04 

XLOC_045944 dact1.S 
chr8S:7128274-
7134800 9 16.60 15.99 0.705561 11.27 15.78 1.31E-04 

XLOC_036909 - 
chr6L:121447549-
121448850 5 0.89 0.83 0.807365 1.30 2.91 2.13E-04 

XLOC_000515 - Scaffold125135:1-187 1 14.62 18.87 0.322216 4.18 11.95 2.22E-04 

XLOC_039022 hif1an.L 
chr7L:37887311-
37905421 7 1.80 1.73 0.761087 0.75 0.47 2.54E-04 

XLOC_033334 trib2.S 
chr5S:120503673-
120524327 15 3.85 4.51 0.137363 2.43 3.57 2.80E-04 

XLOC_034054 zic4.S 
chr5S:102500836-
102506537 17 0.54 0.77 7.43E-02 1.71 3.35 2.94E-04 

XLOC_012867 
LOC100488885-
like.S 

chr1S:151669544-
151687596 8 0.33 0.39 0.566464 0.10 0.32 3.31E-04 

XLOC_011650 - 
chr1L:111307599-
111309774 9 3.50 4.05 4.74E-01 0.79 1.76 3.67E-04 

XLOC_006723 
Xelaev18004135
m.g 

Scaffold70:799701-
813887 2 6.15 6.70 5.41E-01 2.54 4.24 3.94E-04 

XLOC_000476 - Scaffold123347:1-188 0 6.90 11.23 7.84E-02 5.28 14.62 4.09E-04 

XLOC_035804 ptf1a.L 
chr6L:23341342-
23343013 16 1.35 1.34 9.88E-01 0.47 1.35 4.12E-04 

XLOC_037831 klf6.S 
chr6S:13830160-
13839451 6 1.35 1.44 0.688536 3.49 6.16 4.32E-04 

XLOC_039027 usp54.L 
chr7L:39707688-
39751711 13 1.06 1.29 0.056001 1.70 2.43 4.63E-04 

XLOC_009323 
LOC100488885-
like.L 

chr1L:182143468-
182149193 15 0.16 0.30 0.147892 0.09 0.43 5.07E-04 

XLOC_042477 dbp.S 
chr7S:73252242-
73290196 9 0.03 0.03 0.654502 0.03 0.07 5.41E-04 

XLOC_013405 tet2.S 
chr1S:60812977-
60856513 8 0.02 0.02 2.66E-01 0.22 0.43 5.63E-04 

XLOC_020164 - 
chr2S:159311306-
159312768 11 0.03 0.02 1.00E+00 0.44 1.44 7.97E-04 

XLOC_002456 
Xelaev18001442
m.g 

Scaffold22:2103206-
2103926 11 189.81 191.92 0.888339 22.86 32.10 8.01E-04 

XLOC_040472 
LOC101733827.
L 

chr7L:81453614-
81485964 10 0.03 0.04 5.19E-01 0.05 0.11 0.000813 

XLOC_004876 Xelaev18003021 Scaffold392:12689- 11 1.87 1.91 9.77E-01 12.58 1.35 0.000837 
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m.g 13783 

XLOC_012318 
LOC101732598-
like.S 

chr1S:82920682-
82927760 16 0.14 0.15 9.18E-01 0.00 0.02 0.000863 

XLOC_041898 cdknx.S 
chr7S:84133014-
84138062 6 9.28 10.19 3.10E-01 60.38 81.44 0.000884 

XLOC_018485 
Xelaev18016047
m.g 

chr2S:129499407-
129559101 16 0.18 0.28 0.132631 0.22 0.62 0.000937 

XLOC_021645 
Xelaev18016678
m.g 

chr3L:3057216-
3083733 5 5.54 6.36 0.355863 12.34 19.99 0.000991 

XLOC_014197 - 
chr1S:18343118-
18343432 12 142.22 167.71 8.00E-01 2392.90 228.65 0.001244 

XLOC_049263 lcmt1.L 
chr9_10L:106953887-
106986733 17 4.01 5.20 0.677129 65.09 7.09 0.001266 

XLOC_008538 lppr3.L 
chr1L:97880561-
97899709 23 0.22 0.27 0.485204 0.08 0.21 0.001275 

XLOC_008268 ints12.L 
chr1L:65991297-
66007999 12 1.64 1.60 0.85003 1.54 2.13 0.001275 

XLOC_001433 
Xelaev18000705
m.g Scaffold1961:94-1321 3 1.25 1.71 3.25E-01 1.26 3.54 0.001292 

XLOC_010003 
Xelaev18005657
m.g 

chr1L:61907026-
61909892 9 0.57 0.98 0.086989 2.27 5.98 0.001335 

XLOC_022321 
Xelaev18018100
m.g 

chr3L:85278669-
85287725 21 1.56 2.44 1.23E-01 1.26 3.19 0.001407 

XLOC_022822 zswim4.L 
chr3L:133998267-
134015731 21 22.42 25.18 0.206879 22.55 30.06 0.001455 

XLOC_012998 
Xelaev18011096
m.g 

chr1S:173265162-
173295724 23 24.57 31.32 6.58E-01 408.02 61.93 0.001477 

XLOC_033133 c3orf21.S 
chr5S:87396972-
87481888 16 0.46 0.48 9.08E-01 1.76 0.29 0.001506 

XLOC_048917 
Xelaev18044794
m.g 

chr9_10L:71022352-
71024957 21 137.21 161.85 0.355437 4.94 9.01 0.001535 

XLOC_024757 fam214a.S 
chr3S:51066867-
51106867 14 0.12 0.12 0.900941 0.07 0.20 0.001612 

XLOC_043843 
LOC100491664.
L 

chr8L:100106477-
100118794 9 0.61 0.81 0.652076 12.04 1.27 0.001704 

XLOC_046069 
LOC734035-
like.S 

chr8S:26322641-
26380993 3 1.23 1.23 0.993265 0.66 0.94 0.001822 

XLOC_039383 dvl1.L 
chr7L:87044468-
87086311 9 0.03 0.03 8.23E-01 0.00 0.01 0.001865 

XLOC_028767 cbx7.S 
chr4S:93984477-
94007736 9 0.08 0.09 7.54E-01 0.07 0.17 0.001873 

XLOC_010459 klf4.L 
chr1L:118358229-
118370230 7 0.37 0.36 0.923326 0.07 0.21 0.001875 

XLOC_000817 - Scaffold148794:0-163 0 1.62 1.39 0.777364 6.43 16.92 0.001946 

XLOC_024183 
Xelaev18021297
m.g 

chr3S:95739021-
95746974 8 3.41 3.60 0.90358 1.17 4.95 0.002095 

XLOC_031007 
Xetrov90015232
m.L 

chr5L:146887633-
146954074 10 0.16 0.15 0.752753 0.04 0.08 0.002128 

XLOC_021894 
Xelaev18017229
m.g 

chr3L:34244356-
34248567 10 1.72 2.02 0.387559 2.28 4.00 0.002143 

XLOC_019418 chst7.S 
chr2S:96609709-
96620890 18 3.84 4.09 0.485029 4.53 6.00 0.00217 

XLOC_012125 pcdh18.S 
chr1S:50439088-
50450778 13 2.36 3.06 0.058858 2.34 3.54 0.002257 

XLOC_025323 - 
chr3S:40646950-
40649678 18 0.73 0.92 0.424745 0.08 0.01 0.002257 

XLOC_025395 - chr3S:72156342- 10 0.06 0.12 0.193438 0.39 1.08 0.002261 
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72157906 

XLOC_032783 ralgapa2.S 
chr5S:28872257-
29048331 10 0.12 0.12 0.887176 0.03 0.04 0.002432 

XLOC_004196 - 
Scaffold3266:1077-
1546 2 4.77 4.08 0.527841 0.53 1.44 0.002519 

XLOC_012321 dusp4.S 
chr1S:83055779-
83074804 16 0.33 0.29 5.64E-01 0.32 0.57 0.002548 

XLOC_027954 - 
chr4L:71805788-
71807426 6 0.86 0.73 0.614031 0.25 0.06 0.002574 

XLOC_019392 rnf149.S 
chr2S:92663550-
92697931 10 0.35 0.38 7.19E-01 0.12 0.21 0.002694 

XLOC_036284 mc5r.L 
chr6L:102175748-
102201991 13 0.05 0.06 8.52E-01 0.00 0.02 0.0028 

XLOC_029052 
Xelaev18024402
m.g 

chr4S:9853278-
9881823 11 0.21 0.39 0.091288 2.21 5.62 0.002805 

XLOC_044642 rgl2.L 
chr8L:50707795-
50724306 21 0.06 0.20 0.055501 0.02 0.17 0.002864 

XLOC_010939 
LOC100493155.
L 

chr1L:153094980-
153099383 9 0.13 0.11 0.722358 0.80 1.58 0.003146 

XLOC_004879 - Scaffold39270:98-452 0 2.83 2.73 0.956451 1.12 0.24 0.003258 

XLOC_010938 mmp11.L 
chr1L:153053987-
153064301 15 0.01 0.01 8.60E-01 0.09 0.26 0.00328 

XLOC_028851 lrrn1-like.1.S 
chr4S:102507373-
102523060 5 0.81 1.05 0.094429 2.40 3.75 0.003287 

XLOC_031631 
Xelaev18027048
m.g 

chr5L:68898825-
68920752 12 0.10 0.13 0.427073 0.88 1.65 0.003291 

XLOC_025792 cnih2.L 
chr4L:29576087-
29601544 9 0.02 0.03 0.394056 0.05 0.15 0.003302 

XLOC_001544 
Xelaev18000901
m.g 

Scaffold20:4475581-
4503125 8 0.31 0.31 0.975438 0.20 0.52 0.003448 

XLOC_025013 btg1.S 
chr3S:90093340-
90096936 20 42.56 44.90 0.496901 79.16 99.45 0.00349 

XLOC_022677 
Xelaev18018885
m.g 

chr3L:125881102-
125937104 14 2.12 2.51 0.143208 5.60 7.77 0.003512 

XLOC_038589 - 
chr6S:73772253-
73776905 7 0.54 0.64 0.455382 0.82 1.49 0.003542 

XLOC_002881 
Xelaev18001841
m.g 

Scaffold24:3734510-
3780433 7 11.09 10.32 0.48349 12.65 9.37 0.003744 

XLOC_019453 
Xelaev18015642
m.g 

chr2S:102403381-
102407777 14 33.00 32.69 0.96127 39.39 59.46 0.00375 

XLOC_032468 - 
chr5L:80885880-
80886804 17 1.42 1.83 0.383845 0.08 0.35 0.003862 

XLOC_048139 krt16.L 
chr9_10L:1217006-
1222593 17 0.00 0.01 0.141604 0.13 0.34 0.003965 

XLOC_031322 
Xelaev18026421
m.g 

chr5L:23613622-
23641187 18 1.09 1.08 0.970903 0.48 0.69 0.004263 

XLOC_039619 cdknx.L 
chr7L:113279689-
113282832 11 5.65 5.58 0.936222 45.25 60.33 0.004305 

XLOC_046211 
Xelaev18041716
m.g 

chr8S:35338038-
35379055 9 0.35 0.47 0.192871 0.87 1.57 0.004472 

XLOC_013137 foxi4.1.S 
chr1S:9110755-
9118834 16 0.27 0.29 0.653536 7.46 4.85 0.004478 

XLOC_024703 
Xetrov90008930
m.S 

chr3S:43992624-
44006545 20 0.16 0.17 8.68E-01 0.01 0.03 0.00449 

XLOC_031844 hes1.L 
chr5L:103212963-
103215940 14 17.42 20.40 0.183489 49.37 68.50 0.004667 

XLOC_037080 LOC100486247. chr6S:2415985- 17 3.19 3.03 0.581397 2.47 3.18 0.004672 
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S 2437962 

XLOC_000605 - Scaffold130734:1-180 0 21.58 21.35 0.991354 122.13 34.69 0.004815 

XLOC_007778 - Scaffold98559:0-230 0 3.67 3.04 7.83E-01 36.47 5.58 0.00486 

XLOC_038250 mybl1.S 
chr6S:95997582-
96042467 10 0.14 0.14 0.939573 0.03 0.06 0.004976 

XLOC_040582 plekhg5.L 
chr7L:93438087-
93530584 14 0.35 0.43 0.225486 0.30 0.50 0.004981 

XLOC_007781 slc7a14.1 
Scaffold99:47953-
101104 23 0.02 0.01 0.436941 0.00 0.00 0.004998 

XLOC_013742 homez.S 
chr1S:114950731-
114966052 24 4.46 4.82 0.42482 4.65 6.09 0.005084 

XLOC_017448 - 
chr2L:136349954-
136351995 18 0.40 0.49 6.07E-01 0.02 0.14 0.005118 

XLOC_051896 
LOC100125030.
S 

chr9_10S:94285317-
94316047 15 0.03 0.03 9.23E-01 0.01 0.04 0.005172 

XLOC_039023 pax2.L 
chr7L:38389198-
38451700 14 0.03 0.03 0.974708 0.03 0.10 0.00561 

XLOC_041336 dkk1.S 
chr7S:6378565-
6383700 8 3.98 4.30 0.646643 4.26 6.81 0.005689 

XLOC_014676 vgll3.L 
chr2L:21936200-
21946213 12 0.19 0.22 0.574941 0.46 0.91 0.00572 

XLOC_010296 
Xelaev18006376
m.g 

chr1L:101362556-
101366336 14 1.15 1.68 0.080258 0.63 1.16 0.005889 

XLOC_015111 
LOC100498426.
L 

chr2L:83525626-
83671821 18 0.01 0.01 5.86E-01 0.00 0.00 0.006024 

XLOC_032002 hes6.2.L 
chr5L:126658203-
126665415 11 0.36 0.53 7.60E-02 0.65 1.15 0.006031 

