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Abstract 

Activation of Wnt signaling pathways is critical to a variety of developmental 

events across all animal taxa. These highly evolutionarily conserved pathways are also 

important in the adult organism for maintaining homeostasis of self-renewing tissues. 

Because of its role in such important physiological processes, deregulation of Wnt 

signaling can have severe consequences; indeed, inappropriate activation of this 

pathway has been implicated in multiple human diseases, including cancer. 

Upon binding their cellular receptors, canonical Wnt ligands, like Wnt 3A, 

stimulate the stabilization, accumulation, and nuclear translocation of a multifunctional 

cellular protein βcatenin, the consequence of which is induction of βcatenin-dependent 

transcription. This work describes the identification and characterization of two Wnt3A-

stimulated intracellular signaling pathways activated in parallel to βcatenin 

stabilization: the RhoA pathway and the ERK pathway.  These two auxiliary pathways 

do not affect βcatenin stability, accumulation, or subcellular localization; rather, they 

modulate βcatenin -dependent transcriptional activity through other mechanisms.  As a 

result of their influence on βcatenin-dependent transcription, these pathways instruct 

cell fate decisions in C3H10T1/2 mesenchymal stem cells, in particular inhibition of 

adipogenesis and promotion of osteoblastogenesis. 

Expression microarray analysis and biochemical and pharmacological techniques 

were used to further characterize the two Wnt3A-stimulated auxiliary pathways in 

C3H10T1/2 cells.  Remarkably, each pathway influences βcatenin function via a novel 

mechanism.  In the Wnt3A/RhoA pathway, Wnt3A-stimulated trimeric G proteins 

activate a RhoA-ROCK-SRF cascade.  Activated SRF can cooperate with βcatenin to 
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enhance the induction of Wnt3A target genes, like Ctgf, that also contain SRF binding 

sites within regulatory elements.  In the Wnt3A/ERK pathway, Wnt3A transactivates 

the EGFR in a concentration-dependent manner, leading ultimately to ERK activation, 

which interacts with and promotes βcatenin/Tcf4 interaction and enhances induction of 

βcatenin/Tcf4 target genes.   

These data emphasize the complexity of Wnt signaling and have intriguing 

implications regarding cross-regulation of the pathway, especially in stem cells.  Also, 

since not all cells are capable of responding to Wnt3A by activation of these auxiliary 

pathways, this work identifies novel mechanisms that could underlie cell type-specific 

responses to Wnts and provides mechanistic insight into cellular responses to Wnt 

concentration gradients.  Moreover, this work identifies novel transcriptional 

mechanisms important for promoting osteogenic cell fate specification, which could 

ultimately provide new therapeutic targets in disease states with bone loss or ineffective 

bone formation.
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1. Introduction  

Activation of signaling pathways by the Wnt family is central to a wide array of 

developmental events across all animal taxa. Wnts are a family of 19 secreted 

glycoproteins that activate highly evolutionarily conserved signaling pathways found in 

all metazoans (Clevers, 2006; Cadigan and Liu, 2006).  These ligands bind to cellular 

receptors to activate diverse signaling events, including βcatenin-dependent 

transcriptional induction (the Wnt/βcatenin pathway), the stimulated release of 

intracellular calcium (the Wnt-Ca2+ pathway), and the initiation of the planar cell 

polarity/convergent extension pathway (the PCP pathway) (Veeman, Axelrod et al. 

2003; Gordon and Nusse 2006; Wang and Nathans 2007). 

These molecules are utilized throughout development to influence proliferation 

and cell fate decisions in both a paracrine and autocrine manner.  They also play a role 

in the adult organism by maintaining homeostasis in self-renewing tissues such as 

hematopoietic cells, hair follicles, bone, and the intestinal epithelium (Logan and Nusse 

2004; Clevers 2006; Marikawa 2006).  Because of its role in important physiological 

processes such as differentiation and stem cell regulation, deregulation of Wnt signaling 

can have severe consequences. Inappropriate activation has been implicated in 

numerous human diseases, including cancer (Giles, van Es et al. 2003; Cadigan and Liu 

2006; Clevers 2006; Polakis 2007). 

1.1 Overview 
Historically, Wnt ligands can be divided into two major categories: transforming 

and non-transforming.  Transforming Wnts possess the ability to transform mammary 

epithelial cells and can induce secondary axis formation in Xenopus laevis.  Transforming 

Wnts generally activate a signaling cascade that regulates the fate of a multi-functional 



 

 2 

cellular protein, βcatenin, to ultimately induce transcription of target genes (Nelson and 

Nusse 2004).  This occurs primarily by influencing βcatenin stabilization.  Cytosolic 

βcatenin is continuously degraded in unstimulated cells via phosphorylation-

ubiquitination-coupled proteasomal degradation (Figure 1A).  Receptor binding of 

canonical Wnts inhibits degradation resulting in the accumulation of stabilized 

βcatenin, which can then shuttle into the nucleus (Figure 1B).  Nuclear βcatenin 

interacts with members of the T-cell factor (TCF)/lymphoid enhancing factor (LEF) 

family of HMG-box transcription factors to induce expression of Wnt target genes, 

including cyclin D1, c-myc, and Axin2.  This “canonical” Wnt signaling pathway, 

especially its involvement in stem cell fate regulation, is the primary focus of this 

dissertation. 
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Figure 1: Canonical Wnt signaling 

Cytosolic βcatenin is continuously degraded in unstimulated cells via a process initiated 
by its binding to a complex of proteins that includes Axin, the adenomatous polyposis 
coli (APC) protein and glycogen synthase kinase 3β (GSK3β), termed the βcatenin 
destruction complex. This complex interacts with βcatenin to induce its 
phosphorylation, which targets it for ubiquitination via β-TrCP and degradation by the 
proteosome.  Wnt binding by Fzd and a co-receptor, LRP5/6, activates a positive 
regulator of the pathway, disheveled (Dvl), which in turn inactivates the destruction 
complex and allows the accumulation of cytoplasmic βcatenin (Li, Yuan et al. 1999). 
Stabilized βcatenin can then shuttle into the nucleus and bind to members of the T-cell 
factor (TCF)/lymphoid enhancing factor (LEF) family of transcription factors to induce 
expression of target genes (Giles, van Es et al. 2003). 

 
 
Non-transforming Wnts neither transform mammary cells nor induce a 

secondary axis in Xenopus laevis and are typically associated with activating “non-

canonical,” βcatenin-independent signaling, e.g., the Wnt-Ca2+ and planar cell polarity 

(PCP) pathway (Figure 2).  These non-canonical Wnts can control cytoskeletal changes to 

affect movement and polarity and do so in part by promoting the activation of the Rho 
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family of GTPases, including Rho and Rac, which are important regulators of 

cytoarchitecture, cell adhesion, transcriptional events, and cell cycle progression 

(Heasman and Ridley 2008). These pathways are typically regarded as distinct and 

unrelated to the canonical, βcatenin dependent signaling.  However, in Chapter 3 of this 

work I present evidence that a canonical Wnt, Wnt3A, can also activate RhoA, which in 

turn can influence βcatenin dependent transcriptional activity (see Chapter 3).  Thus, at 

least in some cells, canonical Wnts can activate other pathways parallel to βcatenin 

stabilization (auxiliary pathways) that ultimately influence βcatenin function.  This 

novel theme will also be addressed in Chapters 4-5, as I introduce another Wnt3A-

stimulated auxiliary pathway that also influences βcatenin but via a mechanism distinct 

from that of RhoA. 

1.2 Canonical Wnt signaling 
The key mechanistic event in canonical Wnt signaling is the stabilization of 

βcatenin, and when Wnt is not present, βcatenin is rapidly degraded (Figure 1A).  

Degradation occurs through the action of a destruction complex, containing Axin, 

Adenomatous Polyposis Coli (APC), glycogen synthase kinase 3β (GSK3β), and casein 

kinase 1α (CKIα).  Both GSK3β (Amit et al. 2002, Liu et al. 2002, Yanagawa et al. 2002) 

and CKIα (Yost et al. 1996) phosphorylate βcatenin; phosphorylation targets βcatenin 

for ubiquitination and subsequent degradation by the 26S proteosome. 

When Wnt ligands are present, βcatenin is stabilized (Figure 1B).  Wnts interact 

with a member of the frizzled (Fzd) family of receptors and a co-receptor, low-density 

lipoprotein receptor (LRP) 5/6, likely forming a heterotrimeric complex (Clevers, 2006).  

Upon Wnt stimulation, both Fzd and LRP5/6 become phosphorylated and interact with 

Dishevelled (Dvl) and Axin respectively.  Axin translocation to the membrane 
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destabilizes the destruction complex, while Dvl interferes with GSK3 phosphorylation of 

βcatenin.  Consequently, βcatenin is not targeted for destruction and is stabilized.  

βcatenin accumulates in the cytosol and then translocates into the nucleus, where it 

interacts with members of the Tcf and Lef family to drive transcription of a myriad of 

genes, including c-Myc, cyclin D1, and Runx2 (Giles et al. 2003; Kolf et al. 2007). 

This model for canonical Wnt signaling is quite useful but is oversimplified.  

Many ligands, receptors, and intracellular signaling molecules and modifiers have been 

identified as important contributors to this pathway.  The multiplicity of possible 

interactions is quite staggering.  In the following sections, I will decribe a few of these 

contributors and their role in mediating cell fate decisions in mesenchymal stromal 

cells/mesenchymal stem cells. 

 

Figure 2: Canonical v Noncanonical Wnt signaling. 
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(A) Wnt binding by Fzd and a co-receptor, LRP5/6, activates a positive regulator of the 
pathway, disheveled (Dvl), which in turn inactivates the destruction complex and allows 
the accumulation of cytoplasmic βcatenin (Li, Yuan et al. 1999). Stabilized βcatenin can 
then shuttle into the nucleus and bind to members of the T-cell factor (TCF)/lymphoid 
enhancing factor (LEF) family of transcription factors to induce expression of target 
genes (Giles, van Es et al. 2003). (B) Wnt binding by Fzd and a co-receptor, Ror2, initiate 
signaling through Dvl to further activate multiple noncanonical pathways including the 
Planar Cell Polarity pathway (PCP), Wnt/Jnk pathway, and the Wnt/Calcium pathway. 
Dvl activates RhoGTPases though Daam1 and acts through Rho kinase (ROCK) to 
induce the PCP pathway.  Dvl induces activation the JNK pathway though Rac and 
subsequently c-Jun N-terminal kinase (JNK).  Fzd receptors couple to Gα proteins that 
lead to an increase in intracellular calcium to initiate the Wnt/Ca²⁺ Pathway. 
 

1.3 Multiple pathways activated by the same ligand 
Ligands: Agonists and antagonists 

Wnt signaling has evolved to feature a large list of secreted ligands, agonists, and 

antagonists, including Wnts, Norrin, R-Spondin (RSpo), secreted frizzled related 

proteins (sFRP), dickkopf (Dkk), and Sclerostin/SOST.  While Wnt ligands 

predominately signal through Fzd receptors, there are a host of non-Fzd receptors that 

bind Wnts, including LRP5/6, Ror1/2, Ryk, Kremen, Glypicans, Cripto/FRL and likely 

others.  In Ch 3 and 5, I will discuss receptors that could be responsible for activating 

auxiliary Wnt signaling. 

Wnts comprise the largest family of ligands, for which the pathway was named.  

Each of the 19 family members exhibits a unique pattern of expression and has distinct 

functions in development. The ~40 KDa proteins contain a signal sequence and a series 

of highly conserved cysteine residues that form disulfide bonds (Kikuchi, Yamamoto et 

al. 2007).  In addition, these molecules are glycosylated and palmitoylated.  

Glycosylation may only be necessary for secretion; it was recently shown that Wnt5A 

that has been subjected to in vitro deglycosylated retains its signaling capabilities 

(Komekado, Yamamoto et al. 2007).  Palmitoylation, however, is important for binding 

to receptors (Kikuchi, Yamamoto et al. 2007; Komekado, Yamamoto et al. 2007)). In 
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Drosophila, the palmitoyltransferase, Porcupine, is required for both secretion and for 

production of fully active ligand (Van Den Heuvel, Harryman-Samon et al. 1993; 

Tanaka, Okabayashi et al. 2000).  

Once secreted, Wnts interact with extracellular matrix and are incorporated into 

specialized lipid vesicles called argosomes, in a manner dependent upon heparin sulfate 

proteoglycans (HSPGs) (Cadigan 2002).  In this role, it is unclear whether HSPGs are 

required in the secreting cells or the receiving cells.  However, glipicans, mammalian 

HSPGs bound to the cell surface by a glycosyl-phosphatidylinositol anchor (GPI), 

interact with Fzd receptors to modulate Wnt/βcatenin signaling and activate 

noncanonical pathways (Strizzi, Bianco et al. 2005; Stigliano, Puricelli et al. 2009; Shiau, 

Hu et al. 2010). 

Of the other ligands, both Norrin and RSpo promote canonical signaling and 

enhance βcatenin-dependent effects.  Norrin is a secreted protein that can interact with 

Fzd4 and LRP5, but not other Fzd receptors that have been tested.  The interaction 

between Norrin/Fzd4/LRP5 leads to the stabilization of βcatenin and is important for 

vascular development in the eye and ear (Xu, Wang et al. 2004). 

RSpos are family of four secreted signaling proteins that stimulate Wnt/βcatenin 

signaling.  Their mechanism of activation is not completely understood, but they appear 

to antagonize the inhibitor Dickkopf (Dkk) and prevent internalization of LRP.  This 

explains why RSpo only activates the Wnt/βcatenin pathway in the presence of Wnt 

ligands, and the expression patterns and knockout mice have very different phenotypes 

among the family members (Binnerts, Kim et al. 2007; Kim, Wagle et al. 2008). 

sFRP, Dkk, and SOST all attenuate Wnt/βcatenin signaling.  sFRPs comprise a 

family of five secreted signaling molecules. The cysteine rich domain (CRD) of sFRPs 

contains 10 conserved cysteine residues, similar to Wnts, and sFRPs are 30-50% 
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homologous by sequence to the N-terminal ligand-binding domain of Fzds. These 

ligands antagonize Wnt signaling either by binding directly to Wnt proteins or by 

forming nonfunctional complexes with Fzd.  There is also evidence indicating that sFRPs 

can signal independently of their role as antagonists (Kikuchi, Yamamoto et al. 2007). 

Expression of sFRP parallels that of some Wnts during development and also 

inhibit canonical Wnt signaling to facilitate boundary formation during patterning 

(Jones and Jomary 2002).  Given the important roles for sFRPs during development, it is 

not surprising that sFRPs are commonly downregulated in cancer and upregulated in 

some degenerative diseases (Esteve and Bovolenta 2010). 

There are four Dickkopf (Dkk) family members, and they generally antagonize 

Wnt signaling by binding directly to LRP.  Dkks contain two cysteine rich domains, each 

containing 10 conserved cysteine residues, and it is through these regions that Dkks bind 

LRP (Bafico, Liu et al. 2001; Li, Mao et al. 2002).  They inhibit Wnt/βcatenin pathway 

activation by either inhibiting LRP/Fzd interactions or inducing the internalization of 

LRP in coordination with the transmembrane spanning receptor Kremen (SemÎnov, 

Tamai et al. 2001; Mao, Wu et al. 2002). Kremen is a single pass transmembrane 

spanning receptor that can cooperate with Dkk to internalize LRP and inhibit the 

βcatenin pathway (Nakamura, Nakamura et al. 2008).  An exception to this paradigm is 

Dkk2, which can act as either agonist or, when Kremen2 is co-expressed, an antagonist 

(Mao and Niehrs 2003) 

Sclerostin (SOST) is a soluble protein that inhibits Wnt/βcatenin signlinag in a 

manner very different from either sFRPs or Dkks.  In the presence of a canonical Wnt, 

SOST can disrupt the LRP/Fzd complex.  Unlike Dkk though, SOST is not sensitive to 

the presence of Kremen (Galli, Passeri et al. 2010). 
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Receptors 

Frizzled (Fzd) receptors are seven transmembrane spanning receptors, a 

topology typically associated with G-protein coupled receptors (GPCRs).  The 10 

mammalian family members share significant similarity in sequence.  They share a 

signal sequence followed by a conserved cysteine rich domain (CRD) with 10 invariantly 

spaced cysteines.  Following the CRD are the transmembrane spanning regions that are 

conserved among family members, like many GPCR families, while the C-terminal 

cytoplasmic tails have little sequence homology (Kikuchi, Yamamoto et al. 2007).  
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Table 1: Receptor/Ligand interactions 

Details the known receptor/ligand interactions in Wnt signaling and which pathways 
they either activate (Act) or inhibit (Inhib). 
Ligand Receptor Signal/Pathway Reference 

Act βcat pathway 

Act PCP pathway 
Act Ca2+ pathway 

Fzd 

 + Others 

(Kikuchi, Yamamoto et al. 
2007; Angers and Moon 2009; 
Rao and Kuhl 2010) 

Fzd/LRP Act βcat pathway (Kikuchi, Yamamoto et al. 
2007; Angers and Moon 2009)  

Inhib βcat pathway 

Act JNK pathway 

Fzd/Ror 

Act Ca2+ pathway 

(Mikels and Nusse 2006; Mikels 
and Nusse 2006; Angers and 
Moon 2009) 

Ryk Act βcat pathway (Hendrickx and Leyns 2008) 

Act βcat pathway 

Act JNK pathway 

Glipican/Fzd 
  

  
Act PCP pathway 

(Ohkawara, Yamamoto et al. 
2003; Strizzi, Bianco et al. 
2005) 

Act βcat pathway 

Act JNK pathway 

Cripto/Fzd 
  

  
Act PCP pathway 

(Strizzi, Bianco et al. 2005; 
Tao, Yokota et al. 2005) 

Wnt 
  

EgfR/Fzd(?) Act Wnt/Erk pathway (Kim and Choi 2007; Schlange, 
Matsuda et al. 2007) 

Norrin Fz4/LRP5 Act βcat pathway (Xu, Wang et al. 2004) 

SOST LRP5/6 Inhib βcat pathway (Galli, Passeri et al. 2010) 

Dkk LRP6/Kremen Inhib βcat pathway (Nakamura, Nakamura et al. 
2008) 

 

LRP5/6 are single pass transmembrane spanning receptors and constitute a 

subclass of the low-density lipoprotein (LDL) receptor family.  LRP5/6 are the co-

receptors that appear to initiate signaling exclusively to βcatenin.  Neither Drosophila 

nor Xenopus lacking the homologous LRP shows defects in the noncanonical planar cell 

polarity or convergent extension pathways (Wehrli, Dougan et al. 2000). An LRP5/6 

mutant lacking the cytoplasmic portion of the protein is capable of inhibiting βcatenin 
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stabilization and transcription in a dominant negative fashion, while a mutant lacking 

the extracellular domain is capable of constitutive activation of βcatenin signaling . 

Ror1/2 are receptor tyrosine kinases that contain an extracellular cysteine rich 

domain capable of binding Wnts. Ror preferentially interacts with Wnt5a and initiates 

both JNK activation and a separate unknown pathway that inhibits βcatenin/Tcf-

dependent transcription (Mikels and Nusse 2006; Angers and Moon 2009). Expression of 

Ror2 is capable of diverting Wnt5a signaling from Fzd4/LRP5 and Wnt/βcatenin to 

inhibition of βcatenin-dependent transcription (Lee, Kim et al. 2010). 

Ryk is a single pass transmembrane spanning receptor that interacts with both 

Wnts and Fzds.  Ryk contains an extracellular domain similar to that of the secreted Wnt 

inhibitor WIF and has been shown to activate βcatenin-dependent transcription. 

Moreover, knockdown of Ryk diminished Wnt1-induced Tcf-mediated transcription; 

however, the details of how Ryk initiates intracellular signaling are unclear (Mikels and 

Nusse 2006). 

The role of glypicans as Wnt-co-receptors is less clear and still evolving.  

Glypicans are GPI anchored-HSPGs that play an important role in establishing Wnt 

gradients.  HSPGs are important for maintaining the solubility of Wnts in the 

extracellular environment (Hendrickx and Leyns 2008). Importantly, Glipican 4 has been 

shown to interact with Wnt11, 5A and 8 and Fzd7 to initiate signaling (Fuerer, Habib et 

al. 2010). 

Epidermal growth factor-Cripto1/FRL1/cryptic (EGF-CFC) family members are 

cell-associated glycoproteins that are attached to the cell membrane via a GPI-anchor in 

the C-terminus.  EGF-CFC family members contain a signal peptide, modified Egf-like 

domain, and a cysteine-rich domain, The Egf-like domain is required for EGF-CFC 

family members to function as co-receptors for transforming growth factor β related 
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proteins, Nodal and Vg1 (Ohkawara, Yamamoto et al. 2003).  Significantly, Cripto null 

embryos partially phenocopy βcatenin null embyos (Strizzi, Bianco et al. 2005). 

The combination of possible ligand/receptor interactions is staggering.  The 

multiplicity in and of itself is a compelling argument that distinct receptors and/or 

receptor complexes mediate pathway specification.  A number of specific examples in 

the literature support this notion.  For example, in Drosophila, dFzd1 and dFzd2 bind to 

Wnt/Wingless(Wg) with nanomolar affinity.  Intriguingly, the dFz1 mutant displays a 

PCP phenotype while dFz2 do not.  This suggests that the receptors initiate different 

signaling pathways (Morkel, Huelsken et al. 2003). Additionally, Wnt5a is capable of 

activating the Wnt/βcatenin pathway when co-expressed with LRP5 and Fzd4. 

However, when Ror2 is also expressed, Wnt5A promotes inhibition of βcatenin-

dependent transcription (MacDonald, Tamai et al. 2009).  

Distinct receptor or receptor complexes likely lead to pathway specificity but 

Wnt ligands are thought to utilize similar mechanisms to activate downstream signaling.  

Each receptor capable of interacting with Wnt ligands contains a cysteine rich domain. 

Wnt3A for example interacts with Fzd/LRP while Wnt5A interacts preferentially with 

Fzd/Ror2 but both ligands similarly induced phosphorylation of the co-receptor, either 

LRP or Ror (Mikels and Nusse 2006).  

It is not surprising to find that a single Wnt ligand is capable of activating 

multiple intracellular signaling cascades. Smit, et al. demonstrated that Wnt1 treatment 

of multiple cell lines results in the stabilization of βcatenin and the activation of Nemo-

like kinase (NLK), member of the mitogen activated protein kinase (MAPK) family.  

NLK activation paralleled βcatenin stabilization and then inhibited the formation of a 

βcatenin/Tcf4 complex (Grumolato, Liu et al. 2010).  In addition to NLK, Habas, et al. 
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showed that Wnt1 induces βcatenin stabilization and activation of Rho and Rac in 

parallel.  Both Rho and Rac differentially modulate βcatenin dependent transcription in 

a manner important for gastrulation.  Interestingly, Wnt/Rac activation influenced 

nuclear accumulation of βcatenin but not cytosolic accumulation (Habas, Dawid et al. 

2003; Smit, Baas et al. 2004).  These results provide a foundation for the data presented in 

Ch 3 and 4 of this dissertation.  We identified two auxiliary pathways and detail the 

mechanism by which they are modifying βcatenin-dependent transcription.     

Fzd/LRP signalosome 

In the liganded state, Wnts interact with Fzd receptors and co-receptors LRP5/6 

to initiate dissolution of the destruction complex, thereby stabilizing βcatenin. Wnt 

ligands physically interact with both Fzd and LRPs and are thought to form a stable 

ternary complex (Habas, Kato et al. 2001).  

Ligand binding induces LRP aggregates, termed “LRP Signalosome” (Angers 

and Moon 2009).  In unstimulated cells, Axin is found in intracellular punctae, while 

LRP is uniformly diffuse in the membrane.  Upon Wnt stimulation, LRP6 rapidly 

assembles into membrane punctae, followed quickly by Axin.  The authors suggest that 

Dvl plays a major role in facilitating aggregation and subsequently LRP 

phosphorylation. In support of this, Dvl knockdown mutants, either by genetic or 

shRNA mediated, show reduced LRP phosphorylation in response to Wnt (Bilic, Huang 

et al. 2007). In addition to Dvl, LRP6 aggregates contain phosphatidylinositol-4,5-

bisphosphate (PIP2) and PIP2 is required for recruitment of Axin to LRP and also 

signalosome formation (Zeng, Huang et al. 2008). Furthermore, Wnt3A can stimulate the 

formation of PIP2 in cells (Pan, Choi et al. 2008). 
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Upon Wnt binding both LRP5/6 and Fzd are phosphorylated (Pan, Choi et al. 

2008). The interaction between Fzd and LRP5/6 is required for LRP phosphorylation 

(MacDonald, Tamai et al. 2009). LRP is critical in the downstream stabilization of 

βcatenin.  Mutants that lack the intracellular domain act in a dominate negative fashion 

to inhibit βcatenin stabilization while mutants lacking the extracellular Wnt-binding 

domain are capable of constitutively activating the pathway (Tamai, Semenov et al. 2000; 

Zeng, Huang et al. 2008). 

LRP is phosphorylated on a series of 5 PPPSPxS motifs by proline directed 

kinases (GSK3, PKA, Pftk1, and GRK5/6) and nonproline-directed kinases (CK family) 

(Tamai, Zheng et al. 2004; Chen, Philipp et al. 2009).  These sites are required for Axin 

recruitment and transmission of the Wnt signaling (Niehrs and Shen 2010).  Axin is 

required both for phosphorylation of LRP5/6 and phosphorylated LRP5/6 recruits 

Axin.  These interactions suggests a positive feed-forward loop between Axin and LRP 

(Tamai, Zheng et al. 2004). Recruitment of Axin may also require microtubule actin 

crosslinking factor (Macf1), a spectraplakin family member that links junction proteins 

with the cytoskeleton.  Macf1 -/- embryos phenocopy Lrp5/6 double knockout embryos 

(MacDonald, Tamai et al. 2009).  Caprin2 facilitates phosphorylation of LRP5/6 by GSK3 

and may associate with both GSK3 and Axin to promote LRP-Axin-GSK3 complex 

formation (Chen, Lin et al. 2006).   

1.3 Signaling Transduction within the Cytoplasm 
The primary cyoplasmic signaling molecule in the Wnt pathway is, as mentioned 

above, βcatenin.  In essence, Wnts induce intracellular events that result in βcatenin 

dependent transcription. Transcriptionally active βcatenin is thought to be a small, 

nuclear-enriched fraction of total cytosolic pool (Staal, van Noort et al. 2002; Cong, 
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Schweizer et al. 2003; Ding, Xi et al. 2008), and there are two main mechanisms by which 

βcatenin-dependent transcription can be induced or modulated.  The first is by 

alteration of the amount of transcriptionally competent βcatenin.  The most well 

characterized mechanism that accomplishes this was described above, i.e; Wnts inhibit 

the βcatenin destruction complex, resulting in accumulation of βcatenin in the cytosol 

and nucleus.  This process is often referred to as “βcatenin stabilization.”  Inhibition of 

the destruction complex is complicated and is discussed in detail below, but the process 

predominately involves sequential changes in the affinity of βcatenin for its partners, 

including members of the destruction complex such as APC (Maher, Mo et al. 2010) and 

Axin (Sierra, Yoshida et al. 2006), junctional complexes containing E-cadherin ((Kinch, 

Clark et al. 1995; Cong and Varmus 2004), sequestrants such as iCAT ((Roura, Miravet et 

al. 1999; Gottardi, Wong et al. 2001; Gottardi and Gumbiner 2004)) and α-catenin 

(Gottardi and Gumbiner 2001). 

In addition to the absolute amount of transcriptionally competent βcatenin, 

signaling pathways can also modify the transcriptional activity of available βcatenin.  

For example, signals that directly modify the affinity of βcatenin for TCF family 

members can influence βcatenin-dependent transcription without changing the absolute 

amount of βcatenin (Ishitani, Ninomiya-Tsuji et al. 1999; Ishitani, Ninomiya-Tsuji et al. 

2003; Ji, Wang et al. 2009).  In Chapters 4-5, I describe a novel mechanism by which Wnt-

activated ERK modifies the affinity of βcatenin for TCF4, enhancing transcription of a 

subset of genes.  Another means of influencing βcatenin transcriptional activity is the 

engagement of secondary factors that influence βcatenin function, either directly or 

indirectly.  In Chapter 3 of this work, I discuss the role of Wnt-activated RhoA, which is 
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usually thought to be a non-canonical signaling molecule, in activating serum response 

factor (SRF) to cooperate with βcatenin to drive target gene induction.  Signaling 

processes that alter βcatenin-dependent transcription without affecting βcatenin 

stability are discussed below. 

βcatenin  stabilization and the destruction complex 

The signaling pathway(s) leading to stabilization is initiated at the membrane by 

the Fzd/LRP signalosome (Lee, Salic et al. 2001).  In the unliganded state, βcatenin is 

retained within the destruction complex containing Axin, APC, GSK3, CK1, and β-TrCP 

(Figure 1).  βcatenin flux through the destruction complex is tightly regulated by a 

series of phosphorylation events.  Phosphorylation effectively allows for the sequential 

transfer of βcatenin from Axin to APC to β-TrCP to the 26S proteosome for degradation.  

