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ABSTRACT 
 

Retinoic acid (RA) is a positive regulator of P19 EC cell differentiation.  Pre-B 

cell leukemia transcription factors (PBXs) act in conjunction with homeobox genes 

during cell differentiation.  PBX mRNA and protein levels are increased rapidly in P19 

cells during RA-induced differentiation.   However, silencing of PBX expression in P19 

cells (AS cells) results in a failure of these cells to differentiate upon RA treatment.   

Chicken Ovalbumin Upstream Promoter Transcription Factor I (COUP-TFI) and Chicken 

Ovalbumin Upstream Promoter Transcription Factor II (COUP-TFII) are orphan 

members of the steroid-thyroid hormone superfamily.  The mRNA and protein levels of 

both COUP-TFI and COUP-TFII are low in proliferating wild type P19 EC cells.  

However, when wild type P19 cells are induced to differentiate upon RA treatment, 

COUP-TFI and COUP-TFII mRNA and protein levels are dramatically increased while 

the levels of pluripotency associated gene products are strikingly reduced.  Conversely, 

COUP-TFI and COUP-TFII mRNA levels fail to be elevated upon RA treatment in PBX 

AS P19 EC cells.  Therefore it was hypothesized that COUP-TFs may be downstream 

targets of PBX and required factors mediating the RA-dependent differentiation cascade 

in P19 cells.   

To determine the role of COUP-TFI during differentiation of P19 cells, PBX AS 

cells that inducibly express V5 tagged COUP-TFI using the Tet-Off® Advanced 

Inducible Gene Expression system were prepared.   Using this system, we demonstrate 

that exogenous COUP-TFI expression, in a dose-dependent fashion, leads to growth 

inhibition, modest cell cycle disruption and early apoptosis.  Furthermore, using this cell 
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model which inherently is incapable of undergoing RA-mediated differentiation due to 

blockage of PBX induction, we demonstrate that a supraphysiological level of COUP-TFI 

expression can overcome the blockage of RA-dependent differentiation in PBX AS cells. 

However, AS cells expressing a physiological level of COUP-TFI differentiate to 

endodermal cells only upon treatment with RA.  Additionally, gene expression studies 

indicate that the reductions of pluripotency maintenance genes observed in the COUP-

TFI expressing cells are similar to that of  wild type P19 cells (upon RA treatment) 

suggesting that COUP-TFI expression is a driving force towards loss of pluripotency.  

Moreover, gene expression studies indicate COUP-TFI is involved in the regulatory 

modulation of at least two RA response genes, CYP26A1 and HoxA1,  indicating that 

COUP-TFI may have some effect on either maintaining or reducing these genes 

expression levels when COUP-TFI becomes expressed.  

COUP-TFII is expressed as two distinct variants, Variant 1(V1) and Variant 2 

(V2).  V1 is the variant that functions as a classical nuclear receptor by binding target 

DNA sequences and affecting gene transcription whereas V2 is a truncated form of V1 

lacking the ability to bind DNA.  We therefore hypothesized that V2 could serve as a 

dominant negative receptor by limiting the amount of functional V1 in the cell.   

Unexpectedly, we found using P19 cells that overexpress V2 that RA-mediated 

differentiation proceeded normally suggesting V2 does not function as a dominant 

negative repressor.   

Taken together, these studies demonstrate for the first time (i) that COUP-TFI 

functions as a physiologically relevant regulator during RA-mediated endodermal 
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differentiation of P19 cells and (ii) COUP-TFII V2 is endogenously expressed in P19 

cells; however its role during RA-mediated differentiation remains unclear.  
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CHAPTER 1 

INTRODUCTION 

Part I: Retinoids 

General Information on Vitamin A 

Vitamin A and its natural and synthetic derivatives, also known as retinoids, play 

key roles in the regulation of physiological processes such as development, cellular 

differentiation and proliferation, metabolism, vision, reproduction (spermatogenesis and 

embryonic development), apoptosis and tissue homeostasis.  Retinoids play crucial roles 

in cell differentiation and proliferation of epithelial tissue and their utility in oncology 

and dermatology has been well documented (Njar, 2002).  In fact, retinoids including 

vitamin A and its natural and synthetic analogues have been used as experimental 

treatments in cancer patients for the last 30 years (Smith et al, 1992a; Sporn et al, 1994; 

Lotan, 1996).  The most remarkable example of retinoid anticancer activity is the 

treatment of acute promyelocytic leukemia (APL) since upon treatment of afflicted 

patients with all-trans retinoic acid (ATRA)   approximately 72% of patients can be 

successfully treated (de The et al., 1990a; Degos and Wang, 2001; Lin et al., 1999).  

Vitamin A deficiency (VAD) is known to be associated with an array of congenital 

abnormalities affecting the ocular, cardiac, respiratory and urogenital systems.  Vitamin 

A is also imperative throughout postnatal development and adult life for many biological 

processes such as cell survival, vision, growth and homeostasis of numerous tissues and 

its deficiency is known to cause vulnerability to other illnesses such as iron deficiency, 

anemia and measles.    
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Naturally occurring retinoids include all-trans-retinol, 11-cis-retinal, all-trans-

retinoic acid (ATRA), 9-cis-retinoic acid and 13-cis-retinoic acid.  In addition to the 

naturally occurring retinoids, chemists have synthesized thousands of synthetic analogs 

as prospective pharmacological agents.  Retinol, retinal and retinoic acid (RA) are the 

three bio-active forms of Vitamin A.  Retinol is the transport and storage form of Vitamin 

A.  Retinal or retinaldehyde is the light-sensitive pigment required for rhodopsin 

formation and night vision in the retina.  RA is the most biologically active form of 

vitamin A.  β-carotene and retinyl esters are the two dietary sources of Vitamin A.  Foods 

rich in β-carotene include green leafy vegetables, carrots, sweet potatoes and certain 

foods from animal products for example egg yolks.  Dietary retinyl esters are primarily 

found in milk and its byproducts and in meat especially in liver.  The daily recommended 

allowances of vitamin A for adult humans and infants are approximately 1000 μg and 

375 μg retinol equivalents, respectively. 

  

Transport and Metabolism of Vitamin A  

In the intestinal lumen, dietary retinyl esters are hydrolyzed to retinol (Goodman  

and Blaner, 1984) while the other dietary source of vitamin A, β-carotene, is cleaved to 

form 2 molecules of retinal by the intestinal enzyme 15-15′ β-carotene dioxygenase 

(Goodman and Huang, 1965; Goodman et al., 1966).  Most retinal formed from β-

carotene is then reduced to retinol by a microsomal retinal reductase while a small 

amount is oxidized to RA (Kakkad and Ong, 1988).  During the absorption process in the 

intestines, retinol is incorporated into chylomicrons as retinyl esters (Goodman and 
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Blaner. 1984).  It is these chylomicron particles that mediate transport of retinol to the 

liver.  Stellate cells of the liver store vitamin A in the form of retinyl esters and when 

retinol is needed it is de-esterifed and released into the blood bound to retinol binding 

protein (RBP) (Goodman and Blaner, 1984).  

In the bloodstream, retinol is transported to different target tissues bound to RBP.  

Retinol bound to RBP is easily incorporated by target cells by the action of Stimulated by 

Retinoic Acid gene 6 homolog (STRA6).  STRA6, a multitransmembrane domain 

protein, is a specific membrane receptor for retinol-RBP complexes. STRA6 binds RBP 

with high affinity removing retinol from the complex and transporting it across the cell 

membrane (Kawaguchi et al., 2007).  In the cytoplasm of target cells RA and retinol bind 

to their respective binding proteins, cellular retinoic acid-binding protein (CRABP-I and 

CRABP-II)  and cellular retinol-binding protein (CRBP-I, CRBP-II and CRBP-III).  

These cytoplasmic RA and retinol binding proteins are able to mediate the intracellular 

transport and metabolism of retinoids (reviewed in Noy, 2000).  Endogenous RA is 

synthesized in two steps: the first step is the reversible oxidation of retinol (CRBP bound) 

to retinal performed by retinol dehydrogenases (RDHs) and the second is the irreversible 

oxidation of retinal to ATRA (CRABP bound), which is carried out by retinaldehyde 

dehydrogenases (RALDHs) (Napoli, 1999; Blaner and Olson, 1994).  Conversely, 

endogenous RA is degraded by CYP26 enzymes (White et al., 1996; Fujii et al., 1997; 

Ray et al., 1997; Hollemann et al., 1998).  Furthermore CRABP-II is the binding protein 

responsible for the delivery of RA to retinoic acid receptors (RARs) within the nuclei of 

cells (Dong et al., 1999).  It is in the nucleus where RA binds its nuclear receptors, 

retinoic acid receptor (RARs) and retinoid X receptors (RXRs) and executes the 
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to activate transcription of their target genes.  They can form either homodimeric or 

heterodimeric structures (RXR-RXR or RAR-RXR respectively).   RAR and RXR each 

have 3 subtypes encoded by distinct genes (α, β, and γ) which are responsible for 

mediating the actions of RA.  The RARs (RAR α, β, and γ) are known to bind ATRA and 

9-cis-RA with equal affinity while the RXRs (RXR α, β, and γ) have been shown to bind 

in vitro only 9-cis-RA with high affinity (Levin et al., 1992; Heyman et al., 1992).  

Additionally, multiple isoforms exist for each subtype which are generated by differential 

promoter usage and alternative splicing.  RARs and RXRs display the characteristic 

modular conserved structure common to all members of the steroid-thyroid hormone 

superfamily containing domains A to F regions (Figure 1-3).   

The amino terminal (A/B region) comprises the ligand-independent 

transcriptional activation function (AF-1) and several phosphorylation sites for proline 

dependent kinases including cyclin-dependent kinases, MAP kinases, and stress kinases 

(reviewed in Rochette-Egly et al., 2001; Rochette-Egly, 2003).  The A/B domain is 

highly variable in sequence and in size amongst members of the nuclear receptor 

superfamily. The centrally located C region accommodates the highly conserved (95% 

homology between three RAR subtypes and 92 to 95 % homology between three RXR 

subtypes) DNA-binding domain (DBD).  The DBD targets nuclear receptors to their 

cognate DNA binding sites by forming a surface for RAR/RXR DNA-protein interaction.  

This surface allows the RAR-RXR heterodimer to come into close vicinity to 

transcriptional machinery to control mRNA transcription.  This domain also typically 

contains the nuclear localization sequence and confers dimerization activity for some 

receptors.  The hinge region (D region) is the most variable region amongst nuclear 
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transcriptional corepressors, and most importantly the LBD contains the ligand-

dependent activation function (AF-2), which has been associated with transcriptional 

activation through coactivator recruitment.  Specifically, it is the heptad repeat motif 

located in the E domain and zinc finger D box located in C domain which are both 

essential for dimerization and recognition of the DNA RA response element (RARE) 

sequence by the RAR-RXR dimer.  The sequence of the E region is very highly 

conserved among the three RAR subtypes (82 to 85%) and the three RXR subtypes (86 to 

90%).   Recently X-ray crystal structures have been resolved for the LBD of several 

RARs and RXRs and it has been demonstrated that each of the LBDs share the novel 

protein fold termed antiparallel α-helical sandwich, comprised of twelve α-helices (H1 to 

H12) and a β-turn residing between helices H5 and H6.   The AF-2 requires the AF-2D 

core, which corresponds to the antiparallel α-helical sandwich located at the C terminal 

end of the LBD (Chambon, 1996).  Binding of RA (or any agonistic ligand) prompts a 

conformational change of the LBD which involves α-helix 12 and results in the 

generation of a surface which is conducive to coactivator binding while corepressors are 

concurrently released (Moras et al., 1998).  Crystallographic evidence has shown by 

direct comparisons of the LBD of RARs and RXR with and without bound agonists or 

antagonists that there are considerable conformational changes that follow ligand 

binding.  In addition to crystallographic LBD studies, site-directed mutagenesis 

experiments have demonstrated that specific amino acids in the ligand-binding pocket of 

RARs associate with RA (Tairis et al., 1994).   Several nuclear receptors including RARs 

also contain an F, or carboxy terminal domain, while RXRs lack an F region. This 
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domain is not highly conserved among nuclear receptors and its function is not very well 

understood.   

 

Gene Transcription Mediated by Retinoic Acid Nuclear Receptors 

These heterodimeric (RXR/RAR) or homodimeric (RXR/RXR) nuclear receptors 

function to control transcription by binding to distinct DNA sequences located in the 

promoter regions of target genes called retinoic acid response elements (RARE) or 

retinoid X response elements (RXRE).  Heterodimerization of RAR-RXR is essential for 

tight DNA binding and subsequent transactivation of gene expression of RARE 

containing target genes.   In addition to the interaction with RARs, RXRs are commonly 

known to heterodimerize with a variety of other nuclear receptors such as vitamin D 

receptor, thyroid hormone receptor, chicken ovalbumin upstream promoter transcription 

factor (COUP-TF), and peroxisome proliferator activated receptor (PPAR) to control 

transcription of these receptors’ target genes.   RAREs are characterized by distinct 

nucleotide sequences consisting of direct repeats of the consensus half-site sequence 

AGGTCA separated by two or five nucleotides (DR-2 or DR-5, respectively) with the 

DR-5 most commonly bound by the RAR-RXR heterodimer.  Conversely, RXREs are 

usually direct repeats of AGGTCA with one nucleotide spacing (DR-1) to which the 

RXR-RXR homodimer binds.  Although the direct repeat is most commonly seen, half 

site sequences can form a palindrome or can be found without any consensus sequence.  

In the vast majority of RA responsive genes, the RARE or RXRE is found in the 

promoter region 5’ of the transcriptional start site. The RXR in the RAR-RXR 
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corepressors) and SMRT (silencing mediator for RAR and TR) associate with the E  

region of RARs resulting in the silencing of the associated promoters (Kurokawa et al., 

1995; Horlein et  al., 1995).  These corepressors mediate their repressive effects on 

transcription by the recruitment of histone deacetylacese complexes (HDACs) to 

chromatin.  HDACs are enzymes which catalyze the removal of acetyl groups from 

specific lysine residues in histone proteins associated with DNA.  As a result chromatin is 

remodeled into a more compacted state rendering the DNA inaccessible to transcriptional 

machinery culminating in transcriptional repression (Grozinger and Schreiber 2002). 

Upon RA binding, the LBD structure undergoes a remarkable conformational change 

resulting in corepressor release and concomitant recruitment of coactivators to AF-2 

activation domain triggering transcriptional activation (Figure 1-4).  Selected coactivators 

interact directly with the basal transcriptional machinery whereas others do not interact 

directly, but rather they possess inherent histone acetyltransferase (HAT) activity.  HATs 

are enzymes that catalyze the transfer of acetyl groups from acetyl coenzyme A to ε-

amino groups of lysine residues of histone tails. Acetylation results in a loss of positive 

charge, relaxing chromatin structure and allowing access of transcription factors to their 

target genes (Roth et al., 2001).  HATs, in general, oppose the activity of HDACs. 

   

Part III: RA Signaling During Development 

RAR and RXR Knockout Animal Studies 

To better understand the role of RA during embryonic development early studies 

have been performed using embryos from marginally vitamin A–deficient (VAD) 

pregnant rats.  These studies have led to the discovery of an assortment of defects called 
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the vitamin A–deficiency syndrome.  By carefully modulating the levels of RA fed in the 

diet of these fertile female rats undergoing reproductive cycles, we have been able to gain 

better insights in interpreting the points of RA function in early embryogenesis.  

Additionally, these studies have provided a method to generate large numbers of embryos 

at advanced stages of development with the vitamin A–deficiency syndrome.  Overall it 

has been demonstrated that depending on the severity and timing of vitamin A deficiency, 

the outcomes range from failed reproduction (prior to implantation) to embryonic death 

(following the establishment of fertilization and implantation) at various stages of 

pregnancy (Evans and Bishop, 1922a; Evans, 1928; Mason, 1935).  Very early pioneering 

studies performed by Warkany and his collaborators demonstrated an assortment of 

congenital malformations affecting the ocular, cardiac, respiratory, and urogenital 

systems (collectively referred to as the fetal VAD syndrome) were present in fetuses from 

VAD rats (reviewed in Wilson et al., 1953).  A more recent study (White et al., 2000) 

demonstrated that embryos derived from pregnant rats receiving insufficient dietary 

vitamin A developed defects in the cardiovascular and nervous system at least 2 days 

before the time when histological alterations were described in the placenta (Howell et 

al., 1964).  In summary, early studies have shown that vitamin A is essential for female 

reproduction (Evans and Bishop, 1922a; Evans and Bishop, 1922b; Evans, 1928; Mason, 

1935) and embryonic development (White et al., 2000) starting from conception with 

implantation and culmination with viable neonates.  Additionally the relative severity of 

vitamin A deficiency around the time of conception is a crucial factor deciding the fate of 

the reproductive outcome (Evans and Bishop, 1922a; Evans and Bishop, 1922b; Evans, 

1928; Mason, 1935).    
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In an order to elucidate specific functions of RAR/ RXR subtypes and isoforms 

during development, experimental studies have focused on RAR and RXR nuclear 

receptor knockout mouse models.  These studies involve examination of the phenotypes 

of mice lacking expression of specific RAR or RXR subtypes and isoforms.  

Additionally, there have been loss of RAR function (through targeted disruption) studies 

with specific RAR isoforms performed with F9 cells examining effects on RA-dependent 

gene expression (Boyland et al., 1993).  

Inactivation of a single RAR or RXR subtype results in relatively few 

developmental defects in mice.  For example RARα, RARβ, and RARγ-null mice are 

viable however they display some aspects of the fetal and postnatal VAD syndromes 

along with some congenital malformations (Kaster et al., 1995).  However the congenital 

abnormalities seen are constrained to a subsection of tissues which normally express 

these receptors suggesting the presence of functional redundancies between RARs.  

Alternatively, RAR double subtypes mutants (RARα/β, RARα/γ, and RARβ/γ-null) mice 

die either in utero or very shortly after birth from severe developmental defects that 

include the entire range of malformations belonging to the fetal VAD-induced syndrome 

(Wilson et al., 1953) as well as other congenital abnormalities not consistent with those 

associated with  fetal VAD-induced syndrome ranging from agenesis of the Harderian 

gland to skeletal defects of the skull, face, vertebrae, and limbs (Ghyselinck et al., 1997; 

Luo et al., 1996; Subbarayan et al., 1997; Lohnes et al., 1994; Lohnes et al., 1993; 

Mendelsohn et al., 1994).  The incidence of these non-VAD associated defects in null 

mutant mice is suggested to be due to the struggle to achieve, by dietary deficiency, a 

state of serious VAD compatible with pregnancy.  Interestingly these same non-VAD 
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anomalies have been duplicated in studies using rodent embryos (a) lacking vitamin A 

but supplemented with RA (Dickman et al., 1997); (b) lacking RA synthesizing 

retinaldehyde dehydrogenases RALDH2 or RALDH3 (Mic et al., 2004; Dupé et al., 

2003); and (c) treated with synthetic retinoids having RAR antagonistic activities 

(Kochhar et al., 1998).   

RXRβ-RXRγ double knockout mice and even RXRα +/-−RXRβ-/-−RXRγ-/- are 

viable without any obvious congenital or postnatal defects except marked growth 

deficiency and male sterility, which is attributed to the loss of RXRβ (Krezel et al., 

1996).   It can be concluded that only one copy of RXR is necessary to accomplish most 

of the functions of RXR.  Additionally, there have been loss-of-function studies 

performed with specific RAR and RXR subtypes on RA-dependent gene expression via 

targeted gene disruption knockout technology (described in Lufkin et al., 1993).   These 

studies have shown by Rar and Rxrα loss-of-function mutations that synergism occurs 

between RAR and RXRα and that RXRα/RARα, RXRα/RARβ, and RXRα/RARγ 

heterodimers are the functional units transducing RA signals during embryogenesis 

(Kastner et al., 1997; Mascrez et al., 1998; Kastner et al., 1994; Mascarez et al., 2001).  

In addition to mutant knockout studies, investigators have analyzed the functional 

inactivation of RXRα within a specific cell type (adipose, skin and liver) at various time 

points after birth using a Cre/lox recombinase system and it has been proven that RXRα 

is important in biological processes including hair follicle growth in skin, adipogenesis in 

adipocytes, and the lifespan of hepatocytes (Metzger et al., 2001; Wan et al., 2000; Imai 

et al., 2001; Li et al., 2001).  
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Knockout studies performed in F9 cells have aided in the elucidation of the role of 

RARβ2, RARα and RARγ in the regulation of expression of specific genes and pathways.  

