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ABSTRACT 

Retinoic acid (RA) is critical for embryonic development and cell differentiation. 

Previous work in our laboratory has shown that blocking the RA-dependent increase in 

Pre-β cell leukemia transcription factors (PBX) mRNA and protein levels in P19 cells 

prevents them from differentiating to either endodermal or neuronal cells.  This suggests 

that PBX is an important regulator of RA-induced differentiation of P19 cells.   

A microarray analysis was performed to identify PBX regulated genes, utilizing the 

empty vector P19 (TO3) and antisense to PBX (AS2) cell lines, during RA-induced 

differentiation of P19 cells into endodermal or neuronal cells.  Among the genes 

identified by the microarray, Dosage-sensitive sex reversal, adrenal hypoplasia critical 

region, on chromosome X, gene 1 (DAX-1) and steroidogenic factor 1 (SF-1) were 

identified to be directly or indirectly regulated by PBX.  Both DAX-1 and SF-1 proteins 

have only recently been reported to be present in preimplantation mouse embryos prior to 

the expression of steroidogenic enzymes, suggesting they may play a role in early mouse 

embryogenesis.  To determine the roles of DAX-1 and SF-1 during RA-dependent 

differentiation, P19 cells that inducibly express either FLAG-DAX-1 or FLAG-SF-1 

upon removal of doxicyclin were prepared. 

We found that overexpression of FLAG-DAX-1 had no effect on the RA-induced 

differentiation of P19 cells.  However, FLAG-SF-1 overexpression prevented the RA-

dependent loss of Oct-4, DAX-1 and the increase in COUP-TFI, COUP-TFII, and Ets-1 

mRNA levels during the commitment stages of both endodermal and neuronal 

differentiation.  Surprisingly, continued expression of SF-1 for seven days caused a RA-
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independent loss of Oct-4 protein.  However, cells which continued to express SF-1 for 

seven days did not terminally differentiate into endodermal or neuronal cells in response 

to RA treatment.  In addition, we found evidence for a feedback loop, where PBX 

reduces SF-1 mRNA expression and continued SF-1 expression blocks the RA-dependent 

increase in PBX protein levels. 

 Our findings suggest that SF-1 plays a novel role in P19 cells where its level of 

expression is critical for the differentiation state of the cells.  At basal levels SF-1 

maintains the pluripotent state of the cells, while SF-1 levels must be dramatically 

reduced for cells to differentiate into both endodermal and neuronal cells upon RA 

treatment.  However, at elevated levels above basal, SF-1 inhibits Oct-4 expression and 

leads to the induction of the expression of steroidogenic enzymes with a pattern 

consistent with adrenal cells in a RA-independent fashion.  Taken together these data 

suggest that SF-1 plays a much more dynamic role in P19 cells than previously reported. 
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CHAPTER 1 

INTRODUCTION 

 

Part I: Retinoids and Metabolism 

Overview of Vitamin A 

 Vitamin A, a fat-soluble vitamin, and synthetic compounds that resemble this 

structure with or without Vitamin A activity are collectively called retinoids.  The 

common features of Vitamin A are a β-ionone ring (cyclohexenyl), a conjugated side 

chain and a polar terminal group.  Naturally occurring retinoids include all-trans-retinol, 

all-trans-retinal, all-trans-retinoic acid (RA), 9-cis-RA and 13-cis-RA, Figure 1-1.  In 

addition, 11-cis-retinol is the chromophore of the visual pigment rhodopsin (Wald, 1968).  

Early research determined that both a deficiency and an excess of Vitamin A dramatically 

changes the differentiation state of epithelial cells (Wolbach and Howe, 1925).  Dietary 

deficiency of Vitamin A leads to blindness and increased susceptibility to infectious 

disease, while a less severe deficiency retards growth and intensifies iron deficiency 

anemia (Sommer, 1998).  Excess dietary Vitamin A causes toxicity of the liver, central 

nervous system, musculo-skeletal system, internal organs and skin (Collins and Mao, 

1999; Blumhoff and Blumhoff, 2006).  Despite the breadth of research that has been 

conducted since the discovery of Vitamin A, it is still being actively studied in almost 

every field of biomedical research.  Many aspects of Vitamin A metabolism and its role 

in both human physiology and pathology are still not fully understood. 
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Figure 1-1. Major biologically important forms of Vitamin A 
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Metabolism of Vitamin A 

Since all animals are incapable of de novo synthesis of Vitamin A they must 

obtain it through ingesting either animal tissues that contain preformed Vitamin A or 

plant tissues containing carotenoids (For review, Blumhoff et al., 2006).  In humans, 

particularly in Western cultures, preformed Vitamin A from animal sources accounts for 

25-75% of the dietary intake, with the rest of the total Vitamin A intake supplied from 

plant derived provitamin A carotenoids (For review, Harrison, 2005).  Hence, the two 

pathways responsible for the absorption of preformed Vitamin A and proVitamin A are 

briefly described below.  Additionally, the metabolism of Vitamin A is depicted in Figure 

1-2  

The major retinoid derived from animal tissues is retinol in the form of retinyl 

esters (Blomhoff et al., 2006).  Retinyl esters are hydrolyzed to retinol in the intestinal 

lumen by pancreatic triglyceride lipase or phospholipase B (For review, Harrison, 2005).  

Next the retinol is directly absorbed by the intestinal enterocytes. 

In the case of plant tissues the most potent carotenoid is β-carotene (Figure 1-1) 

(Silveira et al., 1998).  The majority of the β-carotene is converted into retinal by central 

cleavage in the small intestines (Moore, 1930).  This enzymatic reaction was first 

characterized by two independent laboratories in 1965 (Goodman and Huang, 1965; 

Olsen and Hayaishi, 1965).  The enzyme which catalyzes this reaction is β, β-carotene-

15’, 15’-monooxygenase (BCO-I).  There is a second enzyme, β, β-carotene-9’, 10’-

dioxygenase (BCO-II), which can cleave β-carotene, however, this cleavage is not 

symmetrical and as a result the two β-apocarotenal products have different chain lengths 

(Glover and Redfearn, 1954; Napoli and Race, 1988; Wang et al., 1996).  Retinol, retinal 
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and RA can be produced from the longer of the two β-apocarotenals, however, the 

specific enzymatic reactions have not been identified (For review, Theodosiou et al., 

2010).  Regardless of cleavage of β-carotene by either BCO-I or BCO-II the resulting 

retinal is absorbed by the intestinal enterocytes.  Once in the enterocytes the retinal is 

converted to retinol by enzymes such as alcohol dehydrogenase. 

In the intestinal enterocyte retinol is bound to cellular retinol-binding protein type 

II (CRBP-II).  There are two additional CRBPs, CRBP-I and CRBP-III.  CRBP-I appears 

to be most important for the storage of retinyl esters in hepatic stellate cells, as CRBP-I 

null mice only exhibit low storage levels of retinyl esters suggesting compensation 

through another CRBP (Glyselinck et al., 1999; Batten et al., 2004; Piantedosi et al., 

2005).  Knockout studies indicate that CRBP-III appears to be solely involved in the 

synthesis of retinyl esters found in milk (Piantedosi et al., 2005).  Surprisingly, despite its 

important role in normal metabolism, CRBP-II knockout mice can be rescued when fed a 

high Vitamin A diet.  These mice exhibit lower retinyl ester storage in liver stellate cells 

but otherwise appear normal and healthy (Gottesman et al., 2001).  CRBP-II is expressed 

primarily in the intestinal enterocytes and is responsible for keeping the retinol both 

soluble and also for directing it to lecithin:retinol acetyltransferase (LRAT) (Herr et al., 

1992; Gottesman et al., 2001).   

LRAT is responsible for converting retinol into retinyl esters, and is expressed in 

intestinal enterocytes, liver, and the retinal-pigmented epithelial cells of the eye (Herr et 

al., 1992; For review, Theodosiou et al., 2010).  Not surprisingly, LRAT null mice 

contain trace levels of retinyl esters in the liver and other tissues (Batten et al., 2004; 

O’Byrne et al., 2005).  What is surprising is that LRAT null mice develop normally and 
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only show slight changes in the retina of the eye (Batten et al., 2004).  In LRAT null 

mice, retinol is absorbed into the target cells as free retinol from chylomicron remnants 

(Blomhoff et al., 1990; For review, Theodosiou et al., 2010).  Normally LRAT converts 

retinol to retinyl esters that are packaged into chylomicrons and secreted into the 

intestinal lymph system (Blomhoff et al., 1982).  After transport in the lymph the 

chylomicrons move into general circulation in the blood stream. 

Once in general circulation the triacylglycerol in the chylomicrons, which also 

contain carotenoids, cholesteryl esters, retinol, and retinyl esters, are hydrolyzed and 

taken up by the adipose tissue.  After removal of the triacylglycerol from the chylomicron 

the retinyl esters remain a part of the chylomicron remnant which is subsequently taken 

up by parenchymal hepatocytes (Blomhoff et al., 1990; 2010).  After being taken up by 

the parenchymal hepatocytes the retinyl esters are once again hydrolyzed into retinol.  

This free retinol is then bound to retinol-binding protein (RBP) which is also produced in 

the hepatocytes (Soprano et al., 1986).  After the retinol-RBP complex (holo-RBP) has 

formed the complex can either be secreted into blood for circulation or transferred to 

perisinusoidal stellate cells for storage of retinol.  In the stellate cells the retinol is 

converted back to retinyl esters and stored in lipid droplets.  In times of low blood levels 

of retinol these stores of retintyl esters are transferred to hepatocytes, converted back into 

retinol, and mobilized into the blood stream bound to RBP (Quadro et al., 1999). 

RBP is cleared from the blood stream through glomerular filtration in the kidney.  

The RBP is reabsorbed in the tubules and hydrolysed to amino acids (Gottesman et al., 

2001).  Prevention of elimination of the holo-RBP is conferred through binding 1:1 with 

transthyretin (TTR) while apo-RBP does not bind TTR and is readily filtered by the 
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glomerlus and degraded (For review, Blomhoff et al., 2006).  After formation of the 

TTR-retinol-RBP complex, it is next directed to target tissues, possibly through binding 

to a cell surface receptor.  The only known retinol-RBP receptor was identified in 2007.  

This receptor was previously called stimulated by retinoic acid gene 6 (STRA6) 

(Kawaguchi et al., 2007).  STRA6 was first found to be up-regulated in P19 cells upon 

RA-treatment, and to be a membrane bound protein with an unknown function (Bouillet 

et al., 1995; Bouilet et al., 1997).  Although, STRA6 is expressed in many embryonic cell 

types, its expression is restricted to specific tissues in the adult (Blaner, 2007).  The 

ability of RBP null mice to develop normally suggests that there is a non-RBP mediated 

cellular uptake of retinol, and as such STRA6 is not the only entry point for retinol in 

target cells. 

 Upon entering the cell retinol is transferred once again to CRBP.  Retinol can then 

be converted back to retinyl esters and stored, or it can be oxidized to retinal by the 

cytosolic medium-chain alcohol dehydrogenases ADH1, ADH3, or ADH4 (For review, 

Blomhoff et al., 2006).  ADH3 is ubiquitously expressed and mice lacking ADH3 

exhibited growth defects and reduced survival (For review, Duester et al., 2003).  

Interestingly, mice lacking ADH1 or ADH4 exhibit no abnormalities except when 

subjected to either an excess or deficiency in Vitamin A.  Oxidation of retinol to retinal 

can also be performed by membrane bound short-chain dehydrogenases/reductase (SDR) 

(For review, Duester et al., 2003). 

The next step in the pathway leading to RA is the irreversible oxidation of retinal 

to RA by one of several retinal dehydrogenases (RALDH1, RALDH2, RALDH3, and 

RALDH4).  RALDH1 can function in RA synthesis in vivo, however, it is not essential 
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for life (For review, Duester et al., 2003).  In contrast, RALDH2 is expressed in several 

tissues during embryonic development and mice deficient in RALDH2 die during 

gestation (Niederreither et al., 1999).  RALDH3 null mice are also not viable, although 

they develop to full term and then die shortly after birth due to respiratory distress (Dupe 

et al., 2003).  RALDH4 seems to be the enzyme important for the production of 9-cis RA 

(Lin et al., 2003).  In addition to the RALDHs there is a growing body of evidence that 

enzymes in the cytochrome P450 family can also participate in the production of RA. 

After conversion by one of the RALDH enzymes the newly synthesized RA is 

bound to cellular RA-binding protein CRABP, of which there are two types, CRABP-I 

and CRABP-II.  The expression of CRABPs is restricted to only those cells which are 

responsive to RA signaling (Napoli, 1996).  The CRABPs are responsible for both 

shuttling the RA into the nucleus and also for directing RA for catabolism.  CRABP-I 

binds RA with a higher affinity than CRABP-II (Napoli, 1996).  CRABP-I appears to be 

involved in regulating RA degradation (Boylan and Gudas, 1991 and 1992).  On the other 

hand, CRABP-II quickly translocates from the cytosol to the nucleus upon binding RA 

where it can directly transfer the RA to the retinoid receptors (Dong et al., 1999).  

Unexpectedly, despite their seemingly important role, the CRABP proteins are redundant 

components of RA signaling and are not required for RA signaling (Lampron et al., 

1995). 

In addition to RA synthesis the catabolism of RA to oxidized metabolites is also 

an important regulated process.  This regulation between synthesis and degradation 

allows precise tissue specific expression of RA.  Catabolism of RA occurs mainly 

through the CYP26 family and is initiated by hydroxylation of the C4 or C18 of the β-
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ionone ring of RA (Petkovich, 2001).  The three CYP26 enzymes responsible for RA 

degradation into 4-hydroxy RA and 4-oxo RA are CYP26A1, CYP26B1, and CYP26C1.  

 

 

 

 

Figure 1-2. Metabolic pathway of Vitamin A. (Modified from Blomhoff et al., 2006 
and Theodosiou et al., 2010) 
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Part II: Mechanisms of Action 

Retinoic Acid Receptors 

 As previously discussed RA has a wide range of effects including patterning in 

the embryo, differentiation, organogenesis, cellular proliferation, and apoptosis.  It was 

discovered over 25 years ago that RA was able to exert such diverse effects by binding to 

two specific classes of nuclear transcription factors, Retinoid X Receptors (RXR) and 

Retinoic Acid Receptors (RAR).  RARs and RXRs are members of the steroid/thyroid 

hormone superfamily.  RA functions as a ligand for both types of receptors and upon 

binding initiates a conformational change which results in the release of corepressors and 

subsequent binding of coactivators ultimately leading to transcription of RA target genes. 

 The first RAR, RARα, was cloned independently by both Evans and Chambon 

(Giguere et al., 1987; Petkovich et al., 1987).  Very shortly after the discovery of RARα, 

two additional RARs were reported.  RARβ was first cloned by the Dejean laboratory, 

and later described by both Dejean and Chambon (Dejean et al., 1986; Brand et al., 

1988).  Lastly, RARγ was found to be highly expressed in skin, and was identified during 

characterization of murine RARα and RARβ (Krust et al., 1989; Zelent et al., 1989).  It 

was later determined that conservation of an individual RAR between species was greater 

than conservation of all three receptors within an individual species, suggesting that each 

of the RARs could regulate a specific subset of genes or functions (Petkovich, 1992).  

Both RARα and RARγ have two major isoforms α1, α2 γ1, and γ2.  RARβ is unique in 

that there are five distinct transcriptional variants (Zelent et al., 1991; Peng et al., 2004). 

The various RAR isoforms arise due to alternative promoter usage and alternate splicing. 
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 Vertebrates generally express three RXRs, α, β and γ.  RXRα was first described 

after the discovery of the RARs (Mangelsdorf et al., 1990).  RXRβ and RXRγ were 

described within the next two years (Yu et al., 1991; Leid et al., 1992; Mangelsdorf et al., 

1992).  All three of the RXRs have two isoforms termed 1 and 2.  Also of interest is that 

the RXRs, unlike RARs, do not bind all-trans-RA.  9-cis-RA, at least in vitro, has been 

shown to bind to all the forms of RXR and RAR. 

 Neither RARs nor RXRs act as monomers.  RXRs have been shown to bind as a 

homodimer to Retinoid X Response Elements (RXREs) in the promoter of target genes.  

Its role during gene expression is not well understood (Balmer and Blomhoff, 2005).  In 

addition to its ability to form homodimers, RXRs are able to form heterodimers with 

many other members of the steroid/thyroid hormone superfamily.  A number of these 

include thyroid hormone receptor (TR), vitamin D receptor (VDR), peroxisome 

proliferator-activated receptor (PPAR) and RARs (Leid et al., 1992).  In the absence of 

binding of ligand to the RXR binding partners, RXR signaling is silent (RXR 

subordination) (For review, Chambon, 2005). 

 Unlike the RXRs, RARs function only as heterodimers with RXRs.  These RAR-

RXR heterodimers bind to Retinoic Acid Response Elements (RAREs) in the promoter 

regions of primary response genes.  The DNA response element for RAR-RXR consists 

of at least two copies of (A/G)G(G/T)TCA with a nucleotide spacer between the sites 

(For review, Balmer et al., 2005).  The nucleotide spacer consists of either DR5 (direct 

repeat five nucleotide spacer), DR2 (two nucleotide spacer) or a DR1 (one nucleotide 

spacer), both the DR5 and the DR2 are able to induce transcription of their target genes.  

With both of these configurations: RXR binds to the 5’ half-site, while the RAR binds to 
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the 3’ half-site (Perlmann et al., 1993; Predki et al., 1994; Zechel et al., 1994a).  When 

there is a single base spacing between the half-sites (DR1), the RAR-RXR binding is 

inverted and is unable to induce transcription of the target gene upon RA-binding 

(Kurokawa et al., 1994).  While the analysis of the DNA sequence of many genes has 

demonstrated RAREs in their promoter, only a few of these have been shown to be 

directly up-regulated through binding of the RXR-RAR heterodimer.  Several of the Hox 

genes, which are important for patterning of the anteroposterior axis during development, 

contain RAREs in their promoters and are well characterized (McGinnis and Krumlauf, 

1992; Dupe et al., 1997).  In addition to the RARE regulated Hox genes twenty-two other 

genes are unquestionably targets with at least 100 more awaiting further confirmation 

(For review, Balmer and Blomhoff, 2005). 

 

 

 

 

Figure 1-3.  Retinoid receptor domains. 
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RAR and RXR Structure and Transcriptional Control 

 As mentioned earlier, both the RXRs and RARs are members of the 

steroid/thyroid hormone superfamily. In addition they structurally contain six conserved 

domains.  These domains include the N-terminal A/B domain which contains the 

activation function-1 (AF-1), the C domain or DNA-binding domain (DBD), the D 

domain or hinge domain, the E domain or ligand binding domain (LBD) which contains 

both the ligand-binding pocket and AF-2, and lastly the most C-terminal F domain 

(Figure 1-3).  These domains will be briefly described below as they relate to silencing or 

activation of RAR-RXR target genes during RA-induction 

 RAR-RXR heterodimer binds to the RARE of a target gene through their DBDs.  

The C domain is the most highly conserved region and contains two zinc-nucleated 

modules, two α-helices and a COOH-terminal extension (CTE) (Zechel et al., 1994a; 

1994b).  The DBD serves as both the recognition motif and also as the anchoring point 

for the heterodimer to the DNA, poising it for activation upon RA-binding.  The structure 

of the globular DBD of the heterodimer was determined by nuclear magnetic resonance 

(NMR) and crystallographic studies (Lee et al., 1993). 

 The RAR and RXR interact with one another through their DBD domains, 

however the major site of interaction is through several surfaces on the E domain.  In 

addition, the E domain is the next most conserved domain between the RARs.  Between 

all of the domains the E domain is the most complex, because it contains the ligand 

binding pocket, the main dimerization surfaces, and also confers AF-2 activity.  The 

crystal structures of the LBDs of both the RXRs and also the RARs were previously 

determined both in the apo and holo confirmations (Bourguet et al., 1995; Renaud et al., 



 13 
 
 

1995; Wurtz et al., 1996;  Moras and Gronemeyer, 1998; Egea et al., 2001).  The LBD is 

comprised of twelve conserved α-helices and a β-turn.  The roles of each of the α-helices 

in the dimerization between RXR and RAR and also the residues involed in ligand 

binding have been previously described  (For review Batien and Rochette-Egly, 2004).  

Of particular note is helix 12 (H12), which encompasses the AF-2 domain.  H12 in the 

apo form faces away from the LBD.  However, when RA binds in the ligand binding 

pocket there is a major conformational change, where H12 swings inward to cover the 

opening into the pocket (For review, Nettles and Greene, 2005). 

 The A/B region functions as the ligand independent AF-1 domain, this region is 

not conserved among the different RXRs or RARs, suggesting that specification between 

binding partners maybe conferred through bind to these regions.  In fact the AF-1 domain 

contains several consensus phosphorylation sites (Rochette-Egly, 2003).  In addition to 

phosphorylation the AF-1 domain can form protein-protein interactions (Bour et al., 

2005; Vucetic et al., 2008; Zhao et al., 2009). 

 The D domain has two known functions.  It contains the nuclear localization 

signal, and it serves as a hinge region allowing the rotation of the DBD separately from 

the LBD.  The F domain is absent in the RXRs and its role in RARs is still largely 

unknown, however it can be phosphorylated suggesting that is may play a role in 

modulating interactions between the RARs and transcription partners (Rochette-Egly et 

al., 1997; Bastien et al., 2000). 

 Transcriptional control of target genes by the RAR/RXR heterodimer is confered 

through conformational changes which occur upon binding of ligand to the RAR.  As 

decribed earlier, the RXR/RAR heterodimer can bind to the RARE in target genes in the 
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absence of ligand.  However the binding of the heterodimer is not as strong to either the 

DNA or between the E-domains without ligand.  In this silenced state, the DNA is 

packaged into a highly organized and compact structure, where the N-terminal tails of the 

core histone proteins can be modulated upon covalent modifications such as acetylation, 

phosphorylation, methylation, etc.  In the context where these nucleosomes do not 

conformationally block the binding of the RAR/RXR heterodimer to the RARE, the 

heterodimer represses transcription through the recruitment of corepressors.  Two of 

these corepressors are NCoR and SMRT (Glass and Rosenfeld, 2000; Aranda and 

Pascual, 2001). The corepressors bind to the heterodimers through two conserved box 

motifs located in the LBD.  The corepressors themselves contain or recruit higher 

molecular complexes which contain histone deacetylase activity (HDAC).  The HDAC 

activity removes acetyl group from the N-terminal histone tails which increases their 

interaction with the DNA, more tightly compacting the chromatin (Figure 1-4). 

 Since unliganded RAR/RXR heterodimers recruit HDACs through interaction 

with corepressors, this means that to switch to activation of transcription the corepressors 

have to dissociate and recruitment of coactivators needs to occur.  The LBD contains the 

surfaces for both coactivator and corepressor binding.  These surfaces partially overlap 

and it was demonstrated that ligand binding causes a confirmation change in the LBD 

(Bourget et al., 1995; Renaud et al., 1995; Wurtz et al., 1996; Moras and Gronemeyer, 

1998; Egea et al., 2001).  This confirmational change results in a switch from a 

corepressor to a coactivator-binding surface (Nagy et al., 1999; Perisssi et al., 1999; 

Glass and Rosenfeld, 2000).  Interestingly, RXR associated with RAR cannot by itself 

dissociate from corepressors or recruit coactivators when liganded (Germain et al., 2002).  
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This means that the binding of ligand to the RAR directs the switch from a repressive to a 

transcriptionally active state. 

 The first family of coactivators which was described was the Src-1/p160 family 

(Chen, 2000; Mckenna and O’Malley, 2002).  In addition to the Src-1/p160 family, 

p300/CBP (Vo and Goodman, 2001) and CARM-1 (Chen et al., 1999; Kouzarides, 2002) 

have been found to function as coactivators of RAR/RXR transcriptional activity.  Each 

of these coactivators contain at least one LxxLL motif, where L is leucine and x is any 

amino acid.  The p160 cofactors can either bind to one member of the heterodimer or to 

both members of the heterodimer.  In addition to interacting with the RAR/RXR 

heterodimer, the coactivators also can interact with other coactivators through additional 

domains.  For example, TIF2 contains an LxxLL motif which interacts with the 

RAR/RXR heterodimer and contains two separate domains which are used to interact 

with p300/CBP or CARM-1 (McKenna and O’Malley, 2002). 

 Binding of these coactivators to the RAR/RXR heterodimer results in 

modification of the local chromatin structure from compacted to a more open 

conformation.  The p300/CBP and the p160 family members add acetyl groups to the 

lysine residues in the N-terminal tails of the histones through their histone 

acetyltransferase (HAT) activity.  In addition CARM-1 acts through its histone 

methyltransferase (HMT) activity which adds methyl groups to specific arginine or lysine 

residues on the N-terminal tails of the histones.  Together, the addition of acetyl and 

methyl groups to the histone tails results in a decompaction of the DNA.  This 

decompaction is enhanced by the recruitment of pCIP and CBP, large complexes with 

histone acetylase activities (PCAF) or histone methyltransferase activities (Kouzarides, 
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2000; Roth et al., 2001, Zhang and Reinberg, 2001).  Ultimately, the SWI/SNF complex 

is recruited to reposition the nucleosomes at the promoters by sliding the nucleosomes, 

through the use of ATP-hydrolysis, allowing the establishment of nucleosome-free or 

nucleosome-spaced regions (Kingston and Narlikar, 1999; Vignali et al., 2000; Narlikat 

et al., 2002). 

 Once the coactivators have been recruited to the the RAR/RXR heterodimer and 

the chromatin has been relaxed transcription of the target gene can be activated.  

Activation of transcription is achieved by directing RNA polymerase II and general 

transcription factors to the promoter of the target gene.  The current model of the 

recruitment of these factors was reviewed by Dilworth and Chambon (2001). 

 

 

 

Figure 1-4. Transcriptional regulation by the RAR/RXR heterodimer.  (Modified 
from Bour and Rochette-Egly, 2007) 
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Part III: RA During Development 

RAR and RXR Knockout Animals 

 The importance of Vitamin A during embryonic development was first 

demonstrated by two independent groups, Hale in 1933 and also Warkany and colleagues 

in 1953 (Hale, 1933; Wilson et al., 1953).  The initial finding by Hale was that a Vitamin 

A deficient (VAD) diet induced congenital ocular malformations.  The effects of VAD on 

embryonic development were further characterized using VAD rats.  These effects ranged 

from ocular, cardiac, respiratory malformations to urogenital congenital malformations 

(collectively referred to as fetal VAD syndrome) (For review Wilson et al., 1953).  After 

the discovery of the RARs and RXRs it was found that RA could replace Vitamin A 

during embryogenesis at specific stages of development and in certain tissues (Dickman 

et al., 1997; White et al., 1998).  Given the number of RARs and RXRs, it was easy to 

assume that each combination or isoform would direct the expression of specific genes 

during development.  Quite surprisingly the individual knockouts of RARα, RARβ, or 

RARγ in mice resulted in viable mice.  While each of the knockout mice displayed some 

of the congenital defects described in the VAD syndromes these abnormalities were not 

as severe.  In addition, most of the abnormalities were restricted to only those tissues 

which normally express the individual receptors, indicating that there are functional 

redundancies during development among the RARs (Kastner et al., 1995; Kastner et al., 

1997, Mark and Chambon, 2003; Mark et al., 1995; Mascrez et al., 1998). 

 Recapitulation of the fetal VAD syndrome in mice was finally achieved once 

double knockouts of the RARs were produced.  RARα/β, RARα/γ, and RARβ/γ null mice 
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die in utero or at birth from severe developmental defects.  The RAR-double null mutants 

exhibited congenital defects that were not originally described in the VAD studies.  These 

malformations included agenesis of the Harderian glands, skeletal defects of the skull, 

face, vertebrae, limbs and forebrain (Ghyselinck et al., 1997; Lohnes et al., 1993; Lohnes 

et al., 1994; Luo et al., 1996; Mendelsohn et al., 1994; Subbarayan et al., 1997).  While 

these additional malformations were not described in the original VAD model it is most 

likely that the level of VAD required to cause these defects cannot be achieved through 

dietary means while maintaining pregnancy.  Mark and colleagues compiled an excellent 

review on each of the RAR-null mice and the resultant congenital defects (Mark et al., 

2003). 

 The RXR knockout animals displayed a major difference from to the RAR 

knockouts.  Surprisingly, RXRα is indispensible and only the RXRβ and RXRγ 

knockouts were viable.  The RXRβ knockout mice were 50% viable at birth, and the 

surviving mice appeared normal (Kastner et al., 1996).  Although the mice appeared 

normal the male mice were sterile and exhibited a failure to release spermatids (Kastner 

et al., 1996).  When the RXRγ mice were further examined they appeared normal (Krezel 

et al., 1996).  Despite appearing normal, they were resistant to thyroid hormone, 

consistent with the RXRγ expression in the anterior pituitary gland (Brown et al., 2000).  

Further examination into the lethality of the RXRα knockout phenotype indicated that the 

mice had defects in the ventricular chamber of the heart, and ocular malformations, 

consistent with phenotypes described in the VAD model (Kastner et al., 1997).  Only a 

single copy of RXRα is needed to perform most of the functions of all of the RXRs 

(Krezel et al., 1996).  Further dissection of RXRα using transgenic mice demonstrated the 
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importance of the AF-1 domain and the AF-2 domain during development.  The AF-1 

domain only appears to be important during involution of the primary vitreous body and 

did not display any of the other RXRα knockout phenotypes (Mascrez et al., 2001).  The 

AF-2 deletion mutants displayed the ocular and heart malformations; which are the 

hallmarks of RXRα-null mice (Kastner et al., 1994).  As was done with the RAR-

knockouts, Mark and colleagues compiled an excellent review on each of the RXR-null 

mice and the resultant malformations (Mark et al., 2003). 

Retinoids and Endodermal Patterning 

 Retinoid deficiency during embryonic development causes severe defects in 

endodermal structures.  This was demonstrated in mice, where high concentrations of RA 

are required for patterning the branchial arches three to six.  The second arch requires 

substantially lower concentrations of RA and the first branchial arch contains no 

detectable RA (Wendling et al., 2000; reviewed in Mark et al., 2004).  This indicates that 

RA-signaling is important for the Anterior/Posterior (AP) patterning of the endoderm of 

the pharynx.  Additionally, RA signaling is crucial anteriorly in the developing pharynx 

and pharyngeal endoderm.  Although it is known that neural crest cells (NCCs) migrate 

into the pharyngeal endoderm during development, it has been shown that patterning of 

the pharyngeal endoderm is independent of their action (Matt et al., 2003; Veitch et al., 

1999; Wendling et al., 2000).  In the absence of NCCs, patterning of the branchial arches 

still occurs (Veitch et al., 1999).  However, the patterning is dependent on signals 

provided by the mesoderm (Piotrowski and Nusslein-Volhard, 2000).  It has been 

suggested that RA-signaling confers AP axis patterning of the pharyngeal endoderm 
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through activation of the Hox genes (Matt et al., 2003; Wendling et al., 2000).  The 

importance of RA-signaling in the AP axis of the endoderm was also shown through 

addition of exogenous RA.  This addition of exogenous RA posteriorized the foregut, 

which transformed the anterior regions into pancreas and liver, tissues which normally 

form in the midgut (trunk endoderm) (Stafford and Prince, 2002).  Additionally, RA-

signaling originating from the lateral plate mesoderm is involved in pancreas and liver 

differentiation in the anterior midgut (For review Kumar and Melton, 2003; Kumar et al., 

2003).  In contrast, the more posterior organs, such as the intestines, do not need RA-

signaling to form.  This strongly suggests the need for differential RA-signaling along the 

AP axis with RA responsive zones (posterior pharynx, anterior gut) and zones which do 

not require RA-signaling (anterior pharynx, posterior gut) (Kumar et al., 2003; Stafford 

and Prince, 2002;  Wendling et al., 2000; for review Kumar and Melton, 2003; Mark et 

al., 2004).  Interestingly, differential expression of RARs localized to specific regions of 

the AP axis of the developing endoderm further fine-tunes the RA-signaling activity 

(Bertrand et al., 2007; Mollard et al., 2000).  Last, localized expression of RARs in dorsal 

and ventral areas of the endoderm creates differential signaling along the dorsoventral 

(DV) body axis (Pan et al., 2007). 

Effect of Retinoids on Hindbrain Development and Neuronal Differentiation 

Unlike in the endodermal AP axis, RA signaling does not specify the complete 

length of the central nervous system (CNS) AP axis.  Instead, RA-signaling is more 

restricted and has specific actions on different zones of the CNS, most importantly during 

hindbrain (HB) development (Godsave et al., 1998).  The HB is morphologically and 
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molecularly subdivided into rhombomeres (Lumsden and Krumlauf, 1996).  AP 

patterning of the HB is controlled by expression of the Hox genes, which defines the 

identity of each separate rhombomere (Trainor and Krumlauf, 2001).  RA-signaling 

regulates the colinear expression of Hox genes in the HB (Glover et al., 2006; Murakami 

et al., 2004).  Ectopic treatment with RA causes an anterior expansion of the HB and the 

spinal cord (SC) and inhibits the formation of the midbrain (MB) and the forebrain (FB) 

(Durston et al., 1989).  This further suggests that RA-signaling defines rhombomere 

identity (Marshal et al., 1992; Wood et al., 1994).   Patterning of the HB is dependent 

upon different levels of RA-signaling with the posterior rhombomeres requiring higher 

concentrations then those more anterior (Dupé and Lumsden, 2001).  As with the AP axis 

of the endoderm formation, the HB depends on the formation of different zones of RA 

activity. 

Control or separation of these zones is not due to a simple gradient of RA 

diffusing along the AP axis (For review Glover et al., 2006).  Instead RA signaling is 

controlled by CYP26 expression and FGF signaling.  Expression of CYP26 in specific 

regions of the HB limits RA responsiveness by degrading the RA (Abu-abed et al., 2001; 

Emoto et al., 2005; Hernandez et al., 2007).  FGF8 signaling from the MB antagonizes 

the action of RA and inhibits the RA-dependent action of the Hox genes, defining the 

anterior limits of Hox gene expression in the HB (Irving and Mason, 2000). 

Just as during patterning of the endodermal tissues, RA-signaling is involved in 

DV patterning of the posterior CNS and directs neuronal specification by differentiation 

within the CNS (For review, Glover et al., 2006).  The ventral regions are specified in the 

spinal column (SC) through RA generated in somatic mesoderm.  In this way, RA-
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signaling is localized and activates expression of DV patterning genes such as Pax6, 

Nkx6.1 and Pax3 (Wilson et al., 2004).  RA-signaling works through two possible effects 

either through activation of target genes or through disruption of FGF mediated 

transcriptional repression (Diez del Corral et al., 2003; Novitch et al., 2003).  For 

example, in the developing SC the antineurogenic FGF8 signaling is inhibited by RA-

signaling and activation of proneural genes such as NeuroM occurs (Diez del Corral et 

al., 2003).  In addition, RA-signaling acts on neuronal differentiation and specification of 

several neuronal populations in the developing SC and HB such as motor neurons.  Motor 

neuron progenitors in the SC are formed by RA originating from paraxial mesoderm 

(Novitch et al., 2003).  Differentiating SC neurons are the source of RA required for RA-

signaling required for motor neuron fate (Sockanathan et al., 2003). 