XLOC_028408 
LOC100145743.
S 

chr4S:38703236-
38707972 15 0.72 0.78 0.781563 0.21 0.08 0.006042 

XLOC_026113 
Xetrov90011744
m.L 

chr4L:76805947-
76934206 18 0.01 0.01 0.702047 0.00 0.00 0.006189 

XLOC_003482 
Xelaev18002168
m.g 

Scaffold28704:210-
576 0 2.40 2.03 0.604533 3.30 7.21 0.006269 

XLOC_025732 
LOC100170590.
L 

chr4L:24390881-
24404287 10 4.26 4.70 3.63E-01 12.39 16.52 0.00635 

XLOC_048916 
Xelaev18044793
m.g 

chr9_10L:71011803-
71013350 20 95.37 102.10 0.61817 19.41 28.54 0.006357 

XLOC_000718 - Scaffold140083:3-171 0 15.15 12.52 4.94E-01 0.16 1.08 0.00638 

XLOC_024197 
Xelaev18021322
m.g 

chr3S:96845277-
96847225 8 1.90 1.84 9.04E-01 0.08 0.24 0.006535 

XLOC_038257 prdm14.S 
chr6S:97131225-
97142560 13 4.70 4.65 0.958065 6.16 9.16 0.006551 

XLOC_045658 - 
chr8L:38566244-
38566399 10 6.00 5.91 1 2.90 0.86 0.006564 

XLOC_030675 
Xelaev18027414
m.g 

chr5L:97061024-
97095517 12 22.24 24.77 2.95E-01 66.29 87.00 0.006783 

XLOC_019106 sox13.S 
chr2S:54436840-
54529148 14 0.85 0.96 0.221959 1.41 1.81 0.006813 

XLOC_000989 - Scaffold164633:0-152 0 12.77 13.12 0.973754 440.46 36.80 0.006968 

XLOC_048134 
Xelaev18043110
m.g 

chr9_10L:1097974-
1103700 14 48.91 47.33 0.790584 46.76 62.75 0.006978 

XLOC_046870 six1.S 
chr8S:7819704-
7826925 13 0.19 0.24 0.427617 0.81 1.57 0.007086 

XLOC_011626 - 
chr1L:104256086-
104257142 13 1.06 0.83 0.469291 0.10 0.00 0.007167 
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XLOC_026525 
LOC100487019.
L 

chr4L:122807261-
122815568 4 0.18 0.16 0.733773 0.03 0.01 0.00725 

XLOC_024685 nr2f2.S 
chr3S:39177725-
39185514 10 0.06 0.10 0.218264 0.08 0.25 0.007488 

XLOC_031581 
Xetrov90015510
m.L 

chr5L:61644472-
61677936 13 0.28 0.41 0.102987 0.83 1.49 0.007533 

XLOC_004835 
Xelaev18002981
m.g Scaffold39:1184-2130 7 2.34 2.86 0.68464 12.59 3.21 0.007999 

XLOC_001537 
Xelaev18000884
m.g 

Scaffold20:4043464-
4045463 15 1.46 1.28 8.53E-01 0.16 0.01 0.008004 

XLOC_034574 
Xelaev18030344
m.g chr6L:152337-156192 13 

11.3993
9 

12.0460
4 0.758246 

1.76477
1 

2.92067
2 0.008048 

XLOC_025358 - 
chr3S:53541903-
53543688 15 

0.77242
4 

0.85380
2 0.710933 

0.26106
7 

0.59881
6 0.008076 

XLOC_019493 pcdh8.2.S 
chr2S:114234687-
114242252 19 

5.62779
3 

6.35001
8 0.464943 

15.1201
9 23.3635 0.008084 

XLOC_020506 
Xelaev18017298
m.g 

chr3L:38814440-
38840903 11 0.00383 

0.00696
2 0.182331 0.02758 

0.05875
3 0.008106 

XLOC_041471 
LOC100498368-
like.S 

chr7S:25209587-
25216324 16 

0.56851
7 

0.77030
9 0.082051 3.53046 5.40265 0.008168 

XLOC_009240 LOC447963.L 
chr1L:166763175-
166783404 8 

0.12163
5 

0.16077
6 0.065634 

1.54793
6 2.16129 0.008416 

XLOC_029561 csdc2.S 
chr4S:86611336-
86640514 2 

0.03963
5 

0.05011
4 0.512077 

0.01314
4 

0.03731
5 0.00871 

XLOC_050281 
Xetrov90024050
m.L 

chr9_10L:76211800-
76350875 12 

0.01438
8 

0.01581
8 0.76478 

0.00175
5 

0.00508
2 0.00883 

XLOC_043151 - 
chr8L:24088340-
24088906 3 

0.35620
1 

0.40561
2 0.838005 

9.18023
2 

2.03691
7 0.00886 

XLOC_036914 - 
chr6L:124226819-
124228373 23 

0.94871
5 

1.00577
3 0.816583 

1.18160
6 

2.12873
5 0.008877 

XLOC_029520 
Xelaev18025418
m.g 

chr4S:79688171-
79688766 16 

1.58032
8 

1.52434
3 0.949617 

0.38227
9 1.08379 0.008894 

XLOC_032375 - 
chr5L:36786824-
36787688 18 

9.95531
3 

9.72411
1 0.925383 

0.48015
8 

1.04297
9 0.008909 

XLOC_019626 hoxc11.S 
chr2S:128883012-
128887654 6 

0.03326
1 

0.04152
4 0.750758 

0.14214
1 

0.41555
7 0.00904 

XLOC_018290 zic5.S 
chr2S:102417957-
102425209 13 0.21997 

0.23344
1 0.900521 

0.24166
4 

0.76741
6 0.009118 

XLOC_026958 
Xelaev18022285
m.g 

chr4L:27602386-
27603548 16 

2.49634
5 

2.17297
8 0.661454 0.85957 0.32102 0.009134 

XLOC_040327 draxin.L 
chr7L:59853811-
59871246 8 

0.06656
5 0.09552 0.309074 

0.04066
6 

0.10554
6 0.009216 

XLOC_020355 dnd1.L 
chr3L:19959561-
19971020 21 

1.80283
9 

1.59339
2 0.48583 

0.51237
4 

0.31133
1 0.00928 

XLOC_005175 pou3f1.1 
Scaffold43:72196-
99138 10 

0.03970
1 0.04259 0.839058 

0.01208
6 

0.03214
7 0.009402 

XLOC_025778 foxa4.L 
chr4L:28103290-
28106741 9 

54.1262
1 

57.4916
6 0.571695 

92.1360
5 

121.638
6 0.009559 

XLOC_003117 - Scaffold254396:0-123 0 
7.78314

3 
10.2074

7 0.719499 
110.138

2 
13.7852

1 0.009704 

XLOC_013901 ulk1.S 
chr1S:129700289-
129752831 18 

0.24045
1 

0.32206
1 0.120651 

0.33726
3 

0.54454
3 0.009786 

XLOC_042577 ccndx.S 
chr7S:84421228-
84428560 4 

0.37008
5 

0.31189
9 0.613916 

0.13869
5 

0.33843
4 0.0098 

XLOC_034860 rapgef5-like.2.L 
chr6L:35508635-
35667018 13 0.02508 

0.02758
3 0.71079 

0.01316
3 

0.02582
4 0.010053 

XLOC_005725 - Scaffold50506:0-148 3 
6.90819

7 
6.06953

8 0.681933 
0.58443

1 
2.03340

7 0.010093 
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XLOC_038568 - 
chr6S:52540333-
52540945 17 

0.24097
4 

0.34302
8 0.471387 

3.03308
1 

6.50937
4 0.010232 

XLOC_020878 fam214a.L 
chr3L:91883557-
91903457 17 

2.46476
9 2.60538 0.700599 

0.60845
3 

0.89555
1 0.01026 

XLOC_012079 lrat.S 
chr1S:43198878-
43204315 15 

0.18369
1 

0.24140
1 0.596919 

0.33930
2 

1.23644
2 0.010322 

XLOC_015376 fgf14.L 
chr2L:119088190-
119232519 20 

0.00578
8 

0.00659
6 0.754037 

0.00147
1 0.00471 0.010339 

XLOC_042427 
LOC100488469.
S 

chr7S:64689797-
64787612 7 

0.40833
9 

0.48452
9 0.272874 

0.14270
1 

0.21397
2 0.01038 

XLOC_034556 - 
chr5S:135674679-
135676394 12 

0.49174
9 

0.63745
7 0.394659 0.10087 

0.01459
8 0.010388 

XLOC_041383 foxi2.S 
chr7S:14515849-
14519708 19 

18.1643
5 

16.6912
5 0.583056 

0.06187
6 

0.13292
5 0.010451 

XLOC_015448 
Xelaev18013247
m.g 

chr2L:133399501-
133401093 11 

0.63043
6 0.66769 0.89761 0 

0.06770
7 0.010715 

XLOC_026173 foxd2.L 
chr4L:83854637-
83856624 14 

0.62284
3 

0.72182
8 0.615086 

0.38198
7 

0.84917
2 0.010813 

XLOC_020157 - 
chr2S:156192367-
156194399 8 

15.8875
9 

15.5027
5 0.893119 

4.56540
1 

2.92122
4 0.010818 

XLOC_038667 - 
chr6S:116658950-
116665342 7 8.08572 

9.40984
7 0.463988 0.14264 

0.27098
8 0.010855 

XLOC_038038 irx1.S 
chr6S:53575538-
53581269 0 

12.4890
1 

15.4530
7 0.106271 

11.0783
7 

15.3902
4 0.010882 

XLOC_012385 march2.S 
chr1S:86888523-
86899324 6 

0.26416
5 

0.23624
2 0.671392 0 

0.00906
4 0.010911 

XLOC_013384 
Xelaev18009356
m.g 

chr1S:56735294-
56738181 6 

1.69930
9 

1.47140
2 0.63176 

1.98784
4 

4.11063
2 0.011107 

XLOC_026687 
Xetrov90028780
m.L 

chr4L:2327294-
2383745 16 

0.01219
4 

0.01184
9 0.967994 

0.01944
3 

0.04367
8 0.011246 

XLOC_009533 
Xelaev18008525
m.g 

chr1L:215738294-
215768803 11 

0.55445
9 

0.60247
7 0.792456 

0.10785
3 

0.02334
4 0.01125 

XLOC_017438 - 
chr2L:133296937-
133298344 13 

3.52698
4 3.73004 0.825966 

0.18840
8 

0.47845
2 0.011289 

XLOC_003981 dusp16.1 
Scaffold31:2472613-
2495938 13 

0.71570
3 

0.66947
3 0.714619 

0.14054
6 

0.08352
9 0.011305 

XLOC_050732 - 
chr9_10L:13522327-
13524180 10 

0.54480
3 

0.59720
3 0.760525 

0.00623
6 0.07139 0.011459 

XLOC_041229 - 
chr7L:124262560-
124264013 8 

0.87443
1 

0.96681
4 0.76324 0.27788 0.0817 0.011766 

XLOC_004569 - 
Scaffold36:1624546-
1626064 10 

1.93755
9 1.87428 0.916348 

0.75642
3 

1.44095
7 0.011996 

XLOC_034866 macc1.L 
chr6L:36639944-
36662437 10 

1.25329
4 

1.23409
1 0.923232 

0.62876
7 

0.44273
1 0.012107 

XLOC_035907 hoxa9.L 
chr6L:39669925-
39672317 19 

0.02657
9 0.053 0.30514 

0.50174
8 

1.27222
8 0.012153 

XLOC_025322 - 
chr3S:40642312-
40646339 13 1.17355 

1.26656
6 0.723823 

0.07071
6 

0.15845
9 0.012273 

XLOC_035776 
Xelaev18030723
m.g 

chr6L:18456970-
18461314 13 

3.88833
4 

4.22826
7 0.635635 

0.38311
1 

0.64311
3 0.012308 

XLOC_019376 amelx.S 
chr2S:89082067-
89198242 12 

0.0216
87 

0.02869
6 0.406287 

0.06868
1 

0.13606
3 0.012438 

XLOC_004955 - Scaffold40547:17-518 1 
1.3425

18 
1.58944

7 0.682567 
0.90799

8 
2.34677

9 0.012595 

XLOC_030703 
Xelaev18027467
m.g 

chr5L:99051878-
99056014 5 

0.83105
4 

0.85265
4 0.961125 

1.18158
9 

0.34042
7 0.012598 
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Table II - 6 The potential Sox11 target genes in both Stage 9 and Stage 11.5 (p value < 0.05) 
 

        Stage 9 Stage 11.5 

gene_id gene name locus 
#Sox 
Sites 

RPKM 
CTR 

RPKM 
DEX PValue 

RPKM 
CTR 

RPKM 
DEX PValue 

XLOC_030336 insm1.L 
chr5L:38806583-
38810161 13 8.02 20.78 1.01E-13 15.77 90.11 3.97E-40 

XLOC_020923 mex3b.L 
chr3L:96429962-
96433880 43 37.77 54.61 3.68E-05 38.48 95.08 9.36E-24 

XLOC_024729 mex3b.S 
chr3S:46968196-
46973011 28 25.37 36.84 1.05E-05 35.31 73.64 3.26E-18 

XLOC_037543 
LOC100490081.
S 

chr6S:95975282-
95983480 23 0.01 0.19 1.25E-07 0.06 2.17 6.27E-13 

XLOC_021784 neurog1.L 
chr3L:16879372-
16881159 7 7.51 17.98 1.18E-05 9.43 38.94 2.16E-12 

XLOC_039033 neurog3.L 
chr7L:40692507-
40694233 13 0.45 1.49 2.32E-05 0.70 4.82 4.79E-12 

XLOC_032785 
Xelaev1802885
0m.g 

chr5S:29056416-
29060322 6 8.35 16.73 3.20E-05 19.74 60.60 2.04E-11 

XLOC_008210 pcdh18.L 
chr1L:55148953-
55157630 18 4.33 6.83 7.02E-05 4.33 9.27 3.38E-11 

XLOC_013162 tnip2.S 
chr1S:13064586-
13078392 17 2.36 6.66 1.45E-07 3.30 12.16 4.46E-11 

XLOC_020988 nr2f2.L 
chr3L:104768750-
104776121 7 0.07 0.18 0.025913 0.08 1.51 1.41E-10 

XLOC_040787 
LOC100036671.
L 

chr7L:113173052-
113184655 24 0.08 0.18 0.000768 0.09 0.45 2.46E-10 

XLOC_042223 ddit4.S 
chr7S:28490934-
28494186 23 45.08 56.54 0.015802 69.36 125.15 2.60E-10 