RARβ2
-/-cells were demonstrated to possess an altered morphology and fail to fully 

differentiate upon RA treatment.  Furthermore these RARβ2
-/- cells are unsuccessful at 

growth arresting after RA treatment suggesting that RARβ2 may be a critical determinant 

in facilitating growth (Faria et al., 1999).  Several differentiation specific genes have 

been identified which are regulated directly or indirectly by RARγ and RARα in F9 EC 

cells.  As a result of targeted disruption of both RARγ alleles (RARγ -/-), HoxA1 (Hox-

1.6), Hox A3 (Hox-1.5), extracellular matrix proteins laminin B1, collagen type IV (αl), 

GATA-4, and BMP-2 genes, all of which are RA inducible in wild-type F9 EC cells, 

were not significantly induced in the RARγ -/- lines upon RA treatment (Boylan et al., 

1995).   As a result of disruption of RARα, there is an apparent a reduction in the RA-

induced expression of both the CRABP-II and HoxB1 (Hox-2.9) genes (Boylan et al., 

1995).   Furthermore, results demonstrated that the loss of RARγ was affiliated with a 

reduction in the metabolism of ATRA to more polar derivatives, while the loss of RARα 

is associated with an increase in metabolism of RA relative to wild-type F9 cells (Boylan 

et al., 1995).   Thus, it has been suggested that each of these RARs display some 

specificity with respect to the regulation of differentiation-specific gene expression. 

 

RA and Embryonic Development 

RA-liganded RAR signaling plays critical roles during many distinct stages of 

embryonic development including embryonic patterning, organogenesis, axial rotation, 

segmentation and closure of hindbrain, formation of otocysts, development of pharyngeal 
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arches and forelimb buds, and in closure of the primitive gut (reviewed in Mark et al., 

2009).  RARs are also essential for the ontogenesis of virtually all the structures derived 

from mesectodermal cells, i.e., the cranial neural crest cells (NCC) that give rise to 

mesenchymal derivatives (reviewed in Kastner et al., 1995; Mark et al., 1995; Mark et 

al., 1998).  RARs are involved in anterior-posterior patterning of the somitic mesoderm 

and hindbrain neuroectoderm (Ghyselinck et al., 1997; Lohnes et al., 1994; Wendling et 

al., 2001), particularly through guiding expression of homeobox genes (Dupé et al., 

1997).  RARs are required for the development of a large number of ocular structures and 

for histogenesis of the retina (Lohnes et al., 1993, Ghyselinck et al., 1997; Grondona et 

al., 1996), for cardiomyocyte differentiation (Kastner et al., 1997), as well as for the 

control of apoptosis in the frontonasal and interdigital mesenchymes (Lohnes et al., 1994; 

Ghyselinck et al., 1997; Dupé et al., 1999; Crocoll et al., 2002) and in the conotruncal 

segment of the embryonic heart (Ghyselinck et al., 1998).  RARs control the formation of 

the genital ducts and ureters (Ghyselinck et al., 1997, Mendelsohn et al., 1994; 

Mendelsohn et al., 1999), as well as epithelial-mesenchymal interactions in the kidney, 

through expression of the receptor tyrosine kinase Ret (Batourina et al., 2000; Batourina 

et al., 2002).  In the developing respiratory tract, RA-liganded RARs are necessary for 

the morphogenesis of the nasal cavities and for their communication with the more 

caudal airways (Dupé et al., 2003; Ghyselinck et al., 1997).  RARs regulate lung 

branching morphogenesis (Mollard et al., 2000; Malpel et al., 2000) and lung alveoli 

septation (McGowan et al., 2000; Massaro et al., 2003), and they are also vital for the 

segregation of the primitive foregut into esophagus and trachea (Ghyselinck et al., 1997; 

Mendelsohn et al., 1994; Mollard et al., 2000).  
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Role of RA in Endodermal Patterning 

Endodermal cells contribute to various organs along the anterior-posterior (AP) 

axis, including the pharynx, esophagus, stomach, duodenum, small and large intestine.  

RA signaling has been implicated in many aspects of these processes.  It has been 

demonstrated that RA signaling is necessary to specify the pharyngeal endoderm and RA 

signaling might offer an accommodating environment for neural crest cell (NCC) 

movement through secretion of distinct paracrine factors by the pharyngeal endoderm 

(Wendling et al., 2001; Mark et al., 2004).  Recent breakthroughs have been made in the 

detection of transcription factors that direct endodermal organ differentiation. During 

development Hox genes have been identified as key mediators of RA signaling, many of 

which are direct targets of RA since RAREs have been identified and characterized in 

their promoter sequences (Manzanares et al., 2000; Balmer and Blomhoff, 2002; 

Oosterveen et al., 2003).   In vertebrates, Hox genes have been suggested to play 

important roles in assigning positional patterning information to all embryonic tissue 

layers (McGinnis and Krumlauf, 1992; Deschamps et al., 2005).  Terminally 

differentiated parietal endoderm (PE) cells have been derived ex vivo from embryonic 

stem (ES) cells (Fujikura et al., 2002).  The signals guiding the differentiation of 

extraembryonic endoderm have been examined best in F9 murine teratocarcinoma cells.  

Upon treatment with RA, this embryonal carcinoma (EC) cell line differentiates to 

become primitive endoderm (PrE) and visceral endoderm (VE) (Strickland and Mahdavi, 

1978; Strickland et al., 1980).  RA signaling was found to be critical for subsequent PE 

differentiation (Futaki et al., 2004) and the effect of RA on F9 cells appears to be 

mediated by activated Ras (Verheijen et al., 1999). 
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Part IV: Pluripotent and Totipotent Cell Lines 

Embryonic Stem Cells 

Embryonic stem cells (ES cells) are pluripotent stem cells generated from the 

inner cell mass of the blastocyst, an early-stage embryo (Thomson et al., 1998) that has 

developed from fertilized eggs following in vitro fertilization. ES cells are distinct from 

stem cells in the adult body because they can only be derived from cells originating from 

an embryo.  ES cells are characterized by two distinct properties namely totipotency and 

ability to proliferate indefinitely in cell culture.  ES cell totipotency is demonstrated by 

their ability to give rise to all cell types in the entire body including germ cells, with the 

exception of the placenta.  ES cells of the morula are able to develop into any type of cell, 

including those of the placenta.    

Once mouse ES cells have been established in culture, they require specific 

conditions to maintain their totipotent state and retain their undifferentiated phenotype.  

They often require the use of feeder cells or growth in the presence of the self-renewal 

cytokine leukemia inhibitory factor (LIF) after which they can be propagated and 

amplified indefinitely without losing their stem cell character and potential.  This 

property of limitless propagation potential makes ES cells a powerful tool for both 

research and regenerative medicine.  A principal application of mouse ES cells in modern 

research has been their use in the construction of transgenic and knockout mice.  ES cells 

can easily be induced to differentiate to numerous cell types in cell culture upon 

treatment with various morphogens including RA, DMSO and cyclic adenosine 

monophosphate (cAMP).  Neurons, glial cells, adipocytes, chondrocytes, osteocytes, 

corneal epithelium, skeletal muscle, smooth muscle, and ventricular cardiomyocytes are 
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amongst the many different cell types that can be derived from ES cell depending on the 

treatment conditions (Eiges and Benvenisty, 2002; Rohwedel et al., 1999; Schuldiner et 

al., 2000) (Figure 1-5).  The ultimate fate of the differentiated cell depends on both the 

timing of RA addition and other factors (Figure 1-5).  ES cells are induced to differentiate 

by the removal of LIF from culture medium followed by the growth of ES cells as small 

aggregates known as embroid bodies (EB) either in specially treated nonadhesive plates 

or in hanging drop cultures.  Upon LIF removal and aggregation, differentiation is 

initiated and the cells begin recapitulating embryonic development in a somewhat 

unconventional manner.  Like early embryonic development, differentiation within the 

EB occurs in a three dimensional manner.  However, unlike the normally carefully 

orchestrated and organized embryonic development process which results in a complete 

organism, differentiation within the EB aggregate mass is essentially disordered in 

comparison to the systematic sequence of events for embryonic development.   

Nonetheless, EB serve as an adequate model system to explore cellular and molecular 

interactions in the initial phases of development which may be otherwise impractical or 

unethical for research, particularly in human.   

 

Embryonal Carcinoma Cells 

Embryonal carcinoma (EC) cells closely resemble ES cells in morphology, 

growth behavior and gene expression patterns.  EC cells like ES cells, are pluripotent 

cells that are undifferentiated, immortal and able to differentiate into all three primary 
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teratocarcinoma tumor.  P19 EC cells are the exception to this rule. P19 cells are a line of 

pluripotent mouse EC cells which possess the characteristic morphology, growth 

characteristics and general gene expression profile of EC cells.  Unlike many other EC 

cell lines, P19 cells contain the normal karyotype (McBurney and Rodgers, 1982), which 

reduces the chance that any results obtained are due to some genetic anomaly.  P19 cells 

have been widely used as a prototypical cell system of choice to examine processes such 

as early mammalian development as well as cell differentiation.    Although karyotyping 

analyses performed show that F9 EC cells show some chromosomal abnormalities 

(Stephens et al., 1993) they are nevertheless a good cell model for certain specific 

experimental studies since they bear a resemblance to the pluripotent stem cells of the 

inner cell mass of blastocysts.   

P19 EC cells were derived from a teratocarcinoma in C3H/HE mice, generated by 

grafting an embryo at 7.5 days of gestation to the testes of an adult male mouse (reviewed 

in Bain et al., 1994; McBurney and Rodgers, 1982).  The resultant tumor grew and cell 

cultures containing undifferentiated stem cells were established directly from the primary 

tumor (McBurney, 1992).  These cells behave like other stem cells in that they are 

pluripotent and can generate all three germ layers.  There are a number of characteristics 

of P19 cells that make them a good model for our experimental studies. Firstly, they are 

an immortal cell line which provides for infinite amounts of cells for analyses.  Secondly, 

P19 cells are fairly easy to grow and maintain in the undifferentiated state as they are able 

to grow continually on serum supplemented media. Additionally, P19 cells genetic 

composition can be easily manipulated (McBurney, 1993), for example by the selection 

of clones carrying transfected genes stably integrated into their genomes.   
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(DMSO) treatment of P19 cells grown as aggregates has been demonstrated to generate 

cells with many characteristics of cardiac and skeletal muscle (McBurney et al., 1982).  

On the contrary upon RA treatment of P19 cells grown as aggregates, their fate is 

neuronal differentiation resulting in mixed populations of neuronal cells comprised of 

glial cells, astrocytes and neurons (Jones-Villeneuve et al., 1982) (Figure 1-6).  It has 

been shown that RA treatment of P19 cells grown as a monolayer results in formation of 

endodermal and mesodermal derivatives (Mummery et al., 1986).   Additionally, RA is 

known to cause differentiation of F9 cells along various differentiation paths which is 

determined by manipulating cell culture conditions (Gudas et al., 1991; Strickland and 

Mahdavi, 1978; Strickland et al., 1980) modeling the early commitment events which 

occur in day 3 to 5-day blastocysts when the inner cell mass goes on to organize the two 

endodermal layers.  RA treatment of F9 cells grown as a monolayer induces primitive 

endoderm differentiation while treatment with RA and cAMP induces parietal endoderm 

differentiation in cell culture.   

 

RA Inducible Genes in F9 and P19 EC Cells 

There are a number of genes whose expression patterns are altered following RA-

mediated differentiation of P19 and F9 EC cells.  A number of studies have described 

such differentially regulated genes in ES and EC cells (Gudas, 1991; Gudas, 1994; 

Nishiguchi et al., 1994; Bouillet et al., 1995; Faria et al., 1998; Bain et al., 2000, Harris 

and Childs, 2002; Wei et al., 2002; Sangster-Guity et al., 2004; An et al., 2005).  The 

focus of subsequent studies has been the evaluation of the exact role of individual genes 

throughout the differentiation process.   The expectation is a better understanding of the 
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sequence of events at the molecular level governing the RA-induced differentiation 

cascade.  A substantial number of these genes are known to be expressed in early 

embryos and are likely to be key players in embryogenesis (Tables 1-1 and 1-2).  One 

prime example is the RA regulation of the RARs, specifically RARα2 and RARβ2.   

Expression levels of RARα2 and RARβ2 are markedly and rapidly upregulated following 

RA treatment in P19 and F9 cells (Hu and Gudas, 1990; Qin et al., 2004a; Shen et al., 

1991).  Additionally it has been shown that these surges of expression are mediated by 

RAREs located in the promoters of these two genes (Shen et al., 1991).   

 

Table 1-1. Selected RA Regulated Genes during Endodermal Differentation  
Gene Cell Line RA 

Response 
Implicated Functions 

CYP26A1 F9, P19 Primary Hydroxylated retinoid products may play 
  critical role in neurogenesis 

RARα2 F9, P19 Primary Needed for efficient differentiation into 
  parietal endoderm. Loss caused increase
  in metabolism of RA 

RARβ2 F9, P19 Primary Required for sustained expression of RA‐ induced gene expression but not  
  necessary for the initiation of  
  differentiation. Also important for RA‐ dependent growth inhibition 

HoxA1 F9, P19, ES Primary Not sufficient to induce differentiation  
  without RA. Positive regulator of  
  neuroectodermal and mesodermal  
  differentiation, repressor of endodermal 
  differentiation 

Rex-1  
  (Zfp-42) 

F9, ES Secondary Important for differentiation to primitive  
  endoderm and visceral endoderm but not 
  parietal endoderm 

PBX P19 Secondary Necessary for endodermal differentiation 
Dab-2 F9 Unknown Role in RA‐dependent growth arrest 
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Table 1-2. Selected RA Regulated Genes during Neuronal Differentation 
Gene Cell Line RA 

Response 
Implicated Functions 

CYP26A1 F9, P19 Primary Hydroxylated retinoid products may play 
  critical role in neurogenesis 

Sox6 P19 Primary Important in the regulation of cellular 
  aggregation and neuronal differentiation

Wnt-1 P19 Primary Positive regulator of neurogenesis and 
  inhibitor of gliogenesis 

Mash-1 P19 Secondary Not critical for neurogenesis 
Ngn-1 P19 Secondary Positive regulator of neurogenesis 
NeuroD P19 Secondary Induced during neural differentiation 
N-cadherin P19 Secondary Positive regulator of neurogenesis 
PBX1 P19 Secondary Necessary for neuronal differentiation 

 

 

Induced Pluripotent Stem Cells 

One of the most exciting recent advances in the field of stem cell technology has 

been the generation of iPS cells, or induced pluripotent stem cells, from non-pluripotent 

differentiated somatic cells.  iPS cells are comparable to regular pluripotent stem cells, 

such as ES cells, in numerous regards, such as the overall gene expression profile, ability 

to form EB, chromatin methylation patterns,  growth patterns, teratoma formation and 

differentiability.  However, the entire magnitude of their relation to normal pluripotent 

stem cells is still being evaluated.  iPS cells were first reported in 2006 by Shinya 

Yamanaka, a researcher at Kyoto University in Japan (Takahashi and Yamanka, 2006).   

iPS cells have been well received by the scientific and medical communities at large 

because there are no ethical concerns surrounding their application.  Unlike the dilemmas 

posed by the use of human embryonic stem cells, embryos are not destroyed to generate 

iPS cells.      
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Initially iPS cells were derived from the transduction of mouse fibroblasts using 

retroviral vectors with specific genes known to be important in the maintenance of 

pluripotency.  The pluripotency associated genes were Oct4, Sox2, c-Myc and Klf4 

(Takahashi and Yamanka, 2006).  The generation of pluripotent cells was successful 

since these iPS cells possessed the capability to differentiate into the three primary germ 

layers.  However, unfortunately this iPS cell line displayed DNA methylation errors 

compared to original patterns in ESC lines and did not produce viable chimeras if 

injected into developing embryos.  Further experimentation proved much more successful 

in 2007 when the same team of researchers revealed successful reprogramming of mouse 

fibroblasts into iPS cells and even producing viable chimera.  The success was due in part 

to the adjustment of the detection marker.  Instead of the use of the detection marker 

Fbx15, they used Nanog which was suggested to be a major determinant of cellular 

pluripotency since reduced error prone DNA methylation patterns and creation of viable 

chimeras (and thereby contributing to subsequent germ-line production) was able to be 

achieved using Nanog (Okita et al., 2007; Wernig et al., 2007; Maheral et al., 2007).  

Although mouse iPS cells possess the gold standard of pluripotency, which is the 

ability to give rise to all cell types, it has been discovered that iPS cell technology does 

have some pitfalls.  In general, iPS cell reprogramming remains slow and inefficient. In a 

recent study researchers created 37 iPS cell lines from mouse embryonic fibroblasts 

(MEFs) by exposing them to the four 'Yamanaka factors'; Oct4, Sox2, c-Myc and Klf4 

(Zhao et al., 2009).   They then subjected six of these cells lines to a technique known as 

tetraploid complementation resulting in successful production of 27 live mice composed 

entirely from iPS cells.  However these mice did exhibit some abnormalities not fully 
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described in the paper.  Furthermore, not all the cell lines the researchers produced were 

able to generate viable offspring.  In reality, only half of the iPS cell lines assayed in 

Zeng and Zhou's group generated live mice.  It was suggested that the low success rate is 

due in part to the manner in which pluripotency was induced.  It is known that the viruses 

used to introduce the Yamanaka factors to the MEFs can integrate arbitrarily into the 

genome, and can cause potentially deleterious effects.   Currently, alternative methods of 

inducing pluripotency are an advancing area of stem cell research.   

 

Part V: Role of Pre-B Cell Leukemia Transcription Factors 

Background on PBXs 

 Pre-B cell leukemia transcription factors (PBXs) belong to a family of proteins 

related to homeodomain proteins (Burglin et al., 1997), which are the products of HOX 

genes.  PBXs are members of the three-amino acid loop extension superclass of 

Homeobox proteins that contain three extra conserved amino acid residues (PYP) 

between helix 2 and helix 3 of their homedomains (Burglin et al., 1997).   Four related 

PBX isoforms have been identified: PBX1, PBX2, PBX3 and PBX4.  PBX1b protein is 

expressed during murine embryonic development and the functional inactivation of the 

Pbx1 gene is lethal in mice at embryonic day 15/16 (Selleri et al., 2001; Schnabel et al., 

2001).   Pbx2 and Pbx3 have been knocked out and studies performed determined that 

mice homozygous mutant for Pbx2 are born at the anticipated Mendelian frequencies and 

display no detectable abnormalities in development and organogenesis or reduction of 

long-term survival (Seller et al., 2004) while it was shown Pbx3-null mice develop to 



28 
 

term but die within a few hours of birth from central respiratory failure (Rhee et al., 

2004). 

PBX expression is tightly regulated by RA in P19 EC cells.  RA treatment of P19 

EC cells has been shown to result in a rapid increase in PBX mRNA level within hours 

(Qin et al., 2004a).  It was demonstrated that increases in both PBX1 and PBX3 mRNA 

levels are secondary responses to RA treatment which require new protein synthesis 

while increases in PBX2 is a primary response (Qin et al., 2004a).    PBX protein levels 

are highly induced during the RA-mediated endodermal and neuronal differentiation of 

P19 EC cells as well (Qin et al., 2004a).  Additionally the half-lives of PBX 1/2/3 

proteins are considerably enhanced by RA treatment suggesting some underlying post-

translational stability mechanisms in play (Qin et al., 2004a).   Overall, these data imply 

that PBX levels are elevated by RA both transcriptionally and post-translationally. 

 

Role of PBXs in RA-mediated Differentiation 

In an effort to elucidate the role of PBX during RA induced differentiation, P19 

cells which constitutively overexpress PBX1b antisense mRNA were prepared (AS2 

cells) (Qin et al., 2004b).  These cells display reduced levels of PBX protein in both 

ethanol and RA-treated cells.   Immunohistochemical analysis demonstrated  that these 

cells which overexpress PBX antisense mRNA lack the ability to induce RA-mediated 

differentiation to either endodermal or neuronal lineages as seen by their retention of 

SSEA-1 expression and failure to gain TROMA-I expression (endodermal) or 

Neurofilament (neuronal)  following RA treatment.  Western blot analyses also 

demonstrated that the level of TROMA-I was strongly elevated in wild type P19 cells and 
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empty vector control cells (TO3) but not PBX antisense AS2 cells.  Thus it was 

concluded that the induction of PBX proteins is required for RA-induced endodermal and 

neuronal differentiation of P19 cells (Qin et al., 2004a).  

Since it has been demonstrated that PBX appears to be a critical factor governing 

the cascade of RA-mediated differentiation of P19 EC cells, our lab was interested in 

further investigation.  The goal then became to look for genes that may be regulated by 

PBX.  So a microarray analysis was performed to compare gene expression levels 

following RA treatment of TO3 and AS2 cells in order to look for genes that were altered 

in expression after the induction of PBX in TO3 but not altered in AS2 cells.  The result 

was altered expression of many genes.  Among the RNAs whose levels of expression 

were found to be reduced in TO3 cells but not AS2 cells upon RA treatment during 

endodermal and neuronal differentiation were Oct4, DAX-1 and SF-1 (Teets et al., 2012).  