Not only is RA-signaling involved in neuronal differentiation and specification, it 

is also involved in neurite outgrowth.  VAD rat embryos exhibit defective axonal 

projections (White et al., 2000), and both axonal projections and motor neuron outgrowth 

are impaired in VAD quail embryos (Maden et al., 1996; Wilson et al., 2003).  In 

addition to neurite outgrowth in vivo, neurite outgrowth is activated upon RA-signaling in 

vivo from various mouse and chicken cell types originating from the CNS (Corcoran et 

al., 2000; Wuarin et al., 1990) or from cells derived from the developing peripheral 

nervous system (Corcoran et al., 2000; Haskell et al., 1987; Plum and Clagett-Dame, 

1996; Quinn and De Boni, 1991).  In addition to its importance during neuronal 

differentiation, RA-signaling appears to be involved in behavior as evidence from 

postnatal mice suggest that their behavioral patterns are different than normal mice (For 

review, see Table 1 in Mark et al., 2009).  Interestingly, other nervous system defects 
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were also reported which were not originally detected in the VAD studies (For review, 

see Table 3 in Mark et al., 2009).   

 

Part IV: Model Cell Lines 

Embryonic Carcinoma Cells 

Teratocarcinomas are formed in mice when early embryos are transplanted from 

the uterus into ectopic sites such as in the testis or ovaries (Stevens, 1970).  These 

malignant teratocarcinomas may contain many kinds of differentiated tissues (Stevens, 

1967; 1970; Solter et al., 1970).  Importantly, these tumors also contain undifferentiated 

stem cells.  These embryonic carcinoma cells (EC), when isolated and cultured, can be 

propogated indefinitely as undifferentiated cell lines (Martin et al., 1974; 1975; Martin, 

1975).  In addition, EC cells are multipotent and can differentiate into all three germ 

layers (ectoderm, mesoderm, and endoderm).  This stem cell like nature of EC cells was 

confirmed when a single EC cell was injected into a blastocyst, cells which were derived 

from the single cell were found in the tissues of all three germ layers (Rossant et al., 

1982).  Despite this ability, EC cells lack the ability to produce mature sex cells; 

therefore, subsequent generations cannot be derived.  Two examples of EC cells which 

have been instrumental in our understanding of both RA-signaling and differentiation are 

the mouse F9 cells (Lehtonen et al., 1989; Alonso et al., 1991; Verheijen and Defize, 

1999), and mouse P19 cells (McBurney, 1993; Skerjanc, 1999) Figure 1-5. 

In the mouse blastocyst at 4.5 days post fertilization the cells on the surface of the 

inner cell mass differentiate into epithelial-like primitive endoderm, which then 
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differentiates into extraembryonic parietal and visceral endoderm.  The former covers the 

inner surface of the blastocoels and the latter envelops the epiblast (Gardner, 1983).  F9 

cells are a model cell system which can be used to study the effects of RA-signaling 

during in vitro endoderm differentiation (Strickland and Mahdavi., 1978).  When grown 

as a monolayer and treated with RA, F9 cells differentiate into primitive endoderm and 

express tissue plasminogen activator, Hoxa1, Hoxb1, lamininB1, keratin8, and keratin18 

(Boylan et al., 1993; Chiba et al., 1997; Klienman et al., 1987; Ouellet et al., 1990).  F9 

cells can also differentiate into parietal endoderm if dibutyryl cyclic-AMP is added along 

with RA-treatment, as evidence by the gain of thrombomodulin expression (Weiler-

Guettler et al., 1992).  If instead the F9 cells are allowed to form aggregates prior to 

treatment with RA they differentiate into visceral endoderm and express α-fetoprotein 

(Young and Tilghman, 1984).  In F9 cells, the gain of endoderm specific genes and the 

subsequent loss of pluripotency genes recapitulate the events which happen prior to 

implantation during mouse embryogenesis.  Further understanding of these events will 

surely be shaped through further study of both F9 cells and also RA-signaling during 

early embryogenesis. 

 While F9 cells are an excellent model for early events during embryogenesis, 

unfortunately, they are unable to differentiate into other more specialized tissues.  On the 

other hand, P19 cells are an excellent model cells system used to determine the effects of 

RA-signaling on neuronal and endodermal differentiation.  Evidence of the usefulness of 

P19 cells is that in the last 28 years since their initial isolation and characterization there 

have been over 1000 publications involving P19 cells and their differentiation potential.  

P19 cells were derived from a teratocarcinoma formed after transplantation of a 7.5 day 
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embryo into the testis of a mouse (McBurney and Rogers, 1982).  The undifferentiated 

P19 cells derived from the tumor had an euploid male karyotype (40:XY) and grow 

rapidly in cell culture without the need for an irradiated feeder layer.  P19 cells were later 

found to differentiate upon treatment with RA (Jones-Villeneuve et al., 1982) or DMSO 

(McBurney et al., 1982).  The pathways induced by DMSO and RA were found to be 

different, as multiple mutants were obtained which lost their ability to differentiate upon 

treatment with one inducer and retained the ability to differentiate upon treatment with 

the other inducer (Edwards et al., 1983; Jones-Villeneuve et al., 1983).  When grown as a 

monolayer and treated with RA, P19 cells rapidly differentiate into endodermal or 

mesodermal cells (Edwards and McBurney, 1982).  P19 cells also readily form 

aggregates or embryoid bodies when grown in suspension.  Treatment of the embryoid 

bodies with RA rapidly induces neuronal differentiation and results in the RA-dependent 

differentiation of P19 cells into neuronal and astrocytes-like cells (Jones-Villeneuve et 

al., 1982; For review, Bain et al., 1994).  Treatment of the aggregates with DMSO 

induces P19 cells to differentiate into skeletal and cardiac cells (McBurney et al. 1982; 

For review van der Heyden and Defize, 2003).  Despite the vast amount of research that 

has gone into understanding how RA-signaling induces P19 cells to differentiate, the full 

pathway and all of the players have still not been solved.  Qin and colleagues reported 

that knockdown of PBX prevented P19 cells from differentiating upon RA-treatment 

(Qin et al., 2004b).  PBX, Meis, and a number of Hox genes were all previously reported 

to be up-regulated after RA-treatment in P19 cells (Ferretti et al., 2000; Knoepfler and 

Kamps, 1997; Oulad-Abdelghani et al., 1997; Taneja et al., 1996; Zawartkruis et al., 

1993). 
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Figure 1-5.  Isolation and RA-induced differentiation of embryonic carcinoma cells.  
Image taken from (Soprano et al., 2007). 
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Embryonic Stem Cells 

 Cells which are able to self-renew indefinitely, replenish a population, and have 

the ability to differentiate into distinct tissues are called stem cells.  These stem cells can 

be further categorized into either embryonic (ES) or adult (AS) stem cells.  The 

difference between them is that the adult stem cells are able to self-renew and produce 

only a single tissue-specific type of cell; hematopoietic stem cells are an example of AS 

cells.  The power of AS cells was first demonstrated more than 50 years ago when bone 

marrow was used to rescue patients who were receiving radiation and chemotherapy 

(Thomas et al., 1957). Unlike the AS cells, ES cells are totipotent and can give rise to all 

the different types of cells in an organism, including extra-embryonic tissues and germ 

cells.  Unlike AS cells which can be harvested from the adult, without loss of life, ES 

cells are isolated from the inner cell mass of a blastocyst.  The first mouse ES cell line 

was generated in 1981 independently by two different groups (Evans and Kaufman, 

1981; Martin 1981).  In 1998 the first human ES cell line was isolated and cultured 

(Thomsan et al., 1998).  Unfortunately, unlike embryonic carcinoma cells, ES cells will 

differentiate in culture without stimulation.  To maintain the cells in a pluripotent state 

they need to be grown on a feeder layer of cells, which secrete bone morphogenic 

proteins, and leukemia-inhibiting factor has to be added to the medium (Smith et al., 

1988; Williams et al., 1988).  Currently, one of the major applications for mouse ES cells 

is to generate transgenic mice, where the expression of a target gene is knocked out in the 

whole animal or as a conditional knockout where the expression of the gene is knocked 

out tissue-specifically.  These knockout models have expanded our understanding of how 
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genes regulate specific pathways during either embryonic development or in the adult 

mouse. 

  

 

 

Figure 1-6.  Isolation and RA-induced differentiation of embryonic stem cells. Image 
taken from (Soprano et al., 2007). 
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Like the EC cells, ES cells can be differentiated with RA-treatment; however, 

additional culture conditions or treatments are required for terminal differentiation.  ES 

cells can be differentiated into many tissue types as shown in Figure 1-6.  In all cases ES 

cells need to be grown as embryoid bodies, or aggregates, suggesting that contacts 

between cells are extremely important during differentiation.  ES cells are plated without 

LIF and allowed to form embryoid bodies either in dishes with coatings preventing their 

adhesion to the dish or as hanging drop cultures.   

The timing and duration of RA-treatment is very important.  Treatment can start 

at day 0 (formation of the embryoid bodies), two days after embryoid body formation, or 

five-nine days following embryoid body formation.  Neuronal or glial cells are produced 

after treating embryoid bodies from day 0 to either day two or day five with RA (Lee et 

al., 1994; Dinsmore et al., 1998; Kim et al., 2009; Tonge and Andrews, 2010).  Using the 

same conditions, if the embryoid bodies are seeded onto deepithelialized superficial 

corneoscleral slices (SCSS) they differentiate into corneal epithelial cells (Wang et al., 

2005a).  These corneal epithelial cells were able to partially rescue damaged corneas in 

mouse models (Ueno et al., 2007; Kumagia et al., 2010). 

When embryoid bodies are treated with RA between days two and five after 

formation of embryoid bodies, the cells differentiate into presomatic mesoderm.  These 

presomatic mesoderm cells can be further differentiated using additional signals.  

Adipocytes are formed if RA-treatment is removed for two days (following day two-five 

treatment) and followed by treatment with adipogenic factors and PPARγ agonist (Bost et 

al., 2002; For review Villarroya et al., 1999; Phillips et al., 2003).  Osteoblasts or 

chondrocytes are formed from the presomatic mesoderm cells following treatment with 
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BMP-4 or TGF-β3, respectively (Yamashita et al., 2005).  If there is no additional 

treatment, other than RA between day two and five, the prosomatic mesoderm cells 

differentiate into skeletal muscle cells (Wobus et al., 1994). 

Last, treatment of ES embryoid bodies with RA following day five to nine (after 

embryoid formation) results in the formation of ventricular cardiomyocytes (Wobus et 

al., 1995 and 1997).  Contracting smooth muscle is formed if dibutyryl cAMP is  

combined with RA-treatment (Drab et al., 1997; Xie et al., 2009a). 

Induced Pluripotent Cells 

 One of the most important advances in regenerative medicine in recent times has 

been the generation of induced pluripotent (iPS) cells from somatic cells.  iPS cells were 

first established by Takahashi and Yamanaka in 2006, using mouse fibroblasts transduced 

with retroviral vectors expressing four transcription factors, c-Myc, Oct-4, Sox2 and Klf4 

(Takahashi and Yamanka, 2006).  These iPS cells were able to differentiate into all three 

germ layers when injected back into nude mice.  Unfortunately, these iPS cells displayed 

a different methylation pattern from ES cells and failed to contribute to adult chimeras.  

Additional selection using Oct-4 or Nanog expression resulted in iPS cells that were able 

to successfully contribute to adult chimeras and also showed germline transmission 

(Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007).  These early experiments 

indicated that the iPS cells could be as versatile as ES cells.  Since they were not derived 

from the inner cell mass of blastocysts, this would remove the moral dilemma of 

generating new human ES cell lines from fertilized eggs, blastocysts or fetuses.  Not 

surprisingly, one year after the first mouse iPS cell lines were generated, human iPS cells 
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were established by transducing either the same set of transcription factors or a slightly 

less tumorigenic cocktail of transcription factors, Oct-4, SOX2, Nanog and Lin28 into 

human fibroblasts (Takahashi et al., 2007; Yu et al., 2007).  Despite being an extremely 

inefficient technique, generation of iPS cells offers researchers the unique opportunity to 

generate pluripotent stem cells from disease models.  A recent review by Seifinejad and 

colleagues lists the current iPS cells derived from neurological, immune system, 

endocrine/metabolism, muscle/skeletal, genetic and hematological disease states (see 

Table 1 in Seifinejad et al., 2010).   

While these model iPS lines could be an invaluable tool, stringent tests need to be 

performed to insure four major points: (1) the factors transduced into the cell line 

integrate into an area which does not impede reprogramming or subsequent 

differentiation into the intended cell type; (2) after integration and reprogramming the 

introduced factors are completely silenced; and (3) that the cells mimic the disease state 

in cell culture as a research tool and last (4), their use in regenerative medicine as a 

therapeutic agent.  All of these points are daunting tasks.    

Okita and colleagues first reported that chimeras and their progeny derived from 

iPS cells frequently exhibited tumors and that the cause of these tumors was reactivation 

of the exogenous c-Myc (Okita et al., 2006).  A large effort has been put into creation of 

iPS cells utilizing new techniques including various growth factors and chemical 

compounds such as histone deacetylase inhibitor (valproic acid) Wnt3A, and ALK5 

inhibitor in the hope of producing iPS cells (Huangfu et al., 2008a; Huangfu et al., 2008b; 

Shi et al., 2008; Maherali and Hochedlinger 2009).  In addition to the inhibitors listed 

above, Seifinejad and colleagues recently reviewed the current techniques, which are 
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being explored in the hopes of generating an iPS cells line that recapitulates a multipotent 

ES line, see Figure 1 in Seifinejad et al., 2010. 

While iPS cells do not cause the ethical dilemmas that generation of ES cells do, 

they are currently limited in their clinical or therapeutic use.    While the most stringent 

criterion for mouse ES/iPS cells is their continued ability to generate germline competent 

adult mouse chimeras, this germline transmission cannot be assessed with human ES/iPS 

cells.  Therefore, teratoma formation is currently considered the essential requirement for 

evaluating human ES/iPS lines.  Unfortunately, the ability to form teratomas does not 

mean that all of the iPS cells will differentiate upon stimulus.  Mouse iPS cells which 

were generated from embryonic fibroblasts contained significantly fewer undifferentiated 

cells upon differentiation into secondary neurosphere when compared to mouse iPS cells 

generated from adult tail-tip fibroblasts (Miura et al., 2009).  This result indicates that 

teratoma formation should not be the only criterion by which iPS cells should be judged.  

The marked differences reported in the differentiation propensity between the various 

human ES cell lines (Osafune et al., 2008) will most likely be seen in the human iPS 

cells.  

 

Part V: Genes Involved in Maintenance of Pluripotency  

Overview of Transcription Factors 

 The ability of ES, EC, and iPS cells to both continue to proliferate and also to 

retain their pluripotent state is a key process that is still not well understood.  Prior to 

differentiation, factors which retain the pluripotent state must be expressed, and these 
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same factors must also be reduced upon stimulus to differentiate.  There are three known 

transcription factors which are key regulators of self-renewal in ES, EC and iPS cells.  

These factors are Nanog (Chambers et al., 2003; Mitsui et al., 2003), SRY-related HMG-

box gene 2 (Sox2) (Yuanet al., 1995) and octamer binding protein 4 (Oct-4) (Nichols et 

al., 1998; Scholer et al., 1989).  These transcription factors bind to large numbers of 

transcribed and inactive genes.  Some of these genes are known to maintain the 

undifferentiated state by controlling self-renewal and pluripotency, others are involved 

during embryogenesis and control the differentiation pathways into extraembryonic, 

endodermal, mesodermal, and ectodermal cell types.  Intriguingly, many of the 

pluripotency maintenance genes are co-occupied by two or more of the three key 

regulators, Nanog, Sox2 and Oct-4 (Boyer et al., 2005; Ivanova et al., 2006; Loh et al., 

2006; Zhou et al., 2007). 

Nanog 

Nanog is a homeodomain-containing transcription factor which preferentially 

binds the DNA sequence TAAT(G/T)(G/T) motif in the promoters of genes in the mouse 

(Ralf et al., 2008), it plays an essential role in regulating cell fate of the ICM during 

embryonic development, maintaining pluripotency in the epiblast and preventing 

differentiation into primitive endoderm (Chamber et al., 2003).  During mouse 

embryogenesis Nanog is first detected in the interior cells of the morula, next it is 

confined to the ICM, and is then repressed in the trophectoderm in the blastocyst.  In later 

stages, Nanog expression is further restricted to the epiblast and is not expressed in the 

primitive endoderm.  After implantation, E11.5 embryos only express Nanog in germ 
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cells of the genital ridges.  Nanog is also expressed in ES, embryonic germ, and EC cells.  

While undifferentiated F9 cells express a high level of Nanog, undifferentiated P19 cells 

express very low levels (Chambers et al., 2003).  This discrepancy of expression between 

different EC cell lines is most likely due to the original material used to create the cell 

lines; F9 and P19 cells were isolated from E4.5 and E7.5 embryos, respectively.  The low 

level of Nanog in P19 cells suggests that although it is important during renewal and 

maintenance of pluripotency in ES, iPS and F9 cells, it does not play a critical role in P19 

cells. 

Sox2 

Sox2 is a transcription factor containing a high-mobility group (HMG) domain 

that is important for development of pluripotent cells (Avilion et al., 2003).  Sox2 is 

expressed in all blastomeres of the four-cell embryo and later becomes restricted to the 

pluripotent cells of the ICM and epiblast (Avilion et al., 2003).  Sox2 forms a 

heterodimer with Oct-4 and stimulates induction of most of the pluripotency-associated 

genes such as Nanog, FgF4, Utf1, and Lefty1 (Nakatake et al., 2006; Nishimoto et al., 

1999; Rodda et al., 2005; Yuan et al., 1995).  In the distal element of the Oct-4 promoter 

the Sox2/Oct-4 complex has been found to bind to two different POU/HMG elements, the 

first element is separated by three bp (Remenyi et al., 2003), and the other element 

separated by zero bp (Williams et al., 2004).  Both groups revealed that the POU and 

HMG domains mediate the protein-protein and heterodimer-DNA interactions.  However, 

there is a discrepancy in the expression of Sox2 in F9 and P19 cells.  While both 

undifferentiated F9 and P19 cells express Sox2, the expression level of Sox2 is down-
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regulated in F9 cells upon RA-treatment.  On the other hand, Sox2 mRNA and protein is 

up-regulated during neuronal development in P19 cells (Jin et al., 2009).  This result 

indicates that in P19 cells Sox2 is most likely not the key regulator of pluripotency, 

although the loss of Sox2 in F9 cells may be due to their inablity to differentiate into 

neuronal cells.        

Oct-4 

Oct-4 (also known as Pou5f1, Oct-3 and Oct-3/4) is a transcription factor which 

contains a POU (named for the three transcription factor families Pit-1, Octomer binding, 

Unc-86) domain and binds to the octamer sequence, ATGCAAAT.  Oct-4 is expressed 

during mouse embryogenesis starting at the four-cell stage, and is later restricted to the 

pluripotent cells of the ICM and epiblast.  After implantation Oct-4 levels are repressed 

upon epiblast differentiation and its expression is maintained only in primordial germ 

cells (Yeom et al., 1996).  Oct-4 expression is indispensable during the formation of the 

pluripotent founder cell population during mammalian embryogenesis and Oct-4 null 

mutants are not viable and fail to form a functional ICM (Nichols et al., 1998).  It has 

been well established that Oct-4 expression is associated with an undifferentiated 

phenotype, in the embryo, ES, EC, and iPS cells.  It serves as the transcriptional regulator 

for a number of genes known to be essential for early embryonic development, activating 

transcription of genes associated with the pluripotent state and repressing genes linked to 

differentiation down a specific lineage pathway (Ovitt and Scholer, 1998).  Underscoring 

the importance of Oct-4 as a key regulator of pluripotency is the ability of Oct-4 (with 

SOX-2, c-MYC and KLF4) to reprogram mouse embryonic and adult fibroblasts into iPS 
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cells (Takahashi and Yamanaka, 2006).  Previous reports have detected Oct-4 expression 

in germ-cell tumors (Gidekel et al., 2003; Looijenga et al., 2003).  Additionally, Oct-4 

expression was detected in somatic-cell tumors (For review see, Hochedlinger et al., 

2005), suggesting that reactivation of Oct-4 expression may also be associated with the 

formation and maintenance of tumor stem cells.  Recently, Oct-4 alone has been shown to 

be sufficient in reprogramming committed somatic cells to more ES-like cells (Grinnell et 

al., 2007). 

 Despite its known importance in embryogenesis and also its newly found 

importance during reprogramming cells into pluripotent cells, the exact mechanisms 

regulating Oct-4 expression are not well understood or characterized.  Studies have 

indicated that many genes are regulated by differential actions of two or more enhancers 

during development, including Oct-4 (Minucci et al., 1996; Yeom et al., 1996; 

Fraidenraich et al., 1998; Uchikawa et al., 2003).  Prior studies indicated that the Oct-4 

gene is regulated primarily by a proximal enhancer or a distal enhancer during different 

stages of embryogenesis (Yeom et al., 1996).  The distal element appears to be primarily 

responsible for Oct-4 expression in the ICM of developing embryos, ES and F9 cells.  

The distal enhancer contains the binding site for the Oct-4/Sox2 heterodimer.  In contrast, 

the proximal enhancer is active during the epiblast stage as well as in P19 EC cells.  The 

proximal enhancer contains a functional SP1 site which has been shown to be active in 

both ES and EC cells (Minucci et al., 1996).  The proximal enhancer also contains a 

highly conserved LRH-1 site, which is a positive cis-regulatory element in P19 cells (Gu 

et al., 2005).  Interestingly, while the distal enhancer is a strong cis-regulatory element in 
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F9 cells, the LRH-1 site is a much stronger positive regulator in P19 cells, and in fact 

causes repression of Oct-4 expression in F9 cells (Mallanna et al., 2008). 

During early embryonic development and in ES cells, Oct-4 expression is closely 

associated with liver receptor homologue 1 (LRH-1, also known as NR5A2) expression.  

The importance of LRH-1 expression was initially characterized during endodermal 

development.  LRH-1 is also essential for the development of early-stage embryos, as 

LRH-1 null mice die at E6.5 to 7.5.  The expression pattern of LRH-1 in early embryos 

and ES cells overlaps with Oct-4.  Recently, LRH-1 was found to be able to replace Oct-4 

during reprogramming of iPS cells (Heng et al., 2010). Overexpression of LRH-1 

increases endogenous Oct-4 expression, indicating its importance in regulating Oct-4 

expression.   

Unlike ES and F9 cells, P19 cells do not express LRH-1, instead they express 

steroidogenic factor 1 (SF-1 also known as NR5A1) (Gu et al., 2005).  Both LRH-1 and 

SF-1 belong to the same nuclear receptor subfamily V.  Previous studies indicated that 

closely related family members of the same family of transcription factors are able to 

replace each other in the context of reprogramming (Feng et al., 2009; Nakagawa et al., 

2008).  In fact SF-1 recognizes the same DNA sequence as LRH-1, and SF-1 can also 

replace Oct-4 during reprogramming of iPS cells (Heng et al., 2010).  This result strongly 

suggests that in P19 cells SF-1 could be involved in regulation of Oct-4 expression. 

Steroidogenic Factor-1 (SF-1) 

 SF-1 was first isolated and described in the early 1990’s by two independent 

groups searching for transcription factors which interacted with the promoter elements 
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found in the steroid hydroxylase genes, also known as CYP17s.  The two groups used 

very different methods and models to isolate the transcription factor.  The Parker group 

utilized the common regulatory element AGGTCA and isolated SF-1 from a Y1 cell (an 

adrenocortical tumor cell line isolated from mouse) cDNA library after a degenerative 

screen using the DBD of RXRβ (Lala et al., 1992).  Morohashi and collaborators used 

oligonucleotide affinity columns and loaded proteins extracted from bovine adrenals to 

obtain a peptide sequence that allowed for the isolation of SF-1 cDNA (Morohashi et al., 

1992).  Early papers contain discrepancies in the naming of SF-1 due to the fact that 

Morohashi named the transcription factor adrenal 4-binding protein (Ad4BP) while 

Parker and colleagues named the factor SF-1.  While some papers are still published 

using the name Ad4BP, the more common name is SF-1 or NR5A1. 

 The SF-1 gene contains seven exons and encodes a protein of 462 amino acids 

(Wong et al., 1996; Oba et al., 1996; Ninomiya et al., 1995).  The SF-1 gene was first 

identified in 1992 through its homology to the D. melanogaster FTZ-F1 and at the time 

was called Elp because it contained three embryonal long-terminal repeat binding 

proteins (ELP1-3) (Tsukiyama et al., 1992).  Alternative promoter usage and differential 

splicing of the mRNA yields four distinct mRNA transcripts from the SF-1 gene in mice: 

ELP1, ELP2, ELP3 and SF-1.  While all ELP transcripts (and SF-1) are expressed in EC 

cells, they are differentially expressed in the mouse.  ELP1 is only expressed in the 

gonads, ELP2 is not expressed in mouse tissues and ELP3 is expressed in the gonads, 

adrenals and pituitary (Ninomiya et al., 1995).  While ELP2 and -3 have been shown to 

have transcriptional capacity, ELP1 has not (Morohashi et al., 1994).  ELP3 shares the 

same coding regions of SF-1 and the two transcripts only differ in the 5’ untranslated 
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regions (Ikeda et al., 1993; Ninomiya et al., 1995; Nomura et al., 1995).  Despite the 

characterization of the different ELPs over ten years ago, the biological roles of the 

different isoforms have yet to be determined. 

 SF-1 is extremely well conserved between species and shows an overall amino 

acid sequence identity of 95% between mouse and human.  In addition, the mouse SF-1 

protein is that homologous to the D melanogaster orthologue FTZ-F1 that it is able to 

substitute in vivo when the D melanogaster protein FTZ-F1 is knocked out (Yussa et al., 

2001).  SF-1 contains the typical domains found in other nuclear receptors: a DBD 

(including two Cys2- Cys2 zinc fingers), a flexible hinge region, an LBD and AF-1, AF-2 

domains (Figure 1-7).  Unlike most nuclear receptors SF-1 binds to its recognition 

sequence (T/C)AAGG(T/C)C(G/A) as a monomer (Ueda and Hirose 1991).  Members of 

the NR5A subfamily contain a DBD which is extended by an FTZ-F1 box which is 

important for anchoring to the DNA.  The AF-2 domain, as in other nuclear receptors, is 

located in the C-terminal of the LBD and is indispensible for interaction with cofactors 

and transcriptional activity.  The AF-1 is located in the hinge region, in contrast to the N-

terminus location in most nuclear receptors (Hammer et al., 1995). 

 Post-transcriptional regulation of SF-1 is through acetylation, phosphorylation, 

and also SUMOylation (Figure 1-7).  Acetylation sites in SF-1 are found within the DBD 

and in the FTZ-F1 domain, and these sites are conserved among species (Chen et al., 

2005; Jacob et al., 2001).  The site located in the DBD is acetylated by GCN5 (Jacob et 

al., 2001), and the residue in the FTZ-F1 box is targeted by CBP/p300 (Chen et al., 

2005).  Acetylation in the FTZ-F1 domain of SF-1 results in increased transactivation 

activity and DNA binding.  One phosphorylation site has been identified in SF-1, serine 
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203, located in the AF-1 domain located in the hinge region (Hammer et al., 1999; Lewis 

et al., 2008).  Two signaling pathways have been implicated in phosphorylation of serine 

203, the MAPK signaling cascade through extracellular signal-regulated kinases 

(ERK1/2) (Hammer et al., 1999), and cyclin-dependent kinase 7 (CDK7) (Lewis et al., 

2008; Yang et al., 2009).  Interaction with CDK7 anchors SF-1 to the basal transcription 

machinery.  The nuclear receptors PPARα, PPARγ (Hu et al., 1996; Compe et al., 2005; 

Juge-Aubry et al., 1999) and ERα (Chen et al., 2000; Kato et al., 1995) are also 

phosphorylated on the homologous residue by both MAPK and CDK7, suggesting a 

common phosphorylation pattern among nuclear receptors.  SUMOylation of SF-1 occurs 

in the hinge region on the lysine residues K119 and K194, with K194 as the major 

SUMOylation site (Yang et al., 2009; Chen et al., 2004; Lee et al., 2005; Komatsu et al., 

2004).  SUMOylation of SF-1 represses its transcriptional activity and also changes its 

localization to nuclear speckles (Chen et al., 2004).  Additionally, SUMOylation of K194 

leads to a reduction of serine 203 phosphorylation (Yang et al., 2009; Campbell et al., 

2008).  CDK7 preferentially binds to a SUMO-deficient mutant of SF-1 when compared 

to wild type SF-1 (Yang et al., 2009), indicating the importance of SUMOylation in the 

transcriptional activity of SF-1. 
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Figure 1-7.  Structure and post-translational modifications of SF-1.  Image adapted 
from (Hoivik et al., 2010). 
 

 

 SF-1 was originally classified as an orphan nuclear receptor since no known 

ligand binds the LBD and SF-1 is constitutively active when overexpressed in cells.  

Supporting the constitutive activity of SF-1, in silico secondary structure predictions 

indicate that helices 1 and 12, of the LBD, are packed against the α-helical bundle, 

suggesting a ligand-independent active conformation (Desclozeaux et al., 2002).  

Surprisingly, crystallographic analysis of bacterially expressed SF-1 revealed a large 

hydrophobic pocket in the LBD which was filled with phospholipids (phosphatidyl 

glycine and phosphatidyl ethanolamine) (Wang et al., 2005b; Li et al., 2005; Krylova et 

al., 2005).  SF-1 mutants in the LBP that block phospholipid binding failed to recruit 

coactivators and activate transcription (Wang et al., 2005; Li et al., 2005; Krylova et al., 

2005).  In addition some of the point mutations resulted in mutant SF-1 proteins which 

were unable to be phosphorylated, suggesting the role of ligand binding and post-

translational modifications of SF-1 (Lewis et al., 2008).  After SF-1 was demonstrated to 

bind phospholipids, Sewer and colleagues isolated SF-1 from H295R cells, and 

determined by tandem mass spectrometry that phosphatidic acid was found to be bound 
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to the LBD (Li et al., 2007).  Supporting the role of phosphatidic acid as a ligand for SF-1 

is that synthesis of phosphatidic acid occurs after cAMP-signaling, which also results in 

activation of SF-1 transcriptional activity (Li et al., 2007).  In contrast to phosphatidic 

acid, sphingosine also binds to the LBD, but acts as an antagonist of SF-1 activity (Li et 

al., 2007).  These data suggest that the transcriptional activity of SF-1 can be regulated 

depending on the type of ligand present in the cells. 

 The role of SF-1 in endocrine development has been intensely studied since the 

1990’s when SF-1 knockout mouse models were established by three independent 

laboratories (Shinoda et al., 1995; Sadovsky et al., 1995; Luo et al., 1994).  The knockout 

models targeted either the DBD (Luo et al., 1994; Sadovsky et al., 1995) or the LBD 

(Shinoda et al., 1995).  Although the SF-1-null mice are alive at birth most pups die 

within hours of birth, suggesting that SF-1 is dispensable in utero (Luo et al., 1994).  All 

of the pups display a dramatic phenotype including the lack of adrenal glands, gonads 

and the presence of female genitalia regardless of genetic sex.  In addition, the 

ventromedial nucleus of the hypothalamus (VMH) is abnormal in number and the 

pituitary completely lacks gonadotrope markers (Shinoda et al., 1995; Ikeda et al., 1995).  

The pups also have a reduced spleen size (Morohashi et al., 1999; Katoh-Fukui et al., 

2005).  The pups can be rescued with hormone injections or an adrenal transplant, 

suggesting that death is most likely caused by the lack of adrenocortical steroids (Majdic 

et al., 2002).  The original knockout mice did not express either ELP3 or SF-1.  It was 

later determined that the phenotypes displayed by the mice were due entirely to the loss 

of functional SF-1 (Luo et al., 1995).  Most of the clinical relevance for SF-1 mutations 
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in humans supports the finding that SF-1 is indispensable for adrenal development and 

loss of SF-1 results in XY sex reversal (For review see, Lin and Achermann, 2008).  

 Steroidogenic organs are the major sites of SF-1 expression (gonads and adrenal 

cortex); however SF-1 is also expressed in non-steroidogenic tissues such as the VMH 

(Shinoda et al., 1995; Ikeda et al., 1994) and pituitary gonadotropes (Ingram et al., 1994).  

The expression pattern of SF-1 in humans is similar to that found in mice (Hanley et al., 

1999, 2000, 2001).  In addition, many studies have been directed at understanding the 

mechanisms by which SF-1 contributes to the early development of the adrenals and 

gonads (For review see Kim and Hammer 2007; Ross and Capel, 2005; Hammer et al., 

2005).  Due to SF-1’s importance in adrenal and gonadal development, the expression 

pattern of SF-1 has been extensively studied in these tissues.  SF-1 expression is first 

detected in the adrenal/gonadal primordium that forms from the urogenital ridge at E9.0.  

After the adrenal gonadal tissues separate at E11.0, SF-1 is expressed throughout 

gestation in the steroidogenic portion of the adrenal, and later in the adult adrenal gland.  

During gonadal development SF-1 is first expressed in the indifferent gonad, later its 

expression is ultimately limited to the developing testis (Ikeda et al., 1994).  SF-1 

expression disappears from the developing ovaries between E13.5 to E16.5.  In the 

developing brain, SF-1 is detected at E11.5 in cells destined to become the VMH, which 

controls energy balance, anxiety, thermoregulation and sexual behavior.  At E13.5 SF-1 

is expressed in the gonadotrope of the developing pituitary (Ingraham et al., 1994). 

