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ABSTRACT 

 

Pluripotency is conserved in the major trunk of Vertebrate evolution, but how the 

gene regulatory network (GRN) that governs it evolved is poorly understood. A 

central component of this network is the Homeodomain containing transcription 

factor Nanog. 

How Nanog evolved is not understood, as Nanog sequences have not been identified 

in invertebrate genomes. This study provides evidence of Nanog activity encoded in 

the homeodomain of the invertebrate Vent gene family. The Vent2 gene from 

Saccoglossus kowalevskii, a model hemichordate, successfully reprogrammed 

mammalian pre-iPS cells to pluripotency, as demonstrated by the activation of 

dormant pluripotency genes, and the ability to generate all three primary germ layers. 

A second property of invertebrate Vents was also characterised in the Vent gene 

found in Nematostella vectensis, a sea anemone and model for cnidarian 

development, expression of which was insufficient to activate the endogenous 

pluripotency network of pre-iPS cells, though it could induce the cells to a XEN-like 

state that demonstrated up regulation of extra-embryonic markers, and subsequently 

gained dependence on ERK signalling. 

A direct comparison between the Saccoglossus and Nematostella Vent homeodomains 

was used to provide insight into the step-wise changes that appear to have given rise 

to Nanog activity. Swapping the homeodomains from one CDS to another, to create 

hybrid molecules, I demonstrated that the respective reprogramming activities of 

these genes is conserved in the homeodomain. I then identified specific amino acid 

(AAs) differences in the homeodomains that conferred a Nanog-like capacity for 

reprogramming to the Nematostella gene. 

Identification of a Nematostella EsrrB ortholog, which demonstrated reprogramming 

activity in mammalian pre-iPS cells, suggests wider conservation of pluripotency 

factors. I therefore propose that an ancient GRN for pluripotent mesoderm evolved in 

vertebrates to form part of the ground state network. 
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CHAPTER 1 

1 INTRODUCTION  

1.1 LITERATURE REVIEW 

1.1.1 Pluripotency 

 

Multicellular organisms originate from a fertilized egg with the developmental 

potential to form an adult consisting of different cell types and tissues. In most 

vertebrates a cell population is established in the early embryo which has the capacity 

to produce all three embryonic germ layers, ectoderm, mesoderm and endoderm, in 

addition to the primordial germ cells (PGCs). This capacity is described as “naïve 

pluripotency” (Nichols, J. & Smith, A., 2012). Although pluripotency is maintained 

only transiently in the developing embryo, it can be captured and maintained 

indefinitely in vitro through the derivation of cultured embryonic stem cells (ESCs). 

Evans and Kaufman (1981) first demonstrated the derivation of mouse ESCs from the 

inner cell mass (ICM) of mouse blastocysts, the ICM at this point consisting of 

approximately 20 cells (Tang et al., 2010). Blastocysts at this stage can be maintained 

in culture for about five days, after which point ICM-derived explants are disrupted 

into clusters of cells that proliferate and are passaged, establishing lines of 

immortalized ESCs. 

During the transition from ICM to ESC in vitro, the normal developmental program of 

embryogenesis is replaced, as the progression of cellular development is arrested, and 

the ESCs can be propagated indefinitely in a self-renewing state in response to 

exogenously supplied cytokine signalling. These cells can also be induced to exit the 

self-renewing state and embark down defined paths of differentiation by the 

application of alternate signalling regimes. (Ying et al., 2008; Wray et al., 2010; 

Nichols and Smith, 2012; Jang et al., 2017). The propagation of mouse ESCs in an 

undifferentiated state can be maintained by leukemia inhibitory factor (LIF) which 

mediates self-renewal through the activation of STAT3 (Niwa et al., 1998), and either 

serum or bone morphogenetic protein (BMP) to induce inhibitor-of-differentiation 

proteins (Ying et al., 2003). In initial efforts to derive ESCs, stem cells were grown on 
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a layer of mitotically inactivated fibroblasts known as 'feeders', until it was later 

discovered that the application of LIF was a sufficient substitute for the multifactor 

secretions provided by feeder cells (Williams et al., 1988).  

Further elucidation of how pluripotency is regulated led to the development of culture 

conditions that more rigorously support the naïve self-renewing state. Most important 

of these are the so-called 2i conditions, which combines dual inhibition (2i) of 

mitogen-activated protein kinase (MAPK) signalling and glycogen synthase kinase-3 

(GSK3) with the self-renewal cytokine LIF. Kunath et al. (2007) reported that Fgf4 

stimulation of Erk1/2 is an autoinductive stimulus for naïve ES cells to exit the self-

renewal programme, suggesting that the Erk cascade directs transition to a state that is 

primed for germ layer segregation. Removal of this FGF-Erk1/2 input arrests the 

progression of stem cells to either neural or mesodermal lineage commitment, and 

there are no significant alterations in the expression levels of key pluripotency 

markers Oct4, Nanog and Rex1 (Kunath et al., 2007). As neither LIF nor serum/BMP 

block the activation of ERK, Ying et al. (2008) proposed that the LIF and serum/BMP 

signals act downstream of phospho-ERK to block ES-cell commitment. They found 

that inhibition of the FGF4-MAPK cascade by addition of a MEK inhibitor to the 

culture media, in combination with LIF, replaces the requirement for serum/BMP and 

supports robust long-term ES-cell propagation. Inhibitors of the FGF4–MAPK 

signalling cascade reduce differentiation, though they are insufficient to support 

clonal propagation of ES cells, and apoptosis is relatively high (Ying et al., 2008). 

Relief of GSK3-mediated negative regulation of biosynthetic pathways was reported 

to enhance ES-cell propagation (Sato et al., 2004), and Ying et al. (2008) showed that 

the addition of GSK-3 inhibitor (CHIR99021) restores growth and viability of 

undifferentiated ES cells in the absence of ERK signalling (Ying et al., 2008). 

 When 2i conditions are combined with LIF (2i + LIF), the ground state is stabilized 

in 2i and does not intrinsically fluctuate, as demonstrated by the homogenously high 

levels of pluripotency factors such as Nanog and Rex1 (Wray et al., 2010). Cells 

maintained in 2i + LIF conditions are also epigenetically distinct from cells cultured 

in serum/LIF. They promote differential binding of core pluripotency transcription 

factors, which correlate with putative enhancer activity and precede changes in 

bivalent histone marks and DNA hypomethylation (Marks et al., 2012; Galonska et 

al., 2015; Blinka and Rao, 2017). 
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Pluripotency is characterised by a pluripotent gene regulatory network (GRN) which 

orchestrates the developmental potency of both the early embryo, as well as its 

manifestation in vitro in the form of ESCs, and it can be recapitulated through the 

reprogramming of somatic cells. In this network, specific transcription factors (TFs) 

positively regulate loci essential to maintaining pluripotency, repress differentiation 

programs and form a complex interconnected web of interactions that direct 

pluripotency, and when force expressed can activate the endogenous pluripotency 

network in somatic cells (Chen et al., 2008; Jaenisch and Young, 2008; Kim et al., 

2008). Constitutive ectopic expression of pluripotent transcription factors in somatic 

cells can also induce the cells to be reprogrammed back to pluripotency (Takahashi 

and Yamanaka, 2006). 

 

1.1.2 The Core Pluripotency Network 

 

Transcriptional regulation is achieved through combinatorial interactions between 

regulatory elements in the genome and a vast range of factors that modulate the 

recruitment and activity of RNA polymerase. In an early mammalian embryo, 

pluripotency in the ICM is characterised by the expression of three transcription 

factors: Oct4, Sox2, and Nanog (Mitsui et al., 2003; Young, 2011; Li and Belmonte, 

2017). Genome-wide studies have identified the co-localisation of these three factors 

in ESC chromatin, and their interactions mark the foundation of the transcriptional 

network that directs ESC identity (Boyer et al., 2005; Loh et al., 2006). For example, 

Boyer et al. (2005) documented that Nanog, Oct4, and Sox2 co-occupy approximately 

350 target genes in human ESCs. In addition, each member of this triumvirate binds 

to its own regulatory sequences as well as those of other core members, leading to 

auto-regulatory and positive forward-feeding circuits. The precise manner in which 

these factors interact with DNA contributes to their function. Nanog is a homeobox-

containing transcription factor which has a variant homeodomain that binds to DNA 

(Jauch et al., 2008). The level of identity between the Nanog homeodomain and other 

homeodomains is below that which permits assignment to a particular family (Kappen 

et al., 1993). The DNA sequence bound by Nanog has been disputed as it has affinity 
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for multiple sequences (Mitsui et al., 2003; Loh et al., 2006; Jauch et al., 2008), but 

Oct4, which has a low-affinity POU-specific domain (POUS) adjacent to a higher 

affinity homeodomain (POUHD), and the Sox2 HMG domain, recognise a single 

consensus site each (Falkner and Zachau, 1984; Bowles et al., 2000).   

Oct4 and Sox2 bind DNA co-operatively (Ambrosetti et al., 1997). Sox2-null ES cells 

have a propensity to differentiate to trophectoderm, which mimics the deletion of 

Oct4 (Masui et al., 2007) though the level of Oct–Sox enhancer-dependent genes can 

be maintained in Sox2-null ES cells through forced expression of Oct4 (Masui et al., 

2007). However Sox2 deletion in the zygote results in early embryonic lethality due to 

failed epiblast formation (Avilion et al., 2003). Ding et al. (2015) used a Sox2 protein 

interactome to identify Tex10 as a binding target. They reported that Tex10 regulates 

super enhancer (SE) assembly and activity in a Sox2 dependent manner through the 

recruitment of the histone acetyltransferase p300 and the DNA demethylase Tet1, 

regulating the transcription of SE-associated eRNA and mRNA expression. In ESCs, 

SEs are highly enriched for the core pluripotency factors Oct4, Sox2, and Nanog 

(Whyte et al., 2013). Sox2-dependent functions of Tex10 play a functionally 

significant role in ESC self-renewal, early embryo development, and reprogramming 

(Ding et al., 2015). Activation of the Sox2 locus is also a critical step during the later 

stages of somatic cell reprogramming to pluripotency (Buganim et al., 2012). 

Among the genes whose expression is driven by the co-operative interaction of 

Oct4/Sox2 is Nanog. Rodda et al. (2005) identified a Sox-Oct cis-regulatory element, 

which is necessary for the transcription of Nanog that is conserved within the Nanog 

proximal promoter. In a developing mouse embryo, it has been established that 

Nanog-null ICMs are blocked from maturing into pluripotent epiblasts, and either 

divert to trophectoderm, or they die (Silva et al., 2009). This explains why mutant 

embryos cannot give rise to ES cells (Mitsui et al., 2003), though an established ESC 

line remains viable when devoid of Nanog (Chambers et al., 2007).  

 

1.1.3 Nanog as the gateway to ground-state pluripotency 

 

Nanog is a divergent homeodomain-containing protein that is accorded a central role 

in the gene regulatory network that orchestrates pluripotency (Boyer et al., 2005; 
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Wang et al., 2006). It was first identified in 2003 by Chambers et al. when Nanog 

mRNA was isolated as a self-renewal determinant in mouse ESCs, acting in parallel 

with cytokine stimulation of Stat3. Coincidentally it was also reported by Mitsui et al. 

(2003) who used in silico differential display to identify several genes specifically 

expressed in mouse ES cells and preimplantation embryos. It was discovered that 

endogenous Nanog works in parallel with LIF to drive stem cell self-renewal, and that 

its forced exogenous expression could bypass the need for cytokine mediated 

stimulation of Stat3 when expanding ESC clones (Chambers et al., 2003). This 

property is dependent on Nanog dimerization which is mediated by a Tryptophan 

repeat domain (WR) in the carboxy terminal of Nanog (Mullin et al., 2008; Wang et 

al., 2008).  

Transient down-regulation of Nanog will predispose ES cells to differentiation, but 

does not trigger differentiation, as reported by Chambers et al. (2007). They showed 

that after genetic deletion of Nanog by homologous recombination they could 

establish an ESC line capable of self-renewing in perpetuity, but with a greater 

propensity to differentiate than their wild-type counterparts. Although Nanog null ES 

cells can produce PGCs in in a chimeric mouse, the Nanog null PGCs fail to mature 

upon reaching the genital ridge and they are unable to commit to development beyond 

E11.5 (Chambers et al., 2007). Nanog is essential, however, for a mouse embryo’s 

progression beyond implantation (Mitsui et al., 2003; Silva et al., 2009). Silva et al. 

(2009) contrasted the distribution of Nanog expression with that of Gata4 and Gata6, 

which mark the development of the hypoblast, an essential extraembryonic tissue 

from which primitive endoderm is derived. Nanog expression was discovered to be 

mutually exclusive of the GATA factors, and instead marked the epiblast, exclusively, 

in the mature blastocyst (Silva et al., 2009).  

Reactivation of a silenced X-chromosome is also an epigenetic hallmark of the 

acquisition of full pluripotency (Mak et al., 2004), and during mouse development the 

expression of Nanog in the ICM at E4.5 marks the subset of cells where X 

chromosome silencing is erased (Silva et al., 2009). Concurrent with this, Nanog-null 

ICMs fail to reactivate the X chromosome, and fail to generate pluripotent cells (Silva 

et al., 2009).  
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The general consensus is that NANOG is first expressed in humans at the ICM stage 

(Cauffman et al., 2009), and at the morula stage in mouse (Mitsui et al., 2003; Hart et 

al., 2004). It has been shown to act as an antagonist of primitive endoderm 

specification during murine blastocyst formation, as the ICM cells differentiate into 

either epiblast, which is Nanog dependent, or primitive endoderm (PrE) which relies 

on Gata6 expression (Mitsui et al., 2003; Silva et al., 2009; Frankenberg et al., 2011). 

In vitro, ectopic Gata6 expression in ES cells is sufficient to transdifferentiate them 

into PrE cells (Fujikura et al., 2002); however, Nanog binds to Gata6 regulatory 

sequences to repress its expression (Singh et al., 2007). Early ICM progenitors co-

express Nanog and Gata6 before acquiring distinct identities cell by cell as these 

factors acquire a mutually exclusive expression pattern (Hermitte and Chazaud, 2014). 

This is dependent on FGF4 signalling, which induces PrE cells at the expense of the 

Epi cells (Yamanaka et al., 2010). The discovery that blocking the Erk pathway 

inhibits PrE specification while promoting Epi identity lead to the development of 2i 

+ LIF culture conditions to promote ground state pluripotency (Nichols et al., 2009). 

Nanog is therefore regarded as being predominantly involved in the establishment of 

the pluripotent inner cell mass and germ cell states in vivo, and it plays less of a role 

in the general maintenance of pluripotency (Chambers et al., 2007; Silva et al., 2009). 

It is this indispensable role in the establishment of pluripotency in the embryo that is 

recapitulated in vitro through nuclear reprogramming of somatic cells to a naïve state.  

 

1.1.4 Role of Nanog in Regulating Epigenetics 

 

The genome of eukaryotic cells is organized into euchromatin, which is generally 

permissive for gene transcription and activation, and heterochromatin, which is highly 

condensed and largely gene-poor. This compartmentalization plays a crucial role in 

regulating and stabilizing the genome, and thereby impacting lineage commitment 

and contributing to cell identity (Fraser and Bickmore 2007; Misteli 2007). 

The chromatin of mouse ESCs exhibits a widely dispersed and open architecture that 

is a defining property of naïve pluripotency in vivo and in vitro (Meshorer et al. 2006; 

Efroni et al. 2008; Ahmedet al. 2010; Boskovic et al. 2014). This includes constitutive 

heterochromatic domains such as pericentromeric satellite repeats (Meshorer et al. 
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2006; Efroni et al. 2008; Fussner et al. 2011; de Wit et al. 2013). A dispersed 

chromatin configuration characterizes pluripotent epiblast cells within the mouse 

blastocyst (Ahmed et al. 2010; Boskovic et al. 2014). Chromatin is compacted upon 

differentiation, creating a repressive environment (Meshorer et al. 2006; Efroni et al. 

2008; Wen et al. 2009; Ahmed et al. 2010; Wijchers et al. 2015). But the open 

chromatin structure associated with pluripotency creates a transcriptionally permissive 

environment for regulating access of factors to the genome (Gaspar-Maia et al. 2011; 

Cavalli and Misteli 2013).  

Reducing the expression of several epigenetic regulators like Chd1, or Padi4, in ESCs 

increases the amount of condensed heterochromatin, disrupts self-renewal, and alters 

differentiation potential (Meshorer et al. 2006; Gaspar-Maia et al. 2009; Lessard and 

Crabtree 2010; Christophorou et al. 2014). Pericentromeric heterochromatin (PCH) in 

somatic cells contains compact fibers and high levels of histone H3 Lys9 

trimethylation (H3K9me3) (Peters et al. 2001; Lehnertz et al. 2003). However, in 

ESCs PCH appears open and decondensed, with relatively low levels of H3K9me3 

(Meshorer et al. 2006; Efroni et al. 2008).  

Novo et al. (2017) reported that Nanog is necessary and sufficient for PCH 

organization in mouse ESCs. Deletion of Nanog leads to compaction of 

heterochromatin domains, whereas forced expression of NANOG in epiblast stem 

cells (EpiSCs) is sufficient to decondense PCH organization and redistribute 

constitutive heterochromatin domains. It was found that NANOG associates with 

satellite repeats within PCH domains to promote the overall dispersed 

heterochromatin architecture of ESCs (Novo et al., 2017). NANOG actively regulates 

heterochromatin through its C-terminal transactivation domain which is recruited 

directly to the major satellite DNA within the PCH domains (Novo et al., 2017). 

Heterochromatin is readily compacted upon ESC differentiation and embryo 

development, implying that the epigenetic regulation of chromatin is coordinated with 

the cell’s differentiation status (Meshorer et al. 2006; Ahmed et al. 2010; Boskovic et 

al. 2014). Novo et al. (2017) suggest that down-regulation of Nanog early in ESC 

differentiation leads to heterochromatin compaction, and that its absence is a 

compromising factor in Nanog-null ESCs, which exhibit diminished colony formation 

and are more prone to spontaneous differentiation than wild-type ESCs (Mitsui et al. 

2003; Chambers et al. 2007). 
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Nanog also has a repressive role, and can negatively regulate genes associated with 

differentiation. Liang et al. (2008) found that, together with Oct4, Nanog regulates 

pluripotency and cell fate by interacting with several repressive complexes such as 

NuRD, Sin3A and Pml. Nanog and Oct4 associate with NuRD to form the NODE 

(Nanog and Oct4 associated deacetylase) complex. RNAi knockdown of NODE 

subunits instigates an increased expression of developmentally regulated genes, and 

drives ES-cell differentiation (Liang et al., 2008). 

In human pluripotent stem cells (hPSCs), Nanog directly associates with both 

Smad2/3 and DPY30 to recruit the complex of proteins associated with Set1 

(COMPASS) in response to Nodal signalling (Bertero et al., 2015). COMPASS 

maintains a specific pattern of gene expression throughout development by facilitating 

the methylation of H3K4 residues in histones bound to Nodal-responsive genes. 

NANOG, which regulates its own expression, and that of other pluripotency factors, 

is part of a broad SMAD2/3-dependent transcriptional network characteristic of 

hPSCs (Mullen et al. 2011; Teo et al. 2011). The loss of H3K4me3 upon 

Activin/Nodal inhibition in hESCs (human embryonic stem cells) quickly switches off 

the expression of master pluripotency regulators, including NANOG, and 

subsequently leads to differentiation (Bertero et al., 2015). Wang et al (2006) had 

previously illustrated a Nanog interactome for mouse ESCs highlighting its physical 

interaction with the repressive Polycomb complex, associated with the deposition of 

H3K27me3. The combination of activating H3K4me3 and repressive H3K27me3 

marks creates a state permissive to nodal signalling, which is necessary to establish 

pluripotency (Bertero et al, 2015). This concurs with earlier findings by Bernstein et 

al. (2006), which described bivalent domains consisting of large regions of H3K27me 

and smaller regions of H3K4me that are associated with low expression of 

developmental genes in pluripotent cells, while keeping them poised for activation 

upon differentiation. 
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1.1.5 Cellular Reprogramming  

 

The first established method for nuclear reprogramming was through somatic cell 

nuclear transfer (SCNT). This was first reported by Briggs and King (1952) when 

they transferred nuclei from frog blastulae into enucleated eggs. The transplanted 

nuclei could competently direct early development, with up to 40% of the recipients 

giving rise to blastulae, before then aborting at the late blastula or early gastrula 

stages. John Gurdon (1958) then employed SCNT to successfully clone a frog using 

intact nuclei from the somatic cells of a Xenopus tadpole, demonstrating that mature 

cells can be reprogrammed to become pluripotent. This ability was shown not to be 

exclusive to amphibians when Wilmut et al. (1997) produced “Dolly” the sheep from 

the transplanted adult nucleus of a mammary epithelial cell. 

In vitro reprogramming was first established when adult thymocytes were fused with 

ESCs (Tada et al., 2001). Rearrangement of the T cell receptor and immunoglobin 

genes demonstrated hybridization of the ESCs with the somatic cells. Reactivation of 

the X chromosome in female thymocytes, along with activation of the pluripotency 

specific transcription factor Oct4, signalled a transition to pluripotency. This was 

confirmed when the hybrid cells contributed to all three germ layers in chimeric 

embryos (Tada et al., 2001). Hou et al. (2013) demonstrated that exposure to a 

specific cocktail of small chemical compounds can also reprogram somatic lineages to 

a naïve state. However, it was the reprogramming of cells through the forced 

expression of defined transcription factors to produce iPSCs (Takahashi and 

Yamanaka, 2006) which established reprogramming of somatic cell nuclei as a model 

for studying development and disease, simultaneously opening up the potential for 

patient-specific cell-based therapy in regenerative medicine. 

iPSCs were first obtained from mouse embryonic and adult fibroblasts, which were 

transduced with the reprogramming factors Oct4, Sox2, Klf4, and c-Myc (together 

referred to as OSKM) which are now commonly known as the "Yamanaka factors" 

(Takahashi and Yamanaka, 2006). Methods such as SCNT or cell fusion based 

reprogramming immediately expose a somatic nucleus to a pluripotent environment 

and this allows for a rapid reprogramming of the cell. By contrast, the process of 

transcription-factor-mediated reprogramming is a long and inefficient step-wise 
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process, and the products vary greatly when profiled.  Immature stages of 

reprogramming are progressively marked by intermediate cell types, where the 

changes induced by the exogenous cues are still on-going (Takahashi and Yamanaka, 

2015). Yet the factors that initiate the process are known and can easily be modulated, 

allowing for a precise dissection of the different stages of the reprogramming process 

(Buganim et al., 2013).  

Gene expression profiling and RNA interference first identified three separate phases 

of MEF reprogramming: initiation, maturation and stabilization (Li et al., 2010; 

Samavarchi-Tehrani et al., 2010; Golipour et al., 2012). But the reprogramming 

process is now more broadly divided into two phases: stochastic and deterministic 

(Fig.1; Buganim et al., 2013). Initially there is a long phase of stochastic gene 

activation induced by OSKM where the cells are directed to one of several possible 

fates, such as apoptosis, senescence, transformation, transdifferentiation or full 

reprogramming to pluripotency (Buganim et al., 2012; 2013). OSKM will open 

chromatin regions and allow the activation of genes that increase proliferation, initiate 

mesenchymal-to-epithelial transition (MET) and activate DNA repair and RNA 

processing (Li et al., 2010; Samavarchi-Tehrani et al., 2010; Buganim et al., 2012). 

There is then a rate-limiting step which contributes to the long latency of the 

reprogramming process (Buganim et al., 2013), before the instigation of a shorter, 

more hierarchal, deterministic second phase, which begins with the activation of the 

Sox2 locus (Buganim et al., 2012). In this late phase, the cells eventually stabilize into 

the pluripotent state, in which the transgenes are silenced, the cytoskeleton is 

remodelled to an embryonic stem cell (ESC)-like state, the epigenome is reset and the 

endogenous core pluripotency circuitry is activated (Golipour et al., 2012; Polo et al., 

2012; Hansson et al., 2012; Buganim et al., 2012). 
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Figure 1: Phases of the reprogramming progress (Buganim et al., 2013). 

Buganim et al. (2013) divide the reprogramming process into two phases: firstly, a long 

`stochastic' phase of gene activation; and secondly, a shorter hierarchical more `deterministic' 

phase of gene activation that begins with the activation of the Sox2 locus.  

 

From SCNT and fusion based experiments to transcription factor and small molecule 

mediated reprogramming, the efficiency of reprogramming varies greatly depending 

on which method is used. In the case of transduction with OSKM, most cells initiate 

the reprogramming process, but few successfully make it to ground-state pluripotency 

(Yamanaka, 2009). The binding sites of the individual OSKM factors were mapped to 

the human genome during the reprogramming of fibroblasts by Soufi et al. (2012), 

and these studies found that c-MYC promotes the binding of the other three factors to 

enhancer regions that promote reprogramming. However, repressive epigenetic 

regulation in the form of H3K9me3 was present at many of these loci preventing the 

reprogramming factors from accessing the chromatin (Soufi et al., 2012). As a 

consequence of this, during the stochastic phase of reprogramming cells may be 

diverted to a fate other than reprogramming. Sometimes they can be directly 
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reprogrammed to another somatic lineage such as cardiomyocytes (Efe et al., 2011), 

or neural progenitor cells (Kim et al., 2011). Other times the cells are induced to a 

metastable state. During chemical reprogramming of fibroblasts, cells pass through an 

extra-embryonic endoderm (XEN)-like state (Li et al., 2017). These XEN-like cells 

could be stably expanded in this state, but they also maintained the potential for other 

lineages, and could be induced to both hepatocytes and functional neurons (Li et al., 

2017). 