Conversely, among the RNAs whose levels of expression were found to be increased in 

TO3 cells but not AS2 cells upon RA treatment during endodermal and neuronal 

differentiation were COUP-TFI and COUP-TFII.   To follow up on the microarray 

analysis, quantitative PCR analysis was performed on RNA samples from the TO3 and 

AS2 cells following 3 days of RA treatment.  The results demonstrate the Oct4 mRNA 

levels are drastically down-regulated following RA treatment of TO3 cells induced to 

endodermal differentiation.   In contrast, the AS2 cells did not exhibit this same drastic 

down-regulation and its levels remained relatively unchanged through the RA treatment 

(Teets et al., 2012).   

In summary, together these data demonstrate that the loss of Oct4, DAX-1 and 

SF-1 expression as well as gain in COUP-TFI and COUP-TFII requires the RA-
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dependent increase in PBX protein levels.  Furthermore, DAX-1 and SF-1 in addition to 

the well-known pluripotency factor Oct4 may be critical regulators of the loss of 

pluripotency and gain of markers associated with differentiation (i.e. COUP-TFI and 

COUP-TFII) in P19 cells. 

 

Part VI: Selected Pluripotency Maintenance Genes Regulated During 
RA-mediated Endodermal Differentiation in P19 EC Cells 

Octamer-binding transcription factor 4 

Octamer-binding transcription factor 4, or Oct4 (POU5F1), is a transcription 

factor and member of the POU family of transcription factors.  It is known to play critical 

roles in mammalian embryogenesis and differentiation.  The POU domain family of 

transcription factors contains a divergent POU type homeodomain and thus forms a 

subfamily of the homeodomain proteins. Many POU family proteins are implicated in 

crucial regulation of development and proliferation of specific cell types.  POU domain 

proteins are thought to exert developmental functions both in early embryogenesis and in 

cell-type-specific terminal differentiation events (Rosenfeld et al., 1991; Wegner et al., 

1993).   

Oct4 is expressed in the initial stages of embryogenesis and repressed in 

successive stages. It is expressed in primordial germ cells, in oocytes, and in 

totipotent/pluripotent stem cells of the pregastrulatory embryo (Okamoto et al., 1990; 

Rosner et al., 1990; Schöler et al., 1990).  By 8.5 days postfertilization, Oct4 is almost 

undetectable in somatic cells (Rosner et al., 1990; Schöler et al., 1989; Schöler et al., 

1990).   Oct4 is highly expressed in EC and ES cells and is known to be down-regulated 
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in these cells undergoing differentiation induced by RA (Okamoto et al., 1990; Rosner et 

al., 1990; Schöler et al., 1990).  Oct4 expression is regulated by RA through several 

RAREs positioned in the promoter/enhancer region.  Results from deletion studies 

demonstrate that expression of the Oct4 gene is controlled by a cis element, RARE1, 

which functions as a stem cell-specific, nonetheless RA- repressible, enhancer and is 

located 1.2 kb upstream of the start site of transcription (Okazawa et al., 1991).  The 

RARE1 region is an atypical RARE as it does not contain the typical recognition 

sequences of RARs or RXRs.  The Oct4 promoter contains a special RARE termed 

RAREoct.  The RAREoct shows different DNA binding and DNase I footprint patterns 

with nuclear proteins isolated from undifferentiated versus RA-differentiated EC cells 

(Ben-Shushan et al., 1993) suggesting that the RAREoct serves different purposes 

(transcriptional activation versus transcriptional repression) in the different cell types.  

Oct4 levels are known to be down-regulated when P19 cells undergo RA-mediated 

differentiation and it has been established that the RAREoct mediates the RA-induced 

repression in RA-differentiated EC cells (Pikarsky et al., 1994; Schoorlemmer et al., 

1994).   In addition Oct4 acts as a gatekeeper to prevent ES cell differentiation by 

maintaining pluripotent gene expression and inhibiting expression of lineage 

determination factors.  When repressed or inactivated in ES cells, differentiation occurs 

along the trophoectodermal lineage (Mullen et al., 2007).   

 

Steroidogenic factor 1  

Steroidogenic factor 1, or SF-1 (NR5A-1), is an orphan member of the steroid 

thyroid hormone receptor superfamily in which no endogenous ligand has been 
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identified.  SF-1 is a tissue-specific transcription factor critical for the growth, 

development and differentiation of steroidogenic and a few other endocrine tissues. Some 

of SF-1 known target genes are implicated in steroidogenesis, reproduction, 

differentiation and sex determination in the adrenals, gonads and the brain (Val et al., 

2003; Little et al., 2006).  It has been revealed as a result of mouse knockout studies that 

the SF-1 gene plays a major role in development.  Targeted disruption of the SF-1 (Sf-1 

homozygous mice) resulted in death within a week of birth from adrenocortical 

insufficiency that could be prevented by steroid hormone replacement therapy (Luo et al., 

1994).  Studies have shown that Sf-1 heterozygous mice have impaired adrenal growth 

(Beuschlei et al., 2002).  Clinically, SF-1 mutations causing reduced transcriptional 

activity are associated with the disorder of sex development and sometimes adrenal 

insufficiency (Lin et al., 2008).  The results of these knockout studies have been valuable 

in establishing the necessity of suitable SF-1 activity for appropriate growth and 

differentiation of adrenals and gonads.   

SF-1 along with Oct4 is known to be coexpressed in P19 EC cells. Their 

expression is similarly down-regulated upon RA-induced differentiation of P19 cells and 

as a result it has been speculated that there exists a functional relationship between the 

two.  Two SF-1 binding sites have been identified in the Oct4 promoter and have been 

shown to contribute to the transcriptional activation of the Oct4 promoter (Barnea and 

Bergman, 2000).  In fact, Oct4 was the first EC-specific gene reported that is regulated by 

SF-1. Additionally, studies revealed that SF-1 and RAR cooperate to assemble a novel 

complex on the RAREoct sequence that synergistically activates the Oct4 promoter 

(Barnea and Bergman, 2000).  Consequently, it is thought that SF-1 and Oct4 
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transcription factors play a part in the same developmental regulatory cascade of events 

and involving EC maintenance of pluripotency.  Expression studies performed in our lab 

demonstrate that overexpression of SF-1 leads to a down-regulation of Oct4 expression.  

However, the RA-dependent differentiation of P19 cells to endodermal or neuronal cells 

was blocked suggesting the possibility that SF-1 overexpression in P19 cells induces 

differentiation into a cell type resembling adrenal cells (Teets et al., 2012).  

 

Dose-sensitive sex reversal-AHC critical region on the X chromosome gene 1 

Dose-sensitive sex reversal-AHC critical region on the X chromosome gene 1, or 

DAX-1  (NR0B1), is a rather atypical orphan nuclear receptor lacking the standard DNA-

binding domain contained in other nuclear receptors (McCabe, 2007), but containing the 

characteristic C-terminal ligand binding domain.  Mutations in DAX-1 , which is encoded 

in the Xp21 chromosomal region a, has been demonstrated to lead to adrenal 

insufficiency with glucocorticoid and mineralocorticoid deficiency (McCabe, 2001).  

These mutations are accountable for many patients with the cytomegalic form of adrenal 

hypoplasia congenita (AHC).  In mice, it has been shown that there exist tissue specific 

overlapping expression patterns between DAX-1 and SF-1 namely, in the hypothalamus, 

pituitary, adrenal gland, and gonads (Ikeda et al., 1996; Swain et al., 1996).  Furthermore, 

the similarity of the phenotype of AHC patients to that of mice who lack SF-1 is 

suggestive of the coordination of these receptors during development.   

DAX-1 is known to act as a negative regulator that interacts with SF-1 to inhibit 

SF-1-mediated transactivation of several genes associated with the development of the 

hypothalamic-pituitary-adrenal-gonadal axis and in the biosynthesis of steroid hormones 
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(Iyer and McCabe, 2004).  Unexpectedly, DAX-1 is an inhibitor of steroidogenesis, 

because it suppresses transcriptional activation by SF-1 through direct physical 

interaction (Ito et al., 1997), and DAX-1 functions as a DNA-bound repressor in certain 

promoter frameworks (Zazopoulos et al., 1997).  It was determined that DAX-1 recruits 

the nuclear receptor corepressor N-CoR to SF-1 and in this capacity can serve as  an 

adapter molecule that recruits nuclear receptor corepressors to DNA-bound nuclear 

receptors like SF-1 (Crawford et al., 1998).  Additionally, DAX-1 has been suggested to 

perform as a global repressor of transcription to many other nuclear receptors including 

Nur77, ERRα, ER, AR, PR, and LRH-1 (Crawford et al., 1998; Song et al., 2004; Park et 

al., 2005; Zhang et al., 2000; Holter et al., 2002; Agoulnik et al., 2003; Suzuki et al., 

2003).  These findings stretch the complexity of corepressor action by demonstrating that 

a nuclear receptor such as SF-1 that normally behaves antagonistically to repression by 

N-CoR is vulnerable in the presence of DAX-1. Consequently, DAX-1 is a quite possible 

a crucial player in the regulatory circuitry of corepressor signaling.   

Recent studies have suggested a novel role for DAX-1 during early embryonic 

development that is distinct from its many described associations with steroidogenesis.  

The role of DAX-1 in ES cells was investigated and has been shown to be essential to 

pluripotency maintenance in ES cells (Niakan et al., 2006).  Experimental results from 

siRNA knockdown studies and conditional knockouts in ES cells reveal knockdown of 

DAX-1 results in differentiation toward an endoderm-like fate (Niakan et al., 2006) 

suggesting a role for DAX-1 in maintenance of the undifferentiated state.   Expression 

studies in our lab have shown that overexpression of DAX-1 did not affect the RA-

induced endodermal or neuronal differentiation of P19 cells (Teets et al., 2012). 
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Part VII: Role of Chicken Ovalbumin Upstream Promoter 
Transcription Factors (COUP-TFs) 

Background on COUP-TFs 

Chicken ovalbumin upstream promoter-transcription-factors (COUP-TFs) are 

orphan members of the steroid/thyroid hormone receptor superfamily for which a specific 

ligand has yet to be identified.  Although a physiological ligand has yet to be identified, 

recent evidence has shown COUP-TF II to be activated by retinoic acid at concentrations 

significantly higher than endogenous levels, which nonetheless establish that COUP-TF 

orphan receptors can be ligand-regulated (Kruse et al., 2008).  COUP-TF proteins have 

been implicated in the regulation of several important biological processes, such as 

embryonic development and neuronal cell differentiation (Gudas and Zhuang, 2008). 

Mouse COUP-TFI and COUP-TFII are essential for development and differentiation 

during embryogenesis. Our current understanding of mammalian COUP-TF function 

suggests that they serve vital physiological roles during angiogenesis, neuronal 

development, organogenesis, cell fate determination, metabolic homeostasis and 

circadian rhythm (Pereira et al., 2000; Park et al., 2003; Pereira et al.,1999).   

COUP-TFs are transcription factors that are highly conserved across species and 

have a wide spectrum of binding specificity (Tsai et al., 1994).  The functional DNA-

binding form of COUP-TF is a dimer (Cooney et al., 1992).  COUP-TF was first 

identified as a homodimer that binds to a direct repeat regulatory element in the chicken 

ovalbumin promoter (Pastorcic et al., 1986).  It has been demonstrated that COUP-TFs 

possess the ability to form stable heterodimers with other COUP-TFs as well as other 

nuclear receptor (NR) members of the steroid thyroid hormone superfamily (Mangelsdorf 

and Evans, 1995) in which it was shown that COUP-TFs can disrupt their functions when 
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COUP-TFs heterodimerize with these partners (Berrodin et al., 1992). COUP-TFs 

possess the characteristic highly conserved DNA-binding domain (DBD) which includes 

two zinc finger motifs, and a ligand binding domain (LBD), which serves multiple 

functions including ligand binding, coactivator/corepressor binding, transactivation, 

dimerization and nuclear localization (Evans et al., 1988; O’Malley et al., 1990).  COUP-

TFI and COUP-TFII genes are very closely related, with an overall amino acid identity of 

87% and DNA-binding domains and the putative ligand domains have 88 and 97% amino 

acid identity, respectively (Wang et al., 1991).   

 

Role of COUP-TFs in Differentiation 

COUP-TFI and COUP-TFII have been implicated to be critical factors during the 

RA-mediated differentiation cascade of P19 cells.  It has been suggested that Oct4 

expression is governed by a balance of the intracellular levels of COUP-TFI, COUP-

TFII, RARα,β and RXRα,β nuclear receptors.  Findings have shown that COUP-TFI and 

COUP-TFII genes are activated following RA-mediated differentiation of P19 cells and 

furthermore, the kinetics of the down-regulation of Oct4 expression upon RA treatment 

inversely correlates with the kinetics of induction of COUP-TFI and COUP-TFII 

expression in P19 RA treated cells (Ben-Shushan et al., 1995).  Experimental evidence 

shows that COUP-TFI and COUP-TFII can repress Oct4 promoter activity through the 

RAREoct site in a dose-dependent manner (Ben-Shushan et al., 1995).   Accordingly, it is 

believed that COUP-TFI and COUP-TFII orphan nuclear receptors may serve a central 

role in RA-induced differentiation of EC cells and in controlling expression of 
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transcription factors, for example the Oct4 gene, whose expression is essential for the 

maintenance of pluripotency and important for normal embryogenesis. 

 

COUP-TFII Isoforms 

To date, the majority of published literature concerning COUP-TFII pertains to 

COUP-TFII isoform 1 or variant 1 (V1).  COUP-TFII V1 contains all the elements of a 

classical nuclear receptor including the A/B domain, DNA binding domain and the 

regions responsible for ligand binding, dimerization and ligand-dependent transactivation 

function (AF-2).  Another isoform of COUP-TFII, COUP-TFII isoform 2 or variant 2 

(V2) was revealed through a very extensive mouse cDNA sequences analysis study 

performed by the National Institutes of Health Mammalian Gene Collection (MGC) 

Program in 2002 (Strausberg et al.,2002).  To date, there has been no published study that 

describes V2 expression in any species.   

Based on the deduced amino acid sequence of V1 and V2 COUP-TFII cDNAs, 

the proteins are comprised of 414 and 281 amino acids, respectively.  An alignment of 

the amino acid sequence shows that V1 and V2 share a common homologous C-terminal 

267 amino acid sequence, making V2 a truncated version of V1 (Figure 1-7).  This 

alignment shows only 14 amino acids at the amino terminal end of V2 that are not 

conserved between the two variants.  The N-terminal 147 amino acid sequence of V1 is 

unique to this variant.   The common terminal 267 amino acids of V1 and V2 harbor the 

regions responsible for ligand binding, dimerization as well as ligand-dependent 

transactivation (AF-2) while the unique 147 N-terminal amino acids of V1 contain the 

DNA binding domain and A/B domain. The function of the truncated N-terminal 14 
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amino acids of V2 is unknown.  What is clear from the sequence analysis is that V2 lacks 

a DNA binding domain and hence lacks the ability to bind DNA and function as a 

classical nuclear receptor. 

NC_000073.5 designates the NCBI accession number for a 14,797 base pair 

linear portion of Mus musculus chromosome 7 containing the COUP-TFII gene while the 

NCBI accession numbers NM_183261.3 and NM_009697.3 are for COUP-TFII V2 and 

V1cDNAs, respectively.  Figure 1-8 (upper panel) shows a simplified illustration of the 

organization of mouse COUP-TFII gene demonstrating the location of variant 1 and 

variant 2 exons (red boxes) and UTR (untranslated region; blue boxes).  The lower panel 

shows a numerical representation of the location of COUP-TFII V1 and V2 coding 

regions (exons) in base pairs (bp) on the COUP-TFII gene with the first base pair 

arbitrarily assigned as 1.  Note that only the 5’ UTR and exon 1 are different between the 

two COUP-TFII variants.  The arrangement of the gene structure supports the notion that 

V1 and V2 are regulated by separate promoters suggesting that the two variants are likely 

generated from alternative promoter usage as opposed to alternative splicing.   In a 1996 

study by Soosaar and colleagues, the 5’ regulatory region of the mouse COUP-TF II gene 

was isolated and they demonstrated that the basal promoter (containing a potential 

hormone response element) of COUP-TFII V1 is localized in a -200 bp region 5' from the 

transcription start site (Soosaar et al., 1996).  The sequence of this site lies in the region 

which is located downstream from COUP-TFII V2’s exon 1, indicating that it is highly 

unlikely that this same region serves as promoter region for COUP-TFII V2.  The 

promoter/regulatory region for V2 has yet to be identified or characterized and hence it is 

unknown whether it harbors any potential hormone response elements.  
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CHAPTER 2 

STATEMENT OF GOALS 

Retinoids make up a diverse class of compounds including Vitamin A and its 

natural and synthetic derivatives.  They are known to play key roles in the regulation of a 

wide variety of physiological processes including embryonic development and cellular 

differentiation.  RA is the most biologically active naturally occurring retinoid.  It exerts 

its effects at the level of gene transcription through the nuclear receptors termed RXRs 

and RARs.  One practical model to study early embryonic development is using mouse 

cells  derived from embryonic cells such as P19 cells which exhibit many of the 

characteristics and gene expression profiles of early mouse embryos.     RA treatment of 

P19 cells grown as a monolayer results in formation of endodermal and mesodermal 

derivatives (Mummery et al., 1986) while RA treatment of cells grown as aggregates 

results in formation of cells which resemble neurons, glia and fibroblast-like cells (Jones-

Villenueve et al., 1982).  The focus of this project is the endodermal pathway of RA-

mediated differentiation of P19 cells.   

Expression of Pre-B cell leukemia transcription factors (PBXs) is tightly regulated 

by RA in P19 EC cells.  PBX mRNA and protein levels are markedly upregulated rapidly 

after RA treatment (Qin et al., 2004a).  In an effort to elucidate the role of PBX during 

RA induced differentiation, P19 cells which constitutively overexpress PBX1b antisense 

RNA were prepared (AS2 cells) (Qin et al., 2004b).   Since AS2 cells lack the ability to 

undergo RA-mediated differentiation, it was concluded that the induction of PBX 



42 
 

proteins is required for the RA-induced endodermal differentiation of P19 cells (Qin et 

al., 2004a).  Subsequent microarray studies were performed to identify genes whose 

expression is altered in TO3 (vector control) cells but not in AS2 cells three days after 

treatment with RA.  Among the genes identified in this screen were COUP-TFI and 

COUP-TFII.  The mRNA levels of both of these genes are elevated in TO3 cells 

following RA treatment but are relatively unchanged in AS2 cells.  

The overall goal of my project is to elucidate the role of COUP-TFI and COUP-

TFII variant 2 (V2) in the RA-mediated endodermal differentiation pathway of P19 EC 

cells.  While it has been demonstrated that RA can induce expression of the genes coding 

for the COUP-TFs in EC cells (Ben-Shushan et al., 1995), the role of COUP-TFs 

expression following PBX induction in the RA-mediated endodermal differentiation 

cascade of P19 cells has not yet been investigated.  My first specific objective was to: 

1. Elucidate the function of COUP-TFI in the regulation of RA-mediated 

differentiation of P19 cells.   

We hypothesize that COUP-TFI is an important regulator in the RA-mediated 

differentiation cascade.  We tested this hypothesis by preparing an inducible system for 

COUP-TFI expression using a cell line which is inherently incapable of undergoing RA-

mediated differentiation due to blockage of PBX induction (AS2 cell line) and assayed 

for differentiation capability of these cells using growth, immunocytochemical and gene 

expression analyses.  The second objective of the project was to: 

2. Identify the role of COUP-TFII V2 in the regulation of RA-mediated 

endodermal differentiation. 
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COUP-TFII V2 is a truncated form of COUP-TFII V1 that lacks a DNA binding 

domain.  Hence, we hypothesize COUP-TFII V2 may function as a dominant negative 

receptor which heterodimerizes with COUP-TFII V1 thereby decreasing and limiting the 

amount of functional COUP-TFII V1 in the cell.  To test this hypothsis we prepared P19 

cells that overexpress COUP-TFII V2 and determined the ability of these cells to undergo 

RA-mediated differentiation.    
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CHAPTER 3 

MATERIALS AND METHODS 

Part I: Reagents 

Retinoic Acid (RA) 

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 3 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 -20°C.  The final concentration used to select for and maintain stably transfected P19 

cell clones was 800 μg/mL. 

Hygromycin B 
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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 (10 L/package).  

When the powder was completely dissolved, 3.7 g/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 media 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 (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), pH 7.4 containing sodium chloride and sodium 

phosphate, 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 
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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. 

