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ABSTRACT 

 

Tumors showing evidence of epithelial to mesenchymal transition (EMT) have been associated 

with metastasis, drug resistance, and poor prognosis.  Heterogeneity along the EMT spectrum 

is observed between and within tumors.  To develop effective therapeutics, a mechanistic 

understanding of how EMT affects the molecular requirements for proliferation is needed.  We 

generated an inducible cell line model of EMT to study how induction of EMT affects signaling 

through proliferation and survival pathways. We found that while cells utilize PI3K for 

proliferation in both the epithelial and mesenchymal states, EMT rewires the mechanism of PI3K 

pathway activation. In epithelial cells autocrine ERBB3 activation maintains PI3K signaling, 

while after EMT, downregulation of ERBB3 disrupts autocrine signaling to PI3K.  Loss of ERBB3 

leads to reduced serum-independent proliferation after EMT which can be rescued through 

reactivation of PI3K by enhanced signaling from p110α, ERBB3 re-expression, or growth factor 

stimulation.  In vivo, we demonstrate that PIK3CA expression is upregulated in mesenchymal 

tumors with low levels of ERBB3. This study defines how ERBB3 downregulation after EMT 

affects PI3K-dependent proliferation. 
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INTRODUCTION  
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1.1 THE EPITHELIAL TO MESENCHYMAL TRANSITION 

 

1.1.i. Phenotypic characteristics of epithelial and mesenchymal cells.  

 

Epithelial cells in vivo form continuous layers that serve as a permeability barrier, separating 

adjacent tissues and organs. They are organized into simple or stratified sheets consisting of 

single or multiple layers of cuboidal or columnar cells sitting on a basement membrane. Close 

contacts formed between cells in the layer maintain the integrity of the barrier. The 

establishment of three specialized junctional complexes—adherens junctions, desmosomes, 

and tight junctions— underlie these intercellular contacts. Adherens junctions generate a tight 

belt of adhesion between cells and facilitate hemophilic interactions between the epithelial 

cadherin (E-cadherin) on adjacent cell surfaces. Intracellular proteins including β-catenin and 

p120 catenin mediate interactions between E-cadherin and the actin cytoskeleton through actin 

binding proteins such as α-catenin. Desmosomes act as a “patch” that holds cell surfaces 

between neighboring together via protein complexes similar to those in adherens junctions. 

Desmosomal proteins connect to intermediate filaments that provide structural integrity of the 

epithelial layer. Tight junctions form between epithelial cells and are composed of integral 

membrane proteins that connect transmembrane proteins to the actin cytoskeleton and 

signaling proteins (1).   

 

These structures, along with others, are involved in maintaining the apical-basolateral polarity 

characteristic of epithelial sheets by limiting diffusion of molecules from one surface to another. 

This facilitates the generation of a distinct apical domain opposite the basement membrane, and 

a basolateral domain that includes attachments to the basement membrane, and the cell-cell 

interactions mediated by the junctional complexes. These junctions also serve to prohibit the 
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mobility of the cells and maintain consistent cell shape so as to not perturb the layer. The 

formation and organization of these structures underlies is one of the most basic forms of 

metazoan cellular organization (2).   

 

Mesenchymal or stromal cells are loosely organized within an extracellular matrix in connective 

tissues adjacent to epithelia, and generally play a supporting role. They typically exhibit a more 

elongated, spindle cell morphology. They lack apical-basal polarity, instead often exhibiting 

front-rear polarity. This is generated by the unequal distribution of proteins between ends of a 

migrating cell. There is a leading edge of the membrane facing the direction of migration, and 

the rear where adhesion complexes are disassembled to allow movement (1, 3). Mesenchymal 

cells do not form tight intercellular connections, instead more readily making contacts with the 

extracellular matrix (ECM) than with other cells. These characteristics provide increased motility 

and invasiveness compared to their epithelial counterparts.  A program facilitating the inter-

conversion of cells between an epithelial and mesenchymal differentiation state allows for the 

morphogenesis of epithelial structures throughout diverse tissues during development. 

 

For cells to undergo an epithelial to mesenchymal transition (EMT), disruption of the normal 

epithelial organization is required. Cell-cell contacts must be disassembled, cells must 

appropriately change their shape and polarity and generate sufficient force to delaminate from 

the epithelial layer (Figure 1.1). Additionally, cells must acquire the capacity to move through the 

basement membrane and to survive in a new environment without their previous environmental 

and cell-cell contact derived survival signals. The EMT gene expression program facilitates 

each of these necessary steps.  

 

1.1.ii EMT-associated gene expression changes 
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Control of the phenotypic and morphological switch from an epithelial to mesenchymal state is 

driven at the transcriptional level through the modulation of gene expression related to 

adhesion, polarity, viability, motility, and ECM degradation. A switch in the type of adhesion 

proteins, loss of junctional proteins, and changes in the ECM and cytoskeletal components 

represent some of the common changes associated with EMT. Some specific examples 

commonly seen in EMT are listed in Table 1.1.  

 

Table 1.1 

Downregulated 
after EMT 

Cellular Function Upregulated 
after EMT 

Cellular Function 

E-cadherin Adherens Junctions N-cadherin Cell Adhesion 

Cytokeratin Cytoskeleton Vimentin Cytoskeleton 

ZO-1 Tight Junctions Fibronectin Extracellular Matrix 

Laminin-1 Extracellular Matrix Vitronectin Extracellular Matrix 

Syndecan Cytoskeletal Organization β-catenin Signaling 

MUC1 Epithelial barrier function α5 integrin Interaction with matrix 

Desmoplakin Desmosomes  α-SMA Cytoskeleton 

Plakophilin Desmosomes MMPs Matrix remodeling  

Crumbs3 Polarity Complex Snail1/2 Transcription factor 

α1 collagen Extracellular Matrix Zeb1/2 Transcription factor 

Claudins Tight Junctions Twist1/2 Trancription factor 

  Goosecoid Transcription factor 

  FOXC2 Transcription factor 

 

To facilitate the disruption of cell-cell contacts, many of the components of the epithelial 

junctional complexes are transcriptionally downregulated after EMT. One crucial regulator of the 

epithelial phenotype is the adherens junction protein, E-cadherin. Loss of E-cadherin alone in 

some contexts is sufficient to initiate an EMT. Throughout the transition, expression of epithelial 

specific cadherins is replaced with mesenchymal cadherins, such as N-cadherin, that facilitate 
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weaker interactions between cells and extracellular matrix, allowing for enhanced motility. 

Additionally, mesenchymal cells show enhanced expression of specific ECM components, such 

as fibronectin. Furthermore, specific matrix metalloproteases, such as MMP-2 and MMP-9, are 

upregulated after EMT, in order to degrade ECM as cells move through it. Epithelial specific 

cytokeratin intermediate filaments are replaced with mesenchymal intermediate filaments, such 

as vimentin and additional cytoskeletal rearrangements aid in the change in cell shape and 

motility. While cell-cell junctions are closely linked to apical-basal polarity seen in epithelial cells, 

additional polarity promoting complexes are also disrupted during EMT.  

 

1.1.iii EMT promoting transcription factors 

 

Repression or induction of epithelial or mesenchymal gene expression, respectively, is 

mediated by a number of ‘master regulators’ of morphogenesis. These pleiotropic transcription 

factors include members of the Snail, Twist, and Zeb families (4).  Three members of the Snail 

family, SNAI1, SNAI2, and SNAI3, have been described in vertebrates. They each share a 

conserved C-terminal region with four to six zinc finger domains. These recognize E2-box 

elements (C/A(CAGGTG)) and are thought to act as transcriptional repressors. Repressive 

activity is dependent on an N-terminal SNAG domain, consisting of 7-9 amino acids (4).  

 

Twist proteins, are members of the basic helix-loop-helix family (bHLH) of transcription factors 

consisting of two parallel amphipatic α-helices connected by a loop that mediates dimerization 

and a basic domain that mediates DNA binding. Like the Snail proteins, bHLH proteins bind 

DNA via E-box consensus sequences (CANNTG) as homo- or heterdimers. bHLH proteins can 

act as transcriptional inducers or repressors, depending on recruitment and interaction with 

specific binding partners. This HLH family has been broadly classified into seven categories, 

with TWIST1 and TWIST2 falling into class II proteins. This classification is based on their 



6 
 

mechanism of acting as heterodimers with class I family HLH proteins and tissue specific 

expression. The class I family proteins, also called E-proteins, are widely expressed and can act 

as both homo- and hetero-dimers (4).  

 

Zeb family proteins are also zinc finger domain containing transcription factors with two zinc 

finger clusters on each end of a central homeodomain. There are two members, ZEB1 and 

ZEB2, also known as δEF1 and SIP1, respectively. These proteins interact with DNA through 

the binding of two zinc finger domains to canonical bipartite E-boxes (CACCT and CACCTG) in 

promoter regions and thought to act as transcriptional inducers or repressors through interaction 

with specific cofactors. The relationship of these factors to EMT was initially characterized in the 

context of development.  

 

1.2  EPITHELIAL TO MESENCHYMAL TRANSITIONS IN DEVELOPMENT 

 

1.2.i Developmental processes utilizing EMTs 

 

EMT drives several of the key steps throughout development, providing a reversible mechanism 

for patterning and tissue reorganization. During the early stages of embryogenesis, EMTs are 

involved in mesoderm formation during gastrulation and neural crest delamination while 

processes such as heart valve and secondary palate formation represent EMTs in more well 

differentiated epithelia later in development (3). At intermediate stages of mesodermal 

development, EMT in the somites generates mesenchymal cells that will ultimately form a 

number of specific cell types including cells of muscle and satellite cells as well as neural 

arches, ribs and tendons. In the endoderm, EMT of cells from the pancreatic bud go on to form 

endocrine cells of the pancreas, while EMT in the liver diverticulum generates hepatoblasts (5).  
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It was studying mutant phenotypes defective for one of these developmental processes that led 

to the identification of the EMT promoting transcription factors described above. Twist was first 

identified in drosophila as a regulator of mesoderm induction and emigration of cells from the 

neural crest. Conservation between other organisms has been found, as Twist is also promotes 

the ingression or primary mesenchymal cells during gastrulation in sea urchin. In vertebrates, 

Twist appears to play a larger role in the formation of the neural crest.  

 

Snail genes also were identified through their key roles in development. Snail1, or Snail, was 

found to be important for mesoderm induction and gastrulation in drosophila as well as in neural 

crest migration in vertebrates. Subsequent studies have implicated Snail in most of the EMT 

events identified during development (4). Snail2, or Slug, was identified for its involvement in 

neural crest delamination and early mesoderm formation in chick embryos and has since been 

implicated in later EMT events including cardiac valve formation, along with Snail (3).  

 

During development, Zeb factors are primarily expressed in the central nervous system, heart, 

skeletal muscle and haematopoietic cells. Zeb2 was first identified for its role in neurogenesis in 

drosophila. There is thought to be some functional redundancy between the two Zeb proteins, 

as deficiency in one can be compensated for by the other to varying degrees, though Zeb2 

knockout mice show embryonic lethality due to defective emigration of neural crest cells that 

cannot be compensated for by Zeb1 (4).  

 

1.2.ii Molecular mechanisms of developmental EMTs 

 

With the ability of these pleiotropic transcription factors to dramatically alter cellular morphology 

and behavior during development, mechanisms upstream of induction of these factors are 

tightly spatially and temporally regulated. During mesoderm formation, coordinating signaling 
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between multiple pathways is required to induce expression of Snail and Slug to drive the 

morphological changes associated with EMT and gastrulation. These signals include members 

of the TGF-β family such as Nodal, canonical Wnts, and activation of the receptor tyrosine 

kinase fibroblast growth factor receptor (FGFR). Working together, these signals provide very 

tight control over the specific timing and region undergoing EMT. This complex regulation is 

crucial for proper patterning resulting in a multitude of signaling molecules that contribute to the 

diverse set of EMTs during development. A summary of a subset of signaling pathways and the 

related developmental steps that they regulate are shown below in Table 1.2 (3, 5).  

 

Table 1.2 

EMT Inducing Signal Regulated Developmental Context 

FGF Gastrulation, Neural crest, Limb development 

HGF Liver 

PDGF Liver 

IGF Mammary epithelial cells 

WNT Gastrulation, Neural crest, Heart development 

TGF-β Gastrulation, Heart development, Palatal fusion, Skin, Heptaocytes 

BMP Neural crest, cardiac valve formation 

SCF Melanogenesis, gametogenesis, hematopoiesis 

EGF Gastrulation, mammary gland, secondary palate formation 

Notch Neural crest, heart development, boundary formation 

 

These signals work cooperatively to ultimately converge at the transcriptional level to mediate 

the induction of the appropriate complement of EMT promoting transcription factors, including 

Snail, Twist, or Zeb proteins at the right time and in the right place in order to coordinate the 

morphological changes necessary for development. 

 

1.3  EPITHELIAL TO MESENCHYMAL TRANSITIONS IN CANCER 
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1.3.i EMT-promoting signals in cancer 

 

The relationship of these transcription factors to EMT and cancer was first described when Snail 

was identified as a direct repressor of E-cadherin that drove EMT and invasion in carcinoma 

cells (6, 7). Similar studies with Snail2/Slug, Zeb and Twist proteins soon followed (8-10). As 

these factors are known inducers of developmental EMTs and their ability to promote EMT and 

invasive behavior in tumors cells emerged (1), myriad subsequent studies looked to define the 

mechanisms through which their expression and activity was reactivated in cancer. 

 

Unsurprisingly, many of the pathways known to be important for mediating developmental EMTs 

were also implicated in driving EMT in cancer (Figure 1.1) (5). Each pathway, however, was 

often found to act in cooperation with other signals and each combination acted in a context 

specific manner, showing different requirements for EMT in different tumor models and cell 

types. For example, in different contexts, SNAIL1 expression can be activated through the 

cooperation of different combinations of TGFβ, WNT proteins, Notch and RTK signaling driven 

by EGF, FGF, HGF, and IGF-1 (1). Post-translational control is a second level of regulating 

SNAIL1 activity and EMT. GSK3β phosphorylation of SNAIL1 at different sites can inactivate its 

transcriptional activity by promoting nuclear export and ubiquitin-mediated degradation.  Many 

of the aforementioned pathways that induce expression of SNAIL1 also can promote its activity 

at the post-translational level via increased stability. For example, WNT and PI3K-AKT signaling 

block GSK3β activity thereby preventing the inhibitory SNAIL1 phosphorylation events (11, 12). 

Additionally, Notch and NF-κB signaling can block the interaction between GSK3β and SNAIL1 

(13, 14). 
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TWIST expression is also mediated by numerous factors at the transcriptional and post-

translational levels. TWIST expression is strongly induced by HIF1α, leading to EMT and tumor 

cell dissemination in response to hypoxic conditions (15). WNT/β-catenin signaling has also 

been implicated in the induction of TWIST (16). At the post-translational level, MAPK signaling 

phosphorylation of TWIST1 protects from ubiquitin-mediated degradation, increasing stability 

and activity (17). Expression of ZEB1 often follows expression of SNAIL1 and/or TWIST1 as 

these factors often act to directly or indirectly activate each other as well as other targets (18, 

19). ZEB1 can also be induced in response to TGFβ, WNT proteins, and growth factors that 

stimulated MAPK pathway activity (20). Activation by TGFβ involves the transcription factor 

ETS1, which is activated by MAPK signaling, highlighting the required cooperative signaling 

leading to induction of EMT. 