The level of expression of each pluripotency factor has also been shown to directly 

affect the efficiency of reprogramming. A higher level of both Oct4 and Klf4 

(Tiemann et al., 2011), while simultaneously lowering the level of Sox2 (Yamaguchi 

et al., 2010), has been shown to enhance reprogramming. Also, each of the four 

factors in the OSKM reprogramming cocktail have important individual roles in 

development, and they regulate the transcription of targets unrelated to the 

reprogramming pathway (Payne et al., 1982; Nichols et al., 1998; Avilion et al., 2003; 

Jiang et al., 2008). Thus, an unbalanced stoichiometry may cause the OSKM factors 

to favour another pathway (Tiemann et al., 2011). During the immature phases of 

reprogramming, Oct4 and Sox2 have been shown to upregulate mesendodermal and 

neuroectodermal genes respectively (Shu et al., 2013), while Klf4 can promote 

epidermal gene expression (Kim et al., 2015). An unbalanced expression of OSKM 

can therefore divert partially reprogrammed cells away from the path to pluripotency, 

and prevent them from completing the transition (Tanabe et al., 2013). Furthermore, 

heterochromatin regions impede the establishment of pluripotency; its decompaction 

is a critical event that occurs at a late stage in reprogramming (Brambrink et al. 2008; 

Fussner et al. 2011; Schwarz et al. 2014). Therefore, reprogramming efficiency can be 

improved at an epigenetic level by forcing the heterochromatin to decondense with 

inhibitors of both DNA methyltransferases and histone deacetylases, or by genetic 

depletion of H3K9 methyltransferases (Huangfu et al. 2008; Mikkelsen et al. 2008; 

Soufi et al. 2012; Sridharan et al. 2013).  

Among the earliest events in the reprogramming of fibroblasts is that the cells 

increase their division rates from a fibroblastic cell cycle of about 22 hours to a 

shorter ES-like cell cycle of approximately 11-12 hours after exogenous expression of 

the OSKM factors (Smith et al., 2010). The cells exhibit a change in nuclear to 

cytoplasmic ratio, as their morphology proceeds to a smaller, rounder, phenotype as 
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the quickly dividing cells expand firstly as a monolayer, before the smaller cells begin 

to form compact colonies associated with a MET transition (Smith et al., 2010).  At a 

more mature stage of reprogramming, cells begin to express pluripotency associated 

markers such as Alkaline Phosphatase (AP) and the surface marker SSEA1 (Stadtfeld 

et al., 2008). The expression of SSEA1 is maintained throughout the reprogramming 

process. Cells which stain positive for SSEA1 exhibit transient expression of miR-

302a, which is associated with the post-implantation epiblast and EpiSCs, but is not 

present in ESCs (Polo et al., 2012). This suggests that the cells pass through a 

"primed" epiblast-like state during the transition to naïve pluripotency (Takahashi and 

Yamanaka, 2015). 

In addition to established iPS cell colonies, transduction with OSKM can give rise to 

a partially reprogrammed cell type that can be stably maintained without ever making 

the transition to naïve pluripotency. These cells are called "pre-iPS" cell lines, and 

they appear ES-like in morphology, but they do not express endogenous pluripotency 

factors like Nanog, or associated downstream markers such as EsrrB and Rex1 (Papp 

and Plath, 2011). 

Nanog is not part of the transcription factor cocktail required to initiate the 

reprogramming of mouse somatic cells to pluripotency as identified by Takahashi and 

Yamanaka (2006). However, its expression is required to progress reprogramming 

beyond the point of dedifferentiation and acquire the naïve pluripotent state (Silva et 

al., 2009). Therefore Nanog expression can be used as an indicator of fully 

reprogrammed iPSCs (Okita et al., 2007). Silva et al. (2009) demonstrated that 

Nanog-null pre-iPS cells do not reach ground state pluripotency; however, once 

Nanog expression is restored to the stalled pre-iPS cells they can then transition to the 

ground state, cooperatively promoted by transfer of the stable transfectants to the 

optimized 2i + LIF  mESC ground state culture conditions. The inability of Nanog-

null cells to progress beyond a pre-iPS state provides an experimental system to assay 

for Nanog activity in related genes, a system which might elucidate the origin of 

pluripotency factors (Theunissen et al., 2011). 
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1.1.6 Pluripotency is conserved 

 

Pluripotency is well characterized in mammals, yet its evolutionary history is not well 

understood. Nieuwkoop demonstrated that the primitive ectoderm (animal cap) of 

embryos from axolotls can be induced to form PGCs and somatic lineages 

(Nieuwkoop, 1969; Sutasurya and Nieuwkoop, 1974), which are the defining 

characterisitics of pluripotent cells in mammals. This suggests that pluripotency is 

conserved between urodele amphibians and mammals (Johnson et al., 2001; Johnson 

et al., 2003a; Johnson et al., 2003b).  

 

The existence and equivalent functions of orthologous pluripotency genes in non-

mammalian vertebrates has been long debated. Functional assays were used to 

identify the zebrafish pou2 gene as the Oct4 orthologue (Burgess et al., 2002), but its 

primary role was in the specification of endoderm (Reim et al., 2004; Lunde et al., 

2004), bring its assignment as an Oct ortholog into doubt. Three Pou factors with 

significant homology to Oct4 were identified in Xenopus laevis, and XlPou91 could 

compensate for Oct4 depletion in mESCs (Morrison and Brickman, 2006). Then 

Lavial et al. (2007) proposed the existence of an avian Oct4 homolog (cPouV) due to 

its expression in chicken ESC (cESC), which also express an ortholog of Nanog. 

Previous to this report, the relationship between Oct4 and Nanog in conducting 

pluripotency had only been demonstrated in mammals. Yet syntenic comparison of 

the different Pou factors revealed a relationship between chicken PouV, xenopus 

Pou91 and zebrafish pou2 genes that is absent in mammalian species (Lavial et al., 

2007; Frankenberg et al., 2009). It is now concluded that Oct4 is not conserved in 

Xenopus, chicken or zebrafish, the three historical non-mammalian models for 

vertebrate development (Frankenberg and Renfree, 2013; Frankenberg et al., 2014).  

 

In zebrafish, a Nanog-like gene (zNanog-like) was isolated based on homology within 

the homeodomain, but no chromosomal synteny exists between zNanog-like and 

verified Nanog orthologues (Schuff et al., 2011; Xu et al., 2012; Theunissen et al., 

2011; Wang et al., 2016). Xu et al. (2012) reported that zNanog-like regulates 

formation of the extraembryonic lineage which provides the Nodal signalling required 

to instigate endoderm specification through the Mxtx2-Nodal pathway. Schuff et al. 
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(2011) reported that zebrafish Nanog-like prevents murine embryoid body (EB) 

differentiation. However, contradictory to this, Xu et al. (2012) revealed that 

overexpression of zebrafish nanog-like is not sufficient to rescue LIF dependence in 

murine ES cells. Nanog is essential for establishing pluripotency in the mammalian 

embryo (Mitsui et al., 2003; Chambers et al., 2007; Silva et al., 2009), and as stated, 

this role appears conserved in axolotl (Johnson et al., unpublished).  

In zebrafish embryos zNanog-like and pou2 activate transcription at the MBT (Lee et 

al. 2013), which is not conserved in axolotls (Johnson and colleagues, unpublished). 

However, zNanog-like does maintain the ability to facilitate the transition of pre-iPS 

cells to naïve pluripotency, a fundamental characteristic of Nanog which is conserved 

in the homeodomain (Theunissen et al., 2011). 

Activation of Nanog marks the acquisition of pluripotency in both development and 

reprogramming (Mitsui et al., 2003; Silva et al., 2009), so the discovery of a Nanog 

orthologue in axolotls (axNanog) by Dixon et al. (2010) (Fig. 2) suggests this function 

may be conserved. Prior to this, Oct4 was defined as a master regulator of 

pluripotency by Niwa et al. (2000), and was shown to be conserved in axolotls by 

Bachvarova et al. (2004). Together, these reports suggest that the transcription factors 

which regulate pluripotency are conserved from urodeles to mammals, which is 

consistent with functional demonstrations of pluripotency in axolotl animal caps 

(Boterenbrood and Nieuwkoop, 1973; Sutasurja and Nieuwkoop, 1974; Chatfield et 

al. 2014). The axNanog gene is encoded by four exons, with an intron/exon structure 

conserved in mammalian Nanog genes (Dixon et al., 2010)(Fig. 2). Homology of 

axNanog with other Nanog sequences is evident only in the homeodomain (HD) and 

caspase cleavage site (CCS) (Fujita et al., 2008) (Fig. 2), but comparative mapping 

demonstrated conserved synteny, and established orthology amongst the Nanog genes 

of axolotl, human and chicken (Smith et al., 2005; Dixon et al., 2010) (Fig. 2).  
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Figure 2: The structure of Nanog  

(A) The mammalian Nanog structure (From paper: Chambers and Tomlinson, 2009). The 

Nanog protein can be divided into N-terminal and C-terminal halves. The N-terminal half 

contains a DNA-binding homeodomain (HD) and an N-terminal domain (ND). The C-

terminal half contains a dimerisation domain (blue) referred to as the tryptophan repeat (WR). 

(B) Conservation of Nanog genomic structure (From paper: Dixon et al., 2010). Intron/exon 

structures of (i) Human NANOG (ii) Mouse Nanog (iii) Axolotl Nanog are aligned. Blue 

boxes denote protein coding regions. Numbers in blue represent amino acids. Numbers in red 

are intron lengths; ND, not determined. Black numbers indicate combined length of protein 

coding region with 5′ and 3′ untranslated regions. 

 

Significantly, axNanog does not contain the WR domain, which is exclusive to the 

Nanogs of eutherian mammals (Fig. 2). Dixon et al. (2010) suggested that WR 

domain evolution is associated with the rapid expansion of the epiblast during 

development. The WR domain promotes cell proliferation in vitro which is integral to 

the isolation of stem cells from early eutherian embryos (Evans and Kaufman, 1981; 

Thomson et al., 1998; Schneider et al., 2007; Tesar et al., 2007; Brons et al., 2007; 

Buehr et al., 2008; Honda et al., 2009; Alberio et al., 2010). As the WR domain 

facilitates the homodimerization that allows mammalian Nanogs to promote ESC self-

renewal in culture (Mullin et al., 2008; Wang et al., 2008), Dixon et al. (2010) found 

that addition of a mouse WR domain to axNanog confers this same ability to the gene. 

However, axNanog can regulate pluripotency as a monomer (Dixon et al., 2010). 

Overexpression of axNanog in ESCs enhanced the transfer of pluripotency to neural 
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stem cells (NSCs) after fusion, an established attribute of mouse Nanog (Silva et al., 

2006; Silva et al., 2009; Dixon et al., 2010). The efficiency of hybrid colony 

formation was unaffected by the capacity of axNanog to form homodimers (Dixon et 

al. 2010), which demonstrates that axNanog participates with factors in ESCs to 

program pluripotency in mammalian cells. This was also exhibited by the ability to 

suppress differentiation, with both the monomeric and dimeric states proving equally 

competent at inhibiting lineage specific markers in the embryoid bodies (EBs) formed 

from ESCs constitutively expressing axNanog (Dixon et al., 2010). More recently, a 

second Nanog gene was identified in Axolotl by Johnson and colleagues 

(Unpublished). This second axolotl Nanog orthologue displays a differential 

expression profile to axNanog and is maternally inherited as RNA, therefore it has 

been dubbed ‘Eggnog’.  

 

 

 

 

1.1.7 Reprogramming capacity of Nanog is conserved in the homeodomain 

 

Nanog shows relatively low sequence conservation across species in which it is 

found, so Theunissen et al. (2011) tested the functional capacity of Nanog orthologues 

to reprogram Nanog-null somatic cells to pluripotency. Theunissen et al. (2011) tested 

whether the transcriptional regulators of naive pluripotency are conserved. Most 

genes associated with pluripotency and reprogramming are highly conserved between 

eutherian mammals, yet mouse and human Nanog orthologues share only 54% 

sequence identity (Theunissen et al., 2011). Fully reprogrammed iPS cells can be 

isolated by screening for activation of the endogenous Nanog locus (Maherali et al., 

2007; Okita et al., 2007; Wernig et al., 2007). Somatic cell reprogramming does not 

progress to full pluripotency without Nanog, even in the 2i + Lif culture conditions 

optimised to support naïve pluripotency (Silva et al., 2009). Thus, Nanog can be seen 

as a molecular switch that controls the establishment of pluripotency during 

reprogramming (Theunissen and Silva, 2011), and allowed Theunissen et al. (2011) to 

test Nanog orthologues for the capacity to reprogram N-/- mouse pre-iPS cells to 

naïve pluripotency. 
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They first established that mammalian orthologues of Nanog in Rat and Human were 

sufficient to restore the reprogramming capacity of Nanog -/- (N-/-) pre-iPS cells, 

before then testing genes isolated from non-eutherian vertebrate species (Theunissen 

et al., 2011). Both chick Nanog and zNanog-like were capable of replacing mouse 

Nanog in reprogramming the cells to ground state efficiently, confirmed by the 

upregulation of endogenous pluripotency genes such as Rex1 and Klf2, and silencing 

of the exogenous factors (Theunissen et al., 2011). They also found that the non-

eutherian orthologues could directly regulate mNanog targets including the activation 

of Oct4, and repression of Xist, downregulation of which is required for X 

chromosome reactivation (Silva et al., 2009). 

 

Amino acid sequence conservation is confined to the homeodomain (HD) in Nanog 

orthologues, so Theunissen et al. (2011) tested related HD-containing transcription 

factors Msx1 and Nkx2.5 for the capacity to reprogram N-/- somatic cells, and neither 

factor could generate iPSCs (Theunissen et al., 2011). 

Nanog is not encoded in the invertebrate genomes available, so to identify an 

invertebrate precursor, Theunissen et al. (2011) identified the Bsx gene in amphioxus, 

an invertebrate chordate (cephalochordate) (Bertrand and Escriva, 2011), as having 

the highest HD sequence identity to Nanog. They also identified the HD-containing 

Vent1 gene from amphioxus as being a possible candidate for Nanog activity. 

However neither factor could reprogram the N-/- somatic cells to pluripotency 

(Theunissen et al., 2011), suggesting that the capacity to do so arose within, and was 

exclusive to, the vertebrate orthologues of Nanog. As only the homeodomain shows 

any conservation of sequence between the Nanog orthologues, Theunissen et al. 

(2011) then reported that the reprogramming activity is conserved within the HD 

domain. In this regard, they found that transfection with the isolated homeodomain 

can substitute for the full-length Nanog protein, albeit at low efficiency, indicating 

that it is sufficient to complete the reprogramming of pre-iPSCs to ground state 

pluripotency. 
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1.1.8 The origin of Nanog 

 

Pluripotency is a necessary and transient stage in development, but its evolution is 

unknown.   

Nieuwkoop first suggested that pluripotency is conserved in basal vertebrates, when 

he demonstrated that the primitive ectoderm of an axolotl embryo could be induced to 

form both PGCs and somatic cells (Nieuwkoop, 1969; Sutasurya and Nieuwkoop, 

1974). This was later confirmed by Chatfield et al. (2014), which demonstrated that 

pluripotent mesodermal precursors can give rise to multiple somatic lineages, as well 

as PGCs. This provides support to the hypothesis that pluripotency is conserved in the 

major trunk of vertebrate evolution (Johnson et al., 2001; Johnson et al., 2003a; 

Johnson et al., 2003b; Dixon et al. 2010; Theunissen et al., 2011). Thus the regulatory 

networks which direct early vertebrate development may hold the key to elucidating 

the origin of pluripotency, perhaps by tracing the evolution of candidate precursors in 

species where the pluripotency is a crucial step in embryological development. Within 

this study, I focused my search on species without germ plasm, and therefore without 

a derived form of embryogenesis (Johnson and Alberio, 2015). 

 

 

Understanding the evolution of the GRN that governs pluripotency is a necessary step 

in understanding how pluripotency first emerged in vertebrates. Previous studies have 

not been able to demonstrate Nanog-like activity in homeobox orthologs identified in 

invertebrates (Theunissen et al., 2011), Nanog sequence are not encoded in prominent 

vertebrate models for development such as Xenopus (Koziol et al., 2007), so a 

question remains as to its origin. Due to its central role in orchestrating pluripotency, 

several studies have attempted to elucidate the evolutionary history of the gene, and 

its family, with the hope of better understanding pluripotency and the GRNs that 

governs it (Banerjee-Basu and Baxevanis, 2001; Booth and Holland, 2004; 

Theunissen et al., 2011; Scerbo et al., 2014; Pashaiasl et al., 2015).  

Pashaiasl et al. (2015) used sequences of 47 Nanog genes from various species to 

computationally extract two datasets of sequence-specific features which could then 

be compared. The first dataset analysed 76 nucleotide attributes for each sequence, 

and the second dataset was based on repeated nucleotide sequences. Computational 
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algorithms such as decision tree models were applied on these datasets to find the 

evolutionary pathways of Nanog diversion (Pashaiasl et al., 2015). They reported that 

the results from their second database identified short sequence strings, such as 

ACTACT, TCCTGA, CCTGA, GAAGAC, and TATCCC as candidates to identify 

Nanog genes in various species. 

 

Frankenberg and Renfree (2013) used phylogenetic analysis of POU5F1, POU2 and 

their flanking genes to elucidate the origin of POU5F1 (Oct4). Scerbo et al. (2014) 

used a similar approach to understand the evolutionary history of the Nanog. Scerbo 

et al. retrieved the sequences of known Nanog orthologues from public repositories, 

and identified exons two and three as the most highly conserved region, which 

incorporate the homeodomain, and then utilised tblastn searches against vertebrate 

genomes to identify Nanog paralogs. The searches spanned a broad taxonomic range 

of craniate genomes, but excluded any invertebrate data. The Novel paralogs they 

identified are found to exist in tandem duplicates, which they suggest is the result of 

at least four independent duplication events (Scerbo et al., 2014).  Phylogenetic 

analyses were then conducted on a manually curated protein alignment to produce a 

strict consensus of the Maximum likelihood (ML) and Bayesian trees (Fig 3.), using 

the topology of the ML tree as a backbone. They rooted the three with 

actinopterygii (ray-finned fishes) sequences, and this accordingly lead to the 

actinopterygian spotted gar paralogues forming a well-supported monophyletic group 

at the base of the tree. The observed topology shows high conservation in teleosts, 

which encompasses zebrafish; however, their data demonstrates that the chromosomal 

synteny of the Nanog paralogs identified is not conserved between actinopterygii and 

sarcopterygii (Scerbo et al., 2014), the latter clade encompassing tetrapods, from 

which amniotes are descended (Bachvarova et al., 2009a; Bachvarova et al., 2009b). 
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Figure 3. : Phylogenetic analysis of Nanog paralogs in osteichthyans (Scerbo et al. 2014) 

ML and Bayesian trees using the translated sequences of exons two and three, to demonstrate 

the phylogeny of Nanog paralogs; the topology of the ML tree was used as a backbone, with 

aLRT and PP support values given for nodes that were recovered in both topologies. The 

actinopterygian sequences form the group used to root the tree. Duplicates are 

highlighted in red.  
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As the teleost sequences show high conservation with the actinopterygian sequences 

used to form the base of their phylogenetic analyses, they suggest that the role of 

orthologues such as zNanog-like, in controlling cell migration and embryonic 

morphogenesis (Xu et al., 2012; Zhou et al., 2013), may in fact be the ancient, and 

most widely conserved, function of Nanog (Scerbo et al., 2014). They further 

postulate that the role of Nanog in regulating pluripotency was acquired specifically 

by sarcopterygians (or tetrapods, or amniotes).  

However, the embryos of teleost fish evolved from yolky amphibian-like embryos 

which undergo holoblastic cleavage (Virta and Cooper, 2011). These more slowly 

developing embryos were characteristic of the ancestor to tetrapods (Johnson et al., 

2003b), and resemble those of ancestral actinopterigians, like sturgeons. The 

divergence of teleost Nanog sequences, and different function in development (Xu et 

al., 2012), may be due to the emergence of a deterministic embryology (Hashimoto et 

al., 2004), which may be related to the evolution of germ plasm, removing the 

requirement for ground state potential (Crother et al., 2007; Camp et al., 2009; Xu et 

al. 2012;). Conversely, these results raise the possibility that the role of Nanog in 

ground state pluripotency is conserved in more primitive fish, such as sturgeon, as 

predicted by their embryology.  

The mechanisms that direct vertebrate development were most likely modified from 

pre-existing GRNs expressed in the embryos of lower chordates (Johnson et al., 

2003a; Bachvarova et al., 2009a; Peter and Davidson, 2011). Embryological evidence 

indicates that the amphibian ancestor of amniotes was urodele-like (Bachvarova et al., 

2009a; Bachvarova et al., 2009b). The development of the most widely studied lower 

chordates, ascidians, is largely determinative (Lemaire, 2011), and ascidian embryos 

do not manifest ground state pluripotency. Data from species with more regulative 

embryos, like amphioxus (Branchiostoma floridae) (Yu et al., 2007) and acorn worms 

(Saccoglossus kowaleskii) (Lowe et al., 2006), also do not reveal an obvious Nanog 

candidate. Johnson and colleagues (unpublished) suggested that Nanog is a vertebrate 

innovation, and reasoned that Nanog activity might be conserved in a related ancestral 

gene. Figure 4 shows the phylogenetic relationship of species from which candidate 

genes were chosen for this study and assayed for Nanog activity. 
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Figure 4: Evolutionary tree of relevant species for this study. 

The phylogenetic relationships of the different species referenced in this study according to 

NCBI Taxonomy. 

 

The Vent gene family was identified as a candidate due to homology with the Nanog 

homeodomain, and Vent genes were identified in the amphioxus and Saccoglossus 

genomes, representing cephalochordates, and hemichordates, respectively, the latter 

of which are positioned at the base of deuterostomes (Bourlat et al., 2006).  
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Figure 5: Phylogenetic tree of Nanog, Vent and BSX.  

This shows Nanog and Vent grouped together, separate from BSX. Bayesian tree was created 

using the GTR+G model in Mr. Bayes based on the amino acid alignment of the homeoboxes. 

Posterior probability values are shown at each node. The tree was rooted on human NKX2.5 

and vertebrate clades are compressed. Figure adapted from Evans 2015.  

 

Phlogenetic analysis grouped invertebrate Vent genes with the Nanog and Vent 

orthologs found in vertebrate genomes. As seen in Figure 5, a Bayesian tree rooted by 

human NKX2.5 grouped invertebrate Vent genes with vertebrate Nanog and Vent 

orthologs, suggesting greater homology between Nanog and Vent than the BSX 

homeobox gene family. This homology raises the possibility that some Nanog-like 

activity may reside in the Vent gene family.  The Vent transcription factor family was 

identified in Xenopus, where they regulate mesoderm patterning (Onichtchouk et al., 

1996). XVent-2, a founding member of the family, has greater similarity to Nanog 

than any other sequence in the Xenopus genome, and it clusters with Vents from 
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axolotls and other vertebrates. Scerbo et al. (2012) suggested that the VentX (Vent-1 

and Vent-2) provides Nanog-like governance of developmental potential during 

Xenopus development. Their study reports that joint overexpression of Vent1 and 

Vent2 counteracts lineage commitment, whereas inversely, their downregulation 

facilitates premature differentiation. Scerbo et al. (2012) suggested that Nanog and 

Vent were interchangeable in a Xenopus embryo, and that expression of mouse 

Nanog could specifically rescue axis formation in Ventx1/2 deficient embryos. 

However, this contradicts a study by Schuff et al. (2012) which compared Vent and 

Nanog genes in Xenopus and Zebrafish, respectively, and found that XVent1/2 and 

Nanog cannot substitute for each other. Depletion of Nanog in zebrafish cannot be 

rescued by ectopic expression of Xvent, and Xvent depletion in Xenopus cannot be 

overcome by ectopic expression of zebrafish Nanog. 