Upon Wnt binding to both LRP and Fzd receptors, both Axin and Dvl are recruited to 

receptor-ligand ternary complexes.  The destruction complex is then disrupted through 

a variety of phosphorylation/dephosphorylation events and βcatenin is no longer 

actively degraded by the 26S proteosome (Angers and Moon 2009).  

Understanding the structure of βcatenin is important for appreciating how a 

series of phosphorylation events can regulate its cellular fate.  The primary structure of 

βcatenin contains an intrinsically unstructured N-terminal tail, an armadillo domain that 

contains 12 armadillo repeats, and an unstructured acidic C-terminal tail. The armadillo 

repeats form an elongated superhelix of helices and creates a large positively charged 

groove that is essential for binding Tcf/Lef family members, APC, Axin and cadherins, 

to name a few (Daugherty and Gottardi 2007). Phosphorylation increases the negative 

charges on substrates and consequently increases the affinity for the positively charged 

groove on βcatenin (Sun and Weis 2011).  
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Phosphorylation of Axin by both CK1 and GSK3 increases the association of Axin 

for βcatenin.  As a result, the N-terminal tail of βcatenin becomes a more accessible 

substrate for these two kinases and is phosphorylated at S33, 37 and T41.  Axin then 

promotes the phosphorylation of APC by CK1αand GSK3.  Phospho-APC outcompetes 

phospho-Axin for binding to βcatenin and protects the N-terminal tail of βcatenin from 

dephosphorylation by PP2A.  APC then directs βcatenin to β-TrCP.  β-TrCP is an E3 

ligase, that ubiquitylates βcatenin and targets it for degradation by the 26S proteosome 

(Verheyen and Gottardi 2009). 

Dvl is a cytoplasmic scaffolding protein and is the branch point for canonical and 

noncanonical intracellular signaling pathways. Dvl interacts with Axin and is required 

for Wnt-induced LRP6 phosphorylation (Bilic et al 2007, Zheng et al 2008) and Axin 

recruitment (Wallingford and Habas, 2005; Cliffe, et al 2003, Zheng, et al 2008). The 

recruitment of Axin to the membrane results in disruption of the destruction complex.   

In response to Wnt stimulation, Dvl is phosphorylated.  Interestingly, Kilander et 

al tested 6 purified recombinant Wnts (3A, 4, 5A, 5B, 7A, and 9B) and found that only 

Wnt3A treatment lead to βcatenin stabilization but they all lead to Dvl phosphorylation 

(Verheyen and Gottardi 2009).  This supports the hypothesis that Dvl is the branch point 

for the many possible intracellular signaling cascades initiated by Wnt ligands.  

In addition to recruitment of both Axin and Dvl to the LRP signalosome, the 

phosphorylated LRP also directly inhibits GSK3 phosphorylation of βcatenin (Kilander, 

Halleskog et al. 2011).  The precise mechanism is unclear but implies that βcatenin is 

stabilized occurs at the receptor complex, at the membrane.  This has interesting 

implications for where other signaling modifications may occur. 
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Regulation of βcatenin signaling independent of stabilization 

βcatenin stabilization by inhibition of the destruction complex is the primary 

mechanism by which Wnt ligands increase the amount of transcriptionally active 

βcatenin; however, it is not the only mechanism (Piao, Lee et al. 2008).  There are 

multiple mechanisms that lead to an increase in total βcatenin independent of the 

destruction complex.  Transcriptionally competent βcatenin is also known to be 

regulated by the availability of binding partners, including but not limited to cadherins 

(Kinch, Clark et al. 1995; Kiely, O'Donovan et al. 2007), α-catenin (Roura, Miravet et al. 

1999), APC (Ji, Wang et al. 2009), Axin (Sierra, Yoshida et al. 2006), iCAT (Gottardi, 

Wong et al. 2001; Cong and Varmus 2004; Gottardi and Gumbiner 2004) and Chibby 

(Gottardi and Gumbiner 2001).  Signaling pathways that alter the delicate balance 

between the association of βcatenin with its myriad of binding partners also modulate 

the availability of transcriptionally active βcatenin (Takemaru, Yamaguchi et al. 2003; 

Daugherty and Gottardi 2007).  Additionally, post translational modifications (PTMs) of 

βcatenin itself are capable of increasing transcription. 

Other signaling molecules can influence βcatenin stability and as a result 

increase transcription, including Akt, Rac/JNK, and PKA.  Akt phosphorylation of Ser 

552 has been shown to enhance both βcatenin protein levels and βcatenin -dependent 

transcription (Fang, Hawke et al. 2007; Verheyen and Gottardi 2009).  Fang, et al 

demonstrated that EGF stimulation resulted in phosphorylation of βcatenin at Ser 552, 

which hints at the potential for cross regulation. Wnt ligands have also been shown to 

activate Akt (Tian, Feetham et al. 2004).  

Wnt3A stimulated Rac activation inhibited nuclear accumulation of βcatenin by 

JNK phosphorylation of Ser 191 and 605 (Strizzi, Bianco et al. 2005). This is interesting 
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because cytoplasmic versus nuclear localization of βcatenin is dependent upon the 

availability of cytoplasmic or nuclear binding partners, respectively (Wu, Tu et al. 2008).  

Moreover, this represents an example of auxiliary Wnt signaling pathway. Auxiliary 

pathway activation occurs when the same ligand that activates βcatenin stabilization 

simultaneously activates another pathway that modulates βcatenin-dependent 

transcription.  I will discuss this type of signaling further in Ch. 3 and 4. 

PKA phosphorylates βcatenin at Ser 675 and enhances βcatenin transcriptional 

activity by inhibiting ubiquitylation (Krieghoff, Behrens et al. 2006), while Taurin, et al. 

demonstrated that the same phosphorylation site increases the association between 

βcatenin and CREB binding protein (CBP) (Hino, Tanji et al. 2005). Regardless of the 

mechanism of action, canonical Wnts do not typically activate PKA, so this may be a site 

for cross regulation by other pathways (Taurin, Sandbo et al. 2006). 

Like PKA, a number of other factors have been identified that can influence the 

association of βcatenin with its binding partners.  The interactions of βcatenin with 

Tcf/Lef family members, APC, and cadherins are mutually exclusively (Verheyen and 

Gottardi 2009).  Frequently, phosphorylation of the partner increases the affinity for 

βcatenin (Daugherty and Gottardi 2007; Verheyen and Gottardi 2009; Sun and Weis 

2011).  I will discuss the interaction between βcatenin and Tcf/Lef family members more 

in the next section as well as in Ch. 5. 

Although not specifically a βcatenin modification, multiple mechanisms exist 

that modify the interaction of Tcf/βcatenin complexes for DNA.  These modulations can 

influence the recruitment of βcatenin to subsets of target genes.  CK2 phosphorylation of 

Lef1 enhances the affinity of βcatenin for chromatinized templates (Conacci-Sorrell, 

Zhurinsky et al. 2002). Additionally, Nemo-like kinase (NLK) is a member of the 
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mitogen activated protein kinase (MAPK) superfamily and phosphorylates Tcf/Lef on 

the central domain of the protein.  Phosphorylation inhibits the ability of βcatenin/Tcf 

complex to bind DNA and attenuates gene expression (Ishitani, Ninomiya-Tsuji et al. 

2003; Arce, Yokoyama et al. 2006) Intriguingly, Wnt1 is capable of activating NLK to 

inhibit βcatenin dependent transcription and simultaneously stabilize βcatenin (Ishitani, 

Ninomiya-Tsuji et al. 1999). This is another example of auxiliary Wnt signaling. 

1.4 The End Game: Wnt signaling in the nucleus 
Nucleo/Cytoplasmic Shuttling 

The mechanism of how βcatenin is shuttled in and out of the nucleus is not well 

understood.  This nuclear shift results largely from an increase in total protein 

(stabilization), enhanced nuclear targeting, and also retention in either compartment by 

binding partners ((Henderson and Fagotto 2002; Smit, Baas et al. 2004). βcatenin 

stabilization is the primary mechanism by which cells increase the total amount of 

βcatenin.  Several groups demonstrated that Rac targets βcatenin to the nucleus by 

phosphorylation on Ser 191 and 605 (Esufali and Bapat 2004; Krieghoff, Behrens et al. 

2006). The precise mechanism by how this works is unknown.  Finally, overexpression 

of APC, Axin, or Ecadherin results in the redistribution of βcatenin to the cytoplasm 

while overexpression of Tcfs result in nuclear redistribution (Gottardi and Gumbiner 

2004; Wu, Tu et al. 2008). 

Although the subcellular localization of βcatenin is heavily regulated, nuclear 

import does not appear to be.  βcatenin is capable of interacting directly with the nuclear 

pore complex and facilitating its own nuclear localization (Krieghoff, Behrens et al. 

2006). Interestingly, factors that regulate nuclear targeting do not appear to affect the 

rate of nuclear import (Henderson and Fagotto 2002).   
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Transcriptionally Competent βcatenin 

Transcriptionally active βcatenin is thought to be a small, nuclear enriched 

fraction of the cytosolic pool and unphosphorylated at the GSK3β sites S37 and T 41 

(Staal, van Noort et al. 2002; Cong, Schweizer et al. 2003; Krieghoff, Behrens et al. 2006).  

Hypophosphorylation of βcatenin at the GSK3 sites (Ser 31, Ser 33, Thr 41) constitutes a 

more transcriptionally active form of the protein (Guger and Gumbiner 2000; Maher, Mo 

et al. 2010). Van Noort, et al generated an antibody that specifically recognizes the 

βcatenin unphosphorylated at Ser 37 and Thr 41, termed “Activated βcatenin” (ABC).  

They demonstrated that forms of βcatenin that remain unphosphorylated at these 

residues are responsible for transcription (Staal, van Noort et al. 2002).  However, ABC is 

present in cadherin/catenin complexes (van Noort, Meeldijk et al. 2002; Hendriksen, 

Jansen et al. 2008).  This suggests that cadherin/catenin complexes retain a pool of ABC 

or ABC is not fully described by only lacking phosphorylation at Ser 37 and Thr 41, or 

both. 

Other phosphorylation sites are also capable of augmenting transcription 

downstream of βcatenin, these include phosphorylation of Ser 675 by PKA, Ser 552 by 

Akt, and Ser 605 by Rac/Jnk (Maher, Mo et al. 2010).  Whether these modifications 

promote a dedicated transcriptional form of βcatenin remains to be determined. 

Intriguingly, Kuphal and Bosserhoff showed that βcatenin phosphorylated at 

Thr 41 and Ser 45 accumulated in the cytosol in several melanoma cell lines. These cell 

lines did not activate βcatenin dependent transcription nor did they respond to LiCl or 

Wnt agonist by activating βcatenin signaling (Verheyen and Gottardi 2009).  Since 

hypophosphorylation of βcatenin at the GSK3 sites (Ser 31, Ser 33, Thr 41) constitutes a 

more transcriptionally active form (Guger and Gumbiner 2000; Kuphal and Bosserhoff 
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2011), these sites may not only induce degradation but also direct transcriptional 

activity. Nucleo/cytoplasmic retention is regulated by the availability of binding 

partners (Staal, van Noort et al. 2002), maybe these phosphorylation sites inhibit binding 

to nuclear partners, such as Tcf/Lef family members (Krieghoff, Behrens et al. 2006). I 

will discuss what constitutes a transcriptionally active βcatenin further in Ch 4. 

βcatenin/Tcf Transcriptional Complex 

Currently, it is thought that βcatenin/Tcf target genes are regulated like a switch, 

with Tcf/Lef family members being the toggle.  Tcf and co-repressors actively inhibit 

transcription in the absence of signaling.  In the presence of signaling, βcatenin displaces 

the co-repressor complex and recruits co-activators to Tcf in order to facilitate 

transcription (Maher, Mo et al. 2010).  This model is easy to conceptualize and likely 

more complex in practice. Archbold and Cadigan suggest a model where two distinct 

Tcf/Lef family members mediate the transcriptional switch (Archbold, Yang et al. 2011).  

This is consistent with the role of Tcfs in the skin where Tcf4 and Tcf3 coordinately 

regulate differentiation (Archbold, Yang et al. 2011). 

Upon interaction with Tcf/Lef family members, βcatenin recruits a number of 

proteins into a massive transcriptional complex, including, but certainly not limited to, 

Bcl9/Pygopus, CBP/p300, and a host of chromatin remodeling enzymes. 

Tcf/Lef family members are the primary transcription factor binding partners for 

βcatenin.  Though multiple other nuclear binding partners interact with βcatenin to 

facilitate transcription (Owens 2009), only Tcf/Lef knockout mice phenocopy βcatenin 

null embryos (Galceran, Farinas et al. 1999; MacDonald, Tamai et al. 2009).  Tcf/Lefs are 

members of the high mobility group (HMG) of transcription factors and are 

characterized by the presence of three domains, the context dependent regulatory 
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domain, the DNA binding/bending domain or HMG domain, and the βcatenin binding 

domain.  The HMG domain binds DNA at a consensus sequence referred to as Wnt 

Responsive Elements (WRE), CCTTTGWW (W represents either T or A). Once bound, 

Tcfs bend DNA up to 130˚ to allow for binding between transcription factors on either 

side of Tcf (Arce, Yokoyama et al. 2006).  The βcatenin binding domain is ~60% 

homologous between family members and is missing in dominant negative forms of the 

protein (Arce, Yokoyama et al. 2006).  This region of Tcfs is also capable of interacting 

with γcatenin and plakoglobin.  The context regulatory domain contains at least one 

alternatively spliced exon, mediates repression by recruiting Groucho/TLE, and 

promotes activation by recruiting other co-activators.  In addition to these three 

domains, some Tcfs contain a C-terminal tail that mediates the binding of p300 (Korinek, 

Barker et al. 1997).  Interestingly, activation of the Tcf/Lef transcriptional reporter Super 

8X Top Flash occurs independently of tail (Hecht and Stemmler 2003).   

The transcriptional “off-state” is achieved through an interaction between Tcfs 

and Groucho/TLE by mechanisms that are not well understood (Arce, Yokoyama et al. 

2006).  When βcatenin is present, it competes with Groucho/TLE for binding to Tcfs.  

The precise mechanism is unclear.  Regardless, Groucho/TLE is replaced by βcatenin, 

which recruits a plethora of co-activators, including Bcl9/Pygopus, CBP/p300, and a 

multitude of chomatin remodeling enzymes. 

In addition to Tcf/Lef family members, Bcl9 serves as a scaffold to “extend” 

βcatenin and connect it to Pygopus (Pygo), both of which are essential for transcription 

of βcatenin target genes.  Recent evidence suggests that Bcl9 plays a more important role 

than merely as a scaffold to attach Pygo (Jennings and Ish-Horowicz 2008).  Pygo is 

required for transcription of all βcatenin target genes but the Pygopus -/- mice exhibit 
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defects in eye lens development and spermiogenesis, phenotypes seemingly unrelated to 

what is known about Wnt signaling (Sustmann, Flach et al. 2008).  Pygo contains a plant 

homology domain that preferentially binds to dimethylated lysine 4 of histone H3.  

Additionally, Pygo was recently found to associate with Tcf family members in the 

absence of a Wnt signal (Mosimann, Hausmann et al. 2009).   

βcatenin interacts with a variety of proteins that modify histones, including (but 

certainly not limited to) p300/CBP, Brg1, mixed lineage leukemia complexes, and 

Mediator complexes. Through these proteins, Wnt ligands initiate localized (and wider 

spread) chromatin remodeling. 

βcatenin has been shown to recruit histone acetyl transferases, p300 and CBP.  

Both p300 and CBP have been shown to be required for transcription of a subset of 

βcatenin target genes.  CBP/p300 substrates are not exclusively confined to histones. 

Interestingly, in response to Wnt, CBP/p300 acetylates a region of chromatin (~30Kb) by 

5.5 hours of the target genes naked cuticle and notum (de la Roche and Bienz 2007).   

Brg1, a Swi2/Snf2 family member, directly interacts with βcatenin and regulates 

nucleosome arrangments at Wnt-responsive genes (Heintzman, Stuart et al. 2007).   

βcatenin interacts with mixed lineage leukemia complexes (MLL complexes) on 

Arm R11-C-terminal domain.  MLL proteins contain a SET domain that has histone 

methyltransferase activity.  In yeast, SET proteins, along with complex proteins 

associated with Set1 (COMPASS), facilitate methylation of H3K4, a modification 

associated with actively transcribed genes. In humans, RAD6-BRE1-COMPASS regulates 

histone modification, possibly through interactions with parafibromin and RNA Pol II to 

recruit PAF1 (Sierra, Yoshida et al. 2006). 
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βcatenin also interacts with disctinct subunits of the Mediator complex, a 

complex of ~30 subunits that relays positional information to RNA Pol II (Mosimann, 

Hausmann et al. 2009).   

The βcatenin-containing transcriptional complex is dynamic.  There is some 

evidence to suggest that βcatenin and Tcf interactors cycle on and off loci from 15-30 

minutes in the case the TIP60 histone acetyl transferase complex, to every 1-2 hours for 

βcatenin and Bcl9 (Kim, Xu et al. 2006; Sierra, Yoshida et al. 2006) (Wang and Jones 

2006).  Cycling was connected to APC nuclear localization, which resulted in the export 

of βcatenin from the nucleus and cessation of transcription, and phosphorylation by 

CK2, which coordinately regulates complex assembly on activators and repressors 

(Sierra, Yoshida et al. 2006; Mosimann, Hausmann et al. 2009).  

In addition to the βcatenin transcriptional complex, members of the destruction 

complex have been shown to localize in the nucleus, including APC, β-TrCP, GSK3β, 

and Axin. 

APC plays multiple opposing roles in Wnt/βcatenin.  In addition to its well-

characterized role within the destruction complex, APC associates with the cytoskeleton 

at junctional complexes.  APC can also be found in the nucleus and has been shown to 

bind plasmid DNA in gel shift assays but has not been linked to a specific nuclear 

process, such as repair or replication (Henderson and Fagotto 2002; Willert and Jones 

2006; Neufeld 2009).  Intriguingly, nuclear localized APC facilitates dynamic cycling of 

transcriptional complexes on βcatenin/Tcf Wnt responsive elements (WREs) and 

actively export βcatenin to the cytoplasm (Neufeld 2009).  A recent computational model 

from Schmitz, et al. suggests that altering the nucleo to cytoplasmic shuttling of APC can 
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alter transcription in a manner independent of stabilization (Willert and Jones 2006; 

Schmitz, Wolkenhauer et al. 2011). 

Both β-TrCP and APC are recruited to enhancer elements with βcatenin, Bcl9, 

and Pygopus in C3C1 cells treated with LiCl.  These factors displace Groucho/TLE and 

GSK3β to facilitate transcription (Schmitz, Wolkenhauer et al. 2011)  The precise role of 

β-TrCP in the nucleus has yet to be clarified. However, its presence suggests a role of 

ubquitination in βcatenin cycling (Sierra, Yoshida et al. 2006). 

Intriguingly, GSK3β is found on co-repressed elements with Groucho.  It appears 

that GSK3 functions in multiple capacity to repress Wnt/βcatenin signaling but its role 

in nuclear signaling is still under investigation (Willert and Jones 2006).  Axin has been 

demonstrated to shuttle in and out of the nucleus and facilitate the localization of 

βcatenin to the cytoplasm (Willert and Jones 2006).  

It remains unclear whether members of the destruction complex shuttle in and 

out of the nucleus independently or whether these movements are coordinated (Cong 

and Varmus 2004).  Both Axin and APC have nuclear localization sequences so 

individual transport is possible.   

1.5 Wnt Signaling in Mesenchymal Stromal Cells 

Mesenchymal Stromal Cell Biology 

Mesenchymal stromal cells or mesenchymal stem cells (MSCs) are multipotent 

adult progenitor cells capable of differentiating into connective tissues, such as cartilage, 

bone, fat, tendon, and muscle (Caplan 1991; Willert and Jones 2006).  Though originally 

discovered in bone marrow (Beresford 1989), numerous sources have been found, 

including adipose, dermis, trabecular bone, muscle, and circulating in the blood (Owen 

and Friedenstein 1988; Caplan 1991; Prockop 1997).  MSCs are experimentally defined 
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by their ability to adhere to plastic once isolated and differentiate into osteoblast, 

chondrocyte, and adipocyte lineages in culture through standard protocols. According 

to Dominci, et al., the minimal defining cell surface markers of human MSCs are the 

presence of CD105, CD73, and CD90 and the absence of hematopoetic markers CD34, 

CD14, CD 19, CD45, and HLA-DR (Caplan 1991).  Importantly, CD45- CD146+ cells have 

been shown to reconstitute bone in vivo (Dominici, Le Blanc et al. 2006).  Defining what 

markers identify a true MSC will be an important step in identifying these cells in vivo.   

Despite the fact the nature and definition of mesenchymal stem cells are 

somewhat nebulous, MSCs are currently being used in clinical settings for tissue 

regeneration and gene therapy.  Their in vitro multipotency, ease of culture, and 

accessibility make them an ideal “off the shelf” reagent for transplantation (Sacchetti, 

Funari et al. 2007; Bianco, Robey et al. 2008; Ling, Nurcombe et al. 2009).  Indeed, they 

are currently being used in clinical trials after ischemic heart injury.  It is therefore 

important to understand the mechanisms governing self-renewal and differentiation, in 

the hopes that directed differentiation can make MSCs a more desirable choice for 

transplantation therapies (Tare, Kanczler et al. 2010). 

Numerous models exist to study the mechanism of MSC cell fate determination. 

We chose to use a mouse cell line, C3H10T1/2 (C3H) cells, for our studies.  C3H cells are 

a mouse mesenchymal stem cell line that was established in 1973 from 14- to 17- day old 

C3H mouse embryos (Tare, Kanczler et al. 2010).  These cells are capable of 

differentiating into various connective tissues, including bone, adipose, muscle, and 

cartilage in vitro.  After differentiation, these cells exhibit the morphological and 

biochemical properties of the indicated tissue (Armani, Mammi et al. 2010).  

Additionally, these cells have been used in transplantation studies to regenerate bone 

(Armani, Mammi et al. 2010), and, when pretreated with BMP4 and transplanted into 
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athymic mice, they are capable of forming adipose that is indistinguishable from that of 

the host animal (Moutsatsos, Turgeman et al. 2001). 

Role of Wnt signaling in MSC Cell Fate Decisions 

The mechanisms and signaling pathways that govern MSC cell fate decisions 

have been extensively studied and reviewed (Tang, Otto et al. 2004).  Wnt signaling is 

one such pathway that influences both self-renewal and cell fate decisions.  In particular, 

canonical Wnts have been shown to promote osteoblastogenic and inhibit adipogenic 

fates in some contexts.  In this section, I will discuss what is known regarding the 

influence of Wnt signaling on MSC self-renewal and osteoblastogenic and adipogenic 

differentiation, highlighting effects on primary and immortalized MSCs, as well as 

instructive animal models.  In Chapters 3-5 of this work, I will present data that 

identifies novel mechanisms by which one canonical Wnt, Wnt3A, regulates cell fate 

choice in immortalized MSCs. 

Self-Renewal 

Canonical Wnt signaling is thought to promote self-renewal (Kolf, Cho et al. 

2007).  Exogenous treatment of Wnt3A to both primary human MSCs and human 

adipose derived MSCs causes an expansion of the multi-potential population and a 

decrease in apoptosis (Boland, Perkins et al. 2004; Ling, Nurcombe et al. 2009).  

Although not proven, Baek, et al. hypothesize that this increase in self-renewal is due to 

upregulation of cyclin D1 and c-myc (Cho, Kim et al. 2006). Additionally, 

overexpression of the Fzd co-receptor LRP5, results in an increase in cell proliferation, 

while treatment with the noncanonical Wnt5a results in a decrease in cell proliferation 

and levels of cylin D1 (Baek, Kioussi et al. 2003; Baksh, Boland et al. 2007).  These 

responses were characterized with the addition of canonical Wnt ligand, but it is 

possible that autocrine or paracrine Wnt signaling may also play a role in these 
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responses.  Primary human MSCs express a number of different Wnts (2, 4, 5a, 11, and 

16) and Fzd receptors (2, 3, 4, 5, and 6) (Baksh and Tuan 2007). 

While there is convincing evidence that canonical Wnt signaling can support 

MSC self-renewal, it is also clear that this effect can vary depending on a number of 

variables, including the cells examined, the species, and the concentration of Wnt ligand 

tested.  For example, De Boer, et al. demonstrated that low doses of exogenous Wnt3A 

promote proliferation in human MSCs, while higher doses of Wnt3A inhibit 

proliferation (Etheridge, Spencer et al. 2004).  Also, overexpression of LRP5 and LRP5-

T253, a naturally occurring activating human mutation that causes a high bone mass 

phenotype, in human MSC resulted in decreased proliferation and increased ability to 

differentiate into osteoblasts in vitro.  These same cell lines also demonstrated a 

decreased ability to undergo adipogenesis.  Moreover, overexpression of LRP5-T244, a 

mutation found in human patients that have a low bone mass phenotype or 

osteoporosis, in human MSCs showed the opposite phenotype: increased proliferation, 

decreased osteoblastic potential, and increased adipogenic potential.  The authors note a 

decrease in Dkk1 in cells expressing LRP5-WT and LRP5-T253, though no causal 

relationship was determined between Dkk1 expression and phenotype (de Boer, Wang 

et al. 2004).  However, Dkk1 is required for arrested human MSCs to re-enter the cell 

cycle, presumably through inhibition of LRP and canonical wnt signaling (Qiu, 

Andersen et al. 2007). 

Osteoblastogenesis 

Osteoblasts are the cells within the bone that synthesize and mineralize skeleton 

(Gregory, Singh et al. 2003), and Wnt/βcatenin signaling plays an important role in 

regulating osteoblastogenesis in MSCs. During osteoblast differentiation, MSCs commit 

to the lineage and form pre-osteoblasts, characterized by expression of Col1a1.  After 
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commitment, these cells express various matrix proteins depending on the stage of 

maturation.  Pre-osteoblasts become immature osteoblasts that express Spp1 and Ibsp, 

which become mature osteoblasts that express osteocalcin.  Mature osteoblasts become 

fully embedded in bone matrix and become osteocytes when they express dentin matrix 

protein (Dmp1). 

 βcatenin, along with Osterix (Osx) and Runt related transcription factor 2 

(Runx2), is important for commitment of MSCs to the lineage and the transition to 

immature osteoblast.  Runx2 is considered the master regulator of osteoblast 

differentiation (Bodine and Komm 2006; Galli, Passeri et al. 2010).  βcatenin activates 

Runx2 transcription, thereby promoting both commitment and subsequent 

differentiation (Komori 2006).  At this stage, bone maturation begins, and both Runx2 

and βcatenin become inhibitory and are down regulated. 

The nuances of Wnt/βcatenin signaling in osteoblast differentiation are only 

beginning to be teased out.  MSCs and osteoblast differentiation cell models have been 

shown to express Wnt ligands and other wnt pathway components and respond to both 

canonical and noncanonical Wnt signals (Gaur, Lengner et al. 2005).  Wnt ligands that 

stabilize βcatenin promote osteoblastogenesis in C3H10T1/2 cells (Ling, Nurcombe et al. 

2009).  However, Kim, et al. demonstrated that activation of the canonical Wnt pathway 

alone was insufficient to produce more mature bone in models of repair (Rawadi, 

Vayssière et al. 2003).  In any event, it is clear that cell models provide a good system to 

study lineage commitment and early differentiation. 

The contribution of Wnt signaling to bone development and repair has been 

predominately worked out in mouse models.  Indeed, the most convincing evidence that 

Wnt/βcatenin signaling is required for bone formation is in mouse models (Kim, Leucht 

et al. 2007), though, since it is difficult to target MSC genetically, it is not certain whether 
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these effects are manifest on MSCs.  Also, there is some controversy over the role 

canonical Wnt ligands play in humans.  Wnt3A and LiCl treatment inhibit both lineage 

commitment and terminal differentiation in some models, while high Wnt activity 

promotes lineage commitment in other models (Hu, Hilton et al. 2005).  The latter is 

more consistent with what has been demonstrated in mouse models, as discussed below.  

These discrepancies should be investigated further if the insights we have learned in 

mice are to be extrapolated to humans. 

Mouse Models 

A number of mouse models have been utilized to demonstrate the involvement 

of canonical Wnts in bone formation.  These models include knockouts of βcatenin, Wnt 

ligands, endogenous antagonists, and other Wnt signaling components, as well as gain 

or loss of function of ligands and receptors. 

βcatenin 

Embryos with conditional knockout of βcatenin evaluated at Day E18.5 showed 

impaired osteoblast differentiation.  Osteoblasts were arrested at the preosteoblast stage 

where they only express type 1 collagen a and alkaline phosphatase (ALP). Conditional 

deletion of βcatenin from osteochondral progenitors (Dermo1-Cre) resulted in the 

presence of ectopic cartilage and a mineralization defect (Ling, Nurcombe et al. 2009). 

Conditional deletion of βcatenin from committed preosteoblasts using an Osx-Cre 

resulted in mice lacking terminally differentiated osteoblasts (Yu, Xu et al. 2003). 

Conditional deletion of βcatenin during postnatal bone acquisition using an osteocalcin-

cre resulted in a reduced bone volume in the long bone and correlated with a decrease in 

osteoblast differentiation among other things (Rodda and McMahon 2006). Additionally, 

conditional deletions in the head and limb mesenchyme (βcat∆Prx1/-, βcat∆ex3Prx/+) 
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resulted in impaired chondrocytes differentiation and no increase in osteoblastogenesis 

(Holmen, Zylstra et al. 2005). 

