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ABSTRACT 

Crosstalk between Soluble Factors and Cell-Cell Interactions:   

Implications for Cell Cycle Control and Tumor Development 

April 2007 

 

Nicholas Graham, B.S., Washington University in St. Louis, 

M.S., Chemical Engineering, California Institute of Technology 

Ph.D., Chemical Engineering, California Institute of Technology 

 

Precise and dynamic control of cell behaviors, including proliferation, adhesion, 

and migration, is required for proper tissue organization and homeostasis.  A key element 

to understanding how cellular functions are controlled lies in uncovering the topology of 

the molecular signaling networks that couple environmental signals to cellular responses.  

In this study, we have parsed the signaling networks involved in cell cycle regulation and 

tumor development and uncovered novel mechanisms of crosstalk between soluble 

factors and cell-cell interactions. 

 

Our findings demonstrate that extracellular cues, including the epidermal growth 

factor (EGF), stimulate proliferative signaling through β-catenin, an intracellular protein 

that participates in both cell adhesion and transcription of cell cycle genes.  In fact, EGF-

mediated β-catenin transcriptional activity is an essential signal for proliferation of 

normal epithelial cells.  Additionally, in a cancer cell system, we discover that EGF 

cooperates with Wnt 3a, a classical agonist of β-catenin transcriptional activity, to induce 

greater signaling than either ligand alone.  Notably, EGF and Wnt 3a activate 
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transcription using different sub-cellular pools of β-catenin.  Because hyperactive β-

catenin signaling drives proliferation in cancer, this suggests that attenuation of β-catenin 

signaling may require different therapeutic strategies for EGF- and Wnt-driven tumors. 

 

Since β-catenin signaling can be antagonized by sequestration with the cell-cell 

contact protein E-cadherin at the plasma membrane, proliferative signals mediated by β-

catenin may regulate growth suppression at high cell density, a property of normal cells 

that is often lost during tumorigenesis.  Indeed, in non-tumorigenic epithelial cells, we 

demonstrate that E-cadherin is upregulated in contexts where β-catenin signaling and 

DNA synthesis are suppressed.  Additionally, exogenous E-cadherin suppresses 

proliferation with a strict requirement for β-catenin binding.  Future studies to test the 

hypothesis that E-cadherin regulates the growth of normal cells will benefit from a 

quantitative assay developed to measure E-cadherin:β-catenin complexes.  Such 

quantitative measurements are likely to be important because contact-mediated growth 

suppression by E-cadherin is coupled with a density-dependent, ligand-depletion 

mechanism that concomitantly regulates proliferation. 

 

Finally, we demonstrate that EGF and other soluble factors synergistically control 

cell-cell interactions governing organization of normal epithelial cells into multicellular 

structures.  Notably, this behavior resembles the program initiated during metastatic 

cancer, thus illustrating the flexibility of the epithelial phenotype even in non-cancerous 

cells.  Together, these studies illustrate how the topology of molecular signaling networks 

can couple environmental cues including soluble extracellular factors and cell-cell 

interactions to regulate fundamental cellular functions. 



 vii 

TABLE OF CONTENTS 

 

 

Acknowledgments............................................................................................................. iii 

Abstract............................................................................................................................... v 

Table of Contents.............................................................................................................. vii 

List of Tables................................................................................................................... xiii 

List of Figures.................................................................................................................. xiv 

Abbreviations.................................................................................................................. xvii 

 

Chapter 

I. Introduction................................................................................................................ I-1 

1. Introduction......................................................................................................... I-1 

2. Mechanisms of cell-cell adhesion....................................................................... I-2 

3. The canonical Wnt pathway: soluble ligands promote signaling through the               

cell contact protein β-catenin.............................................................................. I-3 

4. E-cadherin and β-catenin in normal and pathological contexts.......................... I-4 

4.1. De-regulation of β-catenin signaling drives proliferation........................... I-5 

4.2. Cadherins suppress tumorigenesis............................................................... I-6 

5. Current unresolved questions involving crosstalk between                           

soluble factors and cell-cell interactions............................................................. I-7 

6. Current results................................................................................................... I-10 

7. References......................................................................................................... I-12 

 

II. EGF-mediated Tcf/Lef transcriptional activity is essential but not sufficient             

for cell cycle progression in non-transformed mammary epithelial cells................. II-1 