 

1.3.ii Reversible versus stable EMT in cancer 

 

EMT is human tumors can be described in two different classes. The first is a transient, 

reversible EMT state induced by microenvironmental paracrine signals. In this model EMT is a 

critical component of the metastatic cascade, where interactions with infiltrating immune and 

stromal cells promote tumors cells to undergo EMT invade the local environment, ultimately 

intravasating into blood vessels. After traveling through the circulation and arriving at a distant 

site cells extravasate out of vessels and the reverse process, mesenchymal to epithelial 

transition (MET) is thought to occur, leading to the colonization and growth of a metastatic 

lesion with epithelial characteristics resembling the primary tumor (21).  Evidence supporting 

this model in human tumors is discussed in greater detail in the following section.  
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In contrast to this reversible model, the acquisition of mesenchymal characteristics in carcinoma 

cells derived from epithelial tissues can be a stable, irreversible process due to specific genetic 

or epigenetic alterations. Signaling pathways that are known to drive EMT, as discussed in the 

previous section, are often constitutively activated in human tumors (22). In mouse models of 

skin carcinogenesis, progression from squamous to spindle cell carcinoma involves genetic 

alterations supporting the conversion (23-25). These genetic differences leading to tumors with 

a more epithelial or mesenchymal phenotype may be related the specific microenvironmental 

conditions that support different lesions and/or specific cells of origin (23). Similarly, the basal-

like subtype of human breast tumors exhibit mesenchymal characteristics, suggesting that the 

subtype specific pathology leads to a stable EMT phenotype. Finally, expression of known EMT 

drivers in human tumors has been associated with disease relapse, metastasis, and worse 

outcomes (4, 5). The detection of these different EMT associated factors, such as the Snail and 

Twist proteins, suggests either that tumors originally develop with more mesenchymal 

character, such as has been seen in mouse models skin carcinogenesis, or that treatment or 

other pressures select for a specific mesenchymal sub-clone or conversion of existing tumor 

cells to a more stable phenotype.  

 

1.3.iii EMT and metastasis in cancer 

 

The relationship between EMT and metastasis in human cancers has long been largely 

correlative. Expression of known EMT promoting transcription factors was often associated with 

increased risk of metastasis in a number in a number of different human tumors (4). 

Furthermore, the role for EMT in driving invasion and metastasis has been demonstrated in a 

number of in vitro cancer models (5). However, the direct relevance of EMT to cancer 

progression in humans has been hotly debated due to a lack of concrete evidence of EMT in 

clinical samples. More recently, a number of different studies have strengthened the argument 
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for the relevance of EMT in human tumors. Cells having undergone EMT have been identified at 

the invasive front of human tumor specimens (26-28). These studies implicate EMT in the initial 

invasion away from the primary tumor, the first step in the metastatic cascade described above. 

A number of groups have also found that circulating tumors cells showed mesenchymal 

characteristics to varying degrees (29-31). These findings support the hypothesis that EMT may 

occur prior to intravasation into the bloodstream and subsequent colonization if distant sites 

where the mesenchymal phenotype is lost to the reverse MET process. However, 

characterization of these circulating tumor cells revealed that the cells possessed both epithelial 

and mesenchymal characteristics, suggesting that there may only be a partial or incomplete 

EMT preceding the acquisition of the necessary traits for metastasis. While these studies 

supported the involvement of EMT as a precursor to metastasis, it remained controversial, as 

the analysis of human carcinoma metastases often resembled the epithelial character of the 

original tumor, without mesenchymal features. 

 

More recently, two groups utilized inducible systems of EMT in mouse models in order to further 

define the direct relationship between EMT and metastasis (32, 33). Tsai and colleagues utilized 

a skin model of spontaneous squamous cell carcinoma in which they were able to temporally 

control the activation and inactivation of the EMT promoting transcription factor Twist1. They 

showed that induction of Twist1 is sufficient to promote carcinoma cells in this system to 

undergo EMT, invade, and intravasate into circulation. Additionally, they found that turning off 

expressing the Twist1 was required for the proliferation of tumor cells at secondary sites and the 

formation of metastasis (32). Similarly, Ocana and colleagues identify a transcription factor, 

Prrx, that is involved in early developmental EMTs. They go on to show that expressing of Prrx 

in human tumor cells drives EMT and confers invasive properties, but that expression must then 

be lost in order for tumor cells to colonize distant sites and form metastatic lesions (33). These 

studies provides direct evidence supporting that a reversible EMT may be required for 
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metastasis in certain contexts and that not only the induction EMT, but later the opposite MET 

process is critical for efficient metastasis.   

 

1.4  EPITHELIAL TO MESENCHYMAL TRANSITION AND DRUG RESISTANCE  

 

1.4.i EMT and resistance to cell death and conventional chemotherapeutics 

 

In addition to promoting an invasive, metastatic phenotype, EMT has been associated with 

increased resistance to apoptosis and senescence. The Snail genes have been implicated in 

promoting survival during development and tumorigenesis in different contexts. For example, 

Snail2 expression has been associated with aberrant cell survival leading to the development of 

leukemia and Snail2 null mice have heightened sensitivity to gamma-irradiation induced death 

(34-36). Additionally, multiple studies demonstrate that Snail1 promotes cell survival during 

development. Several groups have shown that expression of Snail1 leads to survival in the 

absence of survival factors and provides resistance to apoptosis following death receptor 

stimulation (37, 38). Furthermore, Snail1 expression increases resistance to DNA damage (39, 

40). In the min mouse model of colonic tumorigenesis, knockdown of Snail leads to increased 

cell death in colon tumors (41). A prosurvival role for Twist has also been identified, opposing 

the pro-apoptotic activity of Myc in neuroblastoma (42). In addition to promoting tumor survival, 

several studies have demonstrated a role for Twist proteins in preventing oncogenic induced 

senescence in different tumor models (43-45). Zeb1 has also been implicated in preventing 

senescence in mouse embryonic fibroblasts (46). 

 

The pro-survival effects of EMT inducing transcription factors may also contribute to resistance 

to conventional chemotherapeutics. Colon and ovarian carcinoma cells showing markers of 

EMT are correlated with increased resistance of oxaliplatin and paclitaxel, respectively (47, 48). 
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In breast cancer cell lines, Twist is upregulated in populations selected for invasive properties 

that show resistance to paclitaxel. Furthermore, knockdown of Twist in breast cancer cell lines 

can partially reverse multidrug resistance (49, 50). Expression of Snail has also been 

associated with resistance to chemotherapeutics including paclitaxel and adriamycin as well as 

resistance to radiation, acting by antagonizing p53-mediated apoptosis (39, 51). 

 

1.4.ii EMT and resistance to targeted therapeutics 

 

While the specific signals that driving EMT have been the subject of intensive research, 

differences in signaling through these networks as a result of the transition are still emerging. 

Several studies with targeted therapeutics suggest that there may be a rewiring of signaling 

pathways after the transition. Specifically, relationships between EMT status and response to 

specific pathway inhibitors that target these networks have been observed in cell lines and in 

patients.  For example, the mesenchymal phenotype has been associated with resistance to the 

EGFR inhibitor erlotinib in non-small cell lung cancer (NSCLC) cell lines and patients. 

Additionally, basal breast cancer cell lines, which are more mesenchymal, show increased 

sensitivity to Src and MEK inhibition (52-56).  Conversely, in lung cancer cell lines harboring 

KRAS mutations, efficacy of MEK inhibition was negatively associated with a more 

mesenchymal state (57).  Whether these context specific responses are due to tissue or origin, 

genotype or other unknown factors remains to be determined. Furthermore, knockdown of 

KRAS in KRAS mutant cells has been shown to elicit different responses based on EMT status.  

Experiments in which panels of KRAS mutant cells exhibiting either epithelial or mesenchymal 

phenotypes were infected with KRAS shRNAs demonstrated that only cells in the epithelial state 

underwent apoptosis (58).  This observation motivates the broad question of how signaling 

networks are affected by the transition to a mesenchymal state.   
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1.5 ERBB FAMILY SIGNALING 

 

1.5.i ERBB family receptor tyrosine kinases 

 

As discussed above, EMT may drive a change in the dependence on signaling through the 

ERBB family signaling. The ERBB family of receptor tyrosine kinases (RTKs) is comprised of 

four members, ERBB1/EGFR, ERBB2, ERBB3, and ERBB4. Each of this family of receptors 

contains an extracellular ligand-binding domain, a single pass transmembrane domain, and a 

cytoplasmic tyrosine kinase domain. Activation of ERBB family members by various ligands, 

discussed in greater detail below, leads to homo- and heterodimerization of different family 

members and subsequent transactivation of the tyrosine kinase domain (59, 60). ERBB2 has no 

known ligand, and therefore requires heterodimerization with additional ERBB family members 

for activation while ERBB3 can be stimulated by receptor specific ligands but has little to no 

kinase activity and therefore also requires heterodimerization to signal efficiently in response to 

stimulation (60).  

 

The phosphorylated cytoplasmic domains of ERBB receptors act as a docking site for an array 

of intracellular effectors that lead to the activation of a number of downstream signaling 

pathways. These include the mitogen activated protein kinase (MAPK), the phosphoinositide-3-

kinase (PI3K), the Signal Transducer and Activator of Transcription (STAT), and phospholipase 

Cγ pathways. Although each of the ERBB family members can act as homo-dimers, ERBB2 is 

the preferred dimerization partner for each of the other ERBB receptors. ERBB3 has impaired 

kinase activity and is therefore only able to contribute to downstream signaling when acting as a 

dimer with a different ERBB family member.  
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Despite the fact that the intracellular domains demonstrate extensive overlap with respect to the 

adaptor proteins that are recruited to activated receptors, signaling to preferred pathways from 

specific ERBBs are observed. Constitutively active EGFR shows preferential activation of the 

PI3K and STAT pathways, while ERBB2 activates the MAPK and PLCγ signaling. ERBB3 

contains six docking sites for the regulatory subunit of PI3K, and therefore leads to strong 

signaling through this pathway.  

 

1.5.ii Ligands activating ERBB family 

 

There are many extracellular ligands that stimulate the activation of different ERBB homo- and 

heterodimers. Ligands including EGF, TGFα, and amphiregulin bind specifically to EGFR, 

whereas betacellulin, heparin binding EGF, and epiregulin show dual specificity for EGFR and 

ERBB4. The neuregulin ligands can bind both ERBB3 and ERBB4 (NRG1 and NRG2) or only 

ERBB4 (NRG3 and NRG4). Under normal physiological conditions, the activation of ERBB 

receptors is controlled largely by the spatial and temporal expression of the specific ligands 

(59). Ligands that stimulate different homo- or heterodimer pairs can elicit distinct downstream 

signals. Furthermore, differences in ligand affinities for receptor pairs can cause differences in 

receptor dynamics after stimulation, altering signal intensity and kinetics. A summary of the 

homo- and heterodimerization partners stimulated by each EGF family ligand is show in Table 

1.3 below.  

 

Table 1.3. 

EGF Ligand Target ERBB Dimer Pairs 

Epidermal Growth Factor (EGF) EGFR/EGFR; EGFR/ERBB2 

Transforming Growth Factor-α (TGFα) EGFR/EGFR; EGFR/ERBB2 

Amphiregulin (AR) EGFR/EGFR; EGFR/ERBB2 
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Betacellulin (BTC) EGFR/EGFR; EGFR/ERBB2; ERBB2/ERBB4; 

ERBB4/ERBB4 

Heparin-binding EGF (HB-EGF) EGFR/EGFR; EGFR/ERBB2; ERBB2/ERBB4; 

ERBB4/ERBB4 

Epiregulin (EPR) EGFR/EGFR; EGFR/ERBB2; ERBB2/ERBB4; 

ERBB4/ERBB4 

Neuregulin1 (NRG1) ERBB2/ERBB3; ERBB3/ERBB3; ERBB2/ERBB4; 

ERBB4/ERBB4 

Neuregulin2( NRG2) ERBB2/ERBB3; ERBB3/ERBB3; ERBB2/ERBB4; 

ERBB4/ERBB4 

Neuregulin3 (NRG3) ERBB2/ERBB4; ERBB4/ERBB4 

Neuregulin4 (NRG4) ERBB2/ERBB4; ERBB4/ERBB4 

 

1.5.iii ERBB activation in cancer 

 

Aberrant activity of ERBB family receptors are found in a variety of human tumors and can drive 

proliferation and tumorigensis. Signaling from ERBB family members has been identified to play 

a role in breast, lung, brain, head and neck, and colon tumors (61). Mechanisms of receptor 

activation in cancer occurs through diverse mechanisms including overexpression and/or gene 

amplification, point mutations, partial deletions, and autocrine overexpression (62). Both 

overexpression and mutation of EGFR and ERBB2 can drive receptor activation independent of 

ligand stimulation. Furthermore, these alterations can increase the level of activation following 

ligand binding. The role of ERRB4 in tumorigenesis is more complex. With multiple isoforms, 

ERBB4 sometimes has oncogenic and sometimes has tumor suppressive properties, though the 

discovery of activating mutants of ERBB4 supports an oncogenic role in certain contexts (61). 

Due to its kinase deficiency, ERBB3 is thought to act largely as a heterodimer with other 

ERBBs, but still generates potent mitogenic signals, particularly when paired with ERBB2 (63). 

More recently, ERBB3 mutations have been identified in colon and gastric cancers. These 
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mutants were transforming, but their transformation potential depended on the presence of 

ERBB2 (64). 

 

In addition to acting as oncogenic drivers, signaling through ERBB RTKs has been shown to 

play an important role in the context of other oncogenic drivers. For example, two recent studies 

have identified EGFR as critical for the development of KRAS driven pancreatic tumors in 

mouse models (65, 66). Additional work in colorectal tumor cells driven by KRAS showed that 

cells retained dependence on upstream RTKs, including ERBB family members, to activate 

PI3K signaling, despite the presence of the KRAS mutation (67). These studies demonstrate 

that ERBB family members play diverse roles on the pathogenesis of cancer in different 

contexts.  

 

1.6 SIGNALING DOWNSTREAM OF ERBB FAMILY  

 

1.6.i MAPK pathway signaling downstream of EGFR and RAS 

 

The MAPK pathway is one arm of signaling that is activated downstream of ERBB family and 

other receptor tyrosine kinases (RTKs) (60). Among the adaptors and signaling proteins 

recruited to RTKs after activation via growth factors, are guanine nucleotide exchange factors 

(GEFs). GEFs mediate the activation of the small G-protein RAS, by stimulating the exchange 

of GDP for GTP. When GTP bound, RAS adopts an activate conformation leading to the 

recruitment and activation of downstream effector RAF kinase (68). There are three major RAF 

isoforms—A-, B-, and C-RAF—that can be activated by RAS. Activated RAF subsequently 

phosphorylates and activates the serine/threonine kinase MEK, which subsequently 

phosphorylates and activates the serine/threonine kinase ERK. Phosphorylated ERK can then 

translocate into the nucleus where it activates a transcription factor network that can initiate 
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pleiotropic effects including cell cycle progression, proliferation, cell survival, migration and 

differentiation in various contexts (68, 69). This activation of RAF-MEK-ERK downstream of 

EGFR and RAS constitutes the canonical MAPK pathway.    

 

Frequent genetic alternations in components of the MAPK pathway or upstream highlight the 

relevance of this signaling cascade in cancer. Activating mutations in one of the three major 

isoforms of RAS—H-, N-, and KRAS—are found in approximate 30% of human tumors (68-70). 

KRAS mutations are particularly prevalent in lung, colon, and pancreatic tumors whereas NRAS 

mutations are frequently found in hematopoietic malignancies and melanoma. The role of MAPK 

signaling downstream of oncogenic RAS has been shown to be critical for tumorigenesis (68, 

71, 72). Early in vitro experiments demonstrated that disruption of RAS-RAF interaction or 

introduction of dominant negative RAF, MEK and ERK constructs ablate the ability of RAS to 

transform cells (73-76). More recent studies using in vivo mouse models of skin and lung 

carcinogenesis show the requirement for the RAF-MAPK pathway for the initiation and/or 

maintenance of RAS-driven tumors (77-79). Mutations in the downstream kinase B-RAF are 

also seen in human tumors, most notably in melanoma but also frequently occuring in colon, 

lung and thyroid cancers (80, 81). Interestingly, in melanoma and colorectal cancer, mutations 

in RAS and BRAF oncogenes are mutually exclusive, suggesting that mutation of either gene 

may be functionally equivalent in the pathogenesis of these malignancies (82). These data all 

support an important role for signaling through the MAPK pathway in tumorigenesis in different 

contexts.  