It is likely that not all the observed effects in βcatenin knock out mice occur due 

soley to differentiation defects in osteoblasts.  βcatenin regulates production of 

osteoprotegrin (OPG), a decoy receptor for the receptor activator of nuclear factor kappa 

B ligand (RANKL). OPG can inhibit differentiation of osteoclast precursors and promote 

bone remodeling (Hill, Spaeter et al. 2005).  The role for nonosteoblast functions of 

βcatenin in bone remodeling and differentiation await future experiments. Experiments 

like these will require the ability to more specifically target MSCs for genetic 

manipulation. 

Receptors and ligands 

Activation and inhibition of βcatenin-signaling through LRP5/6 have profound 

impact on osteoblastogenesis.  In general, gain of function (GOF) mutations gain bone 

mass, while loss of function (LOF) mutants lose bone mass. This occurs through 

different mechanisms.  The LRP GOF and LOF phenotypes do not necessarily copy the 

βcatenin GOF or LOF phenotypes (Galli, Passeri et al. 2010). It was recently discovered 

that the bone mass phenotypes observed in LRP mutants are reciprocally regulated by 

circulating serotonin.  Serotonin is produced in the duodenum and interacts with 

osteoblast precursors through Htr1b receptor and CREB to inhibit proliferation (Bodine 

and Komm 2006). 

Wnt10b plays an important role in both osteoblastogenesis and adipogenesis. 

Overexpression of Wnt10b in ST2 cells, bipotent mesenchymal cells, and mouse 

embryonic fibroblasts, stimulates osteogenesis and suppresses adipogenesis in both cell 

types. (Bennett, Longo et al. 2005; Yadav and Ducy 2010). Wnt10B null mice exhibited a 

significant reduction in trabecular bone and there were reduced number of bone marrow 
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stromal cells (Bennett, Longo et al. 2005; Kang, Bennett et al. 2007).  However, both the 

LRP5 and Wnt10b null mice have bone loss that is not associated with a decrease in 

Runx2 expression in isolated bone marrow stromal cells (Kato, Patel et al. 2002; Stevens, 

Miranda-Carboni et al. 2010). Wnt10B may be acting though other mechanisms or even 

other cell types, as was discussed earlier for LRP. 

Endogenous, secreted antagonists 

sFRP1 is an antagonist of the canonical βcatenin pathway (see section 1.3 above).  

Consistent with a role for Wnts in promoting osteogenesis, sFRP1 knockout mice have 

an increase in trabecular bone volume.  In addition, bone marrow cells isolated from 

calvaria of KO mice displayed an increase in proliferation and differentiation but a 

decrease in apoptosis (Liu, Vijayakumar et al. 2009).  Paradoxically, sFRP1 null mice had 

an increased expression of Runx2 in the long bones compared to wild type, while the 

loss of LRP5 had no affect on Runx2 expression.  Since βcatenin can directly activate 

Runx2 expression, this is not unexpected. Further experiments will be needed to clarify 

the precise role of LRP5 in mediating bone phenotypes. 

Another endogenous secreted Wnt antagonist, Dkk2, plays an important role 

during late stage bony differentiation and matrix mineralization.  Since βcatenin 

signaling is inhibitory to the later stages osteoblastogenesis, Dkk2 null mice are 

osteopenic and display defects in both terminal differentiation and matrix deposition.  

Moreover, canonical Wnt signaling was elevated in bone marrow derived osteoblast 

cultures from the Dkk2 -/- mice (Bodine, Billiard et al. 2005). 

Axin 

Axin is the major negative regulator of canonical Wnt signaling due to its central 

role in formation of the βcatenin destruction complex.  There are two isoforms: Axin1 

and Axin2.  Axin1 is constitutively expressed, while Axin2 is regulated by canonical Wnt 
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signaling (Jho, Zhang et al. 2002; Li, Liu et al. 2005). Axin2 null mice also exhibit skeletal 

malformations.  They have malformed skull structures due to premature cranial suture 

fusion, a phenotype that resembles craniosynostosis in human. Osteoblast cultures from 

neonatal calvaria were more proliferative than wild type controls, and differentiation 

was increased.  Furthermore, Axin2 -/- mice had an increase in the levels of activated 

βcatenin (Kikuchi 1999). 

Adipogenesis 

Like all cell fate decisions, adipogenesis is a highly coordinated sequence of 

events.  MSCs commit to the adipogenic lineage and, as do preadipocytes, lose their 

ability to differentiation into other mesenchymal lineages. (Yu, Jerchow et al. 2005). 

Preadipocytes then terminally differentiate and acquire lipid droplets and the ability to 

respond to hormones, such as insulin.   This stage is regulated by a cascade of 

transcriptional events (Christodoulides, Lagathu et al. 2009) beginning with the transient 

induction of  CCAAT/enhancer-binding protein beta (C/EBPβ) and C/EBPδ. 

C/EBPβ and C/EBPδ directly induce expression of C/EBPα and PPARγ, which 

are considered the master regulators of adipogenesis and induce the expression of many 

downstream targets whose expression “defines the adipocyte” (Christodoulides, et al 

(2008)).  However, other transcription factors are also involved in regulating 

adipogenesis (Rosen and MacDougald 2006; Christodoulides, Lagathu et al. 2009).  

Much of our knowledge of adipogenesis comes from the study of cell lines that 

have already committed to the adipogenic lineage.  Consequently, we know relatively 

little about the commitment phase of adipogenesis.  However, we know quite a lot about 

terminal differentiation.  

βcatenin and PPARΥ reciprocally inhibit each other.  As differentiation 

progresses, Wnt/βcatenin signaling is inhibited (Farmer 2006).  Otherwise βcatenin 
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would inhibit PPARγ and adipogenic program would halt.  Canonical Wnt ligands and 

pathway activators, such as BIO or lithium, potently inhibit induction of adipogenesis 

(Bennett, Ross et al. 2002; Moldes, Zuo et al. 2003). Conversely, inhibition of canonical 

Wnt signaling in preadipocytes actively promotes differentiation (Ross, Hemati et al. 

2000; Christodoulides, Laudes et al. 2006; Li, Singh et al. 2007; Waki, Park et al. 2007).  

Wnt10B, a canonical Wnt, plays an important role in both osteoblastogenesis and 

adipogenesis.  Wnt10B interacts with Fzd 1, 2, and 5 to activate βcatenin signaling (Ross 

2000, Bennet 2002) and thereby inhibit C/EBPα and PPARΥ and adipogenesis (Bennett, 

Ross et al. 2002). Constitutive expression in preadipocytes both stabilizes βcatenin and 

also inhibits terminal differentiation (Ross, Hemati et al. 2000). 

Preadipocytes secrete Wnt10B and upon induction of terminal differentiation its 

expression is rapidly down-regulated (Ross, Hemati et al. 2000; Bennett, Ross et al. 2002).  

In the animal, Wnt10B is not highly expressed in mature adipocytes but it is expressed 

by the stromal vascular cells, where preadipocytes are enriched (Ross, Hemati et al. 

2000).   Wnt10B overexpressing mice are resistant to either diet-induced or genetic 

obesity (ob/ob) induced expansion of white adipose tissue (Longo, Wright et al. 2004; 

Prestwich and MacDougald 2007). 

Besides Wnt10B, Wnt5B has been demonstrated to play a role in adipogenesis, 

Wnt5B, a noncanonical Wnt, is transiently expressed during adipogenesis and promotes 

differentiation by inhibiting βcatenin stabilization (Kanazawa, Tsukada et al. 2005; 

Wright, Longo et al. 2007). 

Inhibition of adipogenesis by the canonical Wnt pathway is thought to occur by 

βcatenin-dependent and independent mechanisms (Kanazawa, Tsukada et al. 2004). 

βcatenin upregulates target genes cyclin D1 and c-myc, which interact directly with 
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PPARΥ and C/EBPα to inactivate them (Fu, Rao et al. 2005; Kennell and MacDougald 

2005). In a mutally antagonistic fashion, PPARΥ actively suppresses levels of βcatenin.  

PPARΥ interacts directly with βcatenin in same binding site as Tcf/Lef and then targets 

βcatenin for degradation in a manner independent of GSK3β (Tetsu and McCormick 

1999).  Kennell and MacDougald overexpressed a Fz2-Wnt8 chimera in 3T3L1 

preadipocytes and determined that both βcatenin -dependent and –independent 

mechanisms inhibit adipogenesis.  The βcatenin -independent mechanism was sensitive 

to calcineurin inhibitors (Liu, Wang et al. 2006). 

In addition to Wnt ligands, inhibitors of βcatenin signaling also promote 

adipogenesis; these include Chibby, sFRPs, and Dkk.  Chibby inhibits βcatenin 

dependent transcription by interacting with βcatenin and preventing its association with 

Tcf/Lef family members (Kennell and MacDougald 2005). Chibby is expressed in 

preadipocytes, adipocytes, and in white adipose tissue (Li, Singh et al. 2007; 

Christodoulides, Lagathu et al. 2009).  Overexpression in 3T3L1 preadipocytes induces 

spontaneous differentiation into mature adipocytes while siRNA mediated knock blocks 

differentiation (Takemaru, Yamaguchi et al. 2003).  Moreover, Chibby-null MEFs have 

reduced adipogenic potential (Takemaru, Yamaguchi et al. 2003).  Chibby and PPARΥ 

interact with βcatenin in the same region (Christodoulides, Laudes et al. 2006; 

Daugherty and Gottardi 2007) so it is likely that a Chibby/βcatenin interaction does not 

allow βcatenin to inhibit PPARΥ.  

The role of sFRPs is unclear because they have been shown to have other 

functions in addition to inhibiting Wnt/βcatenin signaling (Takemaru, Yamaguchi et al. 

2003).  However, sFRP1 null mice have 22% less body fat (Ling, Nurcombe et al. 2009) 
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and epigenetic activation of sFRP5 in white adipose tissue is correlated with an increase 

in susceptibility to obesity (Bodine, Zhao et al. 2004). Conversely, preadipocytes isolated 

from patients with enhanced orbital adipogenesis associated with Graves’ disease 

showed enhanced differentiation when exposed to recombinant sFRP1 (Koza, Nikonova 

et al. 2006). 

Dkk is transiently expressed during human adipogenesis and inhibits canonical 

Wnt signaling by inhibiting the Wnt/βcatenin co-receptor LRP.  Expression of Dkk in 

3T3L1 preadipocytes promotes differentiation (Kumar, Leontovich et al. 2005). 

In addition to Wnt pathway agonist or antagonists, both cytokines and nuclear 

hormone receptors have been demonstrated to influence adipogenesis by influencing 

βcatenin and βcatenin-dependent transcription. Gustafson, et al. showed that cytokines 

modulate the Wnt signaling downstream of βcatenin stabilization to inhibit 

adipogenesis (Christodoulides, Lagathu et al. 2009).  Several lines of evidence support 

this hypothesis.  First, tumor necrosis factor α (TNFα) inhibits adipogenesis and in a 

manner similar to Wnt/βcatenin by suppressing C/EBPα and PPARΥ (Gustafson and 

Smith 2006).  Furthermore, TNFα suppression of adipogenesis coincides with expression 

of several Wnt/βcatenin target genes and an increase in stabilized βcatenin (Cawthorn, 

Heyd et al. 2007). Lastly, expression of a dominant negative form of Tcf4 attenuated 

TNFα inhibition of adipogenesis. 

Nuclear hormone receptors also modulate Wnt/βcatenin signaling to influence 

adipogenesis.  The androgen receptor binds to βcatenin in response to testoserone and 

facilitates nuclear translocation.  Once βcatenin is in the nucleus, it inhibits adipogenesis 

via transcription (Cawthorn, Heyd et al. 2007). The vitamin D receptor influences 
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differentiation by altering the secretion of solution antagonists Dkk1 and sFRP2 (Singh, 

Artaza et al. 2006). 

This evidence provides the framework for a model where the Wnt/βcatenin 

pathway simultaneously inhibits adipogenesis and promotes osteogenesis through a 

variety of mechanisms.  This primarily occurs through βcatenin-dependent processes.  

βcatenin regulates transcription of Runx2, the osteoblastic fate master regulator, while 

also facilitating transcription of genes required for lineage specification and early 

differentiation. In contrast, βcatenin directly represses both PPARγ and C/EBPα, the 

master regulators of adipogenic call fate, by targeting these proteins for degradation and 

also acts on the level of transcription to upregulate transcription of addition 

PPARγ/C/EBP antagonists, such as Cyclin D1 and c-myc. How can one molecule have 

such a variety of functions? 

In Ch 3 and 4, I present evidence to suggest a model where a single Wnt ligand, 

Wnt3A, can coordinately regulate cell fate determination by activating multiple 

pathways.  These pathways converge to modulate βcatenin function and enhance 

transcription of subsets of βcatenin target genes.  I suggest that activation of these 

auxiliary pathways can, at least partially, reconcile the myriad of simultaneous roles 

βcatenin plays in regulated MSC cell fate specification. Further, this work identifies 

novel transcriptional mechanisms important for promoting osteogenic cell fate 

specification, which could ultimately provide new therapeutic targets in disease states 

with bone loss or ineffective bone formation. 
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2. Materials and Methods 

Contained within this chapter are Materials and Methods used to obtain the results 

described within this dissertation. Most assays were repeated in a consistent manner 

but; due to advancing technologies, some protocols and equipment changed over time.  I 

have done my best to include sufficient detail that anyone will be able to reproduce the 

results described herein.    

2.1 Reagents 
At the end of this Chapter is a list of tables containing the source of many of the 

reagents used in this course of this study; these include antibodies and small molecules.  

All reagents were purchased from Sigma-Aldrich unless mentioned otherwise.  

2.2 Cell Lines and Culture Conditions  
Cell lines used: HEK293T, fibroblast like derived from human fetal kidney, 

Mcf7, human mammary adenocarcinoma, SKBR3, human mammary adenocarcinoma, 

MCF10DCIS.COM, a ductal carcinoma in situ cancer stem cell line, vector control and 

Wnt3A expressing L cells producing and secreting Wnt3A, and C3H10T1/2, mouse 

mesenchymal stem cell.  HEK293T cells were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), and C3H10T1/2 

cells were maintained in Basal Eagle Medium supplemented with 10% heat inactivated 

FBS.  SKBR3 cells were maintained in McCoy’s 5A medium supplemented with 10% 

FBS, MCF7 cells were maintained in Minimum Eagle’s Media supplemented with 10% 

FBS, and MCF10DCIS.COM cells were maintained in HamF12 medium:McCoy’s 5A 

medium (1:1) supplemented with 10% fetal horse serum.  All cell lines were maintained 

in antibiotics (100 units/mL penicillin and 100 µg/mL streptomycin) in a humidified 

atmosphere with 5% CO2 at 37˚C.  L-cells were a gift from Karl Willert (Standford U, 
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Sanford, CA), MCF10DCIS.COM cells were a gift from Fariba Behbod (KUMC, Kansas 

City, KS), and all other cell lines were purchased from American Tissue Culture 

Collection (ATCC). 

2.3 Transfection and protein purification 

2.3.1 Transfections 

HEK293T cells were transfected using LipofectAMINE2000 (Invitrogen) and 

C3H10T1/2 cells were transfected using FuGene (Roche) according to the manufacturers 

instructions. 

2.3.2 Preparation and use of C3 exoenzyme 

The GST-C3 fusion protein was prepared by expression in the BL21DE3 strain of 

E. coli (Novagen) and bound to glutathione-Sepharose 4B beads (Amersham Biosciences, 

Piscataway, NJ) as described for other GST fusion proteins (Cianferotti and Demay 

2007).  The C3 protein was cleaved from the glutathione beads by rocking overnight at 

4°C with 10 U Thrombin (Enzyme Research Laboratories, South Bend, IN) in 50 mM 

Tris-HCl pH 7.7, 14 mM β-mercaptoethanol, 150 mM NaCl, and 2.5 mM CaCl2.  The 

cleaved product was then dialyzed into phosphate buffered saline (PBS), visualized by 

SDS-PAGE with Coomassie blue staining, and stored in aliquots at -80 °C.  To inhibit 

Rho activity, cells were incubated with 2.5 mg/ml C3 in the presence of 20 U/ml 

tetanolysin, to permeabilize the cellular membrane. 

2.4 Biochemical assays 

2.4.1 Enzymatic assays 

2.4.1.1 Reporter Assays 

C3H10T1/2 cells were seeded in 24-well plates, grown to 30% confluence, and 

transfected with 80 ng/well p8XTFand 2 ng/well of the internal control plasmid, phRG.  
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Twenty-four hours after transfection, the media was exchanged for either control or 

Wnt3A CM in media or recombinant Wnt3A (dilutions indicated in the figure legends).  

Eighteen hours after treatment or transfection, in the case of untreated cells, cell lysates 

were prepared and analyzed using the Dual Luciferase Assay kit (Promega, Madison, 

WI) according to the manufacturer’s protocol.  Transcriptional activity was measured 

using Synergy 2 (BioTek, Winooski, VT) as relative light units (RLU), a ratio of firefly 

luciferase activity to Renilla reniformis luminescence. 

2.4.2.2 Measurement of alkaline phosphatase activity 

Cells were then incubated for 96 h upon Wnt treatment, after which they were 

assayed for alkaline phosphatase (AP) activity using the Alkaline Phosphatase Activity 

Assay Kit #1 (BRSC at SUNY Buffalo, A-110).  Briefly, cells were washed once in PBS at 

21 °C and lysed in 100 µl cell lysis solution provided by the manufacturer.  The lysates 

were centrifuged at 16,000 X g for 3 min and 20 µl from each sample was added to the 

wells of a 96-well plate.  The assay was initiated by the addition of 100 µl AP reagent 

(provided by the manufacturer), and the plate was incubated at 37 °C for 1 h according 

to manufacturer’s instructions.  The reactions were stopped by the addition of 20 µl 1 M 

NaOH, and the endpoint absorbance was read at 405 nm using a Synergy 2 microplate 

reader (BioTek, Winooski, VT).  Protein levels from each sample were measured by 

Bradford assay (Biorad, Hercules, CA, Hercules, CA) and used to normalize the 

absorbance measurements. 

2.4.2 Measurement of cytosolic βcatenin 

C3H10T1/2 or HEK293T cells were grown in 6-well plates, incubated with 

Wnt3A CM or control CM for 3-24 h as indicated, after which they were washed with ice 

cold PBS and incubated on ice for 30 min in 0.25 ml hypotonic buffer [10 mM Tris, pH 
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7.4, 1 mM EDTA and protease inhibitor cocktail complete mini tablet (Roche)].  The cells 

were then scraped into 1.5 ml tubes, passed 5 times through a 27.5 gauge needle, and 

centrifuged at 100,000 X g for 45 min. Protein concentrations were measured by 

Bradford assay (Biorad, Hercules, CA, Hercules, CA) and 10 µg of protein from the 

supernatant (cytosol) were analyzed for the presence of βcatenin by immunoblot.  

Immunoblot bands were quantified using the Odyssey system from Li-Cor 

Biotechnology (Lincoln, NE) . 

2.4.3 Measurement of nuclear βcatenin 

HEK293T cells were grown in 6-well plates or C3H10T1/2 cells were grown in 10 

cm plates to 75% confluency.  If indicated, cells were transfected with pcDNA3.1 or 

RhoA(GV) and treated after 5 hr.  Cells were incubated with Wnt3A CM or control CM 

for 16 h and harvested as described (Stemmle, Fields et al. 2006). Briefly, cells were 

harvested in 1.5 ml PBS, centrifuged at 14,000 rpm for 10 s at room temperature and 

resuspended in 400 µl ice cold buffer A [10 mM HEPES pH 8, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM dithiothreitol, and protease inhibitors.  Cells were placed on ice for 10 min, 

and then agitated by vortex for 10 s.  Lysates were centrifuged at 14,000 rpm for 10 s at 

room temperature and the nuclear pellets incubated in 100 µl ice-cold buffer containing 

20 mM HEPES pH 8, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 

mM dithiothreitol, and protease inhibitors to extract bound proteins.  Lysates were then 

centrifuged at 14,000 rpm for 2 min at 4 °C to remove cellular debris and 25 µg of total 

protein from the supernatant was evaluated by SDS-PAGE and immunoblot analysis.  

The presence of the nuclear protein CREB was assessed to confirm the nuclear origin of 

the fractions analyzed and to assess protein loading. 
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2.4.4 Measurement of Erk phosphorylation 

C3H10T1/2 cells were grown in 6-well dishes to 70% confluency and then 

starved overnight in media containing 0.25% HIFBS.  The next day cells were stimulated 

with 100 ng/mL Wnt3A (R&D Systems, Minneapolis, MN) unless indicated otherwise, 

for 10 min, unless otherwise indicated.  Reactions were quenched by placing cells on ice 

and washing with ice cold 1X PBS.  Cells were lysed (20 mM HEPES, pH 8.0, 20 mM 

NaCl, 5 mM EDTA, 1% Triton X-100, 2 mM NaF, 0.2 mM NaVO3, and protease 

inhibitors) and incubated on ice for 20 min.  Cells were dislodged by pippetting and 

samples were centrifuged at 20000xg for 20 min at 4˚C. Protein concentrations were 

measured by Bradford assay (Biorad, Hercules, CA) and ~5 µg of protein was analyzed 

for the presence of phospho-Erk by immunoblot.  Immunoblot bands were quantified 

using the Odyssey system from Li-Cor Biotechnology (Lincoln, NE) (Andrews and Faller 

1991). 

2.4.5 Quantitative real time PCR (RT-PCR) 

C3H10T1/2 cells were treated with control or Wnt3A CM, containing the 

indicated inhibitors indicated in the figure legends.  After 24 h, RNA was harvested 

using the RNeasy kit (Qiagen) according to manufacturer’s instructions.  Fifteen 

hundred ng of RNA from each sample was used for cDNA synthesis with iScript cDNA 

Synthesis Kit (Bio Rad, Hercules, CA), according to manufacturer’s instructions.  Real 

time PCR reactions to compare the relative levels of Wnt3A responsive genes were 

performed on a Agilent Mx3005P instrument.  The reference gene, Gapdh, was used to 

normalize variation in template extraction between samples.  Twenty microliter 

reactions, containing 10.00 µl SYBR Green Supermix (2x) (Stratagene, La Jolla, CA or 

Applied Bioscience, Foster City, CA), 0.375 µl 1:500 diluted Rox reference dye, 3.625 µl 
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H2O, 1.00 µl of 5 µM forward and reverse primer mix (1:1), and 5 µl of template cDNA 

from above, diluted 1:40 or as needed for each individual primer set, were placed in the 

wells of a 96-well plate.  All conditions were evaluated in triplicate.  The thermal profile 

began with one 10 min incubation cycle at 95 °C, followed by 40 cycles of 95 °C for 30 s, 

55 °C for 1 min and 72 °C for 30 s, and completed with 1 cycle of 95 °C for 1 min, 55 °C 

for 30 s, and 95 °C for 1 min.  A standard curve with dilutions of cDNA template for 

each primer set was used to determine primer efficiency.  Data were analyzed with 

MxPro QPCR software, version 3.00.  Fold induction relative to reference gene was 

calculated using the method of Pfaffl (Razidlo, Kortum et al. 2004). 

2.4.6 Expression microarray analysis 

2.4.6.1 Ch. 3 Rho signaling 

C3H10T1/2 cells were grown to 80% confluence in 10 cm plates and treated for 2 

h either with 2.5 mg/ml C3  (in reduced sera media) in the presence of 20 U/ml 

tetanolysin (Biomol International, Plymouth Meeting, PA), or with tetanolysin alone for 

controls, Media was then changed to 1:5 dilutions of either control CM or Wnt3A-CM 

and cells were incubated for an additional 24 h.  RNA was then harvested using the 

RNeasy kit (Qiagen, Valencia, CA) according to manufacturer’s instructions for both 

microarray and real-time RT-PCR analysis.  Microarrays were printed at the Duke 

Microarray Facility using the Genomics Solutions OmniGrid 300 Arrayer.  The arrays 

contain the Operon Mouse Oligo set v3.0 (http://omad.operon.com), which possesses 

31,769 70-mer probes representing 24,878 genes and 32,829 transcripts.  RNA quality was 

ascertained using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA).  

Total RNA (10 µg) from each sample was hybridized to oligo(dT) primers at 65°C and 

then incubated at 42 °C for 2 h in the presence of reverse transcriptase, Cy5-dUTP and -

dCTP (for Wnt-treated samples) or Cy3-dUTP and Cy3-dCTP (for control treated 
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samples), and a deoxynucleotide mix. NaOH was used to destroy residual RNA.  

Sample and reference cDNA were then pooled and purified with QIAquick Purification 

Column (Qiagen), mixed with 1X hybridization buffer [50% formamide, 5X saline-

sodium citrate (Sigma), and 0.1% SDS], COT-1 DNA, and poly-deoxyadenylic acid to 

limit nonspecific binding, and heated to 95 °C for 2 min.  This mixture was pipetted onto 

a microarray slide, and hybridized overnight at 42 °C on MAUI hybridization system 

(BioMicro Systems).  The array was then washed at increasing stringencies and scanned 

on a GenePix 4000B microarray scanner (Axon Instruments).  Genespring GX v7.3 

(Agilent Technologies) was used to perform initial data filtering in which spots whose 

signal intensities below 50 in either the Cy3 or Cy5 channel were removed. 

2.4.6.2 Ch. 4 Dose response 

C3H10T1/2 cells were grown to 80% confluence in 10 cm plates and treated with 

either control CM (1:3), low Wnt3A-CM (1:20), or high Wnt3A-CM (1:3) for 24 h.  RNA 

was harvested using the RNeasy kit (Qiagen) according to manufacturer’s instructions 

for both microarray and real-time RT-PCR analysis.  For microarray analysis, RNA 

quality was ascertained using a Dual Agilent 2100 bioanalyzer (Agilent technologies).   

Total RNA (10 µg) was hybridized to microarrays containing the GeneChip Mouse 1.0 

ST oligo set, representing 28,853 genes. Hybridization and washing were performed 

with GeneChip Hybridzation Oven and Affymetrix Fluidics Station 450 using standard 

conditions.  Chips were scanned using the Affymetrix GeneChip Scanner 3000 with 

autoloader by the KUMC Biotechnology Support Facility.  Expression estimates in 

Wnt3A CM treated samples compared to Control CM were obtained using robust 

multichip average (Irizarry, Hobbs et al. 2003).  
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2.4.7 Co-Immunoprecipitation and RhoThekin pull downs 

2.4.7.1 Co-Immunoprecipitation 

C3H10T1/2 cells were grown to 75% confluency in 15-cm plates, x4-6 plates per 

condition, and treated for 24 hours as described in the figure legends.  Cells were 

trypsinized and collected at 300 xg for 10 min.  Cells were washed with ice cold 1X PBS 

then centrifuged for 10 min at 100xg.  Cells were lysed in 10X pellet volume hypotonic 

lysis buffer (10 mM Tris, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 0.2 mM 

NaVO3, 1 mM NaF, protease inhibitors) and homogenized in a dounce using a loose 

pestle (8 strokes). The supernant (Cytosolic extract) was removed after being centrifuged 

for 10 min at 2000xg.  The pellet was resuspended in half the pellet volume with low-salt 

resuspension buffer (20 mM Tris, pH 7.4, 20 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 25% 

glycerol, 0.2 mM EDTA, 0.2 mM NaVO3, 1 mM NaF, protease inhibitors) and 

homogenized in a dounce using a loose pestle (6 strokes).  Slowly, half of the pellet 

volume of high salt extraction buffer (20 mM Tris, pH 7.4, 1.2 M KCl, 1.5 mM MgCl2, 1 

mM DTT, 25% glycerol, 0.2 mM EDTA, 0.2 mM NaVO3, 1 mM NaF, protease inhibitors) 

was added. Extract was rotated for 30 min at 4˚C and then centrifuged at 16000xg for 15 

min.  The supernant was removed (Nuclear extract) and protein concentration was 

determined by Bradford assay (Biorad, Hercules, CA).   

For βcatenin & Tcf4: 300 µg protein was diluted to 0.25 µg protein/µL in 10 mM 

Tris, pH 7.5, 150 mM KCl, 1 mM EDTA, 1% Igelpal, 10% glycerol, 1 mM DTT, 2 mM 

NaVO3, 5 mM NaF, protease inhibitors. 15 µL antibody (Cell Signaling #2569 anti-Tcf4 

or BDTL #160153 anti-βcatenin) or 3.75 µg Ig (GE Healthcare) was added. Samples were 

rotated at 4˚C overnight.  Immuncomplexes were collected by the addition of 25 µL 

Protein G beads (GE Healthcare), rotating at 4˚C for 1 hour.  Beads were washed with 
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binding buffer containing 1% Igepal 3x and then 2x with 10 mM Tris, pH 7.5, 150 mM 

KCl prior to suspension in SDS sample buffer. 