Although SF-1 expression has been found to be important after E9.0 during 

embryogenesis little was known about its role prior to E9.0. 
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 Recent studies have pushed back the earliest expression of genes involved in 

steroidogenesis to preimplantation embryos prior to E9.0 during embryogenesis (Niakan 

et al., 2006; Clipsham et al., 2004; For review, Niakan and McCabe, 2005).  Additional 

studies have also identified the importance of SF-1 expression in the preimplantation 

embryo (Niakan et al., 2004; Barnea and Bergman, 2000; Davis et al., 2005).  Cyp11a1 

(an SF-1 target gene) is not expressed prior to E7, indicating that there is no intrinsic 

steroidogenic capacity in the embryo at this stage (Cyp11A1 is an enzyme necessary for 

steroid hormone production (Niakan et al., 2006).  In addition, nuclear SF-1 was detected 

in the cells; which make up the ICM, SF-1 was also detected in ES cells (Clipsham et al., 

2004).  Out of the known SF-1 target genes (for review see, Hoivik et al., 2010 Table 1; 

Shimmer and White, 2010) only dosage-sensitive sex reversal, adrenal hypoplasia critical 

region, on chromosome X, gene 1 (DAX-1) was also expressed in both mouse ES cells 

and embryos prior to E9.0 (Clipshame et al., 2004).  These data suggest that SF-1 and 

DAX-1 function in a role different from their previously understood roles during 

steroidogenisis.  In addition, SF-1 and DAX-1 expression could be instrumental during 

early embryogenesis. 

Dosage-Sensitive Sex Reversal, Adrenal Hypoplasia Critical Region, on 
Chromosome X, Gene 1 (DAX-1) 

 DAX-1 was discovered by two independent groups (Zanaria et al., 1994; Guo et 

al., 1996).  It was discovered after searching for genes which were important for an 

uncommon disorder of adrenal gland development termed adrenal hypoplasia congenital, 

first described by Sikl in 1948 (Sikl, 1948).  The DAX-1 gene has a very simple genomic 



 45 
 
 

structure containing two exons separated by one intron (Zanaria et al., 1994; Muscatelli et 

al., 1994; Guo et al., 1996).  The DAX-1 gene encodes a 470 amino acid protein, and an 

alternatively spliced isoform called DAX1α that specifies a protein of 401 amino acids 

encoded by exon one and exon 2α has been reported (Hossain et al., 2004).  Although this 

isoform is expressed in a broad range of human tissues, this isoform has not been found 

to be expressed in mouse. 

 DAX-1 was classified as an orphan member of the nuclear receptor superfamily 

(Giguere, 1999; Burris, 2001; Burris et al., 1996).  Although a member of the nuclear 

receptor family, the domain structure of DAX-1 differs from the classic structure (Burris 

et al., 1996; 2001).  The carboxy-terminal domain is homologous to other nuclear 

receptors and contains both an LBD and also an AF-2; however DAX-1 lacks a hinge 

region, a conventional DBD and the A/B domain.  Instead of these classical domains 

DAX-1 contains a novel structure consisting of 3.5 alanine/glycine-rich repeats of a 65-

70 amino acid motif that has no known homology to any other protein, except the closely 

related family member small heterodimer partner (SHP) (McCabe, 2001).  These repeats 

are 33-70% identical to one another and contain cysteine residues in conserved positions 

that could potentially form zinc fingers (McCabe, 2001). Interestingly, the carboxy-

terminal domain of DAX-1 exhibits the strongest resemblance to the LBD of COUP-TF 

and RXR (Burris et al., 1996; Zhang et al., 2004). 

 Originally DAX-1 was found to be expressed during mouse embryonic 

development in the adrenal primordium by E10.5.  Differences in DAX-1 expression start 

to become apparent between the developing gonads of male and female mice at about 

E12.  By E12.5 DAX-1 remains expressed in the ovaries, but disappears from the testis, 
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suggesting a role for DAX-1 in inhibition of testis development or promotion of ovary 

development (Swain et al., 1996; Vaiman and Pailoux, 2000; Lalli and Sassone-Corsi, 

2003).  In the adult mouse DAX-1 appears to work as a negative regulator of 

steriodogenesis in the adrenal cortex that can be dynamically regulated according to 

physiological needs.  DAX-1 expression can be regulated through an intra-adrenal 

hormone feedback loop, where glucocorticoids increase DAX-1 expression through 

activation of the glucocorticoid receptor bound to the DAX-1 promoter. Conversely, 

adrenocorticotropic hormone induces clearance of DAX-1 promoter-bound 

glucocorticoid receptor (Gummow et al., 2006). Recent studies have pushed back the 

earliest expression of DAX-1 to the eight-cell embryo at embryonic day 2.5, suggesting 

that DAX-1, like SF-1, plays an important role during embryogenesis separate from its 

role during adrenal development (Niakan et al., 2006). 

 Although DAX-1 has been extensively studied in its role during steroidogenesis, a 

new role was discovered when DAX-1 was found to be highly expressed in mouse ES 

cells (Mitsui et al., 2003).  Interestingly, it was later determined that knockdown of DAX-

1 in ES cells by RNAi or gene inactivation by homologous recombination induced 

differentiation of mouse ES cells to endodermal cells (Niakkan et al., 2006).  Recently it 

has been suggested that DAX-1 is part of a core protein network which regulates 

pluripotency and self-renewal in murine ES cells, interacting with other essential factors 

and binding to a common set of gene promoters (Loh et al., 2006; Wang et al., 2006; Kim 

et al., 2008).  Knockdown of DAX-1 induces an upregulation of differentiation genes 

belonging to the three embryonic germ layers and their subsequent differentiation 

(Khalfallah et al., 2009).  In both steroidogenic cells and ES cells DAX-1 functions as a 
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transcriptional repressor and more than 90% of DAX-1 target genes are upregulated soon 

after DAX-1 knockdown.  These genes are known to be involved in the differentiation of 

multiple tissues and also in the control of cell proliferation and apoptosis (Khalfallah et 

al., 2009). Transcriptional regulation of DAX-1 is not very well understood.  SF-1 is 

known to activate the transcription of DAX-1; however DAX-1 is still expressed in the 

SF-1 knockout mice suggesting that additional transcription factors can control its 

expression (Hoyle et al., 2002).   

DAX-1 is expressed at only very low levels in human ES cells and its expression 

pattern is inconsistently modulated during differentiation (Xie et al., 2009b).  This result 

suggests that although DAX-1 appears to play a critical role in maintenance of 

pluripotency in mouse ES cells, this role is not conserved in humans or that other 

redundant pathways are active during human embryogenesis.  Further evidence of this 

divergence is that if DAX-1 is knocked out in mice it is embryonic lethal, as opposed to 

DAX-1 loss of function mutations in humans which results only in developmental defects 

of the adrenal gland. 
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CHAPTER 2 

STATEMENT OF GOALS 
 

 The biological activity of RA and its synthetic analogs is mediated through its 

binding to two members of the steroid/thyroid hormone receptor family, RARs and 

RXRs.  Binding of RA to the RAR/RXR heterodimer increases the strength of binding of 

these transcription factors to the RARE DNA sequences in the promoter of target genes. 

In addition, the liganding of the RAR/RXR heterodimer with RA induces either an 

activation or repression of target gene expression.  RA signaling mediated by RARs and 

RXRs has been shown to be indispensible during embryogenesis.  For many years it has 

been known that excesses or deficiencies in RA caused multiple birth defects and even 

embryonic death (Hale, 1933; Wilson et al., 1953).  Due to functional redundancies 

between the RARs, single knockouts of each of the three individual RARs in mice failed 

to result in the phenotypic effects seen with excess or deficiency of RA during mouse 

embryonic development (Kastner et al., 1995; Kastner et al., 1997, Mark and Chambon, 

2003; Mark et al., 1995; Mascrez et al., 1998).  It was only when multiple RAR genes 

were functionally inactivated that the mice displayed developmental defects similar to 

those observed in mice fed a Vitamin A deficient diet during pregnancy.  

Mammalian models, particularly mice, have been utilized to determine the effects 

of gene expression during embryogenesis by targeted knockout or overexpression studies.  

Unfortunately, when the expression pattern of a gene is changed, the result can often be 

embryonic lethality.  In addition during early embryogenesis there are few cells which 

populate an individual tissue, making isolation and subsequent testing of the cells 
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difficult.  This becomes particularly difficult when studying events which occur during 

preimplantation.  All of these issues create technical difficulties which are not easily 

solved utilizing mammalian models.  Other vertebrate animals have been employed to 

identify genes important for early embryogenesis, such as xenopus and zebrafish.  Using 

these model organisms researchers are able to study early events because fertilization 

occurs outside the body and thousands of fertilized eggs can easily be harvested.  

Although they are useful, gene expression in these model organisms does not always 

recapitulate what occurs during mammalian embryogenesis. 

A simpler strategy than examining whole animal embryogenesis is the use of cell 

lines which both mimic early embryonic cells and require RA signaling for 

differentiation.  These cell lines retain the ability to differentiate from pluripotent cells to 

terminally differentiated cell types such as endodermal or neuronal cells.  The three most 

commonly utilized mammalian cell model systems are ES, EC and iPS cells.  

P19 mouse EC cells are an excellent model cell system to study RA-regulated 

gene expression and differentiation (McBurney, 1993).  These cells can be induced by 

RA to differentiate into either endodermal- or neuronal-like cells depending on the 

culture conditions.  In addition, they have often been used to understand the regulation of 

gene expression by RA during early stages of embryonic development.  The expression 

levels of a large number of genes have been demonstrated to be increased or decreased 

upon RA-treatment of P19 cells induced to differentiate to both endodermal- and 

neuronal-like cells (Wei et al., 2002; For review, Bain et al., 1994; Soprano et al., 2007). 

Pre-B cell leukemia transcription factors (PBXs) are members of the three-amino 

acid loop extension superclass of Homeobox proteins (Burglin, 1997). There are four 
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related PBX isoforms termed PBX1, PBX2, PBX3, and PBX4.  PBX1 is expressed 

throughout murine embryonic development, and the functional inactivation of the PBX1 

gene is embryonic lethal in mice (Schnabet et al., 2001; Selleri et al., 2001).  Prior studies 

from our laboratory have demonstrated that the expression of the three PBX isoforms is 

differentially regulated by RA in P19 cells.   PBX1 and PBX3 mRNA levels are 

increased as a secondary response to RA-treatment while the increase in PBX2 mRNA 

level was immediate; indicating its regulation was a primary response (Qin et al., 2004a).  

In addition, the PBX1/2/3 isoforms are stabilized post-translationally.  These data 

indicate that PBX protein levels are increased by RA both transcriptionally and post-

translationally. 

The role of PBX during RA-dependent differentiation of P19 cells was previously 

examined in our laboratory by preparing cells, which constitutively overexpress PBX1b 

antisense mRNA (AS2 cells).  AS2 cells display a greatly reduced RA-dependent 

increase in PBX1/2/3 mRNA and protein levels when compared to those in vector control 

P19 cells (TO3).  Unlike TO3 cells, AS2 cells fail to differentiate to both endodermal- or 

neuronal-like cells (Qin et al., 2004b).  This strongly suggests that PBX plays a critical 

role during both RA-dependent neuronal and endodermal differentiation.   

The long-term goal of this project is to elucidate the mechanism of action through 

which PBX directs the RA-dependent differentiation of P19 cells into endodermal- and 

neuronal-like cells.  The first specific objective was to: 

1. Identify genes whose expression is increased or decreased in vector 

control TO3 cells but not altered in the PBX antisense cells upon RA-

treatment during both endodermal and neuronal differentiation. 
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We performed a microarray analysis and identified a list of genes which were 

differentially expressed in AS2 cells compared to TO3 cells during RA-induced 

endodermal or neuronal differentiation.  From this list of genes we found that many genes 

which are known to be involved in the regulation of pluripotency in P19 cells failed to be 

repressed upon RA-treatment of AS2 cells during both endodermal and neuronal 

differentiation.  Notably, Oct-4 mRNA levels are only slightly reduced upon RA-

treatment of AS2 cells.  However, Oct-4 mRNA expression levels were below the limit of 

detection after three days of RA-treatment in wild type P19 (Ben-Shushan et al., 1995; 

Minucci et al., 1996; Gu et al., 2005) and TO3 cells.  Since this reduction in the level of 

Oct-4 mRNA and protein is not detectable until 48 hr after RA treatment, Oct-4 is neither 

a direct target of RA nor is it a direct target of PBX.   

Interestingly, the mRNA level of a known positive regulator of Oct-4 expression, 

SF-1, (Barnea and Bergman, 2000; Fuhrmann et al., 2001) is also reduced in TO3 cells 

and not in AS2 cells during both RA-induced endodermal and neuronal differentiation.  

In addition the mRNA level of DAX-1, a known transcriptional regulator of SF-1, (Xu et 

al., 2009; Ito et al., 1997; Lalli et al., 1998; Zazopoulos 1997) failed to be reduced in AS2 

cells upon RA-treatment, and in fact showed an increase in expression during both 

endodermal and neuronal differentiation.  This was in stark contrast to the reduction in 

DAX-1 mRNA levels in TO3 cells during both RA-induced endodermal and neuronal 

differentiation.  DAX-1 has been previously implicated in maintenance of pluripotency in 

mouse embryonic stem cells (Khalfallah et al., 2009), and SF-1 was found to be an 

important regulator of pluripotency in P19 cells (Gu et al., 2005).  PBX has also been 

suggested to play a role in the transcriptional regulation of SF-1 (Zubair et al., 2006).  
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These findings from other investigators and our results from the microarray analysis 

suggest that both DAX-1 and SF-1 may play an important role in the maintenance of 

pluripotency in P19 cells.  Thus, the second part of this thesis was to: 

2. Determine the role of DAX-1 during RA-induced differentiation of P19 

cells to endodermal and neuronal cells. 

3. Determine the role of SF-1 during RA-induced differentiation of P19 cells 

to endodermal and neuronal cells. 

These studies will lead to the identification and characterization of genes both 

directly or indirectly regulated by PBX, and ultimately leads to RA-induced 

differentiation of P19 cells to either endodermal or neuronal cells.  Identification of PBX-

regulated genes in P19 cells will also help to determine why PBX-1 knockout mice die in 

utero before birth with agenesis of multiple organs such as the adrenals. 
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CHAPTER 3 

MATERIALS AND METHODS 

Part I: Reagents  

Retinoic Acid 

Powder form of RA was a generous gift from Hoffmann-La Roche, Nutley, NJ. 

Aliquots were previously distributed into vials, infused with nitrogen, wrapped in 

aluminum foil and stored at 4˚C. Stock solutions of RA (10-3 M) were prepared fresh 

every three weeks by dissolving an aliquot of solid powder in 100% ethanol. The molar 

absorption coefficient 45,000 M-1CM-1 was used to calculate the stock concentration of 

RA using a spectrophotometer (Beckman, Du 640) at 350 nm. Cells were treated with RA 

at a final concentration of 10-7 M. Ethanol was used as a control. To prevent oxidation 

and isomerization of RA, all procedures involving RA were performed under a yellow 

light. 

Zeocin  

 Zeocin, at a concentration of 200 mg/ml (Invitrogen), was aliquoted and stored at  

-20ºC.  The final concentration used to select for and maintain stably transfected P19 cell 

clones was 200 µg/ml. 

G418 

G418 powder (Alexis Biochemicals, Lausen Switzerland) was dissolved in water 

at a concentration of 400 mg/ml. The stock solution was filtered and stored as aliquots at  
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-20˚C. The final concentration used to select for and maintain stably transfected P19 cell 

clones was 800 μg/ml. 

Hygromycin B  

 Hygromycin B, at a concentration of 100 mg/ml (Invivogen), was aliquoted and 

stored at -20ºC.  The final concentration used to select for and maintain stably transfected 

P19 cell clones was 300 µg/ml. 

Doxycycline 

 Doxycycline Hyclate powder (Sigma) was dissolved in water at a concentration of 

400 mg/ml. The stock solution was filtered and stored as aliquots at -20˚C. The final 

concentration used to maintain repression of the tetracycline regulated promoter in stably 

transfected P19 cell clones was 100 ng/ml. 

Part II: Cell Culture 

Medium and Reagents 

 All cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco).  

The powder was dissolved in Milli-Q water with slow continuous stirring (10L/package).  

When the powder was completely dissolved, 3.7g/L sodium bicarbonate (NaHCO3) was 

added and the pH was adjusted to 6.8 with 12N HCl.  The medium was then immediately 

filter sterilized successively through 50, 0.45 and 0.22 µm filters.  The medium was 

stored at 4ºC in 450 ml aliquots.  Completed medium was then prepared by 

supplementation with 50 ml fetal bovine serum (Cellgro), 5 ml 200 mM L-glutamine 
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(Gibco), and 5 ml penicillin/streptomycin solution (Gibco) per 450 ml DMEM.  The final 

concentrations were 2 mM glutamine, 100 µg/ml penicillin, 100 units/ml streptomycin 

and 10% serum.  The completed medium was warmed to 37ºC before use. 

Phosphate Buffered Saline (PBS) Mg2+ and Ca2+ free PBS was prepared by 

addition of the packaged powder to Milli-Q water (10 L/package).  Once completely 

dissolved, the PBS was then filter sterilized and stored at room temperature.  The final 

concentration was 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 and 1.4 mM KH2PO4. 

1x Trypsin-EDTA was prepared by diluting the10X stock Trypsin-EDTA (Gibco) 

with sterile PBS.  The stock solution was stored at 4ºC.  The working solution was stored 

at room temperature. 

Routine Cell Culture 

 Cells were routinely grown in 100 mm cell culture dishes (Corning) containing 7 

ml complete medium in a humidified 5% CO2 incubator at 37ºC.  When cells reached 

100% confluence, the medium was aspirated and the cells were washed with 10 ml of 

PBS to remove any residual medium.  One ml of 1X Trypsin-EDTA was added to detach 

the cells from the plate.  After waiting for approximately two min cells were detached by 

tapping the plate.  Nine ml of fresh complete DMEM was added to the plate and the cell 

clumps were broken into single cells by repeated pipetting.  Confirmation that the 

monolayers were broken into individual cells can be determined by placing 10µl of 

suspension on a hemocytometer and inspecting the cells under a light microscope.  Cells 

were then split 1:30 by addition of 0.3 ml of the cell suspension to a fresh plate 
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containing 7 ml of complete DMEM.  The plate was then swirled to evenly distribute the 

cells and returned to the CO2 incubator. 

Cell Counting 

 To count cells they were trypsinized and dissociated into single cells as indicated 

above.  Ten µl of trypan blue was added to 1 ml of the trypsinized cells.  Then 10 µl of 

cell suspension was added to the chamber of the hemacytometer.  The cell suspension 

filled the chamber through capillary action.  The cells within the 1 mm2 center square and 

the four corner squares were counted, dicregareding any cell which was blue due to 

incoperation of trypan blue.  The final concentration of the cells (cells/ml) was obtained 

by taking the total number of nonblue cells in the five squares and multiplying by 2,000. 

Freezing and Thawing Cells 

 Cells were frozen in liquid nitrogen for long-term storage.  Cells selected for 

storage were grown to confluence in the absence of any selection drugs and then 

trypsinized followed by centrifugation at 700g for 5 min.  The medium was then 

aspirated and the cell pellet was resuspended in 2 ml of ice-cold DMSO Freeze Medium 

(Bioveris).  The cell suspension was immediately dispensed in 1 ml aliquots in 1.8 ml 

freezing vials (Corning) and frozen at -70ºC overnight.  The vials were then moved to a 

liquid nitrogen tank for long-term storage.  To test the viability of the cells, one vial was 

thawed after about two weeks. 

 To recover the cells from long-term frozen storage in the liquid nitrogen tank, 

vials were thawed in a 37ºC water bath and cells were transferred to a 15 ml Falcon tube 
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containing 10 ml of complete medium.  Cells were then pelleted by centrifugation at 

700g for 5 min.  The medium was then aspirated to remove the DMSO in the freezing 

medium. Cells were then diluted in 7 ml of fresh complete DMEM and transferred to a 

100 mm cell culture dish.  The plate was then swirled to evenly distribute the cells and 

returned to the CO2 incubator.  The cells were then routinely cultured as indicated above.  

Selection drugs were added after the cells had grown to confluence and were split for the 

first time after freezing. 

P19 Cell lines and Differentiation by RA 

 P19 cells were purchased from American Type Culture Collection.  The P19 cell 

line was derived from an embryonal carcinoma induced in a C3H/He mouse (McBurney 

et al., 1982).  Upon RA-treatment, P19 cells differentiate into the three germ layers 

endoderm-, mesoderm- or ectoderm-like cells depending on treatment conditions. 

The PBX1b antisense cells and the empty pcDNA4/TO cells were previously 

characterized [Qin et al., 2004b].  The two PBX1b antisense cell lines were termed AS2 

and AS8 and the empty vector cell line was called TO3.  The TO3 cells retained the 

ability to differentiate into the three germ layers, while the AS2 and AS8 cells fail to 

differentiate upon RA-treatment.  These cells were maintained by routine cell culture 

techniques described above using DMEM supplemented with 200 µg/ml Zeocin. 

To induce endodermal differentiation, 1x105 P19 cells were plated on a 100 mm 

tissue culture dish and grown for four days in the presence of 10-7M all-trans RA, 

followed by an additional three days without RA.  To induce neuronal differentiation, 

9x105 cells in 9 ml DMEM were plated on 100 mm tissue culture dishes which were 
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coated with 1X agarose/DMEM base and treated with 10-7 M RA for four days. (To 

prepare 1 L of 1X agarose/DMEM two separate solutions were prepared and combined.  

1: 2X agar: 10 g agar (Becton Dickinson purified agar catalog number 4311853) was 

added to 500 ml MilliQ water and autoclaved for 20 minutes.  While this solution was 

autoclaved, the 2X DMEM solution was prepared.  2: 2X DMEM:  1 g DMEM powder 

and 1.85 g sodium bicarbonate was dissolved in 500 ml MilliQ water and the pH was 

adjusted to 6.8 with HCl.  This solution was filter sterilized by vacuum filtration through 

a 0.22 µm filter, and completed by adding 50 ml FBS, 5 ml 200 mM L-glutamine 

(Gibco), and 5 ml penicillin/streptomycin solution (Gibco).  The two solutions were then 

combined to prepare the final 1X agar/DMEM solution.  Plates were prepared by addition 

of 5 ml 1X agar/DMEM solution.  The agarose was allowed to solidify at room temp, and 

then the plates were stored at 4ºC until use).  The aggregated cells were then collected on 

day four, trypsinized and plated on tissue culture plates for an additional three days 

without RA. 

Transfection Methods  

Calcium Phosphate Method:  One day before transfection 5 ×105 cells were plated 

on 60mm tissue culture dishes in complete DMEM medium.  Three hr prior to 

transfection, the cell medium was changed to fresh complete DMEM.   Twenty μg DNA 

was mixed in a 15 ml tube with 37 μl of 2M CaCl2 and sterile ddH2O to make a final 

volume of 300μl.  Three hundred μl of freshly prepared 2X HBSS solution (10 g/l 

HEPES, 16 g/l NaCl, 0.74 g/l KCl, 0.375 g/l Na2HPO4.7 H2O and 2 g/l dextrose, pH 

7.05) was added into another 15 ml falcon tube.  Next the DNA/CaCl2 mixture was added 
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dropwise to the 2X HBS tube while bubbling air into the tube using another pipette. The 

solution was incubated at room temperature for 20 min and then was added to the cells 

dropwise.  The next morning, the medium was changed to fresh complete DMEM 

medium. 

Transfection by GenJet Method:  GenJet™ is an in vitro DNA transfection 

reagent formulated by covalently cross-linking cationic liposomes with polymers and is 

able to provide a high transfection efficiency and low toxicity.  To use this reagent to 

transiently transfect P19 cells, cells were plated 18 to 24 hr prior to transfection.  

Optimally 50-60% confluence is preferred at the time of transfection.  For a 60mm dish, 

5μg or less of DNA was used and the ratio of DNA(μg): GenJet(μl) was 1:3.  Prior to 

transfection, the medium on the cells was changed to serum free medium (DMEM 

supplemented with 2 mM glutamine (Gibco) only, without serum and antibiotics).  Then 

5μg DNA was diluted in 0.250 ml OptiMEM (Gibco,) and 15μl GenJet was diluted in 

0.250ml OptiMEM in separate sterilized eppendorf tubes.  Next, GenJet solution was 

added to the DNA solution (the order is very important) the solution was mixed 

immediately and incubated at room temperature without disturbance for 10 min. Next, the 

GenJet/DNA mixture was added dropwise to the cells and the plate was gently swirled to 

mix the medium and the GenJet/DNA solution.  The plate was then placed back into 

incubator for 4 hr.  Finally, the medium was changed to complete DMEM medium.   
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Part III: DNA Analysis  

Isolation of Plasmid DNA 

Plasmid DNA was routinely isolated using either Qiagen Plasmid Purification kits 

(Qiagen) or NucleoBond Plasmid Purification kits (Macherey-Nagel GmbH & Co.KG, 

Germany) with essentially the same results.  Briefly, a single colony was picked from a 

freshly streaked antibiotic selective plate and used to inoculate LB medium (10g/l bacto-

tryptone, 5g/l yeast extract, 5g/l NaCl) with the proper antibiotic.  The culture was 

incubated at 37°C overnight (12–16 hr) with vigorous shaking (approx. 200 rpm). The 

next morning, the bacterial cells were harvested by centrifugation at 6,800g for 15 min at 

4°C. The plasmid DNA was isolated following the manufacturer’s protocol.  

Depending on the amount of plasmid DNA required, mini or midi preparations were 

prepared.  Mini preparations of DNA were usually used for initial screening of clones or 

sequencing of plasmid DNA.  For other purposes such as mammalian cell transfection, 

midi preparations were performed.   From a midi prep (200 ml culture), the expected 

yield is ~200 μg DNA for high copy plasmids and ~50 μg DNA for low copy plasmids.  

The plasmid concentration was estimated from the comparison of the sample DNA to the 

standard markers on 1% agarose gel and measurement of Absorbance at 260 nm using a 

Nanodrop spectrophotometer.  Electrophoresis was also used to determine if the plasmid 

was predominantly supercoiled, nicked or linear. 
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Mini-Lysis Plasmid Purification 

 When screening plasmid clones to determine if they contained the DNA of 

interest, only a small amount of plasmid DNA is needed, therefore mini-lysis purification 

was the preferred method.  Individual clones were picked from the transformation plate 

and grown overnight in separate 5 ml cultures of LB medium at 37ºC in a shaker.  The 

next day 1.5 ml was removed from each tube and placed in separate 2 ml eppendorf tubes 

on ice for 5 min.  The chilled tubes were then placed in a table top Eppendorf microfuge 

and were centrifuged at top speed, 14000 rpm, for 5 min.  The supernatant was aspirated 

off the bacteria pellet and discarded.  The pellet was resuspended in 0.3 ml STET buffer 

(8% sucrose, 5% Triton-X 100, 50mM Tris pH 8.0, and 50mM EDTA).  To each 

suspension was added 25 µl of 10 mg/ml lysozyme, dissolved in ddH2O, and mixed well.  

Tubes were then placed into boiling water for 45 sec, or alternately placed in just boiled 

water for 1-2 min.  The tubes were then centrifuged at 14,000 rpm in a table top 

microfuge for 15 min.  After centrifugation the pellet was removed from the bottom of 

each tube using a pipette tip and discarded.  To each of the supernatants 230 µl of 

isopropanol was added and the tubes were mixed well.  The tubes were then placed at -

80ºC for 20 min to precipitate the plasmid DNA.  Next, the tubes were centrifuged at 

14,000 rpm in a microfuge for 20 min at 4ºC.  The supernatant was aspirated off and the 

pellets were allowed to air dry for 10 min.  After drying, the pellets were resuspended in 

25 µl ddH2O.  Finally, 1μl of RNAase (10mg/ml) was added and incubated at 37˚C for 10 

min to digest RNA in the sample. This is a time-saving method for preparation of a large 

number of DNA samples; 1.5 hr is enough for the whole process. However, the plasmid 

quality prepared by this method is only good for restriction enzyme digestion, but not for 
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sequencing or transfection.  The size of the plasmid DNA was then checked by 

electrophoresis on a 1% agarose gel.  Plasmid DNAs which migrated slower than the 

empty plasmids were then chosen for restriction digestion to verify that the plasmid 

contained the proper insert. 

Agarose Gel Electrophoresis 

Generally, a 1% agarose gel was used to resolve linear DNA fragments in the 

range of 0.5 kb to 10.0 kb.  Electrophoresis was performed at 100V for 60-90 min in Tris-

Acetate EDTA (TAE) Buffer (40 mM Tris, 1 mM EDTA, 20 mM sodium acetate, pH 

7.2). After electrophoresis, DNA was stained using ethidium bromide (EtBr) and 

visualized under UV light. The molecular weight, purity and the concentration of plasmid 

DNA and DNA fragments can be roughly evaluated by this method. 

Polyacrylamide Gel Electrophoresis of DNA 

PCR products and DNA fragments smaller than 1.4 kb were analyzed by 10% 

polyacrylamide gel electrophoresis in TBE buffer (89 mM Tris-Cl, 100 mM boric acid, 3 

mM EDTA, pH 8.2) at 100V.  A 10% polyacrylamide gel was prepared using 3 ml of  

30% Acrylamide/0.8% N, N’-methylene bisacrylamide (Bis), 2 ml of 5× TBE, 5 μl of N, 

N, N’, N’-tetramethylene diamine (TEMED), 100 μl of 10% ammonium persulfate (AP) 

and 4.895 ml of dd H2O. After electrophoresis was performed, DNA was stained by EtBr 

and visualized under UV light. 

 



 63 
 
 

Restriction Enzyme Digestion 

The reaction mixture for the digestion of plasmid DNA or PCR products 

contained: 1× optimal reaction buffer (supplied with the specific restriction enzyme as 10 

× stock solutions), 1-3 μg purified plasmid DNA or PCR product, and 20-80 units 

restriction endonuclease (New England Biolabs, Inc.), 1 × BSA if indicated and dd H2O 

to make final volume of 50 μl. The reaction was incubated at the optimal temperature 

indicated for each enzyme for 2-24 hr. The products of restriction digestion were resolved 

by agarose or polyacrylamide gel electrophoresis depending on the predicted size of the 

fragments. 

Part IV: Cloning of Full Length cDNAs into Gateway Entry and 
Destination Vectors 

PCR Amplication of Full Length cDNAs 

RNA was isolated (see RNA section below) from a cell line or tissue that 

expresses the mRNA of interest and reverse transcribed using oligo-dT primers using the 

First-Strand cDNA Synthesis Kit from BD Biosciences.  Briefly, 1 µg of total RNA was 

added to a sterile 0.5 ml PCR tube and diluted with autoclaved ddH2O to a total volume 

of 12.5 µl.  Then 1 µl of the oligo-(dT)18 primer (50µM) was added to the tube and 

mixed.  The tube was heated to 70ºC for 2 min and then quenched at 4ºC.  Then 4 µl of 

the 5x reaction buffer, 1 µl of the dNTP mix (10mM each), 0.5 µl recombinant RNase 

inhibitor and 1 µl of  MMLV reverse transcriptase were added to the tube and mixed by 

pipetting.  When more than one RT reaction was performed a master reagent mix was 

prepared to reduce differences due to pipetting.  The tube was then incubated at 42ºC for 
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1 hr and subsequently heated to 95ºC to stop the reaction and destroy any DNase activity.  

The final volume was diluted five times to 100 µl and stored at -20ºC. . 

   Each of the cDNAs was initially cloned into a Gateway Entry vector (Invitrogen) 

with the plan to recombine into a Gateway Destination vector with a C-terminal tag.  

PCR primers were designed such that the 5’ primer contained a Kozak consensus 

sequence.  The 3’ primer did not contain the translational stop codon of the cDNA.  The 

one exception, FLAG-DAX-1, was designed containing the stop sequence.  The primers 

used are listed in Table 3-1. 

 

 

Table 3-1. Primers for amplification of full length cDNAs 

Gene Name                  Sequence 

COUP-TFI 
F: 5’ GAT ATG GCA ATG GTA GTT AGC AGC TGG CGA 

R: 5’ GGA ACA CTG GAT GGA CAT GTA AGG CCA GTT 

COUP-TFII Variant II 
F: 5’ AAG ATG CAA GCG GTT TGG GAC CTT GAA C 

R: 5’ TTG AAT TGA CAT ATA TGG CCA G 

FLAG-DAX-1 

F: 5’ GCC ACC ATG GAT TAC AAG GAT GAC GAC GAT AAG   
         ATG GCG GGT GAG GAC CAC CCG TGG CAG 

R: 5’ GAT ATC TCA CAG CTT TGC ACA GAG CAT CTC CAG C

Ets-1 Variants I&II 
F: 5’ ACC ATG AAG GCG GCC GTC GAT CTC AA 

R: 5’ GTC AGC ATC CGG CTT TAC ATC CAG CAT 

Ets-1 No ATG 
F: 5’ AAG GCG GCC GTC GAT CTC AAG CCG A 

R: 5’GGA TGT AAA GCC GGA TGC TGA CTA G 
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ETS-2 
F: 5’  GCG ATG AAT GAC TTT GGA ATC AAG 

R: 5’ GTC TTC TGT ATC AGG CTG GAC GCC CA 

Oct-4 
F: 5’ CCC ATG GCT GGA CAC CTG GCT TCA GAC TTC 

R: 5’ACC CCA AAG CTC CAG GTT CTC TTG TCT ACC 

SF-1 
F: 5’ GGC ATG GAC TAC TCG TAC GAC GA 

R: 5’ AGT CTG CTT GGC CTG CAG CAT CT 

 

 

 

The PCR reaction was prepared by combining two premixes: 

Mix 1:  

5 µl cDNA (prepared by Reverse Transcription using oligo dT Primers, see  

above) as template 

      3 µl 5 μM forward primer  

      3 µl 5 μM reverse primer  

            1 μl each 10 mM dNTP 

           Add 10 µl sterile ddH2O to make final volume of 25 μl 

Mix 2:  

5μl 10X reaction buffer supplemented with 15mM MgCl2   

0.75 μl (2.6U) High Fidelity Taq Polymerase (Roche Inc.) 

           Add 19.25 µl sterile ddH2O to make final volume of 25 μl. 

Next, Mix1 and Mix2 were combined in a thin-wall PCR tube, mixed thoroughly 

by pipetting and placed in the PCR instrument.  The PCR program included one preheat 



 66 
 
 

cycle at 94˚C for 2 min, followed by various cycle numbers (standard 25) of the 

following three steps: denaturation at 94˚C for 30 sec, annealing at 55-65˚C depending on 

the melting temperature of the primer set (standard is 60˚C for G+C% = 50%) for 1 min, 

elongation at 72˚C for 1min/kb product (for PCR product larger than 3kb, elongation 

temperature can be decreased to 68˚C ), and a final extension cycle at 72˚C for 7 min.  

The size of the PCR product was checked using a polyacrylamide gel with a small 

amount (such as 5μl) of the PCR reaction.  The PCR product was purified either using a 

PCR purification kit (Qiagen Inc.) if there is only one single band of the proper size or by 

purification from an acrylamide gel to obtain the desired size product (see below). 