 

 

1.6.ii PI3K signaling 
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The phosphoinositide 3-kinase (PI3K) pathway is one of the critical signaling pathways 

downstream of ERBB family receptors and other RTKs. Class IA PI3Ks are heterodimeric lipid 

kinases comprised of a p85 regulatory subunit and a p110 catalytic subunit. PI3K signaling can 

be activated by several different upstream effectors. The p85 subunit can directly or indirect 

interact with various RTKs, including the ERBB family, leading to PI3K activation (59, 83).  

Alternately, the p110 catalytic subunit of PI3K harbors a RAS binding domain (RBD) that 

interacts with activated RAS and subsequent activation (84, 85). PI3K catalyzes the conversion 

of phosphatidylinositol (4,5)-bisphosphate (PIP2) to the second messenger phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3). A primary downstream effector of PIP3 is the serine/threonine 

kinase AKT, which activates a host of signaling programs to promote cell growth, survival, and 

migration (86, 87). 

 

1.6.iii PI3K pathway alterations in cancer 

 

PI3K signaling is often up-regulated in tumor cells, highlighting its relevance in the pathology of 

cancer. Constitutive activation of the pathway is driven by a variety of mechanisms, including 

gain-of-function mutation in PIK3CA, which encodes the p110α catalytic subunit of PI3K (88-

91). PTEN is a lipid phosphatase that negatively regulates PI3K signaling, and its expression is 

often lost in cancers, providing yet another method by which PI3K signaling can be deregulated 

(92). Additionally, increased activity of upstream regulators can also activate the PI3K signaling 

pathway, and this can be achieved through amplification or activation of upstream receptor 

tyrosine kinases, PIK3CA or via oncogenic RAS mutation (86, 89). Interestingly, although RAS 

mutation drives PI3K activity, oncogenic mutations in RAS and PIK3CA often co-exist in 

colorectal cancers. It is unclear whether these co-existing mutations cooperate to amplify 

common downstream pathways or function independently to activate non-overlapping pathways 

(86, 93-95). 
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1.6.iv  Targeting the PI3K pathway in cancer 

 

Due to frequent activation of the PI3K pathway in cancer, numerous targeted therapeutics have 

been developed against PI3K itself as well as upstream RTKs, or downstream effectors Akt and 

mTOR. Therapeutics acting on the PI3K-AKT-mTOR pathway can be characterized in a number 

of different classes including: pan-class I PI3K inhibitors, isoform-selective PI3K inhibitors, 

rapamycin analogues, active-site mTOR inhibitors, pan-PI3K-mTOR inhibitors, and AKT 

inhibitors (83). Although there has been limited success with rapamycin analogues and the 

isoform-selective p110δ inhibitor in chronic lymphocytic leukemia, many of the other inhibitors 

have shown limited efficacy in advanced solid tumors when given as single agents (96).  

 

However, several studies provide evidence that PI3K inhibition may be effective when used in 

combination with other targeted therapeutics. For example, this combination might be effective 

in tumor cells driven by EGFR or ERBB2, as resistance to their RTK inhibitors is often achieved 

via re-activation of PI3K signaling (83, 97). Conversely, treating cells with PI3K pathway 

inhibitors often releases negative feedback upstream, leading to activation of RTKs and 

signaling upstream of the target (98-101). Accordingly, co-treatment with the most relevant RTK 

inhibitor may ameliorate this feedback. Finally, in tumor cells harboring Ras mutations, 

combining MEK and PI3K inhibition showed the most robust response in mouse models of 

KRAS driven tumorigenesis (102). PI3K signaling is a major driver of proliferation and survival 

during tumorigenesis in cells with diverse genotypes and environments.  

 

1.7 AIMS OF THIS STUDY 
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Previous studies, described above, demonstrate that EMT status may be related to differential 

susceptibility to inhibition of different signaling nodes. Given these data, we were broadly 

interested in determining how signaling through specific proliferation and survival pathways was 

affected by the induction of EMT and in identifying the underlying mechanisms responsible for 

the state specific molecular dependencies. As previous studies largely used panels of cell lines 

with epithelial or mesenchymal characteristics, we sought to take a different approach.  

 

We established an inducible system in order to ask the question of how induction of EMT affects 

signaling to different proliferation and survival-promoting signaling pathways in an isogenic 

system and how any changes in signaling pathways relate to susceptibility to targeted 

therapeutics. Our goal was to define specific EMT-associated mechanisms that are responsible 

for the divergent responses to therapies in cells with epithelial versus mesenchymal 

characteristics.  
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Figure 1.1 Epithelial to Mesenchymal Transition.   
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MATERIALS AND METHODS 
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2.1 REAGENTS 

Growth factors were obtained as follows: HGF (R&D Systems), PDGF (Invitrogen), IGF (Sigma), 

NRG1β (R&D Systems), epiregulin (R&D Systems), EGF (Invitrogen), TGFβ1(R&D Systems).  

 

PI3K inhibitors XL147 was a gift from Exelixis, and BKM-120 was obtained from Selleck 

Chemicals. AKT inhibitors GSK-690693, and MK-2206 were obtained from Selleck Chemicals.  

The MEK inhibitor U0126 was purchased from Promega. All were resuspended in dimethyl 

sulfoxide (DMSO) to a stock concentration of 10mM.  

 

2.2 CONSTRUCTS 

ERBB3 and EGFR cDNAs for expression were in a pCDNA3 backbone with C-terminal 3x-flag 

tags and were obtained from the Bandyopadhyay lab. GFP, p110, and BRAF vectors each 

contained C-terminal flag tag and were expressed from a pCDNA3 backbone. Construction of 

these vectors has been previously described (103, 104). pWZL-Blast-TwistER (Addgene 

plasmid 18799), pWZL-Blast-SnailER (Addgene plasmid 18798), or pWZL-Blast-GFP (Addgene 

plasmid 12269) vectors were obtained from Addgene and have been previously described 

(105).  

 

2.3 ANTIBODIES 

Antibodies used are described in the following Table 2.1 

Table 2.1 

ANTIBODY COMPANY CATALOG NUMBER 

Phospho-AKT (Ser473) Cell Signaling 4058 

Phospho-ERK (Thr202/Tyr204) Cell Signaling 9101 

Phospho-MEK (Ser217/221) Cell Signaling 9121 

p110α Cell Signaling 4255 
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p110β Cell Signaling 3011 

Phospho-ERBB3 (Y1289) Cell Signaling 4791 

Phospho-EGFR (Y1068) Cell Signaling 2234 

Phospho-HER2 Cell Signaling 2247 

Phospho-MET Cell Signaling 3126 

Phospho-IGF-1R Cell Signaling 3024 

Parp Cell Signaling 9542 

Cl-caspase3 Cell Signaling 9661 

CyclinD1 Cell Signaling 2922 

Rab25 Cell Signaling 4314 

E-cadherin Cell Signaling 3195 

Phospho-c-RAF (Ser338) Cell Signaling 9427 

VEGFR2 Cell Signaling 2479 

Phospho-VEGFR2 (Tyr1059) Cell Signaling 3817 

PRAS40 Cell Signaling 2610 

Phospho-PRAS40 Cell Signaling 2997 

p70S6K Cell Signaling 9202 

Phospho-p70S6K Cell Signaling 9205 

E-cadherin Santa Cruz Biotechnology sc-7870 

ERBB3 Santa Cruz Biotechnology sc-285 

EGFR Santa Cruz Biotechnology sc-03 

HER2 Santa Cruz Biotechnology Sc-284 

GAB1 Santa Cruz Biotechnology sc-133191 

ERα Santa Cruz Biotechnology sc-542 

B-RAF Santa Cruz Biotechnology sc-5284 

RYK Santa Cruz Biotechnology sc-83082 

RYK Abcam ab128866 

Actin Sigma A5441 

KRAS Sigma 3B10-2F2 

Vimentin BD-Biosciences 550513 

c-RAF BD-Biosciences 610152 

p85 Millipore 06-496 

AKT Millipore 05-591MG 
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2.4 CELL LINES AND CULTURE CONDITIONS 

All cell lines were grown at 37C in the presence of 5% CO2. H358, PC9, H441, H2122, H838, 

A549, H1703, SKLU1, H23, H460 and H1650 cell lines were maintained in Roswell Park 

Memorial Institute (RPMI) 1640 media (Gibco) supplemented with 10% fetal bovine serum 

(FBS) and 1X penicillin and streptomycin. H647 and H2030 cell lines were maintained in RPMI 

supplemented with 5% FBS, 5ml 100X glucose (450g/L) and 1X penicillin and streptomycin. 

U87, SkBr3, HT-29, PC3, U87, Mia-PaCa-2, WM-278, SK-MEL-5, MM200, D25, and DOS were 

maintained in Dulbecco’s modified Eagle media (DMEM) (Gibco) supplemented with 10% FBS 

and 1X penicillin and streptomycin. The SW1573 cell line was maintained in DMEM/F12 media 

supplemented with 5% FBS and 1X penicillin and streptomycin.  

 

2.5 TRANSFECTION OF PLASMIDS 

Cells were plated in six well plates and allowed to adhere overnight. For expression constructs, 

0.5ug each expression vector per well in a 6 well plate were transfected using Lipofectamine 

2000 (Invitrogen) according to manufacturer’s protocol.  

 

2.6 STABLE CELL LINES 

For stable cell line generation, retrovirus was produced by transfection of pWZL vectors into 

Phoenix cells using Lipofectamine 2000 (Invitrogen). Virus containing media was collected and 

filtered through a 0.45um filter and supplemented with 8ug/ml polybrene. H358 cells were 

transduced with retrovirus overnight, given one day to recover and then selected in 5ug/ml 

blasticidin. 

 

2.7 RNA INTERFERENCE 
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For knockdown experiments in six well plates, cells were plated and adhered overnight prior to 

transfection the following day. For proliferation experiments in 96 well plates, cells were plated 

per well with pre-mixed transfection complexes. siRNAs were transfected at a 20nM final 

concentration, using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer’s protocol. 

For experiments in larger plates, volumes were scaled appropriately based on surface area of 

the plate. Lysates were collected 72 hours post-transfection, after serum withdrawal overnight 

unless otherwise indicated. For proliferation assays, plates were analyzed on indicated days 

following transfections.  

 

siRNA oligonucleotides used in study.  

Table 2.2 

siRNA Name Company Catalogue Number Target Sequence 

Control Qiagen 1027281 Proprietary 

ERBB3 pool Dharmacon M-003127-03-0005 See below (pool of 08/22/23/24) 

ERBB3 08 Dharmacon D-003127-08 GCAGUGGAUUCGAGAAGUG 

ERBB3 22 Dharmacon D-003127-22 AGAUUGUGCUCACGGGACA 

ERBB3 23 Dharmacon D-003127-23 GUGGAUUCGAGAAGUGACA 

ERBB3 24 Dharmacon D-003127-24 GCGAUGCUGAGAACCAAUA 

NRG1 pool Dharmacon M-004608-02-0005 See below (pool of 21/22/23/24) 

NRG1 21 Dharmacon D-004608-21 UUUCAAACCCCUCGAGAUA 

NRG1 22 Dharmacon D-004608-22 GGGGAGUGCUUCAUGGUGA 

NRG1 23 Dharmacon D-004608-23 UUGUAAAAUGUGCGGAGAA 

NRG1 24 Dharmacon D-004608-24 ACAUCCACCACUGGGACAA 

TGFα pool Dharmacon M-019737-01-0005 Pool: CAGCAGUGGUGUCCCAUUU 

GCAUGUGUCUGCCAUUCUG 

GUACGUUGGUGCACGCUGU 

ACUGCUGCCAGGUCCGAAA 

Ereg pool Dharmacon M-011268-01-0005 Pool: GCUCUGACAUGAAUGGCUA 

GUACAACUGUGAUUCCAUC 

GAAGUGGGUUAUACUGGUG 
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GCUUUGACCGUGAUUCUUA 

GAB1 pool Dharmacon M-003553-00-0005 Pool: AUACUUAGAUCUCGACUUA 

CAUCAAAGCUAGACACUAU 

GAUGCUGGAUUGACAUUUA 

GAGAGUGGAUUAUGUUGUU 

ERBB2 14 Qiagen S102223571 AACAAAGAAATCTTAGACGAA 

ERBB2 15 Qiagen S102223578 CACGTTTGAGTCCATGCCCAA 

EGFR 10 Qiagen S102660140 TACGAATATTAAACACTTCAA 

EGFR 12 Qiagen S102663983 CAGGAACTGGATATTCTGAAA 

KRAS 234 Mirimus N/A Proprietary 

KRAS 355 Mirimus N/A Proprietary 

Rab25 95 Invitrogen HSS125995 GGGAAGACCAATCTACTCTCCCGAT 

Rab25 96 Invitrogen HSS125996 GAAGGAGCTCTATGACCATGCTGAA 

Rab25 97 Invitrogen HSS125997 CGAAGGTGTCCAAGCAGAGACAGAA 

p110a 2 Qiagen 36673 AATAGGCAAGTCGAGGCAATG 

p110a 3 Qiagen 36683 AAGGAGCCCAAGAATGCACAA 

p110b 2 Qiagen  AACTGAATGCCGTGAAGTTAA 

p110b 3 Qiagen  AACACGAAGACTCTGTGATGT 

 

2.8 PROTEIN EXTRACTION 

Cells were washed 1X in cold PBS and lysed in 1% Triton lysis buffer (25 mmol/L Tris pH 7.5, 

150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L EDTA, 1 mmol/L EGTA, 20 mmol/L NaF, 1 

mmol/L Na2VO4, and 1 mmol/L dithiothreitol (DTT)) supplemented with a protease inhibitor 

cocktail (Roche). Lysates were scraped from plates, collected in cold microfuge tubes and 

incubated on ice 10-20 minutes. Lysates were then cleared by centrifugation (13,000 rpm, 10 

minutes). Lysate protein concentrations were measured and normalized using a Bio-Rad 

modified Bradford Protein Assay (Bio-Rad). Normalized lysates were boiled in 1X sample buffer 

(NuPAGE, Invitrogen) for 10min at 95C.  

 

2.9 IMMUNOBLOT ANALYSIS 
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Equivalent quantities of normalized lysates were run on 4-12% polyacrylamide gradient Bis-Tris 

SDS-PAGE gels (NuPAGE, Invitrogen), then transferred to nitrocellulose membranes (iBlot, 

Invitrogen). Membranes were blocked with 2% milk in TBS-T for 1hr at room temperature or 

overnight at 4C and then probed with indicated primary antibodies prepared in 5% BSA in TBS-

T. Primary antibodies were detected by secondary antibodies conjugated with IRDye800 

(Rockland) or Alexa-Fluor 680 (Molecular Probes) prepared in 2% milk in TBS-T. Signal was 

visualized using a LI-COR Odyssey scanner.  

 

2.10 RAS-GTP ANALYSIS 

For quantitation of RAS-GTP, cells in 10cm plates with desired treatments were washed with 

cold PBS and lysed in 1X TNM buffer (20 mM Tris pH 7.5, 5 mM MgCl2, 150 mM NaCl,1% 

Triton-X100, 1 mM DTT) supplemented with a complete mini-protease inhibitor cocktail (Roche) 

and phosphatase inhibitor cocktails (Sigma). Lysates were scraped from plate, collected in 

microfuge tubes, and incubated on ice 10-20 minutes. Lysates were cleared at 13,000 rpm for 

10 minutes. Protein concentration of cleared lysates was measured as described and equal 

quantities were added to GST-RAF-RAS binding domain (RBD) glutathione sepharose beads in 

1X TNM buffer. 10ul packed beads was used for each pull-down. Lysates were incubated with 

beads on rotator at 4C for 2hr to overnight. A portion of each normalized lysate from each 

sample was removed for analysis of whole cell lysates. Beads were spun and washed 3X with 

TNM lysis buffer and then boiled with 35ul 1X sample buffer (NuPage, Invitrogen) for 10 minutes 

at 95C.  

 

2.11 CELL PROLIFERATION ANALYSIS 

Growth curves were generated by quantifying relative number of viable cells on consecutive 

days using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (MTS) Assay 

(Promega). Reagent was added to 96 wells for 1hr at 37C on each day, according to 
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manufacturer’s instruction. Each condition was normalized to the corresponding d1 time point. 