1. Introduction........................................................................................................ II-2 

2. Materials and Methods...................................................................................... II-6 

2.1. Antibodies.................................................................................................. II-6 

2.2. Cell Culture................................................................................................ II-6 

2.3. Plasmid Constructs..................................................................................... II-7 



 viii 

2.4. Retroviral Infection.................................................................................... II-7 

2.5. GSK3β Serine 9 Phosphorylation Assay.................................................... II-7 

2.6. ERK Signaling Assay................................................................................. II-8 

2.7. Cell Lysis.................................................................................................... II-8 

2.8. Reporter Assays.......................................................................................... II-8 

2.9. Integrated Reporter Response..................................................................... II-9 

2.10.  Western Blotting........................................................................................ II-9 

2.11.  DNA Synthesis.......................................................................................... II-9 

2.12.  Immunofluorescence............................................................................... II-10 

3. Results.............................................................................................................. II-11 

3.1. Re-entry into the Cell Cycle Correlates with Tcf/Lef Reporter           

Activity..................................................................................................... II-11 

3.2. EGF Independently Induces Tcf/Lef Transcriptional Activity                      

and DNA Synthesis.................................................................................. II-13 

3.3. Tcf/Lef Transcriptional Activity Is Required for EGF-mediated               

DNA Synthesis......................................................................................... II-17 

3.4. EGF-mediated Activation of Tcf/Lef Transcriptional Activity Is      

Upstream of Cyclin D1 Promoter Activity............................................... II-21 

4. Discussion........................................................................................................ II-22 

5. Acknowledgments........................................................................................... II-27 

6. References........................................................................................................ II-28 

 

III.  EGF and Wnt 3a differentially regulate Tcf/Lef transcription with            

implications for tumor development........................................................................ III-1 

1. Introduction...................................................................................................... III-2 

2. Results.............................................................................................................. III-4 

2.1. EGF activates Tcf/Lef transcriptional activity in 293T-EGFR cells........ III-4 

2.2. EGF and Wnt 3a additively activate Tcf/Lef transcription....................... III-6 

2.3. Wnt 3a and EGF activate Tcf/Lef transcription via different         

mechanisms............................................................................................... III-7 

2.4. ERK is required for EGF- and Wnt 3a-mediated Tcf/Lef signaling....... III-10 



 ix 

2.5. PKC, but not PKA, is required for EGF- and Wnt 3a-mediated            

Tcf/Lef transcription............................................................................... III-13 

2.6. Src family kinase activity is required for EGF-, but not Wnt 3a-,       

mediated Tcf/Lef transcription................................................................ III-15 

3. Discussion...................................................................................................... III-17 

3.1. Physiological implications of EGF and Wnt co-regulation of               

Tcf/Lef transcription............................................................................... III-19 

3.2. Mechanisms underlying EGF/Wnt crosstalk in regulating Tcf/Lef       

transcriptional activity............................................................................. III-21 

4. Experimental Procedures................................................................................ III-26 

4.1. Antibodies and Reagents......................................................................... III-26 

4.2. Cell Culture............................................................................................. III-26 

4.3. Plasmid Constructs.................................................................................. III-27 

4.4. Cell Lysis................................................................................................ III-27 

4.5. ConA Fractionation................................................................................. III-28 

4.6. Reporter Assays...................................................................................... III-28 

4.7. Immunoblotting....................................................................................... III-29 

4.8. siRNA knockdown of β-catenin.............................................................. III-29 

5. Acknowledgments.......................................................................................... III-29 

6. Supplemental Data......................................................................................... III-30 

7. References...................................................................................................... III-32 

 

IV.  A microtiter assay for quantifying protein-protein interactions associated              

with cell-cell adhesion............................................................................................. IV-1 

1. Introduction...................................................................................................... IV-2 

2. Materials and Methods..................................................................................... IV-4 

2.1. Cell Culture............................................................................................... IV-4 

2.2. Cell Lysis.................................................................................................. IV-4 

2.3. Protein complex and standard ELISAs..................................................... IV-5 

2.4. Validation of protein capture by Western blotting................................... IV-6 

2.5. Constructs................................................................................................. IV-6 



 x 

2.6. Retroviral Infection................................................................................... IV-7 

2.7. Data Analysis and Statistical Calculations............................................... IV-7 

3. Results and Discussion..................................................................................... IV-8 

3.1. Development and validation of a quantitative microtiter ELISA for                        

E-cadherin:β-catenin protein complexes.................................................. IV-8 