Purification of PCR Product 

QIAquick PCR Purification Kit (Qiagen) was used to purify PCR product 

following the manufacturer’s protocol.  After purification 2 µl of PCR product was 

resolved by electrophoresis in an acrylamide gel, as indicated above, to determine the 

purity and concentration.  

Recovery of DNA from Polyacrylamide Gels by Electro-elution 

DNA fragment of less than 1400 bases were resolved and recovered from a 10% 

polyacrylamide gel.  After electrophoresis, the DNA was stained by EtBr and visualized 

under UV light.  The band corresponding to the fragment size of interest was excised 

from the gel with a clean, sharp scalpel and placed into a dialysis tube filled with 0.1× 

TBE buffer.  The dialysis tube was then placed in an electrophoresis chamber filled with 

0.1× TBE buffer and 500V was applied.  The movement of the DNA from the gel into the 
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buffer within the dialysis tube was observed with a hand-held UV lamp.  After total DNA 

was eluted from the gel fragment, the polarity of the electrophoresis was briefly reversed 

to insure that the DNA fragment was not stuck to the inside of the dialysis tubing.  The 

buffer containing the DNA was transferred to a clean microfuge tube.  To precipitate the 

DNA, 1/10 volume of 5M NaCl and three volumes of 100% cold ethanol was added to 

the sample and mixed well.   The sample was incubated for 1 hr to overnight at  

-80˚C and then centrifuged for 30 min at 14,000 rpm in a microcentrifuge at 4˚C.  The 

DNA pellet was carefully washed with 75% ethanol and centrifuged again for 30 min at 

14,000 rpm in a microcentrifuge at 4˚C.  The pellet was air dried and resuspended in the 

appropriate volume of sterilized ddH2O.  The approximate concentration was then 

determined by separating a small portion of the resuspended DNA in an acrylamide gel. 

TA Cloning into the Entry Vector 

To obtain a renewable, and error free, source of the genes listed in Table 3-1 the 

cDNA’s were cloned into pCR8/GW/TOPO using the TA Cloning Kit (Invitrogen).  The 

pCR8/GW/TOPO vector is designed as an Entry vector for recombination into 

Destination vectors.  To clone into the pCR8/GW/TOPO vector the following reaction 

was performed: 

  2 µl of purified PCR product 

  1 µl of supplied salt solution 

  2 µl of sterilized ddH2O   

1 µl of pCR8/GW/TOPO TA vector 
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The mixture was mixed well by pipetting it, and was placed at room temperature for 30 

min (best for PCR products >1kb).  After incubation the mix was placed on ice before 

transformation into One Shot Chemically Competent E. coli (Invitrogen). 

 To transform the One Shot bacteria, one vial of packaged bacteria was thawed on 

ice.  Next, 2 µl of the TOPO mix was added to the bacteria and the vial was placed back 

on ice for 15 min.  At the end of the incubation period, the bacteria were heat shocked by 

placing the vial in a water bath at 42ºC for 30 sec then placed back on ice.  Next, 250 µl 

of room temperature SOC medium, defined below in the Transformation of  Chemically 

Competent Bacterial Cells section, was added to the vial.  The vial was placed in a shaker 

at 37ºC for 1 hr.   Ten μl, 20 μl and 50 μl of the bacterial culture were then spread on 

three pre-warmed LB agar plates containing 100 μg/ml spectinomycin, and incubated 

overnight at 37˚C.  The next day colonies were observed on the agar plates, with an 

increasing number proportional to the amount of bacterial culture that was spread on the 

agar plate.  Usually, the 25 µl plate had approximately 100-200 colonies.  Approximately 

ten colonies from the transformation plates were selected, placed in 5 ml of LB medium 

containing 100 μg/ml spectinomycin, and incubated overnight at 37˚C.  Plasmid DNA 

was isolated using the mini-lysis method the next day, followed by restriction enzyme 

digestion or PCR to check for the presence and the orientation of the insert. Once the 

desired clone was identified, DNA was prepared using mini-plasmid DNA prep kit 

[Qiagen Plasmid Purification Mini kits (Qiagen) or NucleoBond Plasmid Purification 

Mini kits (Macherey-Nagel GmbH & Co.KG, Germany)] and the plasmid DNA was sent 

for sequence analysis using the GW1 and GW2 primers included in the pCR8/GW/TOPO 

TA cloning kit (Genewiz). 
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Recombination into Destination Vectors 

Invitrogen offers a series of destination vectors designed to facilitate high-level 

expression of recombinant proteins in bacteria cells (T7 promoter), mammalian cells 

(CMV promoter), insect cells (Polyhedrin promoter) and Saccharomyces cerevisiae 

(GAL1 promoter). Destination vectors with different kinds of tags such as V5, GFP, His, 

Lumio and GST on either N-terminal or C-terminal end are available for detection or 

purification of exogenous expression of the gene of interest. The list of destination 

vectors can be found on www.invitrogen.com.  

The DNA of interest was recombined into the destination vector of choice using 

Gateway LR clonase II enzyme. For LR recombination reactions, both supercoiled entry 

vectors and supercoiled destination vectors are preferred.  

The recombination reactions are prepared as follows: 

Entry clone DNA (50-150ng)                  1-7μl 

Destination vector DNA (150ng/μl)           1μl 

TE buffer (pH8.0)                                   to 8μl 

Next, LR Clonase II enzyme mixture was thawed for 2 min on ice and mixed by 

vortexing.  Two μl of the LR Clonase II enzyme mix was added to the reaction followed 

by vortexing to mix cells and briefly spinning in a microcentrifuge.  The reaction was 

incubated at room temperature overnight.  After incubation, 1μl of the Proteinase K 

solution was added to the reaction and incubated at 37˚C for 10 min to terminate the 

recombination reaction.  DH5α cells were transformed, as described below in the 

Transformation of Chemically Competent Bacterial Cells section, plated on ampicillin 



 70 
 
 

plates (100μg/ml) and incubated at 37˚C overnight. Colonies were replica plated on 

ampicillin (100 μg/ml), chloramphenicol (50 μg/ml) and spectinomycin (100 μg/ml) 

plates.  Colonies that were ampicillin resistant, chloramphenicol sensitive and 

spectinomycin sensitive were selected.  DNA isolated from one or two of the positive 

colonies was sent for DNA sequence analysis to check the presence of the insert, 

orientation of the insert and whether the insert is in frame with the tag (Genewiz).  

Propagating the Destination Vectors 

One Shot ccdB Survival T1 chemically competent E. coli is required for 

transforming by the empty destination vectors. The procedure is the same as plasmid 

transformation and the colonies selected on the appropriate antibiotic plate. One single 

colony was used to make plasmid DNA and the corresponding cells were stored at -80˚C.   

 

Part V: Standard PCR Cloning 

Cloning Strategy 

 After the cDNAs of interest were cloned into the TOPO entry vectors, and the 

correct sequences were confirmed, on some occasions it was necessary to clone the 

cDNA of interest into a plasmid vector that was not a Gateway Destination Vector.  The 

vectors we chose to clone into were pCMV-TAG2B (Stratagene) or pTRE-Tight 

(Clontech).  pCMV-TAG2B contains an N-terminal FLAG tag; therefore, the sequence to 

be cloned needs to contain a stop codon at the C-terminus, and does not need to contain a 

Kozak consensus sequence at the N-terminus.  In addition, since the vector contains an 
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N-terminal tag, after ligation into the vector the cDNA sequence needs to be in frame 

with the N-terminal tag to insure that the proper protein will be produced after 

translation.  PCR primers were constructed in the following manner: 5’  primer - six 

bases on the 5’ of the primer (used to balance the GC content to 50% and also to give a 

platform for the restriction enzyme to rest upon), the unique restriction enzyme site 

(usually six bases), then the 22 bases specific to the cDNA of the gene of interest and 3’ 

primer – 22 bases specific to the cDNA of interest, the unique restriction enzyme site 

(usually six bases), and six bases on the 3’ end of the primer (used to balance the GC 

content to 50% and also to give a platform for the restriction enzyme to rest upon).  

pTRE-Tight Vector does not contain a Kozak consensus sequence at the N-terminus, but 

does contain translational stop codons.  In the case of cloning of FLAG-SF-1 into pTRE-

Tight, we constructed the N-terminus PCR primer as listed above with the following 

exception: the 22 bases were specific to the Kozak consensus and the FLAG sequence in 

the pCMV-TAG2B vector.  The 3’ primer was constructed as above.  This allowed the 

creation of a FLAG tagged SF-1 which contained the needed Kozak consensus sequence.  

In the case of cloning FLAG-DAX-1 into pTRE-Tight, primers were constructed 

similarly; with the exception that the 5’ primer contained the entire Kozak consensus 

sequence, the FLAG sequence, and finally 27 bases specific to the cDNA of interest.  The 

PCR was performed utilizing the Expand High Fidelity PCR Kit (Roche) and the 

products of the reactions were purified as indicated above for TOPO based cloning (see 

above). 

 After performing the PCR, both the PCR product and the desired plasmid vector 

DNA were digested with the selected restriction enzymes.  The digested DNA samples 
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were separated on either an acrylamide gel (see above) or an agarose gel (see below).  

Since purification of the plasmid vector DNA and cDNA insert from different gel types 

generally results in more successful cloning(experience within the Soprano Labs), the 

plasmid vector was separated on an agarose gel while the PCR product was separated on 

an acrylamide gel.  Next, ligation reactions and bacterial transformations were performed 

as described below.  Following transformation, plasmid DNA was prepared from several 

colonies by mini-lysis prep and screened by restriction enzyme digestion followed by 

agarose or acrylamide gel electrophoresis.  Eventually one or two of colonies that contain 

insert were further confirmed by DNA sequencing (Genewiz). 

Recovery of DNA from Agarose Gels 

QIAquick Gel Extraction Kit (Qiagen) was used to extract and purify DNA of 1.5 

kb to 10 kb from standard agarose gels in TAE buffer. The DNA fragment of interest was 

excised from the agarose gel with a clean, sharp scalpel. The gel slice was collected and 

then DNA was extracted following the manufacturer’s protocol.  

Ligation of DNA Fragments 

When ligating a DNA fragment into a plasmid vector, the insert DNA:vector 

DNA ratios were from 3:1 to 1:3.  To convert molar ratios to mass ratios the following 

formula was used: (ng of vector × size of insert in kb/size of vector in kb) × (molar ratio 

of insert:vector) = ng of insert. Generally, the recommended amount of total DNA in a 

ligation reaction varied from 1–10 ng per μl of reaction in a final volume of 10–20 μl 

(10–200 ng total DNA mass).  T4 DNA ligase was added at a concentration of 0.1 u/μl of 
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reaction volume.  A typical reaction mixture consisted of vector DNA, insert DNA, 1× 

ligase buffer, 1 u T4 DNA ligase (Weiss units) and ddH2O to make final volume of 10μl.  

The reaction was incubated at 15˚C overnight and subsequently transformed into E. coli 

DH5α cells. 

Transformation of Chemically Competent Bacterial Cells 

Chemically competent E. coli DH5α cells were transformed with plasmid DNA 

or ligation reactions to create populations of cells that would amplify the intended 

plasmid. The day before transformation, E. coli DH5α cells were streaked on a SOB plate 

(2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 

mM MgSO4) from the stock frozen (-80˚C) E. coli DH5α cells, and placed at 37ºC 

overnight.  The next morning, the freshly streaked E. coli DH5α cells were used to 

inoculate 30 ml of SOB medium and incubated at 37˚C with shaking for approximately 3 

hr (Absorbance at 550 nm was 0.45 to 0.55 or 4-7 × 107 viable cells/ml).  The bacteria 

were then placed on ice for 10 min.  Next, the bacteria were pelleted by centrifuging at 

1800 g in an eppendorf centrifuge for 12 min at 4ºC.  The supernatant was then poured 

off and the bacterial pellet was resuspended in 10 ml of Transformation Buffer (TFB: 10 

mM K-MES at pH 6.3, 45 mM MnCl2⋅4 H2O, 10 mM CaCl2⋅2 H2O, 100 mM KCl, 3 mM 

HACoCl3).  After incubation on ice for 10 min, the bacteria were pelleted at 1800 g for 

12 min at 4ºC.  The supernatant was then removed and the pellet resuspended in 2.4 ml of 

TFB.   Then 84 μl DnD solution (1M DTT, 90% (v/v) DMSO, 10 mM potassium acetate) 

was added to reach a final concentration of 3.5% (v/v) and incubated on ice for 10 min.  
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Next, another 84 μl DnD solution was added to cell suspension to give a 7% (v/v) final 

concentration.  After 15 min of incubation on ice, the E. coli DH5α bacteria were 

chemically competent and ready for transformation. 

 Once the E. coli DH5α were made chemically competent by the above method, 

210 µl of the suspension was aliquoted into separate eppendorf tubes.  To each of the 

tubes < 20 µl of the ligation mix (approximately 10-20ng of total DNA) was added.  Each 

suspension was mixed well and placed on ice for 30 min.  The bacteria were then heat 

shocked by placing the tubes in a 42ºC water bath for 1.5 min.  Next the tubes were 

placed on ice for 2 min.  At the end of the incubation on ice, 800 μl of SOC medium 

(SOB medium supplemented with 20 mM glucose) was added to each tube and incubated 

at 37˚C for 60 min with moderate shaking.  The bacteria were then plated onto the 

appropriate antibiotic plates (usually at 10, 25, and 50 µl per plate) and placed into an 

incubator at 37ºC overnight.  Following transformation, plasmid DNA was prepared from 

several colonies by mini prep and screened by restriction enzyme digestion followed by 

agarose or acrylamide gel electrophoresis. 

Part VI: Summary of DNA Constructs 

Plasmid vectors containing SF-1 and DAX-1 sequences that were prepared and 

confirmed by DNA sequencing are listed in Table 3-2. Also listed are additional clones 

used in these studies.  Other miscellaneous constructs that were prepared but not used in 

these studies are listed in Table 3-3. 

 



 75 
 
 

Table 3-2.  SF-1 and DAX-1 constructs along with other plasmids used in these 
studies  
 
Insert Vector Tag Expression in 

Mammalian Cells 
Antibiotic 
Resistance*  

SF-1 

 

PCR8GWTOPO  No S 

 pDEST53 GFP Yes A, N 

 pCMV-Tag2B FLAG Yes K,N 

 pTRE-Tight FLAG Yes A,H 

DAX-1 PCR8GWTOPO FLAG No S 

 pTRE-Tight FLAG Yes A,H 

Luciferase pTRE-luc  Yes H 

Renilla pTK-RL  Yes A 

Cyp17 Cyp17-luc  Yes A 

*A: Ampicillin; S: Spectinomycin; N: Neomycin; K: Kanomycin; H: Hygromycin 
 

 

Table 3-3.  Miscellaneous constructs 

Insert Vector Tag Expression in 
Mammalian Cells 

Antibiotic 
Resistance*

Ets-1 no 

ATG 

PCR8GWTOPO  No S 

Ets-1 PCR8GWTOPO  No S 

 pLenti6.2/C-
Lumio/V5 

Lumio/V5 Yes A,B 

 pAD/CMV/V5-
DEST 

V5 Yes A 

 pDEST53 GFP Yes A, N 
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 pEGFP-C3 GFP Yes K,N 

 pCMV-Tag2B FLAG Yes K,N 

 pTRE-Tight FLAG Yes A,H 

COUP-TFI PCR8GWTOPO  No S 

COUP-TFII 
Variant 1 

PCR8GWTOPO  No S 

COUP-TFII  
Variant 2 

PCR8GWTOPO  No S 

 pEGFP-C3 GFP Yes K,N 

ETS-2 PCR8GWTOPO  No S 

Oct-4 PCR8GWTOPO  No S 

 
*A: Ampicillin; Blastacidin; S: Spectinomycin; N: Neomycin; K: Kanomycin; H: 
Hygromycin  
 

 

Part VII: Microarray  

To prepare the samples for the microarray analysis, total RNA was prepared using 

RNAzolTM B reagent (see below) from AS2 and TO3 cells treated for 72 hr with either 

ethanol (control) or 10-7 M RA and grown both as monolayer (endodermal differentiation 

pathway) and as aggregates (neuronal differentiation pathway).  The microarray was 

performed by the Fox Chase Cancer Center DNA Microarray Facility located at the Fox 

Chase Cancer Center in Philadelphia under the direction of Dr. Yuesheng Li.  The Mouse 

Genome Oligo Set Version 3.0 (Qiagen/Operon), containing approximately 32,000 70 

mer probes representing 24,878 genes and 32,829 gene transcripts, was used for the 

microarray.   A 2X2 factorial design was used for the identification of PBX regulated 
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genes during endodermal differentiation and neuronal differentiation as diagrammed 

below in Figure 3.1. 

 

 

 

Figure 3-1. Schematic diagram of the microarray analysis. Panel A.  Analysis of the 
Endodermal Pathway.  Samples include:  (A) TO3 cells grown in monolayer treated with 
ethanol for 72 hr; (B) TO3 cells grown in monolayer treated with 10-7 M RA for 72 hr; 
(C) AS2 cells grown in monolayer treated with ethanol for 72 hr; (D) AS2 cells grown in 
monolayer treated with 10-7 M RA for 72 hr.  Panel B.  Analysis of the Neuronal 
Pathway.  Samples include:  E. TO3 cells grown as aggregates treated with ethanol for 72 
hr; F. TO3 cells grown as aggregates treated with 10-7 M RA for 72 hr; G. AS2 cells 
grown as aggregates treated with ethanol for 72 hr; H. AS2 cells grown as aggregates 
treated with 10-7 M RA for 72 hr. 
 

 

Each microarray analysis was performed in duplicate as indicated by arrows in 

both directions with dye swap replications (Cy3 and Cy5) to reduce systematic bias as 

shown in Figure 3-1.  The entire microarray analysis including dye swap replications was 

repeated twice using independently isolated RNA samples. 
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 Data obtained from scanned microarray slides obtained from the Fox Chase 

microarray facility were preprocessed and analyzed in collaboration with Dr. Zoran 

Obradovic and Dr. Slobodan Vucetic at the Bioinformatics Core Facility of Temple 

University.  From the 32,000 genes represented in the microarray, we chose to focus only 

on those genes whose expression pattern was the same in the ethanol treated AS2 and 

TO3 cells (A=C for the endodermal pathway and E=G for the neuronal pathway).  This 

list of genes was further reduced by choosing only those genes which exhibited > two-

fold increase or decrease in expression level with a p-value <0.001 upon RA-treatment in 

the TO3 cells (A vs B in the endodermal pathway and E vs F in the neuronal pathway), 

and remained unchanged in the AS2 cells (C vs D in the endodermal pathway and G vs H 

in the neuronal pathway).  Finally, we chose to validate the differential expression of a 

group of genes using RT-qPCR analysis focusing only on those genes that had known 

functions. 

Part VIII: RNA Analysis 

RNA Isolation 

 Total RNA was isolated from P19 cells using RNAzolTM B reagent (Tel-Test 

Inc.).  After treatments, cells growing on plates were washed with PBS, trypsinized and 

then resuspended in 9 ml DMEM containing FBS.  The cells were then pelleted by 

centrifugation at 700g for 5 min.  The medium was then aspirated and the cells were 

resuspended in 1 ml of PBS and transferred to a 1.5 ml tube.  Cells were once again 

pelleted by centrifugation at 700g for 5 min.  The PBS was aspirated from the cell pellet 

and the cells were lysed by adding 1 ml of RNAzol per 107 cells.  To completely lyse the 
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cells they were repeatedly pipetted.  Two hundred µl of chloroform was added to the 

samples and vortexed for 15 sec.  Samples were incubated on ice for 5 min and 

centrifuged at 20,800g for 15 min.  After centrifugation the sample formed two phases.  

The upper aqueous phase was transferred to a fresh eppendorf tube, taking care to avoid 

the interphase.  Five hundred µl of isopropanol was then added to each sample.  The 

tubes were mixed well and incubated at room temp for 10 min before centrifugation at 

20,800g for 15 min at 4ºC. The pellets were washed once with 1 ml 75% ethanol by 

vortexing followed by centrifugation at 6,800g for 5 min at 4ºC.  The resulting pellet was 

then air dried for 10 min and dissolved in autoclaved ddH2O.  The RNA was quantified 

by measuring the Absorbance at 260 nm, and purity was assessed by measuring the 

absorbance at 280 nm.  Four µl of RNA was diluted in 996 µl autoclaved ddH2O water, 

and the absorbance was detected at 260 and 280 nm using a Beckman DU 640 

spectrophotometer or directly measured using a Nanodrop.  The concentration of RNA 

(µg/µl) in the original stock solution was determined using the molar extinction 

coefficient of 1 Absorbance at 260 nm equals 40 µg/ml, when using the Beckman 

spectrophotometer.  Direct measurements using the Nanodrop did not need to be 

converted.  The ratio of Absorbance at 260 nm/Absorbance 280 nm was used as an 

indication of the purity of the sample.   The ratios were typically between 1.7 and 2.0.  

First Strand cDNA Synthesis  

cDNA used for the quantitation of mRNA levels by both PCR and QPCR was 

prepared using the High Capacity cDNA Reverse Transcription Kit from Applied 

Biosystems.  This cDNA synthesis kit utilizes random primers. cDNA was prepared as 
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follows:  One µg of total RNA sample was added to a sterile 0.5 ml PCR tube and diluted 

with autoclaved ddH2O  to reach a volume of 10 µl.  Two µl of the 10x RT Random 

primers, 2 µl of the 10x RT Buffer, 0.8 μl of 25X dNTP (100mM each), 1 µl 

MultiScribe™ Reverse Transcriptase (50U/µl), and 4.2 µl autoclaved ddH2O to reach a 

final volume of 20 µl was added to the tube and mixed.  When more than one RT reaction 

was performed a master reagent mix was prepared to reduce differences in pipetting.  The 

tube was then incubated at 25ºC for 10 min, heated to 37ºC for 2 hr, and subsequently 

heated to 85 ºC to stop the reaction and destroy any DNase activity.  The final volume 

was diluted five fold to 100 µl and stored at -20ºC. 

PCR 

 For each PCR reaction, 5 µl of the cDNA synthesized from the RT reaction was 

mixed with 1 µl of each of the PCR primers (20 µM final primer concentration in the 

reaction, see Table 3-4).  This mixture was then heated to 94ºC for 2 min in a 

thermocycler and then held at 4ºC.  GoTaq DNA polymerase was purchased from 

Promega Inc. with 5X reaction buffer and 25 mM MgCl2 solution.  Twenty µl of the 5X 

Green GoTag Flexi reaction buffer, 6 µl of 25 mM MgCl2, 1 µl of each of the four dNTPs 

(10 mM), 1 µl of GoTaq polymerase (5U/ µl) and 72 µl of H2O were then added to the 

PCR tube. Note that depending on the intended purpose reaction volumes between 25 to 

100 µl were prepared.   The standard PCR parameters were preheat at 94˚C for 2 min to 

completely denature the template DNA, various cycle numbers (standard 25) of the 

following three steps: denaturation at 94˚C for 30 sec, annealing at 55-65˚C depending on 

the melting temperature of the primer set (standard is 60˚C if the G+C% = 50%) (See 
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Table 3-4) for 1 min, elongation at 72˚C for 1.5 min, a final extension at 72˚C for 7 min, 

and hold at 4˚C.   The PCR products were checked for length and concentration by 

agarose or polyacrylamide gel electrophoresis. 

 

 

Table 3-4.  RT-PCR Primers 

GENE Name Annealing 
Temp ºC 

Sequence 

COUP-TFI 
55 F: 5’ CAA AGC CAT CGT GCT ATT CA 

R: 5’ CTT TTC TCC TGG TTT GCA GC 

COUP-TFII 
55 F: 5’ TCA AAG TGG GCA TGA GAC GG 

R: 5’ CTA CAT CAG ACA GAC CAC AGG 

Endogenous- 
DAX-1 

55 F: 5’ TCC TGT ACC GCA GCT ATG TG 

R: 5’ ATC TGG AAG CAG GGC AAG TA 

Ets-1 
55 F: 5’ ACA GCT TTG TTG TCC ATC TG 

R: 5’ AGA TCTGTC CAT CCT TCC TG 

Ets-2 
55 F: 5’ CAG AGG CCT AAT CCT CAG TC 

R: 5’ GGC CAA ATT ACA AAA CCT TC 

GAPDH 
55 F: 5’ AGA AGA CTG TGG ATG GCC CC 

R: 5’ GGT CCA CCA CCC TGT TGC 

HSD3b1 
55 F: 5’ TAACAATTTAACAGCCCTCCTAAGGG 

R: 5’ ATCCAGCCATGGTCAACACA 

HSD3b6 
55 F: 5’ TATTCTCGGTTGTACGGGCAA 

R: 5’ GTGCTACCTGTCAGTGTGACC 
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HSD17b3 
55 F: 5’ AGGTTCTCGCAGCACCTTTTT 

R: 5’ CATCGCCTGCTCCGGTAATC 

Oct-4 
55 F: 5’ AAA GCC CTG CAG AAG GAG CTA 

R: 5’ GAT TTG CAT ATC TCC TGA AGG TTC TC 

P450c17 

55 F: 5’ AAATAATAACACTGGGGAAGGC 

R: 5’ TGGGTGTGGGTGTAATGAGATGG 

P450c21 

55 F: 5’ TCCCTGGGGGATTACTCTCTA 

R: 5’ AGTCGTGAAGGGTCTGTACCA 

P450scc 

55 F: 5’ TTCCGCTTTTCCTTTGAGTCCAT 

R: 5’ GTGTCTCCTTGATGCTGGCTTTG 

P45011b1 

55 F: 5’ TCACCAAATGTATCAAGAATGTGT 

R: 5’ CCATCTGCACATCCTCTTTCTCTT 

PBX in 
pcDNA4/TO 

55 F: 5’ GTC TGA TCT GTG AGA GTT TGG CT 

R: 5’ ATC TGC AGA ATT CCA CCA CAC TG 

Total SF-1 
55 F: 5’ GAG AGC TGC AAG GGC TTC TTC AAG C 

R: 5’ AAA CTT GTT CCG GCC ACC CC 

FLAG-SF-1 
55 F: 5’ CTA TTG TGC CTG GTG GAG GT 

R: 5’ GGA GGT GTG GGA GGT TTT T 

Endodogenous-
SF-1 

55 F: 5’ CTA TTG TGC CTG GTG GAG GT 

R: 5’ GCT CCT GGA TCA CCT AAT GC 

STAR 

55 F: 5’ GAAGGAAAGCCAGCAGGAGAACG 

R: 5’ CTCTGATGACACCACTCTGCTCC 
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Quantitative Real-Time PCR  

Quantitative real time PCR (qPCR) using SYBR Green PCR chemistry (Applied 

Biosystems) was performed according to manufacturer’s instructions using an ABI 

Model 7500 Instrument. Specific PCR primers (Table 3-5) were synthesized and 

optimized (yield and single amplicon) for amplification of each cDNA. The qPCR 

reactions contained: 5 μl of the RT reaction, 35 μl of 2x PCR Master Mix (Applied 

Biosystems), 6 μl of the 5’ and 3’ primers with the concentration optimized for each 

primer (Table 3-5) and ddH2O to make a final volume of 70 μl. For each reaction, 

performed in triplicate, 20 μl of sample volume were added to individual wells of the the 

PCR microtiter plate.  The cycling parameters were either an initial step of 95˚C for 10 

min; 40 cycles of 95˚C for 45 sec, 55˚C for 45 sec, 72˚C for 1.5 min (Parameter A) or an 

initial step of 50˚C for 2 min; 95˚C for 10 min; 40 cycles of 95˚C for 15 sec, 60˚C for 

30sec, 72˚C for 30 sec (Parameter B). Changes in gene expression were calculated using 

relative quantification of a target gene normalized to the endogenous GAPDH control 

(ddCT method).   All primers used for RT/qPCR analysis of mRNA levels yielded a 

dissociation (melting) curve with a single peak and a single PCR product, of the 

appropriate size, when separated by electrophoresis in an acrylamide gel. 
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Table 3-5.  Primers used in Quantitative Real-Time PCR 

GENE  Primer   
Conc.  
(nM) 

PCR 
Para- 
Meter 

Sequence 
 

Atp1b1 
  300 B F: 5’ GCT GCT AAC CAT CAG TGA ACT 

R: 5’ GGG GTC ATT AGG ACG GAA GGA 

BOC 
  300 B F: 5’ CGA AGA GAG CGG CCT ATA CTT 

R: 5’ CCC AGG ATC ACA GTT CCT CC 

Cd59a 
  300 B F: 5’ GTT AGC CTC ACA TGC TAC CAC 

R: 5’ AGG AGA GCA AGT GCT GTT CAT 

Cdfa2t3h 
  300 B F: 5’ CCA CGG CTG CTT AAA GTG GT 

R: 5’ GTC ATT GCC AAA TTG CTG TAG G 

Cdh5 
  300 B F: 5’ ATG AAT CGC TGC CCC ACT ATG 

R: 5’ CAT TCC CTG TGT TAG CAT CGA C 

Cdh11 
  300 B F: 5’ CTG GGT CTG GAA CCA ATT CTT T 

R: 5’ GCC TGA GCC ATC AGT GTG TA 

COUP-TFI 
  300 A F: 5’ CAA AGC CAT CGT GCT ATT CA 

R: 5’ CTT TTC TCC TGG TTT GCA GC 

COUP-TFII 
  300 A F: 5’ TCA AAG TGG GCA TGA GAC GG 

R: 5’ CTA CAT CAG ACA GAC CAC AGG 

Endo DAX-1 
   50 A F: 5’ TCC TGT ACC GCA GCT ATG TG 

R: 5’ ATC TGG AAG CAG GGC AAG TA 

FLAG-DAX-1 
   50 

 

A F: 5’ TCC TGT ACC GCA GCT ATG TG 

R: 5’ GGA GGT GTG GGA GGT TTT T 

Dazap2 
  300 B F: 5’ CAG CCT ACC TAC CCT GTG C 

R: 5’ CAT GGG GAT TGT GGA GCC TA 
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Eno3 
  300 B F: 5’ CAC AGC CAA GGG TCG ATT CC 

R: 5’ CCC AGG TAT CGT GCT TTG TCT 

Ets-1 
  300 A F: 5’ ACA GCT TTG TTG TCC ATC TG 

R: 5’ AGA TCTGTC CAT CCT TCC TG 

Ets-2 
  300 A F: 5’ CAG AGG CCT AAT CCT CAG TC 

R: 5’ GGC CAA ATT ACA AAA CCT TC 

Etv5 
  300 B F: 5’ TCA GTC TGA TAA CTT GGT GCT TC 

R: 5’ GGC TTC CTA TCG TAG GCA CAA 

Fabp7 
  300 B F: 5’ CCG AAC CAC AGA CTT ACA GTT T 

R: 5’ GGA CAC AAT GCA CAT TCA AGA AC 

Fbn2 
  300 B F: 5’ CCC AAC GTG TGC GGT TCT A 

R: 5’ TGC TGA ATT GAT TTG CGT CCG 

Fzd8 
  300 B F: 5’ ATG GAG TGG GGT TAC CTG TTG 

R: 5’ CAC CGT GAT CTC TTG GCA C 

GAPDH 
    50 A,B F: 5’ AGA AGA CTG TGG ATG GCC CC 

R: 5’ GGT CCA CCA CCC TGT TGC 

Gdf3 
  300 B F: 5’ AGG CGC TTT CTC TAA TCC CAG 

R: 5’ ATG CAG CCT TAT CAA CGG CTT 

Gli3 
  300 B F: 5’ CAT GAG GGC CGT TAC CAT TAT G 

R: 5’ GCA ATG AGC GGA TGT AGT CCA T 

Hip1r 
  300 B F: 5’ CGA GCA GTT CGA CAA GAC G 

R: 5’ CGT GCC CAG GAT GAT ACG C 

Hoxd3 
  300 B F: 5’ ATA CTA CGA GAA CCC AGG ACT C 

R: 5’ CAG GTC TCA TAC AGC TAC CAT TG 
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Igfbp5 
  300 B F: 5’ CCC TGC GAC GAG AAA GCT C 

R: 5’ GCT CTT TTC GTT GAG GCA AAC C 

Irx5 
  300 B F: 5’ TAC AGC ACC AGC GTC ATT TCG 

R: 5’ GAG CCC ACG TAA GAG AAG GC 

Khdrbs3 
  300 B F: 5’ TCT GGA CCC CTC CTT CAC G 

R: 5’ TGC TTC ACG GGA ATC AGC AC 

Kitl 
  300 B F: 5’ CAA TTA CAA GCG AAA TGA GAG CC 

R: 5’ CCC TGA AGA CTC GGG CCT A  

Lgals3 
 300 B F: 5’ ATA ATC CCC TAT GTT GC ACC A 

R: 5’ TGA ACC GAG GGT TAA AGT GGA A 

Msx3 
  300 B F: 5’ CAC AGA GCA CGG ACC ACT C 

R: 5’ GGT TTT GTG TTT GCG GAG GG 

N-Cad 
  300 B F: 5’ AGC GCA GTC TTA CCG AAG G 

R: 5’ TCG CTG CTT TCA TAC TGA ACT TT 

Notch1 
  300 B F: 5’ CCC TTG CTC TGC CTA ACG C 

R: 5’ GGA GTC CTG GCA TCG TTG G 

Npy 
  300 B F: 5’ ATG CTA GGT AAC AAG CGA ATG G 

R: 5’ TGT CGC AGA GCG GAG TAG TAT 

Pax3 
  300 B F: 5’ CAC CTC AGG TAA TGG GAC T 

R: 5’  GAA CGT CCA AGG CTT ACT TTG T 

Pax6 
  300 A,B F: 5’ GCA GAT GCA AAA GTC CAG GTG 

R: 5’ CAG GTT GCG AAG AAC TCT GTT T 

PAX6-5A 
  300 A F: 5’ GCAGATGCAAAAGTCCAGGTG 

R: 5’ CAGGTTGCGAAGAACTCTGTTT 
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PAX6-all   300         A F: 5’ AGGCCAGCAACACTCCTAGT 

   R: 5’ GCGGAGGGGTGTAGGTATCAT 

Pim2 
  300 B F: 5’ CTC CTG GGT AAG GGA GGC TTT 

R: 5’ AGG CGT ATC ACA CCC GGA T 

Plcg1 
  300 B F: 5’ ATC CAG CAG TCC TAG AGC CTG 

R: 5’ GGA TGG CGA TCT GAC AAG C 

Oct-4 
     50 A F: 5’ AAA GCC CTG CAG AAG GAG CTA 

R: 5’ GAT TTG CAT ATC TCC TGA AGG TTC TC 

Ramp2 
  300 B F: 5’ CTG TCA AGG ACT GGT GCA ACT 

R: 5’ TCA GGT GAG CCT CAA GGA TGA 

Total SF-1 
    50 A F: 5’ GAG AGC TGC AAG GGC TTC TTC AAG C 

R: 5’ AAA CTT GTT CCG GCC ACC CC 

FLAG-SF-1 
    50 A F: 5’ CTA TTG TGC CTG GTG GAG GT 

R: 5’ GGA GGT GTG GGA GGT TTT T 

Endo SF-1 
    50 A F: 5’ CTA TTG TGC CTG GTG GAG GT 

R: 5’ GCT CCT GGA TCA CCT AAT GC 

SOX7 
  300  B F: 5’ ATG CTG GGA AAG TCA TGG AAG 

R: 5’ CGT GTT CTG GTC ACG AGA GA 

Stk39 
  300 B F: 5’ TCA GGC AGC CCT ATG CAA AC 

R: 5’ TGG CTC ATG GCT TGA ATT TCT T 

Timp3 
  300 B F: 5’ CTT CTG CAA CTC CGA CAT CGT 

R: 5’ GGG GCA TCT TAC TGA AGC CTC 

Vezf1 
  300 B F: 5’ ACC AGG AGG GAA ACC ATA CTC 

R: 5’ GAT AGG CCG TGT GGT GAA ATC 
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Zfp36l1 
  300 B F: 5’ GCT TTC GAG ACC GCT CTT TCT 

R: 5’ TTG TCC CCG TAC TTA CAG GCA 

 

 

 

Part IX: Immunocytochemistry 

Fixation and Poration of Cells (Adherent Cells) 

 P19 cells were plated in either 6-well or 100mm culture dishes containing glass 

22 x 22 x 1 mm coverslips.  At the end of the treatment period, the cells were rinsed with 

phosphate-buffered saline (PBS).  After rinsing, the cells were fixed by immersion in 

3.7% formaldehyde (for 40 ml: 4 ml of 37% formaldehyde diluted in 36 ml 1X PBS) at 

room temperature for 30 min.  The diluted formaldehyde solution was stored at 4ºC and 

discarded after 1 week.  Once the formaldehyde solution was removed from the cells the 

coverslips were washed with PBS three times.  The cells were then porated by immersion 

of the coverslip in 0.18% Triton X100 (18 µl Triton X100 dissolved in 10 ml 1X PBS) 

for 10 min.  The Triton X100 solution was then removed and the cells were rinsed three 

times with PBS.  Coverslips can be stored in PBS at 4ºC for several days. 