For siRNA experiments, cells were plated into 96 wells containing RNAi-Lipofectamine 

complexes (reverse-transfection) on day 0. For expression of RTKs, p110, or BRAF cells were 

transfected as described in 6 well plates on day 0, and incubated for 6 hours. After 6 hours, 

transfected cells were plated into 96 wells. For growth curves in the presence of siRNA and 

expression of ERBB3, cells were transfected in 6 well plates on consecutive days with siRNA 

followed by transfection with ERBB3, incubated 6 hours, then plated into 96 wells on day 0.  

 

2.12 QUANTITATIVE REAL TIME PCR 

RNA was isolated from cells using the RNEasy Mini kit according to manufacturer’s protocol 

(Qiagen). cDNA was synthesized from 0.5-1ug total RNA using SuperScript First-Strand 

Synthesis System for RT-PCR using oligo-dT primers (Invitrogen). 10ng cDNA template was 

used in qPCR reaction along with 1X SYBR green master mix (Applied Biosystems), 0.2uM 

indicated forward and 0.2uM reverse primers. Data collected on Stratagene Mx 3000P machine 

and analyzed using ∆(∆ct) method to calculate fold change. Primers sequences are shown 

below in Table 2.3. 

 

Table 2.3  

Primers Targets Sequence 

ERBB3 forward GGTGATGGGGAACCTTGAGAT 

ERBB3 reverse CTGTCACTTCTCGAATCCACTG 

NRG1 forward GCCAGGAATCGGCTGCAGGT 

NRG1 reverse AGCCAGTGATGCTTTGTTAATGCGA 

EGFR forward AGGCACGAGTAACAAGCTCAC 

EGFR reverse ATGAGGACATAACCAGCCACC 

EREG forward ATACTGGTGTCCGATGTGAACA 

EREG reverse CCGACGACTGTGATAAGAAACA 
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TGFα forward AGGTCCGAAAACACTGTGAGT 

TGFα reverse AGCAAGCGGTTCTTCCCTTC 

KRAS4B forward AGACACAAAACAGGCTCAGGAC 

KRAS4B reverse TGTATAGAAGGCATCATCAACACC 

CyclinD1 forward TCGGTGTCCTACTTCAAATGTGT 

CyclinD1 reverse GAAGCGGTCCAGGTAGTTCAT 

E2F1 forward CATCCCAGGAGGTCACTTCTG 

E2F1 reverse GACAACAGCGGTTCTTGCTC 

CDKN1A forward CGATGGAACTTCGACTTTGTCA 

CDKN1A reverse GCACAAGGGTACAAGACAGTG 

DUSP6 forward AGCGACTGGAACGAGAATACG 

DUSP6 reverse GAACTCGGCTTGGAACTTACTG 

CDKN2D forward AGTCCAGTCCATGACGCAG 

CDKN2D reverse TGCTCCACTAGGACCTTCAGG 

EtV5 forward TCCTCTGAGCTGTCGTCTTGTA 

EtV5 reverse GGGGTTGTAGGAGGGGTTAAT 

SPRY2 forward GAGCAGTACGAGGACAAGTACCA 

SPRY2 reverse ATCTTCCTTGCTCAGTGGCTTA 

SPRED2 forward ATCCATGGTGAACGACAGAAA 

SPRED2 reverse AGCAGGGCTTTGGAAAGTAAGT 

DUSP4 forward GGCATCACGGCTCTGTTGAAT 

DUSP4 reverse GTCGGCCTTGTGGTTATCTTC 

SPRY4 forward TCTGACCAACGGCTCTTAGAC 

SPRY4 reverse GTGCCATAGTTGACCAGAGTC 

EtV4 forward CAGTGCCTTTACTCCAGTGCC 

EtV4 reverse CTCAGGAAATTCCGTTGCTCT 

FOSL1 forward CAGGCGGAGACTGACAAACTG 

FOSL1 reverse TCCTTCCGGGATTTTGCAGAT 

RPL13A forward GCCATCGTGGCTAAACAGGTA 

RPL13A reverse GTTGGTGTTCATCCGCTTGC 

β-actin forward ACTGGGACGACATGGAGAAAAT 

β-actin reverse TGAAGGTCTCAAACATGATCTGG 
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For Figure 4.4, MAPK pathway qPCR arrays (Qiagen) were used to quantify changes target 

gene expression. 

 

2.13 IMMUNOPRECIPITATION 

For immunoprecipitation experiments, cells in 10cm plates with the desired treatments were 

lysed in 1% Triton-X lysis buffer as described previously. Equal amounts of normalized lysates 

were added to 10ul packed Protein G Sepharose beads per pulldown plus the indicated primary 

antibody. Protein G beads were prepared from slurry by washing 3x with PBS and resuspending 

desired volume of packed beads 1:1 in PBS, then aliquoting 20ul mix to each IP. IPs were 

incubated on rotator at 4C overnight. Beads were spun and washed 3x with lysis buffer, then 

resuspended in 35ul 1X sample buffer (NuPage, Invitrogen). Beads were boiled at 95C for 10 

minutes.  

 

2.14 MICROARRAY ANALYSIS 

RNA was extracted from three biological replicates of each condition using Qiagen RNeasy mini 

kit according to manufacturer’s instructions. Quality was analyzed on a 2100 BioAnalyzer 

(Agilent). GeneChip Human Gene 1.0 ST Arrays (Affymetrix) were used to quantitate gene 

expression in each sample. RNA preparation and data collection was performed at the 

Gladstone Institute Genomics Core Facility. Additional data analysis was performed by the 

Bioinformatics Core at the Helen Diller Family Comprehensive Cancer Center. Raw data and 

results can be found in the GEO database, accession number GSE52308.  

 

2.15 PHOSPHO-RECEPTOR TYROSINE KINASE ARRAYS 

Phospho-RTK arrays were purchased from R&D Systems. Equal quantities of protein lysates 

from cells with and without 4OHT pre-treatment, were collected in supplied lysis buffer 
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supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitors (Sigma) and 

incubated on the provided membranes and analyzed according to manufacturer’s protocol.  

 

2.16 FLUORESCENT-EGF UPTAKE ANALYSIS 

EGF ligand conjugated to Texas-Red EGF (Molecular Probes) was added into serum free 

media on cells chilled to 4C to prevent internalization at desired concentration. Fluorescent 

ligand was allowed to bind cell surface for 1hr at 4C. Cells were then washed to remove 

unbound ligand, and media pre-warmed to 37C was added to cells to begin internalization of 

receptor-ligand complexes. For visualization by IF, after desired internalization time, cells plated 

on coverslips were fixed in 4% paraformaldehyde (PFA) for 20 minutes at room temperature 

prior to mounting on slides in mounting media containing DAPI nuclear stain. For FACS 

quantification of internalized ligand, cells were washed and trypsinized at desired time, then 

fixed in suspension with 4% PFA 10 minutes. Cells were washed and resuspended in PBS for 

FACS analysis. 

 

2.17 SURFACE EGFR FACS ANALYSIS 

After indicated treatments, cells were trypsinized to detach from plate and washed with PBS. 

Cells were fixed with 4% PFA for 10 minutes and then blocked 30 minutes with 5% BSA in PBS 

(block buffer). After blocking, PE-conjugated primary antibody (R&D Systems) in block buffer 

was added to the cells and incubated 1 hour at room temperature. Cells were washed and 

resuspended in PBS for FACS analysis.  

 

2.18 MEMBRANE FRACTIONATION 

Cells were gently scraped from 10cm plates after appropriate treatments into 1ml cold 

PBS+1mM EDTA, and pelleted in a picofuge for 30 seconds. PBS was aspirated and the pellet 

was resuspended in hypotonic lysis buffer (10nM Tris pH 7.5, 1mM EDTA, 1mM DTT, with 
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protease and phosphatase inhibitors) and incubated on ice for 20 minutes. Cells were lysed by 

passing lysates through a 25G needle 15X times. Nuclei and unbroken cells were pelleted at 

2200 rpm for 5 minutes at 4C. Supernatant was transferred to a new tube and the heavy 

membrane fraction was pelleted by spinning lysates at 10,000 rpm for 15 minutes at 4C. 

Supernatant was removed from heavy membrane fraction and transferred to a TLA45 Beckman 

Microfuge Tube. The light membrane fraction was pelleted in an Ultra Centrifuge by spinning at 

45,000 rpm for 30 minutes at 4C. The remaining supernatant was removed and kept for the 

cytoplasmic fraction.  

 

Heavy membrane was isolated from pellet by washing with 500ul hypotonic lysis buffer and 

spinning at 10,000 rpm 10 minutes 2X. After second wash pellet was resuspended in 1% Triton 

lysis buffer and incubated on ice 5 minutes before vortexing for 30-60s. After vortex, lysates 

were spun at 13,000 rpm for 10 minutes to clear lysate of insoluble membrane. Light membrane 

was isolated after first spin by washing in hypotonic lysis and spinning an additional time for 30 

minutes at 45,000 rpm before preparing as described for the heavy membrane. Protein 

concentration was measured and normalized for each membrane fraction and lysates were 

boiled in 1X sample buffer prior to western blot analysis.  

 

2.19 CALCULATION OF EMT SCORE 

EMT score for each tumor or cell line was defined based on analysis of published gene 

expression data. The EMT score was calculated by the sum of expression of well-known 

mesenchymal marker genes (FN1 + VIM + ZEB1 + ZEB2 + TWIST1 + TWIST2 + SNAI1 + 

SNAI2 + CDH2) minus the total expression of known epithelial genes (CLDN4 + CLDN7 + TJP3 

+ MUC1 + CDH1). Data was taken from the June 3, 2013 release of the TCGA Lung dataset 

and downloaded through the UCSC cancer genome browser (https://genome-cancer.ucsc.edu/). 
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In addition, expression data and drug sensitivity for cancer cell lines was obtained through the 

Cancer Cell Line Encyclopedia project (106). 
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CHAPTER 3. 

 

EPITHELIAL TO MESENCHYMAL TRANSITION 

REWIRES THE MOLECULAR PATH TO PI3-KINASE-

DEPENDENT PROLIFERATION 
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3.1 INTRODUCTION 

 

Epithelial to mesenchymal transition (EMT) is a process that underlies patterning and 

morphogenesis at multiple stages during development (5). EMT is induced by numerous 

signaling pathways in different contexts, ultimately with all pathways converging at the 

transcriptional level to induce expression of several pleiotropic transcription factors including the 

Twist, Snail and Zeb families. These factors repress genes that maintain the epithelial 

phenotype and induce the mesenchymal gene expression program (4, 5). Reactivation of 

transcriptional programs associated with developmental EMT is seen in human tumors. 

Expression profiles of circulating tumor cells show EMT-associated changes, and recent work 

suggests that reversible plasticity along the EMT spectrum is required for metastasis (29-33). 

Furthermore, tumors expressing mesenchymal markers have been correlated with aggressive 

disease, metastasis and poor prognosis (4). As tumors show both inter- and intra-tumoral 

heterogeneity across the EMT spectrum, defining the molecular dependencies of cells in the two 

states will be critical for developing efficacious treatment strategies. 

 

While a broader picture of EMT-associated changes in gene expression and signaling pathways 

is emerging (18, 107-109), the functional understanding of these changes remains incomplete. 

For example, a correlation between EMT status and EGF receptor (EGFR)-dependency has 

been shown in cell lines and patients, where a more epithelial phenotype is associated with 

heightened sensitivity to EGFR inhibition (53, 54, 110). A similar relationship between EMT 

status and addiction to oncogenic KRAS and MAPK signaling has also been reported (57, 58). 

Understanding the mechanism underlying these correlations is critical to uncovering potential 

opportunities for therapeutic intervention. EMT-associated changes in expression of various 

receptor tyrosine kinases (RTKs) has been reported, though the dependence on specific RTKs 

for proliferation and survival in different states remains to be fully elucidated (52, 108, 109, 111).  
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Expression of the EGFR family member ERBB3 has been associated with the epithelial 

phenotype in cell lines, as well as sensitivity to EGFR inhibition (53, 108, 109, 112-114). ERBB3 

heterodimerizes with additional EGFR family members after stimulation with various ligands, 

including neuregulins (NRGs). ERBB3 contains multiple binding sites for p85, the regulatory 

subunit of PI3K. This allows for direct recruitment and activation of phosphoinositide-3-kinase 

(PI3K) signaling from ERBB3 (59). While changes in expression have been observed, the 

functional consequences of altered ERBB3 expression and the relationship to downstream 

signaling after EMT have not been fully described.  

 

Here, we utilize an inducible cell line model of EMT to investigate how induction of the transition 

alters signaling networks and requirements for proliferation. As tumor cells in vivo have more 

limited access to growth factors and nutrients but continue to survive and proliferate, we 

investigated these EMT state-specific dependencies in a serum-independent context. We 

demonstrate that after EMT, serum independence is reduced and that this switch is mediated by 

the downregulation of ERBB3, disconnecting an autocrine circuit maintaining PI3K-dependent 

proliferation. Furthermore, we show that alternate mechanisms of PI3K activation in 

mesenchymal cells are necessary to maintain proliferation and present evidence that in vivo, 

this may be achieved through the upregulation and/or amplification of PIK3CA. These findings 

inform potential therapeutic strategies for patients harboring tumors with an epithelial or 

mesenchymal phenotype or to circumvent the emergence of EMT-associated drug resistance. 

 

3.2 RESULTS 

 

3.2.i. Induction of EMT reduces PI3K mediated serum-independent proliferation 
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To study the relationship between EMT, signaling and requirements for proliferation we 

established a cell line model where EMT could be induced. H358 cells, a KRAS mutant (G12C) 

non-small cell lung cancer (NSCLC) line, were transduced with 4-hydroxytamoxifen-inducible 

(4OHT) fusions of the EMT-promoting transcription factors, Twist or Snail, and the hormone 

binding domain of the estrogen receptor (ER). Treatment of H358-TwistER and H358-SnailER 

cells with 4OHT over two weeks led to EMT associated morphological changes (Figure 3.1A), a 

gradual reduction in the epithelial marker E-cadherin, and a corresponding gain in the 

mesenchymal marker vimentin (Figure 3.2A). Analysis of global gene expression before and 

after induction of Twist revealed additional EMT-associated changes (Figure 3.1B) such as 

downregulation of the epithelial genes MUC1, CLDN4, CLDN7, and TJP2 and upregulation of 

mesenchymal transcription factors including SNAI1 and ZEB1/2 and mesenchymal marker FN1 

(115).  

 

To investigate epithelial versus mesenchymal state-specific requirements for proliferation in the 

H358-TwistER and -SnailER cells, we monitored signaling through major proliferation and 

survival pathways following EMT induction. Interestingly, after two weeks 4OHT treatment, 

basal AKT phosphorylation under serum free conditions was selectively reduced, while ERK 

was not affected (Figure 3.2B). ERK activity is likely maintained by constitutively active mutant 

KRAS in these cells. Phosphorylation of PRAS40 and p70S6K, effectors downstream of AKT, 

were also reduced after 4OHT treatment (Figure 3.2B). To understand the functional 

consequences of decreased AKT signaling, we measured proliferation with and without two 

weeks of 4OHT pre-treatment (Figure 3.2C,D). In both the H358-TwistER and –SnailER models 

the basal rate of proliferation in full serum was moderately reduced after 4OHT treatment. In 

serum-starved conditions, however, proliferation of cells in the epithelial state was unaffected 

whereas those in the mesenchymal state showed vastly reduced proliferation upon serum 

withdrawal (Figure 3.2C,D). 
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To determine whether the decrease in basal AKT activity was related to the loss of serum-

independent proliferation after EMT, we assessed whether signaling through PI3K-AKT was 

required for maintaining proliferation before EMT. Cells were treated with increasing doses of 

two class 1 PI3K inhibitors, XL147 and BKM-120, and serum-independent proliferation was 

measured over 72 hours. Inhibition of PI3K in the epithelial state reduced proliferation in a dose 

dependent manner (Figure 3.3A,B). Treatment with two AKT inhibitors, GSK690693 and MK-

2206, also led to reduced serum-independent proliferation, though to a lesser extent than the 

PI3K inhibitors. This is likely due to observed feedback activation of ERK and/or AKT signaling 

(Figure 3.4A,B).  