XLOC_020726 
Xetrov90008345
m.L 

chr3L:72118916-
72282542 7 0.31 0.37 0.046297 0.30 0.52 1.10E-09 

XLOC_031009 gpr116.L 
chr5L:147404942-
147471080 12 0.00 0.01 1.59E-09 0.25 0.57 2.59E-09 

XLOC_047217 lhx2.S 
chr8S:41346492-
41375110 22 0.04 0.14 0.002276 0.01 0.19 2.94E-09 

XLOC_021848 foxi1.L 
chr3L:25598351-
25600559 21 50.13 71.14 0.000237 34.09 59.74 3.56E-09 

XLOC_033595 insm1.S 
chr5S:29056416-
29060322 18 12.00 23.17 0.00073 24.40 77.01 4.67E-09 

XLOC_018073 olig4.S 
chr2S:70635291-
70636080 11 5.64 50.85 5.32E-05 2.31 73.05 5.11E-09 

XLOC_046860 
Xelaev1804110
8m.g 

chr8S:6433929-
6437313 21 18.02 25.64 0.013577 57.71 125.26 5.11E-08 

XLOC_006592 mycl.1 
Scaffold67:722968-
733315 22 13.37 17.34 0.017039 9.80 17.56 8.52E-08 

XLOC_019756 naalad2.S 
chr2S:149614742-
149702442 15 0.26 0.51 1.75E-07 1.21 2.35 8.92E-08 

XLOC_015700 zc3h12c.L 
chr2L:164542884-
164581576 24 0.17 0.50 3.99E-12 1.27 2.72 1.07E-07 

XLOC_031428 
Xelaev1802663
0m.g 

chr5L:39069200-
39069849 10 1.30 2.83 0.003355 2.65 10.01 1.16E-07 

XLOC_043470 dlc.L 
chr8L:59560295-
59571994 27 28.54 46.82 1.83E-05 53.18 96.82 1.51E-07 

XLOC_032900 olig3.S 
chr5S:47677236-
47679145 8 1.58 4.37 2.52E-05 0.96 3.53 1.91E-07 

XLOC_036407 prdm14.L 
chr6L:121435255-
121445097 5 1.27 1.79 0.012528 4.34 8.54 2.94E-07 
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XLOC_018302 sox21-like.2.S 
chr2S:104298594-
104308043 14 13.83 18.96 0.02929 12.31 25.68 4.08E-07 

XLOC_010589 myh6.L 
chr1L:138114606-
138136146 17 0.04 0.17 2.53E-13 2.70 5.86 4.12E-07 

XLOC_041735 hes3-like.S 
chr7S:67213516-
67215564 8 6.73 12.32 0.000947 6.27 15.60 6.22E-07 

XLOC_044249 
Xetrov90005353
m.L 

chr8L:3868214-
3882583 11 0.15 0.29 0.034404 0.29 1.55 6.24E-07 

XLOC_052266 myt1.S 
chr9_10S:16282550-
16315629 17 0.77 1.35 1.59E-08 2.14 3.44 8.22E-07 

XLOC_015123 ccdc28b.L 
chr2L:84444336-
84454423 14 0.98 1.60 0.000402 1.92 3.74 9.82E-07 

XLOC_012505 dmrta1.S 
chr1S:98317698-
98326714 14 0.01 0.24 8.74E-17 0.23 0.87 1.13E-06 

XLOC_045440 
Xelaev1804077
1m.g 

chr8L:116405128-
116409087 18 1.80 2.61 0.047512 0.94 2.43 1.18E-06 

XLOC_013745 myh6.S 
chr1S:115068697-
115087745 12 0.11 0.47 7.98E-11 2.97 7.90 1.21E-06 

XLOC_041686 hes5.1.S 
chr7S:59357121-
59359252 13 1.16 2.17 0.012696 2.08 6.97 1.35E-06 

XLOC_048129 
Xelaev1804310
1m.g 

chr9_10L:971222-
994406 7 7.13 10.95 0.000232 32.14 54.91 2.33E-06 

XLOC_039434 hes3-like.L 
chr7L:92953473-
92955624 16 10.72 23.13 0.000985 17.56 52.11 3.18E-06 

XLOC_039274 mpzl2.L 
chr7L:74310695-
74341496 13 0.48 0.65 0.01348 0.98 1.69 3.27E-06 

XLOC_036317 tgif1.L 
chr6L:106695193-
106708337 13 2.78 3.54 0.029461 3.82 6.32 3.97E-06 

XLOC_030827 zic1.L 
chr5L:119298466-
119303280 19 15.40 20.88 0.021104 37.39 67.49 6.05E-06 

XLOC_042651 - 
chr7S:1021024-
1026793 14 0.03 0.39 1.30E-13 0.97 3.14 6.64E-06 

XLOC_042566 xarp-like.S 
chr7S:83250441-
83266976 19 5.23 7.31 0.000133 15.99 23.36 8.61E-06 

XLOC_040775 
Xetrov90019363
m.L 

chr7L:112265874-
112282252 17 4.65 7.71 2.56E-07 12.88 19.68 8.81E-06 

XLOC_029778 
LOC101731301.
S 

chr4S:110742943-
110774414 8 0.01 0.08 3.91E-05 0.02 0.16 8.88E-06 

XLOC_043256 ednrb2.L 
chr8L:44199026-
44214102 21 0.01 0.08 6.30E-08 0.02 0.12 1.21E-05 

XLOC_039563 fut2.L 
chr7L:106457033-
106464846 13 0.15 0.69 2.53E-06 0.03 0.17 1.57E-05 

XLOC_026651 
LOC100497239.
L 

chr4L:485600-
503595 19 0.15 0.28 0.0181 0.20 0.64 1.66E-05 

XLOC_037530 
Xelaev1803375
4m.g 

chr6S:95173853-
95175698 8 0.04 0.20 0.000882 0.23 0.96 2.37E-05 

XLOC_027003 irx3.L 
chr4L:31934880-
31939740 16 0.85 1.08 0.040714 15.27 22.89 3.95E-05 

XLOC_010396 
LOC101731059.
L 

chr1L:110857523-
110870243 16 0.75 1.12 0.006604 1.73 3.11 4.50E-05 

XLOC_039357 hes5.1.L 
chr7L:83737064-
83739110 16 1.10 2.49 5.47E-05 8.51 18.29 4.82E-05 

XLOC_008322 
LOC100497610.
L 

chr1L:74100468-
74129250 17 0.15 0.32 4.28E-06 0.72 1.34 6.20E-05 

XLOC_011536 - 
chr1L:79841835-
79845552 6 0.94 1.60 0.028409 0.96 2.51 8.42E-05 

XLOC_051594 
LOC100497528.
S 

chr9_10S:46731941-
46735194 18 11.45 20.03 1.33E-06 52.74 81.34 0.000104 
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XLOC_030374 
LOC100127584
-like.L 

chr5L:44205410-
44224621 12 4.29 7.11 2.53E-08 20.00 27.94 0.000125 

XLOC_006369 - 
Scaffold62:665429-
672672 16 2.09 3.74 2.32E-05 5.79 9.60 0.000135 

XLOC_034135 amotl2-like.S 
chr5S:111054106-
111065441 12 0.23 0.41 9.36E-05 4.00 6.50 0.000143 

XLOC_015113 olig4.L 
chr2L:84150971-
84157587 10 1.02 3.14 0.001856 2.84 10.53 0.000155 

XLOC_041099 - 
chr7L:81507554-
81508252 21 0.24 0.75 0.002579 1.46 4.51 0.000186 

XLOC_050351 mstn.1.L 
chr9_10L:83524056-
83535011 12 0.02 0.12 3.45E-07 0.05 0.19 0.000226 

XLOC_042136 ccnj.S 
chr7S:16223680-
16244401 16 2.96 3.63 0.045027 2.55 3.63 0.00042 

XLOC_033218 zic1.S 
chr5S:102521366-
102526059 19 29.79 37.43 0.02547 65.39 92.60 0.000482 

XLOC_028951 cnih2.S 
chr4S:503521-
519755 29 0.06 0.22 0.006423 0.01 0.09 0.000491 

XLOC_030531 myb.L 
chr5L:72371775-
72389046 6 0.14 0.52 1.66E-07 0.30 0.70 0.000527 

XLOC_041523 neurog3.S 
chr7S:32607201-
32610752 15 2.27 4.57 0.001672 1.43 3.11 0.000531 

XLOC_013687 
Xelaev1801011
4m.g 

chr1S:106132404-
106132996 4 13.08 26.53 1.26E-08 141.89 209.29 0.000653 

XLOC_031937 
Xelaev1802774
2m.g 

chr5L:119280841-
119293501 16 0.27 0.54 0.046289 0.95 3.07 0.000807 

XLOC_000031 - 
Scaffold10121:41-
895 4 0.07 0.71 5.08E-06 0.78 2.68 0.000824 

XLOC_008158 lrat.L 
chr1L:47432291-
47438076 13 0.10 0.42 2.08E-11 3.92 6.94 0.00095 

XLOC_040426 il10ra.L 
chr7L:74512436-
74526033 18 0.03 0.14 0.001364 0.07 0.30 0.001165 

XLOC_035106 cdh20.L 
chr6L:82823663-
82880353 10 0.01 0.01 0.042589 0.01 0.02 0.001187 

XLOC_019463 
Xelaev1801566
8m.g 

chr2S:104298594-
104308043 25 4.52 8.09 0.008909 4.33 8.95 0.001272 

XLOC_021525 
LOC100487225.
L 

chr3L:142366933-
142482729 8 0.02 0.03 0.002369 0.26 0.41 0.001456 

XLOC_042650 - 
chr7S:1018376-
1020882 6 0.01 0.17 2.35E-06 0.49 1.48 0.001618 

XLOC_024561 
LOC100488554.
S 

chr3S:22682918-
22696611 16 0.38 0.69 5.55E-05 7.04 10.76 0.001869 

XLOC_018610 zc3h12c.S 
chr2S:144584834-
144612964 18 0.08 0.17 0.000779 0.73 1.36 0.001887 

XLOC_026692 scube2.L 
chr4L:2468887-
2527835 9 0.37 0.49 0.01942 1.03 1.46 0.001958 

XLOC_022358 
Xelaev1801817
3m.g 

chr3L:89981415-
90117337 18 2.13 2.86 0.004224 13.14 17.65 0.001985 

XLOC_016245 manea.L 
chr2L:56614569-
56637172 16 0.18 0.29 0.018573 0.89 1.60 0.002047 

XLOC_038553 - 
chr6S:45034042-
45035409 20 0.29 0.91 0.004378 0.13 0.52 0.002136 

XLOC_043026 
LOC100487355
-like.L 

chr8L:8810541-
8860947 16 0.01 0.03 0.000675 0.27 0.70 0.002297 

XLOC_019540 c1ql4.S 
chr2S:119395581-
119429181 19 0.00 0.00 0.004369 0.04 0.11 0.002599 

XLOC_026498 sema3b.L 
chr4L:120700415-
120730549 15 0.01 0.04 0.00061 0.00 0.03 0.002622 
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XLOC_008946 sall2.L 
chr1L:140986492-
141000069 14 0.07 0.15 0.001414 0.75 1.47 0.002655 

XLOC_040131 
LOC100494753.
L 

chr7L:33185171-
33226013 11 3.15 4.07 0.004924 5.52 7.18 0.002856 

XLOC_006370 - 
Scaffold62:673395-
675897 23 2.34 4.58 0.004584 0.65 1.38 0.002858 

XLOC_009262 znf608.L 
chr1L:170166187-
170227634 14 0.49 0.82 3.94E-06 2.15 2.97 0.003117 

XLOC_037273 pomgnt2.S 
chr6S:42713630-
42715349 8 0.02 0.15 0.000451 0.38 0.96 0.003164 

XLOC_008779 dmrta1.L 
chr1L:118901332-
118908804 19 0.02 0.17 1.98E-07 0.56 1.30 0.004001 

XLOC_012364 lppr3.S 
chr1S:86277712-
86294985 22 0.04 0.15 2.89E-05 0.56 1.28 0.004253 

XLOC_019539 tuba1b.S 
chr2S:119222517-
119227267 35 0.31 0.77 0.000171 1.72 3.26 0.004542 

XLOC_036979 - 
chr6L:153346291-
153346773 17 0.19 0.54 0.026997 2.00 4.93 0.004555 

XLOC_010979 fzd10.L 
chr1L:158735569-
158738973 16 3.55 5.92 0.00015 38.20 54.57 0.004788 

XLOC_040658 tmem238.L 
chr7L:100842863-
100913591 10 1.78 2.40 0.011442 5.46 7.45 0.005234 

XLOC_012601 sall2.S 
chr1S:115989633-
116003213 17 0.04 0.15 2.87E-05 0.27 0.60 0.005421 

XLOC_026468 MGC75753.L 
chr4L:117135144-
117138241 7 7.04 9.35 0.006633 38.77 50.91 0.005663 

XLOC_035451 fzd6.L 
chr6L:133176414-
133214424 15 0.37 0.64 0.00038 0.84 1.28 0.005781 

XLOC_028300 scube2.S 
chr4S:20785166-
20827326 3 0.56 0.71 0.017625 2.41 3.12 0.006423 

XLOC_034540 - 
chr5S:131380229-
131382033 18 0.14 0.35 0.018334 0.99 2.36 0.006768 

XLOC_032388 - 
chr5L:44227173-
44228738 16 4.32 7.76 0.000111 34.11 49.93 0.00692 

XLOC_043321 
Xelaev1803907
6m.g 

chr8L:49776334-
49797108 18 0.94 1.46 0.015307 8.38 13.29 0.007325 

XLOC_038181 tgif1.S 
chr6S:84379444-
84395631 10 0.81 1.10 0.025198 1.72 2.44 0.007688 

XLOC_032031 amotl2-like.L 
chr5L:129208762-
129217047 13 0.74 1.11 0.000561 7.48 9.81 0.008198 

XLOC_049930 mxra7-like.L 
chr9_10L:37856800-
37873378 14 0.01 0.03 0.000375 0.13 0.30 0.009233 