Blocking 

 The coverslips were transferred to individual wells of a 6-well plate, cell side up.  

The coverslips were covered with 100 µl blocking buffer (1% BSA dissolved in 1X PBS) 

for 10 min to minimized non-specific binding of the antibodies. 



 89 
 
 

Incubation with Primary and Secondary Antibodies 

 Primary antibodies were diluted to 1 µg/ml in blocking buffer.  Blocking buffer 

was then removed from the cells by aspiration.  One hundred µl of the primary antibody 

solution was distributed onto each coverslip and allowed to incubate at room temperature 

for 45 min.  Coverslips were then washed twice with PBS and once in 1x blocking buffer.  

The following antibodies were used: Mouse anti-SSEA-1 (Developmental Study 

Hybridoma Bank, University of Iowa), Rat anti-TROMA-1 (Developmental Study 

Hybridoma Bank, University of Iowa), Mouse anti-Neurofilament-H (Santa Cruz 

Biotechnology), Mouse anti-FLAG  M2 (SIGMA), Rabbit anti-Oct-3/4 (Santa Cruz 

Biotechnology), and Rabbit anti-Tuj1 (Covance).  

The secondary antibodies were diluted to 1 µg/ml in blocking buffer.  The 

blocking buffer was then removed from the coverslips and 100 µl of the appropriate 

secondary antibody solution was added to each coverslip. The coverslips were incubated 

with secondary antibody solution for 30 min at room temperature.  The secondary 

antibody solution was removed by aspiration.  Coverslips were washed with PBS three 

times, for 5 min each wash.  Once the secondary antibody solution was added, the 

coverslips were kept in the dark.  The secondary antibodies used were purchased from 

Santa Cruz Biotechnology and were anti-rat-TRITC, anti-mouse-TRITC, anti-mouse-

FITC, anti-rabbit-TRITC, and anti-rabbit-FITC. 

Use of Two Primary Antibodies Raised in the Same Species 

 Two of the antibodies used in this study were both raised in the same species and 

no other suitable primary antibody could be obtained which was raised in a different 
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species.  This situation results in the inability to visualize the individual proteins by using 

different secondary antibodies.  To circumvent this problem Pierce Goat anti-mouse Fab2 

Fluorescein conjugated fragments which recognize the light chain of the mouse primary 

antibody were used to coat the first primary mouse antibody  and make it appear as if it 

had been raised in a goat before incubating with the second primary mouse antibody.  

Specifically, coverslips were incubated with Sigma M2 mouse anti-FLAG antibody as 

described above.  Following this incubation with the mouse anti-FLAG antibody, the 

coverslips were washed to remove excess primary antibody.  Next the coverslips were 

incubated with Pierce Goat anti-mouse Fab2 Fluorescein conjugated fragments, diluted 

1:50 in 1% BSA, in the dark for 30 min.  The coverslips were then kept in the dark at all 

times afterwards.  The coverslips were then washed three times and the next mouse 

primary antibody and anti-mouse secondary were added as described above.  

Microscopy 

 Microscope slides were cleaned with 75% ethanol and water and then dried.  Next 

a single drop of Prolong Gold with DAPI (Invitrogen) was applied to each slide.  The 

coverslips were rinsed briefly in ddH2O to remove the residual PBS from the wash.  Next 

the water was removed from the non-cell side using a Kimwipe, and the cell side blotted 

using a Kimwipe.  The coverslip was then inverted, cell side down, onto the drop of 

mounting solution.  The slides were then allowed to dry overnight at room temperature in 

the dark before examination with the microscope.  To examine the slides, an Olympus 

BX41 fluorescent microscope with filters for Blue (DAPI), green (FITC), red (TRITC) 

fluorescence and UV light was used.  An Olympus Digital Camera Spot-Xplorer and the 
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Spot Advanced Software (Olympus) were used to capture images. The Spot Advanced 

Software was used for merging and editing images. 

Part X: Preparation of Tet-Off Inducible Cell Lines 

Preparation of the Tet Transactivator Cell Lines 

AS2 and TO3 cells plated on a 60 mm tissue culture dish were transfected with 

pTet-Off Advanced Vector DNA (Clontech) using either the calcium phosphate or 

GenJet transfection protocol.   The day following transfection the cells were split 1:10 

into 100mm tissue culture dishes in 7 ml complete DMEM containing  Zeocin 

(400μg/ml), G418 (800μg/ml), and Dox (100 ng/ml).  The culture medium was changed 

to fresh complete DMEM medium supplemented with fresh selection drugs every two 

days.  Isolated colonies of G418 resistant cells were distinguishable, by eye, 

approximately two weeks after transfection as white dots.  Individual colonies were 

isolated using sterilized cloning rings. Cells in each cloning ring were trypsinized and put 

into an individual well of 24-well plates.   

To determine if AS2 and TO3 cells were successfully stably transfected with the 

pTet-Off Advanced DNA, they were screened by determining if they contained active tet-

off transactivator activity.  To determine this, individual clones were dually transfected, 

using GenJet method, with pTRE-Tight-Luc DNA (Clontech) and pTK-RL DNA (a kind 

gift from Drs. Hoffman and Lieberman).  The expression of firefly luciferase in the 

absence of doxycycline was dependent upon each individual clone’s ability to actively 

express the tet-off transactivator protein.  Since the tet-off transactivator is unable to 

transcribe the target pTRE-Tight vector in the presence of doxycycline, the cells grown in 
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the doxycycline containing media are a control for background expression.  Renilla 

luciferase expression is controlled by the CMV promoter and was included as a control 

for transfection efficiency.   

Cells from each of the clones to be tested were plated in duplicate 24 hr before 

transfection in separate wells of a 24-well plate, at a concentration of 8x104 cells per 

well. The clones were grown, and transfected, in the presence of 100 ng/ml doxycycline 

alone.  The next day the duplicate clones were transfected with 1 μg pTRE-Tight-Luc 

DNA and 20 ng pTK-RL using the GenJet protocol.  After 4 hr the media of the 

doxycycline treated replicate was changed to fresh medium containing 100 ng/ml 

doxycycline, and the doxycycline-free cells were moved to medium containing certified 

tetracycline-free fetal bovine serum (Clontech).  The activities of firefly (pTRE-Tight-

Luc) and Renilla (pTK-RL) luciferases were measured sequentially from a single sample 

using the Dual-Luciferase Reporter (DLR) Assay System (Promega).   Briefly, the culture 

medium was removed from the cells, and cells were rinsed with PBS.  100 μl of 1X 

Passive Lysis Buffer (PLB) was added to each well of the 24-well plate and the plate was 

rocked for 20 min at room temperature. Then the cell lysates were collected into 

microfuge tubes and centrifuged for 15 min at 14,000 rpm in a refrigerated 

microcentrifuge. Finally, the supernatant was saved as the cell lysate. 

Twenty µl of cell lysate was placed into a microfuge tube containing 100µl of 

substrate LAR II and mixed well by pipetting the sample up and down.  The sample was 

read in a luminometer (Zylux) that was programmed to perform a two-sec pre-

measurement delay, followed by a ten-second measurement period for each reporter 

assay.  Next, the sample tube was removed from the luminometer, and 100µl of Stop & 
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Glo Reagent was added and mixed by vortexing.   The Renilla luciferase was measured 

by placing the tube in the luminometer. Firefly luciferase measurements were normalized 

with Renilla luciferase measurements.  The fold change in the untreated cells was 

calculated relative to cells that were treated with doxycycline.  The value from the 

measurement of doxycycline treated cells was set to 1 arbitrarily.  

Cell clones that displayed the highest levels of Tet transactivator protein activity 

as indicated by firefly luciferase activity were screened for a number of marker proteins 

including SSEA, TROMA1, Tuj1 and Oct-4 in both ETOH and RA treated cells grown 

both in monolayer and as aggregates by immunofluorescence.  In addition, the expression 

levels of Oct-4, SF-1, DAX-1, COUP-TFI, COUP-TFII, Ets-1, Ets-2, and Pax6 were 

determined in cells treated both in monolayer and as aggregates for three days with 

ETOH and RA.  The TO3 clone stably expressing the Tet transactivator used in these 

studies was called TTO7.  The AS2 cell clone stably expressing the Tet transactivator 

used in these studies was called ATO7.   

Preparation of pTRE-Tight Overexpression Clones 

 Once the TO3 cell line carrying the stable pTet-Off Advanced Vector was isolated 

and characterized, 5x105 cells/60 mm dish were transfected with 5 μg pTRE-TIGHT 

vector DNA containing either FLAG-SF-1 cDNA or FLAG-DAX-1 cDNA and 200 ng 

linear hygromycin DNA (Clontech)  using the GenJet Transfection Method.  The day 

following transfection the cells were split one to ten into 100mm tissue culture dishes in 7 

ml complete DMEM containing Zeocin (400μg/ml), G418 (800μg/ml), Hygromycin 

(300μg/ml) and Dox (100 ng/ml).  The culture medium was changed to fresh complete 



 94 
 
 

DMEM medium supplemented with fresh selection drugs every two days.  Isolated 

colonies of hygromycin resistant cells were distinguishable by eye, approximately two 

weeks after transfection as white dots. Individual colonies were isolated and plated into 

individual wells of 24-well plates.  After growth of the individual cell clones, they were 

screened for their ability to express either the FLAG-SF-1 or FLAG-DAX-1 by In Cell 

Western. 

Part XI: In Cell Western 

To facilitate the screening of multiple clones at the same time, In Cell Western 

(ICW) was performed.  This assay allows the rapid screening of cell clones for the 

inducible expression of either FLAG-SF-1 or FLAG-DAX-1 using a limited amount of 

cells.  Once a clone was “picked” from a plate it was replated into a separate well of a 24-

well plate.  The cells were then allowed to grow almost to confluence, in the presence of 

100 ng/ml doxycycline, 400 µg/ml Zeocin, 800 µg/ml G418, and 300 µg/ml Hygromycin.  

Next the cells were split, using doxycycline free complete medium, into three separate 

wells of a 24-well plate.  For example, the clone would be split between wells A1 and C1 

of one 24-well plate, and the remaining cells would be left in the original 24-well plate 

for expansion in the presence of all four drugs.  Depending on the number of clones to be 

screened, rows A and B were used as the doxycycline treated cells and rows C and D 

were the untreated cells.  After allowing the cells to attach, about 4 hr, the medium on the 

doxycycline-free cells was changed to fresh doxycycline-free medium.  The plate was 

then placed in the incubator for an additional 48 hr. 
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After allowing the cells to grow for 48 hr the plate was removed from the 

incubator and the ICW was started.  To fix the cells, the medium was aspirated from each 

of the wells and 500 µl of 3.7% formaldehyde (5 ml 37% formaldehyde diluted in 45 ml 

1% PBS) was added to each well.  The plate was then left on the bench for 20 min.  

Samples could be stored after removal of the formaldehyde solution and addition of PBS 

at 4oC for several days.   Next, the formaldehyde (or PBS if stored) was aspirated from 

each of the wells and 500 µl 0.1% Triton X-100 was added per well.  The plate was then 

placed on a rocker for 5 min and the TritonX-100 buffer was aspirated off the cells.  This 

was repeated four times.  After the last wash, 500 µl of Blocking Buffer (Licor Blocking 

Buffer) was added to each well of the plate and it was then placed on a rocker for 1 hr at 

room temperature.  Alternatively, the plate was placed at 4ºC overnight at this step.  

While blocking the cells the primary antibody solution was prepared by diluting it 1:500 

(Mouse-anti-FLAG Sigma) in blocking buffer.  Once the blocking is finished, the buffer 

was aspirated off and 150 µl of primary antibody solution was added to each well.  The 

plate was then place on the rocker for an additional 2 hr at room temperature.  After 

incubation with the primary antibody the cells were washed with 500 µl 1x PBS 

containing 0.1% Tween 20 (Sigma) with rocking at room temperature.  This was repeated 

four times.  During the wash steps the secondary antibody solution was prepared by 

diluting it 1:800 (Donkey anti-mouse 800nm, Licor) in Blocking Buffer containing 0.1% 

Tween-20.  After the washes were completed, the final wash buffer was aspirated off the 

cells and 150 µl of secondary antibody was added to each well.  The plate was then 

placed back on the rocker for 1 hr at room temperature with a box placed over the plate to 

protect it from light, as the secondary antibodies are light-sensitive.  Once incubation 
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with the secondary antibody was finished the cells were washed four times in 1X PBX 

containing 0.1% Tween 20 as outlined above. 

 To prepare the plate to be scanned on the Licor Odyssey instrument, the 1X PBS 

was aspirated from each well and the plate was turned upside down on a paper towel to 

remove all of the excess PBS.  The cover on the plate was then removed and the bottom 

of the plate was then placed on the scanning bed.  If the top of the 24-well plate is not 

removed the lid to the instrument will not close properly.  In the analysis screen 

“microtiter plate” was selected.  The scan area should then be 9 x 13.  To focus the lazer 

at the right distance, the flipped image box was checked with an off-set of 1.75 mm.  The 

plate is then scanned the same as for Western Blots.  After the image is adjusted, for 

intensity, “Grid” and 24-well were selected as added features.  This will place a 24-well 

grid on top of the scan.  Once the grid is adjusted to the proper size, clicking on the 

“report” tab scans and exports the data to Excel.  In Excel the Dox-untreated well was 

divided by its Dox-treated complementary well to determine the relative fold increase in 

absorbance.  The clones which have greater than a two-fold increase were further 

screened by immunofluorescence to confirm expression of FLAG-SF-1 or FLAG-DAX-1 

and to determine the percent positive cells. 

Part XII:Western Blot 

Preparation of Whole cell Protein Lysates from P19 Cells 

 After the indicated treatments, cells grown on plates were washed with PBS.   

Next, the cells were trypsinized and resuspended in 9 ml DMEM containing FBS.  The 

cells were then pelleted by centrifugation at 700g for 5 min.  The medium was then 
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aspirated and the cells were resuspended in 1 ml of PBS and transferred to a 1.5 ml tube.  

Cells were once again pelleted by centrifugation at 700g for 5 min.  The PBS was 

aspirated from the cell pellet and the cells were lysed by adding 1 ml (per 100 µl pellet 

volume) TNE buffer (0.05M Tris-HCl pH8.0, 0.15M NaCl, 1% NP40, 2mM EDTA pH 

8.0) containing 1mM DTT and protease inhibitors (1mM PMSF , 0.5 μg/ml Leupeptin, 

0.5 μg/ml Pepstatin A and 0.5 μg/ml Aprotinin).  The suspension was incubated on ice 

for 30 min and subsequently vortexed for 15 sec, followed by centrifugation at 14,000 

rpm for 10 min at 4˚C in a microcentrifuge.  The supernatant was removed and was 

stored at -80˚C.  The whole cell extract was aliquoted into convenient volumes since they 

were only thawed once. 

Protein concentration was determined using the Bio-Rad Protein Assay reagent 

(Bio-Rad).  Briefly, a standard curve was made using known concentrations of bovine 

serum albumin (BSA) ranging from 0.5-15.0 µg in 800 µl of ddH2O.  Next 200 µl Bio 

Assay Dye (Bio-Rad) was added to each standard sample.  Standards samples were then 

mixed thoroughly and allowed to rest on ice for at least 5 min in the dark.  The 

absorbance at 590 nm for each sample was then measured, after blanking the instrument 

with a solution of 200 µl dye and 800 µl dd H2O.  A standard curve was then generated 

by plotting protein concentration versus absorbance.  Unknown protein sample 

concentrations were determined by diluting 1 µl whole cell extract in 200 µl dye and 800 

µl deionized distilled water.  The absorbance at 590 nm was measured and the protein 

concentration was calculated using the standard curve. 
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Preparation of SDS-PAGE Gel and Samples 

 Ten percent polyacrylamide gels provided the best separations of the proteins of 

interest. The separating gel solution was prepared (Table 3-6) and poured between the 

assembled glass plates.  The polyacrylamide resolving portion was poured to fill about ¾ 

of the available space, leaving the top ¼ for the stacking gel.  An overlay of 75% ethanol 

was carefully added to the top of the resolving gel and the gel was allowed to polymerize 

at room temperature for 45-60 min. 

 

 

Table 3-6. Recipe for polyacrylamide resolving gels 

Concentration (%) 10 

Thickness (mm) 0.75 

30% acrylamide-0.8% bis-acrylamide (ml) 5.0 

4X Tris/SDS, pH8.8 (ml) 3.75 

H2O 6.25 

10% ammonium persulfate (ml) 0.05 

TEMED (ml) 0.01 
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Table 3-7 Recipe for polyacrylamide stacking gels 

Ingredients Volume 

30% acrylamide-0.8% bis-acrylamide (ml) 1.3 

4X Tris/SDS, pH6.8 (ml) 2.5 

H2O 6.2 

10% ammonium persulfate (ml) 0.05 

TEMED (ml) 0.01 

 

 

After allowing the resolving gel to polymerize, the ethanol overlay was removed.  

The stacking gel solution was prepared and poured on top of the resolving gel (Table 3-

7).  A sample comb was immediately inserted into the stacking gel and the gel was 

allowed to polymerize for an additional 45-60 min.  After the gel polymerized, the comb 

was removed and the wells were washed with protein running buffer (25 mM Tris-Cl, 

192 mM Glycine, 0.1% SDS, pH 8.3 without adjustment). 

 While the gel was polymerizing the samples were prepared.  Generally, 40 µg of 

total cell protein was loaded into each well.  The total volume of the samples was diluted 

to 18 µl with ddH2O, 3 µl of 6X sample buffer (100 mM Tris-Cl, pH 6.8, 20% glycerol, 

2% SDS, 2% 2-mercapoethanol, 0.02% Bromophenol blue, stored at -20ºC) was added 

and mixed well.  The samples were then boiled for 5 min to denature the proteins.  The 

samples were loaded into each well.  Prestained molecular weight marker (Bio-Rad) was 

loaded in the 1st lane, and the samples were loaded in the subsequent lanes. 
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 The protein separation was carried out by electrophoresis at 100 V/30mA for 

about 1 hr in 1x protein running buffer (25 mM Tris-Cl, 192 mM glycine, 0.1%SDS, pH 

8.3 without adjustment).  When the dye front was near the bottom of the gel, the current 

was stopped, and the gel box disassembled.  The stacking gel was removed and the 

resolving portion was transferred off the plate into transfer buffer.  The gel was soaked in 

transfer buffer (see below) for about 10 min. 

Transfering the Protein onto the Membrane 

 A piece of PVDF membrane (Immobilon-Fl, Millipore) and four pieces of 

Whatman paper were cut to the same size as the resolving gel.  Gloves were worn when 

handling the PVDF membrane, as oils in the skin will ruin the membrane.  The PVDF 

membrane was pre-soaked in methanol for 5 min and then equilibrated in transfer buffer 

with methanol (25 mM Tris, 192 mM Glycine, 20% methanol, pH 8.3).  Transfer buffer 

was prepared without methanol and stored at 4ºC.  Right before use, methanol was added 

to complete the transfer buffer.  A portion of the completed transfer buffer was poured 

into the electrophoresis apparatus (Hoeffer Transphor) and placed at -20ºC for the length 

of the protein resolving step.  

 The blotting support was laid on the bench with the black (anode) portion closest 

to the user, and the clear (cathode) portion away from the user.  To each half 1 foam sheet 

and 2 pieces of Whatman paper were pre-wet in completed transfer buffer and placed in 

that order on top.  The PVDF membrane was placed on top of the Whatman paper 

(cathode side) and wetted with transfer buffer.  Next the membrane was placed on the 

PVDF membrane making sure that no bubbles were present between them.  The gel was 
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then covered with the 2 pre-wet sheets of Whatman paper (from the anode side).  A 

pipette was rolled over the stack to remove all the bubbles.  The remaining foam sheet 

and half support were placed on top and latched.  The entire stack was then lowered into 

the blotting chamber using, the grooves, with the cathode (clear) toward the red side of 

the chamber.  The lid was then secured, and the transfer was carried out at 100 volts for 1 

hr.  After transferring the stack was removed and disassembled.  The pre-stained 

molecular weight marker proteins should easily be seen transferred to the membrane. 

Last, the PVDF membrane was blocked in blocking buffer (Odyssey) for 1 hr at room 

temperature with gentle rocking or overnight at 4˚C. 

Western Blot Using Odyssey Detection 

The PVDF membrane was incubated with primary antibody in the Odyssey 

blocking buffer with 0.1% Tween-20 for 1hr on a rocker followed by 4× washes in 

washing buffer (PBS with 0.1% Tween-20) for 5 min each time with agitation on a 

rocker. We normally incubate the membrane with the mixture of two primary antibodies, 

the antibody to the protein of interest and the antibody to a loading control protein such 

as GAPDH.  Next the membrane was incubated with corresponding secondary antibodies 

against the primary antibodies in the Odyssey blocking buffer with 0.1% Tween-20 for 1 

hr at room temperature with moderate shaking without light. We use 1:10,000-1:20.000 

dilution of the two secondary antibodies.  The general rules for antibody selection 

include:  (1) the primary antibodies need to be from a different species and (2) the 

secondary antibodies should be raised in the same species (As an example, Donkey anti-

rabbit IRdye 800CW and Donkey anti-goat IRDye 680CW).  After the secondary 
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antibody incubation, the membrane was washed 3X in washing buffer (PBS with 0.1% 

Tween-20) for 5 min on a shaker, followed by 1X final wash in PBS for 5 min without 

light.  Finally, the membrane was laid on the Odyssey scanner screen with protein side 

down, and any bubbles underneath the membrane were removed by squeezing out the 

liquid using a roller.  Images were captured and quantitated using the Odyssey software.  

Antibodies used in this study are listed in Table 3-8.   

 

 

Table 3-8. Primary antibodies and dilutions 

Antibody Species Dilution Company and catalog number 

GAPDH Goat 1:2,000 Santa Cruz, sc-20357 

Oct-3/4 Rabbit 1:1,200 Santa Cruz, sc-9081 

PBX 1/2/3/4 Mouse 1:1,200 Santa Cruz, sc-28313 

ANTI-FLAG Mouse 1:1,000 Sigma, F1804 
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CHAPTER 4 

RESULTS 

 

Part I: Identification of PBX-Regulated Genes During Differentiation of 
P19 Cells 

PBX is Required for P19 cells to Differentiate to Endodermal and Neuronal Cells 
upon RA-Treatment 

PBX mRNA and protein levels increase in P19 cells following RA-treatment 

during both endodermal and neuronal differentiation (Qin et al 2004a).  The RA-

dependent increase in PBX protein levels is blocked by the expression of antisense RNA 

to PBX (AS2 and AS8 P19 cells) (Qin et al., 2004b).   Unlike empty vector P19 cells 

(both TO3 and TO9 cells), AS2 cells do not exhibit a loss in the expression of the 

pluripotency associated marker SSEA-1 upon treatment with RA in cells induced to 

differentiate to both endodermal (Figure 4-1 A) and neuronal cells (Figure 4-2 A).  In 

addition, AS2 cells do not gain expression of Troma-1 protein associated with RA-

induced endodermal differentiation (Figure 4-1 B) and Neurofilament-H protein 

associated with neuronal differentiation (Figure 4-2 B).  Similar results were also 

obtained with AS8 cells (data not shown).  Taken together, these data show that the RA-

dependent increase in PBX protein is necessary for P19 cells to differentiate to both 

endodermal and neuronal cells as previously reported by Qin et al. (2004b). 
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Figure 4-1. RA-induces differentiation of TO3 cells but not AS2 cells to endodermal 
cells.   1x105 TO3 cells or AS2 cells were plated as a monolayer in 100 mm tissue culture 
dishes containing coverslips in complete DMEM.  Cells were treated with either 10-7M 
RA or ETOH for a total of four days.  After four days the medium was changed to fresh 
complete DMEM for an additional three days.  Cells were then probed by 
immunofluorescence for SSEA-1 (Panel A) and Troma-1 (Panel B), markers for 
undifferentiated and endodermal cells, respectively.  DAPI was included as a nuclear 
stain.  Scale bar equals 20μm. 
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Figure 4-2. RA-induces differentiation of TO3 cells but not AS2 cells to neuronal 
cells.  9x105 TO3 cells or AS2 cells were plated as aggregates in 100 mm tissue culture 
dishes containing a 1X agar/DMEM base in 9 ml complete DMEM.  The aggregates were 
then treated with either 10-7M RA or ETOH for a total of four days.  After four days the 
aggregates were collected and trypsinized.  The cells were then plated as a monolayer in 
100 mm tissue culture dishes containing coverslips in complete DMEM for an additional 
three days.  Cells were then probed by immunofluorescence for SSEA-1 (Panel A) and 
Neurofilament-H (Panel B), markers for undifferentiated and neuronal cells, respectively.  
DAPI was included as a nuclear stain.   Scale bar equals 20μm. 
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Microarray Analysis to Identify PBX-Regulated Genes During Endodermal and 
Neuronal Differentiation 

 To identify PBX-regulated genes during endodermal and neuronal differentiation, 

mRNA expression in AS2 cells compared to that in TO3 cells was examined by 

microarray analysis.  RNA was isolated from AS2 and TO3 cells after three days of either 

ethanol or RA-treatment in cells induced to differentiate to both endodermal and neuronal 

cells.  The expression level of a total of 32,000 genes was determined.  A 2X2 factorial 

design was used for the identification of PBX-regulated genes during endodermal and 

neuronal differentiation.  Each microarray analysis was performed in duplicate with dye 

swap replications (Cy3 and Cy5) to reduce systematic bias.  The entire microarray 

analysis including dye swap replications was repeated twice using independently isolated 

RNA samples.  We chose to focus only on genes whose expression was the same with 

ethanol-treatment in both AS2 and TO3 cells.  In addition, we further narrowed the list to 

those genes that displayed a fold increase/decrease of at least two in TO3 but not AS2 

cells, and had a P-value of <0.001.  Using these criteria we found that 155 and 288 genes 

were differentially expressed during endodermal and neuronal differentiation, 

respectively. 

Next, we chose to validate the differential expression of a select group of genes 

with known functions that were identified in the microarray analysis.  RT-qPCR was 

performed to determine the relative mRNA level from these genes in AS2 and TO3 cells 

treated with RA or ETOH as monolayer (endodermal) or aggregates (neuronal) for three 

days.  The pattern of expression of these genes fell into four separate categories.  Genes 

with reduced expression during RA-dependent differentiation of TO3 cells but not AS2 
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cells to both neuronal and endodermal cells are listed in Table 4-1.  Genes with induced 

expression during RA-dependent differentiation of TO3 cells but not AS2 cells to both 

neuronal and endodermal cells (Table 4-2).  The last two categories were the genes with 

induced expression during RA-dependent differentiation of TO3 cells but not AS2 cells 

to only neuronal (Table 4-3) or only endodermal (Table 4-4) cells. 

 

 

Table 4-1.  Genes with reduced expression during RA-dependent differentiation of 
TO3 cells but not AS2 cells to both neuronal and endodermal cells* 

Gene Accession #     Neuronal      
TO3             AS2 

       Endodermal          
 TO3              AS2 

Oct-4 NM_013633 -250 -1.1 -10000 4 

DAX-1 NM_007430 -500 39 -5 3.2 

Pim2 NM_145737 -25 -1.1 -25 0.6 

Etv5 NM_023794 -10 1.5 -2 1 

Npy NM_023456 -10 1.4 -10 3.6 

Gdf3 NM_008108 -5.5 -1.3 -5 1.1 

Hip1r NM_145070 -5 1 -2 1 

SF-1 NM_004959.4 -5 1.5 -5000 4 

Atp1b1 NM_033851 -5 -1.25 -2 1.2 

Cdh59a NM_007652 -5 -1.25 -2 1.1 

Pmm1 NM_013872 -3 1 -12.5 -1.1 

*Values represent the fold change in normalized mRNA levels with RA-treatment 
compared to ethanol after three days  
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Table 4-2 Genes with induced expression during RA-dependent differentiation of 
TO3 cells but not AS2 cells to both neuronal and endodermal cells* 

Gene Accession #           Neuronal      
 TO3              AS2 

       Endodermal        
  TO3              AS2 

COUP-TFI   NM_010151  680 2.1 18 2.4 

COUP-TFII  NM_009697  301 -1.7 70 1 

Cdh5 NM_009868 121 -2 5 1.8 

Zfp36l1 NM_007564 24 -1.7 25 -3 

Igfbp5 NM_010518 21 1.1 63 1.3 

Cdh11 NM_009866 15 -2 31 11.6 

N-cad NM_007664 11.4 2.1 8.7 1.4 

Boc  NM_172506 8.9 1.6 13 3 

Gli3 NM_008130 8.5 1.4 9.8 2.1 

Notch1 NM_008714 8 -1.4 19 -2.5 

Fabp7 NM_021272 6.8 -1.4 4.2 -1.6 

Fzd8 NM_008058 6 -1.6 9.5 1.7 

Ets-1 NM_011808  5.8 -2 30.5 1.7 

Fbn2 NM_010181 5.1 1 22.7 1.2 

Ramp2 NM_0l9444 3.7 -2 8.4 -1.1 

Eno3 NM_007933 3.5 -1.1 4.3 1.8 

Dazap2 NM_011873 3.4 -1.7 5.4 1.3 

Vezf1 BC024610 3 -1.3 6.4 2.8 

Khdrbs3 NM_010158 3 1 3.8 1.3 

Ets-2 NM_011809  1.9 -1.1 4.6 2.5 

Hoxd3 NM_010468 1.9 -1.3 2 -1.7 

Lgals8 NM_018886 1.9 -1.1 5.2 1 

Plcg1 X95346 1.5 -1.4 2.8 1.2 

*Values represent the fold change in normalized mRNA levels with RA-treatment 
compared to ethanol after three days  
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Table 4-3 Genes with induced expression during RA-dependent differentiation of 
TO3 cells but not AS2 cells to neuronal cells* 

Gene Accession #           Neuronal      
TO3              AS2 

     Endodermal          
 TO3              AS2 

Pax3   NM_008781 2857 24 24 14 

Pax6  NM_013627 537 5.1 4 1.9 

Cbfa2t3h NM_009824 495 2.5 16 0.4 

Msx3 NM_010836 116 1.2 -5 -2 

Irx5 BC051959 36 1.9 3.5 1.5 

*Values represent the fold change in normalized mRNA levels with RA-treatment 
compared to ethanol after three days  
 

 

Table 4-4 Genes with induced expression during RA-dependent differentiation of 
TO3 cells but not AS2 cells to endodermal cells* 

Gene Accession #           Neuronal      
TO3                  AS2 

       Endodermal       
 TO3              AS2 

Sox7   NM_011446 9 1.7 38 1 

Kit1 NM_013598 5.4 2.5 27.6 1.5 

Timp3 NM_011595 -2 -2 10.6 4.8 

*Values represent the fold change in normalized mRNA levels with RA-treatment 
compared to ethanol after three days 
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Time Course Analysis of the Expression of Selected PBX-Regulated Genes During 
RA-Induced Commitment to Neuronal and Endodermal Cells 

Once we identified genes which were differentially expressed upon RA-treatment 

in the AS2 cells compared to that of the TO3 cells, we next determined if there was a 

pattern to their expression.  What was striking was that several genes involved in the 

maintenance of pluripotency were not down-regulated with RA-treatment in the AS2 

cells.  In particular DAX-1, SF-1 and Oct-4 mRNA levels were not reduced in AS2 cells 

upon RA-treatment in cells induced to differentiate along either the endodermal or 

neuronal pathways.  In addition the mRNA levels of a number of differentiation 

associated genes including COUP-TFI, COUP-TFII, Ets-1, and Ets-2 were not induced in 

AS2 cells upon RA-dependent differentiation along both the endodermal and neuronal 

pathways.  A time course experiment was performed to better understand the timing of 

the reduction in the expression of these pluripotency mRNA levels and also the induction 

in the differentiation associated mRNAs.  Therefore, we analyzed the mRNA levels of 

these selected genes every 24 hr for a total of three days. 

During both endodermal (Figure 4-3 A) and neuronal differentiation (Figure 4-4 

A), the mRNA levels of the pluripotency genes started to decrease upon RA-treatment of 

TO3 cells for one day.  The mRNA levels of Oct-4, SF-1, and DAX-1 in RA-treated TO3 

cells induced to differentiate reached their lowest levels following two days during 

endodermal differentiation and continued to be reduced after three days during neuronal 

differentiation.   In contrast, in the RA-treated AS2 cells the mRNA levels of SF-1 and 

Oct-4 remained similar to the mRNA levels of the ethanol treated cells during both 

endodermal and neuronal differentiation.  Surprisingly, DAX-1 mRNA levels increased 
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upon RA-treatment of AS2 cells during both endodermal and neuronal differentiation.  