3.2. Compatibility of the protein complex ELISA with the standard                   

sandwich ELISAs.................................................................................... IV-14 

3.3. Quantitative comparision of E-cadherin:β-catenin interactions in            

transformed versus non-transformed cells.............................................. IV-16 

3.4. Quantitative analysis of the effect of constitutively-active Src on                            

E-cadherin:β-catenin interactions........................................................... IV-19 

4. Conclusions.................................................................................................... IV-23 

5. Acknowledgments.......................................................................................... IV-24 

6. Supplemental Data......................................................................................... IV-25 

7. References...................................................................................................... IV-26 

 

V. Mechanisms underlying growth saturation of epithelial cells.................................. V-1 

1. Introduction....................................................................................................... V-2 

2. Results............................................................................................................... V-6 

2.1. Non-tumorigenic epithelial cells growth arrest at high cell density........... V-6 

2.2. Receptor-mediated signaling is qualitatively similar in low- and                        

high-density cells........................................................................................ V-9 

2.3. Increased expression of endogenous E-cadherin at high cell density               

inversely correlates with low levels of DNA synthesis and                                      

β-catenin:Tcf/Lef signaling...................................................................... V-11 

2.4. Exogenous E-cadherin inhibits DNA synthesis....................................... V-13 

2.5. Exogenous E-cadherin constructs interfere with EGFR signaling........... V-16 

2.6. Growth factor availability contributes to growth arrest........................... V-17 

2.7. Diminished Akt, but not ERK, activity correlates with growth factor         

depletion-induced arrest........................................................................... V-21 

3. Discussion........................................................................................................ V-23 



 xi 

3.1. Cadherins as anti-proliferative signals:  Modulation of Tcf/Lef    

transcription via cell-cell contact............................................................. V-25 

3.2. Cadherins as anti-proliferative signals:  Cell-cell contact mechanisms    

independent of Tcf/Lef transcription........................................................ V-28 

3.3. Density-dependent models of growth suppression:  Phosphatase-      

mediated inhibition of mitogenic signaling pathways.............................. V-30 

3.4. Mitogenic ligand depletion as a mediator of growth suppression............ V-31 

4. Future Work..................................................................................................... V-32 

4.1. The role of ERK and Akt in growth suppression..................................... V-32 

4.2. Mechanisms underlying upregulation of endogenous E-cadherin........... V-34 

4.3. Functional significance of E-cadherin upregulation for growth 

suppression............................................................................................... V-35 

5. Conclusions and Acknowledgments................................................................ V-37 

6. Experimental Procedures................................................................................. V-37 

6.1. Antibodies................................................................................................ V-37 

6.2. Cell Culture.............................................................................................. V-37 

6.3. Plasmid Constructs................................................................................... V-37 

6.4. Retroviral Infection.................................................................................. V-38 

6.5. Cell Lysis.................................................................................................. V-38 

6.6. Immunoblotting........................................................................................ V-39 

6.7. Reporter Assays........................................................................................ V-40 

6.8. DNA Synthesis Measurements................................................................. V-40 

6.9. Immunofluorescence................................................................................ V-41 

6.10.  Immunoprecipitation............................................................................... V-41 

7. References....................................................................................................... V-42 

 

VI.  Epithelial cell patterning by soluble ligands.......................................................... VI-1 

1. Introduction...................................................................................................... VI-2 

2. Materials and Methods..................................................................................... VI-4 

2.1. Cell Culture............................................................................................... VI-4 

2.2. Phase Contrast Microscopy....................................................................... VI-4 



 xii 

2.3. Pharmacological Inhibition....................................................................... VI-4 

3. Results and Discussion..................................................................................... VI-5 

3.1. Growth Medium controls the reversible formation of cell colonies......... VI-5 

3.2. EGF, but not serum, can prevent cell aggregation.................................... VI-6 

3.3. EGF and ChT induce mild dissociation of cell colonies........................... VI-7 

3.4. EGF and ChT cooperate to induce synergistic cell scattering.................. VI-8 

3.5. MAPK and PI3K control various aspects of cell scattering................... VI-10 

3.6. Relevance of cell scattering to EMT....................................................... VI-11 

4. Future Work................................................................................................... VI-13 

4.1. Further elucidation of the mediators of EGF- and ChT-induced                  

cell scatter............................................................................................... VI-13 