Trypsin-EDTA, 10X stock Trypsin-EDTA (Gibco) was diluted to 1X working 

solution by diluting 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 completed 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.  1 mL of 1X Trypsin-EDTA was added to detach 

the cells from the plate.  After waiting for approximately 2 min cells were detached by 

tapping the plate.  9 mL of fresh complete DMEM was added to the plate and the cell 

clumps were broken into single cells by repeated pipetting.  Cells were then split 1:30 by 

addition of 0.3 mL of the cell suspension to a fresh plate 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.  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 4 corner squares were counted.  The final concentration of the 
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cells (cells/mL) was obtained by taking the total number of cells in 5 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 

containing 10 mL of completed 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. 
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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 3 germ layers 

endoderm-, mesoderm- or ectoderm-like cells depending on treatment conditions.  The 

P19 PBX1b antisense cells and the P19 empty pcDNA4/TO cells were previously 

characterized (Qin et al., 2004b).  The two P19 PBX1b antisense cell lines were termed 

AS2 and AS8 and the empty vector cell line were called TO3 and TO9.  The TO3 and 

TO9 cells retained the ability to differentiate into the 3 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 4 days in the presence of 10-7 M all-trans RA, followed 

by an additional 3 days without RA.   

 

Transfection Methods 

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 60 mm dish, 5μg or less of DNA 

was used and the ratio of DNA (μg): GenJet(μL) was 1:3.  Prior to transfection, the 
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medium on the cells was changed to serum free medium (DMEM supplemented with 2 

mM glutamine (Gibco) only, without serum and antibiotics).  Then 5 μg DNA was 

diluted in 0.250 mL OptiMEM (Gibco) and 15 μL GenJet was diluted in 0.250 mL 

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.  Finally, 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. 

Transfection by electroporation: Approximately 18 hours before electroporation, 

P19 cells were grown to 60 % confluence in a 60mm dish.  Cells were trypsinized and 

harvested for electroporation.  5 X 105 cells were centrifuged and resuspended in 100μL 

ES Cell Qualified Electroporation Buffer (Fisher Cat # NC9607913).  Twenty μg plasmid 

DNA per mL cells was then added to electroporation/cell mixture.  Cells were then 

exponentially electroporated using the BioRad Gene Pulser Xcell ™ Electroporation 

System at room temperature using 200 V, 2000 µF and pulse length of 41 ms.  

Electroporated cells were then transferred into a 60 mm culture dish.  For preparation for 

stable cell lines, the appropriate selection drugs were added 48 hrs following transfection 

and then every two days.  
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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 in LB medium (10% w/v 

bacto-tryptone, 5% w/v yeast extract, 5% w/v 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 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.  Agarose electrophoresis was also used to determine if the 

plasmid was predominantly supercoiled, nicked or linear. 

 

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 
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and gown overnight in separate 5 mL 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 water 

just off boiling 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 (10 mg/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; one and half hour is enough for the whole process.  

However, the plasmid quality prepared by this method is only good for restriction 

enzyme digestion, but not for 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. 
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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 (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 

(APS) and 4.895 mL of ddH2O.  After electrophoresis was performed, DNA was stained 

by EtBr and visualized under UV light. 

 

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 10  units restriction 

endonuclease (New England Biolabs, Inc., England), 1 × BSA (if indicated) and ddH2O 

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 
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resolved by agarose or polyacrylamide gel electrophoresis depending on the predicted 

size of the fragments. 

 

Phenol/Chloroform Extraction of DNA  

An equal volume of buffer-saturated phenol:chloroform (1:1) was added to the 

DNA solution with 0.25 M NaCl.  Solution was then mixed well by vortex.  Sample was 

then spun in a microfuge for 3 min at 14,000 rpm using a microcentrifuge.  Next about 

90% of the upper, aqueous layer was removed and transferred to a clean tube, carefully 

avoiding proteins at the aqueous:phenol interface.  To precipitate the DNA, 1/10 volume 

of 5M NaCl and 3 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. 

 

The Reverse Transcription (RT) Reaction Using Oligo-dT Primers 

RNA was isolated (see RNA section below) from a cell line or tissue that 

expresses the gene of interest and reverse transcribed using oligo-dT primers using the 

First-Strand cDNA Synthesis Kit from BD Biosciences. Briefly, one 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 was added to the tube and mixed.  The 
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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 1 hr and 

subsequently heated to 95ºC to stop the reaction and destroy any DNase activity.  The 

final volume was diluted 5 times to 100 μL and stored at -20ºC. 

 

High Fidelity PCR Amplification 

High fidelity 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 

2.5 μL of 100% DMSO   

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. 
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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 

cycle at 94°C for 2 min, followed by various cycle numbers (standard 25) of the 

following 3 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.   

 

DMSO Treatment of Highly Rich GC Template during PCR Amplification 

 Whenever performing PCR reactions to obtain full length product using a highly 

GC rich cDNA template, or template with regions of high GC content, DMSO (Dimethyl 

Sulfoxide) treatment was utilized.  This de novo synthesis of GC-rich constructs poses a 

major challenge because of secondary structure formation and mispriming.   While the 

COUP-TFI and COUP-TFII coding sequences themselves have relatively average GC 

content (~55-60 %), it was determined through sequence analysis that particular stretches 

or regions of the coding sequence were extremely rich in GC content (80-90%), which 

consequently proved to be an insurmountable obstacle in achieving correct full length 

PCR product using conventional means.   We discovered a relatively cheap and effective 

approach to solve this dilemma was utilization of the reagent DMSO.  DMSO facilitates 

strand separation of double helix DNA by disrupting inter and intrastrand re-annealing, 

which is a fundamental problem with GC rich regions of DNA. 
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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 Electroelution 

DNA fragments 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 

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 3 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. 
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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. 

 

Part IV: Cloning of Full Length cDNAs into Gateway Entry and 
Destination Vectors 

TA Cloning into the Entry Vector 

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 

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 
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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 bacteria culture were then spread on 3 

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 bacteria culture that was spread on the 

agar plate. Usually, the 25 μL plate had approximately 100-200 colonies.  Approximately 

10 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). 

 

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 
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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 (pH 8.0) to 8μL 

Next, LR Clonase II enzyme mixture was thawed for 2 min on ice and mixed by 

vortexing breifly.  2μL 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 plates (100 μg/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). 
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Propagating the Destination Vectors 

One Shot ccdB Survival T1 chemically competent E. coli is required for 

transforming 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. 

 

Cloning Strategy for COUP-TFII, Variant 1into pCR8/GW/TOPO 

Full length cDNA clone for COUP-TFII was purchased from Origene (pCMV6-

Kan/Neo, Cat # MC204454) as dried plasmid DNA.  Plasmid DNA was used to 

transform DH5 α cells as described in the Transformation of Chemically Competent 

Bacterial Cells.  Plasmid purification was performed using NucleoBond® Xtra 

Midi/Maxi Plasmid purification Kit (MACHEREY-NAGEL).  Next, the COUP-TFII 

cDNA was separated from the pCMV6-Kan/Neo backbone via a restriction digestion 

with PmeI (New England Biolabs, Inc., Cat # R0560S) and SpeI (New England Biolabs, 

Inc., Cat #R0133S).  COUP-TFII insert was isolated from pCMV6-Kan/Neo backbone 

via polyacrylamide gel electrophoresis and DNA recovery was obtained by 

electroelution.  High fidelity PCR was performed to amplify COUP-TFII sequence using 

the following primers: forward (containing KpnI restriction site, Kozak and FLAG 

sequence respectively), 5’-ATATATGGTACCGCCGCCACCATGGATTACAAGGAT 

GACGAC GATAAGATGGCAATGGTAGTCAGCACGTGGCGCGACCCC-3’; reverse 

(containing HindIII Restriction site) 5’- GCGCGCAAGCTTTTATTGAATTGCCATA 

TATGGCCAGTTAAAACTGCTGCCGGACAG-3’.  This COUP-TFII PCR fragment 

was purified using PCR Purification Kit (Qiagen) and subsequently cloned using the TA 
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Cloning Technique into pCR8/GW/TOPO.  The resulting plasmid DNA was isolated 

using NucleoSpin® Plasmid QuickPure (MACHEREY-NAGEL) and restriction digest 

was performed with HincII (New England Biolabs, Inc., Cat #R0103S) to determine 

orientation and validate insertion of correct DNA fragment via the cloning reaction 

followed by sequencing (GENEWIZ, Inc.).  Next the FLAG-COUP-TFII Variant 1 was 

subcloned into the pTRE-Tight as described below in Part V. 

 

Cloning Strategy for COUP-TFII, Variant 2 into pCR8/GW/TOPO 

TO3 P19 EC cells were induced to differentiate with RA.  Following 4 days of 

RA treatment, cells were collected and RNA isolation was performed.  Mouse COUP-TF 

II full-length cDNA (846 base pair coding sequence; NCBI Reference Sequence: 

NM_183261.3) was amplified using this RNA sample by RT-PCR using High Fidelity 

Taq DNA Polymerase (Roche) with the following primers: forward, 5’-

AAGATGCAAGCGGTTTGGGACCTTGAAC-3’; reverse, 5’ TTGAATT 

GACATATATGGCCA G-3’.  The PCR product was purified via PCR Purification Kit 

(Qiagen).  The purified PCR product was subsequently cloned into the pCR8/GW/TOPO 

vector using TA Cloning technique (Invitrogen) (see above).  Orientation was determined 

via restriction enzyme digestion. Sequencing was performed (GENEWIZ, Inc.) to ensure 

that the product cloned in the pCR8/GW/TOPO vector was error free.  Next COUP-TFII 

V2 was subcloned into the pEGFP-C3 (Clontech) as described in Part V.  This cloning 

was performed by Bryan Teets. 
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Cloning Strategy for COUP-TFI into pCR8/GW/TOPO and pcDNA3.1/nV5 

 TO3 P19 EC cells were induced to differentiate with RA.  Following 4 days of 

RA treatment, cells were collected and RNA isolation was performed.  Mouse COUP-TF 

I full-length cDNA was amplified using this  RNA sample by  RT-PCR  using High 

Fidelity Taq DNA Polymerase (Roche) with the following primers: forward, 5’-

ATGGCAATGGTAGTTAGCAG-3’; reverse, 5’-CTAGGAACACTGGAT GGACA-3’.   

The PCR product was purified via PCR Purification Kit (Qiagen).  The purified PCR 

product was subsequently cloned into the pCR8/GW/TOPO vector using TA Cloning 

technique (Invitrogen).  Orientation was determined via restriction enzyme digestion with 

HincII.  Sequencing was performed (GENEWIZ, Inc.) to ensure that the product cloned 

in the pCR8/GW/TOPO vector was error free.  Next COUP-TFI was recombined into the 

pcDNA3.1/nV5 destination vector (Invitrogen) with the purpose of adding the V5-tag 

sequence to flank the COUP-TFI sequence at the N-terminus.  Next the V5-COUP-TFI 

cDNA was subcloned into the pTRE-Tight as described below in Part V. 

 

Part V: Standard PCR Cloning 

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 reaction volume.  A typical reaction mixture consisted of vector DNA, insert DNA, 1× 
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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.  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. 
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Once the E. coli DH5α bacteria 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 minutes.  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. 

 

Cloning Strategy for COUP-TFII Variant 2 into pEGFP-C3 

After the COUP-TFII Variant 2 (V2) cDNA was cloned into the TOPO entry 

vector, the next step was subcloning of COUP-TFII Variant 2 cDNA in frame into the 

multiple cloning region of the plasmid vector pEGFP-C3, Clontech.  First, a PCR 

reaction was performed to add in restriction sites to the flanking ends of the COUP-TFII 

V2 sequence.  A 5’ primer with the SacI (New England Biolabs, Inc., Cat # R0156S) and 

3’ primer with KpnI (New England Biolabs, Inc., Cat # R0142S) were utilized.  This 

product was then purified using PCR Purification Kit (Qiagen).  Next two separate 

restriction digests were performed using SacI and KpnI; the first using the purified PCR 

product containing COUP-TFII V2 as substrate and the second using the pEGFP-C3 as 

substrate.  The digested DNA samples were separated on agarose and acrylamide gels for 
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the pEGFP-C3 vector and COUP-TFII-V2 digests, respectively.  Next a T4 DNA Ligase 

reaction was performed to ligate the COUP-TFII-V2 sequence in frame into the pEGFP-

C3 vector sequence.  Next, the ligation product was used to transform DH5α E.Coli cells.  

Plasmid purification was performed (MACHEREY-NAGEL) and validation of successful 

ligation product as well as orientation (EGFP-COUP-TFII-V2) was performed via 

restriction digestion reaction and PCR analysis using primers specific for COUP-TFII 

V2.  Further validation was performed by DNA sequence analysis (GENEWIZ, Inc.).  

The pEGFP-COUP-TFII-V2 construct was kindly provided compliments of Bryan Teets. 

 

Cloning of COUP-TFI Into pTRE-Tight Vector 

In the case of cloning of V5-COUP-TFI into pTRE-Tight, two primers were 

utilized: forward, 5’- GCGGCGGTACCACCATGGGTAAGCCTATCCCTAACCCTC 

TC-3’ and reverse 5’-GCGCGCTCTAGACTAGGAACACTGGATGGACATGTAAGG 

CC-3’ along with pcDNA3.1/nV5 COUP-TFI as template DNA.  This allowed the 

creation of a PCR product that contained KpnI restriction site, Kozak consensus 

sequence, V5 tag, full length COUP-TFI DNA and XbaI restriction site.  The PCR was 

performed utilizing the Expand High Fidelity PCR Kit (Roche) and the product of the 

reaction was PCR purified (Qiagen).  Next two separate restriction digests were 

performed using KpnI and XbaI (New England Biolabs, Inc., Cat #R0145S); the first 

using the pTRE-Tight vector as substrate and the second using the PCR purified V5-

COUP-TFI product as substrate.  The digested DNA samples were separated on agarose 

and acrylamide gels for the pTRE-Tight vector and PCR purified V5-COUP-TFI digests, 

respectively.  Next a T4 DNA Ligase reaction was performed to ligate the V5-COUP-TFI 
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sequence into the pTRE-Tight vector sequence. Next, the ligation product was used to 

transform DH5α E.Coli cells.  Plasmid purification was performed (MACHEREY-

NAGEL) and validation of successful ligation product (pTRE-Tight-V5-COUP-TFI) was 

performed via restriction digestion with XmnI (New England Biolabs, Inc., Cat # 

R0194S) and PCR analysis using primers specific for COUP-TFI.  Further validation of 

ligation product was performed by DNA sequence analysis (GENEWIZ, Inc.). 

 

Cloning of COUP-TFII, Variant 1 into pTRE-Tight Vector 

In the case of cloning COUP-TFII Variant 1, the FLAG-COUP-TFII, Variant 1 

cDNA sequence was isolated from the pCR8/GW/TOPO clone via restriction digest with 

KpnI and HindIII (New England Biolabs, Inc., Cat # R0104S).  Next another separate 

restriction digest was performed with KpnI and HindIII restriction enzymes using the 

pTRE-Tight vector as substrate.  The digested DNA samples were separated on agarose 

and acrylamide gels for the pTRE-Tight vector and FLAG-COUP-TFII, Variant 1 

digests, respectively.  Both products were then ligated using the T4 DNA Ligase reaction.  

The resulting ligated DNA (pTRE-Tight-FLAG-COUP-TFII) was then used to transform 

DH5α E.coli cells.  Plasmid purification was performed (MACHEREY-NAGEL) and 

validation of successful ligation product (pTRE-Tight-FLAG-COUP-TFII) was 

performed via restriction digestion with HincII and PCR analysis using primers specific 

for COUP-TFII.  Further validation of ligation product was performed by DNA sequence 

analysis (GENEWIZ, Inc.). 

 



67 
 

Part VI: Summary of DNA Constructs 

Plasmids containing COUP-TFI sequence that were prepared and confirmed by 

DNA sequencing are listed in Table 3-1. 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 3-2. 

 

Table 3-1.  COUP-TF constructs along with other plasmids used in these studies 
Insert Vector Tag Expression in 

Mammalian Cells 
Antibiotic 
Resistance* 

COUP-TFII V2 pEGFP-C3 GFP Yes K,N 
COUP-TFII V2 PCR8GWTOPO  No S 
COUP-TFI  pCR8/GW/TOPO  No S 
COUP-TFI  pcDNA3.1/nV5-

DEST 
V5 Yes A,N 

COUP-TFI  pTRE-Tight V5 Yes H, A 
Renilla 
Luciferase 

pTK-RL  Yes A 

Firefly 
Luciferase  

pTRE-Tight-luc  Yes H, A 

* A: Ampicillin; H: Hygromycin; K: Kanomycin; N: Neomycin; S: Spectinomycin 

Table 3-2.  Other constructs prepared but no used in these studies 
Insert Vector Tag Expression in 

Mammalian Cells 
Antibiotic 
Resistance* 

COUP-TFII V1 pCMV6-
Kan/Neo 

 Yes K,N 

COUP-TFII V1 pTRE-Tight FLAG Yes H, A 
COUP-TFII V1 pCR8/GW/TOPO  No S 

* A: Ampicillin; H: Hygromycin; K: Kanomycin; N: Neomycin; S: Spectinomycin 

 

Part VII: 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 
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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 5 X 106 cells.  To completely 

lyse the cells they were repeatedly pipetted.  Next, 200 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.  0.5 mL 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.  4 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 using a Nanodrop.  The concentration of RNA (μg/μL) in the 

original stock solution was determined using the molar extinction coefficient (25 μL 

/μg/cm for RNA) of 1 Absorbance at 260 nm equals 40 μg/mL, when using the Beckman 

spectrophotometer.  Concentration measurements made using the Nanodrop (based on a 

1μL sample volume) accounted for the molar extinction coefficient and the concentration 

value generated was in units of μg/μL.  The ratio of Absorbance at 260 nm/Absorbance 
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280 nm was used as an indication of the purity of the sample.  The ratios were typically 

between 1.7 and 2.1. 

 

The Reverse Transcription (RT) Reaction Using Random Primers 

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 

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.  Then 2 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, 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 5 times 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 concentration in the reaction, 

see Table 3-3).  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.  20 μL of the 5X Green GoTag Flexi reaction 

buffer, 6 μL of 25 mM MgCl2, 1 μL of each of the 4 dNTPs (10 mM), 1 μL of GoTaq 
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polymerase 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 preheated at 94°C for 2 min to completely denature the 

template DNA, various cycle numbers (standard 25) of the following 3 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 Table 3-3) 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 by agarose or polyacrylamide gel electrophoresis.   

 

Table 3-3. RT-PCR Primers 
GENE Name  Annealing

Temp °C 
Sequence 

COUP-TFII V1 55 F: 5’ TCA AAG TGG GCA TGA GAC GG  
R: 5’ CTA CAT CAG ACA GAC CAC AGG C  

COUP-TFII V2 55 F: 5’ CGG TTT GGG ACC TTG AAC AAG GCA A  
R: 5’ CTA CAT CAG ACA GAC CAC AGG C  

COUP-TFII 
V1/2 

55 F: 5’ CTT CCC TGA CCT GCA GAT CAC  
F: 5’ CTA CAT CAG ACA GAC CAC AGG C  

GAPDH 55 F: 5’ AGA AGA CTG TGG ATG GCC CC 
R: 5’ GGT CCA CCA CCC TGT TGC 

Oct4 55 F: 5’ AAA GCC CTG CAG AAG GAG CTA 
R: 5’ GAT TTG CAT ATC TCC TGA AGG TTC TC 

PBX1b-AS 55 F: 5’ TTC CAT GGG CTG ACA CAT TGG TGG 
R: 5’ ATC TGC AGA ATT CCA CCA CAC TG 

PEPCK 55 F: 5' TAC TAT CAG AGC TGC TG 
R: 5' AGT TGA TGC GAG TGA AG 

Vitronectin 55 F: 5’ CTG CAT AAC GGT CTG GAC TTC 
R: 5’ CAG CAA CTG CCC GTA CTC C 
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Quantitative Real-Time PCR 

Quantitative real time PCR (qPCR) using SYBR Green PCR chemistry 

(Fermentas Molecular Biology Tools) was performed according to manufacturer’s 

instructions using an Eppendorf Instrument.  Specific PCR primers (Table 3-4) were 

designed and optimized for amplification of each cDNA.  The qPCR reactions contained: 

5 μL of the RT reaction, 25 μL of 2X PCR Master Mix, 1 μL of both the 5’ and 3’ 

primers with the concentration optimized for each primer (Table 3-4) and ddH2O to make 

a final volume of 50 μL.  For each reaction, performed in triplicate, 15 μL of sample 

volume were added to individual wells of the the PCR microtiter plate. The cycling 

parameters were an initial step of 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 

30 sec, 60°C for 30sec, 72°C for 90 sec.  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 curve with a single peak and a single PCR product, of the appropriate size, 

when separated by electrophoresis in an acrylamide gel. 