Johnson and colleagues (Unpublished) investigated the evolutionary relationships 

between Nanog and Vent families including the two Vents genes from amphioxus 

(amphiVent1, 2) and Saccoglossus (SkVent1, 2).  The phylogenetic tree groups 

Saccoglossus and amphioxus Vents together, falling outside the distinct vertebrate 

Nanog and Vent groups (Fig. 5). The identity of amphioxus genes as Vent family 

members is unambiguous, as they retain synteny with mammalian Vents (Luke et al., 

2003). Addressing the possibility that the invertebrate Vent genes may also be related 

to Nanog, the expression of Saccoglossus Vent1 and Saccoglossus Vent2 was 

analyzed during development; Saccoglossus Vent1 RNA is maternally inherited and is 

found throughout the embryo, until its expression drops in mid neurula stages 

(Johnson et al., Unpublished). In contrast, Saccoglossus Vent2 is first expressed at 

midblastula stage, and is found in primitive ectoderm and endoderm (Johnson et al., 

Unpublished). Expression peaks at gastrulation, and is extinguished prior to 

neurulation, in a pattern very similar to the axNanog gene (Dixon et al., 2010). Thus, 

the expression pattern of Saccoglossus Vent2, in particular, is consistent with it being 

related to an invertebrate Nanog ancestor. Johnson and colleagues (Unpublished) 

conducted preliminary assays for Nanog activity in Vent genes, by testing if their 

constitutive expression in wildtype ESCs was suffienient to confer Nanog-like 

cytokine independence in cells cultured in the absence of LIF (Fig. 6). 
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Figure 6: Alkaline Phosphatase staining of mESC lines in cytokine independent self-

renewal assay. 

AP staining indicates mESC lines expressing Nanog or Vent genes which maintained 

pluripotent colonies in the absence of LIF. (Johnson and colleagues, unpublished) 

 

An individual Vent gene from amphioxus (Vent1) and Saccoglossus (Vent2), each 

tailored to contain a mouse WR domain on the carboxy terminus, demonstrated the 

ability to rescue the self-renewal of ESCs in the absence of LIF, a characteristic 

attribute of Nanog (Chambers et al., 2003). Xenopus Vent2 did not exhibit any 

Nanog-like activity, concurring with the findings of Schuff et al. (2012) that Xenopus 

Vents cannot substitute for Nanog. The relationship of Nanog with other homeoboxes 

has been debated (Theunissen et al., 2011; Schuff et al., 2012; Scerbo et al., 2012; 

Scerbo et al., 2014). BSX has been suggested to be the closest ortholog (Theunissen et 

al., 2011). However, the Vent gene family demonstrates conserved Nanog function 

(the rescue of LIF-independent self-renewal) (Fig. 6), and it occupies a phylogenetic 

position suggesting a direct relationship with Nanog (Fig. 5).  Here I investigated this 

possibility more thoroughly.  
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1.2 AIMS AND OBJECTIVES OF THIS STUDY 
 

My working hypothesis was that Nanog activity is conserved in invertebrate Vent 

genes, which are closely related to Nanog. My aim was to assay the Vent genes found 

in basal invertebrate genomes for Nanog reprogramming activity required by pre-iPS 

cell lines to transition to ground state pluripotency (Silva et al., 2009), which would 

provide an insight into the ancestry of Nanog. 
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CHAPTER 2  

2 GENERAL MATERIALS AND METHODS 

 

2.1 CELL LINES  

 

All cell lines were cultured at 37°C in 5% CO2 conditions. Unless otherwise stated, 

cells were passaged with 0.1% Trypsin-EDTA at 37°C, after washing with 1X PBS. 

Detached cells were collected in serum-containing media to deactivate the trypsin 

before pelleting by centrifugation for 5 minutes. Pelleted cells were resuspended in 

fresh media containing serum, counted using a haemocytometer, and plated. For 

cryopreservation of cell lines, pelleted cells were resuspended in a freeze medium 

containing 10% Dimethyl sulfoxide (DMSO) (SIGMA), 60% Foetal bovine serum 

(FBS) (SIGMA) and 30% complete medium. Cells were aliquoted into 

cryopreservation tubes, stored in a Mr Frosty cooling rack at -80°C, before transfer to 

liquid nitrogen tank for long term storage. 

The following cell lines were used in this study: 

 HEK 293T Human Embryonic Kidney cells  

 CGR8 Mouse Embryonic Stem cells  

 Neural Stem cell derived Nanog-null pre-iPS cells (Silva et al., 2009) 

 TNGA MEF pre-iPS cells, derived from a TNGA mouse embryo (Chambers et 

al., 2007) 

 Nanog-null mouse embryonic stem cells (Chambers et al., 2007) 

 IMA81 E11 XEN cells (Kunath et al., 2005) 
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2.2 CELL MEDIA 

 

2.2.1 HEK 293T culture media 

 

Cultured in high glucose Dulbecco’s Modified Eagles Medium (DMEM) (SIGMA) 

supplemented with 10% FBS, 1% Penicillin/Streptomycin (SIGMA), 2mM L-

Glutamine (SIGMA) and 2mM non-essential amino acids (Hyclone). 

2.2.2 Basic ESC Serum Lif media 

 

Wild-type mouse ES cells of the CGR8 (ECACC 07032901) line, TNGA MEF pre-

iPSCs, and the Nanog null neural stem cell (NS) derived pre-iPS cells were all 

cultured on 0.1% gelatine. Cells were cultured in high glucose DMEM supplemented 

with 10% Foetal bovine serum (FBS), 1% Penicillin/Streptomycin, 2mM L-

Glutamine, 0.1mM β-Mercaptoethanol (BME), 1mM Sodium pyruvate, and 2mM 

non-essential amino acids. Cytokine leukaemia inhibitory factor (LIF) was added 

fresh at 100ng/ml prior to use. 

2.2.3 Ground state 2i + LIF media 

 

2i + LIF media was used to culture ground state ESCs, and to mediate the 

reprogramming of pre-iPS cell lines to pluripotency. Media consisted of a 1:1 mix of 

DMEM/F12 and Neurobasal media, supplemented with 1% N2 supplement, 10% B27 

supplement, 2mM non-essential amino acids, 1% Penicillin/Streptomycin and 0.1mM 

β-Mercaptoethanol (BME). LIF (100ng/ml) and small molecule inhibitors were added 

fresh to the media just prior to use. PD0325901 (Tocris) was used at a final 

concentration of 1uM, and CHIR99021 (Tocris) was used at a final concentration of 

3uM. 
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2.2.4 Basic XEN culture media 

 

For culture of XEN cells, I used complete Glasgow Minimal Essential Medium 

(GMEM) (SIGMA), supplemented with 10% FBS, 2mM non-essential amino acids, 

2mM L-Glutamine, 1mM sodium pyruvate, and 0.1 mM β-mercaptoethanol. 

2.3 MOLECULAR CLONING 

 

2.3.1 Construction of plasmids 

 

The coding sequence of each candidate gene was amplified by standard PCR using 

the Q5 High-Fidelity polymerase ready mix by New England Biolabs (NEB), and 

Sigma primers. The completed PCR reactions were run on a 1% agarose gel beside a 

NEB 1KB Molecular marker DNA ladder, and the appropriate band of PCR product 

was excised from the gel using a sterile scalpel. The product was column purified 

using the QIAquick Gel Extraction kit (Qiagen). 

The following vectors were used in this study: 

 pSIN-EF2-Puro  

 PiggyBac-PGK-HYGRO 

 pLenti-PGK-HYGRO 

The appropriate vector, and the purified PCR product, were digested by restriction 

enzyme double-digest for one hour at 37oC using NEB enzymes and buffers in 

aqueous conditions. These molecules were gel purified, and then ligated overnight 

using Promega T4 ligase and buffer. The ligation mix was then transformed under 

standard conditions into chemically-competent DH5 alpha cells and streaked on LB 

agar plates containing 100ug/ml ampicillin, to be incubated overnight at 37oC. 

Colonies were picked by pipette tip, and added to mini-cultures of LB broth 

containing 100ug/ml ampicillin, and incubated on a shaker-rack for a maximum of 16 

hours at 37oC. 
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2.3.2  Plasmid mini preparation 

 

After incubation, 1ml of the culture was pelleted and supernatant was removed. Pellet 

was resuspended in 250µl buffer P1. Cells were lysed using 250µl buffer P2 and 

incubated at room temperature for 3 minutes before adding 300µl neutralisation buffer 

P3. Lysed mini-cultures were centrifuged at 13,000rpm for 15 minutes to remove 

cellular debris. 700µl of the supernatant was transferred into a separate tube. 

Chloroform was added and the mixture vortexed. The sample was spun at 17,000g for 

10 minutes to allow separation of the phases. Five hundred microliters of the aqueous 

phase was transferred to a separate tube and equal volume of isopropanol was added 

before briefly vortexing and centrifugation for 10 minutes at 13,000rpm. The 

supernatant was discarded and the pellet of plasmid DNA was washed with 70% 

ethanol. The pellet was air dried and resuspended in nuclease-free water. A restriction 

digest was performed, and subsequently run on 1% agarose gel, to screen clones for 

successful insertion of cDNA fragment into the ligated vector. Upon confirmation of 

successful plasmid assembly, the rest of the corresponding mini-culture was purified 

according to the standard protocol of a QIAGEN mini-prep kit, and quantified on the 

NanoDrop 1000, with a 260:280 value of 1.8 considered pure. Samples of each 

plasmid were then sequence verified by Source Bioscience Sequencing, Nottingham 

UK. 

 

2.4 GENE DELIVERY SYSTEMS 

 

To generate stable transgenic cell lines, Lipofectamine 3000 reagent (Thermofisher 

Scientific) was used to transfect mammalian cells with the appropriate expression 

constructs. Lines constitutively expressing genes of interest were then established 

through lentiviral transduction and PiggyBac transposase systems. 
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2.4.1 Lentiviral transduction 

 

A lentivirus stock was produced for each plasmid. 

Day 1: 

293T cells were plated on 10cm (Sterilin) petri dishes at a density of 8x106, six hours 

before transfection to allow the cells to evenly distribute prior to transfection. 

Transfection reaction mix was prepared according to standard protocol of 

Lipofectamine 3000, with plasmid DNA added at the following concentrations: 

 Backbone Vector DNA: 10µg 

 psPAX2 packaging DNA: 7.5µg 

 pMD2-G envelope DNA: 2.5µg 

 

This mixture was incubated at room temperature for twenty minutes. Finally the 

transfection mixture was added to 6ml of 293T media, placed on previously plated 

cells and cultured overnight. 

Day2: 

The transfection media was replaced with fresh 293T media. 

Day3: 

Cells to be transduced were plated onto a six well plate for each line to be created. 

Day4: 

The virus media was collected from 293T cells, and filtered with a 45 micron filter. 

4µg/ml Polybrene was added to virus media to increase transduction efficiency of the 

virus, and 1ml of neat virus media was added to each well of the cells to be 

transduced for 6 hours, then topped up with fresh cell media at a 1:1 ratio for 

overnight incubation. 

Day5: 

After overnight transduction, virus media is replaced with fresh cell media. 
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Day6: 

Cells are passaged prior to antibiotic selection. 

2.4.2 PiggyBac lines 

 

To establish the PiggyBac (PB) lines, cells were co-transfected with a sequence 

verified PiggyBac contruct containing a gene of interest, and the PBase-expressing 

vector (pCAGPBase) at a concentration of 1ug:3ug, using the standard Lipofectamine 

3000 protocol. During transposition, the transposase recognizes transposon-specific 

inverted terminal repeat sequences (ITRs) located on both ends of the PB vector, cuts 

the coding sequence from the original vector site and efficiently integrates them into 

TTAA chromosomal sites. Three days after transfection, cells underwent antibiotic 

selection to establish lines from stable transfectants. 

2.5 ANTIBIOTIC SELECTION 

 

The following antibiotics were used in this study: 

 Puromycin (Gibco): 

A concentration of 1ug/ml was used for antibiotic selection of somatic cells 

for a minimum of 5 days. A reduced concentration of 0.5ug/ml was utilised for 

ESCs and iPSCs for two separate passages of 5 day selection periods. 

 

 Hygromycin B (Thermo Fisher scientific): 

Selection was carried out for a minimum of 10 days using a final 

concentration of 150ug/ml. 

 

 Geneticin Sulphate- G418 (Gibco): 

Selection was carried out at a final concentration of 400ug/ml, and cultures 

could be subsequently maintained in media containing 200ug/ml. 
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2.6 GENERAL REPROGRAMMING METHODS 

 

2.6.1 Neural Stem cell derived Nanog-null pre-iPS cells 

 

Cells are maintained in basic ESC serum + LIF media on 0.1% gelatin (prepared in 

house). They are seeded at low density under the same serum + LIF conditions for 

reprogramming, and allowed to attach and proliferate for 48 hours, before culture 

media is switched to 2i + LIF N2B27 neurobasal serum-free media to initiate 

reprogramming. Antibiotic selection for complete reprogramming is applied after six 

days in 2i + LIF, and colonies are isolated and passaged after ten days. In place of the 

endogenous Nanog alleles in the N-/- NS derived pre-iPS line, one allele contains the 

Neo gene which confers resistance to the antibiotic G418, the other allele contains a 

lacZ reporter gene which allows for fully reprogrammed cells to be detected by blue 

staining after addition of  X-Gal. 

 

2.6.2 TNGA MEF pre-iPS cells 

 

TNGA pre-iPS cells are seeded in basic ESC serum + LIF media on 0.1% gelatin at a 

low density and maintained until emergence of microscopic GFP-negative colonies. 

Upon visualisation of GFP-negative pre-iPS colonies, media is switched to 2i + LIF 

N2B27 neurobasal serum-free media to mediate the transition to ground state. 

Colonies are subsequently checked under LED fluorescence for activation of the 

GFP-PURO reporter located in place of one of the endogenous Nanog alleles 

(Chambers et al., 2007: sup. Figure1; sup. Figure 2). GFP-positive colonies are 

selected by addition of puromycin to the culture media. 

 

2.7 FORMATION AND DIFFERENTIATION OF EMBRYOID BODIES  

 

The ‘Hanging drop’ method was used to create embryoid bodies from pluripotent cell 

lines. Cells are detached with 0.1% Trypsin-EDTA at 37°C, then collected and 

centrifuged in basic media. Cells are resuspended, and counted by haemocytometer, 

and an appropriate volume of the cell suspension calculated to contain 250K cells is 
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then added to 10ml fresh media. An eight-channel multi-pipette was used to dispense 

lines of 40ul droplets onto the upturned lid of a petri dish. Each 40ul droplet from the 

10ml suspension therefore contains 1000 cells. The lid was carefully replaced onto the 

base of the dish, which contained 1X PBS to maintain humidity. Embryoid bodies 

(EBs) formed over three days, before collection by p1000 pipette. The EBs were then 

maintained in suspension in basic media and allowed to spontaneously differentiate 

for up to ten days. 

2.8 AP STAINING 

 

The Alkaline Phosphatase kit from SIGMA was used to stain the cells as per the 

manufacturer’s manual. Cells were fixed in a citrate-acetone-formaldehyde solution at 

room temperature for 30 seconds. They were then rinsed in deionised water. An 

alkaline-dye mix of sodium nitrite and FRV-Alkaline at a 1:1 ratio in solution was 

added to the cells, and they were incubated at room temperature for 15 minutes, 

protected from light. Cells were then counterstained for two minutes in hematoxylin 

solution, before being thoroughly rinsed in tap water, and air dried. 

 

2.9 LACZ STAINING 

 

The following buffers were used to stain the NS derived cell lines for activation of the 

LacZ gene. 

 Fix buffer: 

Added to 1L of 0.1M PBS (pH 7.3) were: 50ml 0.1M EGTA (5mM [final]), 

2ml 1M MgCl2 (2mM [final]), 2.86ml 70% glutaraldehyde (0.2% [final]). 

 

 Wash buffer: 

2ml 1M mgCl2 (2mM [final]) was added to 1L of 0.1M PBS (pH 7.3). 

 

 Staining buffer: 

Added to 1L of wash buffer were: 2.1g potassium ferrocyanide (5 mM [final]), 

1.65g potassium ferricyanide (5mM [final]). 
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1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactosidase) was added 

fresh before staining. 

Cells were fixed for 15 minutes. They were then washed twice, each wash was 

conducted for 5 minutes. The cells were then incubated in staining buffer for 12–16 

hours at 37°C. Staining buffer was then removed, cells were washed twice, then 

maintained in 1X PBS at room temperature for storage and analysis. 

 

2.10 ANALYSIS OF GENE EXPRESSION 

 

2.10.1 RNA extraction 

 

To extract RNA from cells in culture, each well of a six well plate to be processed 

was first washed with sterile PBS, and 600ul of TRI Reagent (SIGMA) was added 

directly into the well. The TRI Reagent was evenly dispersed, and allowed to stand 

for a minimum of 2 minutes. The suspension was collected to a sterile 15ml falcon 

tube, and either stored at -20oC, or processed immediately. 200ul of chloroform 

(SIGMA) was added to the TRI Reagent suspension, and mixed by vortex until milky 

pink. The mixture was then transferred to a sterile 1.5ml Eppendorf tube and left to 

stand for 10 minutes at room temperature. The sample was centrifuged at 14,000rpm 

for 30 minutes at 4oC to achieve phase separation. The upper aqueous layer was 

extracted and moved to a clean 1.5ml Eppendorf, and an equal volume plus 50ul of 

100% ethanol was added, and the mixture was vortexed. The sample was then DNase 

treated (AMBION) and column purified as per the guide of the QIAGEN RNeasy 

Mini kit. RNA integrity was checked by running on an agarose gel. 

2.10.2 cDNA synthesis 

 

First-Strand cDNA synthesis was used to prepare samples for qPCR analysis. A 

reaction consisting of 1ul of Oligo(dT)20 (50uM), 2ug of total RNA, and 1ul of 10mM 

dNTP mix, was topped up to 13ul using sterile distilled water. The reaction was 

heated to 65oC for 5 minutes, and then incubated at 4oC for 5 minutes. The tube was 

briefly centrifuged before the addition of 4ul 5X First-Strand Buffer, 1ul 0.1M DTT, 
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1ul RNaseOUT recombinant RNase inhibitor (40 units/ul), and 1ul SuperScript III RT 

(200 units/ul). All reagents from Thermo Fisher Scientific. The reaction mix was then 

heated to 25oC for 5 minutes, 50oC for 60 minutes, and 70oC for 15 minutes, before 

being chilled to 4oC. cDNA samples could then be analysed by qPCR. 

2.10.3 qPCR analysis 

 

Each qPCR reaction contained 5ul of SYBR-Green Jumpstart Taq readyMix 

(SIGMA), 1ul (10uM [final]) of each of the forward and reverse primers (SIGMA), 

2μl of nuclease-free water, and 1μl of cDNA template. Each reaction was prepared in 

triplicate on an ABI FAST Systems 0.2ml 96-well PCR plate (STARLAB), and then 

sealed with an Optical Adhesive cover (Life Technologies). 

 

The following qPCR conditions were utilized for each run on the QuantStudio 6 Flex 

(Life Technologies) qPCR instrument:  

The plate was heated to 105oC to activate the Jumpstart Taq before being held at 50oC 

for 2 minutes. The initial denaturation step was at 94°C for 10 minutes, followed by 

40 cycles of 94 °C for 15 seconds (denaturation) and 60 °C for 

1 minute (annealing and extension).  

The raw data was then extracted to be analysed by comparative CT (Cycle threshold). 

An endogenous control gene was chosen for each qPCR run to normalise the data in 

order to compare relative fold change of target genes amongst cDNA samples. 

The double delta CT value (ΔΔCT) was calculated using the following formula: 

 

 

ΔCT target- ΔCT reference= ΔΔCT 

 

As all calculations are in logarithm base 2, the expression fold change of each target 

gene was calculated using 2^-ΔΔCt. 
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CHAPTER THREE 

3 RESULTS: SECTION ONE 

 

3.1 REPROGRAMMING NANOG-NULL NS DERIVED PRE-IPS CELLS 
 

3.1.1 Lentiviral cell lines in serum + Lif conditions 

 

I tested the hypothesis that the invertebrate Vent genes may have Nanog activity, as 

they appear to be phylogenetically related (Fig. 3). I began by testing whether Vent 

genes could substitute for Nanog in reprogramming the Nanog-null neural stem cell 

derived pre-iPS cells (N-/- NS pre-iPSCs) to ground state pluripotency. Silva et al. 

(2009) demonstrated that Nanog null pre-iPSCs do not reprogram to pluripotency 

absent a functioning Nanog gene. To do this, I first established pre-iPSC lines 

constitutively expressing the candidate genes. The N-/- NS pre-iPSCs were tranduced 

with a different lentiviral media for each gene, made using the pSIN expression 

plasmid. The mouse Nanog was chosen as a positive control as it has been previously 

shown to efficiently reprogram these NS pre-iPSCs (Silva et al. 2009). Both axolotl 

Nanog genes were also tested for comparison. Pre-iPS cell lines expressing Xenopus 

laevis Vent2, axolotl Vent, and human VENTX were established by lentiviral 

transduction to test the reprogramming capacity of vertebrate Vents. Both Vent1 and 

Vent2 genes found in the invertebrates acorn worm Saccoglossus kowalevskii and 

amphioxus Branchiostoma floridae were tested, along with the single Vent gene found 

in each of the sea anemone Nematostella vectensis, and the freshwater sponge 

Ephydatia fluviatilis (Table 1).  
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Table 1: Candadate genes tested. 

 

An empty pSIN plasmid was transfected as a negative control, and all cell lines were 

tested side by side with the untranduced pre-iPS cells. As the tryptophan repeat (WR) 

domain of mammalian Nanogs allows for the homodimerization that drives ESC self-

renewal (Mullin et al., 2008; Wang et al., 2008), it was hypothesised that the addition 

of a WR domain to the carboxy end of Vent genes and orthologs of Nanog from lower 

vertebrates, would provide the best chance of establishing an iPS line that could 

successfully self-renew once reprogrammed. The pre-iPS cells were grown and 

transduced in serum + LIF conditions on gelatin treated six-well plates. The lines 

were maintained stably in culture after antibiotic selection for the transgene. The 

concentration of the antibiotic puromycin was sequentially increased from 0.5ug/ml to 

1ug/ml to ensure selection of the cells with the highest level of the transgene, for more 

efficient reprogramming. Concentrations above 1ug/ml compromised the integrity of 

the cell line. 

Transduction with each of the WR-containing constructs resulted in an accelerated 

proliferation rate, a characteristic specific to Nanog homodimers that was previously 

demonstrated by Dixon et al. (2010). Mouse Nanog (Fig. 7A), axolotl Nanog (Fig. 

7B), and Eggnog (Fig. 7C) all displayed rapid growth. The cell lines began to 

demonstrate differential phenotypes in the serum + LIF conditions (See Fig. 7). The 

lines expressing Nanog genes (Fig. 7A, B, C) began to exhibit a smaller, rounded 

morphology associated with more intermediate, partially-reprogrammed cells, and the 

pre-iPS colony-like structures which exist in the NS pre-iPS parent cell line (Fig. 7N) 

became more prominent. Cells transfected with the Nematostella Vent gene exhibited 

a rounded morphology in the serum + LIF conditions (Fig. 7K), which appeared to be 

representative of more partially reprogrammed cells. The other invertebrate Vent lines 
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demonstrated this morphology to a lesser extent (Fig. 7G, H, I, J, L). However, the 

vertebrate Vent lines more closely resembled the negative controls, and demonstrated 

no change in morphology (Fig. 7M). 
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Figure 7: NS derived pre-iPS lines in Serum + LIF expressing candidate genes with a 

WR domain three passages after transduction. 

(A) Mouse Nanog, (B) Axolotl Nanog, (C) Eggnog, (D) Human Vent, (E) Axolotl Vent,  

(F) Xenopus Vent2, (G) Amphioxus Vent1, (H) Amphioxus Vent2, (I) Saccoglossus Vent1, 

(J) Saccoglossus Vent2, (K) Nematostella Vent, (L) Sponge Vent, (M) Empty plasmid,  

(N) Untransduced cells. Scale bar represents 200um at 10x magnification. 

 

In line with the established method for reprogramming the N-/- NS pre-iPS cells; the 

cells were initially seeded in serum + LIF conditions for two days, prior to transfer to 

a 2i + LIF culture. The initial seeding density of the WR-containing lines was 20K 

cells per well of a six-well plate; however this number was increased to 30k/well for 

the empty plasmid control and the untransduced cells. This was to accommodate the 
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lower proliferation rate of these cells in the absence of the WR domain, ensuring a 

comparable confluency between cell lines at the point the reprogramming assay was 

initiated by switching to the 2i + LIF media. 

 

3.1.2  2i + LIF reprogramming 

 

 

The media was switched to 2i + LIF N2B27 serum free conditions two days after 

seeding, to initiate reprogramming. The switch to 2i + LIF media represents T0 of the 

reprogramming assay. By day three in 2i + LIF, small round iPS-like colonies were 

visible in the Nanog cultures (Fig. 8). The mouse Nanog colonies already displaying a 

defined edge associated with emerging iPSC colonies (Fig. 8A). Both axolotl Nanog 

and Eggnog cultures were also beginning to show early colony formation at a visibly 

lower frequency than the mouse Nanog cultures, but with large partially 

reprogrammed colonies (Fig. 8C, D). 

At this point the Nematostella Vent cultures contained very few cells of the more 

elongated somatic morphology, the majority of cells instead showing a partially 

reprogrammed phenotype of more rounded cells, and appeared to be reprogramming 

at an efficient level (See Fig. 8B). There were no iPSC-like colonies that could be 

identified in the other Vent lines at day three.  
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Figure 8: Colony formation at day three of reprogramming. 