For Erk: 300 µg protein was incubated for 20 minutes at room temperature in 

binding buffer (10 mM Tris, pH 7.5, 50 mM KCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, 

2 mM NaVO3, 5 mM NaF, protease inhibitors) containing 5 fmol/µL Tcf4-probe (see 

EMSA for sequence).  An equal volume binding buffer containing 1% Igepal and 15 µL 

antibody (Cell Signaling #9107 anti-Erk1/2) or 3.75 µg mouse Ig (GE Healthcare) was 

added.  **Further incubated for 20 min at room temp** Samples were rotated at 4˚C 

overnight.  Immuncomplexes were collected by the addition of 25 µL Protein G beads 

(GE Healthcare), rotating for 4˚C for 1 hour.  Beads were washed with binding buffer 

containing 1% Igepal 3x and then 2x with 10 mM Tris, pH 7.5, 50 mM KCl prior to 

suspension in SDS sample buffer.   

2.4.7.2 RhoThekin pull down 

For RhoA activation assays, C3H10T1/2 cells were plated in 10 cm plates at 

~75% confluent, starved for 24 h, and treated with 100 ng/mL purified Wnt3A or vehicle 

for 5 min at 37 °C.  Cells were lysed and activated RhoA was measured using GST-

rhotekin pull-downs essentially as described (Irizarry, Hobbs et al. 2003) with minor 

modifications (Ren, Kiosses et al. 1999). 

2.4.8 Electrophoretic Mobility Shift Assays 

Nuclear fractions were prepared as described for co-immunoprecipitation.  After 

protein determination, nuclear extrct was aliquoted and stored at -80˚C.  A typical 

binding reaction contained 5 µg of nuclear protein, 2.5 fmol IR-labeled double stranded 

probe, 400 ng poly(deoxyinosine-deocycutidine) (dIdC) (Sigma, St. Louis, MO), 20 mM 

Tris, pH 7.5, 45 mM KCl, 12% glycerol, 1 mM EDT, 1 mM DTT.  Samples were incubated 

at room temperature for 20 min then; if/as indicated, 200-500 ng antibody was added 
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and the samples were incubated for an additional 20 min at room temperature.  The 

reaction mixture was analyzed on a 4% 0.5X Tris-borate-EDTA buffered polyacrylamide 

gel that contained 10% glycerol. 

2.5 Differentiation and cell based assays 

2.5.1 Osteogenesis 

C3H10T1/2 cells were grown to 75% confluence and treated as follows:  Rho 

story (Ch. 3) - cells were grown in 6-well plates and treated with 2.5 mg/ml C3  

(dissolved in reduced sera media containing 2% FBS) in the presence of 20 U/ml 

tetanolysin (Biomol International) or with tetanolysin alone as a control.  After 3 h 

incubation at 37 °C, the media was removed and replaced with 1:5 Wnt3A CM (diluted 

also in reduced sera media).  Dose Response (Ch. 4 and 5) - cells were grown to 30% 

confluence in 24-well plates and treated with increasing concentrations of Wnt3A cm.  

Cells were then incubated for 96 h upon Wnt treatment, after which they were 

assayed for alkaline phosphatase (AP) activity using the Alkaline Phosphatase Activity 

Assay Kit #1 (BRSC at SUNY Buffalo, A-110) (detailed in Ch. 2.4.2.2) according to the 

manufacturers instructions. 

2.5.2 Adipogenesis 

C3H10T1/2 cells were seeded at low density in 6-well plates and grown to 

confluency.  Two days after confluence (Day 0), cells were treated with 10 µg/mL 

insulin, 1 µM dexamethasone, and 0.5 mM 3-Isobutyl-1-methylxanthine and Wnt3A CM 

or control CM as indicated.  Every two days the media was changed.  RNA was isolated 

after 48 hours. 
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2.5.3 Morphological Assessment 

Cells were then incubated for 96 h, after which they were stained with the Neat  

Hematology Stain Kit (Marketlab, Kentwood, MI) according to the manufacturer's 

instructions. 
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Table 2:  Antibodies 
 

Antibody Source/Supplier Use 

monoclonal anti-CREB 
Cellular Signaling 
Technologies, #9104 Immunoblot 

monoclonal anti-Erk1/2 
Cellular Signaling 
Technologies, #9107 

immunoblot, 
IP, EMSA 

monoclonal anti-Erk1/2 
Cellular Signaling 
Technologies, #4695 Immunoblot 

Ig, rabbit GE Healthcare IP, EMSA 
IgG, mouse GE Healthcare IP, EMSA 
monoclonal anti-phospho-Akt 
(Ser473) 

Cellular Signaling 
Technologies, #4058 Immunoblot 

monoclonal anti-phospho-Erk1/2 
(Thr202/Tyr204) 

Cellular Signaling 
Technologies, #4377 Immunoblot 

phospho-p90RSK 
Cellular Signaling 
Technologies, #9341 Immunoblot 

monoclonal anti-phospho-serine Millipore 05-1000 Immunoblot 

phospho-Stat3 
Cellular Signaling 
Technologies, #9131 Immunoblot 

phospho-Stat6 
Cellular Signaling 
Technologies, #9361 Immunoblot 

RhoA 
Santa Cruz Biotechnology, 
sc-418 Immunoblot 

monoclonal anti-RhoGDI 
BD Transduction Labs 
610255 Immunoblot 

monoclonal anti-ßactin 
Cellular Signaling 
Technologies, #4970 Immunoblot 

monoclonal anti-ßcatenin 
BD Transduction Labs 
610153 

immunoblot, 
IP, EMSA 

polyclonal anti-ßcatenin 
Cellular Signaling 
Technologies, #9581 Immunoblot 

monoclonal anti-ßcatenin 
Cellular Signaling 
Technologies, #9587 Immunoblot 

monoclonal anti-ßtubulin Sigma T5201 immunoblot 

monoclonal anti-Tcf4 
Cellular Signaling 
Technologies, #2569 

immunoblot, 
IP 

monoclonal anti-Tcf4 
Cellular Signaling 
Technologies, #2953 EMSA 

IR800 goat anti-rabbit IgG Licor Bioscience Immunoblot 
IR680 goat anti-rabbit IgG Licor Bioscience Immunoblot 
IR800 goat anti-mouse IgG Licor Bioscience Immunoblot 
IR680 goat anti-mouse IgG Licor Bioscience Immunoblot 
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Table 3: Small Molecules 

Small 
Molecule Supplier/Source Use 
SL327 EMD Bioscience 444939 Mek1/2 Inhibitor 
GM6001 Millipore CC1000 Metaloproteinase Inhibitor 
AG1478 EMD Bioscience 658552 EGFR Inhibitor 
U73122 EMD Bioscience 662035 PLC Inhibitor 
Y27632 EMD Bioscience 688000 ROCK Inhibitor 

Garcinol Enzo Lifesciences BML-GR343-0010 
Acetyl transferase 
Inhibitor 
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3. Rho GTPase activity modulates Wnt3A/βcatenin 
signaling• 

3.1 Preface 

Non-canonical Wnts are associated with stimulating βcatenin -independent 

signaling, including the Wnt/Ca2+ and PCP pathways (Figure 2). These pathways 

control cytoskeletal changes to affect movement and polarity independently of βcatenin.  

They do so in part by promoting the activation of the Rho family of GTPases, including 

Rho and Rac, which are important regulators of cytoarchitecture, cell adhesion, 

transcriptional events, and cell cycle progression (Swenson-Fields, Sandquist et al. 2008). 

Wnt-induced activation of Rho GTPases, however, is not restricted to non-

canonical Wnts.  The canonical Wnt1 and Wnt3A were shown to trigger the activation of 

both Rho and Rac, in addition to their ability to stabilize beta catenin (Habas, Dawid et 

al. 2003; De Jesus Perez, Axelrod et al. 2007; Heasman and Ridley 2008).  Wnt1 and -3A 

induced activation of both Rho and Rac, which were shown to form a complex with Dvl 

(Habas, Kato et al. 2001; Habas, Dawid et al. 2003; De Jesus Perez, Axelrod et al. 2007).  

The Rho/Dvl interaction required the formin homology protein Daam1.  Inhibition or 

depletion of Daam1 prevented Wnt activation of Rho and Wnt-induced gastrulation in 

Xenopus but had no affect on βcatenin stabilization. These two pathways were 

independent of each other because Rac inhibition or depletion impaired gastrulation but 

did not affect the activation of Rho nor inhibit βcatenin stabilization (Habas, Kato et al. 

2001; Habas, Dawid et al. 2003). This work is an example of one Wnt ligand activating 

multiple intracellular signaling pathways that are both required for gastrulation. 

                                                        

• Rossol-Allison, J., L.N. Stemmle, et al. (2009). “RhoGTPase regulates Wnt/βcatenin signaling.” Cellular 
Signaling 21(11): 1559-1568. The majority of results presented in this chapter were previously published in 
the above manuscript.  Permission to reproduce the work here was kindly granted by Elsevier. 
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In several studies, Wnt3A was reported to promote both canonical βcatenin-

dependent signaling as well as the activation of RhoA (Habas, Kato et al. 2001; Endo, 

Wolf et al. 2004; Kishida, Yamamoto et al. 2004). Wnt3A activation of RhoA led to 

cytoskeletal rearrangements and migration.  This pathway was believed to be divergent 

from beta catenin stabilization, so a potential contribution to βcatenin dependent 

transcription was not addressed. 

Both RhoGTPases and βcatenin are important mediators of cell fate decisions in 

MSCs. Overexpression of constitutively active RhoA in MSCs promotes 

osteoblastogenesis, while overexpression of dominant negative RhoA promotes 

adipogenesis (Qiang, Endo et al. 2003; McBeath, Pirone et al. 2004).  This is strikingly 

similar to Wnt3A, which induces osteoblastogenesis and inhibits adipogenesis, in a 

manner dependent upon βcatenin (Meyers, Zayzafoon et al. 2005; Bowers and Lane 

2008).  We investigated the role of Wnt3A-stimulated Rho activation in cell fate decisions 

in C3H mesenchymal stromal cells. 

We find that activated Rho is required for Wnt3A-stimulated osteoblastic 

differentiation in C3H cells, a biological phenomenon mediated by stabilized βcatenin 

(Rawadi, Vayssière et al. 2003).  Using expression microarrays and real-time RT-PCR 

analysis, we show that Wnt3A-stimulated transcription of a subset of target genes is 

Rho-dependent, indicating that full induction of these Wnt targets requires both 

βcatenin and Rho activation.  Significantly, neither βcatenin stabilization nor nuclear 

translocation stimulated by Wnt3A is affected by inhibition or activation of RhoA.  

These findings identify Rho activation as a critical element of the canonical Wnt3A-

stimulated, βcatenin-dependent transcriptional program. 
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3.2 Experimental Results 

3.2.1 Wnt3a activates RhoGTPase in C3H10T1/2 cells 

Several groups have demonstrated that Wnt3A is capable of both stabilizing 

βcatenin and activating Rho (Rawadi, Vayssière et al. 2003; Endo, Wolf et al. 2004; 

Kishida, Yamamoto et al. 2004).  We tested this in C3H10T1/2 cells (C3H), a mouse 

mesenchymal stem cell line.  Wnt3A both stabilizes βcatenin and stimulates 

transcription of a Tcf/LEF reporter, Super8X Top Flash (8XTF) (Figure 3A & B) (Qiang, 

Endo et al. 2003).  To confirm that Wnt3A stimulates RhoGTPase activity in a rapid 

fashion in this system, cells were stimulated for 5 minutes with purified recombinant 

Wnt3A and activated RhoGTPase was pulled down using a RhoTekin pull down.  As 

expected, more activated Rho was pulled down in Wnt3A treated samples (Figure 3C).

 

Figure 3: Characterize the Wnt3A response in C3H10T1/2 cells. 

(A) Cells were treated Wnt3A conditioned media (CM) for 3 hr. Cytosolic extract was 
isolated and 10 µg extract was subjected to SDSPAGE and immunoblot analysis for 
detection of endogenous βcatenin and RhoGDI. These data are from a single experiment 
and representative of at least 30 experiments. (B) At 75% confluency, cells were 
transfected with 8XTFand phRG, an internal control reporter plasmid.  5 hours after 
transfection, cells were treated with control or Wnt3A CM and and incubated a further 
18 h prior to lysis and measurement of luciferase activity.  The data shown are the mean 
and standard error from four separate determinations in a single experiment and are 
representative of at least 20 experiments. (C) C3H10T1/2 cells were grown to 75% 
confluence in 10 cm plates, starved overnight, and then treated with 100 ng/ml 
recombinant purified Wnt3A or vehicle alone for 5 minutes.  Activated RhoA was 
isolated using GST-rhotekin pull down assay.  The immunoblot is representative of two 
independent experiments and the data shown in the graph represent the mean and 
standard error of these experiments. 
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3.2.2 Inhibition of Rho function blocks Wnt3A-stimulated 
differentiation of C3H10T1/2 mesenchymal stem cells 

C3H cells undergo osteoblast-like differentiation when stimulated by Wnt3A, 

and only those Wnt ligands capable of triggering βcatenin accumulation have 

demonstrated an ability to induce differentiation (Veeman, Slusarski et al. 2003). Wnt-

treated C3H cells undergo characteristic morphological changes, accompanied by 

expression of bone markers such as alkaline phosphatase (ALP), indicative of the 

differentiation response (Rawadi, Vayssière et al. 2003). 

To examine the potential contribution of Rho in the Wnt3A-stimulated 

differentiation process, we pre-treated C3H cells with C3 exoenzyme and induced them 

to differentiate with Wnt3A CM. Consistent with the work of others, treatment of C3H 

cells with Wnt3A CM resulted in the reported distinctive morphological changes, 

characterized by elongation of the cells, giving the appearance of vaguely nodular 

whorls (Fig. 4A). Strikingly, pre-treatment with C3 blocked the Wnt3A-induced 

morphologic changes (Fig. 4A), while cells treated with C3 alone appeared similar to 

untreated cells (data not shown). Since Rho inhibition could have morphologic effects 

that are independent of Wnt3A signaling, we also assessed osteoblast-like differentiation 

by measuring ALP, an early osteoblast marker(Rawadi, Vayssière et al. 2003).  Treatment 

of the C3H cells with Wnt3A CM resulted in a prominent, reproducible induction of 

ALP activity (Fig. 4B). In agreement with the morphologic data, inhibition of Rho 

markedly attenuated Wnt3A-stimulated ALP induction (Fig. 4B), while C3 treatment 

alone had no significant effect (data not shown). Collectively, these data indicate that 

Rho function is required for Wnt3A-stimulated differentiation in this stem cell line, a 
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process also determined to require βcatenin (Rawadi, Vayssière et al. 2003). 

 

Figure 4: Inhibition of Rho by C3 exotoxin bloacks Wnt3A-stimulated osteoblastic 
differentiation in C3H10T1/2 cells. 

(A) C3H10T1/2 cells were treated either with 2.5 mg/ml C3 in the presence of 20 U/ml 
tetanolysin (for cellular membrane permeabilization) or with tetanolysin alone (non-C3-
treated cells).  Following this pretreatment, cells were incubated with Wnt3A CM or 
control conditioned CM as indicated and then fixed and stained as described in Materials 
and Methods.  A representative image for each condition is shown.  (B) C3H10T1/2 cells 
were treated either with C3/ tetanolysin or tetanolysin alone (non-C3-treated cells) for 3 
h prior to incubation with control CM or Wnt3A CM for a further 96 h incubation. 
Alkaline phosphatase activity was measured as described in Materials and Methods and is 
reported as arbitrary units/mg total protein.  The data shown are the mean and 
standard error from three separate determinations from a single experiment and are 
representative of at least 4 independent experiments. 
 

3.2.3 Wnt3A-stimulated, βcatenin-dependent induction of a subset of 
target genes is modulated by activated Rho 

The data in Figure 4 suggest that Rho inhibition could affect Wnt3A-dependent 

induction of target genes responsible for differentiation.  To assess the influence of Rho 

on Wnt3A-stimulated transcriptional induction, we performed expression microarray 

analysis on Wnt3A-treated C3H cells in the presence or absence of the Rho inhibitor C3.  

RNA was harvested to generate cDNA, and the samples were hybridized to custom 

microarrays (see Materials and Methods).  After data filtering to select probes producing 

signal above background, we found that hybridization with 11,686 of the probes showed 

signal sufficiently above background in each of the conditions to allow analysis.  Among 

these probes, 337 demonstrated a greater than 2-fold increase in hybridization signal 

A B

control CM Wnt3A CM + C3Wnt3A CM

1.5

1.0

0.5

0
Wnt3A CM + C3control CM Wnt3A CM

AP
 A

ct
iv

ity
(A

bs
40

5/
µg

 p
ro

te
in

)



 

57 

with cDNA from the Wnt3A-treated cells relative to control-treated cells (Fig. 5A).  

Definitive annotations were available for 259 of these probes, which represent 235 

distinct genes (Table 1).  Many of the Wnt3A-stimulated genes were also identified as 

Wnt3A targets by Jackson, et al (2005) in these same cells, including Ahr, Axin2, Bmp4, 

Cyr61, Ctgf, Hes1, Igfbp2, Nkd1, Omd, Tgfb3, Thbs1, Twist1, Wisp1 (Rawadi, Vayssière et al. 

2003).  The parallel experiment in which cells were treated with Wnt3A after pre-

treatment with C3 revealed that induction of a distinct subset of the Wnt3A target genes 

was diminished by the Rho inhibitor (Fig. 5A and Table 2).  A scatter plot of the probes 

induced by Wnt3A versus Wnt3A plus C3 highlights the Rho-sensitive targets (open 

circles), for which Wnt3A induction is greater than 1.5 times the induction in the 

presence of Wnt3A+C3 (Fig. 5B).  Both the Rho-sensitive genes (◯open circles) and Rho-

insensitive genes (●closed circles) included Wnt targets that were weakly and strongly 

induced (Fig. 5B).  The Rho-sensitive genes represent a minority of the Wnt3A-induced 

genes (Fig. 5A & B, Table 2), and a query of the Gene Ontology database 

(http://www.geneontology.org) using GATHER (http://gather.genome.duke.edu) 

revealed that many of these targets are involved in development and morphogenesis, as 

well as regulation of cell growth and size (Jackson, Vayssiere et al. 2005) (Figure 5C).   
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Table 4: Genes induced upon Wnt3A stimulation. 
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Table 5: Wnt3A target genes sensitive to C3 exotoxin. 

Probe 
Gene 

symbol 

Ratio 
Wnt3A 

induction/ 
Wnt3A+C3 
induction Probe 

Gene 
symbol 

Ratio 
Wnt3A 

induction/ 
Wnt3A+C3 
induction 

M200003887 Fgf18 4.752 M300016028 UNKNOWN 1.902 
M300003837 Cyp39a1 4.053 M200007706 Chac1 1.878 
M300005388 Gpsm1 3.825 M300020825 Hist1h3g 1.873 
M200012898 Lmcd1 3.633 M300008400 Trb3 1.84 
M300000862 Acta3 3.232 M300014040 UNKNOWN 1.84 
M300013624 Ehbp1 3.204 M300005730 Myl9 1.815 
M200014974 Npr3 3.201 M300008193 UNKNOWN 1.813 
M200009277 Omd 3.047 M300010088 Acta2 1.812 
M200006903 Nkd1 3.046 M300015120 UNKNOWN 1.784 
M300010378 Npy1r 3.043 M300014084 UNKNOWN 1.753 
M300012606 UNKNOWN 2.998 M200003371 Tnfrsf11b 1.745 
M200001148 Ect2 2.926 M300011168 Lars 1.745 
M200001618 Thbs1 2.794 M300007837 Fat1 1.738 
M300005112 UNKNOWN 2.789 M200000493 Tgfb3 1.729 
M200004486 Bpgm 2.78 M300001539 Sulf1 1.727 
M200001200 Fhl1 2.628 M300018457 Rraga 1.724 
M300000863 Acta3 2.458 M300021454 UNKNOWN 1.697 
M300004292 Aldh1a7 2.438 M200007288 Pcsk6 1.688 
M200002335 Slc1a6 2.343 M300008222 Tpm1 1.683 
M200009370 Igfbp2 2.316 M300012485 Slc7a5 1.667 
M300016221 UNKNOWN 2.304 M200011970 Dpysl3 1.66 
M300020438 Tmem66 2.289 M300018301 UNKNOWN 1.656 
M300012538 Maob 2.219 M300013171 Ccnb1 1.65 
M200002700 Nedd9 2.203 M200000853 Plxna2 1.647 
M200002899 Wisp1 2.188 M300001190 Ttll5 1.629 
M300012323 Ankrd29 2.183 M200001751 Hes1 1.604 
M300008192 Col12a1 2.182 M200003441 Plk1 1.59 
M300020598 Fam26e 2.175 M300001914 Tmpo 1.586 
M300000643 Klf5 2.158 M200002432 Bmp4 1.586 
M200002662 Inhba 2.09 M300011350 UNKNOWN 1.578 
M200011667 Apob48r 2.062 M300004220 Lmnb1 1.575 
M200013345 Ahcyl1 2.041 M300010907 PAI-I 1.573 
M300020605 Ccdc11 2.039 M300018704 Rell1 1.556 
M300002054 Csrp2 2.025 M300014607 UNKNOWN 1.554 
M300012099 Igfbp2 2.018 M300018868 UNKNOWN 1.547 
M300016607 UNKNOWN 1.95 M200012742 Cox4i2 1.531 
M300015789 Mxi1 1.933 M300012148 Neil3 1.523 
M300019104 Fabp5 1.929 M200000449 Cyr61 1.52 
M200000703 Ctgf 1.917 M200000162 Mthfd2 1.506 
M300018988 UNKNOWN 1.907       
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Figure 5:  Microarray expression analysis of Wnt3A-stimulated C3H10T1/2 cells 
reveals a subset of Rho-sensitive genes. 

C3H10T1/2 cells were grown to 75% confluence in 10 cm plates and treated either with 
C3/tetanolysin or tetanolysin alone followed by a further incubation in either control 
CM or Wnt3A CM for 24 h as described in Materials and Methods.  RNA was then 
harvested, and cDNA was generated, labeled, and hybridized to custom microarrays. 
(A) Venn diagram indicating total number of gene probes detectable with signal above 
background under all conditions (outer circle), the number from that group showing ≥ 2-
fold increase in signal in the Wnt3A-treated group relative to control (middle circle), and 
the number from the Wnt3A-stimulated group showing sensitivity to C3, defined as 
Wnt3A fold-induction ≥ 1.5X induction of the same genes following treatment with 
Wnt3A plus C3 (innermost circle). (B) For each of the 337 probes showing induction by 
Wnt3A, the fold-induction in the presence of Wnt3A is plotted versus fold-induction 
with Wnt3A + C3.  The outer bold lines represent where Wnt3A induction would be 
either 1.5 times induction with Wnt3A + C3 or 1.5 times less; the middle thin line 
represents Wnt3A-stimulated genes that are unaffected by C3 treatment.  The Rho 
sensitive gene probes are represented by open circles (◯); the Rho-insensitive gene 
probes are represented by closed circles (•).  The data are representative of two 
independent experiments. (C) Genes represented by probes (62 genes total) showing 
sensitivity to C3 were classified into the functional groups indicated in the figure based 
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on the individual gene ontology entry for each gene.  The percent of the total Rho-
sensitive genes in each functional category is listed below the category. (D) C3H10T1/2 
cells were grown to 75% confluence in 6-well dishes and treated either with 
C3/tetanolysin or tetanolysin alone, followed by further incubation with 100 ng/ml 
purified Wnt3A or vehicle for 24 h.  RNA was harvested and quantitative RT-PCR was 
performed using primers for the genes designated in the figure as described in Materials 
and Methods.  Results were calculated as fold induction relative to the reference gene 
(Gapdh) and normalized, with 100% defined as maximal induction by Wnt3A, which was 
typically 7, 3, and 5 for Ctgf, Nedd4, and Igfbp4, respectively.  The data represent the 
mean and standard error of two independent experiments. 
 

To validate and characterize the Rho-dependent regulation of Wnt3A target 

genes, quantitative RT-PCR was used.  Initially, we verified the Wnt3A-dependent 

induction of several genes, including Ahr, Axin2, Ctgf, Igfbp2, Pdgf1c, Ier3, and Timp3 

(data not shown).  As illustrated in Figure 3D, Wnt3A target genes identified in the array 

as inhibited by C3, including Ctgf and Nedd4, were also inhibited by C3 using RT-PCR.  

Wnt target genes that were not inhibited by C3 on the array, such as Igfbp4, were not 

inhibited by C3 when assessed by RT-PCR (Fig. 3D).  Similar RT-PCR results were 

obtained whether purified Wnt3A or Wnt3A CM was used (data not shown).  These 

quantitative RT-PCR results confirm the array data and demonstrate that the full 

induction of a subset of Wnt3A-stimulated target genes requires Rho activation. 

A more detailed analysis was conducted on one of these Rho-sensitive targets, 

Ctgf, connective-tissue growth factor.  The expression of Ctgf has been seen to occur at an 

early stage of Wnt3A-stimulated C3H differentiation and is thought to promote 

proliferation of the early osteoblast progenitor cells (Chang and Nevins 2006). To 

confirm the contribution of canonical Wnt3A signaling to induction of this gene, a 

dominant negative TCF construct (dn-TCF4) was expressed prior to Wnt3A treatment. 

This TCF mutant lacks the βcatenin binding domain and has been shown to have a 

dominant-negative effect on canonical Wnt signaling (Luo, Kang et al. 2004). As 

expected, Wnt3A-stimulated induction of Ctgf was substantially inhibited by expression 

of dn-TCF4 (Fig. 6A).  To confirm the results of the microarray and our earlier data, C3H 
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cells were treated with 2.5 mg/ml C3 in the presence of 20 U/ml tetanolysin (for cellular 

membrane permeabilization) or with tetanolysin alone (non-C3-treated cells).  As 

expected, C3 treatment significantly inhibited Wht3A-stimulated induction of Ctgf (Fig. 

6B). It should be noted that the presence of tetanolysin increased the background 

induction of Ctgf roughly 3-fold. To further characterize the role of Rho activation in 

induction of Ctgf, C3H cells were treated with a different Rho inhibitor, p190RhoGAP, 

which inactivates Rho by facilitating bound GTP hydrolysis. As expected, p190RhoGAP 

suppressed the Wnt3A induction of Ctgf (Fig. 6C).  We also examined the impact of a 

well-characterized Rho effector, Rho-associated kinase (ROCK) (He, Sparks et al. 1998), 

on Wnt3A-stimulated transcriptional induction. Inhibition of ROCK by the chemical 

inhibitor Y-27632 also resulted in an inhibition of Wnt3A-stimulated Ctgf induction (Fig. 

6D). These findings confirm that the full induction of Ctgf stimulated by Wnt3A in these 

cells requires both βcatenin and activated Rho. 

 

Figure 6: Induction of the endogenous Wnt3A target gene, Ctgf, is blocked by 
inhibition of both TCF/LEF signaling and Rho activation. 
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(A & C) C3H10T1/2 cells were transfected with either empty vector, DN-TCF4, or 
p190RhoGAP constructs as indicated.  5 h after transfection, cells were treated with 
control CM or Wnt3A CM and incubated for an additional 24 h.  Cells were then 
harvested, RNA was extracted, and quantitative RT-PCR was performed for each 
condition using primers specific for Ctgf, as described in Materials and Methods.  (B) 
C3H10T1/2 cells were grown to 75% confluence and treated either with C3/tetanolysin 
or tetanolysin alone followed by a further incubation in either control CM or Wnt3A CM 
for 24 h as described in Materials and Methods.  Quantitative RT-PCR was performed as 
above.  (D) C3H10T1/2 cells were treated for 24 h in control CM or Wnt3A CM plus 
either 10 µM Y-27632 or DMSO vehicle, as indicated.  Quantitative RT-PCR was 
performed as above.  All results are reported as fold change of Wnt3A CM stimulated 
vehicle or vector only control, relative to the reference gene Gapdh. The data represent 
the mean and standard error from three separate determinations and are representative 
of at least 3 independent experiments (A & D) or 2 independent experiments (B & C). 
 

3.2.4 Activated RhoA does not stabilize cytosolic βcatenin nor affect 
βcatenin nuclear translocation 

Since cytosolic stabilization and subsequent nuclear translocation of βcatenin is 

reported to be the primary mechanism by which canonical Wnts stimulate transcription 

(Riento and Ridley 2003), we assessed whether the effects of Rho on Wnt3A-stimulated 

transcription were due to effects on βcatenin stabilization and nuclear translocation.  

Accordingly, we stimulated cells with Wnt3A, isolated cytosol, and measured cytosolic 

βcatenin by quantitative immunoblot. As predicted, treatment with Wnt3A caused 

prominent cytosolic βcatenin accumulation (Fig. 7A & B). However, the presence of the 

Rho inhibitor C3 had no effect on the Wnt3A-promoted increase in βcatenin levels (Fig. 

7A & B). We also determined the effects of a constitutively active RhoA on βcatenin 

stabilization by expressing a GTPase-deficient form of RhoA, RhoA(GV), and measured 

cytosolic βcatenin levels. RhoA(GV) expression did not affect cytosolic βcatenin 

stabilization stimulated by Wnt3A (Fig. 7A & B). 