 

Part VIII: Immunocytochemistry 

Fixation and Permeabilization 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  
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Table 3-4. Primers used in Quantitative Real-Time PCR 
GENE Name  Primer  

Conc. (nM) 
Sequence 

β-Actin 300 F: 5’-AGGTGACAGCATTGCTTCTG-3’ 
R: 5’-GCTGCCTCAACACCTCAAC-3’ 

COUP-TFI 
(Endogenous + 
Exogenous) 

300 F: 5’ CAA AGC CAT CGT GCT ATT CA 
R: 5’ CTT TTC TCC TGG TTT GCA GC 

COUP-TFII 300 F: 5’ TCA AAG TGG GCA TGA GAC GG 
R: 5’ CTA CAT CAG ACA GAC CAC AGG 

CYP26A1 300 F: 5’-ACATTGCAGATGGTGCTTCA-3’  
R: 5’-TCACCTCGGGGTAGACCA-3’ 

DAX-1 300 F: 5’ TCC TGT ACC GCA GCT ATG TG 
R: 5’ ATC TGG AAG CAG GGC AAG TA 

GAPDH 50 F: 5’ AGA AGA CTG TGG ATG GCC CC 
R: 5’ GGT CCA CCA CCC TGT TGC 

HNF3a 300 F: 5’-TGGCGTAGGACATGTTGAAG-3’ 
R: 5’-GCATGAGAGCAACGACTGGA-3’ 

HoxA1 300 F: 5’-GGGAAAGTTGGAGAGTACGGC-3’ 
R: 5’-CCTCAGTGGGAGGTAGTCAG-3’ 

Oct4 50 F: 5’ AAA GCC CTG CAG AAG GAG CTA 
R: 5’ GAT TTG CAT ATC TCC TGA AGG TTC TC 

RARβ2 300 F: 5’ GGCAGAGTTTGATGGAGTTC 
R: 5’-TGGTAGCCCGATGACTTGTCCT 

SF-1 50 F: 5’ CTA TTG TGC CTG GTG GAG GT 
R: 5’ GCT CCT GGA TCA CCT AAT GC 

STRA4 300 F: 5’-TGTGCTGGTTCATGACAACTC-3’ 
R: 5’-TGGAGCTGATTCGAGACTGTT-3’ 

 

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 3 times.  The cells were then porated by immersion of 

the coverslip in 0.18% Triton X-100 (18 μL Triton X-100 dissolved in 10 mL 1X PBS) 

for 10 min.  The Triton X-100 solution was then removed and the cells were rinsed 3 

times with PBS.  Coverslips can be stored in PBS at 4ºC for several days. 
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Blocking 

The coverslips were then transferred to an individual well of a 6-well plate, cell 

side up.  The coverslips were then covered with 100 μL blocking buffer (1% BSA 

dissolved in 1X PBS) for 10 min to minimize non-specific binding of the antibodies.   

 

Incubation with Primary and Secondary Antibodies  

Primary antibodies were diluted to 1 μg/mL in blocking buffer.  Next, blocking 

buffer was removed from the cells by aspiration.  100 μL of the primary antibody 

solution was then 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) and Rabbit anti-Oct-3/4 

(Santa Cruz Biotechnology).   

The secondary antibodies were diluted to 1 μg/mL in blocking buffer.  Next, the 

blocking buffer was 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 then washed with PBS 3 

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, antirabbit- TRITC, and anti-rabbit-FITC.   
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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.  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 

Spot Advanced Software (Olympus) were used to capture images.  The Spot Advanced 

Software was used for merging and editing images.   

 

Part IX: Preparation of Tet-Off Inducible Cell Lines 

Preparation of the Tet Transactivator Cell Lines 

AS2 cells plated on a 60 mm tissue culture dish were transfected with pTet-Off 

Advanced Vector DNA (Clontech) using the GenJet transfection protocol.  The day 

following transfection the cells were split 1 to 10 into 100mm tissue culture dishes in 7 

mL complete DMEM containing Zeocin (400 μg/mL), G418 (800 μg/mL), and Dox (100 

ng/mL).  The culture medium was changed to fresh complete DMEM medium 

supplemented with fresh selection drugs every 2 days.  Isolated colonies of G418 

resistant cells were distinguishable approximately 2 weeks after visual detection as white 
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foci.  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 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 cotransfected, using 

GenJet method, with pTRE-Tight-Luc DNA (Clontech) and pTK-RL DNA (a kind gift 

from Drs. Hoffman and Liebermann, Temple University School of Medicine).  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 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 

in the presence or absence of 100 ng/mL doxycycline.  The next day cells 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 changed 

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 media was removed from the cells, and cells were 
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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 2-second pre-

measurement delay, followed by a 10-second measurement period for each reporter 

assay.  Next, the sample tube was removed from the luminometer, and 100μL of Stop & 

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 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-1 and TROMA-I in both EtOH and RA treated cells grown as monolayer 

by immunofluorescence.  In addition, the expression levels of Oct4 were determined in 

cells treated both as monolayer for 3 days with EtOH and RA.   The AS2 cell clone stably 

expressing the Tet transactivator used in these studies was called ASTO29 (AS Tet-Off 

clone 29) cells. 
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Preparation of V5-COUP-TFI Inducible Expression Clones 

Once the ASTO29 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 V5-COUP-TFI cDNA and 200 ng linear hygromycin 

DNA (Clontech) using the GenJet Transfection Method.  The day following transfection 

the cells were split 1 to 10 into 100mm tissue culture dishes in 7 mL complete DMEM 

containing Zeocin (400 μg/mL), G418 (800 μg/mL), Hygromycin (300 μg/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 

hygromycin resistant cells were distinguishable approximately 2 weeks after transfection 

by eye 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 V5-COUP-TFI by In Cell Western.   

 

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 V5-COUP-TFI 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 to almost 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 completed medium, into 3 separate wells of a 

24-well plate.  For example, the clone would be split between wells A1 and C1 of one 24-
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well plate, and the remaining cells would be left in the original 24-well plate for 

expansion in the presence of all 4 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.   

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 media 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 4°C 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 Triton X-100 buffer was aspirated off the cells.  This 

step was repeated 4 times with Triton X-100 buffer.  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 can also be 

placed at 4ºC overnight on a rocker at this step.  While blocking the cells the primary 

antibody solution should be prepared by diluting it 1:500 (Mouse-anti-V5, Invitrogen) 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) 
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with rocking at room temperature.  This was repeated 4 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 was placed over the plate to protect it from light, as the 

secondary antibodies are light sensitive.  Once incubation with the secondary antibody 

was finished the cells were washed 4 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, the 

“microtiter plate” option was selected.  The scan area should then be 9 x 13 and ensure 

the flipped image box is checked and set the off-set to 1.75 mm in order to focus the laser 

at the correct distance.  The plate is then scanned in the same manner as for Western 

Blots.  After the image is adjusted, click on add feature and select “Grid” and 24-well.  

The purpose is to place a 24-well grid on top of the scan since we are scanning wells on a 

24-well plate as opposed to an entire PVDF membrane (for Western Blots).  Once the 

grid is adjusted to the proper size and scan is complete, click on the “report” tab and 

export the data to Microsoft® Excel.  The Odyssey® software calculates values which 

correspond to IRDye fluorescence intensities.  In order to calculate the relative fold 
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increase in absorbance, in Excel the values obtained for the Dox untreated samples were 

divided by the corresponding Dox treated samples.  Clones which have greater than a 2-

fold increase were further screened by immunofluorescence to confirm expression of V5-

COUP-TFI and to determine the percent positive cells. 

 

Part X: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 media 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 (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 in convenient volumes to ensure 

that 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 
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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 ddH2O.  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.   

 

Preparation of SDS-PAGE Gel and Samples  

10% polyacrylamide gels provided the best separations of the proteins of interest.  

The separating gel solution was prepared (Table 3-5) 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 3-5. 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 (mL) 6.25 
10%  ammonium persulfate (mL) 0.05 
TEMED  (mL) 0.01 
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Table 3-6. Recipe for polyacrylamide stacking gels 
30% acrylamide-0.8% bis-acrylamide (mL) 1.3 
4X Tris/SDS, pH6.8 (mL) 2.5 
H2O (mL) 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-

6).  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.  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. 
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Transfering the Protein onto the Membrane 

A piece of PVDF membrane (Immobilon-Fl, Millipore) and 4 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 

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.  

The PVDF membrane was then marked according the position of the marker.  Last, the 
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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 1 hr 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.  Normally the membrane is incubated 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 (for example, Donkey anti 

rabbit IRdye 800CW and Donkey anti-goat IRDye 680CW).  After the secondary 

antibody incubation, the membrane was washed 3 times in washing buffer (PBS with 

0.1% Tween-20) for 5 min each on a shaker, followed by 1 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.  Primary antibodies used in this study are listed in Table 3-7. 
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Table 3-7. 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-V5 Mouse 1:1,000 Invitrogen, R960-25 
GFP Goat 1:1,000 Abcam, ab6673 

 

Part XI. Fluorescence-activated Cell Sorting (FACS) Analysis 

Cell Cycle Distribution 

The distribution of cells within the stages of the cell cycle was determined by 

propidium iodide (PI) staining followed by fluorescence-activated cell scan (FACS) flow 

cytometer analysis.  PI is an intercalating agent and a fluorescent molecule commonly 

used for flow cytometry to stain DNA.  2 X 105 cells were plated in 100 mm dishes 

containing complete DMEM with varying concentration of Dox (0 ng/mL, 1 ng/mL, 100 

ng/mL).  Four hours after plating, the media were removed and cells were washed with 

PBS and media was replaced with fresh Dox containing media at the same concentrations 

originally plated.  Twenty-four hours later, media were once again removed and cells 

were washed with PBS and media were replaced with fresh Dox containing media at the 

same initial concentrations.   Following 72 hours after initial plating, each plate of cells 

were washed with 7 mL cold PBS, trypsinized, resuspended in complete DMEM and 

counted for cell cycle analysis.    

1 X 105 cells per sample were used for the cell cycle analysis.   Cells were washed 

twice with cold PBS and centrifuged once at 1200 g in an Eppendorf centrifuge for 5 min 

at 4°C.  The PBS was aspirated off and cell pellet was kept on ice.  Next, the pellet was 

loosened with brief and gentle vortexing.  Slowly, 1mL of fixing buffer (100% EtOH) 
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was added to the cells.  Cells were then incubated at 4°C for 15 minutes in fixing buffer 

followed by resuspension using direct addition of 10 mL PBS and centrifuged at 1200 g 

in an Eppendorf centrifuge for 5 minutes at 4°C.   Finally PBS/EtOH was then aspirated 

off and cells were resuspended in 300 µL of PBS with 0.1% NP-40 and 5µg/mL DNAse 

free RNAse (Roche Applied Science; Cat # 11119915001) followed by incubation for 15 

minutes at 25°C. Finally, 2 μL of PI (Molecular Probes, 3 μM stock solution, final 

dilution 1:150) was added to the solution while avoiding exposure to light.  Cells were 

then analyzed on a fluorescence-activated cell scan flow cytometer (FACS) BD 

FACSCanto™ Flow Cytometer instrument (Model # 641548) running FACSDiva™ 

software version 1.0 (BD Biosciences) to determine cell cycle distribution.    

In cell cycle analysis by flow cytometry, the single fluorescence parameter used 

by the instrument for DNA analysis is PI.  The DNA probe PI intercalates between the 

bases in double stranded nucleic acids.   In the representative FACS histogram, the actual 

DNA fluorescence as measured by flow cytometry is represented as the areas under each 

peak which correspond to different phases of the cell cycle.  In a representative histogram 

the G0/G1 and the G2/M peaks have a gaussian distribution, which is used to set up the 

gatings used for calculations of cell cycle distributions.  The S-phase peak is 

characteristically non-gaussian.  G0/G1 and G2/M content are calculated by the software 

program as the areas under the first and second Gaussian peaks, respectively, as defined 

by gatings set up.  As a general rule of thumb, the fluorescence intensity seen at the 

G2/M peak will be twice as much as the G0/G1 peak, since there is twice as much DNA 

after the cell has replicated its DNA before mitosis.  The S phase is calculated by the 
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FACS analysis software as generated by the area under the peaks between G0/G1 and 

G2/M and content is calculated based on defined gatings previously set up. 

 

Annexin V Apoptosis Detection 

Apoptosis was assessed with PI and Annexin V staining followed by FACS 

analysis. 2 X 105 cells were plated in 100 mm dishes containing complete DMEM with 

varying concentrations of Dox (0 ng/mL, 1 ng/mL, 100 ng/mL).  Four hours after plating 

media were removed and cells were washed with PBS and media was replaced with fresh 

Dox containing media at the same concentrations originally plated.  Twenty-four hours 

later, media were once again removed and cells were washed with PBS and media were 

replaced with fresh Dox containing media at the same concentrations originally plated.  

Following 72 hours after initial plating, each plate of cells was washed with 7 mL cold 

PBS, trypsinized, resuspended in complete DMEM and counted for cell apoptosis 

detection.    5 X 105 cells were collected and spun down at 1800 g in an Eppendorf 

centrifuge at 4°C.  Next cells were washed with cold PBS, PBS aspirated off and cells 

were spun down and washed once more with PBS followed by centrifugation at 1800 g in 

an Eppendorf centrifuge at 4°C. PBS was then aspirated off and cells were resuspended 

in 500 µL of 1X Binding Buffer (BD Pharmingen™ Cat# 51-66121E).  Next, 100 µL of 

the solution was transferred to a 12 X 75 mm polypropylene culture tube (Fisherbrand® 

Cat. # 14-956-1D).  Next 5 µL of FITC Annexin V (BD Pharmingen™ Cat# 51-65874X) 

and 5 µL PI (BD Pharmingen™ Cat# 51-66211E) were added.  Cells were then gently 

vortexed and incubated for 15 min at 25°C in the dark.  Finally, 400 µL of 1X Binding 

Buffer was added to each sample tube and analysis was performed by flow cytometry 
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within one hour using BD FACSCanto™ Flow Cytometer instrument (Model # 641548) 

running FACSDiva™ software version 1.0 (BD Biosciences) to determine apoptosis 

detection.    

In apoptosis detection by flow cytometry, the two fluorescence parameters used 

by the instrument for analysis are FITC-Annexin V and PI.  Two-dimensional histograms 

(dot displays) were used for interpretation of apoptotic events in cell populations. The 

first image represented delimitation of cells and the factors are granularity (SSC) and 

volume (FSC). This histogram is used to define the population of interest and gate out 

debris or dead cells.  For the second image, the dot display diagram plots fluorescent 

intensity using the two fluorescent parameters as PI versus FITC.  This plot is used for 

setting up the gatings which will define necrotic cells, cells undergoing late apoptosis, 

live cells and cells undergoing early apoptosis in 4 quadrants; Q1, Q2, Q3 and Q4 

respectively.  Within the cell population of interest, the FACS software computes the 

events in each quadrant which accomplishes the task of calculating percent of live or 

necrotic cells and percent of cells undergoing early or late apoptosis.   

  

Part XII. Statistical Analysis 

Significant differences among percent of cells in cell cycle phases, percent 

distribution of apoptotic cells, and mRNA levels of exogenous COUP-TFI were 

determined by one-way ANOVA to determine significant differences.  ANOVA 

(Analysis of Variance) compares the means of two or more samples and tests whether 

they belong to the same population (i.e., they are all the same); or whether they come 
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from different populations (i.e., one or more are different).  ANOVA assesses the 

influence of a categorical variable (or variables) on the variance of a dependent variable 

and compares the difference of each subgroup mean from the overall mean with the 

difference of each observation from the subgroup mean.   If there is more variation 

between groups’ differences, then the categorical variable or factor is influential on the 

dependent variable (in Introduction to Analysis of Variance: Design, Analyis & 

Interpretation, 2001).  One-way ANOVA measures the effects of one factor only and was 

the statistical procedure used for our analyses.  Within the One-way ANOVA, the Tukey-

Kramer Multiple Comparisons Test was performed which is used for identification of 

which means are significantly different from each other.  All computations were 

conducted on computing software GraphPad InStat® Version 3.05. 
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CHAPTER 4 

RESULTS 

Part I: PBX is Required for P19 Cells to Differentiate to Endodermal 
Cells Upon RA-Treatment 

PBX mRNA and protein levels are elevated during RA-mediated endodermal and 

neuronal differentiation of P19 wild type and empty vector control TO (TO3 and TO9) 

EC cells (Qin et al., 2004a).  Silencing of PBX expression using PBX antisense 

expressing P19 cells AS (AS2 and AS8) EC cells results in a failure of these cells to 

differentiate to both endodermal and neuronal cells upon RA treatment. (Qin et al., 

2004b).    

Similar to the findings of Qin et al., 2004b and Teets, 2011, PBX 1/2/3/4 protein 

levels are markedly increased in empty vector TO cells compared to a substantially lower 

level of increase in AS cells during RA-induced endodermal differentiation of P19 cells 

(Figure 4-1).  In addition, Oct4 protein levels are reduced more than 100-fold in TO cells 

after 3 days of RA treatment, whereas Oct4 protein levels are only very slightly reduced 

in AS cells (Figure 4-1).   Finally, in contrast to TO cells, AS cells maintain expression of 

pluripotency associated markers SSEA-1 and Oct4 (Figure 4-2 A and Figure 4-2 C, 

respectively) and do not gain expression of the endodermal specific marker TROMA-1 

(Figure 4-2 B) following terminal differentiation.  Altogether, it has been established that 

the RA-dependent increase in PBX protein is essential for endodermal differentiation of 

P19 EC cells.  
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Part II. Identification of COUP-TFI and COUP-TFII as PBX-Regulated 
Genes During Endodermal Differentiation 

In an effort to identify PBX-regulated genes during endodermal and neuronal 

differentiation, a microarray analysis was performed. (Teets, 2011).  RNA was isolated 

from AS2 and TO3 cells induced to differentiate to endodermal and neuronal cells 3 days 

after treatment with ethanol or RA.  The goals of the microarray study were to identify 

mRNAs whose levels were increased or decreased in TO3 cells following RA treatment 

but were unaffected in AS2 cells.  COUP-TFI and COUP-TFII were among the genes 

whose mRNA levels were identified to be increased upon RA treatment of TO3 cells 

induced to differentiate to endodermal and neuronal cells but were unchanged in AS2 

cells.  

In order to validate the findings from the microarray analysis, the mRNA levels of 

COUP-TFI and COUP-TFII in TO9 and AS2 cells were examined 3 days following 

ethanol or RA treatment during endodermal differentiation.  Following RA treatment for 

3 days, COUP-TFI (Figure 4-3 A) and COUP-TFII (Figure 4-3 B) mRNA levels in TO9 

cells were highly increased approximately 600 fold and 300 fold, respectively.  As 

expected from the microarray study, COUP-TFI (Figure 4-3A) and COUP-TFII (Figure 

4-3B) mRNA levels were only slightly elevated approximately 1.2 and 1.6 fold, 

respectively, upon RA treatment of AS2 cells.  

 

 

 

 

 



 

F
T
en
m
w
p
m
D
o
 
 
P
D

A

O

A

Figure 4-3. P
TFII mRNA
ndodermal d

mm tissue cu
with 10-7M R

erformed us
mRNA level 
Day 0 was se

f COUP-TFI

Part III: R
Differentia

A. Preparat

The sy

Off® Advanc

Advanced Sy

PBX express
 levels durin

differentiatio
lture dishes 

RA or EtOH f
ing primers 
of interest w
t to 1 for eac
II.  Values a

Role of CO
ation of P1

tion and Ch

ystem we se

ced Inducibl

ystem allows

sion is requ
ng RA-depe

on, 1x105 TO
containing c
for 3 days.  T
specific for 

was normaliz
ch gene.  (A)
are Mean +/-

UP-TFI E
19 Cells 

aracterizati

lected for th

e Gene Expr

 for the gene

96 

ired for the
endent endo
O9 or AS2 ce
complete DM
Total RNA w
COUP-TFI

zed using the
) Fold induc
 SD of tripli

Expression

ion of COU

he expression

ression Syste

eration of a t

e induction o
odermal diff
ells were pla
MEM.  After
was isolated
and COUP-

e correspond
ction of COU
icate sample

n During E

UP-TFI Indu

n of COUP-T

em by Clont

tightly regul

of COUP-T
fferentiation
ated in mono
r 4 hr the cel
d and RT-qPC
TFII.  For ea

ding GAPDH
UP-TFI.  (B)
es.  

Endoderm

ucible Cell L

TFI in AS2 c

tech.  The Te

lated and hig

TFI and COU
n.  For 
olayer on 100
lls were treat
CR was 
ach sample, 

H mRNA lev
) Fold induct

mal 

Lines 

cells is the T

et-Off® 

ghly respons

UP-

0 
ted 

the 
vel. 
tion 

Tet-

sive 



97 
 

system that produces on demand, robust expression of the gene of interest in mammalian 

cells.  The system is established by two sequential stable transfections of the target cells.  