 

Expression of activating mutants of p110α (H1047R or E545K) or wild-type (WT) p110α after 

EMT were sufficient to restore AKT phosphorylation in Twist- and Snail-ER cells in the absence 

of serum (Figure 3.3C) and accordingly, expression of activated p110α as well as WT-p110α 

was able to restore serum-independent proliferation (Figure 3.3D, left). Proliferation in the 

presence of serum was similar to serum free conditions for cells expressing mutant p110α, 

however, serum increased proliferation of WT-p110α expressing cells to a similar level as the 

oncogenic mutants (Figure 3.3D, right). Together these data show that basal PI3K-AKT 

signaling in the epithelial state is important for maintaining serum independent proliferation in 

this model, and PI3K-AKT signaling is reduced in the mesenchymal state.  

 

3.2.ii. EMT alters RTK activity and expression 

 

To determine what regulates AKT activity, phospho-receptor tyrosine kinase (RTK) arrays were 

used to assess RTK activity before and after induction of EMT in H358-TwistER cells. 
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Mesenchymal cells showed reduced phosphorylation of EGFR, ERBB2 and most prominently 

ERBB3 (Figure 3.5.5A).  These data were validated by western blotting using phospho-specific 

antibodies. Loss of ERBB3 activity after EMT correlated with a reduction of total ERBB3 protein, 

whereas EGFR phosphorylation was reduced without a significant change in total protein levels 

(Figure 3.5.5B). These changes were also apparent at the mRNA level (Figure 3.5C, Table S1). 

Changes in EGFR phosphorylation may be attributed to a downregulation of EGF ligands, 

including TGFα and epiregulin, seen after EMT (Figure 3.5C, Table S1).  

 

To understand if this dramatic loss of ERBB3 is a generalizable phenomenon in cells with a 

mesenchymal phenotype, we measured ERBB3 levels in additional models of EMT and in a 

panel of NSCLC cell lines. Treatment of parental H358 cells, as well as the H441 and H2122 

NSCLC lines with TGFβ1 recapitulated the reduction in ERBB3 protein, despite a less robust 

downregulation of E-cadherin (Figure 3.5D). Furthermore, loss of ERBB3 expression after 

TGFβ1 treatment in these cell lines coincides with reduced phosphorylation of AKT and its 

downstream effectors PRAS40 and p70S6K (Figure 3.5D). H358 and H441 cells treated with 

TGFβ1 showed reduced serum-independent proliferation (Figure 3.6A), though H441 cells did 

not tolerate TGFβ1 treatment well and did not proliferation well even in the presence of serum. 

TGFβ1 treatment of two mesenchymal cell lines, H647 and H2030, showed no effect on AKT or 

downstream signaling (Figure 3.5E, 3.6B).  

 

In a small panel of NSCLC cell lines we observed that ERBB3 expression is present in cells with 

higher E-cadherin (Figure 3.5E). Additionally, gene expression data from a large panel of 75 

NSCLC cell lines show that those expressing E-cadherin above the median level (CDH1 hi) 

versus those expression E-cadherin below the median level (CDH1 lo), have significantly higher 

ERBB3 expression (Figure 3.5F). These data support the observation that high ERBB3 levels 
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are seen in the epithelial state and ERBB3 expression is downregulated after the transition to a 

more mesenchymal state in NSCLC cell lines.  

 

3.2.iii. Autocrine ERBB3 activation of PI3K-AKT maintains serum-independent 

proliferation before EMT 

 

Next we determined whether ERBB3 was directly responsible for driving basal AKT signaling in 

the epithelial state. In serum free conditions, knockdown of ERBB3 in H358-TwistER cells 

before EMT induction led to a reduction in phosphorylation of AKT and its downstream effectors, 

suggesting that basal AKT signaling is maintained through an autocrine loop (Figure 3.7A). To 

identify the autocrine ligand and ERBB3 heterodimerization partners, we knocked down 

ERBB2/HER2, EGFR, TGFα, epiregulin (EREG) or neuregulin-1 (NRG1) and measured AKT 

pathway phosphorylation. Only loss of ERBB2 or NRG1 reduced AKT phosphorylation to levels 

comparable to that seen with ERBB3 knockdown (Figure 3.7B, 3.8A-E). Given that ERBB3 

potently activates PI3K through recruitment of p85, the PI3K regulatory subunit (59), we 

immunoprecipitated p85 or ERBB3 in the absence or presence of siRNA targeting NRG1, 

ERBB2, TGFα, or EREG.  p85 was basally associated with ERBB3 and knockdown of NRG1 or 

ERBB2 selectively reduced this interaction (Figure 3.7C, 3.8F). Taken together, these data 

suggest that in the epithelial state, PI3K-AKT activation by autocrine NRG1 stimulation of 

ERBB3/ERBB2 heterodimers maintains serum-independent proliferation.  

 

Accordingly, siRNA targeting ERBB3, ERBB2 or NRG1, but not TGFα or EREG, ablated serum-

independent proliferation in H358-TwistER cells before EMT (Figure 3.7D, 3.9A). Interestingly, 

in full serum, knockdown of ERBB3 in H358-TwistER cells before EMT reduced proliferation to 
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the same level seen in cells after EMT induction while knockdown of ERBB2 or NRG1 showed 

modest to no effect on proliferation in the presence of serum (Figure 3.9B).  

 

Knockdown of ERBB3 and NRG1 in additional epithelial NSCLC lines, H441 and H2122, 

recapitulated the reduction in basal pAKT signaling seen in the H358-TwistER cells before EMT 

(Figure 3.10A). Immunoprecipitation of the PI3K regulatory subunit, p85, in these cells after 

transfection with NRG1 siRNA also led to decreased association of ERBB3 with PI3K (Figure 

3.10B). ERBB3 knockdown in these cells reduced serum-independent proliferation, though the 

effect was more modest than what was seen in the H358-TwistER cells (Figure 3.10C).  

 

If downregulation of ERBB3 after EMT disrupts the autocrine circuit responsible for maintaining 

proliferation, we hypothesized that restoring ERBB3 should rescue serum-independent growth 

in mesenchymal cells. Indeed, exogenous expression of ERBB3, but not EGFR, in H358-

TwistER or -SnailER cells after EMT increased basal phosphorylation of AKT, PRAS40 and 

p70S6K and restored serum-independent proliferation (Figure 3.11A-B, 3.9C). EGFR or ERBB3 

expression in cells prior to EMT had minimal effect on downstream signaling (Figure 3.11A). 

Transfection of ERBB3 into 4OHT treated H358-TwistER cells promoted growth in full serum 

beyond the level seen in the control, suggesting that abundance of ERBB3 ligand may be 

limiting (Figure 3.11B). Importantly, the ability of ERBB3 to reactivate AKT activity and rescue 

serum-independent proliferation in H358-TwistER cells after EMT was dependent on the 

presence of NRG1 as well as ERBB2, as concurrent knockdown of NRG1 or ERBB2 ablated the 

effect of ERBB3 re-expression on AKT activity as well as proliferation (Figure 3.11C,D). 

Transfection of ERBB3 into additional mesenchymal NSCLC cell lines also elevated AKT 

phosphorylation. In the mesenchymal cell line, H2030, NRG1 siRNA ablated the increase in 

phospho-AKT following ERBB3 expression as was seen in the H358-TwistER cells (Figure 

3.11E). These data support a mechanism where autocrine NRG1 stimulates activity of ERBB3-
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ERBB2 heterodimers that maintain basal PI3K-AKT signaling driving serum-independent 

proliferation and loss of ERBB3 expression after EMT disrupts this circuit.  

 

3.2.iv. Activation of PI3K-AKT by growth factor stimulation can substitute for ERBB3 and 

restore growth in mesenchymal cells 

 

Given that tumor cells in the mesenchymal state in vivo still maintain proliferation in less than 

full serum conditions, we investigated if alternate mechanisms of PI3K-AKT activation could 

substitute for ERBB3 expression and rescue growth. H358-TwistER cells before and after EMT 

were stimulated with a panel of growth factors and serum-independent proliferation was 

measured over 72 hours. While none of the factors significantly affected proliferation in the 

epithelial state, a number were able to restore proliferation in the mesenchymal state including 

HGF, IGF, EGF, and epiregulin (Figure 3.12A-B). Importantly, each of the growth factors that 

restored proliferation after EMT also induced AKT phosphorylation (Figure 3.12C). Interestingly, 

IGF-1 stimulation showed an induction of phosphorylated AKT, but no stimulation of phospho-

ERK, supporting the hypothesis that PI3K-AKT signaling is sufficient to restore proliferation in 

these conditions (Figure 3.12C). Knockdown of ERBB3 in H358-TwistER cells before EMT only 

affected basal pAKT levels, while the ability of EGF to stimulate AKT activity was not affected, 

suggesting that while under normal conditions ERBB3 drives proliferation, the ability of growth 

factors to re-activate the pathway is not dependent on the presence of ERBB3 (Figure 3.13A).  

 

Rescue by EGF and IGF-1 was dependent on stimulation of PI3K-AKT signaling as the 

presence of the PI3K inhibitor XL147, and to a lesser extent the AKT inhibitor MK-2206, ablated 

the ability of these growth factors to restore proliferation (Figure 3.12D-E). As ERBB3 is absent 

to directly activate PI3K-AKT signaling required for proliferation after EMT, we sought to identify 

other adaptor proteins that mediate RTK-activation of PI3K-AKT. We found that the adaptor 
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GAB1 was required for EGF mediated AKT phosphorylation, as knockdown of GAB1 ablated 

the ability of EGF to activate the pathway (Figure 3.13B). Furthermore, knockdown of GAB1 in 

H358-TwistER cells before EMT minimally affected proliferation of cells growing in serum, 

however after the transition these cells showed increased dependence on GAB1 for serum 

derived proliferative signals (Figure 3.13C).  

 

As H358 cells also harbor an activating mutation in KRAS, we sought to identify a relationship 

between EMT and KRAS dependence in our model. Knockdown of KRAS before and after the 

induction of EMT showed similar inhibition of proliferation in the presence of serum, without 

dramatic induction of apoptosis (Figure 3.14A-C). Similarly, EMT did not alter response to MEK 

inhibition in the H358-TwistER cells (Figure 3.14D). This suggests that in this cell line oncogenic 

KRAS is necessary but not sufficient to drive proliferation, as the cells require additional 

activation of the PI3K pathway from ERBB3. These data together support the conclusion that in 

this model of EMT, downregulation of ERBB3 after the transition disrupts a NRG1-dependent 

autocrine circuit driving PI3K-AKT signaling necessary for proliferation, and that reactivation of 

AKT signaling through alternate mechanisms is required to restore proliferation post-EMT.  

 

3.2.v. EMT alters sensitivity to inhibition of EGFR but not PI3K 

 

As previous studies have found correlations between EMT status and sensitivity to RTK 

inhibitors we sought to test these relationships in our models. EMT induction by 4OHT in H358-

TwistER cells or TGFβ1 treatment in H441 cell line both reduced sensitivity to Erlotinib 

treatment over a range of doses in full serum conditions (Figure 3.15A,B). Furthermore, as our 

data suggest that PI3K signaling may be important for the proliferation of cells in both the 

epithelial and mesenchymal states we sought to test whether EMT altered sensitivity to PI3K 

inhibition. Treatment with BKM-120 showed no differential sensitivity before or after EMT in the 
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H358-TwistER and H441 cells (Figure 3.15A,B). To determine if ERBB3 may be directly 

involved in the change in sensitivity to EGFR inhibition, we treated H358 and H441 with a range 

of Erlotinib doses after transfection with ERBB3 siRNA. Knockdown of ERBB3 shifted the 

Erlotinib dose response curve, suggesting that loss of ERBB3 after EMT may be related to the 

observed reduction in Erlotinib sensitivity (Figure 3.15C). 

 

To broaden these observations, we examined how sensitivity to Erlotinib and the EGFR/HER2 

inhibitor Lapatinib was related to EMT status in a larger panel of cell lines from the Cancer Cell 

Line Encyclopedia (CCLE) (106). The EMT status of the cell lines was examined and using an 

EMT score for each cell line based on the differences in expression between known markers of 

the epithelial (CDH1, CLDN4, CLDN7, TJP3, and MUC1) and mesenchymal (FN1, VIM, CDH2, 

ZEB1/2, TWIST1/2, SNAI1/2) states with more mesenchymal tumors having a higher EMT 

score (see Methods). The cell lines that were resistant to Erlotinib and Lapatinib had 

significantly higher EMT scores (Figure 3.15D,E). This was true for cell lines from diverse 

tissues, as well as in a subset of only lung cancer cell lines (Figure 3.15D,E). Applying this 

analysis to lung cancer cell lines treated with the PI3K inhibitor GDC-0941, however, showed no 

significant relationship between EMT score and response to PI3K inhibition. These data support 

our in vitro findings that EMT alters sensitivity to EGFR inhibition, but that both epithelial and 

mesenchymal cells utilize PI3K for proliferation.  

 

3.2.vi. ERBB3 expression is downregulated and PIK3CA is upregulated in human 

mesenchymal lung tumors 

 

To further validate our in vitro findings, we analyzed data from primary lung tumor samples 

collected by The Cancer Genome Atlas (TCGA). Tumors were analyzed for their relative 

expression of the epithelial and mesenchymal markers described above and an EMT score for 
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each sample was calculated and used to stratify tumors by EMT state (Figure 3.16A). Relative 

ERBB3 expression levels were compared along the EMT spectrum. As predicted by our in vitro 

findings, ERBB3 mRNA expression was highly co-expressed with epithelial genes (Figure 

3.16A,B) and was strongly anti-correlated with tumors in the mesenchymal state (Figure 3.16C).  

 

Given that in vitro re-activation of PI3K-AKT signaling is necessary to maintain serum-

independent proliferation in the mesenchymal state, we hypothesized that tumors with a more 

mesenchymal phenotype harboring low ERBB3 expression may be enriched for alternate 

mechanisms of PI3K pathway activation. Strikingly, expression of PIK3CA itself, encoding the 

p110α catalytic subunit of PI3K, clustered with expression of known mesenchymal genes 

(Figure 3.16A,B) and was significantly correlated with a more mesenchymal phenotype (Figure 

3.16D). Additionally, increased expression of PIK3CA mRNA was linked to copy number gains 

in PIK3CA, suggesting a selection for tumor cells harboring this amplification in mesenchymal 

tumor cells (Figure 3.16A).  

 

At the protein level, reverse phase protein array (RPPA) data from these human tumors 

recapitulated the correlation between EMT status and ERBB3 as the levels of E-cadherin and 

ERBB3 protein were positively correlated (not shown, r = 0.2, p = 1.7x10-6). Interestingly, there 

was no significantly correlation between E-cadherin and the phosphorylation status of AKT (not 

shown, pS473: r = 0.05, p = 0.3; pT308: r = 0.06, p = 0.2) suggesting that despite the loss of 

ERBB3, through the increased expression of PIK3CA or alternate mechanisms, AKT activation 

is maintained in vivo. Analysis of this human tumor data supports our in vitro model that PI3K-

AKT signaling is important for maintaining proliferation, and that cells in either an epithelial or 

mesenchymal state depend on divergent molecular mechanisms to activate the pathway.  

 

3.3 DISCUSSION 
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Given the genetic heterogeneity within and between tumors (4, 116-120), an understanding of 

the best molecular targets for cells across a spectrum of differentiation states may facilitate 

strategies to target multiple populations and reduce the emergence of drug resistance. 

Identifying molecular vulnerabilities across the EMT spectrum may be particularly critical in light 

of studies that suggest that mesenchymal-like cells are generally more resistant to conventional 

treatments and associated with poor prognosis (121). 