The effects of Rho activation and inhibition on nuclear accumulation of βcatenin 

were also assessed. As expected, Wnt3A stimulation caused accumulation of βcatenin in 

the nucleus (Fig. 7C & D). Pretreatment with C3 had no effect on this Wnt3A-stimulated 
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nuclear accumulation (Fig. 7C & D), whereas nuclear accumulation was inhibited by 

overexpression of axinΔdix, a soluble form of axin that will negatively regulate βcatenin 

stability when overexpressed (Willert and Jones 2006), or LRP5ΔC, a form of LRP5 that 

lacks the C terminal cytoplasmic domain and inhibits signaling by sequestering Wnt 

(Cong and Varmus 2004), as expected (Fig. 7E & F).  Moreover, expression of the 

constitutively active RhoA(GV) did not induce nuclear accumulation of βcatenin.  These 

data indicate that the Rho-mediated effects on Wnt3A-stimulated transcription are not 

due effects on βcatenin stabilization and nuclear translocation.

 

Figure 7: RhoA activation or inhibition does not affect cytoplasmic 
stabilization or nuclear translocation of βcatenin. 

(A) Cells were transfected with the indicated constructs as described in Materials and 
Methods.  After 24 h, cells were treated with control CM or Wnt3A CM for 4 h prior to 
lysis and isolation of the cytosolic fractions. 10 µg of protein from these fractions were 
subjected to SDS-PAGE and immunoblot analysis to detect endogenous βcatenin. (B) 
Cytosolic β−catenin detected by immunoblot in panel A was quantified using the 
Odyssey® system from Li-Cor as described in Materials and Methods.  Results shown are 
normalized to RhoGDI, a protein loading control, with 100% defined as the stabilization 
after Wnt3A treatment. The data are the mean and standard error from three separate 
determinations from a single experiment and are representative of at least three 
experiments. (C) Cells were transfected with empty vector, RhoA(GV), or C3  expression 
vectors, then, after 5 h, treated as indicated with control CM or Wnt3A CM for an 
additional 16 h. Cell nuclei were isolated then extracted in high salt buffer as described 
in Materials and Methods. 25 µg of protein from each of the indicated nuclear fractions 
were analyzed by SDS-PAGE and subsequent immunoblot to detect endogenous 
βcatenin. (D) Nuclear β−catenin detected by immunoblot in panel C was quantified and 
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normalized to CREB levels as in (B) and are the mean and standard error from three 
separate determinations from a single experiment and are representative of at least three 
experiments. (E) Cells were transfected with the indicated constructs, then, after 5 h, 
treated as indicated with control CM or Wnt3A CM for an additional 16 h.  Cell nuclei 
were isolated then extracted in high salt buffer as described in Materials and Methods. 25 
µg of protein from each of the indicated nuclear fractions were analyzed by SDS-PAGE 
and subsequent immunoblot to detect endogenous βcatenin. (F) Nuclear βcatenin was 
quantified as in (D) and the data represent the mean and standard error from two 
separate experiments. 
 

 3.2.5 βcatenin and Rho can cooperate to regulate the transcriptional 
induction of Wnt3A target Ctgf 

In addition to effects on βcatenin stabilization and localization, we also 

considered the possibility that RhoA may affect Wnt3A-dependent transcriptional 

induction by influencing specific regions of the target gene promoters.  To examine this 

issue, we used a luciferase reporter, pCtgf, that contains ~2.1 kb from the 5’ regulatory 

region of the human homolog of Ctgf (Gong, Slee et al. 2001) (Fig. 8A).  Notably, Watts 

and Spiteri (2004) previous demonstrated that the pCtgf reporter to be regulated Rho 

(Fu, Zhang et al. 2001).  In agreement with these studies, expression of RhoA(GV) with 

the pCtgf reporter resulted in its robust stimulation (Fig. 8B).  In addition, reporter 

activation was also triggered by Wnt3A treatment (Fig. 8C).  Neither RhoA(GV) nor 

Wnt3A stimulated luciferase production from the parent vector pGL3 (data not shown). 

Sequence analysis of the Ctgf promoter using TESS, a web-based tool to identify 

transcription factor binding sites (http://www.cbil.upenn.edu/cgi-bin/tess) (Watts and 

Spiteri 2004) revealed 6 potential TCF/LEF binding sites, of which are 5 are 5’ to an 

internal MluI site in the promoter (Fig. 8A).  To more precisely determine the regions of 

the promoter responsive to Rho and Wnt3A, we digested the reporter with MluI and re-

ligated, which removed ~1.5 kb from the 5’ end of the response element (pCtgf-trunc, 

Fig. 8A).  While this truncated reported also exhibited robust activation by RhoA(GV) 
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(Fig. 8B), the response of pCtgf-trunc to Wnt3A was significantly diminished (Fig. 8C) 

relative to the full-length pCtgf.   

Both Endo, et al. and Kishida, et al. demonstrated that Wnt3A activates RhoA 

through Dvl so we investigated whether Dvl is a component of both the Wnt/Rho and 

Wnt/βcatenin pathways.  However, overexpression of Dvl3 robustly activated the full 

length reporter but not the truncated reporter (Fig. 6D). These data suggest that the Rho-

dependent regulatory site is distinct from the Wnt/Dvl/βcatenin site(s) and support the 

hypothesis that both RhoA and βcatenin contribute in parallel to transcriptional 

regulation of Ctgf (Fig. 9). 

To examine potential cooperation between Rho and βcatenin in regulating Ctgf 

transcription, we expressed activated RhoA in conjunction with a constitutively 

stabilized form of βcatenin (βcat∆N).  As illustrated in Figure 8E, expression of either 

RhoA(GV) or βcat∆N stimulated transcription from pCtgf.  Moreover, expression of 

βcat∆N in conjunction RhoA(GV) significantly enhanced reporter activation.  

Collectively, these data support the hypothesis that Ctgf induction is regulated by both 

Wnt3A-stimulated βcatenin stabilization and Wnt3A-stimulated Rho activation. 
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Figure 8: Isolating the RhoA sensitive element in the Ctgf promoter. 

(A) Diagram representing the pCtgf reporter (top) and the truncated reporter (pCtgf-
trunc, bottom), from which ~1.5 kb of the hCtgf regulatory element was removed by 
MluI digestion, as described in Materials and Methods.  The arrowheads represent the 
approximate position of TCF/LEF binding sites (see text).  (B) Cells were transfected 
with the pCtgf or pCtgf-trunc reporters, phRG internal control reporter, and RhoA(GV) 
constructs as indicated in the figure, lysed 18 h later, and luciferase activity was 
measured as described in Materials and Methods.  Results are reported as fold change 
relative to vector.  The data shown are the mean and standard error from four separate 
determinations in a single experiment and are representative of at least six independent 
experiments.  (C) Cells were transfected with the pCtgf or pCtgf-trunc reporters, along 
with phRG internal control reporter.  5 h after transfection, cells were incubated with 
control CM or Wnt3A CM for 18 h prior to lysis and the measurement of luciferase 
activity.  Results are reported as fold change relative to control CM treatment.  The data 
shown are the mean and standard error from seven separate determinations. *P<0.03 (D) 
Cells were transfected with the pCtgf or pCtgf-trunc reporters, phRG internal control 
reporter, and Dvl3 constructs as indicated in the figure. Results are reported as fold 
change relative to vector.  The data shown are the mean and standard error from four 
separate determinations in a single experiment and are representative of at least three 
independent experiments. **P<0.01  (E) Cells were co-transfected with the pCtgf 
reporter, phRG internal control reporter and the indicated constructs, lysed 18 h later, 
and luciferase activity was measured as described above.  Luciferase results are reported 
as RLU as described in Materials and Methods.  Western blots were performed on lysates 
used to measure luciferase activity.  The data are the mean and standard error from six 
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separate determinations from a single experiment and are representative of at least two 
independent experiments. *** P<0.0001 
 

3.2.6 Wnt3A stimulates SRF through Gα proteins 

Upon determining that βcatenin and Rho cooperatively regulate Ctgf 

transcription, we sought to identifiy of the transcription factor(s) that modulated Rho-

dependent induction of Ctgf.  Examination of the pCtgf-trunc reporter revealed the 

presence of a single serum response factor (SRF) binding site (Fig. 9A).  RhoGTPases 

regulate SRF-dependent transcription through interactions with actin and MAL (Watts 

and Spiteri 2004).  SRF and ternary complex factor coordinately regulate transcription of 

serum response element (SRE).  SRE contains SRF binding sites.  Luciferase reporters 

containing SRE and those containing only the SRF binding site(s) are commonly used to 

assess Rho-dependent signaling (SRE-luc and SRF-luc respectively).  AP1 is a 

transcription factor responsive to a variety of cytokines unrelated to Rho and should 

serve as a negative control and as expected is not induced upon Wnt3A treatment (Fig. 

9B).  Wnt3A CM modestly but reproducibly stimulated transcription of both SRF and 

SRE-luciferase reporters, albeit, to a lesser degree than the Tcf/LEF reporter, 8XTF(Fig. 

9B).  Additionally, Wnt3A-stimulated SRF activity is mediated by Rho, as co-expression 

of C3 completely inhibited induction of the reporter (Fig. 9C). 

Habas, et al previously demonstrated that overexpression of rat Fzd1 and 7 in 

Hek293T cells can activate RhoGTPases in the presence of Wnt1 (Hall 2005). Since the 

most highly expressed Fzd messages in C3H cells are Fzd 1, 2 and 7 (Fig. 20), we 

investigated the contribution of Fzd1 to SRF-dependent transcription in our system.  

Interestingly, overexpression of Fzd1 inhibited the magnitude of Wnt3A-stimulated SRF 

activity; however, the fold induction remained the same (Fig. 9C).  Thus, Wnt3A-
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stimulated SRF transcription is not likely occurring through Fzd1.  Similar experiments 

with different receptors are underway to determine which receptor(s) are involved. 

Fzd receptors are seven-transmembrane-spanning receptors and have been 

shown to couple to the Gα proteins, namely Gαi/o and Gαq (Habas, Kato et al. 2001; 

Malbon, Wang et al. 2001). Since Gαα proteins, particularly Gαα12/13, have been shown to 

activate Rho, we investigated the contribution of G-protein signaling to SRF activation 

by overexpressing inhibitory regulator of G-protein signaling (RGS) proteins. RGS 

proteins fairly specifically inhibit a single class of Gα proteins: RGS2 inhibits Gαq, RGS4 

Gαi/o, and p115 Gα12/13 

RGS proteins exhibit some selectivity in inhibiting Gα proteins.  The RGS domain 

of p115 shows excellent selectivity for Gα12/13 (Schulte and Bryja 2007). We found that 

RGS4, but not RGS2, inhibited Wnt3A-stimulated SRF activity (Fig. 9D). Although RGS4 

targets Gαi/o proteins, it is capable of inhibiting Gαq when overexpressed. This suggests 

that either Gαi/o or Gαq may be mediating Wnt3A-stimulated SRF-dependent 

transcription.  RGS2 and RGS4 both can bind and Gαi/o and Gαq proteins, however RGS2 

is 5-fold more potent than RGS4 in inhibiting Gαq-stimulated phosphoinositide 

hydrolysis, while RGS4 is 8-fold more potent than RGS2 as an inhibitor of Gαi/o-

stimulated signaling (Hollinger and Hepler 2002).  We found that RGS4, but not RGS2 or 

p115RGS, inhibited Wnt3A-stimulated SRF activity (Fig. 9D).  These data suggest that 

Wnt3a-stimulated SRF-luciferase activity (and therefore Rho activation) is dependent on 

Gαi/o G proteins.  Further studies are underway to determine if this is indeed the case. 
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Figure 9: Gαα  proteins mediate Wnt3A-stimulated SRF activation. 

(A) A schematic representing the pCtgf-trun luciferase reporter.  The relative location of 
the putative SRF binding site is noted by the dark triangle.   (B) At 40% confluency, 
C3H10T1/2 cells were transfected with Super 8XTF(8XTF), SRF-luc, SRE-luc, AP1-luc 
and pRLTK, an internal control reporter plasmid.  24 hours after transfection, cells were 
treated with control or Wnt3A CM and and incubated a further 18 h prior to lysis and 
measurement of luciferase activity.  The data shown are the mean and standard error 
from four separate determinations in a single experiment and are representative of 1-5 
experiments. (C) At 40% confluency, C3H10T1/2 cells were co-transfected with SRF-luc, 
pRLTK, and Frizzled1. 24 hours after transfection, cells were treated with control or 
Wnt3A CM and and incubated a further 18 h prior to lysis and measurement of 
luciferase activity.  The data shown are the mean and standard error from four separate 
determinations in a single experiment and are representative of 2-6 experiments (D) At 
40% confluency, cells were co-transfected with SRF-luc, pRLTK, and additional plasmids 
as indicated in the figure.  24 hours after transfection, cells were treated with control or 
Wnt3A CM and and incubated a further 18 h prior to lysis and measurement of 
luciferase activity.  The data shown are the mean and standard error from four separate 
determinations in a single experiment and are representative of 2-6 experiments 
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3.3 Discussion 

 

Figure 10:  Contribution of Rho to canonical Wnt3A signaling. 

Cytosolic βcatenin is continuously degraded in unstimulated cells via a process initiated 
by its binding to a complex of proteins that includes axin, the adenomatous polyposis 
coli (APC) protein and glycogen synthase kinase 3β (GSK3β), termed the βcatenin 
destruction complex.  This complex interacts with βcatenin to induce its 
phosphorylation, which targets it for ubiquitination and degradation by the proteosome.  
Wnt binding by Fzd and a co-receptor, LRP5/6, activates a positive regulator of the 
pathway, disheveled (Dvl), which in turn inactivates the destruction complex and allows 
the accumulation of cytoplasmic βcatenin (Heximer, Srinivasa et al. 1999).  Stabilized 
βcatenin can then shuttle into the nucleus and bind to members of the T-cell factor 
(TCF)/lymphoid enhancing factor (LEF) family of transcription factors to induce 
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expression of target genes (Li, Yuan et al. 1999).  Wnt3A binding to Fzd and LRP5/6 also 
leads to the activation of RhoA GTPase in a manner that depends, at least in part, upon 
Dvl and possibly other pathways yet to be defined.  Our results show that activated 
RhoA, through the stimulation of ROCK, potentiates the βcatenin-dependent induction 
of target genes via unknown intermediates indicated by the dashed line.  The full 
activation of these genes, which comprise a subset of the βcatenin targets, is dependent 
on both βcatenin and Rho and is required for Wnt3A-driven cellular consequences, 
including osteoblastic differentiation. 
 

In this study, we show that Wnt3A stimulation of activated Rho is required for a 

complete βcatenin-dependent transcriptional and cellular response in the mesenchymal 

stem cell line C3H10T1/2.  Our results indicate that Wnt3A-stimulated osteoblastic 

differentiation, which was peviously demonstrated to require βcatenin (Giles, van Es et 

al. 2003), also requires Rho GTPase function.  Furthermore, using expression microarray 

analysis and quantitative RT-PCR, we identified a subset of Wnt3A-stimulated target 

genes that are sensitive to inhibition of Rho.  These novel results demonstrate signaling 

convergence between Rho and βcatenin, which was unexpected since Rho is 

conventionally thought to participate in non-canonical Wnt signaling while βcatenin 

participates in canonical Wnt signaling. Indeed, our results imply that, in particular 

contexts, these two Wnt3A-stimulated signaling arms are less distinct than formerly 

believed. 

While the involvement of Rho in the Wnt3A transcriptional pathway is an 

unexpected finding, it is compatible with the phenotypes of Wnt3A-/- mice, which 

exhibit characteristic loss of paraxial mesoderm(Rawadi, Vayssière et al. 2003).  Rho 

GTPases modulate mesoderm development through regulation of convergent extension 

movements that are important for appropriate mesoderm formation (Yoshikawa, 

Fujimori et al. 1997).  Thus, it is possible that the defects in the Wnt3A-/- mice are, at 

least in part, the result of impaired Wnt3A-dependent Rho activity. 
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To further investigate the mechanism by which Rho functions in the Wnt3A 

pathway, we examined βcatenin stabilization nuclear localization, and made another 

intriguing observation.  Although Wnt3A-stimulated Rho activation induced 

transcription of βcatenin target genes, it did not induce βcatenin stabilization, which is 

widely viewed as the primary mechanism through which Wnt signaling impacts gene 

expression.  Indeed, the Rho inhibitor C3 had no effect on Wnt3A-stimulated βcatenin 

stabilization or nuclear accumulation (Fig. 5), despite its potent inhibition of βcatenin-

dependent transcription of some genes.  In agreement with this result, expressing a 

constitutively active RhoA enhanced βcatenin-dependent activation of the pCtgf 

reporter, but did not change total cytosolic or nuclear βcatenin levels (Fig. 5).  These 

results indicate that activated Rho modifies Wnt3A-stimulated βcatenin-dependent 

transcription without affecting βcatenin stabilization or nuclear localization.   

Wu, et al demonstrated that Wnt3A activation of the Rho-related GTPase, Rac1, 

positively regulates βcatenin-dependent transcription in mice and the ST-2 osteoblast 

cell line (Wallingford, Fraser et al. 2002).  In contrast to our findings, however, that study 

showed that Rac1-JNK activation results in βcatenin phosphorylation and increased 

nuclear localization.  The modulation of βcatenin-dependent transcription in the absence 

of an affect on βcatenin stabilization and increased nuclear localization is not without 

precedent.  Two recent reports described Wnt5A signaling cascades that inhibited 

βcatenin-dependent transcription without affecting βcatenin stabilization or localization 

(Kurayoshi, Yamamoto et al. 2007; Wu, Tu et al. 2008).   

Our findings suggest a model whereby Wnt3A-activated Rho potentiates the 

transcriptional activating capacity of stabilized βcatenin for a subset of genes (Fig. 5).  
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Activation of Rho by Wnt3A may be mediated all or in part through the actions of Dvl 

(Fig. 8) which has been demonstrated previously to contribute to the stimulation of this 

small GTPase (Habas, Dawid et al. 2003; Mikels and Nusse 2006).  Once activated, the 

precise mechanism through which Rho augments βcatenin function is not clear; 

however, we provide evidence that the Rho effector ROCK is involved.  Additionally, 

within the promoter of one Wnt target gene, we identified βcatenin-independent, Rho-

sensitive regulatory elements that promote transcriptional induction.  Furthermore, this 

Rho-sensitive element contains a consensus SRF binding motif (Fig. 9A). Since 

RhoGTPases are known to regulate SRF transcriptional activity (Habas, Kato et al. 2001), 

it will be interesting in future studies to determine whether SRF mediates the Wnt/Rho 

regulation of Ctgf and other C3-sensitive target genes.   

Intriguingly, Wnt3A stimulated transcription of the SRF luciferase reporter is 

inhibited by expression of RGS4 (Fig. 9C).  Although typically a Gαi/o inhibitor, RGS4 

can also attenuate Gαq signaling when overexpressed (Hall 2005).  It will be interesting 

to assess the pertussis toxin sensitivity of Wnt3A-stimulated SRF-mediated transcription 

and to determine which, and if, a Gα protein is mediating Wnt3a-stimulated RhoGTPase 

activation. Gα.  This toxin blocks activation of Gαi/o and would be expected to inhibit 

SRF-luc if indeed this class of G protein is involved in the pathway.  Gα proteins are 

known to mediate calcium signaling downstream of Fzd receptors and can modulate 

cellular responses in a βcatenin independent manner (Hollinger and Hepler 2002).  As 

such, they are considered by some to be members of the noncanonical signaling 

cascades.  It will be interesting to investigate the potential contribution of SRF and Gα 

protein signaling to canonical Wnt signaling and βcatenin dependent transcription.  The 

activation of Rho by Gαi/o would be highly unusual but has been reported (Malbon, 
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Wang et al. 2001).  Of particular note, Smoothened, the 7TM receptor most closely 

related to the Fzd family of receptors, has recently been shown to activate Rho via a 

pertussis-toxin sensitive G protein (Togashi, Emala et al. 1998).  The mechanism by 

which this occurs is not clear but may be an indirect route through Rac1 activation 

(Polizio, Chinchilla et al. 2011). 

We have begun to dissect the role for the various receptors in our system and 

have shown that overexpression of human Fzd1 does not sensitize C3H cells to Wnt-

stimulated SRF activation, an assay used to assess Rho activation. So Fzd1 likely does 

not facilitate Wnt3A-stimulated Rho activation (Fig. 8C). Importantly, overexpression of 

murine Fzd1 but not human Fzd1 inhibits both BMP- and Wnt3A-induced accumulation 

of alkaline phosphatase and Wnt3A stimulated βcatenin nuclear accumulation in 

mesenchymal stem cell lines, including C3H10T1/2 cells, and also Wnt3A stimulated 

βcatenin nuclear accumulation (Polizio, Chinchilla et al. 2011). This suggests mFzd1 

antagonizes Wnt/βcatenin signaling, at least in these cells. The data presented in Ch 3 

demonstrate that the Wnt/Rho pathway augments βcatenin-dependent transcription so 

Fzd1 is not likely responsible for Wnt3A-stimulated SRF transcription (Fig. 8C).  

The Wnt3A-activation of Rho/ROCK is required for the transcription of genes 

that drive osteoblastic differentiation in multipotent cells, as we show here, but also may 

actively provide a block to prevent passage of cells down other differentiation pathways, 

namely adipogenesis.  Indeed, Wnt3A has been reported to inhibit adipogenesis 

(Roman-Roman, Shi et al. 2004).  Moreover, adipogenesis in 3T3-L1 pre-adipocytes is 

inhibited by ligand-dependent Rho activation and is significantly enhanced by inhibition 

of ROCK activity.  Thus, it is tempting to speculate that the activation of Rho/ROCK 

induced by Wnt3A serves as a molecular switch to stimulate passage down one 
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differentiation pathway (osteoblastic) and to repress passage down another 

(adipogenic). 

In addition to mesenchymal stem cells, activation of a Wnt/Rho/ROCK pathway 

may be an important molecular switch governing cell fate decisions in other types of 

stem cells.  For example, Wnts are known to play an important role in embryonic stem 

(ES) cell survival and pluripotency (Kanazawa, Tsukada et al. 2005). Notably, several 

recent reports have shown that human and monkey ES cells treated with the ROCK 

inhibitor, Y-27632, display a marked reduction in cell death after dissociation and an 

increase in maintenance of pluripotency (Liu, Lu et al. 2007; Li, Meng et al. 2008; Martin-

Ibanez, Unger et al. 2008; Takehara, Teramura et al. 2008).  Thus, it may be that a 

Wnt/Rho/Rock pathway influences cell fate decisions in ES cells as well.  While we 

have identified Wnt3A-activated, Rho-sensitive genes in mesenchymal stem cells 

important for osteoblastic differentiation, it is possible that different cells/tissues will 

exhibit distinct subsets of Rho-sensitive Wnt targets and/or differing abilities to activate 

Rho in response to Wnt.  This scenario provides a potential mechanism for allowing 

distinct cellular responses to the same Wnt ligand. 

The placement of Rho as an important component in Wnt3A-stimulated 

βcatenin-dependent signaling has intriguing implications for possible cross-regulation 

of the pathway, not only in stem cells, but other cell types as well.  This potential 

crosstalk may have particular relevance in disease states, especially cancer, that include 

or require aberrant Wnt signaling.  Elevated Wnt activity is observed in a number of 

human cancers (Clevers 2006; Watanabe, Ueno et al. 2007) and Rho activation has been 

linked to advancing stage and grade of many types of cancer (Polakis 2007).  It is 

possible that amplification of Wnt signals provides a mechanism through which Rho can 

modulate tumor behavior, in addition to its well-characterized effect on cell motility.  In 
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this regard, it is notable that lysophosphatidic acid (LPA), an agent that triggers Rho 

activation, recently has been demonstrated to impact cell proliferation in colon cancers 

in a fashion dependent upon the βcatenin signaling pathway (Sahai and Marshall 2002).   

A connection between Wnt and Rho may also be important in other disease 

states as well, including pulmonary hypertension (PH).  Components of the canonical 

Wnt/βcatenin signaling pathway are present in the adult lung and activated during 

injury and fibrosis (Yang, Zhong et al. 2005; Konigshoff and Eickelberg 2010). Ctgf, a 

Wnt/Rho target, is upregulated in PH and overexpression of the protein is sufficient to 

induce vascular remodeling and hypertension (Lasky, Ortiz et al. 1998; Flozak, Lam et 

al. 2010). Not only Wnt signalng and Wnt/Rho target genes elevated in PH but the 

levels of Rho-kinase and activated ROCK were elevated in lung tissue isolated from 

human patients with pulmonary hypertension (PH).   

Importantly, inhibition of ROCK by fasudil significantly decreased pulmonary 

vascular resistance and mean pulmonary arterial pressure in patients with PH 

(Fukumoto, Matoba et al. 2005; Chen, Rong et al. 2011).  Since there is much data to 

support the role for Ctgf and Rho-signaling in the pathophysiology of PH, it is tempting 

to speculate that the Wnt/Rho pathway may also contribute to the upregulation of Ctgf 

in response to injury and fibrosis and contribute to the development of PH.  Since 

Rho/ROCK inhibitors, such as fasudil, are in clinical trials for the treatment of PH and 

have shown efficacy (Fukumoto, Matoba et al. 2005; Fujita, Fukumoto et al. 2010), 

inhibition of Wnt/Rho signaling may provide additional avenues for therapeutics.    

A detailed understanding of the mechanisms of canonical Wnt signaling is 

required to unravel the complexities of the Wnt/Rho pathway, including its cross-

regulation.  The identification of Rho as a positive mediator of the pathway may provide 

an important link to other signaling networks.   



 

78 

4. MEK1/2 and Erk1/2 Mediate Wnt3A Dose Response in 
C3H10T1/2 Cells by influencing βcatenin/Tcf4 Association 

4.1 Preface 
Wnts act as morphogens and exert their effects in a concentration dependent 

manner in vivo. Concentration gradients dictate cell fate decisions and convey positional 

information in developing organisms. Similar gradients are active in the adult, but the 

consequences, specifically with regard to cell fate decisions, are far less well understood. 

Further insight into this field will require a more thorough understanding of how cells 

recognize different concentrations of a morphogen, how such signals are transduced to 

the nucleus, and how individual cells alter transcription appropriately (Fujita, Fukumoto 

et al. 2010). 

Morphogens are effective at very low concentrations, 10-9 to 10-11 M, which makes 

direct visualization very difficult.  Often, gradients are deduced by their ability to 

activate genes in a concentration-related sequence (Gurdon and Bourillot, 2001).  As 

such, few groups have considered relative Wnt concentration.  One group analyzed 

Wnt3A concentration effects in the dopaminergic cell line SN4741, which revealed that 1 

ng/mL Wnt3A induced the stabilization of βcatenin while >20 ng/mL was required to 

induce phosphorylation of Dvl . Significantly, CK1 activity was required for Dvl-

phosphorylation but not βcatenin stabilization (Gurdon and Bourillot 2001). 

Recently, Nalesso, et al. demonstrated that different concentrations of Wnt3A 

activate the Wnt/βcatenin and the Wnt/Ca²⁺ pathways in primary human articular 

chondrocytes (Bryja, Schulte et al. 2007).  Through reciprocal inhibition between 

Ca²⁺/calmodulin dependent kinase II (CaMKII) and both Tcf/Lef and βcatenin, the two 

pathways coordinate to regulate chondrogenesis. The Wnt/Ca²⁺ pathway is activated at 
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very low concentrations of Wnt3A, while βcatenin stabilization requires significantly 

higher concentrations.  This work demonstrates that a single ligand is capable of 

activating distinct intracellular signaling cascades, both of which contribute to cell fate 

determination. 

Interestingly, Wnt3A concentration plays an enigmatic role in osteoblastogenesis. 

In human models, Wnt3A and LiCl treatment have been demonstrated to inhibit both 

lineage commitment and terminal differentiation, while high Wnt activity promotes 

lineage commitment (Nalesso, Sherwood et al. 2011). However, in mouse models, 

Wnt/βcatenin signaling is required for both lineage commitment and early 

differentiation (Ling, Nurcombe et al. 2009).  Concentration-dependent effects of Wnt3A 

on osteoblastogenesis have not been systematically studied. 

A number of investigators have used C3H cells to study osteoblastogenesis.  In 

this mouse MSC cell line, Wnts are known to both promote osteoblastogenesis and 

inhibit the opposing adipogenic cell fate.  The choice between these two fates mimics 

what is observed in vivo in the bone marrow.  This Chapter describes an investigation of 

concentration-dependent effects of Wnt3A on these C3H cell fate decisions.  

Surprisingly, these experiments demonstrate that Wnt3A-stimulated transcriptional 

activation and osteoblastogenesis do not strictly correlate with βcatenin stabilization. 

To account for this discrepancy, I found that at higher concentrations of Wnt3A, 

the ERK pathway is activated, and, similar to the findings of Nalesso, et al. (Ling, 

Nurcombe et al. 2009), Wnt/βcatenin and Wnt/Erk coordinate to regulate C3H cell fate 

decisions.  In contrast to their findings, however, βcatenin stabilization and Wnt/Erk 

activation do not lead to divergent transcriptional events; rather, the Wnt/ERK pathway 

modulates transcription of a subset of βcatenin-dependent target genes by influencing 
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the association between βcatenin and Tcf4.  Thus, this Wnt/ERK pathway is auxiliary to 

βcatenin stabilization, modulating both the βcatenin dependent transcriptional output 

and also osteoblastic differentiation. In this chapter, I identify and define the 

components of the auxiliary Wnt/ERK pathway and investigate its contributions to cell 

fate decisions in C3H cells. 