In our case, AS2 cells are first stably transfected with the Tet-Off Advanced 

Transactivator, pTet-OffAdvanced, plasmid DNA (single-stable; ASTO or AS Tet-Off 

cells), followed by integration of pTRE-Tight/COUP-TFI expression vector DNA 

(double-stable; ASTT or Anti Sense pTRE-Tight COUP-TFI cells).  ASTT cells express 

varying levels of COUP-TFI depending on the concentration of the antibiotic 

doxycycline (Dox) in the culture media ranging from 0 to 100 ng/mL.  This permits the 

investigation of genes which could otherwise be toxic or cause the cells to differentiate. 

 

Creation of Tet-Off Transactivator Expressing AS Cell Lines 

Using the GenJet transfection method, pTet-Off-Advanced plasmid DNA was 

transfected into AS2 cells.  Cells were selected using G418 and zeocin for 14 days.  After 

two weeks, large individual colonies were isolated and reseeded into 24-well plates and 

allowed to grow to confluency.  Twelve clones were selected to assay for successful 

integration of the pTet-OffAdvanced plasmid DNA.   Successful integration of the 

plasmid results in the ability of the cells to inducibly express a gene under the control of 

the Tet-inducible promoter.  Individual clones were screened by transient transfection 

with pTRE-Tight-Luc DNA followed by determination of their ability to inducibly 

express luciferase upon Dox removal.  Each of the 12 clones expressed luciferase upon 

Dox removal however the level of luciferase induction was relatively low in all but 2 

clones, ASTO17 and ASTO29 (Figure 4-4 A).  This demonstrates that active pTet-Off 

Advanced plasmid DNA is stably integrated and expressed in the candidate clones.  The 
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value of each band was normalized to GAPDH.  The AS2 value was set to 1 and values 
obtained for each ASTO clone were normalized relative to AS2 parent line. 
 

 

ASTO Cells Retain the Inability to Differentiate to Endodermal Cells Following RA-
Treatment. 

 To further characterize the two candidate ASTO cell lines, we first examined if 

they retained the inability to undergo RA-mediated differentiation equivalent to the AS2 

parent line.  Immunofluorescent analysis revealed both candidate ASTO clones did not 

exhibit loss of pluripotency as shown by retention of SSEA-1 expression (Figure 4-5 A) 

and failure to gain TROMA-I expression (Figure 4-5 B).   Taken together, these data 

demonstrate ASTO17 and ASTO29 cells are indistinguishable from AS2 cells and, 

therefore, are suitable cell lines for the creation of the double stable Tet-Off Advanced 

cell line.  Since both ASTO29 and ASTO17 displayed a similar level of inducible 

expression of firefly luciferase activity and Oct4 mRNA levels, we chose to use ASTO29 

as the inducible parent line for the generation of the double stable Tet-Off Advanced cell 

line for the overexpression of COUP-TFI. 

 

Creation of Double Stable Tet-Off Inducible COUP-TFI Cell Lines 

The full length coding sequences of mouse COUP-TFI cDNA, with an N- 

terminal V5 tag sequence, was obtained by RT-PCR using RNA isolated from P19 cells 

and cloned into the pTRE-TIGHT vector (pTRE-V5-COUP-TFI).  To confirm that 

pTRE-V5-COUP-TFI was functional in P19 cells, pTRE-V5-COUP-TFI DNA was 

transiently transfected into ASTO29 cells.  Expression and localization of V5-COUP-TFI 
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Finally, ASTT154 cells do not differentiate upon RA treatment when COUP-TFI 

expression is suppressed.  ASTT154 cells did not exhibit a loss of expression of two 

pluripotency associated proteins, Oct4 and SSEA-1, or gain of expression of the 

endodermal differentiation specific gene TROMA-I upon treatment with RA in cells 

induced to differentiate to endodermal cells when COUP-TFI overexpression is 

suppressed (Figure 4-10).  Similar results were obtained using the two other independent 

ASTT clones (data not shown).  In summary, these data demonstrate that ASTT cells 

grown in the presence of 100 ng/mL Dox are indistinguishable from AS2 cells and are 

accordingly suitable cell lines to examine the effects of expressing COUP-TFI during 

RA-mediated differentiation to endodermal cells in the absence of elevation of PBX 

levels. 

 

Different Concentrations of Doxycyline Results in Graded Levels of V5-COUP-TFI 
Expression 

Using varying concentrations of Dox, we were able to modulate the level of V5-

COUP-TFI protein expression in ASTT cells.   Maximal increase in V5-COUP-TFI 

protein levels in ASTT154 cells was obtained following the complete removal of Dox (0 

ng/mL) (Figure 4-11).  As the Dox concentration was increased, the protein level of V5-

COUP-TFI in ASTT154 cells was reduced.  The highest concentration of Dox in which 

V5-COUP-TFI protein could be detected was the 1 ng/mL concentration.   The protein 

expressed at this level of Dox treatment represented approximately 2% of maximal V5-

COUP-TFI expression.  The level of V5-COUP-TFI expression in two other independent 

clones, ASTT136 and ASTT155, was comparable to that obtained in ASTT154 cells at 

various concentrations of Dox.   (Figure 4-12).  
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mRNA levels of COUP-TFI in wild type P19 cells following 3 days of RA treatment with 

that of exogenous COUP-TFI mRNA levels in ASTT cells treated with varying 

concentrations of Dox for 3 days.   Note that the ASTT cells treated with 100 ng/mL 

Dox, like the parent AS2 cells, failed to increase endogenous COUP-TFI mRNA levels 

following RA treatment.  COUP-TFI mRNA levels  in ASTT154 cells treated with 0 

ng/mL Dox  were approximately 60 times higher than the level of COUP-TFI mRNA  in 

empty vector control P19 cells following RA treatment.  On the other hand, ASTT154 

cells treated with 0.5 ng/mL and 1.0 ng/mL Dox expressed COUP-TFI mRNA at levels 

very similar to that observed in wild type P19 cells treated with RA (Figure 4-13).  Based 

on these data we define the level of COUP-TFI expression in ASTT cells treated with 0 

ng/mL of Dox as pharmacological and that in ASTT cells treated with 0.5 ng/mL and 1.0 

ng/mL as physiological.  Therefore, pharmacological COUP-TI mRNA (corresponding to 

0 ng/mL Dox)  levels represent roughly 60 times physiological COUP-TFI levels 

(corresponding to 0.5 – 1.0 ng/mL Dox).  This is consistent with results seen during the 

modulation of COUP-TFI protein levels using varying concentration of Dox (Figure 4-

11). 
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B. Role of COUP-TFI During RA-Induced Differentiation of AS2 P19 Cells to 
Endodermal Cells. 

COUP-TFI Expression in ASTT cells Negatively Impacts Cell Growth 

Initial pilot experiments performed using the ASTT cells led to the observation 

that cell growth appeared to be impaired with pharmacological COUP-TFI expression 

and that growth reduction appeared to be further attenuated with RA treatment.  

Subsequent growth analyses were performed with ASTT136, ASTT 154 and ASTT 155 

cells and the results support this observation.  There is an inverse correlation between cell 

growth and levels of exogenous COUP-TFI expression.  Cell growth rate declines 

stepwise upon  lowering of the concentrations of Dox (from 100 ng/mL to 0ng/ mL) over 

the time course of 4 days with the greatest  growth inhibition occurring when exogenous 

COUP-TFI was expressed at pharmacological levels using 0 ng/mL Dox.   (Figure 4-16 

A).  In addition, cell growth is even further reduced at each level of COUP-TFI 

expression at each time point upon RA treatment.  The growth inhibition seen with 

varying Dox concentrations and ethanol or RA treatment is more clearly represented in 

Figure 4-16 B.  At each time point (in days) the cell number value of the ethanol treated 

100 ng/mL Dox sample was set to one and all other samples were normalized to this 

value and represented as % maximal cell growth.   Similar growth inhibition patterns 

were observed using two other independent ASTT cell lines (ASTT136 and ASTT 155) 

(Figure 4-17). 
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of S and G2/M cells (5% ± 1.1% and 10% ± 2.1% respectively) when comparing the 

control non-expressing cells (100 ng/mL Dox) with cells expressing a pharmacological 

level of COUP-TFI (0 ng/mL Dox. (Figure 4-18).  The only differences which were 

statistically significant by ANOVA analysis were in the increases of percentage of cells 

in G0/G1 although these differences just barely made the cut-off boundary bound 

between non-significant and significant statistical differences.  Furthermore, the small 

statistically significant increase seen in G0/G1 didn’t correlate to a statistically significant 

decrease in any other phase of the cell cycle.  Additionally, no differences were observed 

between the percentages of cells in each stage of the cell cycle when comparing cells 

expressing physiological levels of COUP-TFI with cells that do not express COUP-TFI.  

Although, a similar trend was seen in the cell cycle distribution profile of ASTT155 and 

ASTT136 cells, no statistically significant differences were found when comparing the 

100 ng/mL Dox treated samples to the 0 ng/mL samples.   Taken together, these results 

indicate that expression of COUP-TFI even at pharmacological levels has a very modest 

effect on cell cycle distribution in only one of the cell clones.  Furthermore, this small 

alteration in the cell cycle distribution observed does not explain the dramatic effects, of 

COUP-TFI expression at both physiological and pharmacological levels, on cell growth 

rate. 
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both 4 hr and 24 hr the media were changed to fresh complete DMEM containing 0, 1.0 
or 100 ng/mL Dox.  Seventy-two hr later, cells were harvested and percentages of cells in 
each of the cell cycle phases were determined by FACS analysis with PI staining. (A) 
Representative FACS histogram from one of three independent ASTT experiments.  (B) 
Graphical summary of FACS analysis results. The average percent of cells in Sub G0, 
G0/G1, S, and G2/M phases of the cell cycle for three independent experiments.  Mean 
+/- SD.  One way ANOVA, *P<0.05. 

 

Pharmacological and Physiological Expression of COUP-TFI Causes Early 
Apoptosis 

It was hypothesized based on results from the cell growth analyses and cell cycle 

analyses, demonstrating growth inhibition and the trend towards a greater percentage of 

Sub G0 cells with pharmacological COUP-TFI expression that apoptosis might occur 

upon COUP-TFI expression.  To test our hypothesis ASTT154 cells were induced to 

exogenously express near physiological and pharmacological COUP-TFI levels for 3 

days and assayed for early apoptosis by examining Annexin V staining followed by 

FACS analysis.   It was decided to perform analysis using this one clone because it was 

the only clone that demonstrated any differences in the  cell cycle analysis studies when 

comparing the 100 ng/mL Dox treated samples to the 0 ng/mL samples.  ASTT154 cells 

that lack exogenous COUP-TFI expression by growth in medium containing 100 ng/mL 

Dox were used as controls.  Figure 4-19 shows that pharmacological expression of 

COUP-TFI causes approximately 25% of cells to undergo early apoptosis and 

physiological expression of COUP-TFI causes 10 to 20% of cells to undergo early 

apoptosis while less than 7% of cells undergo early apoptosis when exogenous COUP-

TFI is suppressed.  However, it should be noted that this level of early apoptosis is still 

relatively low when compared to the 55% ± 5% early apoptosis observed when P19 cells 

are treated with the synthetic retinoid CD437 (data not shown; Marchetti et al., 1999). 
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staining followed by FACS analysis.  (A) Representative flow cytometric histograms and 
scatter plots from one of three experiments. (B) Graphic summary of FACS analysis 
showing the average percent of cells gated at the various apoptotic stages from three 
independent experiments.   Mean +/- SD.  One way ANOVA, *** P<0.001, ** P<0.01. 

 

Effect of COUP-TFI Expression on RA-mediated Differentiation of ASTT Cells 

 Next, we were interested in determining if COUP-TFI expression causes 

endodermal differentiation in cells which are resistant to RA-mediated differentiation due 

to a blockage in PBX induction (AS2 cells).  Immunofluorescence analysis shows that 

ASTT cells (clone ASTT154) expressing pharmacological COUP-TFI levels for 4 days 

differentiate to endodermal cells  irrespective of RA treatment (Figure 4-20 D) as shown 

by the gain of TROMA-I expression and loss of both SSEA-1and Oct 4 expression.  

However RA is needed to induce differentiation of ASTT154 cells expressing 

physiological levels of COUP-TFI for 4 days (Figure 4-20 B & C) since these cells 

demonstrate the ability to gain TROMA-I expression and lose both SSEA-1 and Oct4 

expression only upon RA treatment.  As expected, ASTT154 cells in which COUP-TFI 

expression is suppressed using 100 ng/mL Dox (Figure 4-20 A) fail to differentiate to 

endodermal cells as previously demonstrated for AS2 cells.   Similar results were 

obtained (data not shown) with two other independent ASTT clones (ASTT136 and 

ASTT155).  Taken together these results suggest AS cells expressing a physiological 

level of COUP-TFI still require a RA-regulated event(s) distinct from those associated 

with the elevation of PBX for differentiation while cells expressing a pharmacological 

level of COUP-TFI either do not require this RA-regulated event(s) or high levels of 

COUP-TFI can replace the need for RA.                                                                                                       
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Figure 4-20.  Pharmacological and physiological levels of COUP-TFI can overcome 
the blockage of RA-mediated differentiation to endodermal cells in AS cells.  
ASTT154 cells were plated at 2x105  cells in monolayer on 100 mm tissue culture dishes 
with complete DMEM containing 100 (A), 1.0 (B), 0.5 (C), or 0 (D) ng/mL Dox.  After 
both 4 hr and 24 hr the media were changed to fresh complete DMEM containing 0, 0.5, 
1.0 or 100 ng/mL Dox and at the 24hrs media change the cells were also treated with 
either 10-7M RA or EtOH for an additional four days.  After either 0 or 4 days of EtOH or 
RA treatment cells were fixed and then probed for Oct4 (Panel i), SSEA-I (Panel ii) or 
TROMA-I expression (Panel iii). DAPI was included as a nuclear stain.  Scale bar equals 
50μm. 
 

Effect of COUP-TFI Expression on the mRNA Level of Select Pluripotency and 
Differentiation Associated Genes in ASTT Cells Induced to Differentiate to 
Endodermal Cells  

RT-qPCR analyses were performed to investigate the effect of COUP-TFI 

expression on the mRNA level of several genes (SF-1, Oct4, Dax-1 and COUP-TFII) in 

ASTT cells.  These genes were chosen because the regulation of the expression of these 

genes in wild type P19 cells induced to differentiate to endodermal cells by RA treatment 

requires elevation in PBX protein. (Teets 2011; Teets et al., 2012).  RT-qPCR analysis 

shows that Oct4 mRNA levels are unchanged when COUP-TFI is expressed at 

physiological levels (1.0 and 0.5 ng/ml Dox sample) and moderately reduced upon 

pharmacological COUP-TFI after 3 days ethanol treatment (Figure 4-21 A).   However, 

RT-qPCR analysis shows that Oct4 mRNA levels are reduced substantially to levels 

comparable to empty vector control TO9 cells (with RA treatment) when COUP-TFI is 

expressed at both physiological (1.0 and 0.5 ng/ml Dox sample) and pharmalogical levels 

for 3 days with RA treatment (Figure 4-21 A).  This is consistent with 

immunofluorescent analysis showing that ASTT cells expressing physiological levels of 

COUP-TFI differentiate to endodermal cells only with RA treatment while cells 

expressing pharmacological levels of COUP-TFI differentiate to endodermal cells 



129 
 

irrespective of RA treatment.  Like Oct4, RT-qPCR analysis shows that SF-1 mRNA 

levels are unchanged when COUP-TFI is expressed at physiological levels (1.0 and 0.5 

ng/ml Dox sample) and moderately reduced upon pharmacological COUP-TFI after 3 

days ethanol treatment (Figure 4-21 C).   However, RT-qPCR analysis shows that SF-1 

mRNA levels are reduced substantially to levels comparable to empty vector control TO9 

cells (with RA treatment) when COUP-TFI is expressed at both physiological (1.0 and 

0.5 ng/ml Dox sample) and pharmalogical levels for 3 days with RA treatment (Figure 4-

21 C).  This is also consistent with immunofluorescent analysis showing that ASTT cells 

expressing physiological levels (0.5 ng/mL and 1.0 ng/mL Dox samples) of COUP-TFI 

differentiate to endodermal cells only with RA treatment while cells expressing 

pharmacological levels of COUP-TFI differentiate to endodermal cells irrespective of RA 

treatment.  Similarly, RT-qPCR analysis shows that Dax-1 mRNA levels are substantially 

reduced when COUP-TFI is expressed at physiological levels (0.5 ng/mL and 1.0 ng/mL 

Dox sample) for 3 days with RA treatment and at pharmacological levels with ethanol or 

RA treatment (Figure 4-21 B).  Like SF-1 and Oct4, these findings are also consistent 

with immunofluorescent analysis showing that ASTT cells expressing physiological 

levels (0.5 ng/mL and 1.0 ng/mL Dox samples) of COUP-TFI differentiate to endodermal 

cells only with RA treatment while cells expressing pharmacological levels of COUP-TFI 

differentiate to endodermal cells irrespective of RA treatment.  Finally, upon both 

pharmacological and physiological levels of COUP-TFI expression, COUP-TFII mRNA 

levels are increased approximately 50-fold and 120-fold after 3 days of ethanol and RA 

treatment, respectively (Figure 4-21 D), indicating a modest RA effect on COUP-TFII 

expression.  However, the net consequence of exogenous COUP-TFI expression on 
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COUP-TFII mRNA induction levels is considerably diminished in comparison to 

physiological RA-induced COUP-TFII induction levels seen with empty vector control 

cells.  Since the fold increase in COUP-TFII mRNA levels seen with COUP-TFI 

expression is approximately 15-times less than that observed in vector control TO9 cells 

treated with RA, a high level of COUP-TFII expression may not be required for 

differentiation.  Similarly, perhaps high COUP-TFI levels can compensate for COUP-

TFII during differentiation because of functional redundancies amongst the two 

receptors.  Taken together, these results show that COUP-TFI expressing cells display 

similar reductions of pluripotency associated genes compared to control cells (upon RA 

treatment) and moderate inductions of a differentiation associated gene.  This strongly 

suggests that COUP-TFI plays an important role in the negative regulation of certain key 

genes critical for pluripotency maintenance thereby highlighting the notion that COUP-

TFI expression might be a driving force towards loss of pluripotency. 
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reduction/induction were calculated relative to mRNA expression of TO9 Day 0 sample, 
used as the calibrator set to 1.  Mean +/- SD of triplicate samples.  
 

 

Effect of COUP-TFI Expression on the mRNA Level of Select Primary RA 
Responsive Genes in ASTT154 Cells Induced to Differentiate to Endodermal Cells  

RT-qPCR analyses were performed to investigate the effect of COUP-TFI 

expression on the mRNA level of several genes (CYP26A1, HoxA1 STRA4, HNF3a and 

RARβ2).  These genes were chosen because they are well established RARE containing 

RA primary response genes whose mRNA levels are normally induced within 3 hr of RA 

treatment in wild type P19 cells (Shen et al., 1991; Oulad-Abdelghani et al., 1997).  

Induction of primary response was previously examined (Qin et al., 2004b) in wild type 

P19 cells, empty vector TO3 cells, and AS2 cells.  From this study it was determined that 

TO3 and AS2 cells respond similarly to RA treatment with respect to induction of 

primary response genes.  Since we have demonstrated that COUP-TFI expression alone 

can lead to endodermal differentiation, we were interested in determining if COUP-TFI 

expression alone could also alter the expression of certain RA response genes that are 

known to be regulated rapidly after RA treatment.   

Of the genes tested, three exhibited unremarkable differences between the COUP-

TFI expressing cells and empty vector control cells. These were HNF3a, RARβ2 and 

STRA4.   Results show that neither physiological nor pharmacological COUP-TFI 

expression has a substantial effect on STRA4 mRNA levels with RA treatment (Figure 4-

22D).  A similar trend was demonstrated with RARβ2; however, there appears to be a 

minor COUP-TFI dose dependence with a direct correlation on RARβ2 mRNA levels 
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with RA treatment (Figure 4-22 C).  Conversely, an opposite trend is apparent with 

HNF3a demonstrating there is also a minor COUP-TFI dose dependence with an inverse 

correlation on HNF3a mRNA levels with RA treatment (Figure 4-22 E).  AS cells 

expressing COUP-TFI did not show any differences in expression in RARβ2 in 

comparison to empty vector control cells with ethanol treatment while AS cells 

expressing COUP-TFI both at pharmacological and physiological levels showed a very 

minor (approximately 2 fold) increase above control values in HNF3a expression with 

ethanol treatment.  Finally, in cells expressing a pharmacological level of  COUP-TFI,  

STRA4 mRNA level is increased noticeably with ethanol treatment approximately 3 fold 

higher than baseline values (albeit still approximately two fold less than RA induced 

levels).   