Both the (A) mouse Nanog and (B) Nematostella Vent cultures predominantly contained 
partially reprogrammed cells by day three, and microscopic iPS-like colonies with defined 
borders. Both axolotl Nanog (C) and Eggnog (D) showed large pre-iPS colony formation. Scale 
bar for images (A) and (B) represents 100um. Scale bar for images (C) and (D) represents 
200um. 

 

 

All of the Vent lines exhibited large amounts of cell death in the 2i + LIF conditions 

by day five (Fig. 9). The cells exhibiting a round phenotype representative of a more 

partially reprogrammed intermediate state, as seen in wells containing cells 

expressing human VENT (Fig. 9A), amphioxus Vent1 (Fig. 9E), and Sponge Vent 

(Fig. 9G), struggled to propagate in the 2i + LIF conditions, and began to die out.  
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Figure 9: Partially reprogrammed pre-iPS Vent cultures struggling in 2i + LIF 

Both the Vertebrate and Invertebrate Vent cultures showed large amounts of cell death by day 

5 of reprogramming. Pre-iPS cells exhibiting a more intermediate state with a round partially 

reprogrammed phenotype struggled with prolonged exposure to 2i + LIF conditions.  

(A) Human Vent, (B) Axolotl Vent, (C) Xenopus Vent2, (D) Saccoglossus Vent1,  

(E) Amphioxus Vent1, (F) Amphioxus Vent2, (G) Sponge Vent, (H) Empty plasmid,  

(I) Untransduced cells. Scale bar represents 200um at 10x magnification. 

 

However, unlike these Vent cell lines which were showing signs of gradually dying 

out in 2i + LIF, the Nematostella Vent cultures looked to be rapidly dying (Fig. 10A), 

with very few cells remaining attached to the gelatinised surface of the plate. Only the 

Nematostella Vent cultures entirely failed to propagate beyond this stage. 

At the same time point, day five, microscopic colonies could be identified in the 

Saccoglossus Vent2 cultures as rounded and compact, 3D structures with a defined 

edge (Fig. 10B) comparable to the colonies in the cultures expressing Nanog genes, 

such as axolotl Nanog (Fig. 10 

C). No other Vent line demonstrated any signs of reprogramming activity at this 

point. 
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Figure 10: Saccoglossus Vent2 colonies emerge at day five as Nematostella Vent 

collapses 

(A) Only the Nematostella Vent cultures completely died out in 2i + LIF conditions prior to 

antibiotic selection. (B) Microscopic colonies emerged in the Saccoglossus Vent2 cultures 

around day five.  

(C) Axolotl Nanog iPSCs emerging. 

Scale bar represents 200um 

 

G418 antibiotic was added to the 2i + LIF media on day 6 at a concentration of 

400ug/ml to select for expression of the Neo resistance allele embedded in the 

endogenous Nanog locus. By selecting for activation of the Nanog locus, I was able to 

isolate the cells which were fully reprogrammed to ground state pluripotency. 

Cultures were maintained in G418 for four days until assayed at the assigned end 

point of day ten.  

 

3.1.3 iPS cells identified at day ten 

 

By day ten of the reprogramming assay, the G418 had selected for the cells in which 

the Neo resistance gene had been activated. The iPS colonies could be more clearly 

identified by day ten (Fig. 11), as the majority of the cells which failed to activate 

endogenous Nanog locus died during selection. 

All three Nanog genes, mouse Nanog, axolotl Nanog, and Eggnog, successfully 

reprogrammed the cells to form G418 resistant colonies. The mouse Nanog cultures, 

based on observation (Fig. 11A), appeared to have worked the most efficiently, 

forming large compact colonies comparable to naïve ESCs. Both of the axolotl Nanog 

genes had produced large round colonies with a defined edge (Fig. 11; B, C). 

Interestingly, the Saccoglossus Vent2 gene also successfully generated colonies; 

however, they were generally much smaller than those generated by the Nanog 
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cultures (Fig. 11; D), apart from a few colonies which expanded to a size comparable 

to the Nanog colonies. But all of the Saccoglossus Vent2 colonies displayed the round 

morphology and defined borders characteristic of emerging iPS colonies (See arrow 

in Fig. 11D).  

Many of the colony-like structures that appeared in the Saccoglossus Vent2 cultures 

by mid-point of the reprogramming assay did not survive the G418 selection, and 

therefore appear to have failed to convert to a fully reprogrammed state. The other 

invertebrate Vent lines expressing Saccoglossus Vent1, both amphioxus Vents, and 

Sponge Vent failed to generate anything that resembled an iPS colony, and they died 

out completely in the antibiotic by day ten of the assay. The Nematostella vent line 

died prior to any selection. The three vertebrate Vent gene lines also failed to produce 

reprogrammed cells (Fig. 11E). Cultures of cells either transduced with the empty 

plasmid or negative controls containing cells that were not transduced died under 

selection by the end of reprogramming (Fig. 11F). By day ten of the assay, all Vent 

cultures apart from the Saccoglossus Vent2 line, and the negative controls, failed to 

produce G418 resistant colonies, and ceased to propagate in culture under antibiotic 

selection (Fig. 11E, F).  

 

 

Figure 11: Day 10 of reprogramming. 

(A) Large compact ESC-like colonies in mouse Nanog cultures. (B) G418 resistant colonies 

in Axolotl Nanog and (C) Eggnog (D) Smaller colonies in Saccoglossus Vent2 cultures. (E) 

Image of the human vent culture, which is representative of all the vertebrate Vent cultures at 
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this point of the assay. (F) Empty plasmid line did not survive the G418 selection. Scale bar 

represent 200um. 

 

The cultures which had successfully generated colonies were analysed to determine if 

complete reprogramming was achieved at day ten. Plates containing each of the 

reprogrammed cell lines were passaged onto new six well plates with a gelatinised 

surface, and maintained in 2i + LIF N2B27 media conditions to establish lines of 

iPSCs. To passage the Saccoglossus Vent2 colonies which were sparse on the 

reprogramming plates, larger colonies were manually picked using a p200 pipette in 

order to limit enzymatic disruption with Trypsin, before the plates were then exposed 

to 1X Trypsin-EDTA solution to dislodge and collect the remaining cells, and then 

passaged as standard. The G418 antibiotic selection is a slow process, and by day ten 

of the reprogramming assay it was found that a few relatively intact cells with a 

somatic morphology were still attached to the plate, most noticeably in the Xenopus 

Vent2 cultures where no iPS colonies had formed. This is most likely due to the high 

confluency of the cultures at the onset of antibiotic selection, resulting from the 

accelerated proliferation rate attributed to the WR domain. However, these cells were 

also collected by exposure to Trypisn-EDTA, and passaged to fresh plates in 2i + LIF 

to rule out any possibility of Neo resistance having been activated within these cells. 

Very few cells from the Xenopus Vent2 cultures survived passaging, but those that 

attached were maintained in 2i + LIF conditions for ten days in the absence of 

antibiotic, and the cells grew from a low density to form large pre-iPS structures (Fig. 

12A, B). G418 was then added to the media at the maintenance concentration of 

200ug/ml, and over the course of one week, proceeded to eradicate all cells from the 

plate (Fig. 12C). This indicates that no cells were reprogrammed by Xenopus Vent2, 

and the cells which survived the initial antibiotic selection did so due to insufficient 

exposure to G418 selection. 
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Figure 12: Extensive G418 treatment required for Xenopus Vent2-WR cultures 

(A) Xenopus Vent2 cultures grew to form large pre-iPS structures in 2i + LIF conditions over 

the course of 10 days. Scale bar represents 200um. (B) A low number of cells successfully 

attached to the plate after passaging, and grew to form tightly packed clusters from sparely 

seeded cells. (C) G418 eliminated all cells from the culture after 7 days. Scale bar for images 

(B) and (C) represents 500um. 

 

3.1.4 Staining of iPS colonies 

 

When the reprogramming reached the assigned end point, day ten in 2i + LIF as per 

the methods of Theunissen et al. (2011), cultures which had generated G418 resistant 

colonies were stained for activation of the LacZ gene that was knocked-into one of the 

endogenous Nanog alleles. Blue staining was indicative of activation of the 

endogenous Nanog locus which indicates complete reprogramming to ground state 

potential. Cultures containing cells expressing Mouse Nanog, axolotl Nanog, Eggnog, 

and the Saccoglossus Vent2 all stained positive for LacZ (Figure 13). 
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Figure 13: LacZ staining at day 10 of reprogramming 

(A) Mouse Nanog, (B) Axolotl Nanog, (C) Eggnog, and (D) Saccoglossus Vent2, all stained 

positive for activation of the LacZ gene at the endogenous Nanog locus.  

Scale bar represents 200um. 

As a second test for reprogramming, cultures were also stained for expression of 

alkaline phosphatase (AP), which is present at elevated levels on the membrane of 

pluripotent cells, and is therefore used as a marker for pluripotency. Cultures of cells 

expressing mouse Nanog contained high numbers of AP positive colonies (Fig. 14A), 

demonstrating the high reprogramming efficiency of the gene. Cultures containing 

colonies generated by Axolotl Nanog (Fig. 14B), Eggnog (Fig. 14C), and 

Saccoglossus Vent2 (Fig. 14D) all stained positive for AP. 
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Figure 14: Alkaline phosphatase staining for pluripotent cells 

Red cells indicate positive AP staining. (A) A dense population of AP positive mouse 

Nanog reprogrammed colonies, shown here at x40 magnification. Scale bar represents 

500um. (B) Axolotl Nanog, (C) Eggnog, and (D) Saccoglossus Vent2, all stained positive for 

AP. Scale bar represents 200um. 

 

Both axolotl Nanog (Fig. 14B) and Eggnog (Fig. 14C) appeared to have generated AP 

positive colonies to a similar extent, but were both observed to be sparser than the 

mouse Nanog cultures (Fig. 14A). Based on observation, Saccoglossus Vent2 cultures 

had generated very few AP (Fig. 14D), and LacZ (Fig. 13D), positively stained 

colonies. However, positive staining in the Saccoglossus Vent2 cultures suggests that 

the Nanog activity required to reprogram the NS pre-iPS cells to pluripotency is 

conserved in Hemichordates. 
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3.1.5 Efficiency of reprogramming  

 

Colonies which stained positive for both LacZ and AP were counted at the end of the 

reprogramming assay, to assess the reprogramming efficiency by comparing the 

number of colonies generated per 10^4 cells seeded for each cell line. 

 

 

Cell Line LacZ+ AP+ 
Total 

Colonies 

Average 

per well 

Colonies 

per 104 

seeded 

Mouse 

Nanog 
173 193 139 175 191 181 1052 175.3 87.6 

Axolotl 

Nanog 
35 43 36 48 41 38 241 40.17 20.85 

Eggnog 27 32 28 31 29 33 180 30 15 

Saccoglossus 

Vent2 
8 7 12 9 8 8 52 8.67 4.34 

 

Table 2: Reprogramming efficiency of positively stained cell lines at day 10 

Three reprogramming cultures were established for each cell line on a six well plate. For each 

plate one well was stained for LacZ, another for AP. Positive staining colonies were counted 

for each well. The total number of colonies generated for each gene was calculated as the sum 

of both LacZ and AP positive colonies. The final efficiency of colonies generated per 10^4 

cells seeded, was based on the initial seeding density of 20K cells per well for each line. 

 

 

Mouse Nanog was the most efficient gene for generating iPSC colonies from the 

somatic pre-iPS cells (Table 2). Both axolotl Nanog genes demonstrated a similar 

efficiency which was however, much lower than the mouse gene. The Saccoglossus 

Vent2 gene was approximately 5% as efficient as Mouse Nanog in generating 

colonies. However, activation of the endogenous Nanog locus (Fig. 13), and 

subsequent generation of iPS colonies indicate that the Saccoglossus Vent2 gene can 

successfully substitute for Nanog in reprogramming, and that hemichordate Vent 

genes have the capacity reprogram cells to pluripotency. To further characterise the 

activity of Saccoglossus Vent2, the iPS line was expanded and analysed. As the 
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mouse Nanog gene was the most efficient at reprogramming, and is itself the native 

transcription factor that was deleted from the parental line, it was chosen as the 

positive control for experiments here after. Both iPS lines were expanded side-by-side 

for comparative purposes. 

 

3.1.6 Saccoglossus iPS cells in culture 

 

The iPSCs reprogrammed with Saccoglossus Vent2 were continuously maintained on 

gelatinised plates in 2i + LIF N2B27 serum-free conditions. The cells proliferated at a 

rate above that which would be normal for wild type ESCs, presumably due to the 

expression of the WR domain in the lentiviral contruct. The line expressing mouse 

Nanog showed very limited differentiation in 2i + LIF conditions, and maintained 

homogeneity within the culture for several passages at a time absent G418 (Fig. 15A). 

In contrast, the Saccoglossus cells had a noticeable propensity to differentiate. 

Relative to the mouse Nanog line, the Saccoglossus Vent2 cells continuously 

displayed disproportionately high levels of differentiation on the periphery of the iPS 

colonies (Fig 15B). Interconnecting webs of differentiated cells (Indicated by yellow 

arrows in Fig. 15C) formed across the culture in the absence of G418. The central 

colonies themselves otherwise exhibited a compact 3D structure characteristic of 

ground state pluripotent colonies. Yet to retain homogeneity of the cultures, they were 

periodically maintained in 200ug/ml G418 antibiotic to remove differentiation (Fig. 

15D). The central colonies remained intact, yet prolonged absence of any antibiotic 

selection for pluripotent cells lead to the formation of interconnecting webs of 

differentiated cells, present universally throughout the culture. The mouse Nanog line, 

in comparison, behaved more akin to wild type ESCs in 2i + LIF. 
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Figure 15: Passaged iPS lines growing in 2i + LIF 

(A) Mouse Nanog iPS cells maintained a homogeneous ESC-like morphology in 2i + LIF 

conditions. (B) Saccoglossus Vent2 cells had a propensity to differentiate. (C) Saccoglossus 

Vent2 colonies cultures absent G418. (D) iPS colony homogeneity restored with G418. Scale 

bar represents 200um. 

 

Both iPS lines were expanded further. As this reprogramming experiment was 

conducted with the mammalian WR domain attached to the carboxy terminus of the 

Vent genes, we decided to test if the Saccoglossus Vent2 gene could reprogram the N-

/- somatic pre-iPS cells acting as a monomer, and successfully establish an iPS line in 

its native state. 

 

 

 

3.1.7 Monomer cell lines in serum + LIF 

 

To test the reprogramming capacity of the invertebrate Vent genes further, we used 

the PiggyBac vector system to stably transfect N-/- pre-iPS cells with Saccoglossus 
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Vent2 and Nematostella Vent. These constructs lacked the WR domain. The mouse 

Nanog gene, was used as a positive control. However, the mouse Nanog CDS 

naturally encodes the WR domain, and was therefore capable of homodimer 

formation. As the Xenopus Vent2 gene had been the most extensively tested in the 

previous assay, and was conclusively shown to have no reprogramming activity, it 

was chosen as a negative control for vertebrate Vent activity in this reprogramming 

assay, and was expressed in its natural monomeric state. 

The PiggyBac vector system was chosen for several reasons. Unlike lentiviral vectors, 

the PiggyBac vector is not silenced by epigenetic reprogramming in pluripotent cells 

(Chen et al., 2015), and therefore its expression is maintained at a constant level in an 

established iPS line. In addition, lentiviral vectors randomly insert into the genome, 

whereas the PiggyBac vectors recognise a specific sequence for insertion, which 

provides a greater level of control over the copy number delivered. PiggyBac is also 

reversible, the transgene inserted can be excised from established cell lines. 

 

As previously, the N-/- pre-iPS cells were grown in serum + LIF conditions, and were 

stably transfected with each transgene. Selection for the transgenes was achieved by 

addition of the antibiotic hygromycin B to the culture media at a concentration of 

100ug/ml for a minimum of ten days to select for transformants. Stable cell lines were 

then seeded for reprogramming. The pre-iPS morphology of the mouse Nanog and 

Saccoglossus Vent2 lines showed a slightly increased propensity to form pre-iPS 

colony-like structures in serum LIF conditions, but cells expressing Xenopus Vent2 

remained unchanged. Cells expressing the Nematostella Vent gene, however, again 

began to demonstrate a disposition to form a more rounded and refractile cell type 

throughout the culture (Fig. 16A), and its propensity to do so increased after selection 

and became more prominent after the cultures were passaged (Fig. 16B). The smaller 

cells at a more intermediate phase of reprogramming in the starting cell line have a 

tendency to attach to the larger cells that display a more elongated somatic 

morphology, and the smaller cells form 3D aggregates similar to early colony 

formation. However, the round Nematostella cells could comfortably propagate as a 

monolayer attached to the gelatin treated surface of the six well plate (Fig. 16C). 
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Figure 16: Nematosella Vent induces a round phenotype 

(A) Pre-iPS cells transfected with Nematostella Vent begin to show an increasing proportion 

of partially reprogrammed cells. Scale bar represents 200um. 

(B) Cell which have a round morphology become more prominent with increasing passage 

number. Scale bar represents 100um.  

(C) Round cells attach to the gelatin treated surface in a monolayer, and can proliferate 

comfortably. Higher magnification; scale bar represents 50um. 

 

All four pre-iPS lines were then seeded in serum + LIF on gelatinised six well plates, 

before media was switched to 2i + LIF after 48 hours to initiate reprogramming. The 

switch to 2i + LIF media represents T0 of the reprogramming assay. 

 

3.1.8 Saccoglossus Vent2 can generate iPS colonies in its native form 

 

By the time the media was switched to 2i + LIF, the Saccoglossus Vent2, 

Nematostella Vent, and xenopus Vent cultures all remained sparse. The monomer cell 

cultures had grown to a noticeably lower extent than their counterparts expressing the 

WR domain. The absence of a WR domain, which had conferred accelerated growth 

on the lentiviral lines, combined with the removal of serum from the culture 
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conditions at this point to inhibit the cell proliferation. Cells expressing Saccoglossus 

Vent2 failed to produce any colony-like structures by day 6, and died in the 

subsequent four day selection for reprogrammed cells with G418 (Fig. 17A). The 

unhealthy appearance of the cultures suggested the initial seeding density was 

inadequate to facilitate the testing of the genes for reprogramming activity. Therefore 

the seeding numbers were doubled for all lines. The mouse Nanog positive control 

showed early colony formation as expected (Fig. 17B), however this gene in its native 

form conferred an accelerated growth rate on the cells, and due to the increased 

seeding density was already fully confluent by the midpoint of the assay. The G418 

selection could not remove the over-growth of cells, and the culture died out by day 

10 (Fig. 17C). 

The Mouse Nanog line was seeded at 20K cells per well, and the other three lines at 

40K per well. This ensured adequate cell numbers for colony formation (Fig. 17D), 

and removed the possibility of over-growth which would compromise the cultures. 

The Nematostella Vent cultures exhibited massive cell death when switched to 2i + 

LIF serum-free conditions. Concurrent with the lentiviral line, the Nematostella Vent 

cultures could not be maintained to the point of antibiotic selection (Fig. 17; E). The 

Xenopus Vent2 negative control cultures displayed no reprogramming activity, and 

died off in response to antibiotic selection (Fig. 17F). 

Cultures which generated colonies were stained with Xgal for LacZ activation in the 

endogenous Nanog locus, and also AP staining with a Sigma Alkaline phosphatase 

kit. The number of positively stained colonies was counted. 
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Figure 17: Optimising seeding densities for reprogramming 

(A) Saccoglossus Vent2 by day 8 in 2i + LIF when seeded at 20K per well. (B) Increased 

seeding caused mouse Nanog to quickly reach maximum confluency. Colonies indicated by 

Arrows. (C) Mouse Nanog at day 10; colonies had collapsed. (D) Saccoglossus Vent2 cells 

seeded at 40K cell/well facilitated colony formation. (E) The Nematostella Vent line dying 

prior to selection. (F) Xenopus Vent negative control dead by day 10. Scale bar for A, E, and 

F represents 200um. Scale bar for B, C, and D represents 500um. 
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3.1.9 Saccoglossus Vent2 can activate endogenous Nanog as a monomer 

 

Colonies formed from pre-iPS cells expressing the Saccoglossus Vent2 gene in its 

native monomeric form were analysed to determine if the endogenous Nanog locus 

was transcriptionally active by staining for lacZ activity. The culture generated on 

average 6.5 colonies per well (Table 3), indicating that Saccoglossus Vent2 protein in 

a monomeric form is sufficient to fully reprogram the pre-iPS cells (Fig. 18B). The 

Saccoglossus Vent2 colonies were comparable in size to those of the mouse Nanog 

culture (Fig. 18A), however there were much fewer colonies (Table 3). 

 

 

Figure 18: Saccoglossus Vent2 in its native form is sufficient to reprogram Nanog null 

pre-iPSCs 

Positive staining for LacZ indicates that the cells have been reprogrammed to the point where 

the endogenous Nanog locus has been activated in both (A) the mouse Nanog positive control 

cultures and (B) the line expressing Saccoglossus Vent2 in its native monomeric form. (C) 

Mouse Nanog stained positive for AP. (D) Red staining indicates that the Saccoglossus Vent2 

line has been reprogrammed to the point where it now displays ESC like levels of the AP 

marker for pluripotency. Scale bar represents 100um. 
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The cultures expressing lacZ were also stained for expression of alkaline phosphatase, 

as an indicator of pluripotency. AP staining gave concurrent results to that of the 

LacZ stain, for both the mouse Nanog and Saccoglossus Vent2 cultures (Fig. 18; C, 

D). The positively stained colonies reaffirm the capacity of the Saccoglossus Vent2 

gene to reprogram somatic cells to pluripotency.  

 

Positively stained colonies were counted and the efficiency of reprogramming was 

calculated (Table 3). 

 

 

 

 

Cell Line LacZ+ AP+ 
Total 

Colonies 

Average 

per well 

Colonies 

per 104 

seeded 

Mouse 

Nanog 
123 146 131 125 111 149 785 130.83 65.42 

Saccoglossus 

Vent2 
6 4 7 6 8 8 39 6.5 1.63 

 
Table 3: Reprogramming efficiency of monomeric Saccoglossus Vent2 

Positive staining colonies were counted for each well. The total number of colonies generated 

for each gene was calculated as the sum of both LacZ and AP positive colonies. The final 

efficiency of colonies generated per 10^4 cells seeded, was based on the initial seeding 

density of 20K cells per well for mouse Nanog, and 40K per well for Saccoglossus Vent2. 

 

The culture of cells expressing Saccoglossus Vent2 generated only 2.5% as many 

colonies as the mouse Nanog gene, producing on average 1.63 colonies per well for 

every 10k cells seeded for the assay. Interestingly, both the mouse Nanog and 

Saccoglossus Vent2 cultures were less efficiently reprogrammed by the PiggyBac 

vector system (Table 3), than the Lentiviral transduction system of gene delivery 

(Table 2). The mouse Nanog cultures on average produced 25.3% less colonies when 

reprogrammed using PiggyBac. The Saccoglossus Vent2 gene in PiggyBac showed a 

larger reduction in the number of colonies produced, as on average it generated 62.4% 

less colonies per 10K cells seeded. This may be due to a higher level of expression 
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required to initiate reprogramming. As stated, the mouse Nanog CDS used in 

reprogramming naturally contains the WR domain which facilitates the formation of 

Nanog homodimers. Future work testing the reprogramming activity of a mouse 

Nanog molecule minus the WR domain, would provide a more direct comparison 

with the monomeric Saccoglossus Vent2 used in this assay. It is also possible that the 

reduced proliferation rate displayed by the monomeric Saccoglossus line generates 

less colonies than the cells expressing the WR domain as a result of attaining a lower 

overall confluency during the assay. Cells from both sets of cultures were passaged in 

2i + LIF to establish an iPSC line. 

 

3.1.10 Saccoglossus Vent2 iPSCs unstable in culture 

 

Reprogrammed cells were passaged on to fresh plates and maintained in serum-free 

conditions. The Saccoglossus Vent2 line displayed a lower proliferation rate than that 

of the Nanog reprogrammed cells, presumably due to the forced expression of the WR 

domain in the mouse Nanog iPSC line. However, similar to cells reprogrammed with 

lentiviral directed expression of Saccoglossus Vent2-WR fusion, cells reprogrammed 

with the monomer construct displayed a propensity to differentiate. The instability of 

these cells was specific to the Saccoglossus Vent2 line, as cells expressing Nanog 

remained as relatively homogeneous ESC-like cells in culture. Maintenance of ESC-

like colonies from cells reprogrammed with Vent2 required regular addition of G418 

to the 2i + LIF culture media at a concentration of 200ug/ml (Fig. 19B). In the 

absence of antibiotic selection, an interconnecting web of differentiated cells 

surrounded the iPS colonies throughout all Vent2 cultures (Fig. 19A). The culture 

retains ESC-like cells throughout this process, as the compact iPSC colonies remain 

G418 resistant, which demonstrates that the endogenous Nanog locus remains active 

in these cells (Fig. 19B). Homogeneous cultures of iPSCs were collected for RNA 

isolation, and later quantitative and qualitative analysis of gene expression. 
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Figure 19: Instability of the Saccoglossus Vent2 iPSCs 

(A) Saccoglossus Vent2 line absent G418. (B) G418 restores homogeneity, central iPSC 

colonies remain. (C) Cells also differentiate to large rounded cells. (D) Differentiated 

Saccoglossus Vent2 cells display both a prominent round morphology and an epithelial-like 

morphology, similar to Nematostella Vent pre-iPS line. Scale bar represents: 200um for A, B. 