4.2 Experimental Results 

4.2.1 Wnt3A Inhibits Adipogenesis at [Wnt3A]low and Promotes 
Osteoblastogenesis at [Wnt3A]high 

Wnt3A promotes osteoblastogenesis in C3H cells, while inhibition of ßcatenin 

signaling by overexpression of dnTcf4 promotes adipogenesis (Nalesso, Sherwood et al. 

2011).  To understand the effects of Wnt3A concentration on these two opposing fates, I 

measured osteoblastogenesis and inhibition of adipogenesis at varying dilutions of 

Wnt3A conditioned media (Figure 11A).  The dose response curve of osteoblastogenesis, 

measured by ALP activity (solid line), is markedly right shifted from that of inhibition of 

adipogenesis (dashed line), and measured by induction of the adipogenic target gene 

PPARϒ.  That is, significantly higher concentrations of Wnt3A are required to induce 

osteoblastogenesis than are required to inhibit adipogenesis.  Since it is known that 

βcatenin directly interacts directly with and downregulates both PPARϒ and C/EBPα, 

master regulators of adipogenesis (Rawadi, Vayssière et al. 2003), I also examined other 

adipogeneic target genes, C/EBPα, adiponectin and ADRP, to confirm that this 

observation was not limited to PPARϒ.  Similar Wnt3A dose-dependent inhibition of 

ADRP, adiponectin, and C/EBPα was observed (data not shown).  Thus, the Wnt3A 

regulates the adipocyte-osteoblast choice differently at different concentrations.  
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Intriguingly, there is a concentration of Wnt3A ([Wnt3A CM]Low) where 

adipogenesis is markedly inhibited, but there is also no significant accumulation of ALP 

activity.  This suggests that at [Wnt3A CM]Low, C3H cells are not committed to either 

lineage.  We hypothesized that [Wnt3A CM]Low could promote C3H self-renewal and 

prevent commitment to either lineage.  To begin addressing this question, we pretreated 

cells with varying concentrations of Wnt3A CM for 4 days, washed the CM out, and 

assessed their ability to differentiate in adipocytes.  Both untreated and Control CM 

treated cells should readily upregulate adipogenic target genes, while cells treated with 

[Wnt3A CM]High should be committed to osteoblastic fate, so we predict that they will be 

resistant to adipogenesis.  Adipogenic differentiation of cells treated with [Wnt3A 

CM]Low will depend on the half-life of the Wnt3A inhibitory effect, but ultimately we 

predict that they will be able to differentiate into adipocytes. 

As predicted, both untreated and Control CM treated cells were able to 

upregulate adipogenic markers PPARϒ, Adiponectin, and ADRP (Figure 11B & data not 

shown).  Also, [Wnt3A CM]High induced robust accumulation of ALP and did not 

upregulate the adipocyte markers, PPARϒ, Adiponectin, and ADRP (data not shown & 

Figure 11B). However, cells pretreated with [Wnt3A CM]Low were not able to induce 

adipocyte markers, PPARϒ, Adiponectin, and ADRP when treated with adipogenic 

stimulation (data not shown & Figure 11B).  Thus, in this experiment, [Wnt3A CM]Low 

treated cells will proliferate but, at this time point, did not regain the ability to 

differentiate into adipocytes.  Further experiments are underway to determine whether a 

longer interval between pretreatment and adipogenic stimulation will restore the 

pluripotency to the [Wnt3A CM]Low-treated cells.  In sum, these data indicate that 

increasing concentrations of Wnt3A differentially affect C3H cell fate decisions and 
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possibly affect self-renewal.

 

Figure 11: Cell Fate Decisions in C3H cells require differential concentrations of 
Wnt3A. 

(A) C3H10T1/2 cells were seeded at low density and induced to differentiate.  For 
osteoblastogenesis, cells were treated with increasing concentrations of Wnt3A CM.   
After 96 hours, alkaline phosphatase was measured as described in Materials and Methods 
and is reported as fraction of maximal response. The data shown are the mean and 
standard error from six separate determinations from a single experiment and are 
representative of at least 4 independent experiments. For adipogenesis, two days post 
confluence, C3H10T1/2 cells were treated with insulin, dexamethasone, IBMX, and 
increasing concentrations of Wnt3A CM as described in Materials and Methods. 48 hours 
after treatment, RNA was harvested and quantitative real time PCR was performed to 
measure induction of the adipogenic target gene, PPARγ. Results were calculated as fold 
induction relative to the reference gene (Gapdh) and reported as fraction of maximal 
response. The data represent the mean and standard error of three separate 
determinations from a single experiment and are representative of at least four 
experiments. (B) C3H10T1/2 cells were seeded at low density and treated for 96 hours 
with [Wnt3A CM]Low. Induction of alkaline phosphatase was measured as in A. CM was 
washed out and 24 hours later were treated with insulin, dexamethasone, and IBMX 
(IDM) as described in Materials and Methods. 48 hours later after IDM treatment, RNA 
was isolated and quantitative real time PCR was performed to measure induction of the 
adipogenic target gene, PPARγ. Results were calculated as fold induction relative to the 
reference gene (Gapdh). (C) C3H10T1/2 cells were grown to 75% confluence in 6-well 
dishes and then treated with increasing concentrations of Wnt3A CM for 3-24 h prior to 
lysis and isolation of the cytosolic fractions. 10 µg of protein from these fractions were 
subjected to SDS-PAGE and immunoblot analysis to detect endogenous βcatenin. The 
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data are from a single experiment that is representative of at least five experiments.  
C3H10T1/2 cells were grown to 40% confluencey and transfected with 8XTFand phRG 
internal control reporter. 24 h after transfection, cells were treated with increasing 
concentrations of Wnt3A CM for 18 h prior to lysis and measurement of luciferase 
activity. The data shown are the mean and standard error from four separate 
determinations in a single experiment and are representative of at least four 
experiments. Cytosolic βcatenin detected by immunoblot was quantified using the 
Odyssey® system from Li-Cor as described in Materials and Methods. The data shown are 
the mean and standard error from four separate determinations in a single experiment 
and are representative of at least four experiments. Results shown are normalized to 
βtubulin and RhoGDI, protein loading controls.  Results are reported as fraction of 
maximal induction. (D) Schematic of the C3H10T1/2 cell response to Wnt3A. βcatenin 
maximally stabilizes at [Wnt3A]Low and [Wnt3A]Low maximally inhibits induction of 
adipogenesis. [Wnt3A]High is required induce osteoblastogenesis.  (E) C3H10T1/2 cells 
were grown to 40% confluency and transfected with either 8XTFand phRG or SRF-luc 
and pRLTK. 24 h after transfection, cells were treated with increasing concentrations of 
Wnt3A CM for 18 h prior to lysis and measurement of luciferase activity. The data 
shown are the mean and standard error from four separate determinations in a single 
experiment and are representative of at least two experiments. Results are reported as 
fraction of maximal induction. 

4.2.2 βcatenin Stabilization is Uncoupled from Transcription 

The discrete effects of Wnt3A on C3H10T1/2 adipogenesis and 

osteoblastogenesis at increasing concentrations of Wnt3A suggest that the roles of Wnt 

in these two differentiation processes are distinct and uncoupled.  Such conclusion is 

somewhat surprising, though, since the effects of canonical Wnts (i.e., transcriptional 

activation) are believed to be driven primarily by βcatenin stabilization (Ross, Hemati et 

al. 2000), and both inhibition of adipogenesis and stimulation of osteoblastogenesis are 

known to require βcatenin (Daugherty and Gottardi 2007).  To investigate the role of 

Wnt3A-stabilized βcatenin specifically in these differentiation processes, we first treated 

C3H cells with increasing concentrations of Wnt3A and measured both βcatenin 

stabilization and βcatenin-dependent transcriptional activation using the βcatenin/Tcf 

reporter, 8XTF.  Surprisingly, the Wnt-driven transcriptional response is significantly 

right-shifted from that of Wnt-stimulated βcatenin stabilization (Figure 11C), i.e., 
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significantly higher concentrations of Wnt3A are required to induce transcription than 

are required to stabilize βcatenin.   

Notably, the βcatenin stabilization and transcriptional activation curves are 

similar to the dose response curves for adipogenesis and osteoblastogenesis, respectively 

(Figure 11A).  Namely, in a manner analogous to what was observed in the adipocyte vs. 

osteoblast differentiation response, there is a low concentration of Wnt3A ([Wnt3A]Low), 

where there is maximal βcatenin stabilization but very little transcriptional induction, 

and a high concentration of Wnt3A ([Wnt3A]High), where both βcatenin stabilization and 

transcription induction are maximal (Figure 11C).  Thus, in conjunction with the 

differentiation response (Figure 11A), these data imply that signaling events in addition 

to βcatenin stabilization are initiated as Wnt3A increases from [Wnt3A]low to 

[Wnt3A]High.  Moreover, these additional (auxiliary) signaling events induce target genes 

that are required for Wnt3A-stimulated osteoblastogenesis.  It is possible that these 

targets could be a different set of βcatenin-independent targets.  However, the fact that 

the concentration-dependent effect was observed using a βcatenin-driven reporter 

(8XTF) (Figure 11C) suggests that Wnt3A concentration-dependent effects would be 

manifest on βcatenin-dependent target genes. 

4.2.3 A Subset of Wnt3A target genes are more robustly activated at 
higher concentrations of Wnt3A 

To identify target genes affected by increasing Wnt3A and elucidate auxiliary 

signaling pathways responsible for their activation, we performed expression 

microarray analysis using the Affymetrix platform on C3H10T1/2 cells treated with 

Control CM, [Wnt3A]low CM, and [Wnt3A]High CM (see Chapter 2, Materials and Methods). 

65 gene probes were induced by greater than 2-fold by [Wnt3A]Low, while 158 were 
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induced greater than 2-fold by [Wnt3A]High (Figure 12A).  The Wnt3A stimulation of the 

cells worked as expected, as many of these genes showing Wnt3A-stimulated induction 

have been previously identified by others and us as Wnt3A targets in these cells, 

including Ahr, Axin2, Ctgf, Hes1, Igfbp2, Nkd1, Omd, Tgfb3, Nkd2 (Rawadi, Vayssière et al. 

2003; Jackson, Vayssiere et al. 2005). 

To assess concentration-dependent effects, we compared genes induced by 

[Wnt3A]Low versus [Wnt3A]High.  If all Wnt target genes were to respond as does the 8XTF 

reporter, which is frequently used as a surrogate for general Wnt-stimulated 

transcription, then one would predict that all Wnt target genes should show a similar 

concentration-dependent increased induction from [Wnt3A]Low  to [Wnt3A]High.  

Surprisingly, however, this was not the case.  Among the ~200 gene probes induced 

>2fold at [Wnt3A]High, 72 demonstrated a greater than 1.5-fold increase in induction from 

the [Wnt3A]High treated cells relative to [Wnt3A]Low treated cells (Figure 12B).  Definitive 

annotations were available for these probes, which represent 65 distinct genes, which I 

will refer to as “dose-sensitive” genes (Error! Reference source not found.). A scatter 

plot of the probes induced by [Wnt3A]Low versus [Wnt3A]High highlights the dose-

sensitive targets for which [Wnt3A]High induction is greater than 2 times the induction in 

the presence of [Wnt3A]Low (dashed line) (Figure 12B).  Dose sensitive Wnt targets were 

both weakly and strongly induced and represent a minority of the Wnt3A-induced 

genes (Figure 12A).  Importantly, many dose responsive targets are required for 

osteogenesis or are factors that promote bone growth and repair (Chang, Seol et al. 2009; 

Rossol-Allison, Stemmle et al. 2009; Champy, Le Voci et al. 2011). 
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Table 6: Wnt3A target genes induced more robustly at [Wnt3A]High 

          

 

Figure 12: A subset of Wnt3A targets are more robustly activated at [Wnt3A]High 

C3H10T1/2 cells were grown to 75% confluency in 10 cm plates and treated either with 
control CM, [Wnt3A CM]Low, or [Wnt3A CM]High for 24 h as described in Materials and 
Methods.  RNA was then harvested, and cDNA was generated, labeled, and hybridized 
to Affymetrix moue operon arrays. The data are representative of two independent 
experiments. (A) For each of the 105 probes showing induction by Wnt3A, the fold-
induction in the presence of [Wnt3A CM]Low is plotted versus fold-induction with 
[Wnt3A CM]High. The upper dashed line represents where [Wnt3A CM]High induction 
would be either 2 times induction with [Wnt3A CM]Low; the middle thin line represents 
Wnt3A-stimulated genes that are unaffected by increasing [Wnt3A CM]. (B) Total 
number of gene probes detectable with signal above background showing ≥ 2-fold 
increase in signal in the Wnt3A-treated groups relative to control CM. (C) C3H10T1/2 
cells were grown to 75% confluence in 6-well dishes and then treated with increasing 
concentrations of Wnt3A CM.  After 24 h, RNA was isolated and quantitative real time 
PCR performed as described in Matieral and Methods using primers to detect targets 
described in figure. Results were calculated as fold induction relative to the reference 
gene Gapdh.  Data are normalized to Control CM treated samples and reported as the 
ratio of fold change at [Wnt3A CM]High to fold change at [Wnt3A CM]Low. The data 
shown are the mean and standard error from three separate determinations in a single 
experiment and are representative of at least three experiments.  
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4.2.4 Rho activation is not responsible for dose dependent effects 

To understand the mechanism by which a subset of Wnt3A targets is 

differentially regulated by increasing Wnt3A concentration, we first considered the 

possibility that RhoA is responsible.  Of note, ligand activated RhoA inhibits 

adipogenesis in 3T3-L1 cells (Noguchi et al 2007).  Moreover, in Chapter 3 of this 

dissertation, I show that Wnt3A-activated RhoA is required for osteoblastogenesis in 

C3H10T1/2 cells (Figure 4 and (Qiu, Hu et al. 2010)).  As shown in Chapter 3, Wnt3A-

activated RhoA can modulate βcatenin-dependent transcription via other regulatory 

elements within promoter regions of Wnt target genes.  If that is indeed the mechanism 

by which RhoA regulates Wnt targets, then it seems an unlikely explanation for the dose 

dependent effects on 8XTF, which is a simple reporter containing only a TCF binding 

site within the enhancer.  Nevertheless, it is possible that activated RhoA could have 

other effects on βcatenin and thus could be mediating the Wnt3A-stimulated 

transcriptional dose response. 

However, only four Wnt3A-target genes previously identified to be sensitive to 

C3 exotoxin were also found to be “dose-dependent” (Ch 3 and Figure 11: Aldh1a7, 

Bpgm, Igfbp2, and Inhba.  We also tested the possible involvement of RhoA.  As shown 

in Chapter 3, Wnt3A-activated Rho can be assessed using the SRF luciferase reporter 

(Figure 11E).  We stimulated C3H cells with increasing concentrations of Wnt3A CM 

and assessed transcription of both the SRF-luciferase reporter and 8XTF.  The 8XTF dose 

response curve was right-shifted from that of the SRF in a manner similar to that of 

βcatenin stabilization and Super8X Top Flash (Figure 11C). These data suggest that the 

manner in which Wnt3A activates SRF mediate transcription, through RhoGTPase 

activity, is different from transcription of the Tcf/Lef reporter, Super8X Top Flash, 

possibly through a different receptor. 
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4.2.5 βcatenin/Tcf4 complex association with DNA increases with 
increasing concentrations of Wnt3A 

To validate and characterize the results observed in the microarray, I used 

quantitative RT-PCR.  First, to confirm that induction of only a subset of Wnt3A targets 

increases at high relative low Wnt3A, we measured induction of both dose-sensitive and 

dose-insensitive targets.  As expected, targets identified as dose-sensitive by the arrays 

(Axin2, Lgr5, Edn1, Nkd2, Cxcr6, and Lgr5) were indeed more robustly activated at 

[Wnt3A CM]High, while targets identified by the arrays as dose-insensitive (Ahr, Timp3, 

and Igfbp4) were found to be induced similarly at low and high (Figure 12C and data not 

shown). 

To confirm that the Wnt3A targets identified in the microarray and validated by 

qRT-PCR were in fact canonical Wnt targets, we used two different inhibitors, inhibitor 

of βcatenin association with Tcf (iCAT) and a truncated form of Tcf4 (Tcf4∆N).  Tcf4∆N 

lacks the βcatenin binding domain but retains the ability to bind DNA at canonical TCF4 

binding sites.  Thus, this construct acts in a dominant negative fashion by inhibiting 

βcatenin-dependent induction of βcatenin/TCF4 targets (Rossol-Allison, Stemmle et al. 

2009).  The iCAT is a 9kDa protein that binds and functionally sequesters βcatenin, 

preventing its binding to a number of partners ((Korinek, Barker et al. 1997) & (Tago, 

Nakamura et al. 2000)).  C3H cells were transfected with either iCAT or Tcf4∆N, 

stimulated with [Wnt3A]Low or [Wnt3A]High, and the effect dose-dependent and –

independent target genes was measured. As expected, all targets were sensitive to 

inhibition of βcatenin by overexpression of iCAT. Strikingly, however, Wnt3A dose -

insensitive target genes were less sensitive to inhibition by overexpression of Tcf4∆N 

(Figure 13A).  The notable exception is Edn1; it is not clear why this gene behaves 

differently.  
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Consistent with effect on target genes, these inhibitors had similar effects on 

Wnt3A-stimulated 8XTF reporter (Figure 13B), whose activation is also dose-sensitive 

(Figure 11C).  Transcription was completely inhibited in the presence of iCAT, while 

Tcf4∆N diminished  [Wnt3A]High stimulation to the level of induction seen at [Wnt3A]Low.  

These data suggest that dose-sensitive target genes utilize Tcf4, while dose-insensitive 

targets do not. Based on this data, I will refer to dose-dependent target genes as Tcf4-

dependent.  Also, they also imply that maximal Wnt-stimulated activation of 8XTF, a 

widely used Wnt reporter in the field, is largely dependent on TCF4. 

To test whether Tcf4-containing complexes form on DNA in a dose-dependent 

manner; I used eletrophoretic mobility shift assays (EMSA) (see Chapter 2, Materials and 

Methods).  We utilized a probe designed from the sequence of the dose-responsive 8XTF 

reporter that contains a consensus Tcf binding site (Korinek, Barker et al. 1997; Daniels 

and Weis 2002).  Importantly, both ßcatenin and Tcf4 have been shown to form a 

complex with this probe in gel shift assays (Veeman, Slusarski et al. 2003).  

Incubation of nuclear extracts from C3H cells treated with [Wnt3A]High revealed 3 

dominant bands (Figure 13D).  All three are specific for the labeled Tcf/LEF probe 

because unlabeled probe competes them, while a scrambled probe does not (Figure 13D, 

Bottom Panel).  Korinek, et al. also observed multiple bands in EMSAs (Korinek, Barker 

et al. 1997). 

To determine which band contains both Tcf4 and βcatenin, binding reactions 

were incubated with antibodies specific for Tcf4 and βcatenin.  The top band clearly 

contains Tcf4, as it supershifts upon addition of a Tcf4 specific antibody.  There is also a 

clear supershift in the presence of a ßcatenin antibody, but it is unclear which band the 

supershift is coming from.  Multiple antibodies and multiple different incubation 

conditions were unable to further illuminate this. As no other band obviously shifts in 
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the presence of the Tcf4 antibody and βcatenin is known to interact directly with 

members of the Tcf/Lef family, it seems most likely that βcatenin is present in the upper 

band.  The other two bands may be two separate transcriptional complexes, likely ones 

that do not contain Tcf4 since the TCF4 antibody does not shift them.  Since the DNA 

probe was designed from the Tcf/Lef binding sequence found in 8XTF, it is worth 

noting that multiple transcriptional complexes may have the capacity to form on the 

8XTF luciferase reporter.  This is not an unreasonable hypothesis given the Tcf4-

containing transcriptional complexes are not static but dynamically regulated during 

differentiation of the intestinal epithelium (Korinek, Barker et al. 1997). While 

interesting, we did not further characterize these two bands (labeled with *). 

We then investigated whether there was an increase in βcatenin/Tcf4 complex 

binding to DNA in nuclear extracts of cells treated with increasing concentrations of 

Wnt3A CM.  As seen in Figure 13D, there is indeed a dose-dependent increase in the 

amount of shifted probe with increasing concentrations of Wnt3A CM treatment.  The 

observed increase in βcatenin/Tcf4 binding to DNA is not due to an increase in the total 

amount of βcatenin or Tcf4 within the extracts (Figure 13D, Bottom Panel), which is 

consistent with the data in Figure 13C demonstrating no change in βcatenin stabilization 

by this increase in [Wnt3A].  While there was an equal amount of βcatenin present in 

nuclear extracts of cells treated with [Wnt3A]High compared to Control or [Wnt3A]Low, 

there was significantly less Tcf4 (Figure 13C).  These data suggest that the dose-sensitive 

increase in the amount of βcatenin/Tcf4/DNA complex formation may be 

underestimated by EMSA. 
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4.2.6 [Wnt3A CM]High promotes increased association between Tcf4 
and βcatenin 

The results above reveal a concentration-sensitive increase in βcatenin/Tcf4/DNA 

complex formation, but the data do not indicate whether there is a concentration-

sensitive increase in the affinity of βcatenin and Tcf4 or an increase in the affinity of the 

complex for DNA or both.  To address this, we treated C3H cells with varying Wnt3A 

concentrations, immunoprecipitated βcatenin from nuclear extracts, and probed for 

Tcf4.  As shown in Figure 13C there is an increase in the amount of Tcf4 that co-IPs with 

βcatenin at [Wnt3A]High compared to [Wnt3A]Low, while the total amount of βcatenin 

precipitated is not significantly different.  When Tcf4 is precipitated, a similar pattern is 

revealed (Figure 13D, Lower Panel), i.e., there is an increase in the amount βcatenin of 

that co-IPs with Tcf4 after [Wnt3A]High compared to [Wnt3A]Low treatment. These data 

indicate that there is an increased association between βcatenin and Tcf4 with increasing 

concentrations of Wnt3A.  
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Figure 13: There is an increase in the association between βcatenin/Tcf4 after 
[Wnt3A]High treatment 

(A) C3H10T1/2 cells were grown to 40% confluency and transfected with empty vector, 
dnTcf4, or iCAT as indicated. 24 h after transfection, cells were treated with control CM, 
[Wnt3A CM]Low, or [Wnt3A CM]High and incubated for an additional 24 h.  Cells were 
then harvested, RNA was extracted, and quantitative RT-PCR was performed for each 
condition using primers specific for genes in the figure, as described in Materials and 
Methods. The data shown are the mean and standard error from three separate 
determinations in a single experiment and are representative of at least three 
experiments. Results are reported as fold change relative to reference gene Gapdh. (B) 
C3H10T1/2 cells were grown to 40% confluency and transfected with Super8X Top 
Flash and phRG, an internal control reporter, as well as empty vector, dnTcf4, or iCAT 
as indicated. 24 h after transfection, cells were treated with control CM, [Wnt3A CM]Low, 
or [Wnt3A CM]High and incubated for an additional 18 h prior to lysis and measurement 
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of luciferase activity.  (C) C3H10T1/2 cells were grown to 75% confluency and treated 
with control CM, [Wnt3A CM]Low, or [Wnt3A CM]High.  After 24 h, nuclear extracts were 
isolated and immunoprecipitated (IP) with anti-βcatenin, anti-Tcf4, or Ig as described in 
Materials and Methods.  Immunoblots were done in parallel of whole cell extracts (Total), 
cytosolic extract (Cyt), and nuclear extracts (Nuc) to assess protein concentration. (D) At 
75% confluency, C3H cells were treated with control CM, [Wnt3A CM]Low, or [Wnt3A 
CM]High.  After 24 h, nuclear extracts were isolated and EMSAs were performed as 
described in Materials and Methods. Unless indicated otherwise, binding reactions 
contained ~5 µg nuclear protein from cells treated with [Wnt3ACM]High. (*) donotes a 
complex that interacts specifically with the Tcf probe but does not appear to contain 
Tcf4. 
 

4.2.7 MEK-ERK pathway is required for Tcf4-dependent 
transcriptional affects. 

Based on the dose-dependent effects of Wnt3A on differentiation (Figure 11A) 

and transcriptional activation (Figure 11C) that are unrelated to increases in βcatenin 

stabilization, we hypothesized that other signaling pathways are activated by 

[Wnt3A]High and are responsible for these phenomena.  To assess the potential 

contribution of phosphorylation to these concentration-dependent Wnt3A effects, we 

treated C3H cells with increasing concentrations of Wnt3A for 15 min and looked for 

dose-dependent phosphorylation of a number of kinases, including Stat3, Stat6, Akt, 

ERK, p90RSK, CREB and NFkB.  Three kinases demonstrated an increase in 

phosphorylation in response to Wnt3A:  Erk, p90RSK, and Akt, though the most robust 

was Erk (data not shown).  

Canonical Wnts have been shown to stimulate phosphorylation and activation of 

Erk in breast cancer cell lines, mammary epithelial cells, and fibroblasts, including C3H 

cells (Schlange, Matsuda et al. 2007; Shitashige, Hirohashi et al. 2008). Significantly, 

Caverzasio, et al. (2007) has shown that Wnt3A stimulates Erk phosphorylation in C3H 

cells and inhibition of Mek1/2 by U0126 attenuates Wnt3A-stimulated ALP production 

(Civenni, Holbro et al. 2003). 
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To assess a potential role for Erk in the dos-dependent effects of Wnt3A on 

differentiation and transcriptional phenomena in C3H cells, we examined Erk 

phosphorylation as a function of purified [Wnt3A] (Figure 14A).  Notably, this activation 

curve closely resembles the 8XTF activation curve (Figure 11C).  Since the primary 

activator of Erk is Mek1/2, we stimulated starved C3H cells with Wnt3A for 10 minutes 

in the presence of the Mek1/2 inhibitor SL327 (Figure 14A) and, as expected, SL327 

significantly attenuated Wnt3A-stimulated Erk phosphorylation.  Even in the presence 

of SL327, there is some residual Erk phosphorylation (Figure 14A), which suggests that 

Mek1/2 may not be the only mechanism though which Wnt3A stimulates Erk 

phosphorylation.  In any event, Mek1/2 appears to be the dominant kinase involved in 

the pathway.  

Importantly, there is no difference in the time course of βcatenin stabilization 

between vehicle or SL327 treated cells (Figure 14B).  Furthermore, there is no difference 

in the amount of nuclear βcatenin after 24 hours of Wnt3A CM treatment in SL327 

treated cells compared to vehicle (Figure 14B).  

We then asked whether the Wnt3A-Erk pathway was important for βcatenin-

mediated transcription.  Wnt3A-stimulated induction of the 8XTF was significantly 

inhibited when C3H cells were co-treated with 10 µM SL327 (Figure 14C).  We then 

assessed the effect of SL327 on the induction of Wnt3A-stimulated target genes.  

Significantly, treatment with SL327 inhibited induction of Tcf4-dependent (dose-

dependent) target genes Cxcr6, Axin2, and Nkd2, but had no effect on Tcf4-independent 

targets Timp3, Ahr, and Tgfβ3 (Figure 14E).  It is important to note that not every Tcf4-

dependent or dose-responsive target gene was inhibited by treatment with SL327, 

however, the majority assessed were.  These data suggest that Mek1-ERK is required for 
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optimal Wnt3A-stimulated transcriptional induction of both 8XTF and Tcf4-dependent 

target genes. 
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Figure 14: Mek1/2 activity is required for full inductin of βcatenin/Tcf4 
transcriptional responses. 
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(A) C3H10T1/2 cells were grown to 75% confluency and starved in 0.25% HIFBS 
containing media for 24 hours.  Cells were then stimulated with purified, recombinate 
Wnt3A or appropriate vehicle control as indicated. When indicated, cells were treated 
with 10 µM SL327 for 15 min prior to 100 ng/mL Wnt3A stimulation for 10 minutes. 3-10 
µg of protein from these fractions were subjected to SDS-PAGE and immunoblot 
analysis to detect phospho-Erk (Thr 202/Tyr204). (B) Cells were grown to 75% 
confluency and treated with Control or [Wnt3A CM]High in the presence or absence of 10 
µM SL327 for the indicated times. Cytosolic extract was isolated and 10 µg extract was 
subjected to SDSPAGE and immunoblot analysis for detection of endogenous βcatenin 
and βactin. Nuclear extracts were isolated after 24 hours and subject to SDSPAGE and 
immunoblot analysis for detection of endogenous βcatenin and CREB.  These data are 
from a single experiment and representative of 1-4 experiments. (C) Cells were grown to 
40% confluency and transfected with Super 8XTF and phRG, an internal control 
plasmid. 24 h after transfection, cells were treated with control CM, [Wnt3A CM]Low, or 
[Wnt3A CM]High and 10 µM SL327 or vehicle (DMSO) as indicated. Cells were lysed and 
luciferase activity was measured after 18 h. (D) Cells were grown to 90% confluency and 
treated with Control or [Wnt3A CM]High in the presence or absence of 10 µM SL327 for 24 
hours.  Cells were lysed and Alkaline Phosphatase Activity was measured as described 
in Materials and Methods. The data are an average of 4 replicates within a single 
experiment. (E) Cells were grown to 75% confluency and treated with control CM, 
[Wnt3A CM]Low, or [Wnt3A CM]High and 10 µM SL327 or vehicle (DMSO) as indicated.  
RNA was isolated after 24 h and quantitative real time PCR performed as described in 
Materials and Methods.  The data are reported as fold change relative to the reference 
gene (Gapdh). 
 