Of the remaining primary RA response genes tested, two exhibited dramatic 

differences between the COUP-TFI expressing cells and empty vector control cell.  These 

were CYP26A1 and HoxA1.  Like RARβ2, STRA4 and HNF3a, CYP26A1 and HoxA1 

are induced very highly and rapidly upon RA treatment.  Results show that both 

physiological and pharmacological COUP-TFI expression results in essentially no 

increase in CYP26A1 mRNA levels (with or without RA treatment) (Figure 4-22 B) 

demonstrating that perhaps COUP-TFI expression has a repressive effect on CYP26A1 

mRNA expression and indicating high CYP26A1 increases may not be necessary for 

differentiation in AS cells expressing COUP-TFI.  Contrary to these findings, it was 

demonstrated that pharmacological and physiological COUP-TFI expression alone 

(without RA treatment) causes an increase in HoxA1 mRNA levels substantially above 

the baseline levels of control TO9 cells (Figure 4-22 A) indicating HoxA1 may be crucial 
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media were changed to fresh complete DMEM containing 0, 0.5 1or 100 ng/mL Dox 
media and at the 24hrs media change the cells were treated with either 10-7M RA or 
EtOH for 1 day.  Empty vector control TO9 were plated at 1 X 105 cells/100 mm dish and 
four hr later samples were treated with either 10-7M RA or EtOH.  After 0 or 1 days of 
either EtOH or RA treatment, total RNA was isolated and RT-qPCR was performed using 
primers specific to (A) HoxA1, (B) CYP26A1, (C) RARβ2, (D) STRA4, (E) HNF3a, (F) 
βactin, and GAPDH.  The mRNA levels for each sample were normalized using the 
corresponding GAPDH mRNA level.  All values for fold reduction/induction were 
calculated relative to mRNA expression of TO9 Day 0 sample, used as the calibrator set 
to 1.  Mean +/- SD of triplicate samples.  
 
 
 
Part IV: Role of COUP-TFII Variant 2 During RA Induced 
Differentiation of P19 Cells to Endodermal Cells 

Expression of COUP-TFII Variant 1 and Variant 2 in P19 Cells 

RT-PCR analysis shows that RA treatment of wild type P19 cells for 3 days 

causes an increase of COUP-TFII variant 1 mRNA levels (Figure 4-23). This is 

consistent with RT-qPCR analyses which demonstrated that COUP-TFII levels are 

upregulated over 200 fold in TO9 P19 cells following RA treatment after 3 days (Figure 

4-3 B).   RT-PCR analyses using isoform specific primers reveal that COUP-TFII, 

Isoform 1/Variant 1 (V1) and Isoform 2/Variant 2 (V2) are both expressed endogenously 

in P19 cells (Figure 4-23).  RA causes a marked increase in the mRNA level of V1 

between 1 day and 2 days of RA treatment to a level which is sustained following 3 and 4 

days of RA treatment.    In contrast, V2 mRNA levels do not change following RA 

treatment for up to 4 days.  DNA sequence analysis of the COUP-TFII gene clearly 

reveals that V1 and V2 transcription is likely regulated by distinct promoters (Figure 1-

8).  The 5’ regulatory region of the COUP-TFII V1 has been identified and characterized 

(Soosaar et al., 1996), however, no such study to date has been reported for COUP-TFII 

V2.  
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were plated on a 100 mm dish.  After 2 days, whole cell protein lysates were prepared 
and Western blot analysis was performed using primary antibodies specific for GFP and 
GAPDH. Secondary antibody used was IRDye 680CW for both GAPDH and GFP.  Grey 
scale image of the Western Blot.   

 

Stable Overexpression of COUP-TF II V2 Does Not Affect the RA-induced 
Differentiation of P19 cells to Endodermal Cells  

Figure 4-25 shows that wild type P19 cells, GFP empty vector cells as well as  

GFP-COUP-TFII V2 overexpressing cells undergo differentiation to endoderm-like cells 

following RA treatment as seen by their loss of SSEA-1 expression and gain of TROMA-

I expression (Figure 4-25, panels A, B and C, respectively). Along with the gain of 

TROMA-I and loss of SSEA-1 expression, there is an accompanying clear change in cell 

morphology characteristic of endoderm cells typically seen when wild type cells 

differentiate to endodermal cells.  Similar results were obtained for 5 separate GFP-

COUP-TFII V2 expressing clones.  Interestingly, the subcellular localization of V2 

appears to not be exclusively nuclear, inconsistent with established reports describing 

COUP-TFs nuclear localization (Zhang et al., 2009; Kurihara et al., 2005; Wang et al., 

1987; Wang et al., 1989).  However, this is not surprising since part of the nuclear 

localization signal of COUP-TFI and COUP-TFII is known to lie in the DNA binding 

domain, of which V2 is lacking.  Taken together these results demonstrate that using our 

method, COUP-TFII V2 does not function as a dominant negative factor to interfere with 

the differentiation of P19 cells to endodermal cells.   
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CHAPTER 5 

DISCUSSION 

 

Retinoids are a diverse class of compounds including Vitamin A and its natural 

and synthetic derivatives.  They play key roles in the regulation of physiological 

processes including growth, cellular differentiation, immune response and embryonic 

development (reviewed in Ross et al., 2000).  Retinoic acid (RA) is the most potent 

naturally occurring retinoid, which functions by regulating the expression of a wide 

variety of genes.  Pre-B cell leukemia transcription factors (PBXs) belong to a family of 

proteins related to homeodomain proteins (Burglin et al., 1997) and act as transcriptional 

cofactors during cell differentiation.  PBX expression is regulated by RA in P19 EC cells.  

PBX mRNA and protein levels are increased rapidly in empty vector TO P19 cells during 

RA-induced differentiation.   However, silencing of PBX expression using PBX antisense 

expressing P19 cells (AS cells) results in a failure of these cells to differentiate upon RA 

treatment due to blockage of PBX induction (Qin et al., 2004b).   Utilizing this model 

system, the overall goal of this work has been to define downstream factors regulated by 

PBX in the cascade of RA-mediated differentiation of P19 EC cells. 

 

COUP-TFI and COUP-TFII are Regulated by PBX in P19 EC Cells 

 As a result of microarray studies performed by our laboratory, a collection of 

genes was compiled that are differentially expressed in TO cells, but not AS cells 

following RA treatment.  COUP-TFI and COUP-TFII were amongst many genes 
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identified as likely candidates to be regulated by PBX.  COUP-TFI and COUP-TFII are 

orphan members of the steroid thyroid hormone receptor superfamily and are known to 

play important roles during embryonic development including cell growth, 

differentiation, organogenesis, neurogenesis, and lineage determination (Petit et al., 2007; 

You et al., 2005; Lee et al., 2004; Kurihara et al., 2007; Takamoto et al., 2005; Qiu et al., 

1994; Pereira et al., 1995; Qiu et al., 1996).  Many studies have been performed using 

knockout mice to elucidate the functions of COUP-TFs during development.  Null mutant 

mice for COUP-TFI, display defects in neurogenesis, axon guidance, and arborization   

(Qiu et al., 1997; Yamaguchi et al., 2004; Zhou et al., 1999; Zhou et al., 2001) whereas 

deletion of COUP-TFII results in defects in angiogenesis, uterine function, vascular 

remodeling, diaphragmatic and stomach organogenesis, and fetal heart development 

(Pereira et al., 1999; You et al., 2005; Qin et al., 2010; Kurihara et al., 2007; Petit et al., 

2007; Takamoto et al., 2005).  Moreover, it was determined that homozygous mutation at 

the COUPTFII locus results in embryonic lethality (Pereira et al., 1999).  

COUP-TFs are widely known to serve as potent transcriptional repressors of 

many genes (Pereira et al., 2002).  More specifically, COUP-TFs are potent 

transcriptional repressors that efficiently antagonizes transcriptional activation mediated 

by nuclear receptors including PPAR, HNF4, RXR, RAR, ER, LHR, PXR, VDR and T3R 

(Cooney et al., 1993; Burbach et al., 1994; Klinge et al., 1997; Yu et al., 2003; Zhang 

and Dufau, 2003; Istrate et al., 2010; Nakshatri and Bhat-Nakshatri, 1998) by 

competition for target response elements.  Other proposed mechanisms for COUP-TF 

mediated repression include competition for limiting amounts of RXR, formation of 
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inactive receptor complexes, and active repression mediated by N- and C- terminal 

repression domains (reviewed in Tsai and Tsai, 1997).   

Many studies have been performed which have elucidated COUP-TFs’ 

biochemical characteristics, expression patterns during development, physiological 

functions and the regulation of their gene expression (reviewed in Tsai and Tsai, 1997).  

However, their specific mechanism of action in the RA induced cascade of differentiation 

remains largely unknown.  It has been documented that COUP-TFI and COUP-TFII 

regulate the expression of one of the master regulators of ES cell and EC cell 

pluripotency, Oct4, by repression of Oct4 promoter activity in a dose dependent manner 

(Ben-Shushan et al., 1995; Barnea and Bergman, 2000).  These findings by no means 

suggest that this is the only role of COUP-TFs in this pathway.  Quite to the contrary 

these findings are in agreement with the implication that COUP-TFs are part of a much 

larger and comprehensive signaling network of transcription factors, among which Oct4 

is included, which contribute to the establishment of the pattern of early gene expression 

during development.   

Consistent with our finding, RA treatment of EC cells causes an increase in 

COUP-TFI and COUP-TFII expression (Ben-Shushan et al., 1995).  Furthermore, we 

demonstrate using AS P19 cells that the RA-dependent increase in PBX expression is 

required for the increase in both COUP-TFI and COUP-TFII mRNA levels (Figure 4-

3B).  Although, our studies did not address whether PBX directly or indirectly regulates 

the mRNA levels of COUP-TFI and COUP-TF,   the timing of the up regulation of 

COUP-TFs suggests that COUP-TFs are further downstream of PBX in the cascade of 

RA-mediated P19 cell endodermal differentiation.  COUP-TFI and COUP-TFII induction 
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occurs much more slowly on the order of days (Teets et al., 2012) in comparison to PBX 

induction which occurs on the order of hours following RA treatment (Qin et al., 2004a).  

Therefore, we hypothesize that COUP-TFI and COUP-TFII are among the required 

factors that mediate the RA-dependent differentiation cascade of P19 cells downstream of 

PBX.  To test this hypothesis, we established overexpression systems for COUP-TFI and 

COUP-TFII to determine their role(s) in the PBX dependent RA-mediated endodermal 

differentiation pathway in P19 cells.   

 

Exogenous COUP-TFI Expression is Functional in P19 Cells and Causes 
Pronounced Growth Inhibition and Moderate Cell Cycle Arrest/Apoptosis   

 Three AS2 cells lines that inducibly express V5-COUP-TFI using the Tet-Off® 

Advanced Inducible Gene Expression system were prepared in order to investigate the 

role of COUP-TFI expression in the absence of PBX induction.  RT-qPCR analyses 

demonstrated that maximal COUP-TFI overexpression using 0 ng/mL Doxycycline 

(Dox)  represents roughly 60 times physiological RA-induced COUP-TFI mRNA levels 

(pharmacological) while the 0.5 ng/mL and 1.0 ng/mL concentrations of Dox correlated 

with near physiological RA-induced COUP-TFI mRNA levels (Figure 4-13).  Using this 

model system, we determined both physiological and pharmacological levels of 

exogenous COUP-TFI were functional by demonstrating an increase in the mRNA level 

of two known COUP-TFI primary response genes, vitronectin and PEPCK (Adam et al., 

2000; Hall et al., 1995).  

Analysis of the growth rate of cells cultured with several different concentrations 

of Dox from 0 to 100 ng/mL revealed that there is an inverse correlation between cell 
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growth and levels of COUP-TFI protein overexpression with approximately 85% cell 

growth inhibition following 5 days of expression of a pharmacological level of COUP-

TFI.  Growth inhibition was attenuated further in COUP-TFI expressing cells treated with 

RA.  Consistent with our results, a study by Wu and colleagues demonstrated that 

expression of COUP-TFI positively correlated to growth inhibition by RA in lung cancer 

lines (Wu et al., 1997).  Additionally, consistent with our observations another study 

demonstrated that levels of COUP-TFI expression positively correlates with growth 

inhibition by RA in breast cancer cells (Lin et al., 2000).   

Our findings regarding growth inhibition upon exogenous COUP-TFI expression 

are inconsistent with findings from two independent studies.  A study performed by 

Adam and colleagues in which COUP-TFI was overexpressed in P19 cells demonstrate 

that morphological characteristics of undifferentiated P19 cells were not modified by the 

expression of wild type COUP-TFI and that there was no difference in doubling time 

between the cell lines (Adam et al., 2000).  Another study performed by Gudas and 

colleagues suggest COUP-TFI expression reduces RA-associated growth arrest (Zhuang 

and Gudas, 2008).  The findings by Adam suggest that COUP-TFI expression has no 

effect on growth while the findings by Gudas suggest COUP-TFI expression causes an 

increase in cell growth.  In the Gudas study, they report that Nanog expression, which has 

been established to be important for pluripotency maintenance in ES cells (Mitsui et al., 

2003), does not decline to the same extent in ES cells that overexpress COUP-TFI and 

that sustained expression of Nanog may be a direct cause of COUP-TFI overexpression 

correlating to growth effects.  This could provide a plausible rationale for the discrepancy 

between our two conclusions especially in light of the fact that Nanog expression is not 
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likely an important regulator of P19 EC cell pluripotency as in ES cells since 

undifferentiated P19 cells express extremely low levels of Nanog (Chambers et al., 

2003).    Alternatively one noteworthy shortcoming of both studies is that they both used 

stable cell lines without demonstrating the percent cells expressing COUP-TFI.  P19 and 

ES cells have a tendency to drift and lose expression of exogenously introduced genes 

over time.   We are left to wonder if the phenomena described in these studies happen in 

the entire population of cells or a percentage of the cells because they did not show any 

data to address this question.  This highlights the major advantage of our model inducible 

system since COUP-TFI expression is tightly modulated and we provide evidence (by 

immunofluorescence analysis) of the percent of cells expressing exogenous COUP-TFI.   

In light of the pronounced growth inhibition observed when COUP-TFI is 

expressed at pharmacological levels, we speculated that cell cycle progression may be 

altered or there was an increase in the number of apoptotic cells in the AS cells 

overexpressing COUP-TFI.   FACS analysis demonstrates unremarkable changes in the 

cell cycle distribution pattern with three different independent COUP-TFI cell lines 

expressing both physiological and pharmacological levels of COUP-TFI.  Additionally, 

early apoptosis detection using Annexin V staining showed that roughly 25% and 15% of 

COUP-TFI cells expressing pharmacological and physiological COUP-TFI levels, 

respectively, for 3 days were in early apoptosis using the COUP-TFI cell line that 

displayed the highest percent increase in G0/G1 arrest and subG0 cells.  Nevertheless, 

these percentages of cells in early apoptosis are relatively low in comparison to the 

finding that approximately 55% of cells are in early apoptosis when P19 cells are treated 

with the synthetic retinoid CD437 (Marchetti et al.,1999 and data not shown).  
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Interestingly, the aforementioned study that determined COUP-TFI expression positively 

correlates with growth inhibition (Lin et al., 2000) also investigated the effect of COUP-

TFI on RA dependent apoptosis.  They found that COUP-TFI is required for apoptosis by 

RA in breast cancer cells.  Although we did not investigate the effect of RA in 

combination with COUP-TFI expression, their results regarding the percentage of cells 

(expressing COUP-TFI with RA treatment) undergoing apoptosis (approximately 25%) is 

consistent with our percentage values of cells undergoing apoptosis with COUP-TFI 

expression.  This study was performed in a cell line that is resistant to RA suggesting the 

apoptotic effect was attributable to COUP-TFI expression, perhaps by means of COUP-

TFI sensitizing the cells to RA treatment.   

Taken together, these results indicate that expression of COUP-TFI, even at 

pharmacological levels, has a minor effect on cell cycle distribution and apoptosis using a 

single COUP-TFI expression clone.  Furthermore, the small difference in the cell cycle 

distribution/ percent of cells undergoing apoptosis does not explain the dramatic effects 

on cell growth rate observed when COUP-TFI is expressed at both physiological and 

pharmacological levels.  Cell adhesion could be affected by COUP-TFI expression so 

that perhaps some cells did not attach well and died.  This hypothesis is consistent with 

the study by Adam and colleagues that showed that COUP-TFI shows a high selectivity 

for regulating genes involved in cellular adhesion and migration processes (Adam et al., 

2000).  Another hypothesis is that perhaps the entire cell cycle of ASTT cells expressing 

COUP-TFI is lengthened such that all phases of the cell cycle are proportionately longer 

in comparison to control cells.  Measurement of the time of each cell cycle phase in 

ASTT cells expressing COUP-TFI compared to that of ASTT cells not expressing 
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COUP-TFI could address this hypothesis.  An assay such as FLM (fraction of labeled 

mitoses), a method developed by Quastler and Sherman (Quastler and Sherman, 1959), 

could be employed since this method for analyzing cell cycle phases necessitates a 

determination of cell cycle interdivision times and the absolute lengths of the cell cycle 

phases.  

 

COUP-TFI Expression Can Overcome the Blockage of RA-mediated Endodermal 
Differentiation in AS2 Cells That Fail to Elevate PBX Expression 

The hallmark of AS cells is the inability to induce PBX expression and RA-

mediated differentiation upon RA treatment (Qin et al., 2004b).  Remarkably, 

immunofluorescence analysis show that AS cells expressing pharmacological COUP-TFI 

levels for 4 days differentiate to endodermal cells irrespective of RA treatment however 

RA is needed to induce differentiation when the COUP-TFI cells express physiological 

levels of COUP-TFI for 4 days (Figure 4-20).  This strongly suggests a functional role for 

COUP-TFI during the differentiation cascade for these cells. 

Additionally, the time required for the differentiation of AS cells expressing 

COUP-TFI (4 days) is unusually short.  Normally differentiation, as determined  by the 

loss of SSEA and gain of TROMA-I expression, is detected after 7 days of RA treatment 

in wild type and empty vector control P19 cells whereas we have now demonstrated that 

AS cells expressing COUP-TFI can differentiate after 4 days.   Figure 5-1 illustrates the 

timeline of events during RA-mediated endodermal differentiation of P19 cells and the 

correlation with the remarkable timing of endodermal differentiation produced by 

exogenous COUP-TFI expression.   



148 
 

When P19 cells are normally proliferating and are in the undifferentiated state, 

they express the cell surface marker for undifferentiated cells, SSEA-1, and do not 

express the endodermal specific marker TROMA-I.  Upon RA treatment of wild type or 

empty vector control cells, primary RA response genes (i.e. RARβ2, HOXA1 and 

CYP26) are highly and rapidly induced within hours (Gudas and Wagner, 2011).  Along 

with primary RA response gene induction we know that PBX levels are increased within 

hours of RA treatment (Qin et al., 2004b).  It is not until approximately 2 to 3 days later 

that we detect reductions of mRNA levels of pluripotency associated genes such as Oct4, 

SF-1 and Dax-1 (Teets et al., 2012).  Concomitant with pluripotency associated gene 

reductions, we detect the induction of mRNA levels of differentiation associated genes 

such as COUP-TFI and COUP-TFII (Teets et al., 2012).  It is only after 7 days can we 

detect endodermal differentiation by immunocytochemical means as determined by the 

loss of SSEA-1 expression and the gain of TROMA-I expression  (Qin et al., 2004b).  

This illustration shows that by expressing COUP-TFI in AS cells, which inherently are 

incapable of undergoing RA-mediated differentiation due to blockage of elevation of 

PBX expression, we can effectively bring about endodermal differentiation in just 4 days 

in comparison to 7 days (for wild type or empty vector control cells with RA treatment).  

This shortened timing for differentiation is consistent with the concept that RA triggers a 

cascade of events in which the initial steps can be bypassed (including elevation of PBX 

levels) and the cascade can be entered at some intermediary point by increasing COUP-

TFI expression.  Interestingly, supraphysiological levels of COUP-TFI expression appear 

to be able to accomplish this on its own.  However, in order to accomplish this with 

physiological levels of COUP-TFI expression, RA is required indicating there must be 
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regulated event(s) distinct from those associated with the elevation of PBX for 

differentiation while cells expressing a pharmacological level of COUP-TFI either do not 

require this RA-regulated event(s) or high levels of COUP-TFI can replace the need for 

RA. 