 

Our data present a mechanistic example of how re-wiring of signaling pathways after EMT 

relates to changes in specific dependencies for proliferation. Loss of ERBB3 expression after 

EMT disrupts an autocrine circuit required to activate PI3K-dependent proliferation prior to the 

transition. Previous studies have observed a critical role for autocrine NRG1 stimulation of 

ERBB3-ERBB2 heterodimers as a driver in various tumor contexts (122, 123). High levels of 

autocrine NRG1 stimulation of ERBB2-ERBB3-PI3K signaling has been shown to underlie 

sensitivity to the HER2 kinase inhibitor lapatinib in a subset of cell lines, while inhibition of 

EGFR-ERBB3 driven PI3K activity has been related to the efficacy of the EGF receptor inhibitor 

gefitinib and others (112, 122). Interestingly, RTK driven PI3K activity has been shown to be 

important for growth and survival even in the context of KRAS mutant colorectal cells, though no 

relationship to EMT was described (67). Our data support and expand on this finding as the cell 

lines tested in this study harbor mutations in KRAS, but still remain dependent on ERBB3 for 

PI3K signaling prior to EMT. This may be informative for designing treatments for the large 

percentage NSCLCs harboring KRAS mutations. Our current findings suggest that while 

targeting specific RTK driven pathways may initially prove effective, induction of EMT, or 

selection for pre-existing genetic clones with a more stable mesenchymal phenotype may 

provide an escape mechanism or a path to drug resistance after these treatments.  
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In vitro, we show that re-activation of PI3K by mutation, overexpression or growth factor 

mediated RTK activation is sufficient to restore proliferation. This defines many possible routes 

through which cells may circumvent EGFR family or other inhibitors through EMT. Analysis of 

primary tumors data revealed amplification or upregulation of PIK3CA as one potential 

mechanism to compensate for loss of ERBB3 in more mesenchymal tumors in vivo supporting 

one of the mechanisms described to maintain proliferation in vitro. Whether increased levels of 

PIK3CA are sufficient to maintain proliferation, or require additional signals remains to be 

elucidated. Recent work that suggests the broad potential for growth factors to drive resistance 

to RTK inhibition suggests there may be several additional mechanisms of EMT-associated 

changes in drug sensitivity (124). Analysis of the changes in expression of RTKs after EMT may 

provide a starting point to define putative resistance mechanisms, though an understanding of 

microenvironmental context will be critical. Defining both the expression of RTKs, as well as the 

presence of corresponding ligands and connection to downstream pathways is required to 

define the most relevant mechanisms able to drive proliferation in a given context. This is 

exemplified by our observation that ERBB3 re-expression can restore serum-independent 

proliferation after EMT, while EGFR cannot. This suggests that in the context of ERBB3, there is 

sufficient autocrine NRG1 present to stimulate receptor activity and drive recruitment of PI3K, 

while with EGFR there is either insufficient ligand or a lack of requisite connections to 

downstream pathways.  

 

As this cellular plasticity may generate a moving target with respect to RTK inhibition, defining 

the relevant connections downstream may reveal alternate dependencies. In our data, loss of 

ERBB3 derived PI3K signaling rendered cells dependent on the adaptor GAB1 to transduce 

signals from upstream RTKs to stimulate PI3K-AKT driven proliferation. A switch to signaling 

through GAB1 has been implicated in resistance to EGFR inhibition previously by transmitting 

signals from an alternate RTK, MET, highlighting the ability of downstream adaptors to provide 
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flexibility to signaling pathways after initial blockades (125). Both before and after EMT cells can 

utilize PI3K-AKT for proliferation, but the mechanisms upstream of AKT activation are altered. 

This suggests that targeting PI3K in combination with relevant RTKs may prevent the selection 

for EMT associated rewiring that drives pathway activity through alternate signals. Specifically, 

recent data suggests that mesenchymal cells show enhanced expression of the receptor 

tyrosine kinase AXL, and were more sensitive to AXL inhibition (126). Signaling through AXL 

has also been associated with resistance to EGFR targeted therapies (127, 128). Accordingly, 

in our system, AXL was upregulated at the mRNA level and showed increased phosphorylation 

after the induction of EMT supporting its role as a target in mesenchymal cells (Figure 3.5A).  

 

This study defines how a specific molecular change associated with EMT affects signaling and 

proliferation. Future studies are needed to expand these findings to define the relationship 

between additional RTKs, EMT, and cellular dependencies in the context of different tumors. 

Establishing a more comprehensive mechanistic understanding of these relationships will allow 

for treatment strategies that account for inherent cellular plasticity or sub-clonality driving drug 

resistance.  
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Figure 3.1. Epithelial to mesenchymal transition in H358-TwistER cells. (A) Morphological 
changes associated with EMT in H358-GFP or H358-TwistER cells treated with 100nM 4OHT 
for 14d. Phase contrast images (top) and immunofluorescent actin staining (bottom). (B) 
Correlation and hierarchical clustering of expression profiles for H358-GFP, H358-TwistER cells 
and additional epithelial and mesenchymal cell lines. 
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Figure 3.2. EMT alters activation of AKT and serum-independent proliferation. (A) H358-
TwistER and -SnailER expressing cells cultured over 15 days with 100nM 4OHT. (B) Basal 
phosphorylation of AKT (S473), AKT effectors, and ERK in H358-TwistER and -SnailER cells 
before (NT) and after (4OHT) 14 days 4OHT treatment with (10%) or without (SS=serum 
starved) serum overnight. (C-D) Proliferation of untreated (top) or 4OHT pre-treated (bottom) 
H358-TwistER and -SnailER cells in the presence (10%) or absence (SS) of serum. Error bars 
represent standard deviation.  
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Figure 3.3. PI3K-AKT signaling is required for serum-independent proliferation. (A) 
Proliferation of H358-TwistER cells in increasing concentrations (uM) of XL147 (top) or BKM-
120 (bottom). (B) Lysates from H358-TwistER cells treated for 48hrs in serum free media with 
indicated concentrations of XL147 (top), or BKM-120 (bottom). (C) 4OHT pre-treated H358-
TwistER and -SnailER cells 48hrs after transfection with indicated p110α expression vectors. 
Cells were serum starved overnight. (D) Proliferation of 4OHT pre-treated H358-TwistER cells 
transfected with GFP, or p110 expression vectors in 10% or serum free media (SS).  
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Figure 3.4. AKT inhibition reduces serum-independent proliferation. (A) Proliferation of 
H358-TwistER cells with increasing concentrations (uM) of GSK-690693 (top) or MK-2206 
(bottom). (B) Lysates from H358-TwistER cells treated for 48hrs in serum free media with 
indicated concentrations of GSK-690693 (top), or MK-2206 (bottom).  
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Figure 3.5. EMT downregulates ERBB family activity. (A) Phospho-RTK activity from H358-
TwistER lysates without and with 14d 4OHT pre-treatment, serum starved overnight. Numbered 
spots of interest are as follows: (1) EGFR(2) HER2 (3) ERBB3 (4) IGF-1R (5) AXL (6) Dtk (7) 
MET (8) VEGFR2 (9) RYK. (B) Activity and expression of indicated ERBB family members in 
H358-TwistER cells pre- and post-EMT in 10% and serum free media (SFM). (C) q-PCR 
analysis of indicated transcripts in H358-TwistER cells before and after induction of EMT.  
 (D) Lysates from indicated cell lines treated with 2ng/ml TGFβ1 for 14d. (E) Untreated lysates 
collected from indicated epithelial or mesenchymal cell lines. (F) Relative distribution of ERBB3 
expression levels in a panel of 70 NSCLC cell lines divided into CDH1 hi (E-cadherin level 
above median), or CDH1 low (below the median). (** = p<.01, calculated using Student’s t-test) 
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Figure 3.6. The effects of TGFβ1 are specific to epithelial cells and lead to reduced 
serum-independent proliferation. (A) Proliferation of untreated (top) or TGFβ1 pre-treated 
(bottom) H358 and H441 cells in the presence (10%) or absence (SS) of serum. (B) Lysates 
from indicated cell lines treated with 2ng/ml TGFβ1 for 14d. 
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Figure 3.7. Knockdown of ERBB3, NRG1, or ERBB2 in H358-TwistER cells reduces basal 
PI3K-AKT signaling and ablates serum-independent proliferation before EMT. (A) and (B) 
Lysates from H358-TwistER cells before EMT 72hrs after transfection with indicated siRNA 
oligos, serum starved overnight. (C) Immunoprecipitation of indicated proteins from H358-
TwistER lysates 72hrs after transfection with indicated oligos, serum starved overnight. (D) 
Proliferation of H358-TwistER cells before EMT in the absence of serum after transfection with 
indicated siRNAs. IP: Immunoprecipitation; WCL: whole cell lysates.  
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Figure 3.8. siRNAs targeting ERBB3 and NRG1 are efficient and on target and knockdown 
of autocrine TGFα/EREG does not affect ERBB3-PI3K signaling. (A) Knockdown 
efficiencies at the protein level of indicated oligos 72hrs post-transfection. (B) Fold change in 
RNA level 48hrs post-transfection with indicated oligos. (C) Proliferation of H35-TwistER cells 
transfected with the indicated siNRG1 oligos in the absence (-) or presence (+) of exogenous 
NRG1 ligand (100ng/ml). (D) Lysates from H358-TwistER cells (NT) collected 72hrs after 
transfection with indicated siRNA oligos, serum starved overnight. (E) qPCR quantification of 
fold change RNA level 72hrs post-transfection with indicated siRNAs. (F) Immunoprecipitation of 
ERBB3 and p85 from H358-TwistER lysates 72hrs after transfection with indicated oligos, 
serum starved overnight. 
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Figure 3.9. Proliferation of epithelial cells after knockdown of TGFα/EREG and ERBB3 in 
serum and in mesenchymal cells after EGFR expression in H358-TwistER cells. (A) 
Proliferation of H358-TwistER cells in the presence of indicated siRNA oligos and serum 
conditions. (B) Proliferation of H358-TwistER cells before EMT in the presence of 10% serum 
after transfection with indicated siRNAs. (C) Proliferation of H358-TwistER cells after 14d 4OHT 
pre-treatment, after transfection with indicated expression constructs. 
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Figure 3.10. ERBB3 and NRG1 promote AKT activity in H441 and H2122 cells and ERBB3 
knockdown reduces serum-independent proliferation. (A) Lysates from H441 and H2122 
cell lines collected 72hrs after transfection with indicated siRNAs, serum starved overnight. (B) 
Immunoprecipitation of p85 from H441 and H2122 lysates 72hrs after transfection with NRG1 
targeting siRNA, serum starved overnight. (C) Proliferation of H441 and H2122 cells in the 
absence of serum after transfection with indicated siRNAs. SS: serum starved; IP: 
Immunoprecipitation; WCL: whole cell lysates.  
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Figure 3.11. Restoration of ERBB3 after EMT reactivates autocrine PI3K-AKT signaling 
and rescues proliferation. (A) Lysates from untreated (NT) and H358-TwistER and -SnailER 
pre-treated 14d with 4OHT 72hrs after transfection with indicated expression constructs, serum 
starved overnight. (B) Proliferation of H358-TwistER 4OHT cells in 10% and serum free media 
(SS) after transfection with indicated expression constructs. (C) Lysates from H358-TwistER 
4OHT cells 72hrs after transfection with indicated siRNAs, followed by transfection with GFP or 
ERBB3 the following day, serum starved overnight prior to lysis. (D) Proliferation of H358-
TwistER 4OHT cells transfected on consecutive days first with indicated siRNA oligos, then 
GFP or ERBB3 constructs in the indicated serum conditions. (E) Lysates from H23 and SKLU1 
cell lines (left) 24hrs after transfection with indicated constructs, and H647, SW1573, and H2030 
cell lines (middle) 48 hours after transfection serum starved overnight. H2030 transfected with 
siRNA as indicated followed by GFP/ERBB3 expression constructs the following day, serum 
starved overnight prior to lysis (right).  
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Figure 3.12. Growth factor activation of PI3K-AKT restores proliferation after EMT. 
Proliferation of H358-TwistER cells (A) without (NT) and (B) with 4OHT pre-treatment in the 
presence of indicated growth factors at the following concentrations: HGF-100ng/ml, PDGF-
50ng/ml, IGF-50ng/ml, NRG1-50ng/ml, Epiregulin-10ng/ml, EGF-10ng/ml. (C) Lysates from 
H358-TwistER cells pre- and post-EMT treated with indicated concentrations of growth factors 
(ng/ml) for 10min. (D) Proliferation of H358-TwistER cells before (NT) and (E) after (4OHT) EMT 
in the presence of indicated growth factors with and without 10uM XL147 (XL) or 10uM MK-
2206 (MK).  
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Figure 3.13. GAB1 mediates growth factor stimulated signaling from EGFR to PI3K-AKT, 
and is required for proliferation in H358-TwistER cells after EMT. (A) Lysates from H358-
GFP expressing control cells 72hrs after transfection with indicated siRNAs, serum starved 
overnight, and treated -/+ EGF for 10 minutes. (B) H358-TwistER cells pre- (NT) and post- 
(4OHT) EMT 72 hrs after transfection with control of GAB1 targeting siRNAs. Lysates collected 
from cells asynchronously growing in serum, or starved overnight and treated 10min -/+ EGF as 
indicated. (C) Proliferation of H358-TwistER cells with and without 4OHT pre-treatment after 
transfection with indicated siRNAs in 10% serum.  
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Figure 3.14. KRAS is required for proliferation before and after the induction of EMT. 
Proliferation of H358-TwistER cells (A) before and (B) after 4OHT induced EMT in the presence 
of indicated siRNAs. (C) Lysates from H358-TwistER cells 72hrs after transfection with indicated 
siRNAs, serum starved overnight. (D) Relative cell numbers of H358-TwistER with and without 
4OHT pre-treatment after 72 hours growth in the presence of indicated doses of 
PD0325901(uM). 
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Figure 3.15. EMT alters sensitivity to inhibition of EGFR but does not affect sensitivity to 
PI3K inhibitors. (A) Relative cell number of H358-TwistER with and without 4OHT pre-
treatment after 72 hours growth in the presence of indicated doses of Erlotinib (top) or BKM-120 
(bottom). (B) Relative number of H441 cells with and without 2 weeks TGFβ1 pre-treatment 
(2ng/ml) after 72 hours treatment with Erlotinib (top) or BKM-120 (bottom). (C) Relative number 
of H358 and H441 cells after transfection with ERBB3 siRNAs followed by treatment the next 
day with indicated doses of Erlotinib for 72 hours. Sensitivity to Erlotinib and Lapatinib 
compared to EMT Score (see methods) across all cell lines in the CCLE (D) and NSCLC lines 
(E). Sensitivity to GDC-0941 across NSCLC cell lines (F). Drug sensitivities are based on AUC 
from dose-responses analysis in the Cancer Cell Line Encyclopedia, with AUC<1 (area under 
the curve) used to define drug sensitive lines. *** indicates p<0.0001, n.s.=not significant. 
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Figure 3.16. ERBB3 is downregulated and PIK3CA is upregulated in human lung tumors 
with mesenchymal gene expression. (A) Relative expression levels of ERBB3 and PIK3CA 
as well as amplification of PIK3CA along the EMT spectrum. EMT score for each tumor was 
defined by the sum of expression of well-known mesenchymal marker genes minus the 
expression of known epithelial genes (see Methods). (B) Hierarchical clustering of ERBB3 and 
PIK3CA in relation to known epithelial and mesenchymal genes based on co-expression profiles 
in (A). Comparison of (C) ERBB3 or (D) PIK3CA expression with EMT score. P-value of 
Pearson correlation shown.  
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CHAPTER 4. 

  

EMT ALTERS GROWTH FACTOR SIGNALING 

THROUGH THE EGFR-MAPK PATHWAY 
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4.1  INTRODUCTION 

 

In addition to our studies focused on the relationship between EMT status and mechanisms of 

PI3K signaling, we also sought to investigate how induction of EMT affected signaling through 

alternate proliferation and survival signaling pathways in cancer. In our EMT model, the H358-

TwistER cells harbor an oncogenic mutation in KRAS and studies have suggested a relationship 

between EMT status and the dependence on oncogenic KRAS as well as downstream MEK 

signaling (57, 58). Therefore, we wanted to investigate how induction of EMT affected MAPK 

signaling in this system. Furthermore, the observation in the H358-TwistER system, EMT led to 

reduced sensitivity to EGFR inhibitors in alignment with previous studies in cell lines and 

patients (52-54), we also aimed to study how EMT affected signaling through the MAPK 

pathway downstream of EGFR.  