These data indicate that loss of expression of these pluripotency genes requires PBX 

expression and this loss is important for the RA-induced commitment to differentiate to 

either endodermal or neuronal cells.  In addition, the increased mRNA level of DAX-1 in 

AS2 cells treated with RA could be responsible at least in part for the inability of AS2 

cells to differentiate to endodermal and neuronal cells. 

During both endodermal (Figure 4-3 B) and neuronal (Figure 4-4 B) 

differentiation, the mRNA levels of the differentiation-associated genes started to 

increase between one and two days of RA-treatment in TO3 cells.  COUP-TFI, COUP-

TFII, Ets-1 and Ets-2 mRNA reached their highest level of expression after three days of 

RA-treatment in TO3 cells during both endodermal and neuronal differentiation.  In 

contrast, in the RA-treated AS2 cells the mRNA levels of COUP-TFII and Ets-1 

remained similar to the mRNA levels of the ethanol treated cells during both endodermal 

and neuronal differentiation.  However, RA-treatment of AS2 cells resulted in different 

patterns of COUP-TFI and Ets-2 expression depending on the differentiation pathway.  

The COUP-TFI mRNA levels in AS2 cells remained unchanged with RA-treatment 

during neuronal differentiation, but increased during endodermal differentiation, 

plateauing on day two at a level approximately three-fold lower then that seen in RA-

treated TO3 cells.  In addition, RA-treatment of AS2 cells did not increase Ets-2 mRNA 

levels during endodermal differentiation, but both ethanol and RA-treatment resulted in 

an increase in Ets-2 mRNA levels during neuronal differentiation.   

A comparison of the timing of the reduction in the expression of the pluripotency 

genes to the induction in the expression of the differentiation associated genes suggests 
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that the pluripotency genes are reduced before the increase in the differentiation-

associated genes.  Additionally, the inability of AS2 cells to gain expression of the 

differentiation-associated genes upon RA-treatment could at least in part be responsible 

for the inability of AS2 cells to differentiate to either endodermal or neuronal cells.   

Taken together, these data indicate that the regulation of Oct-4, SF-1, DAX-1, COUP-

TFI, COUP-TFII, Ets-1, and Ets-2 is either directly or indirectly regulated by PBX since 

they exhibit a different pattern of expression in AS2 cells compared to TO3 cells upon 

RA-treatment.  Based on the timing of the reduction of the pluripotency genes and the 

induction of the differentiation-associated genes, we chose to perform all subsequent 

analysis of gene expression during RA-dependent differentiation after three days of 

treatment. 
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Figure 4-3. PBX expression is required for the reduction in pluripotency-specific 
genes mRNA levels and the induction of differentiation associated genes mRNA 
levels during RA-dependent endodermal differentiation.  1x105 TO3 or AS2 cells 
were plated in monolayer on 100 mm tissue culture dishes containing complete DMEM. 
After 4 hr the cells were treated with 10-7M RA or ETOH.  On the indicated days total 
RNA was isolated and RT-qPCR was performed using primers specific to (A) 
pluripotency specific genes (Oct-4, SF-1 and DAX-1) and (B) differentiation associated 
genes (COUP-TFI, COUP-TFII, Ets-1 and Ets-2).  For each sample, the mRNA level of 
interest was normalized using the corresponding GAPDH mRNA level.  The Day 0 value 
was set to 1 for each gene.  ♦ - TO3 cells treated with ETOH; ◊- TO3 cells treated with 
RA; ■- - AS2 cells treated with ETOH; □- - AS2 cells treated with RA.  Values are Mean 
+/- SD of triplicate samples. 
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Figure 4-4. PBX expression is required for the reduction in pluripotency specific 
genes mRNA levels and the induction of differentiation associated genes mRNA 
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levels during RA-dependent neuronal differentiation.   TO3 or AS2 cells were plated 
at 9x105 cells per 9 ml complete DMEM in 100 mm tissue culture dishes containing a 1X 
agar/DMEM base to form aggregates.  After 4 hr the aggregates were treated with either 
10-7M RA or ETOH.  On the indicated days total RNA was isolated and RT-qPCR was 
performed using primers specific to (A) pluripotency specific genes (Oct-4, SF-1 and 
DAX-1) and (B) differentiation associated genes (COUP-TFI, COUP-TFII, Ets-1 and 
Ets-2).  For each sample, the mRNA level of interest was normalized using the 
corresponding GAPDH mRNA level.  The Day 0 value was set to 1 for each gene.  ♦ - 
TO3 cells treated with ETOH; ◊- TO3 cells treated with RA; ■- - AS2 cells treated with 
ETOH; □- - AS2 cells treated with RA.  Values are Mean +/- SD of triplicate samples. 

 

 
To confirm that these changes in mRNA levels resulted in changes in their 

respective protein levels, we examined the effect of RA-treatment on the level of protein 

expression of the identified genes in both AS2 and TO3 cells during endodermal and 

neuronal differentiation.  Unfortunately, the protein levels of DAX-1, SF-1, COUP-TFI, 

COUP-TFII, Ets-1 and Ets-2 were below the limit of detection by Western Blot using the 

commercially available antibodies.  However, we were able to detect both PBX 1/2/3/4 

and Oct-4 proteins.  As previously reported by Qin et al. (2004b) PBX 1/2/3 protein 

levels were dramatically increased in TO3 cells compared to a substantially lower level 

of increase in the AS2 cells during RA-induced differentiation of cells in both pathways 

(Figures 4-5 A and B).  Consistent with its mRNA levels, the level of Oct-4 protein was 

reduced to an undetectable level in TO3 cells after three days of RA-treatment, whereas 

AS2 cells still retained Oct-4 protein expression during both endodermal (Figure 4-5 A) 

and neuronal (Figure 4-5 B) differentiation.  Taken together, these results indicate that 

both PBX 1/2/3/4 protein and Oct-4 protein levels follow the same trend as their mRNA 

levels in both AS2 and TO3 cells during the early differentiation commitment steps 
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associated with the endodermal and neuronal pathways.  This result further suggests that 

Oct-4 expression is either directly or indirectly regulated by PBX. 

 

 

 

 
Figure 4-5. PBX 1/2/3/4 and Oct-4 protein expression in AS2 and TO3 cells induced 
to differentiate to endodermal and neuronal cells by RA.  For endodermal 
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differentiation (A), TO3 cells and AS2 cells were plated as monolayers at a concentration 
of 1x105 cells/100 mm tissue culture dish in complete DMEM.   Neuronal differentiation 
(B) was performed by plating both AS2 and TO3 cells as aggregates on 1X agar/DMEM 
coated 100 mm tissue culture dishes in complete DMEM at a concentration of 9x105 cells 
in 9 ml.  In both treatment groups, the cells were treated with either 10-7M RA or ETOH 
for a total of three days.  Whole cell protein extracts were prepared from actively growing 
cells on Day 0 (D0) and after three days treatment with either ethanol (E3) or RA (R3).  
The Western Blot was performed using PBX 1/2/3/4, Oct-4 and GAPDH primary 
antibodies, and either IR Dye 800CW (PBX) or IR Dye 680CW (Oct-4, GAPDH).  Grey 
scale images are shown.  Values were quantified using Odyssey software and normalized 
to GAPDH.  The TO3 D0 level was set to 1 for each protein. 
 

 

Part II: Establishment of an Inducible Gene Expression System 

Creation of Tet-Off Transactivator Expressing TTO Cell Lines 

 We chose to utilize the Advanced Tet-Off Expression System by Clontech to 

inducibly express genes regulated by PBX in P19 cells.  This system requires the 

preparation of a P19 cell line expressing the Tet-Off transactivator protein followed by 

stable transfection of the gene of interest cloned into the pTRE-TIGHT inducible vector.   

The advantage of using the Tet-Off system is that expression of the exogenous gene will 

only occur upon Dox removal.  This allows the study of genes which could otherwise be 

toxic or cause the cells to differentiate.     

Using the calcium phosphate transfection method pTet-Off-Advanced DNA was 

transfected into TO9 cells.  After two weeks of selection on G418, 24 clones were 

isolated and plated into separate wells of a 24-well plate and the cells were allowed to 

grow to confluence.  Eight clones were chosen to assay for their ability to inducibly 

express luciferase upon Dox removal by transiently transfecting each with pTRE-Tight-
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Luc DNA.  Each of the eight clones expressed luciferase upon Dox removal (Figure 4-6 

A.) demonstrating that each of these cell lines express the Tet-Off transactivator protein.  

Four clones were chosen to further examine the mRNA levels of the pluripotency gene 

Oct-4.  Each of the four clones exhibited a similar level of Oct-4 mRNA as that observed 

in wild type P19 cells (Figure 4-6 B).  Since the four clones displayed inducible 

expression of luciferase and expressed similar Oct-4 mRNA levels, we chose to use the 

clone TTO7 (TO9 Tet-Off clone 7) as the inducible parent line. 
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Figure 4-6. TTO clones both express the Tet-Off transactivator protein and express 
similar levels of Oct-4 mRNA.   (A) Each TTO clone was plated in duplicate in a 24 
well dish at a concentration of 5x104 cells/well.  One well contained complete DMEM 
with 100ng/ml Dox and the other well contained complete DMEM without Dox. After 4 
hr the media were changed to fresh 0 or 100ng/ml Dox media.  The next day the cells 
were transfected with 1µg pTRE-Tight-Luc DNA and 50ng pTK-RL DNA.  After an 
additional 24 hr, the cells were lysed and the dual luciferase assay was performed.  For 
each sample, the firefly luciferase activity was normalized with the corresponding renilla 
luciferase activity and the normalized firefly luciferase activity for each clone in the 
presence of 100ng/ml Dox (Dox) was set to 1.  (B) Each of the TTO clones and P19 cells 
were grown to confluence in a 24-well dish in complete DMEM with 100ng/ml Dox.  
Total RNA was isolated and RT-qPCR analysis was performed using primers specific to 
the pluripotency gene Oct-4.  For each sample, the Oct-4 mRNA level was normalized 
using the corresponding GAPDH mRNA level.   The normalized Oct-4 mRNA level in 
P19 cells was set to 1.  Each sample was analyzed in triplicate and the average value +/- 
SD is shown.  
 

 

TTO7 Cells Retain the Ability to Differentiate to Endodermal and Neuronal Cells 
Following RA-Treatment 

To characterize the TTO7 cells we first examined if they retained the ability to 

commit to differentiation to endodermal and neuronal cells upon RA-treatment.  We 

found that TTO7 cells displayed a reduction in the mRNA level of three pluripotency 

genes (Oct-4, SF-1, and DAX-1) upon treatment with RA in cells induced to differentiate 
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to both endodermal and neuronal cells (Figure 4-7 A).  In addition, there was an increase 

in the mRNA level of several differentiation-associated genes including COUP TFI, 

COUP-TFII, Ets-1 and Ets-2 associated with RA-induced endodermal differentiation 

(Figure 4-7 B), along with PAX-6-all and Pax6-5A associated with RA-induced neuronal 

differentiation.   

Furthermore, TTO7 cells exhibited a loss of expression of two pluripotency 

associated proteins, Oct-4 and SSEA-1, upon treatment with RA in cells induced to 

differentiate to both endodermal (Figure 4-8) and neuronal cells (Figure 4-9).  RA-treated 

TTO7 cells also displayed an increase in the protein level of the differentiation specific 

genes Troma-1 associated with endodermal differentiation (Figure 4-8) and Tuj1 

associated with neuronal differentiation (Figure 4-9).  Taken together, these data 

demonstrate that TTO7 cells are indistinguishable from TO3 cells and are therefore an 

appropriate cell line to examine the effects of overexpressing any of the identified PBX-

regulated genes during RA-induced differentiation to endodermal and neuronal cells.   
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Figure 4-7. TTO7 cells are able to commit to differentiate to endodermal and 
neuronal cells upon RA-treatment.   TTO7 cells were plated at a concentration of 
1x105cells/100 mm tissue culture dish as a monolayer with complete DMEM containing 
100ng/ml Dox for endodermal differentiation (Endo) or plated at a concentration of 9x105 

cells/9 ml complete DMEM containing 100ng/ml Dox in 100mm dished containing a 1X 
Agar/DMEM base for neuronal differentiation (Neuro). After 4 hr the cells were treated 
with 10-7M RA (R3) or ETOH (E3) for a total of three days.  After three days total RNA 
was isolated and RT-qPCR analysis was performed using primers specific to (A) 
pluripotency specific genes (SF-1, DAX-1, and Oct-4) (B) differentiation associated 
genes (COUP-TFI, COUP-TFII, Ets-1 and Ets-2) and the neuronal differentiation specific 
genes PAX6-all and PAX6-5A.  For each gene, the mRNA levels were normalized using 
the corresponding GAPDH mRNA level.  The Day 0 (D0) value of each gene were set to 
1.  Values are Mean +/- SD of triplicate samples. 
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Figure 4-8.  TTO7 cells terminally differentiate to endodermal cells upon RA-
treatment.  TTO7 cells were plated at a concentration of 1x105 cells/100 mm tissue 
culture dish in monolayer in complete DMEM containing 100ng/ml Dox.  After 4 hr the 
cells were treated with 10-7M RA or ETOH for a total of four days.  After four days the 
medium was changed to fresh 100ng/ml Dox containing medium for an additional three 
days.  Cells were then probed by immunofluorescence for SSEA-1 (Panel A), Oct-4 
(Panels A, B), and Troma-1 (Panel B) expression.  SSEA-1 and Oct-4 are markers for 
undifferentiated cells and Troma-1 is a marker for endodermal cells.  DAPI was included 
as a nuclear stain.   Scale bar equals 20μm. 
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Figure 4-9. TTO7 cells terminally differentiate to neuronal cells upon RA-treatment.  
TTO cells were plated at 9x105 cells in 100 mm tissue culture dishes containing a 1X 
agar/DMEM base in 9 ml of complete DMEM containing 100ng/ml Dox to form 
aggregates.  After 4 hr the aggregates were then treated with either 10-7M RA or ETOH 
for a total of four days.  Next, the aggregates were collected and trypsinized.  The cells 
were then plated as a monolayer in 100 mm tissue culture dishes containing coverslips 
and 100ng/ml Dox containing medium for an additional three days.  Cells were then 
probed by immunofluorescence for SSEA-1 (Panel A), Oct-4 (Panels A, B), and Tuj1 
(Panel B) expression.  SSEA-1 and Oct-4 are markers for undifferentiated cells and Tuj1 
is a marker for neuronal cells.  DAPI was included as a nuclear stain.   Scale bar equals 
20μm. 
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Part III:   Role of DAX-1 During RA-Induced Differentiation of P19 
Cells to Endodermal and Neuronal Cells 

Creation of Tet-Off Inducible FLAG-DAX-1 Cell Lines 

We previously determined that DAX-1 mRNA levels decreased during RA-

treatment of TO3 cells during both endodermal (Figure 4-3) and neuronal (Figure 4-4) 

differentiation; however, DAX-1 levels were elevated in AS2 cells following RA-

treatment during the three day time course.  These data suggest that DAX-1 may be an 

important regulator of the loss of pluripotency gene expression and gain of differentiation 

gene expression in P19 cells. 

To study the effects of DAX-1 overexpression during RA-dependent 

differentiation of P19 cells, we first created an inducible FLAG-DAX-1 mammalian 

expression vector.  The full length coding sequences of mouse DAX-1 cDNA, with an N-

terminal FLAG tag, was obtained by RT-PCR using RNA isolated from P19 cells and 

cloned into the pTRE-TIGHT vector (pTRE-FLAG-DAX-1).  To confirm that FLAG-

DAX-1 could be expressed in TTO7 cells and to determine its cellular localization pTRE-

FLAG-DAX-1 DNA was transfected into TTO7 cells in the absence of Dox.  Expression 

and localization of FLAG-DAX-1 protein was determined by immunofluorescence 

(Figure 4-10).  FLAG-DAX-1 was found to be localized mostly in the nucleus with a 

small amount in the cytoplasm as previously reported by Holter et al., 2002. 
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Figure 4-10. Cellular localization of FLAG-DAX-1.   4x105 TTO7 cells were plated on 
coverslips in a single well of a 6-well plate in Dox free medium.  After 4 hr the medium 
was removed and fresh Dox free medium added to each well.  Twenty-four hr later cells 
were transfected with pTRE-FLAG-DAX-1 DNA.  The next day cells were fixed and 
probed for FLAG-DAX-1 expression by immunofluorescence using an antibody to the 
FLAG tag.  DAPI was included as a nuclear stain.   Scale bar equals 20μm. 

 

 

Next, stable cell clones that inducibly express FLAG-DAX-1 were prepared by 

co-transfecting TTO7 cells with pTRE-FLAG-DAX-1 DNA and linear hygromycin 

DNA.  After two weeks of selection with hygromycin, 67 isolated colonies were selected 

and expanded.  Twelve of these clones were found, by ICW, to inducibly express FLAG-

DAX-1 upon removal of Dox.  Of these initial twelve clones, seven were found to 

express FLAG-DAX-1 by immunofluorescence.  To determine the relative protein levels 

of FLAG-DAX-1, cells from each of the seven clones were plated in 0 or 100ng/ml Dox 

for 24 hr, whole cells lysates were prepared and the protein level of FLAG-DAX-1 was 

determined by Western Blot analysis (Figure 4-11 A and B).  TTD28 (TO3 Tet-Off 

DAX-1 clone 28) exhibited the highest level of FLAG-DAX-1 protein, with a three-fold 

higher expression than the other six clones.  In addition to determining the relative 
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protein levels of FLAG-DAX-1, we also determined if overexpressing FLAG-DAX-1 

affected Oct-4 protein levels (Figure 4-11 C).  In contrast to the report of Sun et al. 

(2009), using embryonic stem cells, FLAG-DAX-1 overexpression for 24 hr in P19 cells 

had no significant effect on Oct-4 protein levels. 

 

 

 

Figure 4-11. Relative FLAG-DAX-1 and Oct-4 protein level in TTD clones.   3x105 

cells/100 mm tissue culture dish of each of the indicated TTD clones were plated in either 
0 (No Dox) or 100ng/ml Dox (Dox) containing medium for 4 hr.  After 4 hr the media 
were changed to either fresh 100ng/ml Dox or No Dox medium.  Twenty-four hr later, 
whole cell protein lysates were prepared and Western blot analysis was performed using 
primary antibodies specific for FLAG, Oct-4 and GAPDH.  Secondary antibodies used 
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were either IRDye 800CW (FLAG) or IRDye 680CW (Oct-4 and GAPDH).  Grey scale 
image of the Western Blot (A).  Densitometry was performed to quantitate FLAG-DAX-
1 (B) and Oct-4 (C) protein levels utilizing the Odyssey software, and the value of each 
band was normalized using its GAPDH protein level. The TTD19 No Dox value was set 
to 1 for DAX-1 protein level and the TTD19 100ng/ml Dox (Dox) value was set to 1 for 
Oct-4 protein levels. 
 

 

To insure that all cells in each clone were expressing FLAG-DAX-1 protein, 

immunofluorescence was performed using two representative clones, TTD28 and TTD92 

(Figure 4-12).  TTD28 was chosen because it contained the highest level of FLAG-DAX-

1 protein and TTD92 was chosen because it exhibited a level of FLAG-DAX-1 protein 

similar to the remaining five clones.  Both clones contained FLAG-DAX-1 protein 

principally in the nucleus with a low level of protein in the cytoplasm, as previously seen 

with transiently transfected TTO cells (Holter et al., 2002).  In addition, FLAG-DAX-1 

protein was detected in greater than 90% of the cells for both the TTD28 and the TTD92 

cell clones.  We chose these two clones to determine if overexpression of FLAG-DAX-1 

protein affects the ability of P19 cells to differentiate to either endodermal or neuronal 

cells upon RA-treatment. 
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Figure 4-12. Inducible expression of FLAG-DAX-1 protein in TTD28 and TTD92 
cells.  TTD28 and TTD92 cells were plated on coverslips at a concentration of 1x105 
cells per well in a 6-well plate in complete DMEM containing either 0 (No Dox) or 
100ng/ml Dox.  After 4 hr the media were removed and either fresh 0 or 100ng/ml Dox-
containing media were added.  Fourty-eight hr later, cells were fixed and probed for 
FLAG-DAX-1 expression by immunofluorescence using an antibody to the FLAG tag.  
DAPI was included as a nuclear stain.   Scale bar equals 20μm. 
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Overexpression of FLAG-DAX-1 in P19 Cells Does Not Block the RA-Induced 
Commitment to Differentiate to Endodermal and Neuronal Cells 

To examine the effect of FLAG-DAX-1 overexpression we used both TTD28 and 

TTD92 cells grown in the presence of 0 and 100ng/ml Dox.  Cells were grown as 

monolayers or aggregates and treated with either ethanol or RA.  Using these treatment 

groups we examined the effect of FLAG-DAX-1 overexpression without concern of 

clonal effects, because the 100ng/ml Dox-treated cells served as a positive control for 

both the RA and ethanol-treated cells.  Similar results were obtained with both TTD28 

and TTD92 cells, therefore, results only for TTD28 are shown. 

Surprisingly, we found that FLAG-DAX-1 overexpression did not block the loss 

in mRNA levels of two pluripotency genes, Oct-4 and SF-1, upon treatment with RA in 

cells induced to differentiate to both endodermal (Figure 4-13) and neuronal (Figure 4-

14) cells.  In addition, FLAG-DAX-1 overexpression did not alter the fold increase in 

mRNA level of COUP-TFI associated with RA-induced endodermal (Figure 4-13) and 

neuronal (Figure 4-14) differntiation.  While FLAG-DAX-1 overexpression did not affect 

the level of increase of COUP-TFII mRNA with RA-treatment during neuronal 

differentiation, FLAG-DAX-1 overexpression increased COUP-TFII mRNA levels to a 

level about four-fold less than that of the 100ng/ml Dox treated cells during endodermal 

differentiation.  Additionally, FLAG-DAX-1 overexpression with RA-treatment 

increased the PAX6-all mRNA levels to a level about 2.5-fold higher than that of the 

100ng/ml Dox treated cells during neuronal differentiation.  Taken together, these results 

indicate that FLAG-DAX-1 overexpression in P19 cells induced to differentiate to 



 133 
 
 

endodermal and neuronal cells by RA does not block the early differentiation 

commitment steps. 

 

 

 
 
 Figure 4-13. Effect of FLAG-DAX-1 overexpression on the mRNA level of select 
pluripotency and differentiation-associated genes in P19 cells induced to 
differentiate to endodermal cells.  TTD28 cells were plated at 3x105 cells per 100 mm 
tissue culture dish with complete DMEM containing 0 (No Dox) or 100ng/ml Dox for 24 
hr.  The next day cells were trypsinized and replated at 3x105 cells per 100 mm tissue 
culture dish in either 0 or 100ng/ml Dox media.  After 4 hr the media were changed to 
fresh 0 or 100ng/ml Dox media (D0) and the cells treated with 10-7M RA (R3) or ETOH 
(E3) for a total of three days.  After three days total RNA was isolated and RT-qPCR was 
performed using primers specific to pluripotency specific genes, SF-1 and Oct-4, and 
differentiation associated genes, COUP-TFI and COUP-TFII.  For each gene, the mRNA 
levels were normalized using the corresponding GAPDH mRNA level.  The Day 0 (D0) 
100ng/ml Dox treated sample of each gene was set to 1.  Values are Mean +/- SD of 
triplicate samples. 
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Figure 4-14. Effect of FLAG-DAX-1 overexpression on the mRNA level of select 
pluripotency and differentiation associated genes in P19 cells induced to 
differentiate to neuronal cells.  TTD28 cells were plated at 3x105 cells per 100 mm 
tissue culture dish with complete DMEM containing 0 (No Dox) or 100 ng/ml Dox for 24 
hr.  To form aggregates the next day the cells were trypsinized and 9x105 cells were 
plated in 100 mm tissue culture dishes containing a 1X agar/DMEM base in 9 ml of 
either 0 or 100ng/ml Dox media.  The aggregates were then treated with either 10-7M RA 
(R3) or ETOH (E3) for a total of three days.  After three days total RNA was isolated and 
RT-qPCR was performed using primers specific to pluripotency specific genes, SF-1 and 
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Oct-4, and differentiation associated genes, COUP-TFI, COUP-TFII and Pax6-all.  For 
each gene, the mRNA levels were normalized using the corresponding GAPDH mRNA 
level.  The Day 0 (D0) 100ng/ml Dox treated sample of each gene was set to 1.  Values 
are Mean +/- SD of triplicate samples. 
 
 

Overexpression of FLAG-DAX-1 in P19 Cells Does Not Block RA-Induced 
Differentiation to Endodermal and Neuronal Cells 

Although continued DAX-1 expression did not alter the expected pattern of 

expression of a select number of genes known to be involved in the commitment stage of 

RA-induced differentiation, there were small differences in the expression patterns of two 

of the differentiation specific genes; COUP-TFII and Pax6-all.  We next determined if 

continued DAX-1 expression would affect terminal RA-induced endodermal and 

neuronal differentiation.  Prior to plating on monolayer or as aggregates and RA-

treatment of cells, FLAG-DAX-1 expression was induced as described above.  Once 

again, similar results were obtained with both TTD28 and TTD92 cells so results for only 

TTD28 are shown. 

We found that FLAG-DAX-1 overexpression did not block the loss of protein 

expression of the pluripotency associated genes, Oct-4 and SSEA-1, upon treatment with 

RA in cells induced to differentiate to both endodermal (Figure 4-15 A and B) and 

neuronal cells (Figure 4-16 A and B).  In addition, FLAG-DAX-1 overexpression did not 

alter the increase in protein level of the differentiation specific genes Troma-1 associated 

with RA-induced endodermal differentiation (Figure 4-15 C) and Tuj1 associated with 

neuronal differentiation (Figure 4-16 C).  Taken together, these data show that FLAG-
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DAX-1 overexpression, in the presence of RA, does not prevent P19 cells from 

terminally differentiating into either endodermal cells or neuronal cells. 
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Figure 4-15. Expression of FLAG-DAX-1 in P19 cells does not affect the ability of 
RA to cause terminal endodermal differentiation.   TTD28 cells were plated at 3x105 
cells in monolayer on 100 mm tissue culture dishes with complete DMEM containing 0 
(No Dox) or 100ng/ml Dox for 24 hr.  The next day cells were trypsinized and replated at 
3x105 cells in monolayer on 100 mm tissue culture dishes containing coverslips with 
complete DMEM containing 0 or 100ng/ml Dox.  After 4 hr the medium was changed to 
either 0 or 100ng/ml Dox media and the cells treated with 10-7M RA or ETOH for a total 
of four days.  After four days the medium was changed to either 0 or 100ng/ml Dox 
media for an additional three days.  Cells were then probed by immunofluorescence for 
FLAG-DAX-1 (Panels A, B and C), SSEA-1 (Panel A), Oct-4 (Panel B), and Troma-1 
(Panel C) expression.  SSEA-1 and Oct-4 are markers for undifferentiated cells and 
Troma-1 is a marker for endodermal cells.  DAPI was included as a nuclear stain.   Scale 
bar equals 20μm. 
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Figure 4-16. Expression of FLAG-DAX-1 in P19 cells does not affect the ability of 
RA to cause terminal neuronal differentiation.  TTD28 cells were plated at 3x105 cells 
as a monolayer on 100 mm tissue culture dishes with complete DMEM containing 0 (No 
Dox) or 100ng/ml Dox for 24 hr.  The next day the cells were trypsinized and plated at 
9x105 cells in 100 mm tissue culture dishes containing a 1X agar/DMEM base with 9 ml 
complete DMEM containing 0 or 100 ng/ml Dox to form aggregates.  The aggregates 
were then treated with either 10-7M RA or ETOH for a total of four days.  After four days 
the aggregates were collected and trypsinized.  The cells were then plated as a monolayer 
in 100 mm tissue culture dishes containing coverslips and complete DMEM containing 0 
or 100ng/ml Dox for an additional three days.  Cells were then probed by 
immunofluorescence for FLAG-DAX-1 (Panels A, B and C), SSEA-1 (Panel A), Oct-4 
(Panel B), and Tuj1 (Panel C).  SSEA-1 and Oct-4 are markers for undifferentiated cells 
and Tuj1 is a marker for neuronal cells.  DAPI was included as a nuclear stain.  Scale bar 
equals 20μm. 
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Part IV: Role of SF-1 During RA-Induced Differentiation of P19 Cells 
to Endodermal and Neuronal Cells 

Creation of Tet-Off Inducible FLAG-SF-1 Cell Lines 

We previously determined that SF-1 mRNA levels decrease following treatment 

of TO3 cells with RA during both endodermal (Figure 4-3) and neuronal (Figure 4-4) 

differentiation.  On the other hand, SF-1 mRNA levels remained unchanged in AS2 cells 

following RA-treatment during the three day time course (Figures 4-3 and 4-4).  In 

addition, SF-1 has been suggested to be a positive regulator of the transcription of Oct-4, 

a critical gene involved in the maintenance of pluripotency (Gu et al., 2005; Mallanna et 

al., 2008).  Taken together these data suggest that SF-1 may be an important regulator of 

the expression of pluripotency genes and that preventing the RA-dependent loss of SF-1 

expression by overexpressing SF-1 may prevent the RA-dependent differentiation of P19 

cells. 

To study the effects of continued SF-1 expression during RA-dependent 

differentiation of P19 cells, we first created an inducible SF-1 mammalian expression 

vector.  The full length coding sequences of mouse SF-1 cDNA, with an N-terminal 

FLAG tag, were obtained by RT-PCR using RNA isolated from P19 cells and cloned into 

the pTRE-TIGHT vector (pTRE-FLAG-SF-1).   To confirm that FLAG-SF-1 could be 

expressed in TTO7 cells and to determine its cellular localization, pTRE-FLAG-SF-1 

DNA was transfected into TTO7 cells in the absence of Dox.  Expression and localization 

of FLAG-SF-1 were determined by immunofluorescence (Figure 4-17).  SF-1 was found 

to be localized in the nuclei of P19 cells as previously reported by Jin et al., 2009. 
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Figure 4-17. Cellular Localization of FLAG-SF-1.   4x105 TTO7 cells were plated on a 
coverslip in a single well of a 6-well plate with complete DMEM containing 0 ng/ml 
Dox.  After 4 hr the medium was removed and fresh Dox free media was added to each 
well.  Twenty-four hr later cells were transfected with pTRE-FLAG-SF-1 DNA.  The 
next day cells were fixed and probed for FLAG-SF-1 expression by immunofluorescence 
using an antibody to the FLAG tag.  DAPI was included as a nuclear stain.   Scale bar 
equals 20μm. 

 

 

Next, stable cell lines that inducibly express FLAG-SF-1 were prepared by co-

transfecting TTO7 cells with pTRE-FLAG-SF-1 DNA and linear hygromycin DNA.  

After two weeks of selection with hygromycin, 80 isolated colonies were selected and 

expanded.  Ten of these clones were found to express FLAG-SF-1 protien upon removal 

of Dox by In-Cell Western.  Of these initial ten clones, five were found to express FLAG-

SF-1 protein by immunofluorescence.  The relative expression level of FLAG-SF-1 

protein in each of the five clones was determined by Western blot analysis using whole 

cell lysates prepared from cells grown in the presence or absence of Dox for 24 hr (Figure 

4-18 A and B).  TTS21 (TO3 Tet-Off SF-1 clone 21) exhibited the highest level of 

FLAG-SF-1 protein level (2- to 7-fold higher expression than the other four clones), 

TTS17, 63 and 64 expressed a similar level and TTS52 expressed the lowest level of 
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FLAG-SF-1 protein.  In addition to determining the relative protein levels of FLAG-SF-

1, we also compared the protein levels of Oct-4 in each of the clones grown both in the 

presence and absence of FLAG-SF-1 expression for 24 hr (Figure 4-18 C).  Each of the 

individual clones displayed a similar level of Oct-4 protein both in the presence and 

absence of Dox for 24 hr. 

 

 

Figure 4-18. Relative FLAG-SF-1 and Oct-4 protein level in TTS clones.   3x105 

cells/100 mm tissue culture dish of each of the indicated TTS clones were plated in either 
0 (No Dox) or 100ng/ml Dox (Dox) containing media for 4 hr.  After 4 hr the media were 
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changed to fresh 0 or 100ng/ml Dox media.  Twenty-four hr later, whole cell protein 
lysates were prepared and Western blot analysis was performed using primary antibodies 
specific for FLAG, Oct-4 and GAPDH.  Secondary antibodies used were either IRDye 
800CW (FLAG) or IRDye 680CW (Oct-4 and GAPDH).  Grey scale image of the 
Western Blot (A).  Densitometry was performed to quantitate FLAG-SF-1 (B) and Oct-4 
(C) protein levels utilizing the Odyssey software, and the value of each band was 
normalized using its GAPDH protein level. The TTS17 No Dox value was set to 1 for 
FLAG-SF-1 protein levels and the TTS17 100ng/ml Dox value was set to 1 for Oct-4 
protein levels.   

 

 

To insure that all cells in each of the clones were expressing FLAG-SF-1 protein, 

immunofluorescence was performed using three representative clones, TTS52, TTS63 

and TTS64 (Figure 4-19).  TTS52, TTS63 and TTS64 were chosen as representative 

clones because they expressed FLAG-SF-1 at low, medium and high levels, respectively, 

as determined by Western Blot analysis (Figure 4-18).  FLAG-SF-1 protien was detected 

in nuclei of greater than 90% of the cells for each of the three cell clones. 
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Figure 4-19. Inducible expression of FLAG-SF-1 protein in TTS clones.  TTS52, 
TTS63 and TTS64 cells were plated on coverslips at a concentration of 1x105 cells per 
well in a 6-well plate with complete DMEM containing 0 (No Dox) or 100ng/ml Dox.  
After 4 hr the media were removed and fresh 0 or 100ng/ml Dox containing media were 
added.  Fourty-eight hr later, cells were fixed and probed for FLAG-SF-1 expression by 
immunofluorescence using an antibody to the FLAG tag.  DAPI was included as a 
nuclear stain.   Scale bar equals 20μm. 
 

 

TTS Cell Lacking FLAG-SF-1 Expression Differentiate Normally into Endodermal 
and Neuronal Cells 

After the initial characterization of the TTS cells, we next needed to ensure that 

they retained the ability to differentiate to both endodermal and neuronal cells upon RA-

treatment in the presence of 100ng/ml Dox (no FLAG-SF-1 expression).  We found that 
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each of the clones retained the ability to terminally differentiate upon RA-treatment into 

both endodermal (loss of SSEA-1 and Oct-4, gain of Troma-1) (Figure 4-26) and 

neuronal (loss of SSEA-1 and Oct-4, gain of Tuj-1) (Figure 4-29) cells in the presence of 

100ng/ml Dox.  Representative results for TTS52 are shown. 