4.2.8 Inhibition of ERK activation blocks the [Wnt3A]High-stimulated 
increase in βcatenin/Tcf4 binding 

Since inhibition of Mek-Erk does not affect either βcatenin stabilization or 

nuclear translocation (Figure 14B), we hypothesized that activated Erk is responsible for 

the promotion of βcatenin/Tcf4 complex formation at [Wnt3A]High demonstrated above 

(Figure 13C).  Nuclear βcatenin was immunoprecipitated from C3H cells treated with 

[Wnt3A]Low and [Wnt3A]High in the presence or absence of SL327.  As shown in Figure 

16A, the presence of the MEK inhibitor markedly diminishes the amount of Tcf4 co-

precipitated with βcatenin compared to vehicle (Top Panel).  As expected, there is no 

change in the levels of either Tcf4 or βcatenin in the nuclear extract (Figure 16C Bottom 

Panel).  Thus, MEK-ERK activation is required for the Wnt3A concentration-dependent 

increase in βcatenin/Tcf4 interaction. 
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Activated Erk1/2 can act either in the cytosol or the nucleus to phosphorylate 

target proteins.  To explore the possibility that ERK may influence βcatenin/Tcf4 in the 

nucleus, we examined βcatenin/Tcf4 complexes in nuclear extracts using EMSA 

analyses in the presence of an antibody to ERK1/2.  Remarkably, the band containing 

Tcf4 markedly supershifts in the presence of an Erk antibody. This analysis was 

repeated using an antibody directed against phospho-ERK, but no supershift was 

detected.  It is possible that this reflects accessibility of the antigen, rather than the 

absence of phospho-ERK in the complex.  There was no increase in the amount of ERK 

present with Wnt treatment (Figure 15A); an analysis of total nuclear phospho-ERK is 

underway.  In any event, the data indicate that an Erk/Tcf4 complex can form on DNA 

in manner that varies with Wnt3A concentration. 

To test whether Erk and βcatenin bind one another, we immunoprecipitated 

nuclear βcatenin with Erk in the presence of the DNA probe used for EMSA assays 

(Figure 15B).  We expected to see an increase in the amount of βcatenin co-precipitating 

with increasing concentrations of Wnt3A.  However, while we were able to co-IP 

βcatenin with ERK in Control treated extracts, we saw less co-precipitation with 

increasing concentrations of Wnt3A (Figure 15, Top Panel).  The reason for this 

unexpected result is unclear, but it is possible that ERK and other βcatenin binding 

partners compete for direct association with βcatenin.  This is plausible, since a 

consensus βcatenin-binding sequence exists within the C-terminus of Erk (see 

Discussion), and partners that interact with βcatenin through this motif bind to 

armadillo repeats 5-10 and include E-cadherin, APC, Axin, and Tcf/Lef family members.  

Thus, as βcatenin increases its affinity for Tcf4, it may diminish binding of Erk, resulting 

in the co-IP pattern (Figure 16). This is consistent with our data, because the amount of 
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Erk associated with βcatenin is inversely related to Tcf4 associated with βcatenin (Fig 

Figure 13, Figure 15).  

 

Figure 15: Erk is a member of the nuclear βcatenin/Tcf4 complex. 

(A) At 75% confluency, C3H cells were treated with control CM, [Wnt3A CM]Low, or 
[Wnt3A CM]High.  After 24 h, nuclear extracts were isolated and EMSAs were performed 
as described in Materials and Methods. (B) C3H10T1/2 cells were grown to 75% 
confluency and treated with control CM, [Wnt3A CM]Low, or [Wnt3A CM]High.  After 24 
h, nuclear extracts were isolated and immunoprecipitated (IP) with anti-Erk,or Ig as 
described in Materials and Methods.  Immunoblots were done in parallel of cytosolic 
extract (Cyt), and nuclear extracts (Nuc) to assess protein concentration. 
 

To determine whether an Erk substrate is present bound to βcatenin, we 

immunoprecipitated nuclear βcatenin from cells treated with [Wnt3A]Low and 

[Wnt3A]High in the presence or absence of SL327 and probed the blot using an anti-

phospho-serine antibody.  Strikingly, a single band was precipitated by the βcatenin 

whose serine phosphorylation was diminished in the presence of the Mek inhibitor 

(Figure 16B & C, labeled *).  Remarkably, this band co-migrated with βcatenin (Figure 

16D), suggesting that the Erk substrate responsible for affecting βcatenin/Tcf4 binding 
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is βcatenin itself.  Of the known βcatenin binding partners, only PCAF and Axin have 

molecular weights very close to βcatenin and would be expected to co-migrate with 

βcatenin.  While axin has not been tested, the pSer band did not co-migrate with PCAF 

(data not shown).  Experiments are currently underway in the lab to identify definitely 

this phosphoprotein.  

Since Mek inhibition blocked the increased affinity for βcatenin/Tcf4 measured 

by co-IP, we also tested the effect of the inhibitor on complex formation measured by 

EMSA.  Interesting, SL327 does not block the bulk of the dose-dependent band in the 

EMSA assay (Figure 16D).  The reason for this result is not clear, but since Tcf4, rather 

than βcatenin binds to DNA, and the major proteins that can be supershifted are Tcf4 

and Erk (Figure 15 & Figure 13), it is possible that we will see a reduced supershift in the 

presence of an anti-βcatenin antibody in the extracts treated with SL327.  Alternatively, 

other Tcf/lef family members (or other transcription factors) may be compensating for 

the diminished association between βcatenin and Tcf4.  Tcf/Lef association with DNA is 

known to require more than just sequence recognition by itself (Caverzasio and Manen 

2007).  Future experiments will be needed to understand the formation of a putative 

βcatenin/Erk or βcatenin/Erk/Tcf4 complex.  Regardless, the identification of Erk as a 

key molecule regulating Wnt3A concentration-dependent changes in βcatenin/Tcf4 

complexes is consistent with data showing that Mek1/2 activity is required for 

osteoblastic differentiation in C3H cells (Figure 14D) and (Archbold, Yang et al. 2011)).  

Interestingly, Caverzasio and Manen noted that Mek1/2 activity was not required for 

mineralization, but it was required for the production of ALP.   Future experiments will 

be needed to refine the role the Wnt/Erk pathway plays in osteoblastic differentiation 

and bone development. 
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Figure 16: Mek1/2 activity is required for the formation of an βcatenin/Tcf4 
transcriptional complex. 

(A) C3H10T1/2 cells were grown to 75% confluency and treated with control CM, 
[Wnt3A CM]Low, or [Wnt3A CM]High in the presence or absence of 10 µM SL327.  After 24 
h, nuclear extracts were isolated and immunoprecipitated (IP) with anti-βcatenin or Ig as 
described in Materials and Methods.  Immunoblots were done in parallel of cytosolic 
extract (Cyt), and nuclear extracts (Nuc) to assess protein concentration. (B) Immunoblot 
was reprobed with anti-phosphoSerine antibody and (*) shows the SL327 sensitive band.  
(C) Samples from A were rerun with polyclonal anti-βcatenin (red) and anti-
phosphorSerine antibodies (green). (D) EMSAs were performed as described in Materials 
and Methods that cells were co-treated with control CM (Con), [Wnt3A CM]Low (Lo), or 
[Wnt3A CM]High (Hi) in the presence of either vehicle (DMSO) or 10 µM SL327. 
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4.3 Discussion 
This chapter explores the Wnt3A concentration-dependent regulation of MSC 

fate and herein identifies an important mechanism that underlies this physiologically 

relevant phenomenon.  Wnt3A-stimulated osteoblastogenesis, which requires 

[Wnt3A]High, is not proportional to Wnt3A-stimulated βcatenin stabilization.  At 

concentrations of Wnt3A beyond that required to stabilize βcatenin maximally, the ERK 

pathway is activated.  ERK activation leads to phosphorylation of substrate(s), including 

possibly βcatenin itself, and promotes increased βcatenin/Tcf4 binding.  This auxiliary 

signaling cascade enhances the induction of a subset of Wnt targets required for 

osteoblastogenesis. 

One important aspect of this study is the role of Wnt concentration in mediating 

cell fate decisions of MSCs.  A single Wnt ligand, Wnt3A, is capable of activating 

multiple intracellular signaling cascades that converge to direct the osteogenic potential 

of C3H cells.  This is consistent with Liu, et al., who demonstrated that inhibition of Erk 

in human bone marrow mesenchymal cells is critical for osteogenesis; further, inhibition 

of Erk activity and treatment dexamethasone promotes adipogenesis.  These data 

suggest that Erk also plays an important role in adipogenesis.  Understanding the role 

for the Wnt/Erk pathway during adipocyte development awaits future experiments. 

One other group that has examined Wnt concentration-dependent effects in MSC 

showed that Wnt3A activates the Wnt/Ca2+ pathway at low concentrations of ligand, 

but high concentrations lead to βcatenin stabilization in primary articular chondrocytes 

(Caverzasio and Manen 2007). Importantly, both pathways are important for 

differentiation.  While these two pathways mutually regulate each other, they lead to 

divergent transcriptional events.  In contrast, we demonstrate that activation of the 
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Wnt/Erk pathway increases the affinity for βcatenin/Tcf4 and augments βcatenin-

dependent transcription of a subset of target genes.   

This study identifies ERK as a positive mediator of Wnt/βcatenin signaling and 

a component of the βcatenin/Tcf4 nuclear complex. While the identification of Erk in a 

complex with βcatenin is novel and surprising, it is plausible, given that members of 

the MAPK cascade interact with components of the βcatenin destruction complex.  Axin 

interacts with another scaffolding protein, MP1, which directly binds to Erk1 and Mek1 

but not Erk2 or Mek2 (Nalesso, Sherwood et al. 2011). Moreover, Erk is known to 

phosphorylate GSK3β (Kikuchi 1999; Almeida, Han et al. 2005), while Ras is targeted for 

degradation by both Axin and APC via β-TrCP (Ding, Xia et al. 2005; Park, Jeon et al. 

2006; Jeon, Yoon et al. 2007).  

These data suggest that Erk is in a protein complex that contains βcatenin (and 

Tcf4), but they do not address potential effects on putative binding partners other than 

Tcf4. Tcfs, APC, and cadherins share a similar protein sequence, Dxθθxφx2-7E where θ is 

an aliphatic hydrophobic amino acid and φ is a aromatic amino acid, that interacts with 

the superhelical groove in armadillo repeats 5-10 of βcatenin (Kim, Yoon et al. 2009).  By 

interrogating the primary structure of ERK, I identified a putative βcatenin binding site 

contained within the C-terminus of Erk.  Partners that interact with βcatenin through 

this motif bind to armadillo repeats 5-10 (Sun and Weis 2011) and include E-cadherin, 

APC, Axin.  This raises the question; does Erk compete with E-cadherin, APC, Axin, or 

α-catenin for the pool of available βcatenin?  There is clearly an inverse relationship 

between the interactions of Erk and Tcf4 with βcatenin.  It is possible that Erk primes 

βcatenin for interaction with Tcf4.  This is not the first time a kinase enhances 
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transcription downstream of one Tcf family but not others. Homeodomain-interacting 

Protein Kinase 2 enhances Tcf3 transcription but inhibits Lef1-mediated transcription 

(Sun and Weis 2011). 

Phospho-regulation of ßcatenin transcription is nuanced (Daugherty and 

Gottardi 2007; Maher, Mo et al. 2010; Hikasa and Sokol 2011).  Both βcatenin and 

Tcf/Lef are known substrates for multiple kinases.  Secondly, phosphorylation does not 

universally promote transcription.  For example, phosphorylation of Tcf3 by casein 

kinase 1 enhances βcatenin dependent transcription, while phosphorylation by GSK3β is 

inhibitory (Verheyen and Gottardi 2009).  Finally, there are conflicting data regarding 

the role of specific of phosphorylation sites.  Human Lef-1 is phosphorylated by casein 

kinase 2 at Ser42 and Ser61.  These modifications increase both the affinity of βcatenin 

for Lef-1 bound chromatin and also transcription (Lee, Salic et al. 2001).  However, 

Hammerlein et al. demonstrated that CKI delta phosphorylates murine Lef-1 Ser40 

(corresponding to S42 in human) and that modification disrupts βcatenin/Lef1 

interaction (Tutter, Fryer et al. 2001).  While, Wun and Weis used biophysical 

measurements to determine that the phosphorylation of S40 of Lef1 by CK2 has no 

impact on βcatenin/Lef1 binding (Hammerlein, Weiske et al. 2005). 

In this study, we identified a nuclear βcatenin interactor whose Ser-

phosphorylation diminishes in the presence of the Mek1/2 inhibitor, SL327.  This band 

co-migrates with βcatenin.  If Erk phosphorylates βcatenin, then this modification both 

enhances transcription and may promote a signaling form of βcatenin.  However, only a 

subset of Wnt3A targets are sensitive to inhibition of Mek1/2 by SL327, so this may not 

be the only modification required to promote formation of a dedicated signaling form of 

βcatenin.  It is possible that this phosphorylation event affects βcatenin binding to other 
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binding partners. Alternatively, PTMs of βcatenin may promote the formation of distinct 

transcriptional complexes, and a pure signaling form of βcatenin may be minimally 

characterized by a lack of phosphorylation at S37 and T41.  This should not undermine 

the importance of the ability to further modulate and refine the βcatenin transcriptional 

output by PTMs, such as that mediated by Erk. This refinement allows for context- and 

cell-type specific responses to Wnt ligands and explains why there is no universal 

βcatenin target gene. 

Transcriptionally active βcatenin is thought to be a small, nuclear enriched 

fraction of the cytosolic βcatenin, unphosphorylated at the GSK3β sites S37 and T41 

(Staal, van Noort et al. 2002; Cong, Schweizer et al. 2003; Sun and Weis 2011).  This 

hypophosphorylated form of βcatenin has been shown to have more intrinsic signaling 

activity than the hyperphosphoryated form (Staal, van Noort et al. 2002; Maher, Mo et 

al. 2010).  Although phosphorylation at Ser552, Ser675, and Ser191 have also been shown 

to enhance βcatenin transcription, it is unclear whether these PTMs promote a dedicated 

signaling form of βcatenin (Guger and Gumbiner 2000). 

Futher, it is unknown why the N-terminally unphosphorylated form of βcatenin 

is more transcriptionally active except that its half-life is dramatically lengthened. 

However, transcriptionally competent βcatenin is known to be regulated by the 

availability of binding partners, including but not limited to cadherins (Kinch, Clark et 

al. 1995; Verheyen and Gottardi 2009), α-catenin (Roura, Miravet et al. 1999), APC (Ji, 

Wang et al. 2009), Axin (Sierra, Yoshida et al. 2006), and iCAT (Gottardi, Wong et al. 

2001; Cong and Varmus 2004; Gottardi and Gumbiner 2004).   

Intriguingly, molecularly distinct forms of βcatenin are capable of binding to 

cadherin and Tcf/Lef family members (Gottardi and Gumbiner 2001).  It is likely that 
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this is also true for other βcatenin binding partners, since they share or partially share 

the same binding site (Gottardi and Gumbiner 2004). We present data to suggest that 

βcatenin-dependent transcription of a subset of target genes is influenced by the ability 

of βcatenin to interact with Tcf4.  Importantly, the increased association between Tcf4 

and βcatenin is not mediated by concentration of βcatenin in the nucleus. 

Another intriguing component of this study is the Tcf4-dependence of only a 

subset of Wnt3A-target genes. This conclusion will have to be confirmed with other 

studies, including knockdown of Tcf4.  However, it is a plausible hypothesis supported 

by animal data.  Tcf/Lef family members have independent, non-overlapping functions 

in development, as single Tcf1, Lef1, or Tcf4 knock out mice do not phenocopy the 

Wnt3A null mouse.  However, loss of both Tcf1 and Lef1 results in severe differentiation 

defects in the paraxial mesoderm similar to those found in Wnt3A null mice (Galceran, 

Farinas et al. 1999; Sun and Weis 2011).  Since expression of Lef1 and Tcf1 partially 

overlap during development (Yoshikawa, Fujimori et al. 1997), the question of genetic 

redundancy also remains. 

Redundancy may explain why we see dose responsive binding to the DNA 

probe in the EMSA even in the presence of the Mek1/2 inhibitor, SL327 (Figure 17) other 

Lef/Tcfs may be compensating and interacting with βcatenin despite the reduced 

binding to Tcf4. Alternatively, inhibition of Mek alters the ability of βcatenin to bind to 

the Tcf4 complex, but the complex itself forms in a dose dependent manner.  PTMs may 

dictate which Tcf/transcription factor βcatenin interacts with.  This is not without 

precedent as Nemo-like kinase (NLK) phosphorylates Tcf/Lef family members, which 

inhibits binding to βcatenin (Oosterwegel, Van de Wetering et al. 1993; Ishitani, 

Ninomiya-Tsuji et al. 1999; Meneghini, Ishitani et al. 1999). 
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Auxiliary pathway activation of RhoGTPases and the MAPK cascade may be a 

general mechanism cells use to modulate βcatenin-dependent transcription. This study 

expands the list of auxiliary Wnt signaling pathways to include Wnt/Erk.  Existence of 

such pathways is likely cell type dependent.  In fact, Wnt stimulates Erk 

phosphorylation in some breast cancer cell lines but not others (Ishitani, Ninomiya-Tsuji 

et al. 2003) and Fig. 17B).  This may be yet one more additional mechanism that allows 

Wnt ligands to produce such varied cell type and context specific responses. 

Given the impact on transcription, the potential for Wnt/MAPK cross regulation 

is intriguing.  MAPK signaling is important in numerous disease states, most notably 

cancer.   In fact, Erk-phosphorylation is correlated with increasing Gleason score and 

tumor stage in prostate cancer (Schlange, Matsuda et al. 2007), and numerous cancer 

therapeutics target MAPK signaling (Gioeli, Mandell et al. 1999; Roberts and Der 2007).  

It is tempting to speculate that MAPK inhibitors might be useful in tumors with hyper-

activated Wnt pathway components. It is similarly intriguing to think that 

transcriptional complexes that form downstream of these auxiliary pathways, namely 

Wnt/Erk, may make good biomarkers for potential therapeutics that target MAPK 

signaling in Wnt-overexpressing tumors.  Bottomly, et al. identified clusters of Tcf4 and 

AP1 binding motifs in βcatenin enriched areas in the colorectal cancer cell line, HCT116.  

The authors suggest that MAPK and Tcf4 coordinately regulate a defined set of genes in 

colon cancer (Dy 2010).  Furthermore, Kim, et al., identified an oncogenic positive 

feedback loop between βcatenin and MAPK signaling in cancer, which emphasizes the 

need for a thorough understanding of canonical Wnt signaling and auxiliary pathways 

in order to understand the potential for cross regulation. 

This work in this dissertation is not the first example of auxiliary signaling, 

where treatment with a single ligand leads to βcatenin stabilization and parallel 
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pathways that modulate βcatenin dependent transcription. Wnt1, a Wnt ligand capable 

of stabilizing βcatenin, also activates NLK to inhibit βcatenin/Tcf transcription by 

inhibiting Tcf from binding to DNA (Bottomly, Kyler et al. 2010).  Similarly, Wnt3A both 

induces the stabilization of βcatenin and activates Rac1 to modulate nuclear 

accumulation of βcatenin (Smit, Baas et al. 2004). Collectively, activation of auxiliary 

pathways, such as Wnt/ERK, serves to modulate the overall βcatenin dependent 

transcriptional response. 

One last note, the data presented here have important implications for the Wnt 

field in how effects on target gene expression are interpreted.  Since Wnt/βcatenin 

signaling is context- and cell-type dependent, there is currently no universal 

Wnt/βcatenin target gene, though Axin2 is frequently used in such a manner. (Wu, Tu 

et al. 2008)  Based on the data presented in this study, it may be better to consider Axin2 

a βcatenin/Tcf4 target gene rather than a universal canonical Wnt target.   
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Figure 17: Contribution of Erk to Wnt3A/βcatenin-dependent signaling. 

Cytosolic βcatenin is continuously degraded in unstimulated cells via a process initiated 
by its binding to a complex of proteins that includes axin, the adenomatous polyposis 
coli (APC) protein and glycogen synthase kinase 3β (GSK3β), termed the βcatenin 
destruction complex. This complex interacts with βcatenin to induce its 
phosphorylation, which targets it for ubiquitination and degradation by the proteosome.  
Wnt binding by Fzd and a co-receptor, LRP5/6, activates a positive regulator of the 
pathway, disheveled (Dvl), which in turn inactivates the destruction complex and allows 
the accumulation of cytoplasmic βcatenin (MacDonald, Tamai et al. 2009). Stabilized 
βcatenin can then shuttle into the nucleus and bind to members of the T-cell factor 
(TCF)/lymphoid enhancing factor (LEF) family of transcription factors to induce 
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expression of target genes (Li, Yuan et al. 1999). Wnt3A, presumably binding to Fzd and 
LRP5/6, also leads to the activation of Mek1/2 and Erk1/2. Our results suggest that Erk 
phosphorylates βcatenin and potentiates the βcatenin-Tcf4 interaction and subsequent- 
induction of target genes. The full activation of these genes, which comprise a subset of 
the βcatenin targets, is required for Wnt3A-driven cellular consequences, including 
osteoblastic differentiation.
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5.  Mechanism of Wnt3Astimulated Erk1/2 
phosphorylation and activation 

5.1 Preface 
The results in Chapter 4 reveal a very intriguing role for Erk1/2 in both 

differentiation and regulation of βcatenin dependent transcription.  The consequences of 

Wnt-stimulated Erk activation with regard to transcription and differentiation are just 

beginning to be understood (Ch. 4; (Giles, van Es et al. 2003)), and the mechanism of 

activation at the cell membrane is incompletely understood. 

In HC11 mammary cells, Dkk inhibited Wnt1-stimulated Erk phosphorylation 

(Caverzasio and Manen 2007). In NIH3T3 fibroblasts, Kim, et al. used the EGFR 

inhibitor, AG1478, siRNA directed toward EGFR, and EGFR null mouse embryonic 

fibroblasts to demonstrate that Wnt3A-stimulated Erk phosphorylation can occur 

through EGFR (Civenni, Holbro et al. 2003). Schlange, et al. characterized the ERK 

response to Wnt3a and Wnt1 in multiple breast cancer cell lines (Kim and Choi 2007). 

Not all the cells lines responded to Wnt1 CM by phosphorylating ERK.  Using T47D cells 

stably expressing Wnt1, they showed that this ligand stimulates Erk phosphorylation via 

Src, EGFR transactivation, and matrix metalloproteinases (MMP).  Significantly, a pan-

Dvl siRNA reduced the levels of phosphorylated Erk in Wnt1 stably expressing cells 

(Schlange, Matsuda et al. 2007).  This suggests that Wnt1 is signaling through Dvl and 

likely Fzd to activate ERK. 

Thus, in most of these examples, investigators showed that EGFR transactivation 

after MMP activation was a key element responsible for Wnt stimulation of ERK.  Other 

mechanisms, including Src-dependent EGFR transactivation were also found in some 

cells.  This Chapter describes efforts to determine which, if any, of these processes are 

active in Wnt3A-stimulation of ERK in C3H10T1/2 cells.  The data indicate that indeed 
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EGFR transactivation is critical for the Wnt3A/ERK pathway.  However, the mechanism 

of EGFR transactivation in these cells appears to be novel, requiring a GPI-anchored 

protein.  The implications of this observation are discussed herein. 

5.2 Experimental Results 

5.2.1 Wnt3A-stimulates Erk phosphorylation in C3H10T1/2 cells 

In Ch 4, I demonstrated that Wnt3A stimulated phosphorylation of Erk1/2 in a 

dose dependent manner and that ERK phosphorylation is inhibited by the MEK1,2 

inhibitor SL327 (Figure 14A).  To further characterize this signaling event, I measured 

Wnt3A-stimulated ERK activation as a function of time.  Consistent with the work of 

others (Schlange, Matsuda et al. 2007), Wnt3A stimulates Erk phosphorylation in C3H 

cells and peaks after 10 min then subsides by 30 min (Figure 18A).  By contrast, EGF 

stimulated pERK with a peak at 2 minutes, a time course characteristic of direct tyrosine 

kinase receptor activation of the pathway (Caverzasio and Manen 2007) (Figure 18A).  

This suggests that the Wnt3A-stimulated phospho-Erk is not likely an EGF contaminate. 
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Figure 18: Wnt3A stimulates Erk phosphorylation in multiple cell lines. 

(A) C3H cells were grown to 70% confluency, starved overnight in media containing 
0.25% HIFBS, and then treated with either 100 ng/mL Wnt3A or 10 ng/mL Egf for 
varying lengths of time. 15 µg of protein from each sample were subject to SDS PAGE 
and immunoblot analysis to detect endogenous phosphorylated Erk as described in 
Materials and Methods.  The immunoblot is representative of three independent 
experiments.  (B) Cells were grown to 70% confluency, starved overnight in media 
containing 0.25% FBS, and then treated with 100 ng/mL Wnt3A for 10 min. 15 µg of 
protein from each sample were subject to SDS PAGE and immunoblot analysis.  The 
data are representative of at least 3 independent experiments.  (C&D) DCIS.COM or 
Mcf7 cells were grown to 70% confluency and treated with control CM or [Wnt3A 
CM]High for 18 hours prior to lysis and isolation of the cytosolic fractions. 10 µg of protein 
from these fractions were subjected to SDS-PAGE and immunoblot analysis to detect 
endogenous βcatenin. The immunoblot is representative of 2-3 separate experiments. (D) 
Mcf7 cells were grown to 70% confluency and treated with control CM or [Wnt3A 
CM]High. RNA was isolated after 24 h and quantitative real time PCR performed as 
described in Materials and Methods.  The data are reported as fold change relative to the 
reference gene (Gapdh). (E) HEK293T cells, stably expressing Super8X Top Flash 
reporter, were grown to 70% confluency and were co-treated with vehicle (DMSO), 10 
µM SL327, control CM, or [Wnt3A CM]High. After 18 hours, cells were lysed and 
luciferase activity was measured as described in Materials and Methods. The data are the 
mean and standard error of 6 replicates in a single experiment. 
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5.2.2 Wnt3A stimulated Erk phosphorylation through EGFR 

Other investigators have shown that Wnt3A can stimulate the ERK pathway via 

transactiation of the EGFR. Consistent with the work of others, we show that Wnt3A 

stimulates Erk phosphorylation in an EGFR-dependent manner (DeWire, Ahn et al. 

2007; Schlange, Matsuda et al. 2007).  To investigate this possibility in C3H cells, we 

employed AG1478, a tyrosine kinase inhibitor with specificity for the EGFR.  As 

expected, treatment with AG1478 abolishes ERK phosphorylation resulting from EGF 

stimulation (Figure 19A).  Notably, AG1478 also markedly attenuated Wnt3A-

stimulated phospho-Erk (Figure 19A). The fact that AG1478 inhibition of Wnt3A 

stimulated ERK is incomplete suggests that EGFR may not be the only mechanism 

through which Wnt is acting.  Nevertheless, it appears to be an important component of 

the activation.  Significantly, treatment with AG1478 also attenuates Wnt3A-stimulated 

transcription of the Super 8XTFluciferase reporter (Figure 19B).  Consistent with its 

inhibition of Erk phosphorylation, AG1478 only partially inhibits transcription of the 

reporter.  The major downstreatm effector of EGFR is the MAPK cascade acting through 

Ras (Yun, Kim et al. 2005).  Overexpression of dnRas (S17N) also partially inhibits 

transcription of Super 8XTF(Figure 19C) but significantly, only inhibits [Wnt3A CM]High 

to the level of [Wnt3A CM]Low. Since inhibition of signaling through EGFR attenuates the 

Wnt/Erk pathway, we asked whether the EGFR is important in Wnt3A-promoted 

osteoblastogenesis.  Indeed, inhibition of EGFR inhibition of EGFR by AG1478 

attenuates Wnt3A stimulated production of ALP (Figure 19D). 
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Figure 19: Wnt3A stimulates Erk phosphorylation through EGFR. 

(A) C3H10T1/2 were grown to 70% confluency, starved overnight in media containing 
0.25% HIFBS, and then stimulated 100 ng/mL Wnt3A or 10 ng/mL EGF for 10 minutes 
in the presence or absence of 15.8 µM AG1478.  5 µg protein was subjected to SDSPAGE 
and immunoblot analysis to detect endogenous phosphorylated Erk. The immunoblot is 
representative of at least 7 experiments. (B) Cells were grown to 40% confluency and 
transfected with Super 8XTFand phRG, an internal control plasmid. 24 h after 
transfection, cells were treated with control CM or [Wnt3A CM]High and 15.8 µM AG1478 
or vehicle (DMSO) as indicated. Cells were lysed and luciferase activity was measured 
after 18 h. The data are the mean and standard error of 4 replicates from a single 
experiment and are representative of at least two experiments.  (C) Cells were grown to 
40% confluency and transfected with Super 8X Top Flash, phRG and vector or dnRas 
(S17N). 24 h after transfection, cells were treated with control CM or indicated dilutions 
of Wnt3A CM. Cells were lysed and luciferase activity was measured after 18 h. The 
data are the mean and standard error of 4 replicates from a single experiment and are 
representative of at least two experiments. (D) C3H cells were co-treated with control 
CM or [Wnt3A CM]High in the presence or absence of 15.8 µM AG1478 as indicated for 48 
hours. After 48 hours, the media was changed to control CM or Wnt3A CM alone.  After 
an additional 28 hours, cells were lysed and ALP activity was measured as described in 
Materials and Methods.  The data are reported as arbitrary units of absorbance at 410 
nm/µg protein. The data are the mean and standard error of 4 replicates from a single 
experiment.  
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5.2.3 Wnt3A stimulates Erk phosphorylation through a PLC 
dependent mechanism 

As discussed above, other investigators have demonstrated that Wnts can 

transactivate the EGFR via activation of matric matelloproteinases, which release 

endogenous, membrane bound EGFR ligands (Aouadi, Binetruy et al. 2006).  We tested 

this possibility in C3H cells by employing an MMP inhibitor (GM6001) that has been 

shown to inhibit Wnt3A-stimulated EGFR transactivation in T47D cells, a breast cancer 

cell line (Faivre and Lange 2007). However, in C3H cells, GM6001 did not have any 

consistent inhibitory effect on Wnt3A-stimulated ERK phosphorylation (data now 

shown). These preliminary results suggest that Wnt3A-stimulated EGFR transactivation 

in C3H cells occurs through a different mechanism. 