XLOC_020483 dpysl3.L 
chr3L:36906197-
36961117 31 0.07 0.20 0.000634 0.23 0.50 0.009785 

XLOC_047044 clic3.S 
chr8S:27427882-
27433358 14 0.18 0.35 0.043726 0.14 0.33 0.010697 

XLOC_029952 - 
chr4S:52482022-
52484701 14 0.04 0.15 0.002569 1.00 2.00 0.011167 

XLOC_040152 march8.L 
chr7L:35197726-
35341132 16 0.43 0.57 0.01059 0.78 1.01 0.011222 

XLOC_048779 
LOC100490289
-like.L 

chr9_10L:51420640-
51435307 14 0.02 0.06 0.041461 0.59 1.64 0.011247 

XLOC_011634 - 
chr1L:107611383-
107613299 10 0.06 0.20 0.003277 1.37 2.57 0.01167 

XLOC_013741 slc7a8.S 
chr1S:114874303-
114907887 14 0.06 0.22 8.85E-16 1.18 1.68 0.012523 

XLOC_022851 gal3st4-like.2.L 
chr3L:135850313-
135860678 21 0.01 0.04 0.009437 0.15 0.37 0.012743 
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XLOC_006364 
Xelaev1800393
6m.g 

Scaffold62:676057-
681695 14 2.24 3.81 0.002649 5.54 8.41 0.013085 

XLOC_010841 
Xelaev1800742
8m.g 

chr1L:144024464-
144103206 18 0.36 0.68 0.012661 3.04 5.25 0.013731 

XLOC_038571 - 
chr6S:55132612-
55134073 21 0.01 0.19 6.46E-05 0.73 1.71 0.015001 

XLOC_047229 
Xelaev1804186
9m.g 

chr8S:43157243-
43168991 11 1.87 2.54 0.007174 3.76 4.88 0.016399 

XLOC_035030 irx1.L 
chr6L:66268114-
66273734 5 13.56 17.48 0.017609 20.91 26.76 0.016707 

XLOC_047155 cerk.S 
chr8S:34669705-
34727280 17 0.59 0.85 0.005366 1.52 2.05 0.017476 

XLOC_041931 LOC733474.S 
chr7S:86865827-
86875334 5 0.03 0.07 0.005629 1.36 2.12 0.017734 

XLOC_051435 
Xelaev1804671
2m.g 

chr9_10S:33704290-
33756202 18 0.01 0.03 3.09E-05 0.08 0.13 0.018053 

XLOC_001009 - 
Scaffold166213:0-
152 0 0.18 2.01 8.22E-05 17.19 37.86 0.019509 

XLOC_015001 
Xelaev1801229
1m.g 

chr2L:67719280-
67727577 12 0.40 0.63 0.02991 4.58 7.28 0.020267 

XLOC_010066 cdkl2.L 
chr1L:73777511-
73803607 27 0.02 0.04 0.021475 0.06 0.13 0.020652 

XLOC_037889 pdk4.S 
chr6S:25693882-
25708072 17 16.51 23.67 0.037821 18.30 26.98 0.021247 

XLOC_010120 
Xelaev1800591
5m.g 

chr1L:79848828-
79850882 20 0.67 1.41 0.021704 0.81 1.68 0.021428 

XLOC_001952 - Scaffold20961:0-757 0 9.74 22.28 9.86E-07 172.74 247.87 0.021606 

XLOC_028525 rpe65.S 
chr4S:57848357-
57870872 8 0.31 0.61 1.35E-07 4.29 5.56 0.023181 

XLOC_047083 notch1.S 
chr8S:29099042-
29144259 22 4.83 5.78 0.028984 8.67 10.35 0.023976 

XLOC_040396 
Xelaev1803536
8m.g 

chr7L:71390073-
71443469 21 0.03 0.07 0.025459 1.11 2.02 0.024307 

XLOC_016768 
Xelaev1801323
3m.g 

chr2L:132740152-
132822483 10 4.68 6.05 0.023024 24.20 30.57 0.027116 

XLOC_026300 slc35a3.L 
chr4L:99942260-
99961714 10 0.00 0.04 1.64E-08 0.09 0.20 0.027987 

XLOC_013850 
Xelaev1801045
7m.g 

chr1S:125046688-
125069710 16 2.86 3.58 0.032423 43.56 53.09 0.028162 

XLOC_024277 foxi1.S 
chr3S:112881417-
112883572 7 50.76 78.34 4.53E-05 66.91 83.55 0.028728 

XLOC_029038 lsp1.S 
chr4S:7552591-
7577912 18 0.42 0.70 5.26E-07 6.33 7.71 0.02944 

XLOC_027758 
LOC100485259.
L 

chr4L:133457920-
133496406 26 0.43 0.69 0.015755 1.32 2.00 0.03036 

XLOC_003262 - Scaffold26927:7-673 3 0.00 0.11 0.015226 1.33 2.94 0.031865 

XLOC_006221 post.1 
Scaffold59:318191-
319858 17 2.95 6.10 5.15E-06 42.60 57.91 0.033518 

XLOC_048782 
Xelaev1804448
2m.g 

chr9_10L:51559324-
51692739 8 0.01 0.01 0.029681 0.01 0.01 0.033853 

XLOC_050960 - 
chr9_10L:89177091-
89178179 15 3.93 5.52 0.021268 52.20 68.79 0.036004 

XLOC_039113 
Xelaev1803506
6m.g 

chr7L:52478740-
53028929 5 0.02 0.03 0.006501 0.13 0.16 0.038107 

XLOC_016422 cited4.L 
chr2L:81202619-
81211488 18 14.06 17.42 0.036773 22.70 27.79 0.03862 

XLOC_043438 Xelaev1803936 chr8L:57931531- 16 2.13 3.15 0.021553 62.74 86.44 0.039355 
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8m.g 57961296 

XLOC_019618 hoxc3.S 
chr2S:128667751-
128671795 24 0.08 0.46 0.001064 0.28 0.78 0.039377 

XLOC_015494 
Xetrov90006263
m.L 

chr2L:139187783-
139261721 12 0.01 0.03 0.000145 0.02 0.03 0.044611 

XLOC_035701 myl3.L 
chr6L:4379094-
4405738 12 0.02 0.04 0.013119 0.01 0.03 0.048502 

XLOC_016340 
Xelaev1801229
0m.g 

chr2L:67712046-
67719095 13 0.10 0.26 0.003706 0.82 1.50 0.049484 

XLOC_039738 LOC733474.L 
chr7L:121244909-
121252414 10 0.06 0.15 6.40E-05 4.39 5.92 0.04959 
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CHAPTER III: POST-TRANSCRIPTIONAL REGULATION OF SOX11 DURING 
NEUROGENESIS 
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INTRODUCTION 

Neurogenesis is the process of generating functional mature neurons from neural progenitors. It 

is tightly regulated to generate appropriate number of neurons and glia for a well-functioning 

central nervous system. In addition to numerous transcription factors and signaling pathways 

regulating neurogenesis, recently microRNAs (miRNAs), have also been shown to play an 

important role (Holmberg et al., 2008; Ma et al., 1996; Seo et al., 2007; Shi et al., 2010; Volvert 

et al., 2012). 

 

miRNA are small, single-strand RNA molecules approximately 22 nts long. They are an 

abundant class of gene regulatory molecules found in animals, plants, and viruses (Bartel, 2004). 

Thousands of miRNAs have been identified so far: over 700 in human (Griffiths-Jones et al., 

2005), ~110 in C. elegans, ~140 in Drosophila (Ruby et al., 2006; Ruby et al., 2007), ~210 in X. 

tropicalis and ~180 in X. laevis (Watanabe et al., 2005) (Ahmed et al., 2015) (Walker and 

Harland, 2008). miRNA functions by silencing their target genes through a few different 

mechanisms: RNA degradation, protein translation inhibition (Eulalio et al., 2008; Fabian et al., 

2010; Murchison and Hannon, 2004). The first 2-7 nucleotides of the 5’ end of a mature miRNA 

strand (guide strand) are called the miRNA seed. The complementary reverse sequence of the 

seed is essential for miRNAs to recognize their target genes and are evolutionary conserved in 

vertebrates (Brennecke et al., 2005; Krek et al., 2005; Lewis et al., 2005; Lewis et al., 2003).  

 

miRNAs play regulatory roles in a wide range of developmental and pathological processes, 

including oncogenesis, development, immunity, cell proliferation, and cell death (Ambros, 2004; 
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Brennecke et al., 2003; Xu et al., 2003). Recent studies demonstrate that miRNAs regulate 

multiple steps of neurogenesis, including fate specification of neural stem cells, self-renewal, 

migration and maturation of young neurons, and functional integration of new neurons into the 

neural circuitry(Shi et al., 2010; Volvert et al., 2012). Boissart et. al. reported that miR125 

targets SMAD4 to regulate the differentiation of embryonic stem cells to neural precursors in 

humans (Boissart et al., 2012). Cheng et. al showed that miRNA124, is required for the 

progression of neurogenesis of subventricular neural stem cells in mouse (Cheng et al., 2009). 

miRNA has also been shown to regulate neural development in Xenopus; miR124 promotes 

proliferation and represses neurogenesis in X. laevis by targeting neuroD, an important bHLH 

proneural gene (Liu et al., 2011). In addition to miRNA124, some other miRNAs like miRNA7 

and miRNA9 are enriched in neural territories in X. laevis and X. tropicalis. The spatio-temporal 

expression of 18 miRNA was determined in X. tropicalis (Walker and Harland, 2008) and 

indicated expression patterns of 16 miRNAs are conserved in across species.  

 

The Sox family of transcription factors is composed of approximately 20 members in vertebrates, 

each of which contains a high mobility group (HMG) DNA binding domain (Bowles et al., 

2000). The Sox factors play key roles in multiple steps in neurogenesis as neural cell progress to 

their final fate (Bergsland et al., 2011). Sox factors have also been found to be regulated by 

miRNA. For example, miR124 targets Sox9 to drive progression of neurogenesis in adult mouse 

brain (Cheng et al., 2009).  

Since Sox11 play key roles in regulation of neurogenesis, miRNAs regulate neurogenesis, and 

our data indicates that sox11 is post-transcriptionally regulated, we questioned whether sox11 is 
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regulated by a miRNA, such that a population of neural progenitors is maintained for later 

development and only a subset of cells differentiate during primary neurogenesis.  

 

MATERIALS AND METHODS 

Frog 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 protocols 13-016-

100085. 

 

Embryos culturing and manipulation 

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

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

called animal cap explants) were isolated from stage 8-9 embryos, cultured in 0.75X normal 

amphibian medium (NAM) and then subjected to subsequent experiments.  

 

Plasmid construction 

The sox11 construct with endogenous 5’ UTR and coding sequence (5’UTR-sox11 CDS) were 

made by removing the 3’UTR from full length sox11 using site directed mutagenesis as 

described (Braman et al., 1996). Similarly, the sox11 construct with coding sequence and 

endogenous 3’ UTR (sox11 CDS-3’UTR) were made by removing the 5’UTR from full length 
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sox11. Primers used are shown in Table III-1. The sox11 3’ UTR was inserted into pmirGLO 

dual-luciferase miRNA target expression vector (Promega) to make luciferase + sox11 3’UTR 

construct. The primers used to amplify the 3’ UTR of X. laevis sox11a are in Table III-1. 

luciferase + xlim1 3’UTR construct is a generous gift from Dr. Oliver Wessely’s laboratory at 

LSU, Health Sciences Center. The sox11 3’ UTR was inserted into downstream of sox3 to make 

sox3-sox11 3’UTR construct. The primers used to amplify the sox11 3’ UTR are in Table III-1. 

 

Frog microinjection 

For the sox11 mRNA stability experiment, different versions of synthesized capped sox11 

mRNAs were injected: coding sequence only sox11, endogenous 5’ UTR-sox11 CDS, sox11 

CDS-endogenous 3’ UTR, and full length sox11. 1200 pg RNA was injected along with 300 pg 

lacZ RNA (tracer) into one cell of two-cell stage embryo. Embryos were cultured until neurula 

stage and fixed. β-galactosidase activity was visualized with X-gal (Research Organics) to mark 

the injected cells and in situ hybridization was performed. mRNA used for injection was 

generated using mMESSAGE mMACHINE® Transcription Kit (Life Technologies). For whole 

embryo luciferase activity assay, embryos were injected with 25 pg DNA at one-cell stage, and 

10 embryos per treatment were collected at stage 11, stage 15 or stage 18. For ectodermal 

explant luciferase activity assay, 25 pg DNA was injected at one-cell stage. Ectodermal explants 

were cultured until stages 11, and were collected and subject to luciferase activity assay.  

 

Whole mount in situ hybridization 
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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 

mRNA probes were generated for n-tubulin (Richter et al., 1988) and sox2. 

 

qRT-PCR 

For the sox11 RNA stability experiment, total RNA was isolated from embryos collected 30 

minutes post injection at st. 8, st. 11, st. 13, st. 15 using the RNAqueous (Ambion) or PureLink 

(Invitrogen) kit. For the luciferase RNA stability experiment, total RNA was isolated from 

embryos at st. 8, st. 10, st. 12 and st. 16.  cDNA was synthesized using random hexamers and the 

Tetro cDNA Synthesis Kit (Bioline). qPCR was performed with SensiFAST™ SYBR® No-

ROX Kit (Bioline). sox11 primers used are shown in Table III-1. Expressions were normalized to 

amplification of the internal control, ornithine decarboxylase (ODC) (Kiyota et al., 2008). Firefly 

and Renilla primers used in qPCR are included in Table III-1. Firefly expressions were 

normalized to Renilla expressions (injection efficiency) and then compared within samples.  

 

Luciferase reporter assay 

Luciferase activity was analyzed using Dual-Luciferase® Reporter Assay System (Promega) on 

manual luminometer or GloMax® 96 Microplate Luminometer (Promega) as previously 

described (Casey et al., 1999; Rogers et al., 2009). Each treatment contains 10 embryos. 