100um for C. 50um for D. 

 

 

Elongated neural-like cells most commonly differentiate within these cultures (Fig. 

19A). These cells form consistently in the absence of the antibiotic. However, a 

second type of differentiated cell also arises less frequently, as patches of more 

rounded cells which do not expand well in the culture, and appear only in small 

clusters briefly in the culture (Fig. 19C). 

These cells closely resemble the rounded cells induced in Nematostella as part of 

heterogeneous pre-iPS cell cultures (Fig. 16). In the Saccoglossus Vent2 iPSC 

cultures, the rounded cells are a consequence of differentiation which makes them 

easier to identify due to their morphology contrasting to that of the large compact 

iPSC colonies. It can be seen that this population of large differentiated cells consists 

of a round cell type and cells of a more epithelial morphology (Fig. 19D). The round 
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cells resemble those induced by Nematostella Vent, suggesting their induction is 

reflects a specific property of invertebrate Vent genes. We decided, therefore, to 

examine the Nematostella Vent (NvVent) pre-iPS cell line. 

 

3.1.11 Nematostella Vent drives an unusual phenotype 

 

As seen in figure 16, Nanog -/- pre-iPS cells transfected with the Nematostella Vent 

gene divert to a rounded cell type, the number of which increases exponentially to 

form the majority of the cell population within those cultures. These pre-iPS cells 

were seeded for reprogramming uniformly with lines expressing other candidate 

genes; however only the sea anemone Vent line could not survive in 2i + LIF 

conditions. To gain a closer look at the morphology of these cells, we isolated a 

culture which displayed a high ratio of the rounded cells within its population, and 

applied a haematoxylin and eosin (H&E) stain. The high proportion of blue hemalum, 

which specifically colours the nucleus, demonstrates a high nuclear to cytoplasmic 

ratio. Prominent nucleoli indicate that the cells are transcriptionally active (Fig. 20B). 

The fact that these cells do not survive 2i neurobasal conditions suggested that the 

cells have developed dependency on a signalling pathway with which the small 

molecule inhibitors interfere. The inhibitors used are PD which inhibits MEK 

signalling, and the Chiron inhibitor of GSK-3 which causes an upregulation of Wnt 

signalling. One, or both, of these two pathways were subsequently identified as 

crucial to the expansion of the Nematostella Vent pre-iPS cells as they do not survive 

2i + LIF conditions (Fig 10A, Fig. 17E). 

To identify the inhibitor that disrupts the cultures, I tested the effects of the media 

components separately. The GSK-3 inhibitor at a concentration of 3uM did not alter 

the phenotype of the cells when added to the media (Fig. 20C). Cells under these 

conditions maintained the sub population of round cells at levels similar to basic 

serum + LIF conditions (Fig. 20A). However, addition of the MEK inhibitor at a 

concentration of 1uM began to eliminate the round cells from the culture over the 

course of 24 hours, demonstrating that these cells are ERK dependent (Fig. 20D). 
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Figure 20: Testing the effects of 2i molecules on NvVent cells 

(A) The NvVent pre-iPS cells grown in serum-LIF show a rounded phenotype. (B) H&E 

staining demonstrates high nuclear to cytoplasmic ratio, and pronounced nucleoli demonstrate 

that the cells are transcriptionally active. Scale bar represents 50um. (C) The cells grown in 

serum + LIF + GSK-3 inhibitor. (D) The cells grown in MEK inhibitor for 24 hours; high cell 

death, and the rounded cells become less prominent in the culture. Scale bar represents 

100um. 

 

 

Interestingly, a subset of the Nematostella Vent culture, growing in a monolayer of 

rounded cells, demonstrated positive staining for AP, a pluripotency marker (Fig. 

21A). These were reduced in number after the addition of MEK inhibitor (Fig. 21C). 

The proportion of cells staining positive for AP was unaffected by the addition of 

GSK-3 (Fig. 21B). 
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Figure 21: AP staining of Nematostella Vent line in different inhibitors 

(A) A small portion of the NvVent pre-iPS cells stain positive for AP in serum LIF. (B) These 

cells are unaffected by the addition of GSK-3 inhibitor. (C) MEK inhibitor reduces the 

number of round cells present in the culture, coinciding with a drop in the level of positively 

stained cells. Scale bar represents 100um. 

 

Transfection of the pre-iPSC line with Nematostella Vent appears to induce a more 

rounded and refractile cell type throughout the culture, and the cells acquired 

dependence on ERK signalling. These attributes are characteristic of XEN cells, 

which are representative of the extra-embryonic endoderm of the mouse blastocyst 

(Kunath et al. 2005). RNA samples were collected from the cultures displaying the 

highest proportion of XEN-like cells, to be analysed at a later point.  
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3.2 QPCR ANALYSIS OF REPROGRAMMED CELLS 

 

To determine if NS pre-iPS cells were completely reprogrammed by the Nanog gene 

from mouse (mNanog) and the Vent2 gene from the acorn worm Saccoglossus 

kowalevskii (SkVent2), RNA samples were collected and used to make First strand 

cDNA. mNanog and SkVent2 cells reprogrammed using both the lentiviral constructs 

and the PiggyBac gene delivery system, were analysed for expression of pluripotency 

markers relative to wildtype mouse ESCs and the untransfected Nanog-null NS 

derived pre-iPSCs (Fig. 22). Cells reprogrammed with a lentiviral SkVent2 construct 

contained a tryptophan repeat domain (WR) added to the carboxy terminus of the 

gene, and the lentiviral reprogrammed cells are denoted in figure 21 by the addition of 

–WR to the sample name.  Primer sequences from Silva et al. (2011) were used to 

specifically target the endogenous Oct4 gene, and differentiate its expression from 

that of the retroviral Oct4 that is constitutively present in the pre-iPS cells. All iPSC 

samples showed activation of the endogenous Oct4, with cells reprogrammed with 

mouse Nanog showing a relatively higher level than the cells reprogrammed with the 

invertebrate Vent. Krüppel-like factor 2 (Klf2) is essential for ground state 

pluripotency (Yeo et al., 2014), and was also activated in all iPSC samples, but was 

present at a lower level than in mESCs. Rex1 is a direct target of Nanog (Shi et al., 

2006), and was activated in all iPSCs, but was most highly upregulated in mouse 

Nanog iPSCs. Estrogen-related receptor b (EsrrB) is also a direct target of Nanog 

(Festuccia et al., 2012), and was successfully activated in all the iPSC lines. 

Interestingly, it was similarly upregulated in both the mouse Nanog and Saccoglossus 

Vent lines, almost four-fold higher relative to wildtype ESCs, suggesting that it may 

have been directly targeted by the invertebrate Vent gene as well as Nanog. Nrob1 is a 

marker of naïve pluripotency (Nichols and Smith, 2009), and was similarly activated 

and upregulated by both mouse Nanog and Saccoglossus Vent2. Tbx3 is a 

pluripotency factor that is directly bound by Nanog, and can be used as a 

reprogramming factor itself to increase germ-line competency of iPSCs (Han et al., 

2010), and Fig. 22 shows it can be activated by both Nanog and invertebrate Vent 

genes during reprogramming. Fbx15, expression of which is specific to 

undifferentiated ESCs (Tokuzawa et al. 2003), was also activated in all iPSC lines. 

Activation of these endogenous pluripotency factors indicates that the cells were fully 

reprogrammed to ground state pluripotency by both mouse Nanog and Saccoglossus 
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Vent2. I observed that the majority of the genes targeted by the qPCR analysis 

demonstrated expression levels which were elevated relative to wildtype ESCs, 

suggesting that their expression was being directly upregulated by both the mouse 

Nanog and Saccoglossus Vent transgenes. 

 

 

Figure 22: qPCR analysis for expression of pluripotency markers in reprogrammed NS 

cells 

qPCR analysis of iPSCs derived from reprogramming of Nanog-null NS pre-iPSCs. Data was 

standardised against ground state CGR8 wildtype mouse ESCs, using -Actin as an 

endogenous control. PB-MN and PB-SkV2 represent the PiggyBac reprogrammed mouse 

Nanog and acorn worm Vent2 iPSCs respectively. MN-WR and SkV2-WR indicates the 

lentiviral constructs, which added the tryptophan repeat domain to the SkV2 gene. 

 

As the PiggyBac reprogrammed cells utilised a gene delivery system that inserts 

constructs at specific sites, resulting in a constant controlled level of expression in the 

resulting iPSCs, these lines were chosen for further analysis. These iPSCs also 

permitted analysis of cells reprogrammed by the invertebrate Vent gene in its native 

monomeric form; without the WR domain. Silencing of the exogenous retroviral 

factors marks the acquisition of a completely reprogrammed state (Hotta and Ellis, 

2008; Buganim et al, 2012). Cells were collected after ten or more passages and 

analysed to determine if the retroviral Yamanaka factors expressed in the pre-iPS cells 

were silenced in the iPSC lines (Fig. 23). The NS pre-iPS cells constitutively express 
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exogenous Oct4, Klf4 and cMyc which were transduced by retrovirus (Silva et al., 

2009), but maintain high levels of endogenous Sox2 due to the neural origin of the 

pre-iPSC line. 

All three retroviral Yamanaka factors are downregulated in the established iPSC lines 

(Fig. 23). This verifies complete reprogramming of the cells to ground state 

pluripotency. 

 

 

Figure 23: Silencing of exogenous pluripotency factors. 

Retroviral Oct4, Klf4, and cMyc were downregulated in all reprogrammed iPSCs, relative to 

the untransfected pre-iPSCs. -Actin was used as an endogenous control. 

 

3.3 EMBRYOID BODY DIFFERENTIATION 

 

 

At the same late passage used for RNA extraction, iPSCs were also collected from 

both the mouse and acorn worm to make embryoid bodies (EBs). This was to test the 

capacity of cells reprogrammed by an invertebrate Vent gene to differentiate, relative 

to EBs made from wildtype mouse ESCs. Hanging drops were formed as previously 

described (Section 2.7) using mNanog iPSCs, SkVent2 iPSCs, and CGR8 wildtype 

mESCs. The EBs formed over three days, were then collected (Fig. 24A), and allowed 

to differentiate and grow in suspension cultures for ten days (Fig. 24B). The 
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suspension cultures were maintained in basic serum containing media minus any 

inhibitors to promote spontaneous differentiation. After ten days the EBs were 

collected, and RNA was extracted for qPCR analysis. 

 

Figure 24: Differentiation of Embryoid bodies 

(A) Embryoid bodies formed from mESCs in suspension culture at day 1. (B) Embryoid 

bodies formed from mNanog iPSCs in suspension culture at day 1 (C) Embryoid bodies 

formed from SkVent2 iPSCs in suspension culture at day 1. The mESC (D), mouse Nanog (E) 

and SkVent2 (F) embryoid bodies beginning to show spontaneous differentiation 5 days after 

collection from hanging drops. Scale bar represents 100um for A, B, D, E, F. Scale bar 

represents 200um for C. 

 

 

 

3.4 QPCR ANALYSIS OF EMBRYOID BODY DIFFERENTIATION 

 

When differentiating in the absence of signalling inhibitors, EBs recapitulate many 

aspects of cell differentiation during early mammalian embryogenesis and give rise to 

mature cells of all three primary germ layers (Desbaillets et al., 2000). To determine if 

the iPSCs were capable of generating cells representative of all three germ layers, two 

markers were chosen for each lineage. Sox17 and alpha fetoprotein (AFP) were 
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selected for endoderm, NeuroD and Cytokeratin (Krt18) for ectoderm, and Myf5 and 

Brachyury (T) were chosen to assay for mesodermal differentiation (Fig. 25). 

Both the mNanog and Saccoglossus Vent2 EBs showed high upregulation of markers 

representative of all three germ layers, indicating differentiation, and verifying that 

cells had been reprogrammed to the ground state (Fig. 25). The Saccoglossus Vent2 

cells displayed a greater induction of endodermal markers Sox17 and AFP relative to 

either wildtype ESCs or mouse Nanog iPSCs. Mesodermal differentiation identified 

by Myf5 and T was further verified by spontaneous differentiation to cardiomyocytes 

in the cultures, identified by the characteristic pulsation of the EBs. The ectodermal 

marker NeuroD, associated with neural differentiation was the gene most highly 

upregulated in both iPSC lines. This may be influenced by the neural origin of the 

pre-iPS cells. The harbouring of residual DNA methylation signatures characteristic 

of the somatic tissue from which the pre-iPSCs originated, has been previously 

demonstrated to direct differentiation in favour of lineages related to the donor cell 

(Kim et al. 2010). However, the cells successfully activated genes associated with all 

three germ layers, indicating that they are fully reprogrammed. 

 

 

 

 

 



86 
 

 

Figure 25: Differentiation of EBs to all three germ layers 

EBs formed from ESCs and both mouse Nanog and Saccoglossus Vent iPSC lines show 

activation of markers specific to all three germ layers. Data was standardised to mESC EBs. 

-actin was used as an endogenous control. 

 

 

 

3.5 MEF REPROGRAMMING 
 

 

3.5.1 Creation of TNGA pre-iPS lines 

 

The MEF pre-iPS cell line used was derived from a chimeric mouse where one of the 

endogenous Nanog alleles had been replaced by the GFP targeted to Nanog clone-A 

(TNGA) through homologous recombination (Chambers et al. 2007). To test the 

reprogramming capacity of the Saccoglossus Vent2 gene further, we decided to 

transfect it into the TNGA MEF pre-iPS cell line, and attempt to reprogram primary 

cells to the ground state. The GFP-PURO reporter located at the endogenous Nanog 

locus in one allele in the TNGA cells (Chambers et al., 2007), would allow us to track 

activation of endogenous Nanog in real-time during reprogramming. Unlike the N-/- 

neural stem cell derived pre-iPS line used previously, the TNGA MEFs have one 
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functional endogenous Nanog allele remaining intact. Therefore, production of 

endogenous Nanog protein could stabilise an established iPS line, and potentially 

counteract the differentiation observed in the reprogrammed neural pre-iPS lines 

described above (Fig. 19).  

The PiggyBac gene delivery system was used to establish TNGA pre-iPS lines 

constitutively expressing candidate genes. The reprogramming activity of both 

Saccoglossus Vent2 and Nematostella Vent were compared. Mouse Nanog and 

Xenopus Vent2 were used as positive and negative controls respectively. The TNGA 

pre-iPS cells were transfected with PiggyBac constructs in serum + LIF conditions. 

Stable transfectants were expanded after standard selection with HygromycinB, then 

seeded for reprogramming. The cells were maintained at a confluency above 50% 

throughout the establishment and expansion of the lines, and demonstrated no change 

in their morphology relative to the untransfected MEFs (Fig. 26; A). 

3.5.2 Reprogramming of the TNGA lines 

 

Each TNGA MEF line was seeded for reprogramming in serum + LIF conditions on 

gelatin. All lines were seeded at a low density to facilitate the cells remaining on a 

single culture vessel for an extended period of time without reaching maximum 

confluency. This was to facilitate the formation of GFP-negative partially 

reprogrammed colonies in serum + LIF conditions, prior to a switch to 2i + LIF media 

which mediates the reprogramming to ground state pluripotency. All Vent lines were 

seeded at 10K cells/well, but the mNanog line was seeded at 5k/well to account for an 

accelerated growth rate conferred on it by the presence of the WR domain.  The cells 

showed a greater propensity to form GFP-negative micro-colonies when grown from 

a lower confluency. This was identified by the elongated fibroblast cells growing in 

tightly packed clusters from clonal density. The density of the clusters increased as a 

monolayer as the cells wrapped around one-another. Individual cells then became 

difficult to distinguish in pre-iPS colonies which were GFP-negative, as indicated by 

the arrow in Figure 24C.  Complete reprogramming was then mediated by a switch to 

2i + LIF conditions. Reprogramming of the TNGA lines does not entail defined time 

points for media change like those that were applied when reprogramming the Nanog-

null NS pre-iPSCs. The timing of the switch to 2i + LIF media for each line was 

dictated by observation of GFP-negative colony formation within the cultures (Fig. 
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26B, C). The mNanog cells proliferated at a higher rate than the other pre-iPSC lines. 

However both the mNanog (Fig. 22B) and the SkVent2 (Fig. 22C) cultures began to 

show pre-iPSC colony formation. The mouse Nanog line developed larger colonies at 

a higher frequency than the Saccoglossus Vent2; however all cultures remained 

negative for GFP in serum + LIF indicating the endogenous Nanog locus had not been 

activated. 

 

 
Figure 26: TNGA MEFs in Serum + LIF 

(A) Untransfected TNGA MEF pre-iPSCs. Scale bar represents 200um at 100x magnification 

(B) The mouse Nanog line beginning to form GFP-negative colonies 4 days after being 

seeded. (C) The Saccoglossus Vent2 line showed micro-colony formation 4 days after being 

seeded for reprogramming. Scale bar for B and C represents 100um at 200x magnification 

 

The line expressing Xenopus Vent2 failed to generate pre-iPSC GFP-negative 

structures similar to the mNanog or SkVent2 lines in serum + LIF conditions; 

individual cells remained visible in a monolayer (Fig. 27A). There was no activation 

of the GFP allele in 2i + LIF conditions, and the cells which morphologically 

displayed a more partially-reprogrammed phenotype died in 2i conditions (Fig. 27B). 

The Nematostella Vent line showed a distinct morphology, different to the other lines 

in serum + LIF conditions, as they unexpectedly displayed a small rounded 

morphology (Fig. 27C), similar to the Nanog-null NS derived pre-iPSCs when 

transfected with the Nematostella gene (Fig. 16A). In accordance with this phenotype, 

the cells did not survive prolonged culture in 2i + LIF conditions, and after four days 

in 2i + LIF the culture died out (Fig. 27D).  
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Figure 27: Nematostella Vent and Xenopus Vent TNGA MEFs  

(A)  Xenopus Vent line in serum + LIF (B) Xenopus Vent in 2i + LIF. (C) Sea anemone Vent 

in serum + LIF, (D) Sea anemone Vent dies out in 2i + LIF. Scale bar represents 100um. 

 

Once micro-colonies were observed in the serum + LIF conditions, the media was 

swapped to 2i + LIF. The cells were subsequently checked for activation of the GFP 

reporter in the endogenous Nanog locus. GFP-positive colonies in both the mNanog 

(Fig.28 B) and SkVent2 (Fig. 28 E) cultures confirmed activation of the Nanog gene, 

suggesting fully reprogrammed cells. GFP expression is linked through an IRES to 

puromycin resistance encoded by the pac gene (Chambers et al., 2007), therefore GFP 

positive-colonies of fully reprogrammed cells were then selected for by adding 

puromycin to the culture media at a final concentration of 1ug/ml.  
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Figure 28: GFP-positive MEF derived iPSC colonies 

(A) Mouse Nanog: Brightfield view of Mouse Nanog culture after 10days in 2i + LIF media. 

(B) GFP activation in the mouse Nanog colonies. (C) Merged image show that the GFP signal 

is localised to the colonies.  

(D) Acorn worm Vent2: Small iPSC colony formation in the acorn worm Vent2 cultures. (E) 

GFP activation in acorn worm Vent colonies, (F) Merged image shows GFP signal in 

emerging acorn worm Vent2 iPSC colonies. Scale bar represents 100um. 

 

GFP-positive colonies were counted in six separate wells of a six-well plate for each 

line, and the average number of colonies generated per 10K cells seeded was counted 

(Table 4). Mouse Nanog reprogrammed the MEFs more efficiently than the acorn 

worm Vent2 gene, generating a larger number of colonies from a lower seeding 

density. Mouse Nanog generated 166 colonies from 30K cells seeded on the plate in 

total, compared to 26 colonies generated from 60K acorn worm Vent2 cells seeded 

(Table 4). 
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Cell Line GFP Positive colonies 
Total 

Colonies 

Average 

per well 

Colonies 

per 104 

seeded 

Mouse 

Nanog 
29 28 36 24 25 24 166 27.6 55.3 

Acorn 

worm 

Vent2 

4 6 6 5 2 3 26 4.3 4.3 

 
Table 4: Efficiency of reprogramming TNGA MEFs 

GFP-positive colonies were counted for each well. Each line was tested on a six well-plate. 

Efficiency was calculated per 10K cells seeded. 

 

 

The cells were selected with Puromycin for 48 hours, before iPSCs were passaged 

with 1X trypsin EDTA onto a fresh gelatinised plate, and maintained in 2i + LIF. 

Puromycin was added at a maintenance concentration of 0.5ug/ml to clear the well of 

differentiated cells. Both the mNanog iPSC cultures (Fig. 28A), and the SkVent2 

iPSCs (Fig. 28B) looked similar; however the mNanog line showed a higher 

proliferation rate than SkVent2. Both lines were seeded at 400K cells per well on a 

six-well plate at each passage, however, mNanog reached confluency after two days, 

compared with four days for SkVent2. Based on observation, the MEFs 

reprogrammed with Saccoglossus Vent2 displayed less of a propensity to differentiate 

than the NS cells reprogrammed with the same gene (Fig. 19). However, TNGA 

MEFs reprogrammed with Saccoglossus Vent2 (Fig. 29B) were less stable in culture 

than the mouse Nanog line (Fig. 29A), with more differentiation appearing in the 

Saccoglossus cultures over multiple passages. Homogeneity could be re-established 

by the addition of 0.5ug/ml puromycin to the media. 
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Figure 29: Expansion of TNGA iPSC lines  

(A) Mouse Nanog iPSCs derived from TNGA line expanded in 2i + LIF.  

(B) Acorn worm Vent2 iPSCs in 0.5ug/ml puromycin media after passaging. Scale bar 

represents 100um. 

 

 

Both iPSC lines were expanded for several passages, before RNA samples were 

collected for later qPCR analysis. 

 

3.6 QPCR ANALYSIS OF MEF DERIVED IPSCS 

 

Both TNGA iPSC lines were characterised by assaying for activation of endogenous 

pluripotency markers. The same markers were used as in the assay of the 

reprogrammed NS cells.  
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Figure 30: Activation of endogenous pluripotency genes in TNGA cells 

qPCR analysis of iPSCs derived from reprogramming of Nanog-null NS pre-iPSCs. Data was 

standardised against CGR8 wildtype mouse ESCs, using -Actin as an endogenous control. 

 

Both mNanog and SkVent2 induced activation of endogenous pluripotency factors. 

Interestingly, I observed that the levels of expression were consistently higher in the 

cells reprogrammed with SkVent2 than either the wild types ESCs or the iPSCs 

reprogrammed with mNanog (Fig. 30). This included the relative levels of expression 

of Oct4 and Rex1, both direct binding targets of Nanog. Activation of endogenous 

markers concurred with the positive GFP signal emitted from the colonies, and 

suggests that Nanog activity sufficient to reprogram primary somatic cells to 

pluripotency is conserved in the Vent gene family at the base of deuterstome 

evolution. 

In contrast to this, repeated attempts to reprogram with a Vent gene from the starlet 

sea anemone Nematostella vectensis were unsuccessful. However, the TNGA MEFs 

transfected with Nematostella Vent (NvVent) showed induction of a more rounded 

and refractile cell type throughout the culture, similar to the phenotype seen in the 

Nanog null pre-iPSCs transfected with the same gene. The cells also died early in 2i + 

LIF conditions during the reprogramming assay (Fig. 27D), suggesting they may have 

gained a dependence on ERK similar to the NS cells transfected with NvVent. To test 

this I compared the cells directly by means of qPCR analysis.  
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3.7 QPCR ANALYSIS OF SEA ANEMONE VENT PRE-IPSC LINES 

 

A rounded and highly refractile phenotype was observed in both types of pre-IPS cells 

when transfected with NvVent. The cells also seem to have acquired a dependence on 

ERK signalling. As mentioned, these attributes resemble XEN cells, which are 

derived from the extra-embryonic endoderm of the mouse blastocyst (Kunath et al. 

2005). IMA81 E11 Xen cells characterised by Kunath and colleagues (Fig. 31A), 

were cultured in basic Xen cell culture conditions, and contain a heterogeneous 

culture of cells representative of both visceral and parietal endoderm (Kunath et al., 

2005). The XEN cells (Fig. 31A) display a refractile and rounded cell type similar to 

that of the pre-iPSCs transfected with NvVent (Fig. 31 B). 

 

 

Figure 31: Xen cell comparison with NvVent transfected pre-iPSCs 

(A)  IMA81 E11 Xen cells in culture. (B) Nanog-null NS pre-iPS cells transfected with 

NvVent. (C) Untransfected NS pre-iPS cells. Scale bar represents 200um. 