The mRNA Levels of Primary Response Genes are Elevated Upon RA-Treatment of 
TTS Cells Expressing FLAG-SF-1 

We next determined if the RA-signaling cascade was still active in the TTS clones 

with and without FLAG-SF-1 overexpression.  We examined the mRNA levels of two 

primary response genes, RARβ2 and CYP26A1, which contain a well-characterized 

RARE in their promoter region. 

We found that upon RA-treatment, RARβ2 and CYP26A1 mRNA levels increased 

to a similar extent in both the 100ng/ml and No Dox treated cells (Figure 4-20).  These 

fold increases in RARβ2 and CYP26A1 mRNA levels were similar to those reported in 

wild type P19 cells (Qin et al., 2004b).  Unexpectedly, there was a higher basal level of 

RARβ2 and CYP26A1 mRNA in the ethanol-treated cells when FLAG-SF-1 was 

overexpressed; however, there was still a significant increase in both of these mRNA 

levels upon RA-treatment.  These data demonstrate that similar to wild type P19 cells, 

TTS cells with and without FLAG-SF-1 overexpression are capable of responding to RA 

by increasing the mRNA level of two early response genes. 
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Figure 4-20. TTS cells respond to RA-treatment.  TTS52 cells were plated at 3x105 
cells per 100 mm tissue culture dish with complete DMEM containing 0 (No Dox) or 
100ng/ml Dox for 24 hr.  The next day cells were trypsinized and replated at 3x105 cells 
per 100 mm tissue culture dish in 0 or 100ng/ml Dox media.  After 4 hr the media were 
changed to fresh 0 or 100ng/ml Dox media and the cells were treated with 10-7M RA or 
ETOH for 24 hr.   After 24 hr total RNA was isolated and RT-qPCR was performed using 
primers specific to RARβ2 and CYP26A1.  For each gene, the mRNA levels were 
normalized using the corresponding GAPDH mRNA level.  The 100ng/ml Dox ETOH-
treated samples were set to 1.  Values are Mean +/- SD of triplicate samples. 
 

 

Expression of a CYP17 Reporter is Regulated by SF-1 but not DAX-1 

 We next determined if the overexpression of FLAG-SF-1 and/or FLAG-DAX-1 in 

P19 cells regulated the transcription of CYP17, a known SF-1 target gene.  To perform 

this analysis, we utilized a CYP17 firefly luciferase reporter plasmid, a kind gift from Dr. 

Eric Ortland from Emory University, in which the CYP17 promoter drives the expression 

of the firefly luciferase gene.   TTS52 and TTD28 cells with (No Dox) and without 

(100ng/ml Dox) overexpression of FLAG-SF-1 or FLAG-DAX-1, respectively, were 

cotransfected with CYP17 firefly luciferase reporter plasmid DNA and tk-renilla 

luciferase plasmid DNA.  Twenty-four hr later firefly and Renilla luciferase activites 

were determined using the dual luciferase assay.  TTS52 cells expressing FLAG-SF-1 
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(No Dox) displayed a three-fold increase in firefly luciferase activity when compared to 

that of TTS52 cells that did not express FLAG-SF-1 (100ng/ml Dox) (Figure 4-21).  

Interestingly, overexpression of FLAG-DAX-1 had no effect on the luciferase activity in 

TTD28 cells, despite reports that DAX-1 is able to both antagonize and agonize SF-1 

transcriptional activity (Xu et al., 2009; Ito et al., 1997; Lalli et al., 1998; Zazopoulos, 

1997). 

 

 

 

Figure 4-21.  Overexpression of FLAG-SF-1 but not FLAG-DAX-1 activates the 
expression of CYP17 reporter luciferase activity.  TTS52 and TTD28 cells were plated 
in duplicate in a 24-well dish at a concentration of 5x104 cells/well.  One well contained 
complete DMEM with 100ng/ml Dox and the other well contained complete DMEM with 
no Dox. After 4 hr the culture media were changed to fresh 100ng/ml Dox or Dox free 
media.  The next day the cells were transfected with 1µg CYP17 firefly luciferase 
reporter DNA and 50ng pTK-RL DNA.  After an additional 24 hr, the cells were lysed 
and the dual luciferase assay was performed.  For each sample, the firefly luciferase 
activity was normalized with the corresponding Renilla luciferase activity and the 
normalized firefly luciferase activity for each cell type treated with 100ng/ml Dox was 
set to 1 (Relative Light Units).  Values are the Mean +/- SD of triplicate samples. 
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Expression of FLAG-SF-1 is Differentially Silenced in TTS Cells 

 In subsequent experiments we wanted to vary the amount of FLAG-SF-1 

expression.  Therefore, we tested a variety of Dox concentrations and determined their 

effect on FLAG-SF-1 mRNA levels.  We found that FLAG-SF-1 mRNA levels on day 0 

in the 0.4 ng/ml Dox treated TTS52 cells were approximately ten percent of the no Dox 

treated cells plated as a monolayer (endodermal pathway) (Figure 4-22 A) and as 

aggregates (neuronal pathway) (Figure 4-22 B).  Surprisingly, monolayer cells treated 

with ethanol for three days displayed a large reduction in FLAG-SF-1 mRNA levels 

(100-fold and four-fold in cells grown in media containing the 0.4 ng/ml Dox and no 

Dox, respectively), while the RA treated cells contained elevated levels of FLAG-SF-1 

mRNA (10-fold and 50-fold in cells grown in media containing 0.4 ng/ml Dox and no 

Dox, respectively) (Figure 4-22 A).  On the other hand, aggregate cells cultured for three 

days with 0.4 ng/ml Dox displayed a similar fold reduction in FLAG-SF-1 mRNA levels 

in both the ethanol and RA-treatment groups, while the FLAG-SF-1 mRNA levels were 

unchanged in cells cultured in no Dox medium and treated with either ethanol or RA 

(Figure 4-22 B).  This result suggests that RA-treatment of at least TTS cells grown in 

monolayer either stabilizes FLAG-SF-1 mRNA (increased mRNA half-life) and/or 

prevents epigenetic changes which causes silencing of FLAG-SF-1 transcription in the 

ethanol-treated cells. 
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Figure 4-22. FLAG-SF-1 mRNA and protein levels are differentially reduced in TTS 
cells.  For both endodermal and neuronal differentiation TTS52 cells were plated at 3x105 
cells per 100 mm tissue culture dish with complete DMEM containing 0, 0.4 or 100ng/ml 
Dox for 24 hr.  For endodermal differentiation (A, C), the next day cells were trypsinized 
and replated at 3x105 cells per 100 mm tissue culture dish in 0, 0.4 or 100ng/ml Dox 
media.  After 4 hr the media were changed to fresh 0, 0.4 or 100ng/ml Dox media (D0).  
The cells were then treated with either 10-7M RA (R3) or ETOH (E3) for a total of three 
days.  For neuronal differentiation (B, D), the next day the cells were trypsinized and 
9x105 cells were plated in 100 mm tissue culture dishes containing a 1X agar/DMEM 
base in 9 ml of completed media containing 0, 0.4 or 100ng/ml Dox media to form 
aggregates.  The cells were then treated with either 10-7M RA (R3) or ETOH (E3) for a 
total of three days.  (A, B) On D0 and after three days total RNA was isolated and RT-
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qPCR was performed using primers specific to FLAG-SF-1 and GAPDH.  For each gene, 
the mRNA levels were normalized using the corresponding GAPDH mRNA level.  D0 no 
Dox was set to 1.  Values are Mean +/- SD of triplicate samples. (C, D)Whole cell 
protein extracts were prepared from actively growing cells on Day 0 (D0) and after three 
days treatment with either ethanol (E3) or RA (R3).  The Western blot was performed 
using FLAG and GAPDH primary antibodies, and either IR Dye 800CW (FLAG-SF-1) 
or IR Dye 680CW (GAPDH).  Grey scale images are shown.  Values were quantified 
using Odyssey software and normalized to GAPDH.  D0 no Dox was set to 1. 
 

 

 

We next determined if the reduction in FLAG-SF-1 mRNA levels also occurred at 

the protein level in cells grown as monolayer and aggregates.  We found that FLAG-SF-1 

protein levels were below the limit of detection in both the 100 and the 0.4ng/ml Dox 

treated monolayer cells, however there was a very low level of FLAG-SF-1 in the Day 0 

0.4ng/ml Dox treated aggregate cells (Figure 4-22 C and D).  FLAG-SF-1 protein was 

easily detected in the no Dox treated monolayer (Figure 4-22 C) and aggregate (Figure 4-

22 D) cells.  Surprisingly, after three days of growth the FLAG-SF-1 protein levels were 

markedly reduced in the ethanol treated cells, and actually increased in the RA-treated 

samples in both the monolayer and aggregate cells (Figure 4-22 C and D).  However, the 

fold reductions and increases in FLAG-SF-1 protein levels in the cells treated with 

ethanol and RA, respectively, were substantially greater in the monolayer cells than in the 

aggregate cells.  The small changes in the FLAG-SF-1 protein levels in the neuronal cells 

are consistent with the lack of a clear response in their mRNA levels.  These data further 

suggest that RA-treatment of TTS cells attenuates the loss of FLAG-SF-1 mRNA and 

protein that occurs in the ethanol-treated cells after three days of treatment. 
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 After we determined that the FLAG-SF-1 mRNA and protein levels were reduced 

in the ethanol treated cells compared to both the day 0 and the day three RA-treated 

levels, we next determined, by immunofluorescence, if this was due to silencing of the 

FLAG-SF-1 protein expression in individual cells.  Examination of individual cells on 

day seven after both endodermal (Figure 4-23 A) and neuronal (Figure 4-23 B) 

differentiation demonstrated that FLAG-SF-1 protein expression was retained in the 

majority of the RA-treated cells. Out of 50 individual cells, 42 and 32 were FLAG-SF-1 

positive in endodermal and neuronal cells, respectively.  However, the FLAG-SF-1 

protein expression was lost in most of the ethanol-treated cells after both endodermal 

(Figure 4-23 A) and neuronal (Figure 4-23 B) differentiation.  Out of 50 individual cells, 

six and seven were FLAG-SF-1 positive in endodermal and neuronal cells, respectively.  

Taken together these data indicate that the overall reduction in FLAG-SF-1 protein 

expression is not due to a lower expression level per cell, instead it is due to silencing of 

the FLAG-SF-1 protein expression on an individual cell basis.  In addition, this silencing 

occurred more frequently in the ethanol treated cells.  Interestingly, RA-treatment of the 

TTS cells conferred protection from the mechanism(s) involved in silencing the FLAG-

SF-1 mRNA and protein. 
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Figure 4-23 FLAG-SF-1 protein is differentially silenced in TTS cells after 
endodermal or neuronal differentiation.   For both endodermal and neuronal 
differentiation, TTS52 cells were plated at 3x105 cells in monolayer on 100 mm tissue 
culture dishes in Dox-free complete medium for 24 hr.  Endodermal differentiation: (A) 
the next day cells were trypsinized and replated at 3x105 cells in monolayer on 100 mm 
tissue culture dishes, containing coverslips, in Dox free medium.  After 4 hr the medium 
was changed with fresh Dox-free medium and the cells treated with 10-7M RA or ETOH 
for a total of four days.  After four days the media were changed to fresh Dox free media 
for an additional three days.  Neuronal differentiation: to form aggregates (B) the next 
day the cells were trypsinized and 9x105 cells were plated in 100 mm tissue culture 
dishes containing a 1X agar/DMEM base with 9 ml completed Dox free DMEM.  The 
aggregates were then treated with either 10-7M RA or ETOH for a total of four days.  
After four days the aggregates were collected and trypsinized.  The cells were then plated 
as a monolayer in 100 mm tissue culture dishes containing coverslips and Dox-free 
mediaum for an additional three days.  After a total of seven days both endodermal and 
neuronal cells were then probed by immunofluorescence for FLAG-SF-1 protein 
expression.  Scale bar equals 20μm. 

 

 

Effect of SF-1 Overexpression on the mRNA Level of Select Pluripotency and 
Differentiation-Associated Genes in P19 Cells Induced to Differentiate to 
Endodermal Cells 

To examine the effect of continued SF-1 expression we used TTS52, TTS63 and 

TTS64 cells grown in the presence of 0, 0.4 and 100ng/ml Dox.  These concentrations of 

Dox were chosen to allow three different levels of expression of FLAG-SF-1 that 
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represent maximal expression (no Dox), ten percent of maximal expression (0.4 ng/ml 

Dox) and undetectable expression (100 ng/nl Dox).  Cells expressing various levels of 

FLAG-SF-1 were grown as monolayers and treated with either ethanol or RA for three 

days.  Total RNA was isolated and the mRNA level of a number of pluripotency and 

differentiation associated genes was determined by RT-qPCR analysis.   Using these 

treatment groups we examined the effect of FLAG-SF-1 overexpression without concern 

for clonal effects, because the 100ng/ml Dox-treated cells served as a positive control for 

both the RA and ETOH treated cells.  Similar results were obtained with the three TTS 

clones; therefore, results only for TTS52 are shown (Figure 4-24). 

 Increasing amounts of FLAG-SF-1 expression attenuated in a dose-dependent 

fashion the reduction in the mRNA levels of the pluripotency genes Oct-4, endogenous 

SF-1 and DAX-1 upon treatment with RA (Figure 4-24 A).  This suggests that FLAG-SF-

1 either directly or indirectly regulates the expression of Oct-4, DAX-1 and endogenous 

SF-1.  These data also suggest that FLAG-SF-1 blocks the RA-induced mechanism(s) 

which normally result in the silencing of Oct-4, DAX-1 and the endogenous SF-1 during 

endodermal differentiation. 

We next examined the effect of FLAG-SF-1 overexpression in P19 cells on the 

mRNA levels of four genes (COUP-TFI, COUP-TFII, Ets-1 and Ets-2) associated with 

RA-dependent differentiation.  Increasing amounts of FLAG-SF-1 expression resulted in 

a dose-dependent reduction in the fold increase in the mRNA levels of both COUP-TFI 

and COUP-TFII in cells treated with RA (Figure 4-24 B).   The RA-induced increase in 

Ets-1 mRNA levels were only affected by the highest level of expression of FLAG-SF-1 

in the no Dox treated cells, while the 0.4ng/ml Dox treated cells displayed an increase in 
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Ets-1 mRNA similar to the level obtained without FLAG-SF-1 expression (Figure 4-24 

B).  Finally, overexpression of FLAG-SF-1 had little effect on the RA-dependent increase 

in Ets-2 mRNA levels (Figure 4-24 B).  This result suggests that SF-1 directly or 

indirectly represses the mechanism(s) involved in the RA-induced increase in COUP-

TFI, COUP-TFII and Ets-1 mRNA levels, while Ets-2 mRNA levels are not regulated by 

SF-1 during endodermal differentiation. 
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Figure 4-24. Effect of FLAG-SF-1 overexpression on the mRNA level of select 
pluripotency and differentiation-associated genes in P19 cells induced to 
differentiate to endodermal cells.  TTS52 cells were plated at 3x105 cells per 100 mm 
tissue culture dish with complete DMEM containing 0, 0.4 or 100ng/ml Dox for 24 hr.  
The next day cells were trypsinized and replated at 3x105 cells per 100 mm tissue culture 
dish in 0, 0.4 or 100ng/ml Dox medium.  After 4 hr the media were changed to fresh 0, 
0.4 or 100ng/ml Dox medium (D0) and the cells treated with 10-7M RA (R3) or ETOH 
(E3) for a total of three days.  After three days total RNA was isolated and RT-qPCR was 
performed using primers specific to (A) pluripotency specific genes (endogenous SF-1, 
DAX-1, and Oct-4) or (B) differentiation associated genes (COUP-TFI, COUP-TFII, Ets-
1, and Ets-2).  For each gene, the mRNA levels were normalized using the corresponding 
GAPDH mRNA level.  The D0 100ng/ml Dox-treated sample of each gene was set to 1.  
Values are Mean +/- SD of triplicate samples. 
 

 

To confirm that the change in the mRNA level of Oct-4 described above resulted 

in a similar change in the Oct-4 protein levels, we examined the Oct-4 protein level in 
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TTS52 cells expressing various levels of FLAG-SF-1 during endodermal differentiation.  

Consistent with its mRNA levels, the level of Oct-4 protein was reduced to an 

undetectable level in TTS52 cells treated with 100ng/ml Dox after three days of RA-

treatment; whereas the No Dox treated TTS52 cells still retained a substantial level of 

Oct-4 protein in the RA-treated cells (Figure 4-25).  Unexpectedly, Oct-4 protein levels 

were also reduced to undetectable levels with RA-treatment in the cells treated with 

0.4ng/ml Dox, however this was probably due to limitations in the Western blot analysis 

as Oct-4 mRNA was still detected by RT-qPCR which is a much more sensitive 

technique.  This result further suggests that expression of Oct-4 is either directly or 

indirectly regulated by FLAG-SF-1. 

 

 

 

Figure 4-25. Oct-4 protein level in TTS52 cells RA-induced to differentiate to 
endodermal cells.  TTS52 cells were plated at 3x105 cells per 100 mm tissue culture dish 
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with complete DMEM containing 0, 0.4 or 100ng/ml Dox for 24 hr.  The next day cells 
were trypsinized and replated at 3x105 cells per 100 mm tissue culture dish in 0, 0.4 or 
100ng/ml Dox medium.  After 4 hr the media were changed to fresh 0, 0.4 or 100ng/ml 
Dox medium (D0).  The cells were then treated with either 10-7M RA (R3) or ETOH (E3) 
for a total of three days.  Whole cell protein extracts were prepared from cells on Day 0 
(D0) and after three days treatment with either ethanol (E3) or RA (R3).  The western 
blot was performed using Oct-4 and GAPDH primary antibodies, and IR Dye 680CW 
secondary antibody.  Grey scale images are shown.  Values were quantified using 
Odyssey software and normalized to GAPDH.  The 100ng/ml Dox D0 level was set to 1. 

 

 

Effect of FLAG-SF-1 Overexpression in P19 Cells on RA-Induced Terminal 
Endodermal Differentiation 

We next examined the effect of continued SF-1 expression on terminal RA-

induced endodermal differentiation.  To accomplish this, TTS52, TTS63 and TTS64 cells 

were grown in the presence of 0, 0.4 and 100ng/ml Dox and treated with ethanol or RA 

for four days.  The expression of the pluripotency genes (SSEA-1 and Oct-4) and the 

terminal endodermal marker Troma-1 were determined by immunofluorescence after 

three additional days without ethanol or RA-treatment.  The 100ng/ml Dox-treated cells 

served as a positive control for both the RA and ETOH treated cells.  In both the 0 and 

0.4ng/ml Dox-treated samples a majority of the cells, much less in the RA-treated, lost 

expression of the FLAG-SF-1 protein as determined by immunofluorescence by day 

seven (Figure 4-23 A).  Therefore, we only focused on those cells which still retained 

FLAG-SF-1 expression after seven days.  In addition, similar results were obtained with 

the 0 and 0.4 ng/ml Dox-treated cells of the three TTS clones; therefore, results for 

TTS52 cells treated with 0 and 100ng/ml Dox are shown. 
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We found that SSEA-1 was expressed in the ethanol-treated cells both in the 

presence and absence of FLAG-SF-1.  However, SSEA-1 protein expression was lost 

upon RA-treatment with or without FLAG-SF-1 expression (Figure 4-26 A).  These data 

indicate that overexpression of SF-1 in P19 cells does not prevent the RA-induced loss of 

SSEA-1 expression after endodermal differentiation. 

Surprisingly, although FLAG-SF-1 overexpression for three days significantly 

reduced the RA-induced loss of Oct-4 mRNA (Figure 4-24) and protein (4-25), FLAG-

SF-1 overexpression for seven days caused both the RA and ethanol-treated cells to lose 

Oct-4 expression in the cells which retained FLAG-SF-1 expression (Figure 4-26 B).  

Examination of individual cells showed that out of 250 FLAG-SF-1 positive cells only 18 

were Oct-4 positive in the ethanol-treated cells.  Similarly, out of 250 FLAG-SF-1 

positive cells only three were Oct-4 positive in the RA-treated cells.  These results 

demonstrate that overexpression of FLAG-SF-1 leads to the silencing of Oct-4 protein 

expression in an RA-independent manner by seven days. 

Although FLAG-SF-1 overexpression caused the cells to lose Oct-4 protein 

expression, the FLAG-SF-1 expressing cells failed to gain Troma-1 expression (Figure 4-

26 C) upon RA-treatment.  Examination of individual cells showed that out of 250 

FLAG-SF-1 positive cells either zero or two cells were Troma-1 positive in cells treated 

with either ethanol or RA, respectively. 

Taken together these data demonstrate that FLAG-SF-1 expression in P19 cells 

leads to an RA-independent loss of Oct-4 protein expression and a RA-dependent loss of 

SSEA-1 protein expression, however the cells fail to gain Troma-1 expression.  These 
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data indicate that the cells have lost their pluripotency state, but have failed to 

differentiate into endodermal cells. 
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Figure 4-26. Expression of FLAG-SF-1 in P19 cells blocks RA-induced terminal 
endodermal differentiation.   TTS52 cells were plated at 3x105 cells in monolayer on 
100 mm tissue culture dishes containing 100ng/ml Dox or No Dox complete DMEM for 
24 hr.  The next day cells were trypsinized and replated at 3x105 cells in monolayer on 
100 mm tissue culture dishes, containing coverslips, in 100ng/ml Dox or No Dox media.  
After 4 hr the media were changed with fresh 100ng/ml Dox or No Dox media and the 
cells treated with 10-7M RA or ETOH for a total of four days.  After four days the media 
were changed to fresh 100ng/ml Dox or No Dox medium for an additional three days.  
Cells were then probed by immunofluorescence for FLAG-SF-1 (Panels A, B and C), 
SSEA-1 (Panel A), Oct-4 (Panel B), and Troma-1 (Panel C) expression.  SSEA-1 and 
Oct-4 are markers for undifferentiated cells and Troma-1 is a marker for endodermal 
cells.  Scale bar equals 20μm. 
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Effect of FLAG-SF-1 Overexpression on the mRNA Level of Select Pluripotency 
and Differentiation-Associated Genes in P19 Cells Induced to Differentiate to 
Neuronal Cells 

Once we determined the effects of FLAG-SF-1 overexpression on endodermal 

differentiation, we next ascertained if SF-1 overexpression affected neuronal 

differentiation similarly.  To examine the effect of FLAG-SF-1 expression we used the 

same conditions as the endodermal differentiation; except that TTS52, TTS63 and TTS64 

cells were grown as aggregates.  Total RNA was isolated and the mRNA levels of a 

number of pluripotency and differentiation-associated genes was determined by RT-

qPCR analysis.  The Dox treated cells served as a positive control for both the RA and 

ETOH treated cells.  Similar results were obtained with the three TTS clones; therefore 

only results for TTS52 are shown. 

 Similar to cells induced to differentiate to endodermal cells (Figure 4-24 A), 

increasing amounts of FLAG-SF-1 expression in cells induced to differentiate to neuronal 

cells attenuated in a dose-dependent fashion the loss of the mRNA levels of the 

pluripotency genes Oct-4 and DAX-1 upon treatment with RA (Figure 4-27 A).  Unlike 

the cells induced to differentiate to endodermal cells (Figure 4-24 A), the endogenous SF-

1 mRNA levels in cells induced to differentiate to neuronal cells were reduced to the 

same level upon RA-treatment regardless of the amount of FLAG-SF-1 expression 

(Figure 4-27 A).  Taken together, this suggests that the FLAG-SF-1 either directly or 

indirectly regulates the expression of Oct-4 and DAX-1 similarly during both endodermal 

and neuronal differentiation.  Unexpectedly, FLAG-SF-1 expression does not protect the 

endogenous SF-1 from RA-induced silencing during neuronal differentiation.  This result 



 165 
 
 

suggests that the silencing of the endogenous SF-1 may utilize a different mechanism 

during neuronal compared to endodermal differentiation. 

We next examined the effect of FLAG-SF-1 overexpression in P19 cells on the 

mRNA levels of the four differentiation associated genes (COUP-TFI, COUP-TFII, Ets-

1, and Ets-2) and PAX6-5A which is associated with neuronal differentiation.    Similar 

to endodermal differentiation (Figure 4-24 B), increasing amounts of FLAG-SF-1 

expression in the cells induced to differentiate to neuronal cells resulted in a dose-

dependent reduction in the fold increase in the mRNA level of COUP-TFI in the cells 

treated with RA (Figure 4-27 B).    

However, substantial differences were found in the expression of COUP-TFII, 

Ets-1 and Ets-2 in cells induced to differentiate to neuronal cells compared to endodermal 

cells.  Although the increase in Ets-1 mRNA level due to RA-treatment was only reduced 

at the highest level of FLAG-SF-1 expression during endodermal differentiation (Figure 

4-24 B) there was a dose-dependent reduction in the fold increase in Ets-1 mRNA levels 

in the cells treated with RA during neuronal differentiation (Figure 4-27 B).  In addition, 

overexpression of FLAG-SF-1 resulted in a reduction in the fold increase in the mRNA 

level of Ets-2 in the cells induced to differentiate to neuronal cells upon RA-treatment 

(Figure 4-27 B) while Ets-2 mRNA levels were unaffected by FLAG-SF-1 expression 

during endodermal differentiation (Figure 4-24 B).   Furthermore, increasing amounts of 

FLAG-SF-1 expression resulted in a dose-dependent reduction in the fold increase in the 

mRNA level of COUP-TFII in the cells treated with RA during endodermal 

differentiation (Figure 4-24 B) , COUP-TFII mRNA levels in cells induced to 

differentiate to neuronal cells upon RA-treatment were only affected by the highest level 
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of expression of FLAG-SF-1 in the no Dox treated cells, while the 0.4ng/ml treated cells 

displayed an increase in the COUP-TFII mRNA similar to the level obtained without 

FLAG-SF-1 expression during neuronal differentiation (Figure 4-27 B).  Finally, 

overexpression of FLAG-SF-1 had no effect on the RA-induced increase in PAX6-5A 

mRNA levels (Figure 4-27 B).   

This result suggests that at the highest level of expression, FLAG-SF-1 directly or 

indirectly represses the mechanism(s) involved in the RA-induced increase in the 

differentiation-associated genes COUP-TFI, COUP-TFII and Ets-1 mRNA levels during 

both endodermal and neuronal differentiation.  Interestingly, Ets-2 mRNA levels are only 

regulated by FLAG-SF-1 overexpression during neuronal differentiation and not 

endodermal differentiation.  In addition, the neuronal differentiation-associated gene 

PAX6-5A is not regulated by SF-1 during RA-induced neuronal differentiation. 
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Figure 4-27. Effect of FLAG-SF-1 overexpression on the mRNA level of select 
pluripotency and differentiation-associated genes in P19 cells induced to 
differentiate to neuronal cells. TTS52 cells were plated at 3x105 cells per 100 mm 
tissue culture dish with complete DMEM containing 0, 0.4 or 100ng/ml Dox for 24 hr.  
The next day, to form aggregates, the cells were trypsinized and 9x105 cells were plated 
in 100 mm tissue culture dishes containing a 1X agar/DMEM base in 9 ml of completed 
media containing 0, 0.4 or 100ng/ml Dox.  The aggregates were then treated with either 
10-7M RA (R3) or ETOH (E3) for a total of three days.  After three days, total RNA was 
isolated and RT-qPCR was performed using primers specific to (A) pluripotency specific 
genes (endogenous SF-1, DAX-1, and Oct-4), (B) differentiation-associated genes 
(COUP-TFI, COUP-TFII, Ets-1, and Ets-2) and the neuronal-specific gene PAX6-5A.  
For each gene, the mRNA levels were normalized using the corresponding GAPDH 
mRNA level.  The D0 100ng/ml Dox treated sample of each gene was set to 1.  Values 
are mean +/- SD of triplicate samples. 
 

 

We next determined if the overexpression of FLAG-SF-1 blocked the RA-induced 

reduction of Oct-4 protein levels.  Consistent to the results with cells induced to 

differentiate to endodermal cells (Figure 4-25), the levels of Oct-4 protein were reduced 

to undetectable levels in TTS52 cells (treated with 100ng/ml Dox) after three days of RA-

treatment (Figure 4-28).  In addition, the No Dox treated TTS52 cells only showed a 

four-fold reduction of Oct-4 protein level in the RA-treated cells (Figure 4-28).  Different 

from the endodermal results, overexpression of FLAG-SF-1 in the 0.4ng/ml Dox-treated 

cells conferred some protection of Oct-4 protein reduction by RA-treatment (Figure 4-
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28).  Taken together, these results suggest that Oct-4 protein expression is either directly 

or indirectly regulated by FLAG-SF-1 during both differentiation pathways. 

 

 

 
 
 Figure 4-28. Oct-4 protein level in TTS52 cells RA-induced to differentiate to 
neuronal cells.  TTS52 cells were plated at 3x105 cells per 100 mm tissue culture dish 
with complete DMEM containing 0, 0.4 or 100ng/ml Dox for 24 hr.  The next day the 
cells were trypsinized and 9x105 cells were plated in 100 mm tissue culture dishes 
containing a 1X agar/DMEM base in 9 ml of complete medium containing 0, 0.4 or 
100ng/ml Dox to form aggregates.  The cells were then treated with either 10-7M RA 
(R3) or ETOH (E3) for a total of three days.  Whole cell protein extracts were prepared 
cells on Day 0 (D0) and after three days treatment with either ethanol (E3) or RA (R3).  
The western blot was performed using Oct-4 and GAPDH primary antibodies, and IR 
Dye 680CW secondary antibody.  Grey scale images are shown.  Values were quantified 
using Odyssey software and normalized to GAPDH.  The Dox D0 level was set to 1. 
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Effect of FLAG-SF-1 Overexpression in P19 Cells on RA-Induced Terminal 
Neuronal Differentiation 

Once we determined the effect of FLAG-SF-1 overexpression on terminal 

endodermal differentiation, we next explored whether SF-1 overexpression affected 

terminal neuronal differentiation in a similar fashion.  To examine the effect of FLAG-

SF-1 overexpression we used the same conditions as the endodermal differentiation; 

except that the TTS52, TTS63 and TTS64 cells were grown as aggregates.  The 

expression of the pluripotency genes (SSEA-1 and Oct-4) and the terminal neuronal 

marker Tuj1 were determined by immunofluorescence after a treatment for a total of 

seven days.  The 100ng/ml Dox-treated cells served as a positive control for both the RA 

and ETOH-treated cells.  In both the 0 and 0.4ng/ml Dox-treated samples a majority of 

the cells, much less in the RA-treated, lost expression of the FLAG-SF-1 protein as 

determined by immunofluorescence by day seven (Figure 4-23 B).  Therefore, we only 

focused on those cells which still retained FLAG-SF-1 expression after seven days.   

Consistent with the cells induced to differentiate to endodermal cells (Figure 4-26 

A), we found that the expression of SSEA-1 in P19 cells was not affected by SF-1 

overexpression in the ethanol-treated cells during neuronal differentiation (Figure 4-29 

A).  Additionally, the cells lost SSEA-1 protein expression after RA-treatment regardless 

of FLAG-SF-1 overexpression (Figure 4-29 A).    Furthermore, the Oct-4 protein 

expression pattern in the cells induced to differentiate along the neuronal pathway was 

similar to that of cells induced to differentiate to endodermal cells (Figure 4-26 B).  In an 

RA-independent manner, FLAG-SF-1 overexpression for seven days caused the cells to 

lose Oct-4 protein expression in the cells which retained FLAG-SF-1 protein expression 
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(Figure 4-29 B).  Examination of individual cells showed that out of 250 FLAG-SF-1 

positive cells only 14 were Oct-4 positive in the ethanol-treated cells, while there were no 

Oct-4 positive cells in the RA-treated samples.  Hence, overexpression of FLAG-SF-1 in 

P19 cells leads to the silencing of Oct-4 protein expression in an RA-independent 

manner. 

Although the cells lost both Oct-4 (RA-independently) and SSEA-1 (RA-

dependent) protein expression, the cells which retained FLAG-SF-1 protein expression 

did not gain Tuj1 (Figure 4-29 C) protein expression upon RA-treatment.  In addition, the 

few cells which did differentiate into neuronal cells were FLAG-SF-1 negative.  They 

had short processes and the networks they formed were not as complete as in the Dox-

treated samples, further suggesting that overexpression of SF-1 blocks RA-induced 

neuronal differentiation.  Examination of individual cells showed that none of the cells 

expressed both Tuj-1 and FLAG-SF-1 proteins in either ethanol or RA-treated cells.   
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Figure 4-29. Expression of FLAG-SF-1 in P19 cells blocks RA-induced terminal 
neuronal differentiation.  TTS52 cells were plated at 3x105 cells as a monolayer on 100 
mm tissue culture dishes with complete DMEM containing 100ng/ml Dox or No Dox for 
24 hr.  The next day to form aggregates the cells were trypsinized and plated at 9x105 
cells in 100 mm tissue culture dishes containing a 1X agar/DMEM base with 9 ml 
complete DMEM containing 100ng/ml Dox or No Dox.  The aggregates were then 
treated with either 10-7M RA or ETOH for a total of four days.  After four days the 
aggregates were collected and trypsinized.  The cells were then plated as a monolayer in 
100 mm tissue culture dishes containing coverslips and complete medium supplemented 
with 100ng/ml Dox or No Dox for an additional three days.  Cells were then probed by 
immunofluorescence for FLAG-SF-1 (Panels A, B and C), SSEA-1 (Panel A), Oct-4 
(Panel B), and Tuj1 (Panel C).  SSEA-1 and Oct-4 are markers for undifferentiated cells 
and Tuj1 is a marker for neuronal cells.  Scale bar equals 20μm. 
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Taken together these data demonstrate that although FLAG-SF-1 expression does 

not confer protection from the loss of expression of the pluripotency genes SSEA-1 and 

Oct-4 after terminal RA-induced neuronal differentiation, these cells fail to gain Tuj1 

expression.  One possibility is that either the cells are unable to complete the 

differentiation process leading to the expression of the neuronal specific marker Tuj1 or 

the cells have instead differentiated to another cell type.   

Overexpression of FLAG-SF-1 Induces P19 cells to Differentiate into Adrenal-Like 
Cells 

 SF-1 overexpression has been found to induce steroidogenesis in stem cells.  