Luciferase activities were measured at least 3 times for each sample and an average number was 
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used for analysis. Renilla luciferase activity was used as a reference control for 

injection/transfection efficiency. The firefly luciferase activity was normalized to Renilla 

luciferase activity and the ratios were used to compare among samples. Before measuring 

luciferase activity in each sample, luciferase activities in serial dilutions of control sample were 

tested first to identify the optimal dilution/concentration. 

 

In vitro translation assay 

The TNT® SP6 High-Yield Wheat Germ Protein Expression System (Promega) and S35 labeled 

Methionine were used to perform the in vitro translation assay. One µg of mRNA was incubated 

in the in vitro translation system at 30 oC for 2 hours. Protein products were denatured at 90 oC 

for 10 minutes and separated on Tris-glycine polyacrylamide gel. Cyclone Plus Storage 

Phosphor System (Perkin Elmer) was used to visualize the gel.  

 

RESULTS 

sox11 3’UTR interferes with sox11 overexpression phenotypes 

We investigated the function of Sox11 through gain-of-function analysis and observed that sox11 

full length RNA (fl-sox11) (including the 5’ and 3’UTR) has a dramatically different phenotype 

from overexpression of the sox11 coding sequence only (sox11 CDS) RNA. The number of 

neurons as marked by n-tubulin expression was increased in embryos injected with sox11 CDS 

RNA, whereas there was no change in the neurons in embryos injected with fl-sox11 RNA 
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(Figure III-1). This phenotype led us to investigate how the function of Sox11 is affected by 

sequences in its 3’UTR and/or 5’UTR.  

 

To determine if the 5’ UTR or the 3’ UTR sequences interferes with sox11 function, we 

compared the effect of overexpressing 4 different version of sox11 mRNA (Figure III-1): fl-

sox11, sox11 CDS, sox11 with 5’ UTR and coding sequence (5’UTR-sox11 CDS), and sox11 

with coding sequence and 3’ UTR (sox11 CDS-3’UTR). We injected each construct into X. laevis 

embryos, and assayed for the expression of neurons by WISH for n-tubulin. 5’UTR-sox11 CDS 

has the same phenotype as sox11 CDS; the expression of the neuronal marker n-tubulin is 

increased. On the other hand, sox11 CDS-3’UTR has no affect: the expression of n-tubulin is not 

altered after injection. Thus when the 3’UTR is present, the function of Sox11 is impaired. Based 

on these observations, we proposed that sox11 is regulated post transcriptionally via the 3’UTR. 

 

sox11 RNA stability is not affected by sox11 3’UTR 

The 3’UTR can make RNA unstable (Bagga et al., 2005; Behm-Ansmant et al., 2006; Wu and 

Belasco, 2005), or block translation (Nottrott et al., 2006; Petersen et al., 2006). To test this, we 

first examined the stability of the different sox11 mRNAs through development (Figure III-2A). 

Embryos were injected with either with mRNA for fl-sox11, or sox11 CDS and collected at 

different times after injection for RNA extraction: 30 mins, st. 8, st. 11, st. 13 or st. 15. Total 

RNA was isolated and quantitative RT-PCR performed. We found that sox11 RNA levels were 

similar in embryos injected with fl-sox11, or sox11 CDS across all stages. Therefore, sox11 RNA 

stability is not affected by the presence of the endogenous 5’ and 3’UTRs (Figure III-2A).  
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To confirm this result, we inserted the sox11 3’UTR downstream from the luciferase ORF, and 

examined the levels of luciferase mRNA in embryos across different stages. Embryos were 

injected with DNA constructs containing: luciferase + sox11 3’UTR, or luciferase + xlim1 

3’UTR, or luciferase without and additional 3’UTR. Embryos were collected at different time 

points after injection: st. 8, st. 10, st. 12 and st. 16. We then extracted total RNA from embryos 

and performed quantitative RT-PCR to study whether the additional sox11 3’UTR affects 

luciferase mRNA levels over time. We found that luciferase RNA levels were higher in embryos 

injected with the construct containing additional sox11 3’UTR (Figure III-2B). 

 

Our data indicate that sox11 3’UTR does not alter sox11 mRNA stability. However, the sox11 

3’UTR could interfere with sox11 function by altering translation. However, we were unable to 

test these possibilities due to the lack of an efficient Sox11 antibody in Xenopus laevis. 

 

Potential miRNA targets of sox11 

Since sox11 function is regulated post-transcriptionally through its 3’UTR, and because miRNAs 

regulate gene function post-transcriptionally primarily by targeting the 3’ UTR of mRNAs, we 

asked if sox11 is regulated by miRNA. To test this hypothesis, we first performed bioinformatics 

approaches to predict the potential miRNAs binding sites in the 3’ UTR of sox11. Among the 

candidates predicted by Targetscan (Friedman et al., 2009; Grimson et al., 2007; Lewis et al., 

2005) and miRbase (Griffiths-Jones, 2004; Kozomara and Griffiths-Jones, 2011), based on 

where miRNA are expressed and the possible target and function of the miRNAs, five miRNAs 

were selected for future study: miR23, miR93, miR128, miR130, and miR153 (Table III-2).  All 
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five potential miRNAs are expressed in the nervous system, and are known to play a role in 

neural development.  

 

sox11 3’UTR does not affect luciferase activity 

To investigate whether the sox11 3’UTR contains information such as miRNA sites that interfere 

with the synthesis of sox11 protein, we linked the sox11 3’UTR to the luciferase coding region 

and performed a luciferase reporter assay. Two other luciferase constructs, luciferase + xlim1 

3’UTR, and luciferase construct linked to the SV40 PolyA addition sequence were used as 

controls. Xlim1 is a known target of miRNA30 in vivo in Xenopus at stage 35 (Agrawal et al., 

2009). We found that the sox11 3’ UTR does not decrease luciferase activity of the reporter 

construct compared with controls (Figure III-3A). To determine if it has and effect at different 

times/stages, we also tested luc activity at stage 15 and stage 18, but there was no effect (data not 

shown). There are studies in cell lines (human embryonic kidney 293 cells) suggesting that 

mouse SoxC (Sox11 and Sox4) genes are regulated by miRNAs (unpublished data, C. Chen and 

M . Donoghue). Therefore we tested the efficacy of our assay in frog embryos by injecting 

luciferase + mouse Sox11 3’UTR, luciferase + mouse Sox4 3’UTR, and luciferase + mouse 

Sox12 3’UTR into Xenopus embryos to see whether the mouse SoxC 3’UTR would affect 

luciferase activity. However, our results indicated that the additional SoxC 3’UTR does not 

affect luciferase activity (data not shown). To confirm the finding in Xenopus embryos, we also 

performed the luciferase reporter assay in ectodermal explants. Similarly, embryos were injected 

with different luciferase constructs at one cell, ectodermal explants were isolated at stage 8-9, 

collected at stage11 and luciferase activity analyzed. Again, we found that sox11 3’ UTR does 
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not decrease luciferase activity of reporter compared to controls (Figure III-3B). Taken together, 

sox11 3’UTR does not affect luciferase activity in either embryos or ectodermal explants. 

 

sox11 3’UTR does not affect Sox3 function when fused to sox3 coding region 

To confirm the luciferase results, we used a second assay which analyzes the effect of the sox11 

3”UTR on the function of a second gene. We test the effect of the 3’UTR on sox3 since the 

injection of sox3 increases the size of the neural plate and the neural progenitor population 

(Penzel et al., 1997; Rogers et al., 2009). To do this, the sox11 3’UTR was cloned downstream of 

the sox3 coding region to test whether the sox11 3’UTR affects Sox3 function. Consistent with 

published data (Rogers et al., 2009), overexpression of sox3 increased sox2 expression. 

However, sox3-sox11 3’UTR fusion RNA also increased sox2 expression indicating that sox11 

3’UTR does not interfere with Sox3 function (Figure III-4). Thus, sox11 3’UTR seems to only 

specifically affect sox11 function, but not other genes (luciferase, sox3). 

 

DISCUSSION 

We found that there is a mechanism that post-transcriptionally regulates sox11 effects in 

Xenopus and further discovered that the mechanism is working through the sox11 3’UTR. To 

study which post-transcriptional step is affected, we performed RNA stability assays and found 

that sox11 3’UTR does not cause sox11 RNA to be unstable. Thus, the effect is more likely 

inhibition of protein translation. However, due to the lack of a valid Sox11 antibody in Xenopus, 

it is very difficult to study these potential effects. Currently, we are trying to fuse an artificial 
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flag tag on sox11 so we can use flag antibodies to study how Sox11 protein levels change with 

3’UTR. 

 

We also linked the sox11 3’UTR to the luciferase gene to investigate whether it affects luciferase 

RNA and protein levels. Consistent with previous results, sox11 3’UTR does not affect luciferase 

RNA level, indicating that the mechanism is likely to affect protein translation. However, to our 

surprise, we found that sox11 3’UTR did not affect luciferase activity (luciferase protein level) in 

either whole embryos or ectodermal explants. To confirm this result, we linked sox11 3’UTR 

after a neural gene sox3, to investigate whether sox11 3’UTR affects sox3 function. Consistent 

with luciferase activity assay, sox11 3’UTR did not affect sox3 function. In summary, sox11 

3’UTR seems to only specifically affect sox11 function, but not other genes (luciferase and 

sox3). Thus, we conclude that post-transcriptional regulation of sox11 activity might be due to an 

interaction between the sox11 3’UTR and the coding sequence. 

 

Most miRNAs regulate gene expression by binding to the 3’UTR of their target genes. However, 

these are some studies showing that miRNA could also target the coding sequence or the 

boundary between the coding sequence and 3’UTR (Easow et al., 2007; Fang and Rajewsky, 

2011; Forman et al., 2008; Hafner et al., 2010; Hausser et al., 2013; Marin et al., 2013). There 

are also a few studies indicating that miRNA could target the 5’UTR of targets to regulate gene 

expression (Guo et al., 2015; Zhou and Rigoutsos, 2014). Thus, it is still possible that sox11 is 

post-transcriptionally regulated by miRNAs. Currently, we have mutated two predicted miRNA 

target sites in sox11 (miR93 and miR130) to test whether they affect sox11 function.  
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There are also other post-transcriptional regulation mechanisms, such as nonsense mediated 

decay (NMD), and AU rich element dependent degradation (Chen and Shyu, 1995; Peng et al., 

1996). It is also possible that the 3’UTR and sox11 coding sequence form some secondary 

structures that affect the activity of sox11. For example, the stem-loop, which is the prevalent 

RNA structure, can provide scaffold for RNA binding proteins and non-coding RNAs to regulate 

gene expression post-transcriptionally (Barrett et al., 2012). Further studies are required to reveal 

what the mechanism is and how it regulates sox11. 
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Figure III - 1 sox11 3’UTR abolishes the ability of sox11 to increase neuron formation. 
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Embryos were injected with different sox11 constructs in one cell at two-cell stage and collected 

at neurula stage. Shown are dorsal views of embryos along the anterior-posterior axis. The 

injected side is on the right. WISH was performed to analyze the expression of the neuron 

marker n-tubulin. When sox11 CDS RNA was injected, n-tubulin expression was increased. 

However, when sox11 full length RNA (fl-sox11) was injected, there is no change in n-tubulin 

expression. To determine whether it is due to 5’ UTR region or 3’ UTR region, sox11 mRNA 

with 5’ UTR and coding sequence (5’UTR-sox11 CDS), and sox11 mRNA with the coding 

sequence and 3’ UTR (sox11 CDS-3’UTR) were injected into embryos. We found that sox11 

CDS-3’UTR did not affect n-tubulin expression, while 5’UTR-sox11 CDS increased n-tubulin 

expression, indicating that it is 3’UTR that abolishes the ability of sox11 to increase neuron 

formation.  
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Figure III - 2 sox11 3’UTR does not decrease RNA stability. 

A 

 
 B 
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A. Levels of sox11 RNA across different stages in embryos injected with different sox11 RNA 

constructs. Embryos were injected with either sox11 CDS RNA or fl-sox11 RNA and collected at 

30 mins post injection, st. 8, st. 11, st. 13 or st. 15 to investigate whether UTRs affects sox11 

RNA stability. sox11 RNA levels were similar in embryos injected with sox11 CDS RNA or fl-

sox11 RNA at 30 mins post injection, st. 13 and st. 15 (t-test, p-value < 0.01). B. Levels of 

luciferase RNA across different stages in embryos injected with luciferase DNA conjugated with 

different 3’UTRs. Embryos were injected with either luciferase + sox11 3’UTR, or luciferase + 

xlim1 3’UTR, or luciferase without additional 3’UTR and collected at st. 8, st. 10, st. 12 or st. 16 

to study how different 3’UTRs affects the stability of luciferase RNA over time. Luciferase RNA 

levels in embryos injected with luciferase + sox11 3’UTR were similar with embryos injected 

with luciferase without additional 3’UTR at st. 10 and st. 12 and higher at st. 16 (t-test, p-value < 

0.01).  
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Figure III - 3 sox11 3’UTR does not affect luciferase activities either in embryos or animal 

caps in luciferase activity assay. 
A 

 
B 
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A. Embryos were injected with luciferase constructs conjugated with different 3’UTRs at one 

cell and collected at stage 11. sox11 3’UTR did not decrease luciferase activity comparing to 

other samples in whole embryo (t-test, p-value < 0.01). B. Embryos were injected with luciferase 

constructs conjugated with different 3’UTRs at one cell, ectodermal explants/animal caps were 

dissected between stage 8-9, cultured and collected at stage11. sox11 3’UTR did not decrease 

luciferase activity in animal caps comparing to other samples (t-test, p-value < 0.01).  

 

 

  



 

112 
 

Figure III - 4 sox11 3’UTR does not affect sox3 function when fused after sox3 coding region. 