4.2. The role of cadherins and other adhesion proteins in cell scattering...... VI-14 

4.3. Quantitative metrics of cell scatter......................................................... VI-16 

5. Conclusions.................................................................................................... VI-18 

6. References...................................................................................................... VI-19 



 xiii 

LIST OF TABLES 

 

Number Page 

IV-1. Quantitative performance of protein complex and sandwich ELISAs...... IV-12 

VI-1. Potential Scatter Metric:  Average and percent standard deviation of              

neighbor distance...................................................................................... VI-18 



 xiv 

LIST OF FIGURES 

 

Number Page 

I-1 Generalized structure of Adherens Junctions................................................. I-2 

I-2 The canonical Wnt signaling pathway........................................................... I-4 

II-1. TOPFLASH and FOPFLASH reporter activity in SW480 and                             

MCF-10A cells............................................................................................ II-12 

II-2. Dominant-negative Tcf4 effect on TOPFLASH reporter........................... II-13 

II-3. Growth medium constituents vary in the ability to induce Tcf/Lef           

transcriptional activity, GSK3β phosphorylation, and DNA synthesis...... II-16 

II-4. Dominant-negative Tcf4 blocks DNA synthesis........................................ II-18 

II-5. Dominant-negative Tcf4 does not affect EGF-mediated EGF receptor                      

and ERK phosphorylation........................................................................... II-21 

II-6. Tcf/Lef involvement in cyclin D1 promoter activity.................................. II-22 

II-7. Proposed model for the strict requirement of Tcf/Lef signaling for            

EGF-mediated cell cycle progression........................................................ II-26 

III-1. EGF induces Tcf/Lef transcriptional activity in 293T-EGFR cells............. III-5 

III-2. Wnt 3a and EGF cooperate to activate Tcf/Lef transcriptional activity...... III-7 

III-3. Wnt 3a and EGF activate Tcf/Lef transcription via different          

mechanisms................................................................................................. III-9 

III-4. ERK is required for both EGF- and Wnt-3a-mediated                             

Tcf/Lef signaling....................................................................................... III-12 

III-5. PKC, but not PKA, is required for EGF- and Wnt-3a-mediated Tcf/Lef  

transcriptional activity............................................................................... III-14 

III-6. ERK, but not Wnt 3a, requires Src family kinase activity to activate                  

Tcf/Lef transcriptional activity.................................................................. III-16 

III-7. EGF and Wnt 3a activate Tcf/Lef signaling via a distinct but partially         

overlapping network.................................................................................. III-18 

III-S1. Wnt 5a does not activate Tcf/Lef signaling............................................... III-30 

III-S2. Neither Wnt 3a nor EGF induces phosphorylation of GSK3β on               

serine 9....................................................................................................... III-30 



 xv 

III-S3. ConA pre-clearing of whole cell lysate depletes E-cadherin.................... III-30 

III-S4. ERK signaling is required for EGF-mediated Tcf/Lef signaling.............. III-31 

III-S5. The PKC inhibitor Calphostin C inhibits EGF-mediated Tcf/Lef         

signaling only at high concentrations........................................................ III-31 

III-S6. PKC does not lie upstream of EGF-mediated ERK activation,                                 

but Src possibly does................................................................................. III-32 

III-S7. PKC and Src are not required for Wnt 3a-mediated stabilization of                 

β-catenin.................................................................................................... III-32 

IV-1. Antigen capture and protein:protein co-capture. ...................................... IV-10 

IV-2. Detection of E-cadherin:β-catenin protein complexes by protein                     

complex ELISA......................................................................................... IV-11 

IV-3. Specificity test for E-cadherin:β-catenin ELISA...................................... IV-14 

IV-4. Detection of E-cadherin and β-catenin total protein levels by                          

sandwich ELISA........................................................................................ IV-15 

IV-5. Quantitative comparison of the levels of E-cadherin:β-catenin          

complexes, E-cadherin and β-catenin expression in normal and      

tumorigenic cell lines................................................................................ IV-18 