 

A sample of the XEN cells was collected and processed for RNA, and cDNA was 

synthesised for qPCR analysis (Fig. 32). 
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Figure 32: Genes expressed in XEN cells are upregulated in NvVent pre-iPS cell lines 

Data from qPCR analysis in a logarithmic scale of 10 shows that extra-embryonic endoderm 

markers which are expressed in XEN cells, are upregulated in pre-iPS cells transfected with 

NvVent, relative to the untransfected pre-iPS cells. -Actin was used as an endogenous 

control.  

 

 

Sox7, Sox17, Gata6 and Foxa2 are expressed in XEN cell lines. As seen in figure 32, 

these genes are not expressed in the untransfected pre-iPS cells, therefore we analysed 

in the cells transfected with NvVent by qPCR to determine if those pre-iPS cells have 

acquired a gene expression profile complimentary to their phenotype which is 

concurrently XEN-like (Fig. 31). There is distinct upregulation of XEN cell markers 

in both pre-iPS cell lines transfected with NvVent (Fig. 32), relative to the 

untransfected pre-iPS cells. The relative fold change is relatively low when compared 

with the XEN cell culture, however cells expressing NV Vent display a similar pattern 

of expression, with Sox17 the most highly expressed marker. This XEN-like 

transcription profile is more prominent in the NS pre-iPS cell than in the TNGA 

MEFs. A recent study by Li et al. (2017) has demonstrated that iPSCs established by 
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chemical induction pass through an extra-embryonic endoderm (XEN)-like state, and 

previous research by Parenti et al. (2016) described how the OSKM factors induce 

expression of endodermal genes, leading to formation of induced XEN (iXEN) cells, 

which display similar properties of blastocyst-derived XEN cells, including 

morphology, transcription profile, self-renewal, and multipotency. Parenti et al. 

(2016) show that iXEN cells arise in parallel to induced pluripotent stem cells, 

indicating that OSKM drive cells to two distinct cell fates during reprogramming. 

That the XEN-like cells are induced to such a prominent level in the NvVent cultures 

relative to the untransfected pre-iPS cells suggests that the sea anemone Vent gene is 

reprogramming the cells to an extent where they are then diverted to a XEN-like state. 

If so, this may be due to the inability of NvVent to activate Nanog and complete the 

transition to reprogramming. The XEN-like transcription profile is more prominent in 

the NS derived cells relative to the TNGA cells, this may be due to the more partially 

reprogrammed state of the NS pre-iPS cells, making them more likely to divert to an 

alternative lineage. 
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CHAPTER FOUR 

4 RESULTS: SECTION TWO 

 

My results suggest that Nanog-like reprogramming activity is found in the Vent2 gene 

of the acorn worm; Saccoglossus kowalevskii, representative of basal deuterostomes 

(Cameron et al., 2000). The Vent gene found in the sea anemone Nematostella 

vectensis does not exhibit the same activity, suggesting that Nanog activity arose after 

the evolution of Cnidaria. However, the sea anemone Vent gene does encode some 

reprogramming activity, as its expression appears to divert pre-iPS cells to a XEN-

like state. I therefore further investigated a functional comparison of the two 

sequences with the aim of gaining insight into how Nanog activity evolved.  

 

4.1 SWAPPING THE HOMEODOMAINS 

 

Theunissen et al. (2011) demonstrated that the reprogramming capacity of Nanog is 

conserved in the DNA-binding homeodomain. I therefore decided to test the 

invertebrate Vent genes to determine if the reprogramming activity of 

SaccoglossusVent2 and the XEN-like inducing ability of Nematostella Vent is 

conserved in the respective homeodomains. To assess whether the activity is 

consigned to the DNA-binding domain, I swapped the homeodomains from one CDS 

to another, and created hybrid plasmids containing the Saccoglossus Vent2 

homeodomain with the N and C termini of the Nematostella Vent (SkVent2HD), and 

a second molecule consisting of the Nematostella Vent homeodomain plus the 

flanking regions of Saccoglossus Vent2 (NvVentHD). These constructs were cloned 

into a pLenti vector, and subsequently transduced into the nanog-null NS derived pre-

iPS cells. After standard selection with HygromycinB, the cells were seeded for 

reprogramming. 
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Figure 33: Invertebrate Vent activity regulated specifically by the homeodomain  

(A) NvVentHD produces XEN-like cells in serum + LIF (B) NvVentHD cells after 6 days in 2i + 

LIF.  

(C) SkVent2HD in serum LIF. (D) Colonies emerge in SkVent2HD cultures after 6 days in 2i + 

LIF. Scale bar represents 200um for A, B, D, and 100um for C. 

 

The cells were seeded at 40K per well as previously optimised for the lines expressing 

the natural Saccoglossus Vent2. The NvVentHD cultures did not maintain a healthy 

appearance in the 2i + LIF conditions during the initial reprogramming experiment, 

but the less partially reprogrammed elongated pre-iPS cells persisted until the addition 

of G418 antibiotic, at which point the subsequently died. After several passages in 

serum + LIF conditions, the NvVentHD cultures began to display the same rounded 

cell type as previously observed in cultures expressing Nematostella Vent. This 

phenotype became more prominent as the line was expanded (Fig. 33; A), and 

switching the media to 2i + LIF now rapidly eradicated the NvVentHD cultures, 

which expired by the fourth day in 2i conditions (Fig. 33; B). 

In contrast with this, the SKVent2HD line displayed no alteration in its pre-iPS 

phenotype when cultured in serum + LIF media, instead there were prominent pre-iPS 
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colonies observed in the cultures (Fig. 33C). Switching to 2i + LIF conditions to 

mediate reprogramming subsequently generated small iPSC like colonies after 

approximately three to four days, which remained visible within the culture to the 

point of selection with G418 at day six. By day ten, the SkVent2HD colonies had 

survived, suggesting that the NEO gene in the endogenous Nanog locus had been 

activated. The iPSC colonies were stained for both LacZ and AP as previously 

described to verify the acquisition of pluripotency (Fig. 34). 

 

 

 

 

Figure 34: SkVent2HD LacZ and AP staining 

(A) LacZ staining of cell reprogrammed with SkVent2HD. (B) AP staining of SkVent2 

iPSCs. Scale bar represents 100 um. 

 

Positive staining for LacZ (Fig. 34A) concurred with the observed resistance to G418, 

and confirmed activation of the endogenous Nanog locus. Positive AP staining (Fig. 

34B) verified the acquisition of a pluripotent state. This indicates that the Nanog 

activity exhibited by Saccoglossus Vent2 in reprogramming cells to pluripotency is 

conserved in the homeodomain of the more basal Vent gene. Three wells of a six-well 

plate were stained for either LacZ or AP, and the positively staining colonies were 

counted to calculate the efficiency of reprogramming (Table 5). 
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Cell Line LacZ+ AP+ 
Total 

Colonies 

Average 

per well 

Average 

Colonies 

per 104 

seeded 

SKVent2HD 4 3 5 6 5 4 27 4.5 1.125 

 

Table 5: reprogramming efficiency of Saccoglossus Vent2 containing Nematostella 

flanking regions. 

The capacity the Saccoglossus Vent to reprogram the NS pre-iPS cells has been 

shown to be inefficient when compared with mouse Nanog (Table 3). However, the 

average of 1.125 colonies generated by the SkV2HD gene per 10K cells seeded is 

comparable to the average 1.63 obtained through reprogramming with the complete 

CDS. This suggests that the capacity to reprogram is not affected by the presence of 

the sea anemone flanking regions. The SkVent2HD iPSCs were expanded for several 

passages, and RNA was extracted for qPCR analysis (Fig. 35). 

 

 

Figure 35: The homeodomain of SKVent2 can activate endogenous pluripotency genes 

qPCR analysis demonstrated complete reprogramming of the NS pre-iPS cells by the 

SKVent2HD hybrid. Data is standardised to mESCs, B-Actin was used as the endogenous 

control. 
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The SKVent2HD iPSCs were analysed for activation of endogenous pluripotency 

genes to confirm acquisition of naïve pluripotency. The data was again normalised to 

wildtype mESCs, and shows that SkVent2HD reprogrammed cells exhibited 

activation of all qPCR targets. Interestingly, the levels of direct Nanog targets EsrrB 

and Rex1 were observably higher in the SkVent2HD iPSCs relative to the ESCs, as 

consistently observed previously with the natural Saccoglossus Vent2 sequence (Fig. 

22, Fig. 30). 

 

 

 

4.2 MODIFIED SEA ANEMONE VENT GENE 

 

The reprogramming capacity of Nanog appears to be conserved in the Vent 

homeodomains at the base of deuterostome evolution. The Vent gene found in the 

freshwater sponge Ephydatia fluviatilis demonstrated no activity in mammalian cells, 

but the sea anemone Vent repeatedly exhibited an ability to induce XEN-like cells 

from pre-iPS lines. However, neither gene could facilitate the transition to 

pluripotency, although this activity is found in an acorn worm Vent genes from, 

which is a hemichordate. These results are consistent with a model in which the 

emergence of Nanog activity coincides with the evolution of mesoderm. I therefore 

compared the amino acid sequences of the Vent homeodomains in an attempt to 

identify specific changes that may have facilitated the acquisition of this Nanog 

activity. 

 

4.2.1 Amino Acid swap  

 

The amino acid (AA) sequence of different vertebrate Nanog and Vent 

homeodomains (HDs), were aligned with the invertebrate Vents (Figure 36).  
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Figure 36: Alignment of the Homeodomain Amino Acid sequences of Nanogs and Vents 

Homeodomains were aligned to identify Amino Acids that differ between the Nematostella 

and Saccoglossus Vent genes.  

 

 

As the evolution of Nanog activity occurred between Nematostella and Saccoglossus, 

I identified three AAs whose structure would be most likely to change the binding 

activity of each HD region (Fig. 37). They were identified based on differential 

charge or polarity of the amino acids in question. The amino acids identified in the 

Nematostella HD were then changed to the corresponding AAs in the Saccoglossus 

Vent2 gene.   

 

 

Figure 37: Alignment displaying Homeodomain AAs which were swapped in NvVent to 

create the modified Nematostella Vent 

Three Nematostella Vent AAs were swapped to their corresponding AAs in Saccoglossus 

Vent. 

 

From the amino terminus, the first change was Glutamic acid (E) to Lysine (K), which 

changed the charge from negative to a positive. The second change was from 

Glutamine (Q) to Argenine (R) which swapped a neutral polar AA for a positively 

charged AA. The third change was from Lysine (K) to threonine (T) which replaced 

the positive charge of Lysine with the uncharged polar group of Threonine (Fig. 37, 

Fig. 38). 
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Figure 38: Nucleotide alterations in the homeodomain of Nematostella Vent to create the 

synthetic Modified NvVent. 

Altered nucleotides are highlighted in red. 

 

Once the sequence had been designed (Fig. 38), a synthetic molecule was order from 

Integrated DNA Technologies (IDT), and cloned into the pLenti plasmid containing a 

PGK promoter and Hygro resistance. The gene will subsequently be referred to as the 

modified Nematostella Vent (ModNvVent). 

4.2.2 Reprogramming with Modified Sea anemone Vent 

 

A lentiviral media was produced containing the ModNvVent construct and it was 

transduced in to the Nanog-null pre-iPS cells, and selected for with HygromycinB 

under standard conditions. Several passages after transduction the cultures began to 

display the rounded and refractile phenotype associated with the pre-iPS cell lines 

expressing the natural sea anemone Vent gene. However, the ModNvVent exhibited 

this to a greatly reduced extent (Fig. 39A). MEK inhibitor at a final concentration of 

1uM was added to some of the serum + LIF cultures (Fig. 39B), and over the course 

of 48hours it removed the majority of the rounded XEN-like phenotype, similar to 

earlier results (Fig. 21D). However, unlike the cultures expressing the natural sea 

anemone Vent, the ModNvVent culture retained a larger portion of its population due 

to the reduced number of cells displaying either a XEN-like, or partially 

reprogrammed, morphology (Fig. 39; B). Cultures of the ModNvVent pre-iPS cells 

were maintained in serum + LIF for several passages before seeding for 

reprogramming. The initial seeding density was selected at 40K cells per well of a 6 

well plate as this had proven optimum for the acorn worm Vent. After two days in 

serum + LIF, the media was switched to 2i + LIF to initiate reprogramming. However, 

after just three days in 2i + LIF, the cultures began to exhibit signs of stress, and a 

large portion of the cells had quickly died off. I assume this was due to the inhibition 

of ERK signalling, as described previously. Therefore an initial seeding density of 
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80K cells per well was deemed more appropriate to account for the large initial die-

off of cells at the switch to 2i + LIF. 

 

 

 

Figure 39: The modified NvVent in culture, and emergence of iPSC colonies 

(A) The ModNvVent pre-iPS cells display a reduced number of rounded cells relative to 

NvVent (Seen in Fig. 19). (B) Addition of 1uM MEK inhibitor to the media removes some, 

but not all cells.  

(C) Microscopic colonies emerge after 4 days in 2i + LIF. (D) Colonies exhibit ESC like 

appearance after 7 days in 2i + LIF. Scale bar represents 200um.  

 

After four days in 2i + LIF, microscopic colonies could be observed in the cultures 

(Fig. 39C). However, this was at a minimum efficiency of one colony per well for 

most cultures. The colonies were maintained through the addition of G418 to the 

media to select for fully reprogrammed cells. By day seven in 2i + LIF the colonies 

had acquired a defined and compact ESC-like structure associated with true iPSCs 

(Fig. 39D).The antibiotic killed all but the reprogrammed cells, and by day ten the 
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small iPSC colonies remained. However, due to the low efficiency of the 

reprogramming, the colonies were manually picked and collected with a pipette tip 

using a microscope under sterile conditions. Colionies were disassociated with 

trypsin-EDTA, and transferred to a new six-well plate and expanded on gelatin. After 

two passages, the cells were stained for LacZ and AP to confirm activation of the 

endogenous Nanog and acquisition of pluripotency (Fig. 40). 

 

 

 

Figure 40: LacZ and AP staining of the ModNvVent iPSC colonies 

(A) Positive staining for LacZ indicates that the endogenous Nanog was activated. (B) LacZ 

staining shown to be isolated to the centre of colonies displaying jagged morphology.  

(C) Positive staining for AP indicates that the cells are pluripotent. (D) AP is seen to be more 

homogenously expressed than the LacZ (B). Scale bar represents 100um for A and C. Scale 

bar represents 200um for B and D. 

 

The ModNvVent iPSCs stained positively for both LacZ (Fig. 40A, B), and AP (Fig. 

40C, D), demonstrating that the cells were reprogrammed. However, the colonies 

displayed an irregular phenotype in that they maintained a jagged edge around the 
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periphery and appeared more flat than standard ESC or iPSC colonies (Fig. 41B). 

This contrasts with the colonies observed in iPSC cultures reprogrammed by mNanog 

or Skvent2. Smaller colonies were prone to differentiation (Fig 41A), but 

homogeneity could be maintained through the addition of G418 to the culture media 

(Fig. 41B). 

 

 

Figure 41: ModNvVent iPSCs maintained unusual flat and jagged phenotype. 

(A) The Smaller colonies of ModNvVent iPSCs were prone to differentiation. (B) The line 

maintained an unusual jagged phenotype, but the culture could be maintained as a 

homogenous population of pluripotent cells with addition of G418. Scale bar represents 

200um. 

 

The cells propagated at a reduced rate relative to wildtype ESCs, but were 

successfully expanded, and a line was established. After six passages, a sample was 

collected and processed for RNA. CDNA was synthesised and the sample was 

analysed by qPCR for activation of a set of endogenous pluripotency factors (Fig. 42). 
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Figure 42: Activation of pluripotency factors by the Modified sea anemone Vent 

The ModNvVent iPSCs were assayed for expression of endogenous factors relative to 

wildtype ESCs. B-Actin was used as an endogenous control. 

 

The synthetic modified sea anemone Vent gene was observed to activate the native 

pluripotency factors targeted by the qPCR. The native Nanog targets EsrrB and Tbx3 

were again upregulated to a large extent as seen previously with cells reprogrammed 

with acorn worm Vent. The naïve marker Nrob1, and the stem cell specific Fbx15 

were both highly upregulated. This indicates that the three amino acids swapped into 

the sea anemone Vent2 were sufficient to alter its binding capacity and confer a 

reprogramming activity resembling with Nanog. These data suggest that Nanog 

activity had evolved in ancient Vent genes that precede the emergence of vertebrates. 

I postulated that they may form components of an ancestral gene regulatory network 

(GRN) that existed prior to the evolution of vertebrates. 
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4.3 AN ESRRB ORTHOLOGUE IN SEA ANEMONE 

 

Nanog is not present in the genomes of invertebrates; however Nanog activity appears 

to be conserved in the Vent gene family of basal deuterostomes. Vent genes which 

were identified in more primitive organisms, such as Sea anemone and Sponge, are 

unable to facilitate reprogramming to pluripotency. I searched for orthologues of other 

known pluripotency factors, and identified a gene related to Estrogen-related receptor 

B (EsrrB) from the sea anemone Nematostella vectensis based on homology with the 

vertebrate EsrrB family. EsrrB is a direct target of Nanog in vertebrates, and has been 

shown to be capable of substituting for Nanog activity in pluripotent cells (Festuccia 

et al., 2012). Nanog has been shown to directly bind to EsrrB in mouse ESCs, and 

subsequently stimulate EsrrB transcription. Festuccia et al. (2012) also demonstrated 

that forced EsrrB expression could confer cytokine-independent self-renewal on 

mESCs, and reprogram Nanog-null EpiSCs to the naïve pluripotency. Feng et al. 

(2009) also reported that EsrrB could promote the reprogramming of MEFs to 

pluripotency. 

More strikingly, Festuccia et al. (2012) demonstrated that induction of an exogenous 

EsrrB transgene by doxycycline resulted in rapid activation of the endogenous Nanog 

locus in the Nanog-null NS derived pre-iPS cell line, and that the resulting colonies 

could be picked and expanded. This proved that the downstream Nanog target EsrrB 

could substitute for Nanog in the acquisition of pluripotency. 

I therefore decided to test the sea anemone EsrrB (NvEsrrB) gene in the same 

capacity. A synthetic molecule containing the NvEsrrB was ordered from IDT, and 

cloned into the pLenti expression vector. It was then transduced into the Nanog-null 

pre-iPS cells, and seeded for reprogramming (Fig. 43). 
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Figure 43: NvEsrrB colonies emerging during reprogramming in 2i + LIF 

(A) Colonies by day 4. iPSCs emerge in the NvEsrrB pre-iPS cell cultures. (B) Few colonies 

were generated, but they appeared early, and subsequently grew to a large extent. 

 

The NvEsrrB pre-iPS cells were seeded at 40K cells/well on a six well plate in serum 

+ LIF conditions on gelatin, and media was switched to 2i + LIf after two days. 

Interestingly, large colonies displaying a defined edge and circular morphology 

appeared in the cultures early in reprogramming (Fig. 43A). However, only 7 colonies 

appeared on the plate prior to addition of G418 at day six in 2i + LIF. The colonies 

were manually picked by pipette tip, dissociated with Trypsin-EDTA, and transferred 

to a single well of a twelve-well plate to maintain a higher confluency. 

The cells struggled to expand from a low density (Fig. 44A), and displayed an 

irregular phenotype of flat, jagged colonies, similar to the ModNvVent iPSCs. 

However, unlike the iPSCs generated by the modified NvVent, the majority of 

colonies within the NvEsrrB cultures failed to expand completely after a few days in 

culture. The resulting micro-colonies differentiated or exhibited signs of apoptosis, 

such as the appearance of large vacuoles. Not all colonies expired however, and small 

colonies maintained in culture as they were, absent any sign of proliferation (Fig. 

44B, D).  
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Figure 44: NvEsrrB colonies 4 days and 16 days after passage 

(A) NvEsrrB iPSCs 4 days after passaging were expanded on gelatin. (B) Colonies displayed 

irregular shapes and expanded slowly. (C) NvEsrrB iPSCs after 16 days in culture. The 

colonies maintained irregular morphology upon expansion. (D) NvEsrrB iPSCs exhibited very 

low proliferation rate with some smaller colonies failing to expand relative to others. Scale 

bar represents 200um. 

 

Not all colonies failed to propagate, and some NvEsrrB colonies expanded to form 

large irregular structures (Fig. 44; C). Both the surviving smaller colonies and larger 

expanding colonies displayed a uniform centre which more closely resembled ESC 

colonies of cells. 

The proliferation rate of the cells remained consistently low, and they were passaged 

approximately every twenty days. After 16 days in culture after passaging, the cells 

were stained for LacZ and AP to confirm acquisition of pluripotency (Fig. 45).  

Interestingly, the both the smaller stalled colonies, and larger expanding structures 

similarly stained positive for both AP (Fig. 45A) and LacZ (Fig. 45C), indicating 

activation of the Nanog locus. 



111 
 

 

Figure 45: NvEsrrB AP and LacZ 16 days after passage 

(A) NvEsrrB iPSCs stained positive for AP. (B) AP staining was homogenous across 

colonies. (C) Small colonies which failed to proliferate stained positive for LacZ. (D) LacZ 

staining was exclusive to the centre of the iPSC colonies. Scale bar represents 200um. 

 

 

Similar to the ModNvVent iPSCs that stained positive for AP and LacZ (Fig. 40), the 

NvEsrrB colonies displayed a homogenous staining for AP (Fig. 45; B), but blue 

LacZ staining was exclusive to the centre of the colonies (Fig. 45; D), indicative of 

the endogenous Nanog locus failing to remain active in the peripheral cells. This was 

also evident by the propensity of differentiated cells appearing at the edges of 

colonies to expand when maintained in culture for multiple passages. However, 

homogeneity could be restored by addition of G418 at the maintenance concentration 

of 200ug/ml. A culture homogenous for undifferentiated cells was maintained to high 

confluency, and collected for processing for RNA extraction and qPCR analysis (Fig. 

46). 
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Figure 46: NvEsrrB is sufficient to activate endogenous pluripotency genes. 

NvEsrrB iPSCs showed activation of endogenous pluripotency factors at a high level relative 

to mESCs. B-Actin was used as an endogenous control. 

 

The sea anemone EsrrB-like gene was sufficient to activate endogenous pluripotency 

genes to a relatively high level, including the endogenous mouse EsrrB gene. 

Interestingly, the endogenous Oct4 was expressed approximately 3.75 fold higher in 

NvEsrrB iPSCs than in wildtype mouse ESCs. Van den Berg et al. (2008) reported 

that Esrrb binds directly to Oct4 and the Nanog proximal promoter, and it is possible 

that NvEsrrB may be fulfilling a similar role in these cells. That Nrob1, Tbx3 and 

Fbx15 are all highly upregulated indicates that these cells have been completely 

reprogrammed to pluripotency. For both the Modified NvVent and NvEsrrB lines, the 

nature of their states and the extent to which they are reprogrammed could be further 

elucidated by more functional assays.  

That the sea anemone Nematostella Vectensis contains a Vent gene which can be 

modified with three amino acids to acquire Nanog activity, and an EsrrB orthologue 

which can substitute for Nanog in mammalian cells similar to a vertebrate EsrrB, 

suggests that the GRN which governs pluripotency arose from a pre-existing GRN 

that preceded the evolution of both vertebrates and basal deuterostomes. Johnson and 
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colleagues have shown that Nanog, Vent and EsrrB are all members of the GRN 

which governs germ cell specification in an axolotl (Unpublished). Ground state 

pluripotency is conserved along the major trunk of vertebrate evolution (Johnson et al. 

2011), suggesting that it is possible that the GRN which governs pluripotency evolved 

from a pre-existing GRN which governs germ cell specification. 
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CHAPTER FIVE 

5 DISCUSSION 

 

5.1 NANOG ACTIVITY IS CONSERVED 
 

The results of this study support the hypothesis that Nanog activity first emerged 

within in the invertebrate Vent gene family. Initial reprogramming experiments with 

lentiviral constructs, which contained a WR domain, demonstrated that this was the 

most efficient vehicle for introducing candidate genes to reprogram Nanog-null pre-

iPS cells (Table 2), and so this system was used in all preliminary studies. This 

system provided evidence that the Saccoglossus Vent2 gene encodes reprogramming 

activity related to that of vertebrate orthologs of Nanog, but to a lesser final efficiency 

in terms of colonies generated. The second axolotl Nonog ortholog, called Eggnog, 

gene exhibited a similar level of activity to axNanog (Dixon et al. 2010) in converting 

the NS pre-iPS cells to the ground state; however, their efficiency was much less than 

that of mouse Nanog. All vertebrate orthologs of Vent failed to generate any iPSC 

colonies, suggesting in vertebrates reprogramming activity is exclusive to Nanog 

genes. 