 
The sox11 3’UTR was cloned downstream of the sox3 coding region to study whether sox11 

3’UTR affect sox3 function. Upon sox3 injection, sox2 expression was increased (55%, 11 in 20 

embryos), however, sox3-sox11 3’UTR fusion RNA also increased sox2 expression (50%, 17 in 

34 embryos), indicating that sox11 3’UTR did not affect sox3 function.  
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Table III - 1 List of primers used for qRT-PCR and cloning. 

sox11 primers for qPCR F: 5’ – TAAGGACCTGGATTCCTTCAGCGA – 3’ 

R: 5’ – TCAATACGTGAACACCAGGTCGGA – 3’ 

firefly luciferase 
primers for qPCR 

F: 5’ – GTGGTGTGCAGCGAGAATAG – 3’ 

R: 5’ – CGCTCGTTGTAGATGTCGTTAG – 3’ 

Renilla luciferase 
primers for qPCR 

F: 5’ – CGTTGGCTACCCGTGATATT – 3’ 

R: 5’ – CTCGTCAAGAAGGCGATAGAAG – 3’ 

Primers used to make 
5’UTR-sox11 CDS 

F: 5’ – CTTCACTTACTGAGGGCGGCCGCAAG – 3’  

R: 5’ – CTTGCGGCCGCCCTCAGTAAGTGAAG – 3’ 

Primers used to make 
sox11 CDS-3’UTR 

F: 5’ – GAAGGGAGTGAGAATGGTGCAGCGAG – 3’ 

R: 5’ – CTCGCTGCACCATTCTCACTCCCTTC – 3’ 

Primers used to make 
luciferase + sox11 
3’UTR construct 

F: 5’ – GCAGCTAGCATAACTGTGTTCTTTCTTTTT – 3’ 

R: 5’ – GCAGTCGACGTTCTGCCAGACCATCTT – 3’ 

Primers used to make 
sox3-sox11 3’UTR 

F: 5’ – GCACTCGAGATAACTGTGTTCTTTCTTTTT – 3’ 

R: 5’ – GCACTCGAGGTTCTGCCAGACCATCTT – 3’ 
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Table III - 2 5 Neural expressed miRNA seed sites in sox11 3’UTR.  
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CHAPTER IV: STABLE INTRONIC SEQUENCE RNAS (SISRNAS) ARE SELECTED 
REGIONS IN INTRONS WITH DISTINCT PROPERTIES  

  



 

116 
 

INTRODUCTION 

RNA is one of the three major macromolecules that are essential for living organisms. 

Messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA) are three major 

types of RNA. Whereas mRNAs code for proteins (Jacob and Monod, 1961), tRNAs and rRNAs 

are non-coding RNAs that also play essential roles in protein translation (Sharp et al., 1985; van 

Nues et al., 1995). Recently, several additional types of non-coding RNAs have been shown to 

play important roles in regulation of gene expression (Huttenhofer et al., 2005), including 

microRNAs (miRNA, 21-22 nt) (Ambros, 2004), small interfering RNAs (siRNA, 20-25 nt) 

(Hamilton and Baulcombe, 1999), and Piwi-interacting RNAs (piRNA, 29-30 nt) (Girard et al., 

2006). While these regulatory non-coding RNAs are usually very small (< 50 nt), there are also 

the newly found long non-coding RNAs (lncRNA), which are longer than 200 nucleotides 

(Perkel, 2013), and the stable intronic sequence RNAs (sisRNAs), the majority of which are 

several hundreds of nucleotides (Gardner et al., 2012; Talhouarne and Gall, 2014).  

 

In higher eukaryotes, the majority of protein-coding genes have one or more non-coding introns 

that interrupt the exons, which get spliced from the primary transcript (Wahl et al., 2009). The 

spliced introns are primarily in the form of a lariat in which the 5’ end is linked to the 3’acceptor 

splice site.  These lariats can be debranched into a linear form and then degraded rapidly in most 

cases (Chapman and Boeke, 1991; Domdey et al., 1984). Most introns or intron fragments are 

believed to be unstable, even though a few exceptions have been observed (Kopczynski and 

Muskavitch, 1992; Michaeli et al., 1988; Qian et al., 1992; Yang et al., 2011). Recently, a 

number of stable intronic sequence RNAs derived from the introns of genes were identified in 
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the oocyte nucleus (germinal vesicle or GV) of Xenopus tropicalis (Gardner et al., 2012). As 

their name implies, these sisRNAs are very stable: transcription inhibition studies revealed that 

they are stable for at least 2 days, and they are transferred to the egg upon GV breakdown and 

persist until at least the blastula stage (although still less stable comparing to the cytoplasmic 

mRNA). Soon after, sisRNAs have also been found to be present in the Xenopus tropicalis 

oocyte cytoplasm (Talhouarne and Gall, 2014). While nuclear sisRNAs are present as either 

linear or lariat molecules, most cytoplasmic sisRNAs are confirmed to be present as lariat 

molecules (Gardner et al., 2012; Talhouarne and Gall, 2014). sisRNAs are derived from the 

introns, and usually are parts from the full intron (Gardner et al., 2012). So far, sisRNAs have 

been found in systems including Xenopus tropicalis, human cell lines, Epstein-Barr virus and 

Drosophila melanogaster (Gardner et al., 2012; Moss and Steitz, 2013; Pek et al., 2015; Zhang et 

al., 2013). Although very abundant, little is known about the sequence properties and biological 

function of these sisRNAs. sisR-1, which plays a role in modulating its host gene expression in 

Drosophila, is one of the few sisRNAs with known biological functions (Pek et al., 2015). 

 

To further characterize sisRNAs, we first identified all sisRNAs in the Xenopus 

tropicalis genome using the published high-throughput sequencing data of RNA from the GV 

(Gardner et al., 2012). We then comprehensively examined many aspects of the identified 

sisRNAs, including the length of sisRNAs, distribution in genes, sequence composition, 

transcription factor binding sites (TFBS) enrichment, gene ontology analysis as well as 

evolutionary conservation analysis. Here we show that sisRNAs are widely expressed from 

genes with multiple introns. The sisRNAs are located in specific regions of introns that are GC 
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and TpG rich, and are enriched at the 5’ and 3’ ends of transcripts with preference for the 3’ end. 

There are also specific transcription factor binding sites (TFBS), which suggests that sisRNAs 

have a potential biological function in the regulation of gene expression. 

 

MATERIALS AND METHODS 

Dataset generation 

The GV and cytoplasmic RNA-seq data were obtained from Gall lab (Gardner et al., 2012). The 

dataset of refSeq and Ensembl genes, PhastCons conservation scores, as well as the genome 

sequences of Xenopus tropicalis were downloaded from University of California Santa Cruz 

Genome Bioinformatics website (http://genome.ucsc.edu/) (Rosenbloom et al., 2015). The 

reference X. tropicalis genome assembly was xenTro2 (assembly version 4.1). Exons, introns, 

5'UTRs, and 3'UTRs for refSeq genes and Ensembl genes were determined using UCSC 

annotations. UCSC genome browser screen shots were generated using custom tracks of the 

UCSC web site (https://genome.ucsc.edu/). 

 

Identification of sisRNAs in germinal vesicles  

The Model-Based Analysis of ChIP-seq algorithm (MACS) (Zhang et al., 2008) was used for 

detecting sisRNAs peaks by analyzing germinal vesicle (GV) RNA-seq data (Gardner et al., 

2012). First, we identified all the 63,410 peaks in GV RNA-seq data with default parameters 

except with FDR=0.01. Then we determined the location of each peak relative to exon and intron 

annotation for refSeq and Ensembl genes respectively. A peak was identified as sisRNA if it was  
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located within an intron and did not overlap with an exon. In this way we identified 24,091 and 

34,169 sisRNAs for refSeq and Ensembl annotated genes, respectively. 

 

Calculation of sisRNA density along introns 

To calculate the sisRNA density in introns, we first concatenated all the introns for each gene. 

Then we divided each joined intron transcript into 100 bins. For a bin b with length of L in a 

certain gene g, we denote b (1:L). For each position i in b let the variable x at position i (xi) be 1 

in case of an overlap with a sisRNA and 0 if it does not overlap. The density of sisRNAs in each 

bin for a certain joined intron transcript is calculated as: 𝐷𝑒𝑛! = 𝑥!/𝐿!
!!! .  For any given 

gene j (joined intron transcript), the set of sisRNA densities is: Gj={Denj
1, Denj

2, ..., Denj
100}. 

Then the average sisRNAs density for a given bin b for the whole gene set (total number = N) is 

calculated as: 𝐷𝑒𝑛!!"!#$ = 𝐷𝑒𝑛!
!!

!!! 𝑁. 

 

Calculation of motif enrichment in sisRNAs and Introns 

To determine the enriched motifs in sisRNAs and introns, we calculated an enrichment score for 

each motif. To avoid the bias of sampling from the X. tropicalis genome, we searched each motif 

on the whole genome. In each scaffold, motifs were searched using MAST in MEME suite 

(Bailey et al., 2009) with the position weight matrices (PWMs). The PWMs used in this study 

were collected from the TRANSFAC databases (Matys et al., 2006) in which 935 PWMs are 

provided and MAST was run with default parameters.  For each motif M with the length L we 

denote M (ystart:yend) to record the positions where the motif starts and ends: y1:y1+L-1, y2: y2+L-
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1 ... yN:yN+L-1, N being the total number of motifs in the genome. For each position yi: yi+L-1, if 

it overlapped with the examined regions, sisRNAs or introns, xi=1, otherwise xi=0. For whole 

sisRNAs or introns, the observed occurrences (OCCobs) and expected occurrences (OCCexp) of 

the motif are calculated as: 𝑂𝐶𝐶!"# = 𝑥!!
!!!  and 𝑂𝐶𝐶!"# = 𝑁× !!

!!
, where N is the total number 

of motifs in the whole genome, Lr is the total number of base pairs in the examined regions 

(sisRNAs or introns), and Lg is the total number of base pairs for the whole X. tropicalis genome. 

Further, is the enrichment score E for motif M calculated as follows: 𝐸 = !""!"#
!""!"#

, 

where OCCobs is the observed occurrences, and OCCexp is the expected occurrence of motif M in 

the examined regions (sisRNAs or introns). 

 

Gene Ontology analysis 

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

Visualization and Integrated Discovery, http://david.abcc.ncifcrf.gov/) (Huang da et al., 2009a; 

Huang da et al., 2009b). Go terms with P-values < 0.01 were considered as significantly enriched 

GO terms. 

 

Evolutionary conservation analysis 

Base by base PhastCons conservation scores based on an alignment and a model of neutral 

evolution among the seven vertebrate genomes (Siepel et al., 2005) were downloaded from 

UCSC database (http://genome.ucsc.edu/). The seven genomes and assemblies are: zebrafish 
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(danRer4), X. tropicalis (xenTro2), chicken (galGal2), opossum (monDom4), rat (rn4), mouse 

(mm8) and human (hg18). PhastCons scores in each sisRNA or intron were extracted for each 

nucleotide for ±150 bps relative to the 5’ end, midpoint, and 3’ end respectively. Values were 

averaged for all sisRNAs or introns. 

 

RESULTS 

Genome-wide identification of sisRNAs in Xenopus tropicalis 

To study the sequence characteristics of sisRNAs, we obtained the dataset of sisRNAs mapped to 

the Xenopus tropicalis genome from Gall lab (Gardner et al., 2012). The high-throughput 

sequencing data of RNA (RNA-seq) from germinal vesicles (GV) of the frog Xenopus 

tropicalis (Gardner et al., 2012) was used for detecting sisRNA peaks by model based analysis 

for ChIP-seq (MACS) algorithm (Zhang et al., 2008). We identified a total of 63,410 RNA peaks 

(FDR=0.01) in GV RNA-seq reads (Figure IV-1A, Table IV-1). Next we compared the location 

of each RNA peak to exons and introns to determine if the RNA peak is a true sisRNA peak; 

within an intron and without overlap of any exon. The two widely used and mostly manually 

annotated gene sets, RefSeq (9448 genes) and Ensembl (28967 genes) genes, were used as 

references to identify the sisRNA peaks. 24,901 sisRNAs were identified by refSeq genes 

(termed as refSeq sisRNAs), with a total length of ~9 Mbps, which accounts for 0.6% of the X. 

tropicalis genome (Figure IV-1A, Table IV-1). Similarly, 34,169 sisRNAs were identified by 

Ensembl genes (termed as Ensembl sisRNAs), with a total length of ~12 Mbps, which accounts 

for 0.8% of the genome (Figure IV-1A, Table IV-1). A total number of 20,020 peaks were 



 

122 
 

identified by both refSeq and Ensembl genes (Figure IV-1A), which represents ~80% of refSeq 

sisRNAs and ~60% of Ensembl sisRNAs respectively. The majority of sisRNAs are 200-500 bps 

long (the length of all sisRNAs range from 160 bps to 2,908 bps), with an average of 363.6 bps 

and 356.6 bps for refSeq and Ensembl sisRNAs respectively (Figure IV-1B-D, Table IV-1). 

Taken together, two datasets of genome-wide sisRNAs with high quality were generated for 

further investigation of sisRNAs properties. 

 

The sisRNAs are widely expressed and preferentially located in genes with multiple introns 

After identification of the two sisRNA datasets, we determined how many genes have sisRNAs. 

We divided the genes of each dataset into 11 groups according to the intron number within a 

gene. Genes without introns were excluded from further analysis (Figure IV-2). From the 9,448 

RefSeq genes, 93.8% (8,864) have multiple exons while only 6.2% (584) of the genes have a 

single exon (Table IV-2A). 24.9% of genes with a single intron have sisRNAs located in their 

intron. The percentage increases when genes have more then one intron. For example, the 

possibility that a gene has a sisRNA located in an intron increases to 66.6% when a gene has 5 

introns. When a gene has 10 or more introns the possibility increased to 81.0% (Figure IV-2A). 

Our data show that the more introns a gene has, the more likely the gene generates sisRNAs. On 

average, 67.3% of Refseq genes (5,965/8,864) with introns produce sisRNAs (Figure IV-2A, 

Table IV-2A).   

 

We also calculated the average number of different sisRNAs per gene. We observed that the 

average sisRNA number increases with intron number (the average number of introns per gene is 
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7.8 in Xenopus tropicalis). For example, a gene with a single intron has an average of 0.60 

sisRNAs, and a gene with 5 introns has an average of 2.06 sisRNAs, while a gene with 10 or 

more introns has an average of 5.06 sisRNAs encoded in their introns (Figure IV-2B, Table IV-

2A). On average, a gene has 2.97 sisRNAs. As for the number of sisRNAs per intron, on 

average, each intron has about 0.36 sisRNAs (Table IV-2A). We observed a similar result for 

Ensembl genes. On average 49.6% of genes (13,044/26,313) with introns encode sisRNAs. On 

average there are 1.94 sisRNAs encoded in an Ensemble gene and each intron encodes about 

0.22 sisRNAs on average (Figure IV-2, Table IV-2B). 