Consistent with findings that AS cells expressing COUP-TFI can differentiate to 

endodermal cells, gene expression studies show mRNA levels of genes known to be 

associated with pluripotency maintenance and endodermal differentiation are affected by 

COUP-TFI expression in a similar manner as empty vector control cells with RA 

treatment.  The pluripotency genes studied were Oct4, DAX-1 and SF-1 while COUP-

TFII was the differentiation associated gene.  

A study has suggested that there is a functional relationship between Oct4 and SF-

1 in the maintenance of P19 cell pluripotency by demonstrating that SF-1 binds to Oct4 

promoter (RAREoct site) positively contributing to Oct4 activation and by demonstrating 

that their expression is down-regulated with very similar kinetics following RA induced 

differentiation of these cells (Barnea and Bergman, 2000).  This group had previously 

demonstrated that COUP-TFI binds with high affinity to the RAREoct element, and 

down-regulates Oct4 promoter activity (Ben-Shushan et al., 1995) suggesting COUP-TFI 

is implicated in the loss of P19 cell pluripotency.  DAX-1, an atypical orphan nuclear 

receptor lacking the ability to bind DNA, is generally regarded as an adapter molecule 

and has been shown to recruit corepressors such as NCoR and mediate transcriptional 

repression (Crawford et al., 1998).   

Consistent with these findings, overall trends from our gene expression studies 

indicate that the reductions mRNA levels of pluripotency maintenance genes Oct4 
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(Figure 4-21 A), SF-1 (Figure 4-21 C) and Dax-1 (Figure 4-21 B) observed in both 

physiological and pharmalogical COUP-TFI expressing cells were very similar to that of 

empty vector control P19 cells (upon RA treatment) after 3 days of RA treatment.  

Interestingly, we were able to achieve substantial reductions in these pluripotency 

associated by supraphysiological expression of COUP-TFI alone, independent of RA 

treatment indicating supraphysiological COUP-TFI expression alone and physiological 

COUP-TFI expression (only upon RA treatment) can overcome the blockage of RA-

dependent differentiation in PBX AS cells to bring about endodermal differentiation and 

concomitant loss of pluripotency.  Moreover, these are not surprising findings since 

studies have demonstrated that (i) COUP-TFI can bind to the regulatory regions of the 

SF-1 and repress its transcriptional activity (Xing et al., 2002; Shibata et al., 2001), (ii) 

COUP-TFI expression can directly repress Oct4 transcriptional activity (Ben-Shushan et 

al., 1995) and (iii) COUP-TFI has been shown to cause transcriptional repression of Dax-

1 expression (Yu et al., 1998).   All of these aforementioned findings are in line with the 

well characterized function of transcriptional repression by COUP-TFs.  Therefore we 

can accordingly draw the conclusion that using our model system, COUP-TFI likely 

functions as a transcriptional repressor of genes associated with pluripotency thereby 

facilitating differentiation by escape from pluripotency.   

The proposed model below, consistent with our gene expression findings, 

illustrates how the aforementioned genes are regulated in our system.  In the 

undifferentiated instance, when P19 cells are normally proliferating (upper panel), it is 

known that the levels of pluripotency associated markers Oct4, SF-1 and Dax-1 are high 

while levels of the differentiation associated gene, COUP-TFI, are low.  In this model we 



152 
 

hypothesize that some coactivator complex drives SF-1 activation.  SF-1 has been 

demonstrated to bind the Oct4 promoter and contribute to activation of the master 

pluripotency regulator, Oct4 (Barnea and Bergman, 2000).  We believe SF-1 activation, 

in turn, results in the upregulation of Dax-1 expression since SF-1 is one of the well 

described players known to responsible for the activation of Dax-1 gene expression 

(Burris et al., 1995; Vilain et al., 1997; Yu et al., 1998).  As a result, we postulate that 

Dax-1, acting in its capacity as an adapter molecule known to recruit corepressors, could 

recruit corepressors to COUP-TFI promoter and mediate COUP-TFI repression in the 

undifferentiated case.  Although it has not been established that Dax-1 can accomplish 

this, hence the question marks in the illustration, transcriptional repression by Dax-1 has 

been demonstrated for several genes and is thought to be mediated by its interaction with 

corepressors (Crawford et al., 1998; Altincicek et al., 2000; Nedumaran et al., 2010).  It 

would be tempting to speculate that for the undifferentiated situation in our system, that 

COUP-TFI repression might be controlled in part to Dax-1 mediated repression by 

corepressors.   

When P19 cells are induced to differentiate following RA treatment (middle 

panel), we know that PBX is induced very quickly and rapidly upon RA treatment (Qin et 

al., 2004b).  As an indirect consequence, we know that SF-1 levels are reduced while 

COUP-TFI levels are increased (Teets et al., 2012).  Based on previous studies performed 

in P19 cells (Ben-Shushan et al., 1995), we are reasonably certain that the increase in 

COUP-TFI expression (after PBX is induced following RA treatment) contributes to the 

down-regulation of Oct4 expression during P19 cell differentiation.  It has been 

demonstrated that PBX induction is critical for RA-mediated differentiation of P19 cells 
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(Qin et al., 2004b) and that the decrease of both SF-1 and Oct4 as well as increase of 

COUP-TFI expression are all dependent upon PBX elevation since there is an absence of 

SF-1 and Oct4 reduction and COUP-TFI elevation following RA treatment of PBX-AS 

cells (Teets et al., 2012).   

During exogenous COUP-TFI expression using our model system (bottom panel), 

we hypothesize that COUP-TFI behaves as a master regulator of the loss of pluripotency 

by causing reductions of the pluripotency associated genes Oct4, SF-1 and Dax-1.   We 

believe that COUP-TFI directly interacts with the SF-1 promoter resulting in SF-1 

transcriptional repression.  This hypothesis is consistent with published studies that 

demonstrate COUP-TFI binds SF-1 promoter elements to produce transcriptional 

repression of SF-1expression (Xing et al., 2002; Shibata et al., 2001).   Similarly, it has 

also been established that in COUP-TFI binds Oct4 promoter elements directly causing 

Oct4 transcriptional repression (Ben-Shushan et al., 1995).  It has also been shown that 

Dax-1 promoter activity is directly inhibited by COUP-TFI mediated repression via 

COUP-TF binding sites in the Dax-1 promoter (Yu et al., 1998).  We believe that Dax-1 

transcriptional repression is concomitant with both the reduction of levels of its 

transcriptional activator, SF-1, and elevation of levels of the transcriptional repressor, 

COUP-TFI.  We can thus reasonably hypothesize that in our model system, COUP-TFI 

orchestrates similar repressive responses for the pluripotency associated genes Oct4, SF-1 

and Dax-1. 
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in the developing eye (Tang et al., 2010).  Consistent with these observations, gene 

expression studies have demonstrated that both physiological and pharmacological 

expression of COUP-TFI expression after 3 days causes a marked attenuation of COUP-

TFII induction in comparison to physiological COUP-TFII induction.  This suggests that 

COUP-TFI may compensate for COUP-TFII expression during differentiation of these 

cells.  Furthermore these results are suggestive that large physiological increases in 

COUP-TFII expression may not be required for differentiation since differentiation can 

be achieved in COUP-TFI expressing cells with modest COUP-TFII mRNA increases 

(approximately 15 fold).    

In an attempt to investigate if COUP-TFI expression could affect neuronal 

differentiation similarly, we discovered that we could not accomplish neuronal 

differentiation using COUP-TFI expressing ASTT cells due to limitations inherent to the 

cell line regarding their growth characteristics.  We could not form cell aggregates using 

COUP-TF expressing ASTT cells by conventional means (described in Hung et al., 1992) 

(data not shown).   We presume that the extreme growth inhibition observed with COUP-

TFI expression is likely a contributing factor since it is known that aggregate formation is 

intimately dependent on robust cell growth at the time of aggregation.  Interestingly, 

analysis of a morphological study performed by Adam and colleagues determined that 

supraphysiological doses of COUP-TFI impede neural differentiation in P19 cells (Adam 

et al., 2000).  Nevertheless using our system of COUP-TFI expression, we can 

consequently conclude that neuronal differentiation is either unachievable altogether or is 

only achievable by using unconventional means that address the technical limitations 

regarding growth inhibition with COUP-TFI expression.  Yet, it is unclear whether 
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COUP-TFI plays a critical role in vivo.  Limitations of the model system do not address 

the in vivo effect(s) of COUP-TFI. 

 

COUP-TFI Expression Affects mRNA Levels of Select Primary RA Responsive 
Genes in AS Cells Induced to Differentiate to Endodermal Cells 

In an attempt to determine if the regulation of primary RA response genes was 

affected by COUP-TFI expression, RT-qPCR analyses were performed to compare RA 

response gene mRNA levels following RA treatment of empty vector TO9 cells to their 

levels in ASTT cells expressing various levels of COUP-TFI.  The primary RA response 

genes investigated were CYP26A1, HoxA1 STRA4, HNF3a and RARβ2.  It was 

determined that COUP-TFI expression causes different effects on primary RA response 

genes following RA.  For STRA4, HNF3a and RARβ (Figures 4-22 D, E and C, 

respectively), it was found that COUP-TFI expression had little effect on gene induction 

(with RA treatment) as the level of inductions were fairly similar in COUP-TFI cells 

treated with RA (at pharmacological, physiological or when exogenous COUP-TFI 

expression was suppressed) compared to empty vector TO9 cells treated with RA for one 

day.   

Gene expression studies demonstrate that COUP-TFI expression did have 

differing effects on the expression of two primary RA response genes.   In ASTT cells 

expressing both physiological and pharmacological COUP-TFI levels, there is essentially 

no increase in CYP26A1(Figure 4-22 B) mRNA level upon RA treatment suggesting 

high CYP26A1 mRNA increases may not be necessary for differentiation in AS cells 

expressing COUP-TFI.   These cells clearly differentiate as demonstrated by 

immunofluorescence analysis, however they do not up regulate CYP26A1 expression 
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with or without RA treatment.  Perhaps COUP-TFI is causing some direct or indirect 

repressive effect on CYP26A1 expression maybe by modification of the chromatin in the 

region of the CYP26A1 promoter.   Interestingly a study by Hanley and colleagues 

showed that the regulatory region of the CYP17 gene (another cytochrome P450 family 

member) contains three functional SF-1elements that collectively mediate a greater than 

25-fold induction of promoter activity by SF-1 (Hanley et al., 2001).  Also interestingly, 

COUP-TFI has been shown to repress the gene expression of another cytochrome P450 

family member, CYP3A1 (Ogino et al., 1999) by interacting with HNF4.  Hence, it 

would be tempting to speculate that COUP-TFI could modulate CYP26A1 in a similar 

manner by a comparable repressive mechanism.  Or similarly, COUP-TFI could regulate 

CYP26A1indirectly through the repression of a factor (i.e. SF-1in the case of the CYP17 

gene) that acts as a transcriptional activator of CYP26A1.   

Contrary to CYP26A1 findings, AS cells expressing COUP-TFI are able to induce 

HoxA1(Figure 4-22 A) expression simply by virtue of expressing COUP-TFI 

independent of RA treatment, albeit these induction levels without RA are lower than the 

induction levels seen with RA.  These results are indicative that HoxA1 induction might 

be an important regulator during RA-mediated differentiation of AS cells expressing 

COUP-TFI.  Using our system of exogenous COUP-TFI expression, perhaps COUP-TFI 

expression is somehow affecting the regulation of HoxA1 expression.  COUP-TFI is 

generally thought to function as a transcriptional repressor (Pereira et al., 2000) however 

COUP-TFI is infrequently known to positively regulate transcription of several genes 

including Nr4a1, Vitronectin, PEPCK and transferrin (Pipaón et al., 1999; Adam et al., 

2000; Hall et al., 1995; Schaeffer et al., 1993).   Perhaps COUP-TFI expression functions 
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with similar regulatory mechanisms resulting in positive transcriptional modulation of the 

HoxA1 gene.  Similarly COUP-TFI could function indirectly by the either positive or 

negative regulation of some other factor that may, in turn, regulate HoxA1 expression.  

Consistent with the hypothesis that COUP-TFI could function to regulate HoxA1 

expression, studies have found that HoxA1 expression can be regulated by other factors 

(besides RA signaling via RARs) including hGH, E-cadherin and VPA (Zhang et al., 

2003; Zhang et al., 2006; Stodgell et al., 2006).  Furthermore HoxA1 and CYP26A1 

expression has been investigated in F9 cells and it was demonstrated that following RA 

treatment, both CYP26A1 and HoxA1 expression are elevated 24 hr after RA treatment 

(Kashyap and Gudas, 2010).  However, while HOXA1 levels appear to rise gradually and 

peak at 72 hr, CYP26A1 levels fluctuated between 24 and 72 hours.  There is no data 

describing expression of these genes after 72 hr RA treatment when COUP-TFI 

expression is high.  Hence we cannot determine if COUP-TFI is dampening CYP26 

expression while enhancing HOXA1.  

 

COUP-TFII Variant 2 is Expressed in P19 Cells but Does Not Appear to Affect RA-
Mediated Differentiation of P19 cells  

 It has been revealed that COUP-TFII is expressed as two distinct variants likely 

resulting from alternative promoter usage (Strausberg et al., 2002).  COUP-TFII variant 1 

(V1) contains all the structural features characteristic of a classical nuclear receptor, 

including DNA binding domain, ligand binding domain, dimerization domain, 

coactivator/corepressor binding, transactivation and nuclear localization while COUP-

TFII variant 2 (V2) is a truncated version of V1 which contains all the aforementioned 

structural features as V1 except the DNA binding domain.  We have demonstrated by 
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RT-PCR analyses that both variants are endogenously expressed in P19 cells (Figure 4-

23) and the expression of only V1 is regulated by RA.  To date, there has been no 

published study that has described or characterized V2.  For the first time, in this study 

we have demonstrated endogenous expression of V2 in P19 cells.   

It has been established that COUP-TFs can form strong homodimers (Cooney et 

al., 1992).  Furthermore it has been established that a functional COUP-TFI dominant 

negative, developed by mutation of one amino acid in the DNA binding domain, can 

form heterodimers with wild type COUP-TFI and inhibit wild type COUP-TFI binding to 

DNA (Adam et al., 2000).  Consistent with these studies, we hypothesized that V2 could 

serve as a dominant negative factor.  The hypothesized mode of action is by decreasing 

and limiting the amount of functional V1 in the cell available to bind to the promoter(s) 

of genes associated with pluripotency (i.e. Oct4) thereby hindering the COUP-TFI 

mediated transcriptional repression of these genes and ultimately blocking RA-mediated 

differentiation.  The strategy we utilized to test this hypothesis was to overexpress 

exogenous GFP-tagged COUP-TFII V2 in P19 TO3 empty vector cells and assess their 

ability to undergo RA-mediated differentiation.   These finding suggest that by utilizing 

this overexpression construct, V2 does not function as a dominant negative factor to 

block RA-mediated differentiation, since GFP-COUP-TFII V2 expressing cells can 

undergo RA-mediated differentiation similar to TO3 and GFP empty vector cells (Figure 

4-25) as determined by the loss of SSEA-1 and gain in TROMA-I expression after 7 days 

of RA treatment.    

 



160 
 

Future Directions 

Future experiments would focus on elucidating the role of COUP-TFI on the 

neuronal differentiation pathway, determining the role of COUP-TFII on the RA-

mediated endodermal and neuronal pathway, further elucidation of the role of COUP-TFI 

during endodermal differentiation, and ascertaining the role of COUP-TFII V2 on the 

cascade of endodermal and neuronal differentiation of P19 cells. 

1. The most glaring unanswered question involves how does COUP-TFI 

expression affect the neuronal pathway in our system?  It has been established 

that COUP-TFI affects neurogenesis (Adam et al., 2000; Armentano et al., 

2006; Faedo et al., 2008).  However, it is clear that our system did not allow 

this study.  Using conventional means, the neuronal pathway cannot be 

experimentally resolved due to inability of COUP-TFI expressing AS cells to 

form large aggregates.  We could try different approaches to obtain 

aggregates.  One such approach that might prove successful is allowing cell 

aggregation formation to occur before COUP-TFI expression (presumably 

before manifestation of great growth inhibition).  However, even if successful, 

a resulting obstacle to overcome would, in turn be the problem of how to 

induce COUP-TFI expression (by the removal of Dox) while cells are in the 

delicate aggregate form. This is a problem that would certainly prove to be 

much more challenging than induction of COUP-TFI expression in AS cells 

grown on a monolayer.  Undoubtedly, successful formation of COUP-TFI 

expressing cell aggregates, if achievable, would require considerable 

experimental time and effort in overcoming the many technical challenges.  
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Similarly the effect of COUP-TFI on neuronal differentiation could be 

addressed in another cell line less sensitive to growth inhibition. 

2. It is of interest to determine the role of COUP-TFII V1on the RA-mediated 

differentiation cascade of P19 cells. This was a goal that I had attempted.  I 

cloned COUP-TFII V1 into pTRE-Tight vector and prepared inducible 

COUP-TFII expression AS cells but unfortunately there were problems with 

all of the resultant stable clones.  None of the clones were pure FLAG-COUP-

TFII expressing populations and most of the cells were SSEA-1 negative (in 

the presence of 100 ng/mL Dox) hence no further experimentation could be 

performed using these clones.  We are unsure of the reason behind this 

experimental misfortune.  It could be a problem that arose during transfection 

or the selection of these clones, in which case we could try to prepare these 

cells a second time.  On the other hand, there could be some sort of problem 

such as very low leaky expression of FLAG-COUP-TFII that affects the 

differentiation status of the cells,  in which case remaking the double stable 

cell line would achieve essentially the same results as the first time.  In the 

event that pure FLAG-COUP-TFII V1expressing clones greater than 90% 

SSEA-1 positive could be attained, we would be interested in determining if 

COUP-TFII V1 expression causes a similar effect as that we observed with  

COUP-TFI expression in AS cells.  Additionally we would also be interested 

in the effect of COUP-TFII V1 on the neuronal pathway as mentioned above 

for COUP-TFI.  
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3. To further elucidate the necessity of COUP-TFI and determine the necessity 

of COUP-TFII in the RA-mediated endodermal and neuronal differentiation 

of P19 cells, it would be of interest to determine if differentiation occurs in the 

absence of COUP-TFI and/or COUP-TFII expression.  An siRNA construct in 

which COUP-TFI and/or COUP-TFII expression is knocked down, or 

conversely an inducible shRNA construct to knockdown COUP-TFI and/or 

COUP-TFII expression could be employed using TO9 empty vector cells.  If 

COUP-TFI and/or COUP-TFII are essential requirements for RA-mediated 

differentiation, then differentiation would be blocked upon RA treatment in 

their absence. 

4. Additionally we could elucidate the mechanism of action of COUP-TFs 

during differentiation by performing CHiP and luciferase reporter assays.  If 

we believe that the major functional role of COUP-TFs during differentiation 

is by transcriptional repression of pluripotency associated genes, then we 

could validate this by ChiP analysis in our system (to determine if COUP-

TFI/COUP-TFII binds the promoter regions of pluripotency genes).  We could 

start with the examination of Oct4, SF-1 and DAX-1.  We also could utilize a 

luciferase reporter construct to determine in our system, if COUP-TFI/COUP-

TFII is able to regulate the promoter(s) of pluripotency associated genes. 

5. Lastly, it would be of interest to delve further in elucidation of the role of 

COUP-TFII V2 on RA-mediated differentiation of P19 cells.  One of the 

glaring potentially problematic issues with the design of the GFP-COUP-TFII 

V2 is the tag.  The GFP protein tag is very large (~27 kD) in comparison 
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COUP-TFII V2 protein (~32 kD).  A tag this large can potentially be 

problematic especially concerning proper protein folding.  And since proper 

protein folding (in order to form COUP-TFII V1-COUP-TFII V2 

heterodimers) is an essential aspect to address our hypothesis, it is crucial that 

any recombinant exogenous COUP-TFII V2 generated must fold properly.  

Hence, to reduce the risk of improper folding, it would be incumbent upon us 

to utilize a small tag such as the FLAG tag or V5 tag.  In addition to 

utilization of a smaller tag, it would also be of interest to verify that COUP-

TFII V1/V2 heterodimers form by dimerization, a point that we did not 

address.  We could investigate by utilizing a GST pull down or co- 

immunoprecipitation technique to demonstrate that COUP-TFII V1/V2 

heterodimers form and then, reassess the ability of COUP-TFII V2 to function 

as dominant negative regulator during RA induced differentiation of P19 cells.    

Furthermore, we would also be interested to quantitatively determine how 

much V2 is being expressed in comparison to endogenous V1 levels.  If we 

are not overexpressing sufficient levels of V2 to compete with V1, then it 

would not be surprising that V2 is not functioning as a dominant negative 

repressor.  RT-qPCR could be utilized to quantitatively measure V1 and V2 

expression levels to ensure V2 is being expressed in excess of V1 during RA-

mediated differentiation.   
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