Of the invertebrate Vent genes assayed, only expression of Saccoglossus Vent2 

facilitated the transition to pluripotency. Orthologs found in Branchiostoma floridae 

(Amphioxus), Nematostella vectensis (sea anemone) and Ephydatia fluviatilis 

(Sponge) all failed to generate colonies, or reprogram the cells to a point where the 

endogenous Nanog gene was activated. Interestingly, the other otholog found in 

Saccoglossus, the Vent gene1, exhibits no reprogramming activity. This aligns with 

previous unpublished data generated by the Johnson lab, where Saccoglossus Vent2, 

but not Vent1, conferred cytokine independent self-renewal on mouse ESCs when 

combined with the mouse WR domain (Fig. 6). This suggests a divergence in function 

of the Vent orthologs following a genome duplication event, which occurred after the 

deuterostome–protostome split (Friedman and Hughes, 2001). 

Saccoglossus Vent2 activated the endogenous Nanog locus (Fig.13), and subsequently 

conferred resistance to G418 on the reprogrammed cells, which facilitated selection 
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and the establishment of an iPSC line. Alkaline phosphatase (AP) staining, and 

subsequent qPCR analysis confirmed that the Saccoglossus Vent2 gene was sufficient 

to activate endogenous pluripotency markers, providing further evidence that the 

ability to orchestrate the higher mammalian pluripotency network is conserved in a 

Vent gene from hemichordates. Activation of the endogenous Pou5f1, and markers of 

naïve pluripotency such as Klf2 and Nrob1, verify the acquisition of ground state 

potential. Activation of direct Nanog targets such as Rex1 and EsrrB, the latter of 

which was highly upregulated relative to wildtype ESCs, suggests that the activity of 

Saccoglossus Vent2 is similar to that observed with mouse Nanog. Contrasting with 

this however, cells reprogrammed by Vent2 exhibited a different phenotype than 

iPSCs induced by mouse Nanog. They had a greater propensity to differentiate than 

the cell line reprogrammed by mouse Nanog. They consistently gave rise to 

interconnected webs of elongated cells, which expanded exponentially throughout the 

culture (Fig. 15C), while simultaneously maintaining a compact population of ESC-

like cells in central colonies. This property was exclusive to iPSCs reprogramed with 

the Saccoglossus gene, making them dependent on G418 for maintenance of 

homogenous ESC-like cultures (Fig. 15D). This level of differentiation suggests that 

Saccoglossus Vent2 exerts a more loosely maintained governance of the native 

pluripotency network in the cells than vertebrate Nanogs, and may allude to a 

difference in binding targets within the wider network. Nanog protein acts as a hub in 

pluripotency, mediating protein-protein interactions by interacting with multiple 

molecules simultaneously (Mullin and Chambers, 2011). It is possible that 

Saccoglossus Vent2 forms a different hub, which mediates interactions with 

additional factors outside of the pluripotency GRN, which promote differentiation. 

Further analysis of the reprogramming activity of Saccoglossus Vent2 demonstrated 

that its native monomeric form is also sufficient to transition the NS pre-iPS cells to 

pluripotency. Colonies staining positive for both LacZ and AP (Fig. 18) were 

generated by transposase mediated insertion of a PiggyBac vector expressing Vent2. 

The lack of any reprogramming activity exhibited by the Xenopus Vent2 gene 

verified the hypothesis that Nanog activity is not conserved in the vertebrate orthologs 

of Vent. The assay utilising PiggyBac constructs displayed an all-round lower 

efficiency of reprogramming than the lentiviral constructs, suggesting that the higher 

level of transgene expression associated with lentiviral transduction initiated 
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reprogramming in a larger population of the seeded cells. However, a further 

reduction in the efficiency of Saccoglossus Vent2 relative to mouse Nanog may 

directly result from the lower confluency attained by the culture over the ten day 

assay in 2i + LIF conditions. Mouse Nanog in its native form naturally contains a WR 

domain, which has previously been shown to increase cell proliferation (Dixon et al. 

2010). The reduced proliferation rate of the monomeric line compared with the 

Saccoglossus Vent2 cells, which were transduced with the WR domain, resulted in 

cultures which were observed to be less confluent at the later stages of 

reprogramming, and may have contributed to a lower overall efficiency. To further 

elucidate if the WR domain plays a significant role in the efficiency of 

reprogramming with Saccoglossus Vent2, it will be compared to an altered 

monomeric mouse Nanog molecule in future work. However, the Saccoglossus Vent2 

gene sufficiently activated all the native pluripotency markers whose expression was 

assayed by qPCR. The level to which the resident pluripotency factors were expressed 

was reduced in the cells transfected with PiggyBac relative to lentiviral 

reprogrammed cells, which may also reflect a reduced activity due to the lower level 

of expression of the transgenes. This may be responsible for the reduced efficiency of 

reprogramming the pre-iPS cells to naïve pluripotency. The IPSCs generated by the 

monomeric Saccoglossus Vent2 gene displayed the same propensity to differentiate as 

those previously reprogrammed with the vector expressing the WR domain. G418 

antibiotic was added to the culture in alternating passages, and homogeneous ESC-

like cultures were maintained for analysis. The qPCR data also indicated that the 

exogenous retroviral Yamanaka factors were silenced (Fig. 23), indicating that 

Saccoglossus Vent2 has fully reprogrammed the cells, as complete transition to a 

naïve ESC-like state is required to silence retroviral transgenes through epigenetic 

remodelling (Hotta and Ellis, 2008; Buganim et al, 2012). 

To further characterise the iPSCs generated by Saccoglossus Vent2, and verify that 

they had successfully attained ground state potential, I produced EBs which were 

allowed to spontaneously differentiate to lineages of all three primary germ layers. 

These were compared directly with EBs from mESCs and iPSCs reprogrammed with 

mNanog. Both the mouse Nanog and the Saccoglossus EBs showed high upregulation 

of markers representative of all three germ layers, indicating differentiation and 

verifying that cells had indeed been reprogrammed to pluripotency (Fig. 25). This 
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provides support to the reprogramming data, as well as evidence that the Vent2 gene 

found in the hemichordate Saccoglossus can transition pre-iPS cells to a naïve state 

with developmental potential comparable to both iPSCs reprogrammed with mouse 

Nanog or wildtype ESCs. 

The Nanog-null neural derived pre-iPS cells exist in an artificially induced, partially 

reprogrammed state, already teetering on the edge of conversion to pluripotency, with 

only the absence of Nanog, or a gene with equivalent function, preventing their 

transition to ground state. To elucidate the full extent of the reprogramming activity 

encoded by Saccoglossus Vent2, I transfected it into the TNGA MEF pre-iPSC line, 

which are representative of a primary somatic cell lineage. This allowed me to 

simultaneously test the effects that activation of a functional endogenous Nanog gene 

would have on the iPSCs produced, which might potentially counteract the instability 

exhibited by lines generated with the invertebrate Vent gene. Transfection of mouse 

Nanog or Saccoglossus Vent2 into the TNGA cells instigated microscopic colony 

formation from a low seeding density in their respective cultures (Fig. 26). Cultures 

expressing mouse Nanog exhibited more reprogramming, with a larger number of 

GFP-negative micro-colonies emerging, and these pre-iPS cell structures were larger 

than those induced by Saccoglossus Vent2 expression (Fig. 26 B, C). None of the 

cultures expressing Xenopus Vent2 generated any pre-iPS cell colonies with the same 

morphology (Fig. 27). Activation of the GFP-PURO reporter in the primary cells by 

both mouse Nanog and Saccoglossus Vent2, provided more conclusive evidence that 

Saccoglossus Vent2 encodes Nanog-like reprogramming activity. Cells expressing 

Saccoglossus Vent2 were seeded at twice the initial density of mouse Nanog, yet 

generated only 15.7% as many GFP-positive colonies.  Interestingly, the TNGA cells 

reprogrammed by Saccoglossus Vent2 do not exhibit the same propensity to 

differentiate as Nanog-null cells (Fig. 29). This suggests that the translation of 

endogenous Nanog protein counteracts the instability demonstrated by Nanog-null 

iPSCs. However, although the cultures appear more stable than cells which are null 

for Nanog, they do exhibit a low level of differentiation at the periphery of IPSC 

colonies in 2i + LIF, which was not observed in the mouse Nanog cultures. This 

suggests that the pluripotent state is unstable in a sub-population of these cells, 

compromised by either the expression of Saccoglossus Vent2, or a low level of 

endogenous Nanog translated from the single allele remaining intact. The possibility 
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that expression of Saccoglossus Vent2 actively drives the cells to differentiate would 

further distinguish it from Nanog, as the dual ability to reprogram cells and direct 

them to a somatic lineage suggests targeting of a network other than the pluripotency 

GRN. Further evidence of the reprogramming activity encoded by Saccoglossus 

Vent2 is the high level that endogenous pluripotency factors were upregulated relative 

to both ESCs and mouse Nanog iPSCs. Both endogenous Oct4 and Fbx15, and 

notably the direct Nanog target EsrrB, were all upregulated to more than twice the 

relative expression level in Saccoglossus iPSCs than in cells reprogrammed by mouse 

Nanog. This suggests that Saccoglossus Vent2 is directly targeting, and upregulating, 

the downstream targets of Nanog in mammalian cells. The resulting iPSC phenotype 

actively differentiates, and may be due to Vent2 also interacting with targets that 

reside outside of the Nanog interactome. 

The Vent2 gene of Saccoglossus was the only invertebrate Vent gene to facilitate 

induction of pluripotency in mammalian pre-iPS cells. The single Vent gene from 

Nematostella Vectensis, a cnidarian, was unable to activate the endogenous Nanog 

locus or establish pluripotency in the pre-iPS cells tested. It did, however, induce a 

different XEN-like phenotype in all the pre-iPS cell lines expressing Nematostella 

Vent (Fig. 20, 27). These rounded cells were also briefly observed, albeit in lower 

proportion, in the Saccoglossus Vent2 iPSC cultures (Fig. 19C, D), suggesting that 

the activity is conserved in Vent, but diminished through the evolution of 

deuterostomes. The data from qPCR analysis (Fig. 32), showed that the same genes 

that are highly expressed in extraembryonic endoderm, of which XEN cells are 

representative (Kunath et al., 2005), were activated in the lines expressing 

Nematostella Vent. The relative fold change in the level at which these factors are 

expressed compared to the XEN cells suggests that the cells expressing the 

Nematostella gene are not directly programmed to a true XEN cell fate, but instead 

are induced to a XEN-like state in a heterogeneous culture that acquires a dependence 

on ERK signalling, but appear to lack the capacity for self-renewal which is 

characteristic of XEN cells (Kunath et al., 2005). Parenti et al. (2016) demonstrated 

that the OSKM factors can directly induce a XEN-like state in parallel with cells 

being reprogrammed to pluripotency; however the prominence of the XEN-like cells 

in all cultures expressing Nematostella Vent, relative to other pre-iPS cell lines that 

also express OSKM, suggests that the phenotype is induced by the cnidarian Vent 
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gene. This may suggest that the Nematostella Vent gene encodes some 

reprogramming activity, but lacks activity sufficient to activate Nanog in mammalian 

cells and facilitate the final conversion to a pluripotent state. In the absence of this 

activity, the cells instead divert to the alternative XEN-like fate as described by 

Parenti et al. (2016).  

 

5.2 THE ORIGIN OF NANOG ACTIVITY 
 

Saccoglossus kowalevskii is a hemichordate, representative of basal deuterstomes, the 

embryo of which derives all three of the primary germ layers found in vertebrates 

during their development (Kaul-Strehlow and Stach, 2013). However cnidarians, such 

as Nematostella, are a much more basal organism that develops from an outer 

ectodermal and inner endodermal germ layer (Byrum and Martindale, 2004), without 

mesoderm.  Davidson et al. (1995) gave a minimal estimation that the evolutionary 

split that diverged cnidarians from bilaterians occurred well over 600 million years 

ago. Because cnidarians do not develop the mesodermal layer possessed by 

bilaterians, which forms the tissues between the ecto- and endodermal derivatives, it 

is possible that the Nanog-like activity present in the Vent gene family from 

hemichordates evolved as part of a network permissive for mesoderm.  

 

Another aim of this study was to gain an insight into how Nanog activity evolved. The 

activity required to attain ground state potential is conserved in the Nanog 

homeodomain (Theunissen et al., 2011), which inextricably links elucidating its origin 

to understanding the evolution of pluripotency itself. A more in depth comparison of 

the Saccoglossus and Nematostella Vent DNA-binding domains provided evidence 

that the activity encoded by each gene is also conserved in the homeodomain. The 

hybrid molecules containing swapped homeodomains retained the reprogramming 

properties of the complete CDS associated with each homeodomain (Fig. 33). The 

ability of the Saccoglossus Vent2 gene to activate the endogenous pluripotency 

markers (Fig. 35) was unaffected by the Nematostella flanking regions, just as the 

ability to induce a XEN-like state was retained by the Nematostella homeodomain 

hybrid.  
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The data from this study suggests that the ability to reprogram somatic cells and to 

orchestrate the pluripotency network of higher mammals evolved within the 

homeodomain of invertebrate Vent genes. My comparative analysis of the amino acid 

sequence of each homeodomain, allowed me to identify individual residues which 

sufficiently altered the binding capacity of Nematostella Vent to a configuration that 

facilitates the conversion of pre-iPS cells to naïve pluripotency (Fig. 40, Fig. 42).  

Future work may provide more in depth insight into the importance of these particular 

amino acids, and it is possible that alteration of these residues in Saccoglossus Vent to 

the Nematostella AAs could compromise the reprogramming ability of Vent2.  

The morphology of the iPSCs reprogrammed with the modified NvVent differed from 

those established by Nanog or Saccoglossus Vent2 (Fig. 41). The ModNvVent iPSC 

line instead more closely resembled Nanog-null ESCs in culture, exhibiting the same 

phenotype as the Nanog null ESCs in serum + LIF that was described in Chambers et 

al. (2007), with colonies displaying a flatter shape with more prominent cytoplasmic 

protrusions, typical of embryonic stem cells on the periphery of colonies. The 

ModNvVent iPSCs also expand more slowly than wild-type ESCs, or mouse Nanog 

and Saccoglossus Vent expressing iPSC lines created in this study, which also 

resembles the properties of Nanog-null ESCs described by Chambers et al. (2007). 

Although expression of the modified NvVent induced activation of all endogenous 

pluripotency markers analysed by qPCR (Fig. 42), it was the upregulation of direct 

Nanog targets Rex1 and EssrB which were expressed at a noticeable higher level 

than in wildtype ESCs that was most interesting. These data suggest that the 

replacement of three amino acids in Nematostella Vent with the corresponding AAs 

from Saccoglossus, conferred a reprogramming capacity on the Cnidarian Vent 

gene by installing an ability to activate Nanog targets, and also the locus of the 

endogenous Nanog gene itself (Fig. 40). It is possible that the changes made to the 

Nematostella Vent gene conveyed on it hub activity, similar to Nanog (Mullin and 

Chambers, 2011), which was then capable of facilitating the interactions of native 

factors required in the transition to pluripotency. These data concur with the 

hypothesis that Nanog activity had evolved within an ancient Vent gene family, which 

preceded the emergence of vertebrates. And, that Vent was part of an ancestral gene 

regulatory network (GRN) that existed prior to the evolution of vertebrates. 
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The identification of an EsrrB gene in Nematostella vectensis which shared homology 

with vertebrate orthologs provided further support to the hypothesis that pluripotency 

evolved from an ancient gene regulatory network that existed prior to bilaterian 

evolution. EsrrB is a direct target of Nanog in vertebrates, and has been shown to be 

capable of substituting for Nanog activity in pluripotent cells (Festuccia et al., 2012). 

It is also capable of activating the endogenous Nanog locus in NS pre-iPS cells, 

thereby directly substituting for Nanog function in reprogramming (Festuccia et al., 

2012). 

That Nematostella EsrrB can replicate this activity, closely aligning it with the 

vertebrate orthologs of EsrrB (Fig. 45, Fig. 46). This provides striking evidence to 

support the hypothesis that pluripotency evolved from a GRN which preceded basal 

deuterostomes, such as the hemichordates. Expression of Nematostella EsrrB did not 

induce any XEN-like cells in pre-iPS line, which demonstrates a different activity to 

both the Nematostella Vent and modified Vent lines, indicating that they are not 

interchangeable. However, the iPSCs established by reprogramming with 

Nematostella EsrrB form a line which is unstable, and impractical for sustained 

culture. The reprogramming efficiency was considerably lower than that of all other 

genes assayed, as a total of seven colonies were generated from a plate seeded with 

240K pre-iPS cells. Of the colonies that were passaged, a high proportion of 

individual cells underwent apoptosis (Fig 44A, B). The larger remaining cell 

population exhibited a stunted proliferation rate that was less than that of either the 

ModNvV cells or Nanog-null ESCs. The cells which expanded to form larger iPSC 

colonies over the course of a month, displayed a similar morphology to the 

ModNvVent reprogrammed cells consisting of a flatter shape with the same 

prominent cytoplasmic protrusions. In both the cultures containing Nematostella 

EsrrB and ModNvVent reprogrammed cells, the positive LacZ staining was 

exclusive to the centre of the ESC-like colonies, indicative of the endogenous 

Nanog locus being deactivated in the peripheral cells. This may be due to a lack of 

Nanog-like regulation of the level of endogenous pluripotency factors. In the cells 

reprogrammed with NvEsrrB, the endogenous Oct4 is upregulated to a noticeably 

higher level relative compared to its expression level in wildtype ESCs. A highly 

elevated level of Oct4 has been shown to be incompatible with the self-renewal of 
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both ESCs and iPSCs (Niwa et al., 2000; Radzisheuskaya et al., 2013), which may 

account in part for the observations made here. 

However, activation of the endogenous Nanog locus, and other naïve markers such as 

NroB1 and Klf2, demonstrably prove that Nematostella EsrrB has reprogrammed the 

pre-iPS cells to a pluripotent state. A future comparison with vertebrate orthologs and 

analysis of the Nematostella Vent expressing cells’ capacity to differentiate will 

further elucidate the activity of Nematostella EsrrB. 

 

5.3 HYPOTHESIS 
 

I have proposed that Nanog-like activity evolved in the Vent homeodomain at the 

base of deuterstome evolution, coinciding with the advent of mesoderm. The presence 

of Vent and EsrrB orthologs in a cnidarian such as Nematostella, suggests that the 

genes participated in in a network which preceded the evolution of reprogramming 

activity in bilaterian members of the homeobox gene family. One such network, 

which appears to be conserved in the trunk of vertebrate evolution, is the GRN that 

governs mesoderm development upstream of PGC specification (Johnson et al., 2011; 

Johnson and Alberio, 2015). Previous research in our lab has demonstrated the 

stochastic specification of PGCs in axolotl embryos from mesodermal precursors 

capable of generating multiple somatic lineages, in addition to the PGCs, which are 

hypothesised to be “the last cells standing”, or a default state of specification 

(Chatfield et al., 2014; Johnson and Alberio, 2015). This pluripotent mesodermal state 

is maintained until late irreversible commitment to the germ line around the mid-

tailbud stage of development (Chatfield et al., 2014). We believe that development of 

this pluripotent mesodermal domain is reliant on a GRN which includes Nanog, Vent 

and EsrrB (Fig. 47; Johnson and colleagues, unpublished.). 
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Figure 47: Section of Vent and EsrrB morphants compared with uninjected.  

Knockdown of Vent or EsrrB disrupts development of the AGM.  

Yellow arrows indicate mesonephric ducts. Black arrows indicate PGCs. (Johnson and 

colleagues, unpublished). 

 

Knockdown of Vent expression in axolotl embryos, using antisense morpholinos, 

aborts development of the aorta-gonad-mesonephros (AGM) region from which the 

PGCs are derived in axolotls (Fig. 47) (Chatfield et al., 2014), and in mammals 

(Calvopina et al., 2015).  

In vitro studies, using induced axolotl animal caps, show that mesoderm specified to 

produce PGCs is instead diverted to endoderm, in the absence of expression of 

VentX, the axolotl Vent ortholog. This also phenocopies the knock down of Nanog by 

injection of Nanog morpholino, which arrests normal development of the embryo and 

instead causes everything to divert to endoderm (Johnson and colleagues, 

unpublished). Nanog and Vent both form part of a GRN required for PGC induction 

in an axolotl. Interestingly, knockdown of EsrrB in an axolotl also disrupts 

development of the posterior lateral mesoderm, extinguishing pluripotency in 

mesodermal precursors, and preventing the specification of the PGCs (Fig. 47). EsrrB 

joins both Nanog and Vent as part of the axolotl GRN that regulates specification of 

the AGM region. 

 

Stochastic specification of PGCs, which appears conserved, depends on pluripotency 

being maintained within a pool of mesodermal cells in the axolotl (Chatfield et al. 
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2014). Recently it was shown that human PGCs could be induced from hESCs via a 

competent mesendodermal intermediate state (Kobayashi et al., 2017).  

 

Figure 48: Illustration of my findings in a wider biological context.  

(A) An ancient GRN containing Vent and EsrrB orthologues is conserved in cnidarians.    

(B) Evolution of an ancient pluripotent mesoderm at the base of deuterostomes.                   

(C) Pluripotent mesoderm gave rise to Nanog-like activity.  

(D) The ancient GRN for pluripotent mesoderm evolved at the base of vertebrates to form 

part of the ground state network. 

 

Both Vent and Nanog are crucial regulators of mesodermal pluripotency in axolotl, 

and it is possible that the evolution of Nanog-like activity in the Vent homeodomain 

of basal deuterstomes, for which Saccoglossus kowalevskii is a model, facilitated the 

evolution of an ancient pluripotent mesoderm. Both the Nematostella Vent gene, and 

an EsrrB gene which encodes the pluripotent potential exhibited by vertebrate 

orthologs, provide evidence suggesting that an ancient GRN conserved in cnidarians 

(Fig. 48A) was configured to regulate formation of the pluripotent mesoderm in 

deuterstomes (Fig. 48B), which over time gave rise to Nanog activity (Fig. 48C). I 

propose that an ancient GRN for pluripotent mesoderm, containing the ancestors to 

both Nanog and EsrrB, evolved in vertebrates to form part of the ground state network 

(Fig. 48D).  
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6 APPENDICES 

 

6.1 CODING SEQUENCES OF GENES USED IN THIS STUDY 

 

Mouse Nanog: 

ATGagtgtgggtcttcctggtccccacagtttgcctagttctgaggaagcatcgaattctgggaacgcctcatcaatgcct

gcagtttttcatcccgagaactattcttgcttacaagggtctgctactgagatgctctgcacagaggctgcctctcctcgccctt

cctctgaagacctgcctcttcaaggcagccctgattcttctaccagtcccaaacaaaagctctcaagtcctgaggctgacaa

gggccctgaggaggaggagaacaaggtccttgccaggaagcagaagatgcggactgtgttctctcaggcccagctgtgt

gcactcaaggacaggtttcagaagcagaagtacctcagcctccagcagatgcaagaactctcctccattctgaacctgagc

tataagcaggttaagacctggtttcaaaaccaaaggatgaagtgcaagcggtggcagaaaaaccagtggttgaagactag

caatggtctgattcagaagggctcagcaccagtggagtatcccagcatccattgcagctatccccagggctatctggtgaac

gcatctggaagcctttccatgtggggcagccagacttggaccaacccaacttggagcagccagacctggaccaacccaa

cttggaacaaccagacctggaccaacccaacttggagcagccaggcctggaccgctcagtcctggaacggccagccttg

gaatgctgctccgctccataacttcggggaggactttctgcagccttacgtacagttgcagcaaaacttctctgccagtgattt

ggaggtgaatttggaagccactagggaaagccatgcgcattttagcaccccacaagccttggaattattcctgaactactct

gtgactccaccaggtgaaatatga 

 

Axolotl Nanog: 