 

The sisRNA sequences are GC and TpG rich 

We next investigated the base-pair composition in sisRNAs. We first calculated the prevalence 

of all 10 unique dinucleotides in sisRNAs and the X. tropicalis genome. We observed that 

sisRNAs as compared to the X. tropicalis genome are rich in AC, CC, AG, CA and GC, while 

poor in CG, AT, AA, TA and GA, for both RefSeq and Ensembl sisRNAs (Figure IV-3A). We 

then extended the calculation to trinucleotides. As we expected, sisRNAs are rich in CCA, GCC, 

CAC, GCA, CAG, AGC, which are all trinucleotides containing GC or CA|TG, the dinucleotides 

shown in step one to be enriched in sisRNAs (Figure IV-3B). sisRNAs are very poor in CGN, 

which are trinucleotides with CpG, and also poor in ATA, AAT, AAA and TAA (Figure IV-3B). 

Generally speaking, CpG rich regions (e.g. CpG islands) are G+C rich and CpG poor regions are 

A+T rich.  Interestingly, we observed that sisRNAs are CpG poor while GC rich. We then 

calculated the GC content, CpG density and CA|TG density for each sisRNA as well as each 

scaffold in the whole genome (Figure IV-3C-E). Compared to the X. tropicalis genome, sisRNAs 
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have a higher GC content (Figure IV-3C), a lower CpG density (Figure IV-3D) and a higher 

CA|TG density (Figure IV-3E). As a result, in terms of base-pair compositions, sisRNAs are 

different from the genome, with a different prevalence of dinucleotides, trinucleotides, and a 

lower CpG density, higher CA|TG density and GC content. In other words, sisRNAs are unique 

regions of the genome with their own properties. The results for RefSeq sisRNAs and Ensembl 

sisRNAs are nearly identical (Figure IV-3), providing strong support for our results.  

 

The sisRNAs are specific regions of the introns 

Since sisRNAs are derived from regions of introns, and introns have distinct base-pair 

composition compared to the whole genome (Haddrill et al., 2005), we expect sisRNAs to also 

have different sequence composition compared to the whole genome. However, it remains 

unclear whether sisRNAs are randomly selected regions or specific regions of the intron. GC 

content (G+C%), CpG density and CA|TG density are widely used and important parameters to 

analyze sequences characteristics. Thus, we calculated the numbers for each intron with/without 

sisRNAs, and compared these results with sisRNAs alone and the whole genome. The total GC 

content of the introns with sisRNAs (40.59%) is higher (p<0.001, t-test) than the genome 

(40.07%). The GC content in sisRNAs alone (41.92% and 41.79% for RefSeq and Ensembl 

sisRNAs, respectively) is higher than that of the introns (p<0.001, t-test) (Figure IV-4A, Table 

IV-3). The CpG density of introns when compared to the whole genome is poor (Figure IV-4B). 

Interestingly, introns with sisRNAs have a higher CpG density than both introns without 

sisRNAs and sisRNAs alone (Figure IV-4B). While the CA|TG density in introns is very similar 

to the genome, sisRNAs have a higher CA|TG density than introns with sisRNAs (Figure IV-
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4C). Thus, the sisRNAs are in regions of the introns with higher CA|TG density and GC%. 

Taken together, these results reveal that sisRNAs are specific regions in the introns with distinct 

sequence compositions. 

 

sisRNAs are enriched at both 5’ and 3’ end of transcripts, with preferences for the 3’ end 

After we observed that sisRNAs are in specific regions of introns, with unique base-pair 

compositions, we analyzed whether they are derived from specific introns along the gene. To 

study where sisRNAs are enriched, we concatenated all the introns for each gene along the 

transcript. We divided each joined intron transcript into 100 bins, and identified the bins in 

which the sisRNAs are located. As shown in Figure IV-5A, the sisRNAs are mostly enriched at 

the beginning (5’ end) and the end (3’end) of the transcript with preference for the 3’ end. An 

example is shown for the gene nasp: more sisRNAs were observed at the 3’ end (Figure IV-

5B). These results further confirmed that sisRNAs are not random sequences from the introns: 

they have distinct sequence compositions and are preferentially driven from the 3’end of a 

transcript. 

 

Specific TFBS related to transcription regulation are enriched in sisRNAs 

Because of the specific sequence properties and preference for introns on either the 5’ or 3’ end 

of a gene, we performed an enrichment calculation of transcription factor binding sites (TFBS) in 

sisRNAs to study the potential functions of sisRNAs. We searched for enriched DNA motifs 

among the 935 position weight matrices (PWMs) collected from the TRANSFAC databases 
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(Matys et al., 2006) in sisRNAs and in introns without sisRNAs (Figure IV-6). We also 

calculated the motif enrichment in both RefSeq and Ensembl sisRNAs and the enrichments in 

two datasets are nearly identical (R=0.99), indicating the calculation is robust and the quality of 

identified sisRNAs is high (Figure IV-6B). Stat3, NF-κB, p50:p50, MYOG:NF1 and GAF were 

identified to be enriched in sisRNAs while depleted in introns without sisRNAs (Figure IV-6A). 

Stat3 (signal transducer and activator of transcription 3) is a member of the STAT protein family, 

and functions as a transcriptional activator (Akira et al., 1994). NF-κB (nuclear factor kappa-

light-chain-enhancer of activated B cells) is a protein complex that controls transcription (Sen 

and Baltimore, 1986). p50 is the mature NF-κB subunit, which has no intrinsic ability to activate 

transcription and has been proposed to act as a transcriptional repressor when binding with κB 

elements as homodimers (p50:p50) (Plaksin et al., 1993). Myogenin (MYOG) is one of four 

muscle-specific basic helix-loop-helix regulatory factors involved in controlling myogenesis 

(Funk and Wright, 1992), and NF-1 (Neurofibromin 1) is a negative regulator of the Ras signal 

transduction pathway (Trovo-Marqui and Tajara, 2006) and is required for skeletal muscle 

development (Kossler et al., 2011). The GAGA factor (GAF) is one of a few transcription factors 

that can regulate transcription at multiple levels: depending on its target genomic location, it can 

act as either activator or repressor (Adkins et al., 2006). We also observed that some TFBS, such 

as Ncx, Prop1 and Nkx3a, were depleted in sisRNAs while slightly enriched in introns without 

sisRNAs (Figure IV-6A).  Prop1 (Homeobox protein prophet of pituitary-specific positive 

transcription factor 1) has both DNA-binding and transcriptional activation ability (Dasen and 

Rosenfeld, 2001). We also observed that stat3, whose TFBS is mostly enriched in sisRNAs, is 

highly expressed in the cytoplasm in X. tropicalis (Figure IV-6C). These results suggested that 
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specific TFBS involved in transcription regulation, either activation or suppression, are enriched 

in sisRNAs, which imply that sisRNAs may play a functional role in transcriptional regulation. 

 

Genes with sisRNAs are enriched in nucleotide binding, RNA binding and ATP binding 

The observation that specific TFBS were enriched in sisRNAs, suggested that sisRNAs play a 

role in the regulation of gene expression. Thus we asked whether the genes with sisRNAs share 

any function. GO (Gene Ontology) enrichment analysis (Ashburner et al., 2000) of the 5,419 

RefSeq genes with sisRNAs indicated that 13.9% of the genes are enriched in nucleotide 

binding, 3.2% genes are enriched in RNA binding and 7.9% genes are enriched in ATP binding 

(Table IV-4). The other enriched gene sets included RNA processing, mRNA metabolic process 

and translation (Table IV-4). These results suggested that sisRNAs might have a potential 

biological function involved in gene expression regulation and metabolism.  

 

The sisRNAs are as evolutionary conserved as introns, and much less than exons 

Data indicates that sisRNAs are in specific regions of introns, contain TFBSs, and are in the 

introns of genes enriched in nucleotide, ATP and RNA binding. To investigate whether these 

sisRNAs are conserved across species, we determined the PhastCons conservation score for 

sisRNAs and introns (Figure IV-7). The PhastCons scores (Siepel et al., 2005) are calculated 

based on multiple alignments of 6 vertebrate genomes (zebrafish, chicken, opossum, rat, mouse 

and human) with X. tropicalis. As expected, the boundary of exon and intron has the highest 

conservation score (Figure IV-7A,C). Although sisRNAs are as conserved as other intron 
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regions, they are still much less conserved than exons, suggesting they might not be conserved 

among species, which was also shown in a recent study (Talhouarne and Gall, 2014). 

 

DISCUSSION 

The function of sisRNAs in Xenopus tropicalis 

The function of sisRNAs in the Xenopus oocyte nucleus is unclear especially in light of their 

stability and abundance. The majority of zygotic transcriptions in the Xenopus embryo begin at 

the midblastula transition (MBT), which begins after the 12th cell division. The transcription rate 

needs to be extremely high in the oocyte and the transcripts need to be very stable in order for 

enough RNA to be deposited in the cytoplasm such that the RNA:DNA ratio is not significantly 

depleted before MBT. In this case, the sisRNAs could be the byproducts of universal stable RNA 

transcripts (Gardner et al., 2012). However, our study showed that sisRNAs are not random 

regions of the introns. Instead, they are special regions of the intron, with a unique sequence 

composition. It suggested that these sisRNAs are selected to be stable and abundant and thus are 

very likely to have a relevant biological function in the Xenopus oocyte and early embryonic 

development. 

 

Recently, sisRNAs have been found in the cytoplasm; 9,000 cytoplasmic sisRNAs have been 

identified in Xenopus tropicalis oocytes, and about half of these sisRNAs have been confirmed 

as lariat molecules (Talhouarne and Gall, 2014).  These sisRNAs are only derived from a 

relatively small number of specific introns (Talhouarne and Gall, 2014), which further confirmed 
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our observations that sisRNAs are not random sequences but specific regions of introns. 

Besides Xenopus, numerous circular intronic sequences have been identified in cultured human 

cell lines (Hela and H9) (Zhang et al., 2013). The fact that sisRNAs are identified in 

both Xenopus and human, implies that sisRNAs might be widely expressed in many different 

species, makes it really interesting to investigate if sisRNAs have a relevant biological role.   

  
The association of sisRNAs with Stat3 

It has been widely reported that Stat3 can bind to intronic regions to regulate gene expression. 

For example, the expression of BCL3 is induced by IL-6 via Stat3 binding to intronic enhancer 

HS4 (Brocke-Heidrich et al., 2006). WNT5A is an evolutionarily conserved target of the Stat3 

signaling cascade based on 11-bp-spaced tandem Stat3-binding sites within intron 4 of human, 

chimpanzee, cow, mouse and rat WNT5A orthologs ((Katoh and Katoh, 2007). Stat3 binding to 

the introns of Foxp3, RORα, RORγt, and IL-6Rα have been also reported (Zorn et al., 2006) 

(Durant et al., 2010) (Carpenter and Lo, 2014). Recently, ~75,000 Stat3 binding sites were 

identified using chromatin immunoprecipitation (ChIP)-seq in transformed human breast cell 

line, and most Stat3 binding sites are located within introns (Fleming et al., 2015).  The Stat3 

binding site is also found within an intron of NFKB1 indicating the interaction between Stat3 

and NFKB1(He and Karin, 2011) (Fan et al., 2013) (Fleming et al., 2015).  

 

We showed that TFBS of Stat3 are the most enriched motif in sisRNAs, and observed that Stat3 

is highly expressed in the Xenopus tropicalis oocytes (Gardner et al., 2012). A recent microarray 

study showed that Stat3 is expressed at stage 2 and peaks at stage 8 and is still detectable as late 
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as stage 33 in both X. tropicalis and X. laevis (Yanai et al., 2011). Since Stat3 has been widely 

observed binding to intronic sequences to regulate gene expression, and the motif of Stat3 is the 

most enriched motif in sisRNAs, together with the observation that Stat3 is highly expressed at 

the similar stage along with sisRNAs, we proposed an association of sisRNAs with Stat3. Further 

experiments are needed to examine this association, as well as the associations of sisRNAs with 

other proteins, such as NF-κB, p50:p50, MYOG:NF1 and GAF, whose TFBS are also highly 

enriched in sisRNAs. 

 

The evolutionary origin of sisRNAs 

DNA methylation at the 5’ position of cytosine (5mC), primarily in CpG context, is observed in 

nearly every vertebrate examined, including Xenopus tropicalis (Bogdanovic et al., 2011). 5mC 

can deaminate to thymine 10-50 times faster than the mutation rate of other nucleotides 

(Coulondre et al., 1978). Deamination of 5mC caused the high depletion of the CpG dinucleotide 

in mammalian genomes (Bird et al., 1995), and as a result, TG (the deamination product of 

5mCG) is the most abundant dinucleotide in vertebrates as a result (Burge et al., 1992). The 

unmethylated CGs (Lister et al., 2009) tend to be clustered together what are called CG islands 

(CGI) (Gardiner-Garden and Frommer, 1987). As a result, CpG rich regions (CG islands) have a 

higher GC content, whereas CpG poor region have a lower GC content. We observed that CpG is 

depleted in sisRNAs as compared to the X. tropicalis genome, and as expected, TG is enriched. 

Interestingly, we observed higher GC content in sisRNAs, which suggested that the base 

composition of sisRNAs is not merely the consequence of deamination of 5mC, there must be 

other mechanisms playing a role in the evolutionary origin of sisRNAs. A recent study showed 
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that exons of lncRNA loci also have a high GC content due to purifying selection (Haerty and 

Ponting, 2015), it is possible that sisRNAs share some evolutionary properties with lncRNAs. 

And to our surprise, the CpG density in sisRNA alone is very similar to introns without sisRNAs, 

while the CpG density in introns with sisRNAs is higher than sisRNA alone. This suggest that 

sisRNAs may be located in a region with a higher CpGs surroundings, in other words, although 

sisRNAs themselves are CpG poor, they are derived from introns with high CpG density, and 

higher CpG density in the introns may be indicative of producing sisRNAs.   