Mesenchymal stem cells (MSC) have been induced to differentiate into testosterone 

producing Leydig or glucocorticoid-producing cells upon overexpression of SF-1 and 

cAMP-treatment (Yazawa et al., 2006).  In addition, overexpression of SF-1 in ES cells 

was found to initiate a fate-determining program resulting in their differentiation into 

cells which resemble steroidogenic cells (Crawford et al., 1997).  SF-1 has also been 

overexpressed in F9 cells, although these cells did not gain expression of enzymes needed 

for steroid production (Yazawa et al., 2006).  One of the possibilities for the inability of 

both ES and F9 cells to truly differentiate into steroid producing cells is that they are 

derived from cells at an earlier stage of development than MSCs; which are already fate-

determined to become cells of the mesenchymal lineage.  However, presomitic mesoderm 

cells have been produced using ES cells with RA-treatment between days two and five 

(Phillips et al., 2003).  Supporting the idea that ES cells need to first be differentiated into 

a more differentiated cell type, Yazawa et al., 2010 found that treatment of these 
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presomitic mesoderm cells with cAMP and SF-1 overexpression resulted in the 

production of steroidogenic cells. Since P19 cells were generated from a gestation day 

7.5 embryo, which is a later stage than both F9 and ES cells it is possible that they are 

able to differentiate into steroidogenic cells upon SF-1 overexpression.  Thus, we 

hypothesized that the affects of SF-1 overexpression in P19 cells would more closely 

match those found in MSCs and would result in differentiation to steroidogenic cells.  

 Our previous results indicated that aggregation of P19 cells facilitated the RA-

independent loss of Oct-4; therefore we chose to examine the effect of FLAG-SF-1 

overexpression only in cells grown as aggregates by examining the mRNA expression 

levels of known SF-1 targets and steroidogenic enzymes (Yazawa et al., 2006; 2010).  

We found that, with the exception of HSD3b6, none of the steroidogenic enzymes were 

induced in either TO3 or AS2 cells upon conditions that promote neuronal differentiation 

(Figure 4-30 A).  In contrast, we found that overexpression of FLAG-SF-1 induced P19 

cells to express the mRNA for STAR, p450scc and p450c17 in an RA-independent 

manner (Figure 4-30).  In addition, cAMP treatment of the ETOH treated cells increased 

the mRNA levels of STAR, p450c17, p45011b1, and HSD17b3 on day six; however this 

increase was transient as there was a decrease in expression in the mRNA for all the 

steroidogenic enzymes after an additional four days.  Although the expression of some of 

the genes was increased in an RA-independent fashion, we found that the expression of 

all of the genes was greater when the aggregates were grown in the presence of RA.  

Unlike the ETOH treated cells, the RA-treated cells expressed the steriodogenic enzymes 

at a high level after ten days.  The only exception to this was the expression of p450c17 

mRNA, where its expression was repressed between days six and ten.  One possibility for 
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the reduction in p450c17 mRNA level is that the newly formed adrenal-like cells were 

continuing to mature between days six and ten as adult murine adrenal cells do not 

express p450c17 (Yazawa et al., 2010).  

 Taken together these data indicate that SF-1 overexpression in P19 cells induces 

the cells to express the mRNA for a number of the steroidogenic enzymes in an RA-

independent manner.  However, SF-1 overexpression alone is not enough to cause the 

cells to fully commit to cells of the steroidogenic lineage or express the mRNA for all of 

the steroidogenic enzymes normally found in adult adrenal cells and the mRNA 

expression levels were reduced with continued passage of the cells.  SF-1 overexpression 

combined with RA-treatment induced the P19 cells to differentiate into cells which 

expressed all of the steroidogenic enzymes tested except p450c21, suggesting that the 

cells adopted an adrenal-like cell fate. 

 

 

 

 

Figure 4-30. Overexpression of FLAG-SF-1 induces P19 cells to differentiate into 
adrenal-like cells.  (A) TO3 or AS2 cells were plated at 9x105 cells per 9 ml complete 
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DMEM in 100 mm tissue culture dishes containing a 1X agar/DMEM base to form 
aggregates.  After 4 hr the aggregates were treated with either 10-7M RA or ETOH. After 
four days the aggregates were collected and trypsinized.  The cells were then plated as a 
monolayer in 100 mm tissue culture dishes containing complete medium for an additional 
two days.  Total RNA was prepared on days four (4E and 4R) and six (6E and 6R) (B) 
TTS52 cells were plated at 3x105 cells as a monolayer on 100 mm tissue culture dishes 
with complete DMEM containing 100ng/ml Dox or No Dox for 24 hr.  The next day to 
form aggregates the cells were trypsinized and plated at 9x105 cells in 100 mm tissue 
culture dishes containing a 1X agar/DMEM base with 9 ml complete DMEM containing 
100ng/ml Dox or No Dox.  The aggregates were then treated with either 10-7M RA or 
ETOH for a total of four days.  After four days the aggregates were collected and 
trypsinized.  The cells were then plated as a monolayer in 100 mm tissue culture dishes 
containing 7 ml complete medium supplemented with 100ng/ml Dox or No Dox and 
either 7µl water or 10-3M cAMP for an additional two or six days.  Total RNA was 
prepared on days four, six and 10 where c is cAMP treated (4, 6, 6c, 10, 10c). RT-PCR 
was performed using primers specific to enzymes specific to adrenal cells. 

 

 

Overexpression of FLAG-SF-1 in P19 Cells Blocks the RA-Induced Increase in PBX 
Protein During Both Endodermal and Neuronal Differentiation 

We next examined the effect of FLAG-SF-1 overexpression on the expression of 

PBX 1/2/3/4 protein during both endodermal and neuronal differentiation.  Similar to the 

increase in PBX protein levels in TO3 cells upon RA-treatment (Figure 4-5 A and B), we 

found that there were  approximately 30-fold and 18-fold increases in PBX 1/2/3/4 

protein upon RA-treatment for 72 hr during endodermal (Figure 4-31 A) and neuronal 

(Figure 4-31 B) differentiation, respectively.  Unexpectedly, the PBX 1/2/3/4 protein 

levels were substantially lower in the 0.4ng/ml and No Dox treated cells induced to 

differentiate to endodermal (Figure 4-31 A) and neuronal (Figure 4-31 B) cells.  

Strikingly this attenuation of the increase in PBX1/2/3/4 protein levels in response to RA-

treatment correlated with increasing amounts of FLAG-SF-1 expression.   



 179 
 
 

We next determined if overexpression of FLAG-SF-1 affected the RA-induced 

increase in PBX protein levels after 24 hr treatment of cells grown in monolayer.  We 

found that PBX1/2/3/4 protein levels were elevated in the 100ng/ml Dox treated cells 

upon RA-treatment (Figure 4-31 C).  Consistent with the data from cells treated for three 

days with RA, the increase in PBX 1/2/3/4 protein expression was less with increasing 

levels of FLAG-SF-1 expression.   
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Figure 4-31. Overexpression of FLAG-SF-1 blocks the RA-induced increase in PBX 
protein levels during both endodermal and neuronal differentiation.  For both 
endodermal and neuronal differentiation TTS52 cells were plated at 3x105 cells per 100 
mm tissue culture dish with complete DMEM containing 0, 0.4 or 100ng/ml Dox for 24 
hr.  For endodermal differentiation (A, C), the next day cells were trypsinized and 
replated at 3x105 cells per 100 mm tissue culture dish with complete DMEM containing 
0, 0.4 or 100ng/ml Dox.  After 4 hr the media were changed to fresh 0, 0.4 or 100ng/ml 
Dox media (D0). Neuronal differentiation (B), the next day the cells were trypsinized and 
9x105 cells were plated in 100 mm tissue culture dishes containing a 1X agar/DMEM 
base in 9 ml of completed medium containing 0, 0.4 or 100ng/ml Dox to form aggregates.  
In both differentiation groups, the cells were then treated with either 10-7M RA (R3) or 
ETOH (E3) for 24 hr (C) or three days (A, B).  Whole cell protein extracts were prepared 
from actively growing cells on Day 0 (D0) and after 24 hr or three days of treatment with 
either ethanol (24E, E3) or RA (24R, R3).  The western blots were performed using PBX 
1/2/3/4 and GAPDH primary antibodies, and either IR Dye 800CW (PBX 1/2/3/4) or IR 
Dye 680CW (GAPDH).  Grey scale images are shown.  Values were quantified using 
Odyssey software and normalized to GAPDH.  The D0 Dox was set to 1. 
 
 
 

Taken together, these data suggest that the expression of PBX 1/2/3/4 protein is 

either directly or indirectly regulated by FLAG-SF-1.  In addition, FLAG-SF-1 

overexpression attenuates the RA-induced increase in PBX protein within 24 hr of 
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treatment.  These results were quite surprising, and suggest that there is a feedback 

mechanism in which a reduction in SF-1 levels is necessary to allow for the RA-induced 

increase in PBX proteins to occur.  Evidence for this possible mechanism is the rapid 

reduction of SF-1 mRNA during endodermal (Figure 4-3) and neuronal (Figure 4-4) 

differentiation upon RA-treatment.  In both cases there was a significant reduction in SF-

1 mRNA within 24 hr following RA-treatment.  This loss of SF-1 mRNA expression 

could then allow for enhancement of the RA-induced increase in PBX levels.   
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CHAPTER 5 

DISCUSSION 

RA has long been known to be an important regulator of embryogenesis and 

cellular differentiation.  Our laboratory has previously shown that the PBX transcription 

factors are important mediators of RA-induced endodermal and neuronal differentiation 

of P19 cells.  Interestingly, AS2 cells, which constitutively express an antisense mRNA 

to PBX, fail to differentiate upon RA-treatment although they remain RA-responsive 

(Qin et al, 2004b).  Therefore, a long term goal of the laboratory has been to identify and 

characterize proteins that are both PBX and RA-regulated during the differentiation of 

P19 cells to endodermal or neuronal cells. 

Identification and Characterization of PBX-Regulated Genes 

This work began with the goal of identifying potential PBX-regulated genes that 

exhibit a different expression pattern following RA-treatment of AS2 cells compared to 

that of wild type P19 cells during endodermal and/or neuronal differentiation.  A 

microarray analysis was performed to study the thousands of possible PBX-regulated 

genes.  We chose to examine the effects of PBX knockdown during endodermal and 

neuronal differentiation after three days of ethanol or RA-treatment.  Despite the 

dramatic phenotypic effects of RA during P19 cell differentiation, there were relatively 

few genes which were regulated by PBX.  We found that only 155 and 288 genes were 

differentially expressed during endodermal and neuronal differentiation, respectively.  

This number of genes (less than 1% of the transcripts in the microarray) was an 
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overestimate of the actual number of PBX-regulated genes.  We found that, 42 of the 46 

genes chosen for confirmation by RT-qPCR analysis displayed a reproducible PBX-

dependent alteration in their mRNA levels in RA-treated AS2 cells compared to those in 

TO3 cells (Tables 4-1 to 4-4).  This small number of differentially expressed mRNAs 

demonstrates that the effects of inhibiting the RA-dependent increase in PBX are 

relatively specific and do not involve a global change in gene expression despite the 

importance of PBX for both endodermal and neuronal differentiation of P19 cells.  Most 

of the genes identified by the microarray, and validated by RT-qPCR, were regulated 

similarly during both endodermal and neuronal differentiation.  This suggests that the 

majority of the early changes in gene expression regulated by PBX are the same during 

both endodermal and neuronal differentiation. 

The mRNA levels of several genes involved in the maintenance of pluripotency 

were not reduced with RA-treatment of AS2 cells.  In particular DAX-1, SF-1 and Oct-4 

expression were not reduced in AS2 cells upon RA-treatment in cells induced to 

differentiate along either the endodermal or neuronal pathways (Table 4-1).  In addition, 

the mRNA levels of a number of differentiation-associated genes including COUP-TFI, 

COUP-TFII, Ets-1, and Ets-2 (Table 4-2) were not elevated in AS2 cells upon RA-

treatment in cells induced to differentiate along either pathway.   

To determine the timing of the induction/reduction of these genes a time course 

study was performed.  We found that the mRNA levels of the pluripotency genes reached 

their lowest levels upon RA-treatment after two days during both endodermal and 

neuronal differentiation.  In addition, the mRNA levels of the differentiation-associated 

genes reached their highest levels after three days of RA-treatment in both pathways.  



 184 
 
 

Since the timing of the gain in expression of the differentiation-associated genes is at 

least one day after the loss of expression of the pluripotency genes, it appears that the 

pluripotency genes need to be reduced before the differentiation specific genes are 

elevated.  Taken together, these data indicate that the expression of Oct-4, SF-1, DAX-1, 

COUP-TFI, COUP-TFII, Ets-1, and Ets-2 are either directly or indirectly regulated by 

PBX since they exhibit a different pattern of expression in AS2 cells compared to TO3 

cells upon RA-treatment.  Based on the findings from the microarray and time course 

analysis we hypothesized that overexpression of DAX-1 and/or SF-1 in wild type P19 

cells would block the down-stream changes in gene expression that leads to RA-induced 

differentiation into either endodermal or neuronal cells.  We found that SF-1, but not 

DAX-1, blocked the RA-induced differentiation of P19 cells into endodermal or neuronal 

cells.   A working model, which includes both known regulators of RA-induced 

differentiation in P19 cells and our findings reported in this thesis, is shown in Figure 32. 
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Figure 32. Model for RA-dependent differentiation of P19 cells into endodermal or 
neuronal cells. The RA-dependent differentiation of P19 cells is spilt into two stages: 1) 
the commitment stage where the cells are treated with 10-7M RA and grown as either 
aggregates or monolayer for endodermal or neuronal differentiation, respectively.  2) 
Terminal stage, after 4 days the cells are replated as monolayers (neuronal) and the 
medium is changed to fresh medium to remove any residual RA and the cells were 
allowed to fully differentiate into either endodermal or neuronal cells.  The increases and 
decreases in expression of known genes is indicated by up or down-arrows, respectively.  
The genes indicated in black indicate the novel findings reported in this thesis. 

 

P19 Cells Actively Repress Expression of Exogenous Genes 

We first attempted to constitutively express Ets-1 (another transcription factor not 

reported here) and SF-1 using a number of mammalian expression vectors.  Surprisingly, 

we found that although P19 cells express low levels of SF-1 in the undifferentiated state, 

after drug selection the clones expressed either a mosaic pattern of exogenous SF-1 

expression by immunofluorescence or that the exogenous SF-1 expression was absent.  

After multiple passages the mixed population clones became negative for exogenous SF-

1 protein and mRNA, despite actively growing under drug selection (data not shown).  

This apparent silencing of constitutive expression of exogenous SF-1 (and Ets-1, data not 
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shown) despite the use of multiple mammalian expression vectors suggests that at least 

some transcription factor expression constructs are silenced in P19 cells.  This silencing 

of some transcription factor expression constructs in P19 cells was also observed by Dr. 

Li-Na Wei, University of Minnesota (personal communication), and silencing of 

exogenously expressed genes was also noted by McBurney et al. (1993).  In addition, P19 

cells transduced with lentivirus have been shown to rapidly silence these DNA sequences 

due to methylation of the ψ-packaging signal (He et al., 2005).  Finally, genomic 

silencing of exogenous Oct4, c-Myc, Sox2 and Klf4 occurs in successfully 

reprogrammed iPS cells (Takahashi and Yamanka, 2006).  These data suggest that the 

silencing of exogenous gene expression is not unique to P19 cells and is both a major 

technical obstacle and also an interesting area of study both in EC cells and also in the 

generation of iPS cells. 

The strategy we employed to minimize the silencing of exogenous gene expression 

was the Tet-Off system, which allows for the inducible expression of exogenous genes 

upon removal of Dox.  The Tet-Off system was used successfully by other groups for 

exogenous gene expression in P19 cells (Akiyama et al., 2003; Zhang Z. et al., 2004).  

The Tet-off transactivator cell line we created, TTO7, expressed a similar pattern of 

pluripotency and differentiation specific genes during endodermal and neuronal 

differentiation as that of wild type P19 cells.  In addition, the TTO7 cells terminally 

differentiated into endodermal cells and neuronal cells as evidence by the gain of Troma-

1 and Tuj1 protein expression, respectively.  The TTO7 cell line was next utilized to 

generate both the DAX-1 and SF-1 overexpressing cell lines.  
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DAX-1 Alone is Insufficient to Block RA-Dependent Endodermal or Neuronal 
Differentiation 

DAX-1 was previously found to be an important regulator of pluripotency in ES 

cells.  Surprisingly, knockdown/knockout of DAX-1 expression induced endodermal 

differentiation in ES cells in the presence of LIF (Niakkan et al., 2006, Khalfallah et al., 

2009).  Similar to ES cells (Khalfallah et al., 2009), we found that in P19 cells DAX-1 

expression is reduced upon RA-treatment.  This reduction of DAX-1 expression in P19 

cells occurred during the commitment stages of both endodermal and neuronal 

differentiation.  We also found that DAX-1 is not reduced in the PBX antisense cells; 

rather surprisingly, its expression was increased upon RA-treatment.  Our data, and those 

from others (Loh et al., 2006; Wang et al., 2006; Kim et al., 2008), suggested that DAX-1 

might be important for maintaining pluripotency in P19 cells.   

Surprisingly, overexpression of DAX-1 did not inhibit P19 cells from 

differentiating into either endodermal or neuronal like cells upon RA-treatment.  We 

report here for the first time that continued DAX-1 expression is not sufficient to block 

either commitment or terminal stages of endodermal or neuronal differentiation upon 

RA-treatment.  While DAX-1 may be important in keeping ES cells grown in the 

presence of LIF from differentiating, either this mechanism is different in P19 cells or 

DAX-1 is involved in maintaining a “poised for differentiation state” allowing for low 

level expression of differentiation genes as suggested by Khalfallah et al. (2009).  

However, we have found that continued expression of DAX-1 alone is not enough to 

overcome the RA-induced signaling cascade in P19 cells. 
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SF-1 Prevents P19 Cells from Committing to and Terminally Differentiating into 
Endodermal or Neuronal Cells Upon RA-Treatment 

SF-1 was also previously found to be an important regulator of pluripotency in P19 

cells.  In particular, SF-1 positively regulates the transcription of Oct-4 through binding 

to its promoter (Yang et al., 2007).  In addition, SF-1 was able to replace Oct-4 during 

reprogramming of iPS cells (Heng et al., 2010).  The expression profile of SF-1 also 

closely matches that of Oct-4 and is reduced during RA-dependent differentiation at the 

same time.  Thus we hypothesized that SF-1 overexpression would block the RA-induced 

differentiation of P19 cells.  Our studies involving the overexpression of SF-1 in P19 

cells appeared to generate conflicting results.  On one hand, SF-1 overexpression offered 

protection against the loss of the expression of the pluripotency associated genes and the 

gain of the expression of some differentiation-associated genes during the commitment 

stages of neuronal and endodermal differentiation.  Furthermore, the cells which 

overexpressed SF-1 after seven days did not gain the expression of Troma-1 or Tuj1, 

markers for terminally differentiated endodermal and neuronal cells, respectively.  On the 

other hand, surprisingly, the cells induced to differentiate into endodermal or neuronal 

cells by RA-treatment lost SSEA-1 expression with or without SF-1 overexpression.  In 

addition, the cells which overexpressed SF-1 appeared to lose Oct-4 expression by day 

seven in both ethanol and RA-treated cells induced to differentiate to both endodermal 

and neuronal cells.  This suggests that overexpression of SF-1 induced the cells to lose 

Oct-4 expression with or without RA-treatment.  Possible reasons/mechanisms for these 

conflicting results are explored below. 
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The ability of SF-1 to activate the Oct-4 promoter has been principally studied 

utilizing reporter assays (Yang et al., 2007, Mallanna et al., 2008).  The reporter 

constructs used in these studies only contained short sequences of the Oct-4 promoter.  

Although useful, one of the big issues with the use of reporter constructs is that critical 

upstream or downstream regulatory sequences may be absent.  When we overexpressed 

SF-1 in ethanol-treated P19 cells there was no appreciable increase or decrease in Oct-4 

mRNA or protein levels (Figures 4-24, 25, 26).  These data suggest that SF-1 

overexpression does not affect endogenous Oct-4 expression levels in P19 cells.  

However, when P19 cells are treated with RA for three days, there is significantly more 

Oct-4 mRNA and protein when SF-1 is overexpressed.  This seeming lack of SF-1 

induction of Oct-4 expression in ethanol treated cells is most likely explained by the fact 

that Oct-4 protein levels are tightly regulated and a two-fold increase in Oct-4 levels 

induces differentiation into extraembryonic mesoderm and endoderm (Niwa et al., 2000).  

This lack of increase in Oct-4 expression by SF-1 overexpression could be due to: (1) the 

SF-1 response element may already be saturated with SF-1, so any additional SF-1 would 

be unable to bind and induce additional Oct-4 expression or (2) other factors also need to 

be present and bound to the Oct-4 promoter in addition to SF-1.  

We also found by immunofluorescence that the cells which continued to 

overexpress SF-1 appeared to lose the expression of Oct-4 by day seven in cells grown as 

monolayer (Figure 4-26) and aggregates (Figure 4-29).  This could be due to the ability of 

SF-1 to cause P19 cells to differentiate into another cell type other than endodermal or 

neuronal cells.  If this is the case, then the timing for the loss of Oct-4 expression could 
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be different, i.e. five to six days instead of the four required for endodermal or neuronal 

differentiation. 

Overexpression of FLAG-SF-1 Induces P19 cells to Differentiate into Adrenal-Like 
Cells 

 One of our earliest observations with over expression of SF-1 in P19 cells was 

slight changes in cell morphology.  When SF-1 overexpressing P19 cells were grown in 

the presence of ethanol, the cells displayed a more “grainy” or vacuolated appearance by 

phase-contrast miscroscopy (data not shown).  Upon RA-treatment of both monolayer 

and aggregate cultures, the morphology of the cells changed even more significantly.  

The cells were much larger and contained a much greater cytoplasm to nuclear volume 

when compared to that in wild type cells (data not shown).  However, the cells did not 

terminally differentiate into Troma-1 or Tuj1 expressing endodermal or neuronal cells.  

In addition, the cells lost expression of Oct-4 in an RA-independent manner by seven 

days.  Taken together these data strongly suggested that overexpression of SF-1 was 

inducing the P19 cells to differentiate into another cell type previously undescribed. 

 Yazawa and colleagues (2006) found that expression of SF-1 in MSC cells caused 

the cells to adopt a similar vacuolated cell morphology as we detected in the P19 cells.  In 

addition they determined that overexpression of SF-1 in MSC cells induced them to 

differentiate into adrenal cells.  These data lead us to hypothesize that SF-1 

overexpression in P19 cells causes them to differentiate into adrenal-like cells.  We report 

here for the first time that overexpression of SF-1 in P19 cells causes the cells to 

differentiate into adrenal-like cells.  The expression profile of steroidogenic enzymes 
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mRNA was increased upon SF-1 overexpression in an RA-independent manner after cells 

are grown under neuronal conditions (aggregation) and replated in the presence of cAMP 

for an additional two days.  However, the cells do not express the full complement of 

steroidogenic enzymes and their expression appears to be transient as a majority of the 

mRNA expression levels are below the limit of detection after an additional four days.  In 

contrast, RA-treatment of the aggregates induced the cells to express a majority of the 

mRNAs of the steroidogenic enzymes.  In addition, the expression of these enzymes was 

not increased with cAMP treatment; however this could be due to the lack of sensitivity 

inherent with EtBr staining and standard PCR.  RA-treatment of the cells also appeared to 

stabilize the cellular changes induced by SF-1 overexpression as the increases in 

expression of the steroidogenic mRNAs were not transient as they were in the ETOH-

treated cells. 

 We also found that overexpression of SF-1 prevented the RA-dependent increase 

in PBX protein levels during aggregation.  One simple explanation for our data is that 

inhibiting the increase in PBX proteins causes the cells to differentiate into adrenal-like 

cells upon RA-treatment.  However, AS2 cells did not gain the expression of 

steroidogenic mRNAs upon aggregation and or RA-treatment, indicating that repression 

of the RA-dependent increase in PBX expression alone is insufficient to induce P19 cells 

to differentiate into adrenal-like cells and that the pathway is specific to elevated 

expression of SF-1.  Further studies will need to be performed to both validate these 

results and also determine if the cells are differentiating into a specific type of adrenal 

cell. 
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RA-Treatment of P19 Cells Prevents Silencing of the Exogenous SF-1 Expression 

Another interesting observation was the rapid silencing of the exogenous SF-1 

mRNA (Figure 4-21) and protein expression (4-23).  A simple explanation for this 

phenomenon is that the CMV promoter was silenced.  Evidence for this is that the CMV 

promoter is silenced in ES cells, with constitutive expression, to a greater extent than 

other promoters (Xia et al., 2007).  If the CMV promoter is silenced in P19 cells 

comparable to ES cells then any gene under the control of a CMV promoter should be 

silenced upon expression.  However, when we overexpressed DAX-1 and antisense to 

PBX RNA they were not silenced nearly to the extent of that of SF-1, indicating that the 

silencing of the exogenous FLAG-SF-1 is not solely due to silencing of the CMV 

promoter.   

Silencing of the exogenous SF-1 also occurred much more frequently when the 

cells were treated with ethanol than when they were RA-treated as evidenced both by the 

increase in SF-1 protein levels (Figures 4-22), and also an increase in the number of SF-1 

positive cells by immunofluorescence (Figure 4-23).  These data suggest that the 

mechanism(s) responsible for silencing the exogenous SF-1 expression is either directly 

or indirectly regulated by RA-treatment of P19 cells.  The recognition sequence for 

silencing of the SF-1 expression must be located in either the promoter itself or within an 

SF-1 exon, because the exogenous SF-1 contained only the coding sequences and did not 

include any of the untranslated sequences or introns.  Other researchers demonstrated that 

specific epigenetic modifiers are regulated upon differentiation of stem cells (For review 

see, Meisser 2010).  Examples of possible epigenetic modifiers include histone 

modifications and DNA methylation.  Examination of these epigenetic modifications 
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would possibly lead to the understanding of the mechanism(s) underlying the silencing of 

SF-1 expression. 

One possible mechanism for silencing SF-1 overexpression in P19 cells is histone 

modification by polycomb group proteins (PcG).  The PcG proteins associate into 

multiprotein complexes termed repressive complexes.  One of these complexes Polycomb 

Repressive Complex 2 (PRC2) contains a protein SUZ12, which is known to repress 

transcription through methylation of histones.  Knockout of SUZ12 in mice resulted in 

embryonic lethality (Pasini et al., 2004) and knockout of SUZ12 in ES cells impaired 

silencing of pluripotency genes and the induction of differentiation associated genes 

(Pasini et al., 2007).  However, PRC2 is not needed to maintain pluripotency 

(Chamberlain et al., 2008).  A recent report has shown that RA-treatment of F9 cells 

results in the loss of SUZ12 in the promoter region of RA target genes allowing for an 

induction in their transcription (Amat and Gudas, 2011).  In addition to RA target genes 

PcG and SUZ12 actively remodel and silence other genes.  Although the PcG proteins are 

part of the general histone remodeling complex present in all cells, changes in their 

protein composition due to RA-treatment could be important for silencing SF-1 

expression in P19 cells. 

The differentiation state of the P19 cells may also be important for silencing the 

exogenous SF-1 expression.  In all of our experiments we induced the expression of SF-1 

for 24 hr prior to treating the cells with RA.  This allows for the silencing mechanism to 

recognize and then silence the expression of the exogenous SF-1 prior to treatment of the 

cells with RA.  This mechanism may also be responsible for the mosaic pattern of gene 

expression normally detected in P19 cells upon expression of some exogenous genes.  
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One possibility to reduce this silencing would be to induce the expression of SF-1 after 

RA-induction of P19 cells. 

The Regulation of SF-1 and PBX Expression is Reciprocal 

Different phenotypes are produced upon knockout of PBX1, PBX2 and PBX3 in 

mice.  The PBX1 and PBX3 single knockout mice are not viable (Selleri et al., 2003 and 

2004), while PBX2 mice display no phenotypic defects and appear normal (Rhee et al., 

2003).  The PBX3 knockout mice die shortly after birth due to respiratory failure (Rhee et 

al., 2003), while the PBX1 knockout mice die in utero before birth (Selleri et al., 2003).  

However, none of the PBX single isoform knockouts die early during embryogenesis, 

suggesting that the remaining isoforms are able to compensate for the knocked out 

isoform at least during the early stages of development.  Unfortunately, to date there are 

no published reports describing the effects of double or triple knockouts of the PBX 

isoforms. 

We initially started these experiments to identify the genes which were directly 

regulated by PBX during RA-dependent endodermal and neuronal differentiation.  Of the 

three PBX knockout models, PBX1 appears to be the most important during 

embryogenesis.    Evidence for this is that the PBX1 knockout mice had defects in 

multiple organs, completely lacked adrenal glands and have impaired testis development 

associated with decreased proliferation in the urogenital ridges (Schnabel et al., 2003).  

The loss of adrenal development clearly indicates that PBX1 is involved in regulating SF-

1 expression during embryogenesis.  Confirming this, PBX1 was found to initiate 
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transcription of SF-1 prior to the establishment of an autoregulatory loop, where SF-1 

maintained its own transcription during adrenal development (Zubair et al., 2006).   

Paradoxically, if SF-1 expression is indispensible during preimplantation, one 

major question is how or why it is silenced only to be regulated by PBX in a tissue-

specific manner later.  In addition, this also does not take into account LRH-1 expression, 

which is known to be expressed in ES cells and is embryonic lethal in LRH-1 knockout 

mice (Pare et al., 2004), where SF-1 knockouts are viable until birth.  However, many 

studies have shown that LRH-1 and SF-1 are able to regulate similar pathways when 

overexpressed.  These data suggest that during embryogenesis LRH-1 expression is able 

to compensate for the loss of SF-1, although the converse is not true.  However, during 

later embryogenesis, LRH-1 is either unable to compensate for the loss of SF-1 

expression in some tissues or it is simply not expressed in the tissues which require SF-1 

expression. 

Quite surprisingly, regulation of SF-1 and PBX expression was found to be 

reciprocal.  We report here for the first time that overexpression of SF-1 inhibits the RA-

dependent increase in PBX protein levels during both endodermal and neuronal 

differentiation.  This suggests that there is a feedback loop where a reduction in SF-1 

protein levels is necessary to allow for the RA-induced increase in PBX protein levels to 

occur.  It is possible that this mechanism does not exist in ES cells, as SF-1 is not 

expressed in ES cells, or perhaps LRH-1 is able to regulate PBX in a similar manner.  

However, it remains to be determined if this mechanism is unique to P19 cells. 
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Future Directions 

Future experiments will focus on elucidating the mechanism(s) through which SF-1 

effects the RA-dependent differentiation of P19 cells, SF-1 silencing, and the feedback-

loop between PBX and SF-1. 

1. One obvious question is whether overexpression of SF-1 during RA-dependent 

differentiation induces P19 cells to differentiate into steroidogenic cells such as 

adrenal-like cells.  To date, we demonstrated that SF- 1 prevented P19 cells from 

differentiating into either Troma-1 or Tuj1 positive cells upon RA-treatment.  In 

addition, treatment of the cells with cAMP upon replating the cells from 

aggregates to monolayer induced the cells to express mRNAs of steroidogenic 

enzymes.  However, these data do not prove that the cells are able to produce 

steroidogenic hormones.  To fully determine if the cells differentiated into 

adrenal-like cells we would need to determine if the cells are secreting 

setroidogenic hormones by testing for their presence in the media through ELISA 

assays against specific hormones.  These assays would also help to determine if 

there is a specific type of adrenal cell which is being produced. 

2. Study the effect of SF-1 on the maintenance of pluripotency state in P19 cells by 

targeted knockdown of SF-1.  We only ascertained the function of SF-1 by 

overexpressing SF-1 in P19 cells during RA-dependent differentiation and have 

not explored the role of SF-1 in the maintenance of pluripotency in 

undifferentiated cells.  We attempted to knock down SF-1 by both siRNA and 

also shRNA (data not shown).  However, we were unable to reduce the level of 

SF-1 mRNA to less than 60% of the basal levels, possibly due to an 
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autoregulatory loop.  To solve this problem we could perform a two-step process 

where we would knockout the endogenous SF-1 and rescue its expression through 

the exogenous FLAG-SF-1.  The knockout would be produced through the use of 

an engineered zinc-finger nuclease.  This nuclease would recognize the 

endogenous SF-1 DNA sequence and after digestion of the endogenous SF-1 gene 

it would not be expressed.  The FLAG-SF-1 sequence would be modified by site-

directed mutagenesis to change the recognition sequence of the zinc-finger 

nuclease, thereby, protecting FLAG-SF-1 from digestion by the nuclease. The use 

of these two techniques in conjunction will help to further ascertain the function 

of SF-1 in P19 cells both during maintenance of pluripotency and during RA-

dependent differentiation of P19 cells. 

3. Elucidate the mechanism of exogenous SF-1 silencing in P19 cells.  To determine 

the mechanism(s) involved in the silencing of SF-1 we would first determine if 

the CMV promoter is methylated by bisulfate sequencing.  Secondly, we would 

determine if there were differences in the histone modifications associated with 

the promoter or coding sequences such as acetylation and methylation.  Third, we 

would determine if the mRNA and/or protein half-life is affected by RA-treatment 

by comparing the degradation rates of FLAG-SF-1 mRNA and protein levels 

upon addition of Dox to the medium 24 hr after inducing FLAG-SF-1.  

4. Since we observed an effect of SF-1 on the RA-dependent induction of PBX, it 

would be interesting to elucidate the mechanism(s) involved in their reciprocal 

relationship.  ChIP analysis using the FLAG-SF-1 overexpressing cells could be 

utilized to determine if this autoregulatory loop is responsible for maintenance of 
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the endogenous SF-1 expression in P19 cells.  In addition, ChIP analysis of RA-

treated P19 cells could also be used to determine if PBX binds to the same 

sequence to silence SF-1 expression.  The regulation of PBX by SF-1 could also 

be similarly studied.  The FLAG-SF-1 protein will allow us to determine if SF-1 

binds to its recognition sequence in the promoter of PBX, thus repressing the 

increase in PBX due to RA-induction. 

5. Finally, determine if LRH-1 acts in a similar manner as SF-1 in P19 cells.  LRH-1 

was recently found also to induce steroidogenesis in MCS cells (Yazawa et al., 

2009). It would be interesting to examine the role of LRH-1 in the differentiation 

of P19 cells.  Although P19 cells do not express endogenous LRH-1, the effect of 

exogenous LRH-1 expression in conjunction with the knockout of SF-1 could be 

examined.  Before knocking out the endogenous SF-1 we would first create an 

inducible LRH-1 overexpressing P19 cell line.  Next we would knock out the 

endogenous SF-1 using the engineered nuclease described above.  Finally, similar 

experiments to those reported here would be performed to determine if LRH-1 is 

able to replace SF-1 in P19 cells. 
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