 

4.1.i EGFR trafficking 

 

Stimulation of EGFR or other ERBB family members with various ligands (described in Chapter 

1) initiates numerous downstream signaling cascades including activation of the MAPK and 

PI3K pathways. However, following activation of EGFR family and other RTKs, mechanisms of 

feedback downregulation are activated. Endocytic membrane trafficking has been emerging as 

one such mechanism governing receptor signaling (129). Endocytosis removes active receptor-

ligand complexes from the cell surface, where they are ultimately trafficked to lysosomes for 

degradation or recycled to the plasma membrane. The fate and route of internalized receptors 

depends on the receptor complex, activating ligand, and cellular context (130).  

 

An increasing number of studies demonstrate that not only can signaling occur from these 

internalized receptor complexes in endosomes, but that output from signaling originating at 
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internalized versus surface receptors can differ. EGFR, specifically, has been shown to remain 

ligand bound and phosphorylated, sustaining active signaling in endosomes until the later 

stages of trafficking. All the requisite components for activation and signaling through the MAPK 

pathway, discussed above, have been found in endosomes, supporting the capacity for 

internalized receptors to sustain signaling (131). Interestingly, certain MAPK scaffolding proteins 

are found specifically in late endosomes, suggesting that endosomes may not only sustain 

signaling from the surface but also promoting pathway activation (132-134). A recent study 

demonstrated that transcriptional output following EGF stimulation of cells was dependent on 

specific endocytic sorting, with signaling originating at the surface versus endosomes leading to 

different transcriptional responses (135).  

 

Following internalization, the sorting of endosomes adds another layer of regulation of signaling 

from activated receptor complexes. The rate at which endosomes are sorted into multi-vesicular 

bodies (MVBs) and subsequently trafficked to lysosomes can influence the duration and 

intensity of signaling. For EGFR this rate is controlled by specific ubiquitylation events, as 

inhibiting ubiquitylation by mutation enhances EGFR signaling, while enhanced ubiquitylation 

accelerates the degradation of RTKs and downregulates signaling (136). The route of 

internalization has also been shown to relate to the fate of internalized receptors. Clathrin-

dependent endocytosis of EGFR have been found to be recycled back to the surface more 

readily and degraded less efficiently than EGFR complexes internalized by clathrin-independent 

mechanisms (137).  

 

A reciprocal relationship between endocytosis and signaling continues to emerge. As discussed 

above, different mechanisms of endocytosis can influence signal duration, intensity and output. 

Conversely, several studies demonstrate the ability of different signaling pathways to influence 

endocytic trafficking. A relationship between ERK1 and ERK2 signaling and endosomal 
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maturation and degradation of cargo has been seen. Knocking out MEK1 in fibroblasts was 

seen to ablate movement of endosomes to the perinuclear region of cells concurrent with delays 

in receptor degradation (132). Furthermore, knockdown of A-RAF, expression of a dominant 

negative A-RAF construct, or treatment with MEK inhibitors reduced recycling of the transferrin 

receptor (138).    

 

Here show that induction of EMT in the H358-TwistER cells leads to changes in MAPK pathway 

signal intensity and duration downstream of EGFR and that activation of MAPK is important for 

EGF mediated proliferation after EMT. Furthermore, we demonstrate that EMT leads to 

expression changes in a number of components of receptor trafficking machinery. There is 

increasing evidence that changes in endocytosis are a prevalent feature of tumor cells (139). 

Given these data, we began preliminary studies define if there is a relationship between EMT 

and receptor trafficking that related changes observed in MAPK pathway signaling.  

 

4.2 RESULTS 

 

4.2.i. Signaling through the MAPK pathway is important for survival in epithelial cells and 

proliferation in mesenchymal cells 

 

We have previously observed that several ligands known to activate MAPK were found to 

rescue serum-independent proliferation of mesenchymal cells (Figure 3.10) (115). As such, we 

wanted to define the requirement for the MAPK pathway, in addition to the PI3K pathway 

(Chapter 3), in growth factor-driven proliferation. First, we investigated the effect of MEK 

inhibition on EGF-driven proliferation in the epithelial and mesenchymal states. Cells in the 

epithelial state showed a delayed response to U0126 treatment in serum free conditions 

supplemented with EGF, with the cell number being significantly reduced only at the final 3 day 
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time point, despite immediate inhibition of the pathway (Figure 4.1A,B). In mesenchymal cells, 

however, inhibition of the MAPK pathway ablated the ability of EGF to rescue serum-

independent proliferation (Figure 4.1A,B). Treatment with the MEK inhibitor U0126 over 48 

hours in serum free media led to an induction of apoptotic markers in epithelial cells correlating 

with pathway inhibition. After EMT induction, U0126 treatment inhibited MAPK pathway activity 

after 48 hours, however, the induction of apoptotic markers was reduced (Figure 4.1C). These 

data are consistent with a previous report that in KRAS mutant cells, MEK inhibition is more 

effective in epithelial cells (57). 

 

If MAPK signaling is required for serum-independent proliferation, we hypothesized that 

activated B-RAF would rescue proliferation in mesenchymal cells. Accordingly, expression of 

BRAF-V600E in epithelial cells elevated ERK phosphorylation but had no effect on proliferation. 

In mesenchymal cells, the BRAF-V600E-mediated increase in pERK correlated with restored 

serum-independent proliferation, similar to that seen by EGF treatment (Figure 4.2A,B). 

Together these data suggest that the dependence on MAPK signaling for survival is reduced 

after EMT, but that mesenchymal cells remain dependent on MAPK for proliferation in response 

to EGF ligand.  

 

4.2.ii. EMT alters the response of the MAPK pathway to ligand stimulation 

 

To further investigate the relationship between EMT and signaling through the MAPK pathway, 

we stimulated cells before and after EMT with increasing doses of EGF ligand. Interestingly, 

stimulation of cells after EMT led to a more robust activation of ERK (Figure 4.3A). As induction 

of EMT increased the intensity of ERK phosphorylation in response to EGF, we also wanted to 

determine how duration was affected. Stimulation with EGF over time revealed that after EMT, 



73 
 

the duration of ERK phosphorylation was prolonged compared to cells before EMT (Figure 

4.3B). 

 

To determine if this increase in pERK intensity and duration was reflected at the transcriptional 

level, we stimulated cells with EGF before and after EMT for 1 hour before collecting RNA. 

Comparing the fold change from 0 to 60 minutes after stimulation revealed that after EMT, EGF 

treatment more strongly induced MAPK target genes compared to the fold induction seen in 

epithelial cells (Figure 4.4A). Comparing the level of expression at 60 minutes after EGF 

treatment, rather than fold induction between 0 and 60 minutes, revealed that despite the higher 

fold change, not all of the MAPK target gene expression was greater in mesenchymal cells 

(Figure 4.4B). This reflects differences in the unstimulated level of the MAPK target genes, 

suggesting that EMT alters both basal signaling and growth factor stimulating signaling through 

the pathway.  

 

To explore the basal differences in signaling downstream of MAPK before and after EMT, we 

measured gene expression of additional known target genes. Induction of EMT showed variable 

responses on MAPK target gene expression (Figure 4.5A). Several known negative feedback 

regulators of the RAF-MEK-ERK pathway were upregulated, including DUSP6, SPRY2, 

SPRED2, and SPRY4. This may reflect the observation that signaling is enhanced through the 

MAPK pathway following EMT (Figure 4.5A).  

 

Previous work has shown that EMT can alter the dependence on oncogenic KRAS (58). While 

we showed in Chapter 3 that H358-TwistER cells before and after EMT both depend on 

oncogenic KRAS for proliferation in serum, we wanted to determine if signaling downstream of 

oncogenic RAS was responsible for the change in basal signaling output. We knocked-down 

KRAS in the epithelial and mesenchymal state and quantified the effect on basal gene 
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expression. KRAS knockdown did does not correlate with all of the changes seen after EMT, 

suggesting that it is not changes in signaling from oncogenic KRAS that underlie these 

differences (Figure 4.5B).  

 

4.2.iii. Changes in receptor trafficking may underlie altered MAPK pathway signaling after 

EMT 

 

Next, we looked if any changes in gene expression might inform the mechanism underlying the 

altered signaling through the MAPK pathway after EMT. One set of genes that were altered 

after EMT were those involved in receptor trafficking (Table 4.1). Based on these changes, we 

sought to determine if EMT altered trafficking of the EGF receptor following ligand stimulation.  

 

Table 4.1 

Gene 
Name 

Gene Description Fold 
Change 

adj.P.Val Gene Function 

RAB25 RAB25, member RAS 
oncogene family 

-14.5143 7.30E-05 Mediates recycling of 
endosomes to cell surface, 

and apical trafficking 

MYO5C myosin VC -10.0703 3.88E-06 Molecular motor, associates 
with Rab8 

CD9 CD9 molecule -8.21192 1.10E-05 TetRASpanin, may be 
involved in EGFR signaling, 

interacts with TGF-a 
HOOK1 hook homolog 1 

(Drosophila) 
-4.96977 4.52E-05 Binds microtubules, 

suggested role in 
endocytosis, interacts with 

Rab11 
AP1M2 adaptor-related protein 

complex 1, mu 2 subunit 
-4.95787 0.004149 clathrin associated adaptor 

complex, endo/lysosomal 
sorting, interacts with Tyr 

signals 
RAB27B RAB27B, member RAS 

oncogene family 
-4.15598 2.44E-05 Involved in vesicular fusion 

and trafficking during 
exocytosis 

AP1S3 adaptor-related protein 
complex 1, sigma 3 subunit 

-3.81727 0.001833 clathrin associated adaptor 
complex, endo/lysosomal 
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sorting, interacts with Tyr 
signals 

SORT1 sortilin 1 -3.60338 5.71E-05 VPS10 containing receptor 

MYO5B myosin VB -3.04717 0.000213 Molecular motor, interacts 
with Rab25 

MYO6 myosin VI -2.68976 0.000221 Molecular motor, associates 
with DAB2 

MUC1 mucin 1, cell surface 
associated 

-2.71139 0.000425 Surface glycoprotein, binds 
AP-1 complex, inhibits EGFR 

degradation, promotes 
recycling 

 

To visualize receptor trafficking, we stimulated cells with fluorescently labeled EGF ligand 

before fixing the cells and imaged with confocal microscopy. Puncta of internalized ligand were 

seen both before and after EMT. After EMT, the puncta were brighter and localized to a 

perinuclear compartment (Figure 4.6A). To support this data, we performed membrane 

fractionation experiments to separate cytoplasmic, heavy, and light membrane compartments. 

Following EGF stimulation, EGFR was seen in the light membrane fraction specifically in 

epithelial cells. After EMT, no EGFR was detectable in the light membrane fraction supporting 

the hypothesis that receptor trafficking is altered after EMT (Figure 4.6B).  

 

Next, we sought to understand what stages of trafficking were altered following EMT. First we 

quantified internalization of fluorescently labeled EGF over time and for a range of concentration 

using FACS (Figure 4.7A,B). Fluorescence intensity corresponding to internalized receptor-

ligand complexes after 15 and 30 minutes of internalization in the presence of 100ng/ml was 

comparable in cells before and after EMT, with mesenchymal cells showing slightly less (Figure 

4.7A). This reduced signaling after EMT was evidence in the mean fluorescence quantification 

at higher doses, however, when the ligand concentration was reduced to lower levels there was 

no difference between epithelial and mesenchymal cells (Figure 4.7B). Similarly, quantification 

of the reduction of surface EGFR levels over time after stimulation with EGF revealed similar 
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kinetics and degree of internalization before and after EMT (Figure 4.7C,D). These data 

demonstrate that EMT does not alter the rate of internalization of the EGF receptor after ligand 

stimulation.  

 

Finally, we wanted to determine if there was a relationship between changes gene expression 

seen after EMT and the differences in downstream signaling. We began by investigating the role 

of Rab25, as showed the largest downregulation at the mRNA level following EMT. This 

downregulation was also reflected at the protein level (Figure 4.8A). Knockdown of Rab25 

revealed a higher level of pERK after 60 minutes EGF stimulation (Figure 4.8B,C). This 

suggests that changes in trafficking due to loss of Rab25 may underlie the increased duration of 

pERK signaling after EGF stimulation in mesenchymal cells.  

 

4.3 DISCUSSION 

 

We have demonstrated that MAPK signaling is important for growth factor mediated proliferation 

after EMT in our model and that induction of EMT alters the kinetics and intensity of MAPK 

signaling. Future studies to examine the relationship between EMT, trafficking, and sensitivity to 

EGFR inhibitors, dependence on oncogenic KRAS, and/or sensitivity to MEK pathway inhibition 

and EMT are of great interest. Our preliminary data suggest that induction of EMT may alter 

receptor trafficking, but that in our system it does not happen at the level of receptor 

internalization. This is consistent with what is known about the changes in gene expression 

observed after EMT. Rab25, the most downregulated component of the trafficking machinery, is 

known to be involved in mediating recycling of receptors (139, 140). Follow up experiments to 

specifically quantify receptor recycling before and after EMT are the intended next steps. If EMT 

was seen to alter receptor recycling, it would be of interest to define the specific role of Rab25 in 

mediating this process. For example, we plan to test whether restoration of Rab25 to 
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mesenchymal cells restore recycling to that seen in epithelial cells or conversely if knockdown of 

Rab25 in epithelial cells led to a more mesenchymal cell-like recycling pattern.  

 

Subsequently, we are interested in further investigating the relationship between EMT, receptor 

trafficking and signaling downstream of EGFR. We would like to determine whether the 

enhanced intensity and duration of MAPK signaling seen after induction of EMT is related to 

changes in receptor trafficking. As EMT has been seen to correlate with reduced sensitivity to 

EGFR inhibitors in our system and others (52-54, 115), we would like to determine if alterations 

in receptor trafficking contribute to this effect. If any of the specific receptor trafficking 

machinery, such as Rab25, are found to underlie changes in recycling versus degradation after 

EMT, the relationship of Rab25 to EGFR inhibitor sensitivity would also be of interest for further 

study.   

 

We and others have shown that downregulation of the EGFR family member ERBB3 as well as 

several EGF ligands including TGF-α and epiregulin occurs after EMT (108, 109, 115). Given 

that different heterodimerization pairs and stimulation with different ligands elicits different 

receptor trafficking behavior (129), we will perform future studies to determine if these changes 

in gene expression affect EGFR and ERBB family trafficking after EMT. Interestingly, a recent 

study shows that phosphatidylinositol 3,4,5-trisphosphate (PIP3) lipids, the product of PI3K 

activity, promotes induction of clathrin-mediated endocytosis of EGFR. Furthermore, PIP3 

mediated endocytosis showed reduced ubiquitylation and phosphorylation relative to EGF-

mediated endocytosis, which led to increased recycling of the receptor to the plasma membrane 

(141). Another study looked at the relationship between AKT signaling and trafficking of EGFR 

finding that disruption of AKT signaling led to an accumulation of EGFR in early endosomes, 

reducing recycling and degradation of the receptor (142).  