 

We also assessed the evolutionary conservation of sisRNA sequences identified from X. 

tropicalis in other six vertebrate genomes, including zebrafish, chicken, opossum, rat, mouse and 

human. Our results indicated that sisRNAs are not conserved: sisRNAs are as conserved as other 

parts of introns, but much less conserved than the exons. Cytoplasmic sisRNAs have been 

identified recently in Xenopus tropicalis oocytes and these sisRNAs are only derived from a 

relatively small number of specific introns (Talhouarne and Gall, 2014), it is worth noting that 

these sisRNAs are also not conserved.  

 

Thus far sisRNAs are identified in both Xenopus and human, implying that sisRNAs might be 

widely expressed in many other species. Considering that sisRNAs are not conserved, if 

sisRNAs do have some biological functions such as gene regulation, it might be cell and species-

specific. 
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In conclusion, our results suggest that sisRNAs are not random part of introns but specific 

regions with distinct properties. The sisRNAs are GC rich while CpG poor, and preferentially 

enriched in the 3’ end of the transcript. Specific TFBS involved in gene regulation are enriched 

in sisRNAs, suggesting an association with specific proteins, such as Stat3, and further 

experiments are required to investigate this association. With more and more sisRNA data 

available in different species, the potential biological functions of sisRNAs would hopefully be 

revealed soon.  
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Figure IV - 1 sisRNAs are identified from GV RNA-seq reads according to Ensemble and 

RefSeq gene sets in X. tropicalis. 
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A. Venn diagram shows all the peaks called by MACS with FDR=0.01, and determined to be 

sisRNAs according to refSeq and Ensembl gene sets. B. UCSC screenshot shows an example of 

identified sisRNAs in the gene E2F3. C-D. Histograms show length distributions for (C) refSeq 

and (D) Ensembl sisRNAs. 
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Figure IV - 2 sisRNAs are widely expressed in genes with multiple introns. 

 
A-B. Histograms show (A) the percentage of genes with sisRNAs, and (B) the average number 

of sisRNAs per gene in refSeq (red) and Ensembl (blue) genes. Genes are grouped by the intron 

number. The dashed line indicates the average value for all genes. 
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Figure IV - 3 The sequences of sisRNAs have different base pair compositions: higher GC 

and TG content, while CpG poor compared to the genome. 
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A-B. The ratio of observed/expected occurrence (O/E) for dinucleotide (A) and 

trinucleotide (B) in the sisRNAs identified by refSeq genes (red) and by Ensembl genes 

(blue). C-E. Boxplots show the comparisons of GC% (C), CpG density (D) and CA/TG 

density (E) of the whole genome (green) and sisRNAs identified by refSeq (red) and Ensembl 

(blue) genes. 
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Figure IV - 4 sisRNAs are specific regions of the introns. 

 
Boxplots show the comparisons of GC% (A), CA/TG density (B) and CpG density (C) of the 

whole genome (green), the introns with (purple)/without (grey) sisRNAs, and sisRNAs identified 

by refSeq (red) and Ensembl (blue) genes. 
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Figure IV - 5 sisRNAs are enriched at both the start and the end of transcript, preferentially 

the 3’ end of transcript.

 

A. The density of sisRNAs is plotted along the joined introns. For each transcript, all the introns 

are concatenated from 5’ to 3’ end, and then divided into 100 bins. The sisRNAs identified by 

refSeq gene are shown in red, while Ensembl genes in blue. B. UCSC screen shot shows a 

typical example of sisRNAs distribution along the introns. In gene nasp, more sisRNAs are 

located at the 3’ end.	  
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Figure IV - 6 Specific TFBS are enriched in sisRNAs.

 

The enrichment of TFBS motifs was plotted for (A) the introns without any sisRNAs versus the 

sisRNAs identified by RefSeq genes, and (B) the RefSeq sisRNAs versus the Ensembl sisRNAs. 

C. UCSC screen shot shows Stat3 is highly expressed in the cytoplasm. 
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Figure IV - 7 sisRNAs are as evolutionary conserved as introns, but much less than exons.

 

Average PhastCons conservation scores of sisRNAs and introns for upstream and downstream 

(±150-bps) relative to (A) 5’ end, (B) midpoint, and (C) 3’ end. 	  
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Table IV - 1 sisRNAs identified in GV RNA-seq reads by MACS according to RefSeq and 
Ensemble gene sets in Xenopus tropicalis. 
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Table IV - 2 Statistics of sisRNAs in RefSeq and Ensemble genes. 
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Table IV - 3 Statistics of sisRNAs in RefSeq and Ensemble genes. 
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Table IV - 4 The gene function analysis by DAVID for the 5,419 genes with sisRNAs 
identified by RefSeq genes. 
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CHAPTER V: CONCLUSIONS, DISCUSSION AND FUTURE DIRECTIONS 
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Neural differentiation is a complex process, in which the functions of many key regulatory 

proteins are yet to be determined. The Sox family of transcription factors plays key roles in the 

regulation of neural stem cell maintenance and differentiation (Graham et al., 2003; Penzel et al., 

1997; Whittington et al., 2015). Sox11 has been shown to promote neural differentiation in a few 

different systems, including the chick spinal cord, mouse cortex and adult mouse hippocampus 

(Bergsland et al., 2011; Bergsland et al., 2006; Chen et al., 2015; Cizelsky et al., 2013; Mu et al., 

2012; Uy et al., 2015);  however, the precise function of Sox11 in early neurogenesis is not well 

known. Therefore, in this study, we aimed to determine the contributions of sox11 in regulation 

of primary neurogenesis in Xenopus laevis, a well-established model organism in developmental 

biology.  

 

We determined that Xenopus sox11 is maternally expressed and its expression is maintained 

during the subsequent developmental stages. Sox11 expression is high in the developing neural 

plate and neural tube, and later in the tadpole brain. Based on the previous studies in other 

vertebrates (Bergsland et al., 2011; Bergsland et al., 2006; Chen et al., 2015; Cizelsky et al., 

2013; Mu et al., 2012; Uy et al., 2015) and our expression analysis, we hypothesized that Sox11 

has a fundamental role in primary neurogenesis, and in fact, our gain and loss of function 

analysis show that Sox11 regulates neuronal differentiation. Unexpectedly Sox11 also seems to 

act in the induction or maintenance of neural progenitors. It is surprising that a single 

transcription factor can control both the expansion of dividing precursors and the production of 

post-mitotic neurons. Interestingly, another Sox protein, Sox21, recently has also been shown to 

have dual-functions during neural development (Whittington et al., 2015). Sox11 can achieve 
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different functions in many different ways: (1) maternal and zygotic Sox11 have different 

functions, with maternal Sox11 maintaining neural progenitor maintenance and the zygotic form 

promoting neurogenesis; (2) Sox11 has different partner proteins at two different stages to 

promote exclusive functions. We induced Sox11 at specific time points using hormone-inducible 

Sox11 to distinguish the functions of maternal and zygotic Sox11. We expected that the early 

induction of Sox11 would increase neural progenitor cell population while late induction of 

Sox11 would drive neurogenesis. Our findings indeed show that maternal Sox11 maintains 

neural progenitors and zygotic Sox11 drives neural differentiation. To investigate whether Sox11 

turns on different targets to regulate neural development, we induced Sox11 at different stages 

and performed RNA-seq to identify the potential downstream targets of Sox11 at two different 

developmental stages: pre-gastrula stage (st. 9) and early neural stage (st. 11.5). We identified 

331 (69.1% of all targets at this stage) and 521 (77.9 % of all targets at this stage) stage-specific 

targets of Sox11 in pre-gastrula and neural stages, respectively. We will confirm whether these 

genes are genuine targets of Sox11with qRT-PCR analysis.  

 

The functional analysis of the Sox11 transcriptional targets will help us to understand the 

regulatory pathways that Sox11 differentially regulates during neural development. If we identify 

particular genes of interest, we can link the promoter region of that gene to a reporter gene to 

investigate how Sox11 regulates that gene. The function of Sox proteins is also influenced by 

binding partners (Archer et al., 2011; Chen et al., 2015; Whittington et al., 2015), therefore, the 

dual-function of Sox11 during neurogenesis could be through the interaction with different 

partner proteins at different developmental stages. Future studies on identification of the binding 
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partners of Sox11 will help identify the distinct partners of Sox11 that provide specificity to 

Sox11 function. 

 

The dual-function of Sox11 indicates that it has fundamental and yet complex roles during neural 

development. To study whether the function of Sox11 is conserved across species, we 

investigated the expression pattern and function of Sox11 in mouse cerebral cortex. The neural 

development in the embryonic frog is different from that in mouse in that the frog brain has a 

thin layer of cortex, while the neurogenesis in the mouse cerebral cortex is complex and includes 

extensive interactions of transcriptional regulatory networks. Thus comparing the function of 

Sox11 in these two systems provides a comprehensive view of how Sox11 regulates 

neurogenesis. Our expression analysis demonstrates that Sox11 is expressed in differentiated 

neurons during mouse cerebral cortical development. Gain and loss of function analysis revealed 

that Sox11 promotes neuronal differentiation, and also promotes morphological complexity of 

both axons and dendrites. These findings suggest that Sox11 function is similar in mouse and 

frog during neural development. To further determine whether a functional redundancy exists 

between mouse and frog Sox11, we cultured mouse cortical tissues in vitro and transfected them 

with the Xenopus laevis sox11 vector. Complementarily, we overexpressed mouse Sox11 mRNA 

in frog embryos. We expected that if the function of Sox11 is conserved in mouse and frog, then 

similar phenotypes would be observed during neural development. However, frog and mouse 

Sox11 did not mimic one another’s function in this assay. To identify what contributes to the 

functional differences in mouse and frog Sox11, we compared the protein sequence of mouse 

and Xenopus Sox11. We found a single amino acid different in the HMG domain: the basic, 
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polar amino acid lysine in mouse Sox11 is substituted with asparagine, a neutral, polar amino 

acid in frog Sox11. This difference in HMG sequence might explain the lack of functional 

redundancy between mouse and frog. To test if this single amino acid difference is the key, we 

mutated mouse Sox11 lysine into asparagine, and frog asparagine into lysine and performed the 

gain of function assays (experiments in progress). Another approach to determine the functional 

differences between mouse and frog is to swap the mouse and frog Sox11 C-terminus, the 

domain that is more divergent between the two organisms. Such an analysis would determine 

whether the differences in mouse and frog Sox11 functions are due to C-terminus.  

 

Thus, Sox11 plays essential and complex roles in neural development and it is important to know 

how such a factor is regulated. We investigated how sox11 is post transcriptionally regulated. 

During our functional analysis, we surprisingly identified that sox11 untranslated regions 

(UTRs), specifically the 3’UTR, interferes with the sox11 function. To determine how sox11 

3’UTR interferes with sox11 function, we performed RNA stability assays and found, 

surprisingly, that sox11 3’UTR did not destabilize sox11 mRNA. Thus, the mechanism is more 

likely to work on a step involved in inhibition of protein translation or protein degradation. 

However, due to the lack of valid Sox11 antibody in Xenopus, it is very difficult to study on a 

protein level. Future studies using an epitope-tagged version of Sox11 will help understand how 

Sox11 protein levels are regulated by the 3’UTR. 

 

To further investigate whether sox11 3’UTR only specifically regulated sox11 function, we 

generated fusion constructs with the luciferase gene and the neural gene sox3 tagged with sox11 
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3’UTR. Surprisingly, we found that sox11 3’UTR did not affect luciferase protein level or the 

sox3 function, indicating that the affect of the 3’UTR is unique to sox11. Thus, we concluded 

that it might be the interaction between sox11 3’UTR and coding sequence that post-

transcriptionally regulates sox11, possibly through microRNAs (miRNAs). While most miRNAs 

regulate gene expression by binding to the 3’UTR of their target genes, there are some miRNAs 

target the coding sequence or the boundary between coding sequence and 3’UTR(Easow et al., 

2007; Fang and Rajewsky, 2011; Forman et al., 2008; Hafner et al., 2010; Hausser et al., 2013; 

Marin et al., 2013). Thus, it is still possible that sox11 is post-transcriptionally regulated by 

miRNAs. Currently, we mutated two previously predicted miRNA target sites in sox11 (miR93 

and miR130) and will investigate how that affects sox11 function. In addition, it is also possible 

that the 3’UTR and sox11 coding sequence form some secondary structures that affect the 

function of sox11. Future studies that aim to predict and decode the sox11 RNA structures will 

identify the contribution of such structures to the Sox11 function.  

 

Towards understanding the precise role of non-coding RNAs, we also characterized a new class 

of non-coding RNA recently identified in Xenopus tropicalis: sisRNAs (Gardner et al., 2012). 

sisRNAs, unlike other intronic RNAs, are very stable. It is unclear why the sisRNAs are so stable 

and whether they have any biological functions. We comprehensively examined many aspects of 

sisRNAs, including base pair compositions, transcript locations, and revealed that sisRNAs are 

located in selected regions of introns with distinct properties: they have distinct base pair 

compositions comparing to the genome and the intron, also they are enriched at both 5’ and 3’ 

end of the transcript, preferentially at 3’ end. Specific TFBS associated with transcription 
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regulation are enriched in sisRNAs. GO analysis also indicates that genes with sisRNAs are 

enriched in specific categories including nucleotide binding, RNA binding and ATP binding. All 

these observations indicate that sisRNAs are unique regions and implies that sisRNAs could 

have some important biological functions. Future directions would be to identify the functions of 

sisRNAs and also how these unique features contribute/associate with the functions. The 

accumulation of computational and functional data from different species will reveal the 

biological functions of sisRNAs. 

 

In this work, we characterized the functions, downstream targets, and post-transcriptional 

regulations of Sox11, and also the conservation of the protein across species. Our work provides 

a comprehensive study of Sox11 and highlights its importance in neural development. 

Furthermore, our characterizations of sisRNAs indicate they are unique regions of introns with 

specific genomic locations, and provide a foundation for future functional studies.  
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