One important known mechanism of EGFR transactivation is Src-dependent 

phosphorylation of the receptor (Faivre and Lange 2007).  This possibility is under 

investigation in the lab.  Another interesting mechanism of EGFR transactivation is via 

extracellular EGF domain containing proteins, such as epidermal growth factor-

Cripto/FRL/Cryptic (EGF-CFC) family members. These proteins contain a modified 

EGF-like domain and are typically cell membrane associated by a glycosyl-

phosphatidylinositol (GPI) anchor (Rozengurt 2007).  Interestingly, there is a known 

connection between members of this family of proteins and Wnt.  One EGF-CFC protein, 

FRL1, has been shown to bind Wnt11 and glypican 1 and is essential for Wnt11-specified 

axin formation in Xenopus (Djiane, Riou et al. 2000; Strizzi, Bianco et al. 2005).  To 

address whether Cripto/FRL may play in Wnt3A-stimulated Erk phosphorylation, we 

treated C3H cells with phosphatidylinositol-specific phospholipase C (PI-PLC), a 

treatment that will release GPI anchored proteins from the membrane and has been 

shown to release mouse Cripto (Minchiotti, Parisi et al. 2000; Tao, Yokota et al. 2005). PI-

PLC treatment inhibited Wnt3A-stimulated Erk phosphorylation but not EGF-
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stimulated Erk phosphorylation (Fig. 20C).  Importantly, PI-PLC treatment did not affect 

βcatenin stabilization (Fig. 20D).  These preliminary data suggest that Cripto/Frl or 

another GPI-anchored protein may mediate Wnt3A-stimulated ERK phosphorylation.  

Further experiments are in process, to confirm this, including the use of a GPI-GFP as a 

positive control for PI-PLC activity (Strizzi, Bianco et al. 2005). 

To explore mechanisms by which Wnt3A may utilize an extracellular GPI-linked 

protein to transactivate EGFR, I examined potential contributions of endogenous PI-PLC 

in this pathway.  It would be unusual for endogenous PI-PLC to affect extracellular GPI-

linked proteins, since most PI-PLC activity is intracellular.  However, there are reports of 

extracellular PI-PLC activity, including in the airspaces of patients with acute respiratory 

distress syndrome (Birrell, Hedberg et al. 1995; Legler, Doucey et al. 2005).  Treatment of 

C3H cells with U73122, a specific inhibitor of PI-PLC significantly decreased Wnt3A-

stimulated Super 8XTFtranscription (Fig. 20A).  Similarly, U73122 also inhibited Wnt3A-

stimualted ERK phosphorylation (Fig. 20B).  The meaning of this preliminary data is 

unclear, since pretreatment with PI-PLC also inhibited Wnt3A signaling and EGFR 

transactivation.  One possible model, though, is that Wnt3A activated endogenous PI-

PLC releases an EGF-CFC protein, which, in the presence of Wnt3A, transactivates 

EGFR.  While pretreatment with exogenous PI-PLC prior to Wnt removes the EGF-CFC 

and precludes the transactivation. This and other possibilities are being tested. 
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Figure 20: Wnt3A stimulates Erk phosphorylation in a PLC dependent manner. 

(A) Cells were grown to 40% confluency and transfected with Super8X Top Flash and 
phRG, an internal control plasmid. 24 h after transfection, cells were pretreated with 15 
µM U73122 or vehicle (ethanol) for 30 min and then stimulated with control CM or 
[Wnt3A CM]High as indicated. Cells were lysed and luciferase activity was measured 
after 18 h. The data are the mean and standard error from four determinations from a 
single experiment. (B) C3H10T1/2 were grown to 70% confluency and starved overnight 
in media containing 0.25% HIFBS.  After a 15 min pretreatment with 10 µM U73122, cells 
were stimulated 100 ng/mL Wnt3A for 10 minutes.  15 µg protein was subjected to SDS-
PAGE and immunoblot analysis to detect endogenous phosphorylated Erk. The data are 
from a single experiment. (C) C3H10T1/2 were grown to 70% confluency and starved 
overnight in media containing 0.25% HIFBS. Cells were preincubated with 0.1 Units/mL 
PI-PLC for 1 hr and then stimulated 100 ng/mL Wnt3A for 10 minutes.  15 µg protein 
was subjected to SDSPAGE and immunoblot analysis to detect endogenous 
phosphorylated Erk. Phospho-Erk was quantified using the Odyssey® system from Li-
Cor as described in Materials and Methods.  Results shown are normalized to both total 
Erk and βtubulin. The immunoblot is representative of two separate experiments and 
the data shown in the graph represent the mean and standard error of these 
experiments. (D) C3H10T1/2 cells were grown to 70% confluency and incubated with 
0.1 Units/mL PI-PLC for 1 hr. Cells were treated with control CM or [Wnt3A CM]High for 
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18 hours prior to lysis and isolation of the cytosolic fractions. 10 µg of protein from these 
fractions were subjected to SDS-PAGE and immunoblot analysis to detect endogenous 
βcatenin.was quantified using the Odyssey® system from Li-Cor as described in 
Materials and Methods.  Results shown are normalized to βtubulin. The immunoblot is 
representative of three separate experiments and the data shown in the graph represent 
the mean and standard error of these experiments. 
 

5.2.4 Wnt3A stimulates Erk phosphorylation in a variety of cells lines 

We sought to confirm that this observation was not limited to one cell type.  

Interestingly, Wnt3A stimulates Erk phosphorylation in some cell types (MC7, SKBR3) 

but not others (DCIS.COM & Hek293T) (Figure 18B).  Several other groups have 

demonstrated that Wnt3A stimulates Erk phosphorylation in NIH3T3s and a variety of 

breast cancer cell lines (Yun, Kim et al. 2005; Spyridakis, Leondaritis et al. 2010).  

Consistent with the model in Ch. 4, Wnt3A does not stimulate Erk phosphorylation in 

Hek293T cells nor does treatment with the Mek1/2 inhibitor, SL327, attenuate induction 

of the Tcf/Lef reporter, Super 8XTF(Figure 18E). 

Interestingly, the presence or absence of Wnt3A-stimulated Erk phosphorylation 

does not indicate whether a cell type or cell line will respond to this Wnt by stabilizing 

βcatenin.  For example, MCF7 breast cancer cells, in which Wnt3A does promote ERK 

activation, do not show stabilization of βcatenin in response to the same treatment 

(Figure 18D).  Treatment of another breast cancer cell line (DCIS.COM) with Wnt3A, 

though, results in stabilization of βcatenin but not ERK activation (Figure 18C).  This 

intriguing result suggests that the signaling components for ERK activation and 

βcatenin stabilization are distinct.  Notably, βcatenin/Erk target genes Axin2 and Cxcr6 

in MCF7 cells are not upregulated in response to Wnt3A (Figure 18D).  This is consistent 

with the model suggested in Ch 4, i.e., that Wnt3A-stimulated ERK modulates the ability 

of βcatenin to drive transcription of its target genes, so, without βcatenin these targets 

would not be upregulated.  
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However, stabilization of βcatenin is not a prerequiste for βcatenin-dependent 

signaling and transcription (Guger and Gumbiner 2000; Staal, van Noort et al. 2002; 

Kiely, O'Donovan et al. 2007).  Wnt/Erk may be acting on a pool of βcatenin that would 

not ordinarily be targeted for degradation via the desctruction complex. The functional 

consequences of ERK activation in the absence of βcatenin stabilization remain to be 

investigated. 

These data are very intriguing because they suggest that not every cell type is 

responsive to Wnt3A in an identical fashion. These cells may not contain the same 

signaling machinery and would thus respond differently.  Regardless, the presence of 

the Wnt/Erk pathway may serve to modulate the βcatenin-dependent transcriptional 

response and be a mechanism to facilitate differential cell type responses to Wnt3A. 

5.3 Discussion 
In this chapter, we show that Wnt3A treatment in C3H cells leads to ERK 

phosphorylation in an EGFR-dependent manner.  EGFR transactivation was inhibited by 

pretreatment with PI-PLC, suggesting that a GPI-anchored protein is involved. We 

demonstrate that this pathway exists in several cell lines but not others.  Additionally, 

the existence of this pathway does not necessarily predict whether the cell line will 

respond to Wnt3A by stabilizing βcatenin. 

As mentioned above, members of the EGF-CFC family, a GPI-anchored protein 

family previously linked to Wnt signaling, are candidate molecules for this 

transactivation pathway.  The link between EGF-CFC family members and 

Wnt/βcatenin signaling is well documented (Schlange, Matsuda et al. 2007) and the two 

signaling pathways share numerous biological activities, including stem cell self-

renewal and maintenance, transformation, and migration/invasion.  Notably, family 
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member FRL1 has been shown to be required for Wnt11 signaling in Xenopus (Strizzi, 

Bianco et al. 2005), and family member Cripto-1 has been shown to be involved in the 

activation of glipican-1/Src/MAPK/Akt signaling (Tao, Yokota et al. 2005), whose 

major effectors, Erk and Akt, are the dose responsive kinases identified in Ch 4.  During 

development of the primitive streak, a number of genes were commonly dysregulated in 

βcatenin and Cripto knock outs, which resulted in a similar phenotype, failure of the 

anteriorposterior axis to reorient (Strizzi, Bianco et al. 2005).  Importantly, Cripto null 

embryos only partially phenocopy βcatenin null embryos (Morkel, Huelsken et al. 2003). 

This is consistent with the data presented in Ch 4 where the Wnt/Erk pathway only 

modulates a subset of βcatenin-dependent target genes (Figure 14A) 

Responses to Wnts are context and cell-type dependent, as evidenced by the 

differential responses of DCIS.COM and MCF7 cells to Wnt3A (Figure 18C & D). We 

find that Wnt3A-stimulates ERK phosphorylation in cells that otherwise do not respond 

to Wnt3A by stabilizing βcatenin (Figure 18D).  Since there is a relatively high baseline 

level of βcatenin, it may be that Erk activation is modulating an already saturated level 

of βcatenin-dependent transcription; or alternatively, ERK activation may contribute to 

noncanonical effects, i.e., those independent of βcatenin. 

MCF7 cells express Dkk1 (Morkel, Huelsken et al. 2003) which explains why Wnt 

treatment does not induce βcatenin stabilization.  Dkk1 antagonizes Wnt/βcatenin 

signaling by internalizing the co-receptor LRP5/6 (Mikheev, Mikheeva et al. 2008). 

Importantly, R-spondin antagonizes Dkk (Hendrickx and Leyns 2008; Kim, Wagle et al. 

2008) and co-treatment with R-spondin CM restores the ability of these cells to respond 

to Wn3A and induce transcription of the Tcf/Lef reporter, Super 8XTF(data not shown). 

MCF7 cells may represent a good model to further tease out the nuances of Wnt/Erk 
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signaling because we can selectively inhibit (or relieve inhibition of) either 

Wnt/βcatenin or Wnt/Erk.   

Conversely, DCIS.COM cells respond to Wnt3A by stabilizing βcatenin but not 

activating ERK.  These cells may lack the appropriate machinery the activate Wnt/Erk 

signaling.  If that were the case, then it would be expected that expression of the 

appropriate signaling component(s) (e.g., an EGF-CFC family member) might rescue the 

signaling response.  It is also possible that these cells may express an inhibitor of the 

Wnt/EGFR/ERK pathway.  Experiments are currently underway to sort out these 

possibilities.  Identifying why these cells do respond to Wnt3A by phosphorylating Erk 

will provide insight into the mechanisms of cellular and context-dependent Wnt 

signaling. 

The myriad of responses to Wnt3A in just the few cell lines described in Ch 5 

only begin to describe the complexity of Wnt signaling at the membrane. Understanding 

the initiation of signaling events, such as the potential role of Cripto/FRL in Wnt 

signaling indentified here, will be important for understanding the role Erk plays in the 

canonical Wnt pathway.  The mechanisms of activation, impact on canonical 

Wnt/βcatenin signaling in specific cells, and potential cross regulation of the Wnt/Erk 

pathway are topics under investigation.  This understanding could aid in devising 

means to target this arm of the pathway specifically to modulate the Wnt pathway.  

Such an approach could potentially impact disease states where the Wnt/ERK pathway 

may be dominant.  For example, the bone loss of aging, where MSCs are aberrantly 

directed toward an adipogenic fate (Binnerts, Kim et al. 2007).  
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6. Conclusions and Future Directions 

Collectively, Wnt signaling pathways are initiated by Wnt ligands and 

coordinately regulate a diverse array of cellular processes, including but not limited to 

cell fate decisions, migration, and proliferation (Bellantuono, Aldahmash et al. 2009).  

Historically, Wnt ligands were thought to activate distinct pathways and were 

categorized based on their ability to transform mammary epithelial cells and induce a 

secondary axis in xenopus laevis. As the field has grown and a plethora of pathways 

initiated by Wnt ligands have been described, the pathways themselves are classified 

based on their dependence upon βcatenin and commonly referred to as canonical or 

βcatenin-dependent and noncanonical or βcatenin-independent (Logan and Nusse 

2004). 

While the simple models that describe Wnt signaling are quite useful, it is very 

clear that the pathways are extremely complex.  In this thesis, I describe what I term 

auxiliary Wnt signaling pathways, which are signaling cascades initiated by canonical 

Wnt ligands in parallel to βcatenin stabilization that modulate the βcatenin-dependent 

transcriptional activity without influencing the amount of stabilized βcatenin. The data 

in Ch 3 show that Wnt3A activation of RhoGTPase can modulate βcatenin-dependent 

transcription through separate and distinct elements contained within the promoter of 

target genes, though it is not clear whether all measured effects of RhoA on Wnt 

signaling are due to this mechanism.  In any event, these data describe a level of 

regulation at the promoter and expand the role for RhoGTPases to include modification 

of canonical signaling. The Wnt/Erk pathway described in Ch 4 and 5, however, 

influences the association between βcatenin and Tcf4 to augment transcription of a 

subset of βcatenin dependent target genes. These data suggest that the βcatenin-
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containing machinery on target genes is variable and dynamic, depending the nature of 

the pathways activated by the Wnt ligand.  These results help to further expand and 

define our view of Wnt signaling from individual pathways to a complex web, full of the 

potential for feedback and cross regulation. 

One interesting aspect to this study was that not every cell type responds to 

Wnt3A by activating the Wnt/βcatenin, Wnt/Rho, and Wnt/Erk pathways. These 

pathways coordinate to regulate βcatenin transcriptional responses and, as we 

demonstrated in Ch. 3 and 4, inhibition (or lack of activation) of a single pathway alters 

a cells reponse to Wnt ligands.  Context and cell-type dependent response to Wnt are 

likely mediated by activation of auxiliary pathways.  The Wnt/Rho and Wnt/Erk 

pathways identified in this thesis serve as a tissue or cell specific level of fine turning. 

Membrane Receptors 

While the mechanisms that I have described in this dissertation are novel, the 

concept of simultaneous activation of multiple signaling pathways by Wnt is not 

without precedent, as I have documented in other Chapters.  What allows for the 

discrimination among signaling pathways?  How does one ligand simultaneously 

activate multiple, distinct signaling pathways? Since Wnt signal transduction is initiated 

at the cell surface, a multiplicity of different ligand-receptor pairings seems to be the 

most convenient way to facilitate cell-type-specific and context-dependent responses 

and allow for fine tuning.  It is formally possible that there is an intrinsic difference in 

the protein ligand or receptor itself that allows for this discrimination, such that only a 

fraction of the available Wnt3A is capable of stabilizing βcatenin, while another fraction 

is capable of activating Erk.  However this is unlikely as the same “pool” of ligand 

activates the Wnt/Erk pathway in C3H, MCF7, and SKBR3 cells but not in DCIS.COM 

or Hek293T cells (Figure 18B). 
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The number of possible ligand-receptor pairings are numerous, as 19 distinct 

Wnts and 10 Fzds are expressed in mammals (the Wnt Homepage, 

http://www.stanford.edu/group/nusselab/cgi-bin/wnt/main).  So, in order to 

activate multiple pathways, it is possible that distinct Fzd receptors activate each 

signaling pathway.  Since Wnt3A activation of ERK requires higher concentration of 

ligand than Wnt3A stabilized βcatenin (Figure 11, Figure 14), this would suggest that 

the Fzd receptors responsible for activating the Wnt/Erk pathway have a lower affinity 

for Wnt3A than the receptors that activate βcatenin stabilization. This interpretation 

assumes similar receptor concentrations on the cell surface. 

Alternatively, co-receptors and other extracellular membrane-bound molecules 

may direct signaling more than Fzd receptors. Co-receptors, either Ryk or LRP5/6, are 

required to initiate βcatenin stabilization (van Amerongen and Nusse 2009) and Wnt 

ligands initiate signaling through co-receptors in a similar manner (Kikuchi, Yamamoto 

et al. 2007). Xenopus Wnt11 can induce either βcatenin-dependent pathway activation or 

noncanonical convergent extension movements, and the toggle switch between these 

two diverse signaling events is ability to interact with FRL1, an EGF-CFC family 

member (Djiane, Riou et al. 2000; Tao, Yokota et al. 2005; Grumolato, Liu et al. 2010). 

Wnt5A, a noncanonical Wnt, is known to stimulate both βcatenin-dependent and 

independent effects (Mikels and Nusse 2006; Cha, Tadjuidje et al. 2008). It is able to 

inhibit the transcription of Wnt3A only in the presence of Ror2 but can act in a canonical 

fashion to stabilize βcatenin in the presence of Fzd4 (Holmen, Salic et al. 2002),  

Lastly, specificity may be obtained by oligomerization of either receptors or 

ligands.  Wnt11/5a oligomerization has been shown to enhance canonical Wnt signaling 

(Mikels and Nusse 2006), and receptors are known to oligomerize (Cha, Tadjuidje et al. 

2008).  Though formally possible, oligomerization is much more difficult to tease out 
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than receptor/co-receptor interactions.  It is likely that Wnt3A interacts with a different 

subset of receptors to activate the three pathways described in this work: βcatenin 

stabilization, Wnt/Rho and Wnt/Erk. C3H cells predominately express Fzd1, 2, and 7 

but do express other Fzd receptors to a lesser extent (Figure 21). One way to approach 

the identification of receptors and other cell surface molecules involved in auxiliary 

pathway activation would be to overexpress them and determine whether they sensitize 

the cells to activation of each auxiliary pathway. Regardless, identification of the 

receptor(s) responsible for activation of the Wnt/Rho pathway will be an important link 

in identifying cell types that have the capacity to respond to Wnt ligands by activating 

this auxiliary pathway. 

 

Figure 21: Expression of Frizzled mRNA in C3H10T1/2 cells. 

C3H10T1/2 cells werew grown to 70% confluency and treated with control CM or 
Wnt3A CM.  After 24 hours, cells were harvested, RNA was extracted, and end point 
PCR was performed for each condition using primers specific for genes in the figure, as 
described in Materials and Method.  
 

In terms of the Wnt/Erk pathway, the role of Fzd receptors in the Wnt-

stimulated phosphorylation of Erk has not been examined.  C3H cells represent a good 

model to study Erk activation because Wnt/Erk signaling can be uncoupled from 
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βcatenin stabilization but these cells do not transfect well.  It will be important to 

develop a system that allows for the overexpression of the different receptors and co-

receptors.  As described in Chapter 5, we have identified cell types that respond to 

Wnt3A by either βcatenin stabilization or ERK activation but not both.  These cellls 

should prove useful in identifying signaling components involved in each pathway. 

In Chapter 5, I provide evidence that EGFR transactivation is an important 

element in the Wnt3A/ERK pathway.  Several groups have also identified Wnt3A-

stimulated EGFR transactivation in other cell types.  Other signaling molecules 

demonstrated to be important are MMPs and Src (Kaykas, Yang-Snyder et al. 2004; 

Almeida, Han et al. 2005; Schlange, Matsuda et al. 2007).  In contrast to these data, the 

data in Chapter 5 suggest that a different, MMP-independent pathway is responsible for 

EGFR transactivation (Figure 19).  Initial experiments suggest that a GPI-linked protein 

is responsible for transactivation of EgfR in response to Wnt3A (Figure 20).  There are 

numerous GPI-linked proteins on the cell surface, including glipicans and EGF-CFC 

family members, both of which have been demonstrated to influence Wnt signaling 

(Djiane, Riou et al. 2000; Mikels and Nusse 2006; Faivre and Lange 2007). Xenopus Wnt11 

was shown to interact with Frl1 and glipican1, though all three may form a signaling 

complex (Tao, Yokota et al. 2005).  By using neutralizing antibodies directed against 

Cripto1 and several of the glipicans, we can begin teasing out their contributions to 

Wnt/Erk signaling.  

Transcription and Intracellular Consequences 

When understanding the role of Wnt/βcatenin signaling and the impact of 

auxiliary pathway activation on canonical signaling, others and we use βcatenin 

dependent transcription to assess both pathway activation and consequence. This makes 

sense, given that the cellular responses to Wnt ligands largely result as a consequence of 
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transcription (Tao, Yokota et al. 2005).  The data presented in this work describe two 

novel mechanisms by which Wnt ligands modulate βcatenin dependent transcription 

(Ch. 3 & 4). 

What defines transcriptionally active βcatenin? This work and others have 

demonstrated that multiple signaling pathways can integrate at the level of βcatenin to 

affect transcriptional output, including PKA, Akt, Erk, and βcatenin stabilization itself 

(Logan and Nusse 2004). In humans, there is a single βcatenin gene and the same 

argument of multiplicity versus differentially modified protein component can be made 

in reverse for βcatenin (Daugherty and Gottardi 2007). Post-translational modifications 

of βcatenin can enhance βcatenin-mediated transcription, but the mechanisms 

underlying each modification and the manifestation of effect would likely be distinct for 

each (Hino, Tanji et al. 2005; Taurin, Sandbo et al. 2006; Fang, Hawke et al. 2007; Phelps, 

Chidester et al. 2009; Verheyen and Gottardi 2009).  To identify sing a mass 

spectrometry/proteomics approach, we will first need to confirm that Erk activation 

leads to the phosphorylation of βcatenin and identify the site(s). Additionally, is Erk 

capable of phosphorylating βcatenin in in vitro kinase assays? The degree to which 

βcatenin is capable of mediating transcription depends largely on the availability of 

binding partners (Wu, Tu et al. 2008).These interactions have been shown to be 

regulated by post translational modifications, such as phosphorylation and acetylation 

(Daugherty and Gottardi 2007). This is an intriguing notion and suggests that any action 

that increases the association between βcatenin and various transcription factors would 

augment or enhance signaling.  Would a phospho-mimetic form of βcatenin increase the 

association between βcatenin-Tcf4 and promote a more dedicated signaling form of 

βcatenin? 



 

129 

It will also be important to investigate the kinetics of βcatenin and Erk action.  

We demonstrated that there is no difference in the nuclear or cytoplasmic βcatenin at 24 

hours.  It will be more instructive to investigate the time course of βcatenin stabilization 

at [Wnt3A]Low and [Wnt3A]High.  We do not expect this to change since we see no 

difference in the time course of stabilization in the presence of Mek1/2 inhibitor, SL327.  

Similarly, does Wnt-stimulation lead to the accumulation of Erk in the nucleus? If so, 

when? 

There are numerous proteins known to be required for transcription of βcatenin-

dependent target genes (Levy, Wei et al. 2004).  Are all of these contained within a single 

macromolecular complex or are there multiple complexes? The data presented here and 

elsewhere suggest that multiple transcriptional complexes form and potentially can be 

defined by the presence of certain members of the complex (Ch. 4 & (Willert and Jones 

2006)).  Furthermore, these complexes transcribe Wnt target genes that regulate different 

biological consequences, namely cell fate decisions.  Miyabayashi, et al (2007) describe a 

βcatenin/CBP containing complex that maintains embryonic stem cell pluripotency 

where a βcatenin/p300 complex does not (Miyabayashi, Teo et al. 2007). What defines 

the transcriptional complex responsible for dose dependent affects observed in Ch 4?  

This question could be addressed using proteomics approaches by identifying proteins 

that go away or with diminished association when CoIPs are performed in the presence 

of the MEK1/2 inhibitor SL327.   

These data presented in Ch 5 show a dose dependent increase in the formation of 

the βcatenin/Tcf4 complex in response to Wnt3A.  We further demonstrate that 

phosphorylation by Mek/Erk is required for complex formation and transcription.  

There are several post translation modifications that are known to modulate the 
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association of βcatenin/Tcf4, including acetylation. Levy, et al demonstrated that 

acetylation of βcatenin at Lys345 by p300 enhances the stability of the βcatenin/Tcf4 

interactionin HEK293T cells (Miyabayashi, Teo et al. 2007).  Furthermore, both p300 and 

CREB binding protein (CBP) have been shown to acetylate βcatenin (Levy, Wei et al. 

2004) and βcatenin recruits transcriptional complexes that contain p300/CBP and p300 

associated factor (PCAF), to Tcf/Lef.  We discovered that inhibition of acetyltransferase 

(AT) activity, selectively attenuated induction of Tcf4-dependent target genes but not 

Tcf4-independent targets (Figure 22).  Garcinol inhibits p300 with an IC50 of 7µM and 

PCAF with an IC50 of 5 µM (Wolf, Rodova et al. 2002). The two exceptions, Edn1 and 

Ahr likely reflect either off target affects or additional levels of regulation.  Despite these 

two exceptions, garcinol exhibits remarkable specificity for Tcf4-dependent targets.  

Using garcinol, the p300/CBP AT inhibitor EIA, and other more specific AT inhibitors 

and the methods used in Ch 4, it will be interesting to tease out the role AT plays in the 

Wnt/Erk pathway.   

 

Figure 22: Acetyltransferase activity is required to mediate transcription of Tcf4-
dependent target genes. 

C3H10T1/2 cells were grown to 70% confluency and treated with control CM or [Wnt3A 
CM]High in the presence or absence of 10 µM garcinol.  After 24 hours cells were then 
harvested, RNA was extracted, and quantitative RT-PCR was performed for each 
condition using primers specific for genes in the figure, as described in Materials and 
Methods. The data shown are the mean and standard error from three separate 

A

B
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determinations in a single experiment and are representative of at least two experiments. 
Results are reported as fold change relative to reference gene Gapdh. (A) Tcf4-dependen 
target genes.  (B) Tcf4-independent target genes. 
 

Regardless of what regulates the formation/activation of a transcriptionally 

competent βcatenin or βcatenin-containing complex, we identified discrete elements 

contained within the promoter of βcatenin target genes that are responsive to 

RhoGTPase (Ch. 3).  The identification of Rho as a positive mediator of the pathway has 

important implications for potential cross regulation.  It will be important to further 

refine the elements within the Ctgf promoter that respond to Wnt3A-stimulated Rho 

activation.  We hypothesize that the transcription factor SRF Is responsible these affects 

since RhoGTPases are known to regulate transcription via serum response factor (SRF) 

through interactions with actin and MAL (Balasubramanyam, Altaf et al. 2004).  By 

mutating the putative SRF sites within the Ctgf promoter and by utilizing dominate 

negative and mutant forms of actin, we should be able to tease out whether SRF/MAL 

signaling is mediating transcription of C3-sensitive target genes, particularly Ctgf (Hall 

2005).   

The presence of auxiliary pathways may be a mechanism to facilitate context 

dependent responses to a single Wnt ligand.  This has recently be demonstrated by 

Nalesso, et al (2011) in response to Wnt3A concentration in primary articular 

chondrocytes (Posern, Sotiropoulos et al. 2002). This leaves the question: What is the 

impact of auxiliary pathway activation to βcatenin-dependent transcription in other cell 

types? We have begun addressing this issue by looking at Erk phosphorylation in 

several breast cancer cell lines (Figure 18B) and should continue to expand the list of cell 

types who may respond to Wnt ligands by activating auxiliary signaling pathways.   
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Since Wnts act as morphogens and exert their affects in a concentration 

dependent manner, it will be very interesting to expand this list of context dependent 

response to developing tissues.  Experiments such as this will complement studies that 

more completely characterize the multiple pathways activated by various Wnts and will 

expand our understanding of the depth and breadth of processes controlled by these 

essential signaling molecules, including those that lead to human disease. 
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