 



78 
 

These data suggests the loss of ERBB3-mediated PI3K-AKT signaling we observed after EMT 

may alter the basal trafficking kinetics of the system motivating future studies to define this 

relationship. The role of receptor trafficking in cancer biology continues to emerge and studies 

such as those described above will help to solidify the relationship between changes associated 

with processes like EMT, signaling and receptor dynamics in the context of different tumor 

environments and define the contribution of such dynamics to cancer cell behavior and the 

efficacy of targeted therapeutics.  
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Figure 4.1. Signaling through MEK-ERK is required for cell survival before EMT and for 
EGF-mediated rescue of serum-independent proliferation after EMT. (A) Proliferation of 
4OHT pre-treated (bottom) and untreated (top) H358-TwistER cells in full serum (10%) serum 
free media (SS), or EGF (10ng/ml) with and without 10uM U0126. Error bars represent standard 
deviation. (B) H358-GFP of –TwistER cells treated pre-treated with 4OHT 14d, incubated with 
indicated inhibitors (10uM) for 1hr prior to stimulation with EGF (10ng/ml) for 5 minutes before 
lysis. (C) H358-TwistER cells with and with 4OHT pre-treatment treated for 48 hours with 
indicated inhibitors in serum free media before lysis. U1=U0126 1uM, U10=U0126 10uM; 
XL1=XL147 1uM; XL10=XL147 10uM.  
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Figure 4.2. BRAFV600E can rescue serum-independent proliferation in cells after EMT. 
(A) Proliferation of cells after expression of GFP control, WT BRAF, or BRAF-V600E in cells 
pre- (top) and post-EMT (bottom) in serum free conditions (unless indicated). (B) Lysates from 
cells transfected with indicated vectors after 48 hours, and serum starved overnight. SS=serum 
starved; 10%=full serum. 
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Figure 4.3. Induction of EMT enhances the intensity and duration of ERK activation 
following stimulation with EGF. (A) Lysates from cells pre- (GFP) and post- (TwistER) EMT 
treated with indicated doses of EGF ligand for 5 minutes. (B) H358-GFP and –TwistER cells 
treated with 10ng/ml EGF ligand for indicated times.  
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Figure 4.4. EGF stimulation leads to a larger transcriptional response in cells after EMT. 
(A) Fold induction of indicated genes in H358-TwistER cells before (NT) and after (4OHT) EMT 
comparing change from untreated to 60 minutes stimulation with 10ng/ml EGF. (B) Expression 
of indicated genes at 60 minutes EGF stimulation in the mesenchymal relative to the epithelial 
state.  
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Figure 4.5. A subset of known MAPK responsive genes are basally altered after EMT. (A) 
Relative change in expression of indicated genes in H358-TwistER after (4OHT) EMT. Cells 
were serum starved overnight prior to RNA extraction. (B) Relative gene expression changes in 
H358TwistER cells before and after EMT with and without KRAS knockdown. RNA collected 72 
hours post-transfection with siRNAs and serum starved overnight.  
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Figure 4.6. EMT may alter EGF receptor trafficking after EMT. (A) Visualization of 
subcellular localization of fluorescent-labeled EGF ligand after stimulation for indicated times. 
(B) Subcellular fractionation of membrane and cytosolic compartments with and without EGF 
stimulation in cells before (GFP) and after (TwistER) EMT.  
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Figure 4.7. EGFR internalization is not altered after EMT. (A) Fluorescence intensity of 
Texas-Red-labeled EGF ligand in H358-TwistER cells before and after EMT measured by flow 
cytometry. (B) Mean fluorescence after 30 minutes incubation with indicated doses of Texas-
Red-labeled EGF ligand as measured by FACS. (C) FACS plots and (D) quantification of 
surface EGF receptor levels after treatment with 10ng/ml EGF ligand for indicated times.  
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Figure 4.8. Downregulation of Rab25 after EMT may contribute to prolonged ERK activity 
following EGF stimulation. (A) Relative level of Rab25 protein before and after EMT. (B) 
Rab25 knockdown efficiency with different siRNA oligos in cells before EMT. (C) Lysates from 
cells treated with 10ng/ml EGF for indicated times with and without knockdown of Rab25.  
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CHAPTER 5. 

 

CROSSTALK BETWEEN THE PI3K AND MAPK 

PATHWAY 
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5.1 INTRODUCTION 

 

The development of an arsenal molecular targeted therapies for use in cancer treatment has 

revealed a need for a deeper understanding of the relationship between specific genetic lesions 

and the resulting oncogenic signaling networks in order to most accurately predict the best 

course of treatment for individual patients. While some cancers may be efficiently treated with 

single agent targeted therapies, it is likely that others will require tailored combinations of these 

drugs. Understanding the minimal effective treatment for each patient will decrease the risk of 

potential toxicities associated with combination therapies.  

 

XL147 is a class 1 PI3K inhibitor that has shown decreased activity of downstream effectors of 

the PI3K pathway such as phosphorylated AKT, 4EBP, and p70S6 kinase in a number of 

different solid tumors during Phase 1 studies (143). Surprisingly, inhibition of PI3K with XL147 in 

vivo also resulted decreases in ERK phosphorylation (143). Although PI3K is traditionally 

thought to be downstream of RAS signaling, several studies have described potential activity of 

PI3K upstream of RAS-MAPK pathway activity, consistent with the observations following 

XL147 treatment (144-149).  If ERK signaling can effectively be reduced through inhibition of 

PI3K, this therapy may be effective as a single agent, as previous studies suggest that inhibition 

of tumor growth may require the disruption of both of these signaling arms in certain contexts 

(102). This finding is unexpected after previous reports suggesting that inhibition of PI3K as well 

as downstream components AKT and mTOR actually increases MAPK activation due to the 

release of upstream feedback inhibition (98-101, 150).  

 

Based on these data, we sought to investigate the mechanism by which reduced PI3K activity 

led to reduced MAPK pathway activation. Here we show that the effect of PI3K inhibition on 

ERK activity can be recapitulated in select cell lines in culture. The observation of this 
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phenomenon in culture provides a system in which the underlying mechanism can be explored. 

In addition to exploring the underlying mechanism, we also aimed to define how different 

genetic lesions relate to this dual pathway inhibition in order to identify genotypes that may 

prove most responsive to PI3K inhibitors. 

 

5.2 RESULTS 

 

5.2.i. Inhibition of PI3K reduces MAPK pathway activity at or above the level of RAF 

signaling 

 

 To determine the mechanism through which PI3K signaling act upstream of the MAPK 

pathway, we first asked at what level of the pathway this effect was seen. A panel of cell lines 

were pre-treated with increasing doses of XL147 and then stimulated with EGF. A XL147 dose 

dependent decrease in phosphorylated ERK was seen in a number of the cell lines (Figure 5.1). 

Additionally, those cell lines that showed reduced phospho-ERK (pERK) levels in response to 

PI3K inhibition also showed reduced levels of phospho-MEK and phospho-CRAF (Figure 5.1). 

In fact, changes in pMEK and pCRAF were often more pronounced than those seen in pERK. 

This observation suggests that the crosstalk happens at, or above the level of RAF signaling. 

This analysis was performed in a broader panel including several cell lines each harboring 

mutations in receptor tyrosine kinases, KRAS, or B-RAF in order to determine whether genotype 

affects the ability of PI3K to act upstream of the MAPK pathway. The results are summarized in 

Table 5.1 below.  

 

Table 5.1 

Cell Line Mutation Tissue XL147 decrease 
RAF/MEK/ERK? 
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PC3 PTEN mut Prostate Yes 

U87 PTEN mut Glioblastoma Yes 

H1650 RTK mut/amp Lung Yes 

PC9 RTK mut/amp Lung Yes 

SkBr3 RTK mut/amp Breast Yes 

Mia-PaCa-2 KRAS (homozygous) Pancreas No 

H460 KRAS (homozygous) 
PIK3CA(heterozygous) 

Lung No 

A549 KRAS (homozygous) Lung Yes 

H358 KRAS (heterozygous) Lung Yes 

WM-278 BRAF Melanoma No 

SK-MEL-5 BRAF (heterozygous) Melanoma No 

MM200 BRAF Melanoma No 

D25 BRAF Melanoma No 

DOS BRAF Melanoma No 

HT-29 BRAF (heterozygous) 
PIK3CA (heterozygous) 

Colon Yes 

 

Cell lines harboring RTK mutations or amplifications consistently showed decreased pERK 

levels in response to EGF stimulation with XL147 pre-treatment, while cell lines with B-RAF 

mutations showed no change in pERK. Cell lines with mutations in KRAS showed variable 

pERK responses to PI3K inhibition. Together, these data support that hypothesis that a loss of 

PI3K signaling intersects at or above the level of RAF to concurrently reduce MAPK pathway 

activity. 

 

Next, we asked if XL147 reduced RAS-GTP levels in addition to RAF-MEK-ERK 

phosphorylation. RAF-RBD (RAS-binding domain) pulldowns were performed on lysates pre-

treated with vehicle or XL147 and stimulated with EGF for 5 minutes. XL147 treatment of U87 

showed no significant reduction in RAS-GTP levels, despite reduced signaling downstream 
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(Figure 5.2A,B). PC9 cells, however, showed reduced levels of RAS-GTP after XL147 treatment 

and H1650 cells showed a potentially modest reduction in RAS-GTP (Figure 5.2C).  

 

5.2.ii. Reduced MAPK pathway activity following PI3K inhibition likely occurs at the post-

translational level 

 

To better define the kinetics of the crosstalk between PI3K and MAPK signaling, we performed 

a timecourse of XL147 treatment to determine the earliest point at which ERK signaling is 

reduced. In U87 and PC9 cells, 2-5 minutes XL147 treatment was sufficient to reduce ERK 

phosphorylation after stimulation with EGF, with activity at its lowest by 15 minutes pre-

treatment (Figure 5.3A,B). Next we wanted to determine if the effect of XL147 on ERK was 

mediated at the transcriptional level or at the post-translational level. Cells were treated with 

pre-treated with cycloheximide or vehicle to block new translation and then treated with XL147 

and EGF as described for previous experiments. Cycloheximide treatment did not alter the 

ability of XL147 to reduce ERK phosphorylation (Figure 5.4A-C). These data together with the 

rapid kinetics of the effect suggest that the inhibition of PI3K does not reduce ERK activity 

through changes in transcription downstream.  

 

5.2.iii Knockdown of p110 shows inconclusive effects on signaling through the MAPK 

pathway 

 

Finally we sought to determine whether knockdown of p110, the catalytic subunit of PI3K, would 

phenotype the effect seen with pharmacologic inhibition. Different combinations of siRNA oligos 

were transfected into indicated cells to knockdown p110α and p110β simultaneously. Control 

versus p110 knockdown cells were then stimulated with EGF. Knockdown of p110 did not 

diminish the ERK activity in response to EGF stimulation (Figure 5.5A-C). In this experiment, 
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EGF stimulated AKT activity was similarly unaffected by knockdown of p110, despite a slight 

reduction in basal pAKT after loss of p110. Knockdown of p110 largely failed to alter basal ERK 

activity as well as EGF stimulated activity (Figure 5.6A-C). While basal pAKT is reduced in the 

presence of p110 siRNA oligos, there is still a considerable amount of residual signal. Looking 

upstream of pERK, loss of p110 expression may show a modest reduction in pMEK and pCRAF 

signaling in the H1650 cell line, but further experiments are needed to solidify these results.  

 

5.3 DISCUSSION 

 

These data show that the reduction in MAPK pathway activity seen in vivo during Phase 1 trials 

after treatment with the PI3K inhibitor XL147 can be recapitulated in vitro in diverse cell lines. 

Our preliminary studies suggest that the input from the PI3K pathway into the MAPK pathway 

occurs at or above the level of RAF. This is supported by our observations that several cell lines 

showed reduced phosphorylation of RAF in the presence of XL147 but lines harboring activating 

mutations in RAF did not exhibit reduced MAPK pathway signaling following PI3K inhibition. In 

most experiments, EGF stimulation included for technical reasons to enhance signaling through 

the pathway and make changes more apparent. In future studies we would like to confirm that 

these results can be recapitulated at the basal level of signaling in addition to following EGF 

stimulation. 

 

Further experiments will also be needed to define how inhibition of PI3K alters RAS-GTP 

loading. Our data suggests that this may be cell line specific, as U87 cells did not show reduced 

RAS-GTP following XL147 treatment, while PC9 cells showed a clear reduction in RAS-GTP 

levels and H1650 showed a more modest reduction. This analysis will be expanded to include 

the broader cell line panel to determine if genotype correlates with the ability of XL147 to reduce 

RAS-GTP levels, as U87 cell harbor a deletion of PTEN, while PC9 and H1650 contain EGFR 
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mutations. It will also be interested to determine if XL147 treatment affects specific RAS 

isoforms more dramatically than others. This might inform mechanism, suggesting a localized 

effect as H-, N-, and KRAS differ only in their C-terminal regions that govern sub-cellular 

localization.  

 

Our data also support a mechanism that is independent of new transcription. Observation of the 

rapid inhibition of ERK after 5 minutes pre-treatment with XL147 as well as the ability of XL147 

to reduce MAPK activity in the presence of cycloheximide support this conclusion. Diaz-Flores 

and colleagues (149) describe a mechanism in hematopoietic cells whereby the second 

messenger diacylglycerol (DAG) downstream of PLC-γ and PI3K regulate activity PKC and the 

RAS Guanine nucleotide releasing protein family (RASGRP) of guanine nucleotide exchange 

factors (GEFs). These proteins catalyze the exchange of GDP for GTP on RAS, leading to 

activation. We are interested to test if this or a similar mechanism underlies the relationship 

between PI3K and MAPK signaling in our non-hematopoietic cell lines.  

 

One important goal, is to determine whether this effect is physiologically relevant, or an effect of 

the pharmacologic inhibitor. The siRNA experiments in which we knockdown p110 are a 

preliminary attempt to answer this question. If knockdown of p110 phenocopied treatment with 

PI3K inhibitors with respect to reduced MAPK pathway activity it would suggest that the 

relationship between the pathways is hardwired into the cells and is not an effect of the 

exogenous inhibitor. Our results thus far have not yielded results to suggest that knockdown of 

p110 can reduce pERK activity. However, knockdown of p110 was not complete and the 

remaining protein might be sufficient to provide the same level of ERK activity. Indeed, inhibitor 

treatment leads to a complete loss of detectable pAKT signal downstream of PI3K, while 

knockdown of p110 reduced basal pAKT levels but did not ablate them completely. The level of 

knockdown may not be sufficient to recapitulate the complete inhibition, and further experiments 
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to optimize the knockdown may be necessary to make a valid comparison. Conversely, it would 

be of interest to determine whether activating PI3K can increase MAPK pathway activity. In 

future experiments, we will also determine how expression of activating mutants of p110 affects 

MAPK pathway signaling.  

 

Understanding the interplay between the PI3K and MAPK pathways will not only forward the 

understanding of the regulation and activity of these canonical growth and survival pathways, 

but also enhance our ability to design efficacious treatments for tumors that harbor pathway 

activation. Both a more detailed pathway connectivity map and analysis of how different genetic 

lesions influence this map may ultimately shed new light on patient stratification or a retroactive 

analysis of patient response to targeted treatments.    
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Figure 5.1. PI3-kinase inhibition causes reduces phosphorylation of RAF-MEK-ERK in a 
panel of cells. Lysates from cells pre-treated with indicated concentrations of PI3K inhibitor 
XL147 for 3 hours prior to stimulation with 10ng/ml EGF for 5 minutes. 
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Figure 5.2. PI3K-inhibition shows variable effects on RAS-GTP levels. RBD pulldowns from 
lysates collected U87 (A,C), H1650 (B), and PC9 (C) after pre-treatment with vehicle or 10uM 
XL147 for 3 hours followed by 5 minute stimulation with 10ng/ml EGF.  
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Figure 5.3. PI3K inhibition reduces MAPK pathway activity after shorter treatment. 
Lysates from (A) U87 and (B) PC9 after pre-treatment with 10uM XL147 for indicated times, 
followed by stimulation with 10ng/ml EGF for 5 minutes.  
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Figure 5.4. Reduction in MAPK activity following PI3K inhibition is independent of 
transcription. (A) PC9 (B) U87 and (C) H1650 cells treated with vehicle or cycloheximide 
(50ug/ml) 1 hour prior to addition of XL147 for 3 hours as indicated and then stimulated with 
10ng/ml EGF for 5 minutes prior to lysis.  
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Figure 5.5. Knockdown of p110 does not recapitulate the reduction of MAPK signaling 
seen with PI3K inhibition after EGF stimulation. Lysates collected from (A) PC9, (B) U87, (C) 
H1650 72 hours after transfection with indicated oligos, serum starved overnight, and stimulated 
with 10ng/ml EGF for 5 minutes.  
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Figure 5.6. Knockdown of p110 does not reduce MAPK signaling at the basal level.  
Lysates collected from (A) U87, (B) PC9 and (C) H1650 cells 72 hours after transfection with  
indicated oligos.  
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