IV-6. Quantifying the effect of constitutively-active Src on cellular levels of                    

E-cadherin:β-catenin complexes and the expression of E-cadherin and                     

β-catenin.................................................................................................... IV-21 

IV-S1. Validation of standard sandwich and protein complex ELISAs in            

normal and tumorigenic cell lines............................................................. IV-25 

IV-S2. Validation of standard sandwich and protein complex ELISAs in cells         

expressing constitutively-active Src ......................................................... IV-26 

V-1.  Quantification of intercellular contact by measuring cell density in           

MCF-10A...................................................................................................... V-7 

V-2.  DNA synthesis is inversely correlated with cell density ............................. V-8 

V-3.  EGFR, ERK, and Akt signaling at various cell densities........................... V-10 

V-4.  β-catenin-mediated transcription is inversely correlated with                        

cell density.................................................................................................. V-12 



 xvi 

V-5.  Expression of endogenous E-cadherin, but not β-catenin,                                            

is cell density-dependent............................................................................. V-13 

V-6. Full-length E-cadherin, but not the cytodomain-truncated mutant,          

reduces DNA synthesis............................................................................... V-15 

V-7. Exogenous E-cadherin constructs do not affect ERK despite affecting               

EGFR and Akt phosphorylation................................................................. V-17 

V-8. Growth factor concentration-dependent saturation of cell growth............. V-18 

V-9. Cell colony formation does not affect EGF-mediated proliferation........... V-19 

V-10. Growth factor availability determines the cell density at growth 

saturation..................................................................................................... V-21 

V-11. Akt signaling, but not ERK signaling, may control cell density at 

saturation..................................................................................................... V-22 

V-12. Growth inhibition at high cell density in MCF-10A.................................. V-24 

VI-1.  Reversible formation of epithelial cell colonies by growth medium               

starvation or stimulation.............................................................................. VI-5 

VI-2. EGF, but not serum, prevents cell island aggregation................................. VI-6 

VI-3. EGF and ChT are the only components of growth medium that induce                   

cell colony dissociation............................................................................... VI-7 

VI-4. EGF and ChT can synergize to induce cell island dissociation.................. VI-8 

VI-5. PI3K and MAPK are required for different aspects of GM-induced              

cell scattering............................................................................................. VI-11 

VI-6. Average neighbor centroid distance as a metric for quantification of                       

cell scattering............................................................................................. VI-17 



 xvii 

 ABBREVIATIONS 

 

Ab Antibody 

APC Adenomatous polyposis coli gene product 

BrdU Bromodeoxyuridine 

cAMP Cyclic adenosine monophosphate 

ChT Cholera toxin 

CREB cAMP-responsive element-binding protein 

DAPI 4’,6-diamidino-2’-phenylindole-dihydrochloride 

E- Epithelial 

EGF Epidermal growth factor 

EGFR EGF receptor 

EGTA Ethylene glycol tetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

EMT Epithelial-mesenchymal transition 

ERK Extracellular signal-regulated kinase 

Frz Frizzled 

GM Growth medium 

GSK3β Glycogen synthase kinase 3β 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HGF Hepatocyte growth factor 

IgG Immunoglobulin G 

IP Immunoprecipitation 

Lef Lymphoid enhancer factor 

LRP Low-density lipoprotein receptor 

MOI Multiplicity of infection 

PAGE Poly-acrylamide gel electrophoresis 

pAkt Phospho-serine 473 Akt 

PBS Phosphate-buffered saline 

ppERK Dually-phosphorylated (Thr202/Tyr204) ERK 

PI3K Phosphatidylinostitol 3-kinase 



 xviii 

PCR Polymerase chain reaction 

PKA cAMP-dependent protein kinase 

PKC Protein kinase C 

pRb Retinoblastoma protein 

RTK Receptor tyrosine kinase 

RT-PCR Reverse transcription PCR 

shRNA Short hairpin RNA 

siRNA Short interfering RNA 

SDS Sodium dodecyl sulfate 

S.E. Standard error 

TBS Tris-buffered saline 

TBST TBS plus 0.5% (v/v) Tween-20 

Tcf T-cell factor 

TGFβ Transforming growth factor β 

VE Vascular endothelial 

VEGF VE growth factor 

VEGFR VEGF receptor 

v/v Volume / volume 