ATGCCCGCCCACTGCATGACCCCGCAAATGAGGGTGCCAGGATACCAGGC

CTACCCGGAACTGAACCAACCGTGTGCTGTGGCGGCGAACTACGCGCCAG

CATTCCAGGGGAACCTGCAGGCCGCAGAAGAGGGGCGCCCGGTCCCGGC

AGTCCTGCCGTCTTCCCCCGACTCAGCCACCAGCCCAAAGGTGGATCCGTT

CGCCCAGTGTGCCCCGGATGTAGCGGTGGGAGGTGAGACGAAGGCCCAG

GCGAGAAAGCGCACGTGCTTCAGTCAGGAACAGCTCGTGGCCCTGCACCG

AATGTTCCAGAAGCAGCATTACATGAACCCAATGCAGGCGCAGCAGCTGG

CGGCGGATCTCAACCTCACATACAAGCAGGTGAAGAACTGGTTCCAGAAC

CGAAGGATGAAGCACAAACTGTCCCTGAAGGACTCAGTGTGGCTGGACA

AGAGGTGCTGGCAACCACAGGCGAGCTCAATCCTAACACCGGCTCAGCCG

CAGTCCACGGGGTGCCCGGAAAGCTCCTCCCACTTGCCTCAGAGATACAC

AGTGCACCATAGTGCACTTGCCCAGCGAGTCACCAGTCACCCCTACCAGA

AGTACAGTGGGATTCAGAACCCTCACCAGAAAGTGCTGTCAGAAGACGCA

GCAACAGTGCAGCACAGGGAGGCCGCCCCGCAGTGCATGGGGCCACAGC

AGTACATGAACAGGCACCAAAATTACCCAACCATTGAGTACGCCGGAGCA

AGACCAGTAGAAGGGTACAACCTTAAGACTCCTCTGCAGTACCCTTCGAT

GGCACCATACCCCAACTACTACTACCAGCAGCCACCGCCCTACATTCATC

AGCAGGGCCGGCCCGATATCAGATTTCAGAGCACGCAGGGCATGTGA 

Eggnog: 
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ATGagcagccccgcttcacctctgacccccggccaggggtccaaacccgcggtgaactctcagctccccggccccac

cttctcgccgagcagcggcatgatccacttccgctggaacgcgcaggctcaagcggagggctccgactgtgtcctagtgt

acgccgagaagggcgccccggctccagactggtcatctacatctccggactctgcaattgacttatctccaacggaccccg

tctgctctaagtttgagtttccctccctgcctgatgtggacaaggtgaaagtggctgagaagaagccaaagttgcgcgcttgc

ttctcaacaaagcagctccttgccatgcaggagcgctttgagcagcagaagtatcttagtcccatgcagatccaggaattga

gcacatctttgggcctcacctataaacaggtgaagacttggtttcagaatcgtagaattaagaacaagaaagctgagaagta

cacagctgcggctgggaagaacagcacaatgcagtttaactctcagcctgtgccgtgctgtgcgatgccaccaggatttcc

ctctggttaccccatccatgccggagaaaatatcattggacctgtggctgctccattgcatcatccaaaccctacactcatgct

tgggcctgaagaacagccaatgaggtggaacggggatgtcttcccactcgcccctgttcctcccttcaagcaacactcagc

agggcttgcgaagcaggacttggatttctggccgaacatcatggtgatggaaggcatgcggcagggtgactgctgcagttt

tcctcccccttggacctgtcaggttcctgctggattttatcatggctacgagcaggggccgaactgccttcctttgcagaatta

cccacctcagtgtgtgatgggcccgcctcagtgggggaatgcagagcag 

Ctttga 

 

Axolotl Vent: 

ATGGGCAAGGCCAGCTTCTCCATAGATTATCTGGTACAGAGTCAACAAGG

ACAGCGCAGCCTCCACTGCACAGAGGGGCTCCTAAGCCTGCCGGCTAGGC

CGCATGTGCCGTGCCAGGCCCCACCAACGCCCCCGACCTCTCTCTACAAG

GTGACTCGCTTATCCCGGCCCAAGAAAGAATCCACACCGGGCTGCACTCC

TAGGAGCCGAGAGCTGGCACCGGAAAGCAGGCGCCAGGAGCCATCTTGT

CAGATCAGCCAGCCCCCAGAGAGCAGACACGAGGCCTCCGAGGGCAGGG

TCCACGCGAACAGGGAACAGGCAGCAGGGGTTCGATATCCGGAGCCGGT

GTGTGAGCGCATGCGGCAGGTCTCGCAGTACAGCGAGCAGGCGTCATTCT

GTGGGAGCAGGCAGCGGTCCCCAGATAACAGCCACGTTGAGCCCGGAAC

CAGTGAGCAGGGCCGCGAGTTCAAGGGTTCGGAGCCGGCGTGTGTGAGC

AGACAGCTGGAGCCTTCCTTCACGAGCAGAGAGCCACCCTTCGGGAGCAC

GTTCCAGTCGCCATCCGGCACACCGGACCCGTTCGATGAGGAGGAGAGAA

GCTGGAGTGCGGACGAGACATCTTGCCCATCCCTGAGCGACGAAGGTGAA

GCTCTGCGGCTCGCGGACTGTGAATCCCCGCGTCTGCTCGAGGAAGTGGG

GTCCCCGAAAGGCGACAGCCAGCGCAGAGCGAGGACCGCCTTCAGTAGC

CAGCAGCTCTCCAGGCTGGAGCAGACGTTCGCGAAGCAGCAGTACCTGCC

GGCCCAGGAGCGGAGGAAGCTGGCCACCGCCCTCCAGATCTCCGAGATGC

AGATCAAAACTTGGTTCCAGAATCGCAGGACAAAGATGAAAAGACAGAC

CCTGGACCAGCAGCACATTGTGATGCCTTTTGGAAACCCACATGTCCCCTC

TGGCTTTCCCTATGGATCCAAGCAGCTAGAGTTGCCCCCTTATTACTTGAA

CTGTGGGAGCCAGTACAACACTTCAACACCCCTCAACGGACCTTATCCCTT

TTATGGACCTGACGTGTCATACTACCAACAGACCCCATACCACCAAGCCC

CCTTTCATCACCAGCCATACCAGCAACTCTCCTATCACCAGCCCAACTATC

AGCAACTCCCATTTTACCAGCACACTTTCCACCGACAGCCATTTCACCCTG

ACACGATGAGTTGGGAAGCTCAGGAACAATCCCCACATCCACTGTACCCC

TTGACTGGCACCTTGAAGTGCTGA 

 

 

Amphioxus Vent1: 

ATGACTGCCTGCAAGCTCCCCTTCGCTCTCTCCGTGGAAAACTTGATCGGC

GCTCGAACTGACCTTGTTCCTGACATCAGAGCTTCCAGCCCCGAATGTCTT

CCACCGAAGAAGCGTCACCTCCTGTTCACCGCCTCGCCGGGCCCGGACGC
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AAACACTCGGACCGCCGCTCAAGTCGTGCCGCCCGCCGCTAACGCTCTGC

GGAGTGACGGAGAAACGTCTGACGAGGAGGAGGAGATCGACGTCGTTTC

CATTGGGGACGCAGCCTCACCTGCTTCCAGCACGAGTTCAGACCGCTCCA

GCCCAGCACCTTCCTGCGACGACAGCCCGTCTCCCTCCCCGGCAGGCCGC

AAGGCACGCACGGCCTTCACCACCGAGCAGGTCATGGCCCTGGAGGAGC

GTTTCCGCCTGCAGAAGTACCTGTCCGCCGCCGACCGGGAAACTCTGGCC

AAGGCCACGGGACTGACCGACGAGCAGGTCAAGACGTGGTTCCAGAACC

GCCGTATGAAGCTGAAGCGCCAGCAGCAAGACTTCGCCACCTTCCCGCTG

CACGCCTCCGTCACCGTGCCCGGGATGCCCGGCTACTCCCCACAGCCCAA

CCCCTGGTACGACTCGGCGCACTTCGTCCCGTCCCTCGGCACCGCCGTCTG

TGGTCTGCGGCCTCACATGCTGCCTCAGCCCGCCAACACCGTGACCACCA

GCCGTGGGAACAGATACTCACCGTACCCGTCTGCCCGCGTGTCTCCGTCC

GGCCGCAGCCACCCCCAGATGACCAACATGTACATGTCTCCGTACCAGAA

CAACGTGGCAGGGGCGCACTACAACAACGTACCCAGCATGAACTTCTAA 

 

Amphioxus Vent2: 

ATGGCCCTGGAGGAGCGTTTCCGCCTGCAGAAGTACCTGTCCGCCGCCGA

CCGGGAAACTCTGGCCAAGGCCACGGGACTGACCGACGAGCAGGTCAAG

ACGTGGTTCCAGAACCGCCGCATGAAGCTGAAGCGCCAGCAGCAAGACTT

CGCCACCTTCCCGCTGCACGCCTCCGTCACCGTGCCCGGGATGCCCGGCTA

CTCCCCACAGCCCAACCCCTGGTACGACTCCGCGCACTTCGTCCCGTCCCT

CGGCACCGCCGTCTGTGGTCTGCGGCCTCACATGCTGCCCCAGCCCGCCA

ACACCGTGACCACCAGCCGTGGGAGCAGATACTCACCGTACCCGTCTGCC

CGCGTGTCTCCGTCCGGCCGCAGCCACCACCAGATGACCAACATGTACAT

GTCTCCGTACCAGAACACGTGGCAGGGGCGCACTACCACAACGTACCCGG

TGTTTACATGTAA 

 

Saccoglossus kowalevskii Vent1: 

ATGGCGGCTTCTAGGTCGGAGCAAGAGCAATCAGTTCTCTCTAATTCCCCT

GCGTTCTCCAGTCAATCAACAACACATGCACAGAATGAAGACTCTCTTTC

ACCATCAGTAACAACAACGACTGAATTACTGTGTTTAGTATGTTCCGACA

AGGGGTCTGGATACCATTATTCGGTATTTTCGTGCGAGGGTTGTAAGGGTT

TTTTCAAACGAACCGTTCAAAAACAACTGAAATACAGCTGTAAAGAAAGC

AGGAACTGCGAGATTACAAAGTACAGTAGGAACAGTTGCCAGTCATGCCG

CTTTCAGAAATGTGTCAACATGGGCATGAAAATAGACGCTGTACGAGAAG

ACAGAACACCGGGTGGTAAACAGAAAATAAAGCGCTCACGATCACATTC

ATCAAGTCTGCCCGTGAACCAAAGTACAAAAAAAACATTCCCTAATGTGA

GTGATACAAACAATGATACAGCATCCTCGTCATCGTTAACCGATACAAAT

TCCCCTCAACCTGAGAAACGTTTAAAAGAAGACAGTGACGTTTCACAGGA

GGATCAAAGTAAAGCGTATGAGACAATGGCCGAGTTACTAACCGCTGCAC

GTCCTGACATAGTACCTGAAGCTCAGTCATTCAAGGATATGAGTAATTTTG

GCATAGATGATTTGATGCAGTATGGATACAAAGAATTGCAGTTAATTATA

CAGTGGGCTCGGCATGTGCCGGGATTTCGAGGTCTACTGATAGAAGATCA

AATGGCACTTTTAAAAGCATCATTCATGGAACTAAATGTACTCAGGTTAG

CATATAGATCTAGAAGTGAAAATGGTTTGGTTAGATTTGGCGCTAACATG
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AAGCTCACCAAAGATCAGGCCATGGAGATTGGCTGGGGACAAGAACTGA

TACAATCTACTTTAAATTATGTTTCAAGGATACAAGAAGTTAACGTTGATC

ACGTAGAGTTCTGTTTTCTTAACGCCATTGTACTTACTTATCCAGATGCCG

CAGGACTACAAGACAAAACCAGTGTAACAACTCTTCAAGCCAAAATAGTT

GATGCACTTCGACACTACATCAAAACACACTATCCAAAAGATGCCAAGAG

ATATGCAAAGGTGTTACTAAGGTTACCAACTTTACGAACTGTTGCTTCTAA

AGCAACTGAGAGATTTTTATCAATGACATTGGATGGCACAATACAAATCA

ATGAATTAGTATCAGAGATGATGGGATAA 

 

Saccoglossus kowalevskii Vent2: 

ATGGTTCAACATACAGCAACACCAACCGCCATGCATATTGGGGTTGGCGG

TAGCAGACCAGATACGAATGACTACGAGATTGCCATGATATTGGCGAGGA

ACATGGCACAACAAACTTCAAATGACCCATCTCCTATAGCTACATCTACG

CCCGAATCACCTGATAGCGGTTGCGATGGTAACAACGAACACGGACCAAA

ACGCAAGAGAGCTCGCACTGCCTTCAGTAACGAACAGGTTTATAAATTAG

AGAAGAGATTCCGAGCACAGAAATATTTATCCGCCACTGAAAGGGAGGA

TGTTTCTCGTTCTATTGGACTATCTGACACACAGGTAAAAACATGGTTTCA

AAACCGCCGCATGAAGTGGAAGCGTGAACGAAAAGACGACGTCCCCGAT

ATGTCGATGTCACACGCTGGAATGTACGCGCACACCACTCACAATTATAT

GCAATCCTATCCGATCAATGGAGCATATCCGTCACATCCTTGCATGTCGAG

CACCGCCTCATCCATCGGGTCCGTTCCCCAGCAACCCCAACCGATGACCA

CCATGTCGCTTGCCAGTACTCCGATGATGCCATCGTCGTATTCAGTACCGT

TTCCGTCGACAGGGACATGTCCCACTACCTACTACCCGACATATCATAGA

ATGAGGACGACGACCTCTCATTTTGCCATCGGGCATTACAACTACAACAT

GCCATTTGCGCACCGCCCCATGTATTAA 

 

Nematostella vectensis Vent: 

ATGGAAGACCAACAAAACAAGGACTTTGACAACCAGGCATCATTTGTCAC

CAGTAAAGGCGCCGAAAGAAAGAAGCCTACTTTCCTAATCAAATACATTA

TGGGTGATACACTACTGGGCGGCCAAGCTTTAAGACGTGCCGATGTGAAA

ACCTCAAAGGTCTTGAGCGCACAGGCAAATACGATTCCTCGGGATACGCC

TACAGAGGCCTTCACCGACAAGGCCTCTTCACCAGTCGGCGCCAGTCCAT

ACGAGCTACTAAAAAAAAAGCCGCGCACGGCATTCACAGAATCTCAAAT

ATCCGAACTCGAGAAACGCTTCCAGTCACAGAAATACCTCGGGAGCAAGG

AACGGAGTGAACTGGCCGGCACACTTGGACTCACAGACACTCAAGTGAA

GACGTGGTTTCAAAACAGACGAATGAAGCTGAAGCGACAGCGCCAAGAG

GACACAGATCGCCAGGCTAGATATTCACTTGTGAGCCCCTACAGGCTCGC

CCCTTATGCTAGTCACGTGGTGCCATCATACCCAGTGACGTCATACACCGG

TTACTATGGCAACTTCCCAATGCCTCGAGTTTTATGTGATGACCTTGTCGC

CTCTCCCGCATCGTCATCAGTGTCGCCAACAGGGACGACCGGAGAGTTCC

ACGTCACGACAGATCAAAGATACAGCTACTTGGCCTCCTATCCCTCCTCG

GGATACCTGTGTCCCGTAGCGCCATTCCATGTTTTT 

 

Ephidatia Fluviatilis: 
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ATGGACAACTGCAGAGGCGAGAAGAAGCCCCTGCTGAGCACCAACCAGC

AGAGCTTCCGGATCGACAACCTGCTGACCCGGAAAGTGATCGAACAACAG

CAGCAGCCCGACCACTACACCATCTACAGCCCCAGCAAGATCAGCGACGG

CACCAAGATCTACGAGCACGGCAGAGAGAGCACCAGCAGCACCTCCGGC

AACGACGCCGACGATGATCTGCTGACCAGACGGAAGAAGGCCCGGACCG

CCTTCAGCAGAGAACAGGTGGCCGAGCTGGAAAAGAAGTTCCAGAACAA

GAAGTACCTGAGCAGCACCGAGCGGGGCGAGCTGGCCGAGAAGCTGAAG

CTGAGCGACATGCAAGTGAAAACCTGGTTCCAGAATCGGCGGATGAAGTA

CAAGCGGCAGAGCGAAGAGACAGAGATGGAAATGAAGTCCTCTAAGTAC

GGCAGCTTCGTGTACCGGGGCGTGGCCCACAGCATGTTCAACGCCGTGCT

CGAGTGA 

 

Xenopus Laevis Vent2: 

ATGAACACAAGGACTACTACAGGAAAGATGACCAAAGCTTTCTCTTCAGT

AGAATGGCTTGCCCAAAGCAGCCGGAGATCTCACAAAGAGCAGCCCAGC

AAAGGGGATCAGCGATATTCACCGTACCCAAGCCCATCCCTGCCTTCCTG

GAACAGTGATGTGTCCCCTTCTTCATGAACAGCCAGCTGTCTCCAGTTGCA

GGCAGTGCCCAAGTCTCACCGTGCCCTGGGAGTGCACAATATTCCTCAGA

CAGTGAATTATCTCTCTATTCCAATGAAGATGAAGACTTATTCTGTGAAAA

GGACCTTAATACCCCTTCTACCCCTGGGGACAATGGATTGCTACACAGGG

ACACAGCCACACATGAGTACTCTGGAATGGTTTCAGTGCCAGCAAATACT

CCCAGAACCACTTCCAATGAAGATGCTGCTAAGTCTGGCTACAGCACTAG

CACTGACTCAGGCTATGAAAGTGAAGCAAGTCGCTCCAGCTCTACAGCCC

CTGAAGGAGATGCCACCGTATCCCTGAGCCCCAATGATACTTCAGATGAA

GAGGGCAAGTTGGGCCGAAGGTTGCGAACAGCTTTCACCAGTGATCAGAT

CTCCACTCTGGAGAAGACTTTTCAGAAACACAGATACCTTGGGGCTTCTG

AGAGACGGAAACTCGCAGCCAAACTCCAGCTTTCTGAAGTCCAGATTAAA

ACCTGGTTCCAGAACCGCAGGATGAAATACAAACGGGAAATCCAAGATG

GCAGACCTGACTCATACCACCCAGCCCAGTTCTTTGGTGTGTACGGCTATT

CACAGCAGCCCACTCCTGTATTCCAACATGCAGTGCAACAACCCTACCCA

GGTTATAGCCCACTAATGGAAACCCTGCCTGGCACCATGCCCTATGCCAT

GCACCCCCCTGCCATGGACTCTCTGAATCATTTCAACTCTCCACCTTTTCA

AATGTTCTACATGCCCCAACAGCACCTTGGGCAGCCTCTGGCCTACTAA 

 

Modified Nematostella Vent: 

ATGGAAGACCAACAAAACAAGGACTTTGACAACCAGGCATCATTTGTCAC

CAGTAAAGGCGCCGAAAGAAAGAAGCCTACTTTCCTAATCAAATACATTA

TGGGTGATACACTACTGGGCGGCCAAGCTTTAAGACGTGCCGATGTGAAA

ACCTCAAAGGTCTTGAGCGCACAGGCAAATACGATTCCTCGGGATACGCC

TACAGAGGCCTTCACCGACAAGGCCTCTTCACCAGTCGGCGCCAGTCCAT

ACGAGCTACTAAAAAAAaagccgcgcacggcattcacagaatctcaaatatccaaactcgagaaacgctt

cagatcacagaaatacctcgggagcacagaacggagtgaactggccggcacacttggactcacagacactcaagtgaag

acgtggtttcaaaacagacgaatgaagctgaagCGACAGCGCCAAGAGGACACAGATCGCCA

GGCTAGATATTCACTTGTGAGCCCCTACAGGCTCGCCCCTTATGCTAGTCA

CGTGGTGCCATCATACCCAGTGACGTCATACACCGGTTACTATGGCAACTT
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CCCAATGCCTCGAGTTTTATGTGATGACCTTGTCGCCTCTCCCGCATCGTC

ATCAGTGTCGCCAACAGGGACGACCGGAGAGTTCCACGTCACGACAGATC

AAAGATACAGCTACTTGGCCTCCTATCCCTCCTCGGGATACCTGTGTCCCG

TAGCGCCATTCCATGTTTTT 

 

Nematostella EsrrB: 

ATGTTGTTATGTGTTGTATGCAACGATAAGGCAACAGGGTACCATTATGGT

GTGTTCACATGTGAGGGATGCAAGGGGTTCTTCAAAAGAACCGTACAGAA

ACAACTTGAGTACACATGTCGTGGAAATCAAGACTGTGACATCAATCAGC

ACACACGTAACCGCTGCCAGTACTGTCGTTTCGAGAAATGTGTCAAAAGT

GGAATGCTTAAGCAAGCTGTTCGTGATGATAGAACTCCTGGAGGTCGCCA

CAGACATGCTTCCCTTCAGGATCACAGACAGAAGAAACAAAAATTACAAG

GCAAAGCTCCCAAAGAGCTTCCACAAAATGGCCTGTCATCTCCGGAGGGT

CCGGATACTCCAGAGGGGGTGGTATCGAAAGAGGACGAGAATGAATTCC

TGATTTATATACAGCAATTACGACATGATGTGGATGTTATCCCTGACAGCC

CTGTCAAGCCGCCCGAAGGCTCCCCGGCGGCAGGCTTTAGTGTCGACAAG

CTCATGCAATATGGCTACCAAGAACTATATCAGGTAATTCAGTGGGGTAA

AAACGTCCCAGGCTTCCGTGAGCTGAAACTAGAGGATCAAATAACACTCC

TGAAGACCTCTTTCATGGACCTGAATGTTTTTCGCCTGGCCTATCGCTCTA

TCTGTTGTGACCCGGATTCCCTAATGTTCGCCAAGGGCATTATACTGAACA

AGCCTCAGTGTCTGGAGATGGGATGGAGTATGGATCTAACGGAGACCACG

CTTGAGTTCTGCGCCAAGCTCAGAAATTTGAACATGGATGTGAATGAGTTT

TCATGTCTAAGTGGTTTGGTGCTACTAAGTCCTGATGCACCAGGTGTGGTC

GACAAAGACAAAGTGACAGAGCTCCAGACAAACGTGACATCGTGCTTGC

GTGACTATGAGATGTACCGTTACCCAAGCAAAAGCAACCGTCTTGGTAAA

CTCCTCCTATGCCTCCCGTCACTGCGTGCATACAGTGAGAAGGCCTTGGAA

AACTATGTCACACTTGAATTCTTTGGCAAACTTGACATGCCACCTCTTGTA

GCAGAGCTATTGGAGTAA 

 

NvVent N-domain-Saccoglossus VentHD-NvVent C-Domain: 

ATGGAAGACCAACAAAACAAGGACTTTGACAACCAGGCATCATTTGTCAC

CAGTAAAGGCGCCGAAAGAAAGAAGCCTACTTTCCTAATCAAATACATTA

TGGGTGATACACTACTGGGCGGCCAAGCTTTAAGACGTGCCGATGTGAAA

ACCTCAAAGGTCTTGAGCGCACAGGCAAATACGATTCCTCGGGATACGCC

TACAGAGGCCTTCACCGACAAGGCCTCTTCACCAGTCGGCGCCAGTCCAT

ACGAGCTACTAAAAAAAagagaattcAAGAGAGCTCGCACTGCCTTCAGTAAC

GAACAGGTTTATAAATTAGAGAAGAGATTCCGAGCACAGAAATATTTATC

CGCCACTGAAAGGGAGGATGTTTCTCGTTCTATTGGACTATCTGACACAC

AGGTAAAAACATGGTTTCAAAACCGCCGCATGAAGTGGAAGCGTcgcaagctt

CGACAGCGCCAAGAGGACACAGATCGCCAGGCTAGATATTCACTTGTGAG

CCCCTACAGGCTCGCCCCTTATGCTAGTCACGTGGTGCCATCATACCCAGT

GACGTCATACACCGGTTACTATGGCAACTTCCCAATGCCTCGAGTTTTATG
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TGATGACCTTGTCGCCTCTCCCGCATCGTCATCAGTGTCGCCAACAGGGAC

GACCGGAGAGTTCCACGTCACGACAGATCAAAGATACAGCTACTTGGCCT

CCTATCCCTCCTCGGGATACCTGTGTCCCGTAGCGCCATTCCATGTTTTT 

 

 

SkVent N-domain-Nematostella VentHD-SkVent C-Domain: 

ATGGTTCAACATACAGCAACACCAACCGCCATGCATATTGGGGTTGGCGG

TAGCAGACCAGATACGAATGACTACGAGATTGCCATGATATTGGCGAGGA

ACATGGCACAACAAACTTCAAATGACCCATCTCCTATAGCTACATCTACG

CCCGAATCACCTGATAGCGGTTGCGATGGTAACAACGAACACGGACCAAA

ACGCagagaattcaagccgcgcacggcattcacagaatctcaaatatccgaactcgagaaacgcttccagtcacagaa

atacctcgggagcaaggaacggagtgaactggccggcacacttggactcacagacactcaagtgaagacgtggtttcaa

aacagacgaatgaagctgaagcgcaagcttGAACGAAAAGACGACGTCCCCGATATGTCGA

TGTCACACGCTGGAATGTACGCGCACACCACTCACAATTATATGCAATCC

TATCCGATCAATGGAGCATATCCGTCACATCCTTGCATGTCGAGCACCGCC

TCATCCATCGGGTCCGTTCCCCAGCAACCCCAACCGATGACCACCATGTC

GCTTGCCAGTACTCCGATGATGCCATCGTCGTATTCAGTACCGTTTCCGTC

GACAGGGACATGTCCCACTACCTACTACCCGACATATCATAGAATGAGGA

CGACGACCTCTCATTTTGCCATCGGGCATTACAACTACAACATGCCATTTG

CGCACCGCCCCATGTAT 

Mouse Nanog Tryptophan repeat (WR) region: 

 

TGGGGCAGCCAGACTTGGACCAACCCAACTTGGAGCAGCCAGACCTGGAC

CAACCCAACTTGGAACAACCAGACCTGGACCAACCCAACTTGGAGCAGCC

AGGCCTGGACCGCTCAGTCCTGGAACGGCCAGCCTTGGAATGCTGCTCCG

CTCCATAACTTCGGGGAGGACTTTCTGCAGCCTTACGTACAGTTGCAGCA

AAACTTCTCTGCCAGTGATTTGGAGGTGAATTTGGAAGCCACTAGGGAAA

GCCATGCGCATTTTAGCACCCCACAAGCCTTGGAATTATT 
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